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Figure 8. Physical construction of point contact diode.

point contact. The connections to the point con-
tact diode are an external lead welded to the
metallic point contact, and an external lead
welded to the metal base.

¢. Point Contact Transistor (fig. 4). The de-
velopment of the point contact transistor was
announced in 1948. The physical construction of
the point contact transistor is similar to that of
the point contact diode except that a third lead
with a metallic point contact is placed near the
other metallic point contact on the semiconductor.
One lead is called an emitter lead; the other, a
collector lead (ch. 2). When the two metallic
points are property biased with respect to the
metal base, the point contact transistor is capable
of producing a power gain (ch. 13).

d. Junction Diode (fig. 5). The development
of the junction diode was announced in 1949.
The junction diode consists of a junction between
two dissimilar sections of semiconductor material.
One section, because of its characteristics, is
called a P-type semiconductor; the other, an
N-type (pars. 19 and 20). The connections to
the junction diode consist of a lead to the P-type
semiconductor and a lead to the N-type semi-
conductor. The junction diode handles larger
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EMITTER LEAD
COLLECTOR LEAD

METAL
BASE
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Pigure 4. PAysical construction of point contect
transistor.
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Figure 5. Physical construction of junction diode.

power than the point contact diode but the junc-
tion diode has a larger shunt capacitance.

e. Junction Transistor. The development of
the junction transistor was announced concur-
rently with the development of the junction diode.
The junction transistor (ch. 2) consists of two PN
junctions (A and B, fig. 6). Operation of the
junction transistor is similar to that of the point
contact transistor. The junction transistor per-
mits more accurate prediction of circuit perform-
ance, has a lower signal to noise ratio, and is
capable of handling more power than the point
contact transistor.

3. Transistor Functions

a. Amplification. The transistor may be used
as a current, voltage, or power amplifier. For
instance, a stronger signal current may be ob-
tained from a transistor (A, fig. 7) than is fed
into it. A signal of 1 milliampere fed into the
input circuit of the transistor may appear as 20
milliamperes at its output. Various circuit ar-
rangements provide for various amounts of signal
amplification.

b. Oscillation. The transistor may be used to
convert direct-current energy into alternating-
current energy; that is, it may be used as an
oscillator. When functioning in this manner, the
transistor draws energy from a dc source and, in
conjunction with a suitable circuit arrangement,
generates an ac voltage (B, fig. 7).

¢. Modulation and Demodulation. The tran-
sistor used in various circuit arrangements can
provide amplitude modulation (variation in am-
plitude of an rf signal) (A, fig. 8) or frequency
modulation (variation in frequency of an rf sig-
nal) (A, fig. 9). Demodulation (detection) of
amplitude-modulated signals (B, fig. 8) or fre-
quency-modulated signal (B, fig. 9) may be ac-
complished with transistors. These circuits are
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Figure 6. Physical construction of PNP and NPN
junction transistors.

well-suited for miniature transmitters intended
for short range applications.

d. Miscellaneous. The transistor may also be
used to modify the shape of signal wave forms.
Wave form shaping is vital in various types of
radar, teletypewriter, computer, and television
circuits. A, figure 10, indicates the use of the
transistor in transforming a sine wave into a
square wave. B, figure 10, indicates the use of
the transistor in clipping the negative alterna-
tions of a series of positive and negative pulses.

4. Use in Military and Commercial
Equipments

a. Portable Equipment. The use of transistors
opened an entirely new field in the development
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Figure 7. Transistor used as amplifier or oscillator.
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Figure 8. Transistor used as am modulator
or am modulator.

of portable equipment. Figure 1 illustrates the
comparison of a transistorized walkie-talkie
(transceiver) to a walkie-talkie employing elec-
tron tubes. The compactness and ruggedness of
transistorized equipment permits its application

in a variety of portable equipments. Transistors

are now being used in mobile equipment, test
equipment, tape recorders, meteorological equip-
ment, and photographic equipment. Various
portable equipments in commercial use, such as
tape recorders, radios, television sets, hearing
aids, automobile radios, and marine radios now
employ transistors.

~
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Figure 9. Transistor used as fm modulator
or fm demodulator.

b. Fized Equipments. Fixed equipments that
are transistorized take up less space, and use less
power. Military and commercial equipment such
as wire systems (telephone or teletypewriter),
facsimile, radar, computers, public address sys-
tems, intercommunications systems, television and
radio receivers and transmitters employ transis-
torized circuitry.

5. Comparison With Electron Tubes

a. Efficiency and Voltage BRequirements. The
transistor power efficiency is greater than that of
the electron tube because the transistor does not
require heater power. In addition, it does not
require warm-up time, and it does not require
a large dc voltage to operate. Other advantages
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Figure 10. Transistor ne~? to modify wave forms.
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of the transistor are its useful life (b below), its
noise level (¢ below), and- its size and construc-
tion (d below).

b. Useful Life. Life expectancy is a very im-
portant consideration in the application of any
electronic device. A transistor that is hermeti-
cally sealed in glass or metal will withstand a
variety of situations that an electron tube cannot
withstand. For example, a transistor, even
though it is immersed in water, will operate for
long periods of time with very little noticeable
effect on its operating frequency. It also will
withstand centrifugal force, gravity, and impact
tests that would completely shatter an electron
tube. Although transistors are a comparatively
new development, and complete data on their life
expectancy are not yet available, it has been esti-
mated that they can operate continuously for ap-
proximately 8 years, a time much greater than
the life of the average electron tube.

¢. Noise Level. The noise level of a transistor
is approximately 20 db with a frequency input of
1,000 cycles per second. In comparison, the aver-
age electron tube has a lower noise level for the
same frequency input. Although the noise level
of a transistor is higher than that of an electron
tube at this particular frequency, the noise level
of the transistor is inversely proportional to the
audio-frequency input. When a transistor is used
with a higher frequency input, the noise level
becomes considerably lower.

d. Size and Construction. A power amplifier
electron tube is shown in A, figure 11, and a
power amplifier transistor is shown in B, figure
11. The construction of the electron tube permits
efficient dissipation of heat. Although the tran-
sistor must also dissipate heat, the size is notice-
ably smaller. The flange type construction of
the transistor cover provides heat dissipation. In
some cases a special metallic heat dissipator must
be used. A medium-power electron tube and a
medium-power transistor are shown respectively,
in C and D, figure 11. Note that the construc-
tion of the electron tube is much larger than
that of the transistor. A miniature electron tube
and a miniature transistor are shown in E and F,
figure 11. The construction of the electron tube
is again much larger than the transistor. Notice
that the power transistor (B, fig. 11) is smaller
than the miniature electron tube (E, fig. 11).
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6. Transistor Material

Materials, such as copper, silver, gold, and iron,
which provide a good path for electron flow with
little opposition (resistance), are referred to as
conductors (par. 15a). Materials such as carbon
in diamond form, germanium, and silicon, which
provide a path for electron flow but offer moder-
ate opposition, are referred to as semiconductors
(par. 15¢). Materials such as rubber, porcelain,
and glass, which offer great opposition and do
not provide a path for electron flow, are referred
to as ¢nsulators (par. 150). Transistors are com-
posed of semiconductor material such as ger-
manium or silicon (par. 15¢).

7. Special Circuit Components for Use With
Transistors
(fig. 12)

The lower current and voltage requirements of
transistors simplify the problems encountered in
miniaturization of components. Capacitors (B,
fig. 12), resistors (C, fig. 12), chokes, and trans-
formers (A, fig. 12) for use with transistors may
be miniaturized. The use of a printed circuit
board (not shown) eliminates all connecting

Google

wires and also make transistor circuits more
compact.

8. Summary

a. The transistor is a valve in the same sense
that the electron tube is a valve.

b. The transistor is made of a semiconductor
material such as germanium or silicon.

c. The first crystal semiconductor was used as
a rectifier (detector) in the early days of radio.

d. The point contact transistor was invented
in 1948.

e. The junction transistor was invented in 1949.

f- The transistor may be used in circuits such
as amplifiers, oscillators, modulators, and de-
modulators.

g- The transistor is smaller and more rugged
than the electron tube. In addition, the tran-
sistor’s power efficiency is greater than that of
the electron tube.

h. Transistors are especially adaptable to the
miniaturization of electronic equipment. Even
the associated circuit components of transistors
such as capacitors, resistors, batteries, and trans-
formers may be made smaller than the corre-
sponding components used in electron-tube cir-
cuits.
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CHAPTER 2
FUNDAMENTAL THEORY OF TRANSISTORS

Section |. STRUCTURE OF MATTER

9. General

a. A knowledge of the theory of the structure
of matter is required (pars. 10 through 14) to
understand the theory of the internal conduction
mechanism that occurs in the transistor.

b. Transistors are constructed from semicon-
ductor materials. The properties and character-
istics of conductors and insulators are covered in
TM 11-661. A comparison of the properties of
conductors, semiconductors, and insulators is
given in paragtaph 15. Detailed properties and
characteristics of semiconductor materials used
in transistors are covered in paragraphs 16
through 20.

10. Matter, General

Matter may be defined as any substance that
has weight (mass) and occupies space. Exam-
ples of matter are—air, water, clothing, and one’s
body. These examples demonstrate that matter
may be found in any one of three states: gaseous,
liquid, or solid. Matter is found in nature as
elements (@ below), or compounds (b below).
The elements and compounds are made up of
molecules (¢ below), atoms (d below), and sub-
atomic particles (e below).

a. Element. Matter consists of one or more
basic materials which are called elements. Scien-
tists have definite proof that approximately 102
elements exist and believe that there are several
additional elements. In chemistry, an element is
defined as a substance that can be neither decom-
posed (broken up into a number of substances)
by ordinary chemical changes nor made by chemi-
cal union of a number of substances. Copper,
iron, aluminum, and gold are examples of metal-
lic elements; oxygen, hydrogen, and sulphur are
nonmetallic elements.

12
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b. Compound. A substance containing more
than one constituent element and having proper-
ties different from those of its elemental constitu-
ents is called a compound. For example, water
is made up of two parts hydrogen and one part
oxygen. Therefore, water is a compound.

c. Molecule. A molecule is defined as the small-
est particle of matter which can exist by itself
and still retain all the properties of the original
substance. If a drop of water, a compound, is
divided until the smallest possible particle is
obtained and is still water, that particle is known
as a molecule. An idea of the size of a molecule
may be obtained by imagining that a stome is
first broken into two pieces, that the two pieces
are then broken into four pieces, and that this
process is carried on. The smallest particle of
stone which could be obtained by this process
would be a molecule. Actually, it is impossible
to crush a stone into its molecules; we can only
crush it into dust. One small particle of dust is
composed of thousands of molecules.

d. Atom. An atom is defined as the smallest
part of an element that can take part in ordi-
nary chemical changes. The atoms of a particu-
lar element are of the same average mass, but
their average mass differs from that of the atoms
of all other elements. For simplicity, the atom
may be considered to be the smallest particle that

MOLECULE
®) (©) = o
WATER
Two ONE
HYDROGEN AND OXYGEN = H20
ATOMS ATOM

TME90-11

Figure 13. Molecule of water.



retains its identity as part of the element from
which it is divided. Figure 13 shows that the
molecule of water is made up of two atoms of
hydrogen and one of oxygen. Since there are
approximately 102 known elements, there must
be 102 different atoms or"a different atom for
each element. All substances are made of one
or more of these atoms. Just as thousands of
words can be made by combining the proper let-
ters of the alphabet, so thousands of different
materials can be made by chemically combining
the proper atoms.

e. Subatomic Particles. Although it was for-
merly believed that the atom was the smallest
particle of matter, it is known now that the atom
itself can be subdivided into still smaller, or sub-
atomic particles. Paragraph 11 explains the na-
ture of these subatomic particles.

11. Structure of Atom

Figure 14 illustrates the relationship of the
atom to matter, and the atom to its subatomic
particles. The material illustrated in all parts
of the figure, except A and B, is hypothetical.
The portions of matter which they represent are
so small that they are invisible to the eye, even
with the aid of the most powerful microscope.
By experiment and study scientists have been
able to learn about subatomic particles and, from
developed facts, have been able to produce an
understandable explanation of the make-up of the
atom. Thus, diagrams C, D, E, and F, figure 14
can be called representations of what scientists
believe the element aluminum might look like if
tiny bits of aluminum could actually be seen. If
an imaginary microscope were available which
would allow the examination of tiny particles of
matter, observations made through this micro-
scope would probably indicate that the represen-
tations of figure 14 are almost exact if the matter
under scrutiny is a piece of aluminum segment.

a. In A, figure 14, the magnification is unity,
that is, one is simply looking at a piece of
aluminum.

b. In B, figure 14, the magnification has been
increased to 100 diameters. It becomes apparent
that aluminum does not have a perfectly smooth
surface but rather is a crystalline substance, with
the size of the crystals being dependent on the
previous heat and mechanical treatment of the
metal. Note that the crystals are extremely small,
nonuniform in shape, and irregularly arranged.
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The crystals present a specific granular structure,
known as a polycrystalline structure. Conductors
such as copper and aluminum reveal a polycrys-
talline structure when viewed under a microscope.
The properties and characteristics of polycrystal-
line materials are quite different from the proper-
ties and characteristics of single crystal materials.
Germanium and silicon when processed for use
in transistors are single crystal materials (par.
17%).

¢. When the imaginary microscope is adjusted
to a magnification of 100,000 diameters (C, fig.
14), evidence of the presence of individual atoms
or subatomic particles can be detected.

d. In D, figure 14, magnification is 10 million
diameters. At this magnification, individual dots,
or little bodies, of approximately spherical shape
and a rather fuzzy outline would appear. These
dots are aluminum atoms and no detectable differ-
ence is apparent between them. It is possible to
measure the diameter of any aluminum atom but
because the edges of the atoms are fuzzy, it is
difficult to say just where one atom ends and the
next atom begins.

e. A magnification of 100 million diameters is
required to eliminate this fuzziness. A single
aluminum atom now fills the entire area (E, fig.
14). This single atom of aluminum resembles
the solar system to some degree, for there is a
central body, called a nucleus, about which a num-
ber of smaller particles (electrons} move in ap-
proximately elliptical orbits. To determine the
number of electrons in an atom is exceedingly
difficult because of the way electrons move in
their elliptical orbits. However, it has been found
that there are 13 electrons in the aluminum atom.
Careful observation disclosed that each of the
electrons in this atom has a charge of electricity
that is identical with the charge on any of the
other electrons. The charge associated with an
electron is the smallest electrical charge which
has yet been discovered. It is called the elemen-
tal charge. (The charge on the electron was first
measured by R. A. Millikan, an American physi-
cist and it was arbitrarily called a negative
charge.) Thus, the aluminum atom is said to
contain 13 elemental charges of negative elec-
tricity. The nucleus also has a positive electrical
charge, and it has been determined that the quan-
tity of this positive charge is 13 times as great
as the quantity of the negative charge on one
electron. Therefore, since there are 13 elemental

13
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positive charges on the nucleus, the entire atom
is found to be electrically neutral. That is, the
aluminum atom contains an equal number of
positive and negative charges—an equal amount
of opposite kinds of electricity.

f. By increasing the magnification until only
the nucleus fills the viewing area it is observed
that the enlarged nucleus looks like a bunch of
grapes (F, fig. 14) consisting of 27 particles, 13
of which carry an elemental positive charge of
electricity. These elemental positive charges are
called protons. The other 14 particles in the
nucleus are uncharged and are called neutrons.

g. Figure 15 illustrates the situation when the
the aluminum is magnified so that only a few
atoms of aluminum cover the entire viewing area.
The electrons which revolve in the outer, or third
shell (near the edges of the atoms), do not always
remain confined to the same atom and some,
moving in a random manner, may travel from
atom to atom. (The shells are also referred to
as orbits, or rings.) Outer orbit electrons that
move at random through the material are called
free electrons (par. 14).

12. Electrons, Protons, and Neutrons

In paragraph 11, the aluminum atom was
shown to consist of a positively charged nucleus
with negatively charged electrons that revolved
at a very great speed around the nucleus. The
electron theory states that the atoms of all ele-

FIRST RING (OR SHELL)
SECOND RING(OR SHELL).

THIRD RING(OR SHELL)

ments (copper, gold, oxygen, etc.) are similarly
constructed of a central nucleus and revolving
electrons.

a. Examples of Atomic Structure.

(1) A, figure 16, represents the atomic struc-
ture of the simplest of all atoms, the
hydrogen atom. It contains one electron
revolving around one proton which acts
as a nucleus. Because the negative
charge on the electron is exactly equal
to the positive charge on the proton, the
atom is electrically balanced or neutral.

(2) B, figure 16, represents the aluminum
atom. The nucleus of the aluminum
atom contains 14 neutrons and 13 pro-
tons. The positive charges of the 13
protons are just balanced by the nega-
tive charges of the 13 revolving electrons
and the electrical charge on the entire
atom is again neutral. Note that in this
arrangement, the outermost shell has
three electrons. The importance of this
arrangement is explained in paragraph
20.

(3) The phosphorous atom (C, fig. 16) is a
more complex structure. Note that the
15 orbital electrons revolve in three sepa-
rate rings, or shells, and in this atom the
outermost ring has five electrons. The

importance of this arrangement is ex-
plained in paragraph 19.

CONSTRUCTION OF ALUMINUM ATOM

NUGLEUS: (13 +)POSITIVE CHARGES
FIRST SHELL:. (2-)BOUND ELECTRONS
SECOND SHELL: (8 -JELECTRONS
THIRD SHELL: (399ELECTRONS

TM690-12

Figure 15. Three atoms of aluminum.
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Figure 16. Structure of atoms.

(4) In D, figure 16, an even more complex
atom is shown, the germanium atom.
The nucleus is composed of 32 protons
and 41 neutrons. The 32 orbital elec-
trons revolve in four separate shells, with
four electrons revolving in the outer
shell. Paragraph 17 explains the im-
portance of this arrangement.

b. Building Blocks. The electron theory states
that the difference among the various elements
is in the number and arrangement of the elec-
trons, protons, and neutrons of which each atom
is composed. There is no difference between an
electron in an atom of copper and an electron in
an atom of aluminum, or any other element.
There is no difference between a proton in one
atom and a proton in another atom of a different
element. Likewise, the neutrons in the atoms of
various elements are thought to be identical.
Since all matter is composed of atoms and all
atoms are composed of positively charged parti-
cles called protons, negatively charged particles
called electrons, and uncharged particles called
neutrons, it follows that the proton, the electron,
and the neutron are the fundamental building
blocks of the universe.

16
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¢. Characteristics of Subatomic Particles.

(1)

(2)

Electrical. The electrical charge of the
proton is exactly equal and opposite to
that of the electron; that is, the proton
and the electron are exactly equal
amounts of opposite kinds of electricity.
Because it is believed that no smaller
amount of electricity exists, the charge on
the electron and the proton is considered
the elemental unit of electrical charge.
However, the elemental unit is too small
a quantity of electricity for practical pur-
poses and a larger unit of charge called
the coulomb is commonly used. One
coulomb of electricity contains over 6
million, million, million (6.28X10®)
electrons.

Physical. Electrons and protons are ap-
proximately spherical particles of matter.
The diameter of an electron, approxi-
mately 0.00000000000022 inch (22X 107),
is about three times the diameter of a
proton. Despite its smaller diameter, a
proton’s mass is 1,850 times greater than
the mass of the electron. The diameter
and mass of a proton and a neutron are



app'roximately the same. Relativély

speaking, there are great distances be-

tween the electrons and the protons of an
atom even in solid matter. It has been
estimated that if a copper one-cent piece
could be enlarged to the size of the earth’s
path around the sun (approximately
186,000,000 X 3.14 miles), the electrons
would be the size of baseballs and would
be about 3 miles apart.

13. Electrical Balance and Unbalance

a. E'lectrical Balance. Because the protons and
electrons of the atom carry positive and negative
charges of electricity, respectively, they are par-
ticles of energy. These changes form the electric
field of force within the atom, and since the num-
ber of positive charges (protons) is always equal
to the number of negative charges (electrons) an
atom is electrically balanced.

b. Electrical Unbalance. 1t is possible to trans-
fer some of the electrons from one substance to
another. When this happens, the normally equal
distribution of positive and negative charges in
each substance no longer exists, and because each
contains more of one kind of electricity than of
the other they are said to be electrically charged.
For example, when a glass rod is rubbed with silk,
some of the electrons which are loosely held to
the atoms in the glass are transferred to the silk.
Then when the glass and silk are separated, the
glass rod (B, fig. 26) will have more positive
charges (protons) than negative charges (elec-
trons )and will be positively charged. The silk,
on the other hand, will have more electrons than
protons and will be negatively charged. When
a hard rubber rod is rubbed with cat’s fur, the
cat’s fur loses electrons to the rubber rod (B, fig.
25). In this case, the cat’s fur becomes positively
charged and the rubber rod becomes negatively
charged.

14. Free Electrons

a. General. The electron theory states that all
matter is composed of atoms which, in turn, are
composed of subatomic particles called protons,
electrons, and neutrons. In conductors, all the
electrons are tightly bound to the nucleus except
those that revolve in the outer orbit. Figure 15
shows how the electrons in the outer orbits of the
aluminum atoms may move from one atom to
another in a haphazard manner. Electrons that

496909 0—59—-2
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are able to move in this fashion are known as
free electrons. All matter is composed of positive
and negative charges of electricity, and the atomic
structure of a material will determine whether
or not the material will have many or few free
electrons.

b. Electron Flow or Current. If the haphazard
movement of free electrons in a material is con-
trolled so that the electrons move generally in the
same direction an electron flow (or drift) results.
This electron flow is called an electric current.

15. Conductors, Semiconductors, and
Insulators

(fig. 17)

In general, all materials may be placed in one
of three major categories—conductors, semicon-
ductors, or insulators. These categories were
evolved from a consideration of their ability to
allow an electric current to flow. This, in turn,
depends on their atomic structure.

a. Conductors. A good conductor is a material
that has a large number of free electrons. All
metals are conductors of electricity to some ex-
tent, but some are much better conductors than
others. Silver, copper, and aluminum, are con-
ductors which have resistances of less than 3
millionths of an ohm per centimeter cube (cm?).
That is a cube each edge of which measures one
centimeter. Silver is a better conductor than
copper, but copper is more widely used because
it is less expensive. Aluminum is used as a con-
ductor where weight is a major consideration, for
example, on high-tension lines with long spans
between supports. Usually these lines are
stranded cables and have a small steel wire core
to provide the necessary tensile strength. The
ability of a material to conduct electricity also
depends on its dimensions. Conductors may be
in the form of bars, tubes, or sheets; but the
most common conductors are in the form of wire.
Many sizes of wire are used, from the fine hair-
like wire used in the coils of sensitive measuring
instjuments, to the large bus-bar sizes used for
carrying high current in electric power-gener-
ating plants. In order to make wire easier to
handle and also less subject to changes in weather
and other external conditions, it is often covered
with some other material such as rubber, cotton,
plastic, or enamel. These coverings provide pro-
tection against short circuits and leakage and are
known as insulators.
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Figure 17. Chart of resistance .per cm® of conductors, semiconductors, and insulators.

b. Insulators. An insulator (also known as a
dielectric) is a material, or combination of mate-
rials, the atomic structure of which is such as to
limit almost to nothing the movement of elec-
trons from atom to atom. In other words, an
insulator is a material that has few loosely held
electrons. No material known is a perfect insu-
lator but there are materials which are such poor
conductors that for all practical purposes they

Google

are classed as insulators. Glass, dry wood, rub-
ber, mica, and certain plastics such as polystyrene
are insulating materials which have a resistance
of several millions of ohms per centimeter cube.

¢. Semiconductors. Between the extremes of
good conductors and good insulators are a num-
ber of materials which are neither good conduc-
tors nor good insulators. Germanium and silicon
fall into this category and are called semicon-



ductors. Pure germanium is not a very good
conductor (about 60 ohms per centimeter cube at
room temperature). Pure silicon is a somewhat
worse conductor (about 60,000 ohms per cen-
timeter cube at room temperature). Both impure
germanium and impure silicon have a resistance
of 0.2 through 0.4 ohm per centimeter cube, de-
pending on the type and amount of impurities

present. Germanium and silicon, for use in tran-
sistors, have carefully controlled amounts of im-
purities added (par. 18), and each has a resist-
ance of 2 ohms per centimeter cube at room
temperature. This resistance decreases rapidly as
the temperature rises. Note that while only ger-
manium and silicon as semiconductors are dis-
cussed there are many other semiconductors.

Section Il. CRYSTALS, DONORS, ACCEPTORS, AND HOLES

16. Crystals, General

a. General. Most solids (¢ below), except those
exhibiting a biological structure of cells such as
leaves, branches, and bone, reveal a crystal struc-
ture when studied under a microscope. Many
substances such as rocks and metals which are
not usually considered crystalline, reveal a spe-
cific crystal pattern when studied under a micro-
scope.

b. E'xternal Characteristics. 'The most com-
monly known characteristics of crystals are their
angles and their planes. Snow crystals, for in-
stance, although formed in an infinite number of
geometric patterns, contain only 60° angles.
Some materials, such as common salt (sodium
chloride), form cubes; other materials form long
needles, rhomboids, or variations of hexagonal
or rectangular structures. Each material has a
characteristic form.

c. Internal Structure. X-rays have been used
to investigate the internal structure of crystals.
The wavelength of X-rays approximate the dis-
tance between the atoms or molecules of crystals.
When X-rays are beamed through a crystal, the
rays are deflected and distributed in accordance
with the specific arrangement of the atoms or
molecules of the crystal. When the resultant ray
is photographed, the photograph invariably shows
a specific pattern depending upon the substance
of the crystal. With the pattern indicated on the
photograph, and through a complex mathemati-
cal analysis, scientists have been able to construct
models of the internal structure of a given crys-
tal. These analyses have indicated that the atoms
of crystals are arranged in specific patterns; that
one atom is not closely related with another atom
only, but rather is related equally to a number
of adjacent, equidistant atoms. The specific ar-
rangement of atoms depends on the size and
number of atoms present and on the electrical
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forces between them. The physical, electrical,
optical, and mechanical characteristics of the
crystal depend on the forces between the atoms.
Crystals used in transistors are discussed in para-
graph 17.

17. Pure Germanium Crystal

a. General. Figure 18 shows a pure germanium
crystal. Each sphere represents a germanium
atom less the four electrons (valence or outer
orbit electrons) that are in the outer (fourth)
shell of the atom (fig. 16). The sphere contains
the nucleus of the atom, and the 28 tightly bound
electrons that orbit around the nucleus. The nu-
cleus contains 32 protons; that leaves a net posi-
tive charge of four (4) on the sphere. Through-
out this text, the sphere will be referred to as
the germanium core.

b. Single Crystal Structure. The dashed lines
in the illustration form two cubes. Note that the
four germanium cores between the two cubes are
shared equally by the cubes. If the illustration
were to be extended in all directions, the sharing
of the corner germanium cores would be extended
to all adjacent cubes. This repeated uniform,
cubical structure constitutes a single germanium
crystal. The properties and characteristics of
single crystal materials such as germanium and
silicon (as prepared for use in transistors) are
quite different from the properties and charac-
teristics of polycrystalline materials such as cop-
per and aluminum (par. 115). The term crystal
used throughout this text will refer to single
crystal material only.

¢. Lattice Structure.

(1) It has been established that electrons
rotate constantly in relatively fixed
orbits about the nucleus. In a crystal,
the rotation of one valence electron of
a given atom is coordinated with the
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(2)

rotation of one valence electron of an
adjacent atom. The coordinated rotation
of two valence electrons (one from each
of two adjacent atoms) results in the
formation of an electron-pair bond. The
electron-pair bonds, shown diagrammati-
cally in figure 18, are also referred to
as wvalence bonds. The electron-pair
bonds cause the cores to be attracted
toward each other. The positive charges
on the cores cause the cores to repel each
other. When a balance of the forces of
attraction and repulsion is obtained, the
crystal is said to be in a state of equi-
librium.

Each germanium core is equidistant
from four adjacent germanium cores.
Note that each germanium core is inter-
connected with adjacent germanium cores
by four electron-pair bonds. This con-
dition exists since each germanium atom
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contains four valence electrons in its
outer shell. This arrangement of ger-
manium cores and electron-pair bonds
is referred to as a lattice. To avoid con-
gestion, figure 18 shows only a few of
the electron-pair bonds.

d. Conductivity. The valence electrons of good
conductors such as copper or aluminum, are
loosely bound to the nucleus of the atom, and
move quite readily through the conductor under
the influence of a potential field. Valence elec-
trons which form part of an electron-pair bond,
however, are bound in the electron-pair bond and
are not free to take part in conduction. Crystal-
line materials such as carbon, germanium, and
silicon, the valence electrons of which are bound,
are poor conductors (par. 15¢) under normal con-
ditions. Only if the material is subjected to high
temperatures or strong radiation will the electron-
pair bonds separate and partial electrical con-
duction occur.

TM690-4

Figure 18. Pure germanium crystal, lattice structure.
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18. Impurities

a. General. It is possible for the atoms of
substances other than germanium to join the
crystal lattice structure of germanium. These
substances whether found in germanium in its
natural state, or added intentionally during the
processing of germanium for use in transistors,
are referred to as impurities.

b. Donor and Acceptor Impurities. Two groups
of substances exhibit the important characteristic
of joining the lattice structure of germanium.
The substances in one group are called donors;
in the second group, they are called acceptors.

(1) The atoms of presently used substances
classified as donors have five valence
electrons in the outer incomplete shell.
Some of the substances that have been
used as donors are arsenic, phosphorous
(C, fig. 16), antimony, and boron. The
characteristics and properties of ger-
manium containing donor atoms are dis-
cussed in paragraph 19.

(2) The atoms of presently used substances
classified as acceptors have three valence
electrons in the outer incomplete shell.
Some of the substances that have been
used as acceptors are aluminum (B, fig.
16), gallium, and indium. The char-
acteristics and properties of germanium
containing acceptor atoms are covered -
in paragraph 20.

19. N-Type Germanium, Donors

a. Figure 19 shows a germanium crystal in
which one of the germanium atoms has been re-
placed by a donor impurity (par. 18). The dark
sphere in the illustration represents the nucleus
of the donor atom and all the tightly bound
electrons that orbit around the nucleus. The
valence electrons are not included in the sphere.
The donor impurity contains five valence elec-
trons. Note that four of the valence electrons
of the donor form electron-pair bonds with elec-
trons of four neighboring atoms of germanium.
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PFigure 19. Germanium crystal with donor atom.
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The electrons of both the germanium and the
donor atoms that enter into electron-pair bonds
form a very stable structure, and are not removed
readily from the bonds.

b. The fifth valence electron of the donor can-
not form an electron-pair bond since there are
no adjacent electrons available. This electron
‘becomes an excess electron. The donor nucleus
has a very weak influence over the excess electron.
Actually, one one-seventieth of the energy re-
quired to remove an electron from an electron-
pair bond is required to remove the excess electron
from the donor. At normal room temperature
(70° F.), enough thermal (heat) energy is pres-
ent to cause the excess electron to break away
from the donor and wander through the space
between the crystal lattices (fig. 20).

c. When the excess electron leaves (ionizes
from, or is donated by), the donor atom, the
donor atom then possesses a positive charge
equivalent to the negative charge of one electron.
An atom that loses or gains an electron is called
an ion. For that reason, the spheres that repre-
sent the donor (fig. 19) are called donor ions.

d. Note that the germanium crystal that con-

EXCESS ELECTRON

tains # @donor ion (positive) also contains an
excess electron (negative). The germanium crys-
tal taken as a whole therefore is electrically neu-
tral; that is, the crystal posseses a net charge of
zero.

e. Germanium containing donor impurities is
referred to as N-type germanium. The letter V
refers to the negative charge of the excess
electron.

20. P-Type Germanium, Acceptors

a. Figure 21 shows a germanium crystal in
which one of the germanium atoms has been re-
placed by an acceptor impurity (par. 18). The
cross-hatched sphere contains the nucleus of the
acceptor atom and all the tightly bound electrons
that orbit around the nucleus; the valence elec-
trons are not included in the sphere. The acceptor
impurity contains three valance electrons. Note
that the three valence electrons of the acceptor
form electron-pair bonds with electrons of the
neighboring atoms of germanium.

b. Onme valence electron of the fourth neighbor-
ing germanium atom cannot form an electron-
pair bond since the acceptor has only three

TM690-6

Figure 20. Germanium crystal with donor atom, showing movement of excess electron.
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Figure 21.

valence electrons. In this condition, an electron-
hole arrangement exists. The position that would
normally be filled with an electron is designated
a Aole.

c. It is possible for an electron from an adja-
cent electron-pair bond to absorb enough energy
to break its bond (fig. 22) and fill in the hole
“in the original electron-hole arrangement (fig.
23). Note that the hole has moved to a new posi-
tion. When the hole moves to the new position,
two important changes take place.

(1) The first change is that the acceptor
atom has been ionized; that is, the ac-
ceptor has acquired (or accepted) an
electron and is now an ion. A negative
charge exists in the immediate vicinity
of the acceptor.

The second change is that the germa-
nium atom, which requires four valence
electrons, is left with only three valence
electrons. The germanium atom, lacking

(2)
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Germanium crystal with acceptor atom.

an electron, has a net positive charge
equivalent to the negative charge of the
electron. Because of the existence of the
electron-pair bond structure, the positive
charge of the germanium atom is not
diffused or scattered, but is concentrated
in the hole in the electron-hole arrange-
ment. Furthermore, laboratory experi-
ments have shown that the positive hole
moves within the crystal in the same
manner that a free electron moves within
the crystal. The concept of holes is very
important in understanding the opera-
tion of transistors; the properties and
characteristics of holes are presented
more thoroughly in paragraph 22.

d. Note that the germanium crystal that con-
tains an acceptor ion (negative) also contains a
hole (positive). The germanium crystal taken
as a whole therefore possesses a net charge of
zero.

23
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Figure 23. Germanium crystal with acceptor atom showing netw position of hole.

the fact that germanium containing an equal
number of donor and acceptor atoms has none of
the properties of P-type or N-type germanium.

23. Movement of Positive Charges

a. The fact that a positive charge in motion
causes an electric current to the same extent that
a negative charge (electrons) in motion causes
an electric current has been known for many
years. In 1899, a scientist by the name of H. A.
Rowland established this fact by a simple ex-
periment. Rowland’s experimental setup was
similar to that shown in figures 25 and 26.

(1) In A, figure 25, a doughnut-shaped neu-
tral body (a conducting material) is
suspended by a string. A negatively
charged rubber rod (B, fig. 25) is
brought into contact with the neutral
body. The electrons on the rubber rod
flow to the neutral body and the rubber
rod is removed. The electrons adhere
to the surface of the doughnut-shaped
body. While the negatively charged
body is at rest (C, fig. 25), a compass
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(2)

needle suspended by a string is brought
near the negatively charged body. The
compass needle does not deflect. When
the negatively charged body is rotated
rapidly (D, fig. 25), a magnetic field is
generated with the direction of the mag-
netic lines of force as shown. The gen-
eration of the magnetic lines of force
in this case is similar to the generation
of magnetic lines of force when electrons
flow through a stationary conductor.
The compass needle deflects. The direc-
tion of rotation of the negatively charged
body is clockwise.

The experiment is repeated, starting
again with a neutral body (A, fig. 26).
However, the neutral body is now
touched with a positively charged glass
rod (B, fig. 26). Electrons flow from
the doughnut-shaped body to the glass
rod, and the glass rod is removed. This
action leaves a net positive charge on
the doughnut-shaped body. While the
positively charged body (C, fig. 26) is

25
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at rest, a compass needle is brought near

the positively charged body. The com-

pass needle does not deflect. When the

positively charged body is rotated rap-

idly (D, fig. 26), a magnetic field is

generated with the direction of the mag-

netic lines of force as shown. The com-

pass needle deflects. The direction of

the magnetic lines of force is the same

as that for the negatively charged body

(D, fig. 25), dbut the direction of rota-

tion of the positively charged body is

opposite to that of the mnegatively
charged body.

b. This experiment proves that the movement

of positive charges constitutes an electric current.

NOLES

Although the positive charges involved in this
experiment are not holes in the semiconductor
sense of the word, the experiment proves that
positive charges are current carriers.

24. Holes as Current Carriers

Figure 27 is a simplified version of a laboratory
experiment performed to confirm the theory of
holes and demonstrate that they act as current
carriers.

a. In A, figure 27 a battery is placed across
a slab of P-type germanium.

(1) Because a hole possesses a positive
charge, it is attracted toward terminal 2
(negative), and repelled by terminal 1
(positive). When a hole reaches termi-
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Figure 27. Deflection of hole current in P-type germanium.
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nal 2, an electron from the battery enters
the germanium and fills the hole. When
this happens, an electron from an elec-
%ron-pair bond in the crystal and near
terminal 1 breaks its bond and enters
terminal 1. The breaking of the bond
creates another hole; the hole flows to-
ward terminal 2. This action provides
a continuous flow of electrons in the ex-
ternal circuit and holes in the germa-
nium.

(2) Observe that the holes flow in an arc
from terminal 1 to terminal 2. Under
precise laboratory conditions, scientists
measured the time required for the hole
to flow from terminal 1 to terminal 2.

b. In B, figure 27, the circuit arrangement
shown in A is repeated, but in addition, a field
of electric lines of force is introduced into the
body of germanium. The field is established by
connecting a second battery (battery 2) across
the germanium slab as shown.

(1) The electric lines of force are in the
direction that an electron (negative)

would be deflected if placed in the field.
A hole placed in the field of battery 2
would be deflected in a direction oppo-
site to that of the electron. The result-
ant force on the hole, by the fields of
battery 1 and battery 2, causes the hole
to move from terminal 1 to terminal 2
in essentially a straight line.

(2) Under precise laboratory conditions, the
time required for the hole to flow from
terminal 1 to terminal 2 was measured
and it was found that the time was less
than that in a(2) above.

¢. The explanation for the reduced time in 4(2)
above, compared to that in a(2) above, is that
the path of the holes has been changed from an
arc to an approximately straight line. If elec-
trons had been the current carrier, the electrons
would have been deflected upward by the electric
lines of force and the path would have been in-
creased. The flow time would also have been
increased. Similar experiments yielding the same
results have been performed by scientists using
magnetic lines of force to deflect the hole current.

Section IIl. PN JUNCTIONS

25. General

When N-type germanium (par. 19) and P-type
germanium (par. 20) are joined in the same crys-
tal, an unusual but very important phenomenon
occurs at the surface where contact is made be-
tween the two types of germanium. The contact
surface is referred to as a PN junction. The
phenomenon that occurs at PN junctions permits
the use of semiconductors, such as germanium
and silicon, in circuits normally employing elec-
tron vacuum tubes. The detailed theory of PN
junctions is covered in paragraphs 26 through 29.

26. PN Junction, General

a. Figure 28 shows a section of P-type ger-
manium and a section of N-type germanium.
Note that the sections are separated.

(1) For simplicity, the electron-pair bonds
are not shown. Only the holes, the ex-
cess electrons, the germanium cores, and
the donor and acceptor ions are repre-
sented.

(2) For discussion purposes, the figure shows
a large number of acceptor ions in the
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P-type germanium and a large number
of donor ions in the N-type germanium.
In practice, however, transistor germa-
nium contains approximately one im-
purity atom per 10 million germanium
atoms.

(3) If one could actually look inside the
bulk germanium material, one would see
the germanium cores and the impurity
ions vibrating within their lattice posi-
tions because of thermal energy. How-
ever, the cores and the ions do not leave
their lattice positions and therefore do
not constitute a current. The cores and
the ions may be considered to be station-
ary. The holes and the excess electrons
would be seen to move haphazardly
within the bulk germanium material.
The movement of the holes and the elec-
trons is also due to thermal energy; this
movement of charges in the absence of
an applied field is called diffusion. Even
though the holes are in motion they are
evenly distributed throughout the P-type
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Figure 28. Separated sections of P-type and N-type germanium.

germanium; the excess electrons are
evenly distributed throughout the N-type
germanium.

b. Figure 29 shows the same two sections of
germanium (a above), joined to form a PN
junction.

(1) Note that no external circuits or volt-
ages have been connected to the germa-
nium; nor is the germanium exposed to
external electric or magnetic fields.

One would normally expect the holes in
the P-type germanium and the eleetrons
in the N-type germanium to flow towards
each other, combine and eliminate all
holes and excess electrons. When the
two types of germanium are joined, how-
ever, after a few combinations of holes
and electrons result, a restraining force
is set up automatically to preclude total
combination. This restraining force is

(2)

Google

called a barrier. The cause and nature
of the barrier are discussed in para-

graph 27.

27. Junction Barrier

a. When the P-type germanium and the N-type
germanium are joined (fig. 29), some of the holes
in the P-region and some of the excess electrons
in the N-region diffuse toward each other and
combine. Each combination eliminates a hole
and an excess electron; the excess electron is now
part of an electron-pair bond. This action occurs
for a short time in the immediate vicinity of the
junction. Negative acceptor ions in the P-region
and positive donor ions in the N-region and near
the junction are left uncompensated. Additional
holes that would diffuse into the N-region are
repelled by the uncompensated positive charge of
the donor ions. Electrons that would diffuse into
the P-region are repelled by the uncompensated
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connected to a PN junction. Note that the posi-
tive terminal of the battery is connected to the
P-type germanium and the negative terminal of
the battery is connected to the N-type germa-
nium. The holes are repelled from the positive
terminal of the battery and drift toward the
junction. The electrons are repelled from the
negative terminal of the battery and drift toward
the junction. Because of their acquired energy,
some of the holes and the excess electrons pene-
trate the depletion (space charge) region and
combine (par. 27a).

b. For each combination of an excess electron
and a hole that occurs, an electron from the
negative terminal of the external battery enters
the N-type germanium and drifts toward the
junction. Similarly, an electron from an elec-
tron-pair bond in the crystal, and near the posi-
tive terminal of the external battery, breaks its
bond and enters the positive terminal of the
external battery. For each electron that breaks
its bond, a hole is created which drifts toward
the junction. Recombination in and about the
space-charge region continues as long as the ex-
ternal battery is applied.

c. Note that there is a continuous electron cur-
rent in the external circuit. The current in the
P-type germanium consists of holes, the current
in the N-type germanium consists of electrons.
In this condition, the PN junction is said to be
biased in the forward direction. If the forward
bias is increased, the current increases.

d. In paragraph 276 it was stated that the
barrier potential with no external battery con-
nected is on the order of tenths of a volt: It
would appear, therefore, that an external battery
of very low voltage (about 1 volt) would elimi-
nate the barrier completely. However, the larger
the voltage of the external battery, the greater
the current flow through the crystal. Since the
crystal has a relatively high resistivity (several
hundred thousand times that of copper (par.
15)), increased current causes increased voltage
drop on both sides of the barrier. The remain-
ing voltage of the external battery does not over-
come the barrier completely. Normally, 1 to 114
volts is used to bias the PN junction in the for-
ward direction. If excessive forward bias is
used, excessive current will cause excessive ther-
mal agitation and breakdown of the crystal
structure.

30. Diode Action

a. Paragraphs 26 through 30 cover the mech-
anism of rectification through a PN germanium
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diode. Figure 32 is a plot of current flow versus
voltage applied to a practical PN junction. Note
that current flow in the forward bias direction
is quite high (measured in ma). However, cur-
rent flow in the reverse bias direction, although
low (measured in ua), is not zero as might have
been expected (par. 28). The reverse-bias cur-
rent flow occurs because some acceptor ions and
their associated holes occur in the N-type ger-
manium (par. 19), and some donor ions and their
associated excess electrons occur in the P-type
germanium (par. 20). The holes found in N-type
germanium and the excess electrons found in the
P-type germanium are called minority carriers
because they are so few in number compared to
the majority carriers, holes in P-type, and excess
electrons in N-type germanium.

b. When the PN junction is biased in the re-
verse direction for the majority carriers (par.
28), the PN junction is biased in the forward
direction (par. 29) for the minority carriers.
The internal mechanism of conduction for the
minority carriers when forward biased (majority
carriers reverse biased) is identical with that for
forward-biased majority carriers.

c. Note (fig. 32) that when a very high reverse
bias is applied, a high reverse current flows.
This high current is not due to the minority
carriers. A breakdown of the single crystal
structure occurs (par. 28c).

MAJORITY
CARRIERS

CURRENT (MA) —» +

4— REVERSE BIAS

FORWARD BIAS —»

MINORITY
CARRIERS

CRYSTAL
BREAXDOWN

— @— CURRENT (ULA)

TME90-24

Figure 32. Chart of current through and voltage across
a PN junction.
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Section [V. TRANSISTORS

31. General

Observation of figure 32 reveals that a PN
junction biased in the forward direction is equiv-
alent to a low-resistance element (Ahigh current
for a given voltage). The PN junction biased
in the reverse direction is equivalent to a Aigh-
resistance element (low current for a given volt-
age). For a given current, the power developed
in a high-resistance element is greater than that
developed in a low-resistance element. (Power
is equal to the current squared multiplied by the
resistance value, or simply: P=/2R.) If a crys-
tal containing fwo PN junctions were prepared,
a signal could be introduced into one PN junc-
tion biased in the forward direction (low resist-
ance) and extracted from the other PN junction
biased in the reverse direction (high resistance).
This would produce a power gain of the signal
when developed in an external circuit. Such a

device would ¢ransfer the signal current from a
low resistance circuit to a high resistance circuit.
Contracting the terms ¢transfer and resistor results
in the term transistor. The detailed theory cov-
ering the operation of the transistor is covered
in paragraphs 32 through 34.

32. PNP Transistor

a. To form two PN junctions (par. 26), three
sections of germanium are required. A, figure
33, shows the three sections separated. When the
three sections are combined (B, fig. 33), a tran-
ststor is formed. This paragraph covers the
combination of two sections of P-type germanium
and one section of N-type germanium. This
transistor is referred to as a PNP transistor.
Paragraph 33 covers the combination of two sec-
tions of N-type germanium and one section of
P-type germanium to form an NPN transistor.
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Figure 33. Two sections of P-type germanium and one section of N-type germanium,
separated (4) and combined (B).
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33. NPN Transistor

The theory of operation of the NPN transistor
is similar to that of the PNP transistor (par.
32). However, inspection and comparison of
figures 35 and 36 will reveal two important dif-
ferences.

a. The emitter-to-collector carrier in the PNP
transistor is the hole. The emitter-to-collector
carrier in the NPN transistor is the electron.

b. The bias voltage polarities are reversed.
This condition is necessitated by the different
positional relationships of the two types of ger-
manium as used in the two types of transistors.

34. Tronsistors and Electron Tubes

Some of the differences and similarities be-
tween electron tubes and transistors are discussed
in a through e below.

a. The main current flow in an electron tube
is from cathode to plate (fig. 37). In a junction
transistor, the main current flow is from emitter
to collector. The current in the electron tube
passes through the grid. In the transistor, the
current passes through the base. The cathode,
grid, and plate of the electron tube are com-
parable to the emitter, base, and collector respec-
tively of the transistor.

b. Plate current is determined mainly by grid-
cathode voltage. Collector current is determined
mainly by emitter-base voltage. In this respect,
the collector current-collector voltage character-
istic of a transistor with fixed emitter-base volt-
age (A, fig. 38) is similar to the plate current-

EMITTER BASE

plate voltage characteristic of the penfode tube
with fixed grid-cathode voltage (B, fig. 38). In
the transistor, the steady rise of current from
O to X with a rise of collector voltage indicates
that a sufficient supply of carriers is flowing from
the emitter-base barrier through the base-collec-
tor barrier to satisfy the applied collector volt-
age. This section of the characteristic represents
low collector resistance. From X to Y, the col-
lector current remains relatively constant in spite
of the rising collector voltage, because the supply
of carriers through the emitter-base barrier does
not increase. This section of the characteristic
represents high collector resistance. In the pen-
tode tube, the leveling off of plate current from
X to Y is due to the shielding of the plate by
the screen and the suppressor grids.

c. The electron tube requires heater current to
boil electrons from the cathode. The transistor
has no heater.

d. For current flow in an electron tube, the
plate is always positive with respect to the
cathode. For current flow in a transistor, the
collector may be positive or negative with re-
spect to the emitter, depending on whether
electrons or holes respectively are the emitter-
to-collector carriers.

e. For most electron tube applications, grid-
cathode current does not flow. For most tran-
sistor applications, current flows between emitter
and base. Thus, in these cases, the input resist-
ance of an electron tube is much higher than
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Pigure 36. Simultanecous application of forward bias between emitter and base and
reverse bias between bdase and collector of an NPN transistor.
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Figure 37. Internal structure of triode electron tube
and junction transistor.

its output resistance and similarly the input re-
sistance of a transistor is much lower than its
output resistance.

35. Summary

a. All matter is composed of one or more
elements.

b. The smallest part of an element which can
take part in ordinary chemical changes is called
an atom.
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c. Atoms are composed of positively charged
particles called protons, negatively charged par-
ticles called electrons, and uncharged particles
called neutrons.

d. A conductor is a material that has many
loosely held electrons. Examples are silver, cop-
per, and aluminum.

e. An insulator is a material that has few
loosely held electrons. Examples are rubber,
glass, and porcelain.

/. A semiconductor is a material the resistivity
of which is between those of conductor and insu-
lators. Examples are germanium, silicon, and
carbon (in diamond form).

g- A crystal is a material with atoms arranged
in a specific pattern.

h. The properties and characteristics of poly-
crystalline materials such as copper, and silver
are quite different from those of single crystal
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Figure 88. Collector characteristic for junction transistor,
and plate characteristic for pentode electron tube.



materials; single crystal materials are prepared
for transistor use. Germanium and silicon may
be processed as single crystal materials.

. Electrons shared by adjacent atoms in a
crystal form electron-pair bonds.

j- N-type germanium contains donor impuri-
ties. Donor impurities are materials which have
five valence electrons, one of which cannot form
an electron-pair bond. This electron is called an
excess electron.

k. Arsenic, antimony, and boron are examples
of donor materials.

l. P-type germanium contains acceptor impuri-
ties. Acceptor impurities are materials which
have three valence electrons. Because four va-
lence electrons are required to form and complete
all adjacent electron-pair bonds, a hole is created.

m. Aluminum, gallium, and indium are exam-
ples of acceptor impurities.

n. A hole can be considered a positive charge
which diffuses or drifts through a crystal. The
drift of holes constitutes a current.

o. A depletion (space charge) region occurs
at a PN junction. The potential difference

Google

across the depletion region is called a barrier.
The width of the barrier is the width of the de-
pletion region. The potential difference is called
the height of the barrier.

p. Forward bias of a PN junction causes heavy
current (flow of majority carriers). Reverse bias
causes very low current (flow of minority car-
riers).

¢- A junction transistor is a sandwich of P-,
N-, and P-type germanium, or N-, P-, and N-type
germanium.

r. Holes constitute the main current through
the PNP transistor. Electrons constitute the
main current through the NPN transistor.

8. The emitter, base, and collector of the tran-
sistor are comparable to the cathode, grid, and
plate respectively of the vacuum tube.

¢t. The emitter-base junction is normally biased
in the forward (low-resistance) direction.

u. The base-collector junction is normally
biased in the reverse (high-resistance) direction.

v. Collector current depends on the emission
of carriers from the emitter-base barrier.
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CHAPTER 3
TRANSISTOR AMPLIFIER FUNDAMENTALS

36. Reference Designations and Graphical

Symbols

The reference designations and graphical sym-
bols for transistors are shown in B and C, figure
39. For comparison purposes, those of a triode
electron tube are also included (A, fig. 39).

a. Reference Designations. The letter portion
of the reference designation for an electron tube
is V. The number portion may be any whole
number. For the transistor, the letter portion
of the reference designation is @ and the number
portion may be any whole number.

b. Graphical Symbols.

(1) The three element (triode) electron tube
requires only one graphical symbol (A,
fig. 39), because conduction within an
electron tube occurs only through the
movement of electrons. As a result, the
plate must be at a positive potential with
respect to the cathode for current to
flow. The electrons in the external cir-
cuit will flow only from plate to cathode.

(2)) In the PNP transistor (B, fig. 39) the

' emitter to collector current carrier in
the crystal is the hole (par. 32). For
holes to flow internally from emitter to
collector, the collector must be negative
with respect to the emitter. In the ex-
ternal circuit, electrons flow from emit-
ter (opposite to direction of the emitter
arrow) to collector.

(3) In the NPN transistor (C, fig. 39), the
emitter to collector current carrier in
the crystal is the electron (par. 33).
For electrons to flow internally from
emitter to collector, the collector must
be positive with respect to the emitter.
In the external circuit, electrons flow
from the collector to the emitter (oppo-
site to direction of the emitter arrow).
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Transistor and triode electron tube referemce
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Figure 39.

37. Transistor Amplifier Generalizations

The following generalizations are extremely
helpful in analyzing the qualitative (nonmathe-
matical) behavior of transistor circuitry. These
generalizations apply to a transistor circuit that
is operated as a Class A amplifier.

a. The first letter of the type of tramsistor
indicates the polarity of the emitter voltage with



respect to the base. A PNP transistor has posi-
tive dc voltage applied to the emitter. An NPN
transistor has negative dc voltage applied to the
emitter.

b. The second letter of the type of tramsistor
indicates the polarity of the collector with respect
to the base. A PNP transistor has negative dc
voltage applied to the collector. An NPN tran-
sistor has positive dc voltage applied to the col-
lector.

¢. The first and second letter of the type of
transistor indicate the relative polarities between
the emitter and the collector respectively. In a
PNP transistor, the emitter is positive with re-
spect to the collector; the collector is negative
with respect to the emitter. In an NPN tran-
sistor, the emitter is negative with respect to the
collector; the collector is positive with respect
to the emitter.

d. The dc electron current direction is alhways
against the direction of the arrow on the emitter
(B and C, fig. 39).

e. If the electrons flow into or out from the
emitter, the electrons flow out from or into the
collector, respectively.

f. The base-emitter junction is always forward
biased.

g- The collector-base junction is always re-
versed biased.

h. An input voltage that aids (increases) the
forward bias increases the emitter and collector
currents.

i. An input voltage that opposes (decreases)
the forward bias decreases the emitter and col-
lector currents.

38. Transistor Arrangements

Several circuit arrangements for introducing
a signal into the transistor and extracting the
signal from the transistor are possible.

a. Common-Base Amplifier.

(1) In A, figure 40, the signal is introduced
into the emitter-base circuit, and ex-
tracted from the collector-base circuit.
The base element of the transistor is
common to the input circuit and the
output circuit. For this reason, the con-
figuration is referred to as a common-
base (CB ) amplifier.

(2) In equipments employing electronic cir-
cuits, a large number of points may be
at the same potential. To simplify the
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(3)

wiring, all these points are usually con-
nected to one wire (a bus bar) or to the
metallic chassis, which is referred to as
ground or chassis ground. Usually the
common element of a three-element de-
vice is at ground potential and is con-
nected to chassis directly (dc and ac
ground) or through a low-impedance
capacitor (ac ground only). The com-
mon-base circuit therefore is also re-
ferred to as the grounded-base amplifier.
A similar circuit arrangement employ-
ing the triode electron tube is shown in
B, figure 40. This circuit is called the
grounded-grid amplifier. Note that the
comparable elements (par. 34) of the
transistor and the electron vacuum tube
assume the same relative positions with-
in their respective circuits. The two
circuits are similar to the extent that the
input impedance is low and the output
impedance is high. For typical values
of input and output impedances and
voltage, current and power gains of the
CB amplifier, refer to paragraph 105.

b. Common-Emitter Amplifier.

(1)

(2)

In C, figure 40, the signal is introduced
into the base-emitter circuit and ex-
tracted from the collector-emitter cir-
cuit. The emitter element of the tran-
sistor is common to the input circuit
and the output circuit; this configura-
tion is referred to as the common-emitter
( 0€ ) amplifier or the grounded-ematter
amplifier.

A similar circuit arrangement employ-
ing the triode electron tube is shown in
D, figure 40. Although this is a com-
mon- or grounded-cathode amplifier, it
is not usually referred to as such. This
circuit is considered the standard, or
conventional, triode amplifier. Other
circuit arrangements (B and F, fig. 40)
were subsequently designed and given
the names used in this manual. For
detailed coverage of the conventional
(grounded cathode) amplifier, refer to
TM 11-662. For typical values of in-
put and output impedances, voltage,
current, and power gains of the com-
mon-emitter amplifier, refer to para-

graph 105.
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(3)

If an NPN transistor were to be used
in the circuit (C, fig. 40), the polarities
of the biasing batteries would have to be
opposite to those shown to maintain for-
ward bias in the base-emitter circuit and
reverse bias in the collector-base circuit.

¢. Common-collector Amplifier.

(1)

(2)

In E, figure 40, the signal is introduced
into the base-collector circuit and ex-
tracted from the emitter-collector circuit.
The collector element of the transistor
is common to the input circuit and the
output circuit; this configuration is re-
ferred to as the common-collector (CC )
amplifier or the grounded-collector am-
plifier.

A similar circuit arrangement employ-
ing the triode electron tube is shown in
F, figure 40. This circuit is called the
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cathode follower. If the circuit does
not look familiar, it is because it is
drawn so that the comparable elements
of the transistor and the electron tube
are in the same relative positions in
their respective circuits. For detailed
coverage of the cathode follower, refer
to TM 11-670. For typical values of
input and output impedances, voltage,
current, and power gains of the com-
mon-collector circuit, refer to paragraph
105.

39. Additional Bias Arrangements

Proper biasing of a class A transistor ampli-
fier, regardless of the circuit configuration used
(par. 38), consists of forward bias on the emit-
ter-base circuit and reverse bias in the collector-

base circuit.
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Figure 40. Basic amplifier configurations using transistors or triode vacuum tubes.
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bias for each circuit configuration is shown in A,
C, and E, figure 40. Other methods are dis-
cussed in @, b, and ¢ below. A detailed study
of bias considerations is covered in chapter 5.
a. Common-Base Amplifier. In order to oper-
ate the common-base amplifier with & single bat-
tery (fig. 41), a voltage-divider network is re-
quired. The collector-base bias is achieved di-
rectly by the battery in the collector-base circuit.

Since the transistor shown is a PNP transistor,

reverse bias is achieved by making the collector
negative with respect to the base, as shown. For-
ward bias in the emitter-base circuit (PNP tran-
sistor) requires that the emitter be positive with
respect to the base. This condition is achieved
by the voltage divider network consisting of re-
sistors R3 and R4. The electron current (/)
from the battery and through the voltage divider
is in the direction shown. This current flow
causes a voltage drop across resistor R3 with
polarity as indicated. This voltage drop places
the emitter at a positive potential with respect
to the base. If an NPN transistor were used,
the battery only would have to be reversed.

Re

INSUT ouTPUT

tm ng ) -t -§

* -—

g
TN §90-29
Figure 41. Common-base amplifler with single battery

bias.

b. Common-Emitter Amplifier

(1) There are two methods of introducing
bias voltages from separate batteries
into the common-emitter amplifier. The
first method (C, fig. 40) is used if it is
desired to place the emitter at ac and dc
ground potential in an equipment. The
second method (A, fig. 42) is used if it
is desired to have the base-emitter bias
battery series aid the collector-emitter
battery. If an NPN transistor were
used, both batteries would have to be
reversed in direction.

(2) The common emitter amplifier may also
be biased with a single battery (B, fig.
42). The single battery directly pro-
duces the required reverse bias voltage
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Figure 42. Common-emitter amplifler using two bdias

batteries, or a single bias battery.

in the collector-base circuit. To under-
stand the method by which the forward
bias between the emitter and the base is
produced by the single battery, a knowl-
edge of the internal structure of the
transistor is required. It has been stated
previously that forward bias for the
PNP transistor requires the base to be
negative with respect to the emitter. In
a PNP transistor, the collector is at the
highest negative potential; the emitter
is at the highest positive potential.
Structurally the base is between the two,
and therefore must assume a voltage be-
tween the two. Thus the base must be
less positive than the emitter or, in
other words, negative with respect to the
emitter. This condition satisfies the re-
quirement of polarity necessary to pro-
duce a forward bias. Current flow
through the base lead is covered in para-
graph 43. The magnitude of the volt-
age between the emitter and the base
must be very small compared to that
between the collector and the base. In-
ternally, the two PN junctions act as
a voltage divider. The PN junction be-
tween the collector and the base repre-
sents a high resistance and develops the
larger voltage drop. The PN junction
between emitter and base represents a
low resistance and develops a low volt-
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age as required. Use of a single battery
with external voltage dividers is covered
in chapter 5.

¢. Common-Collector Amplifier.

(1) There are three methods of introducing
bias voltages from separate batteries
into the common-collector amplifier.
One method is shown in E, figure 40.
A second and a third method are shown
in A and B, figure 43. In each case the
batteries establish the proper forward
bias (base-emitter) and the reverse bias
(base-collector). If an NPN transistor
were to be substituted, the polarities of
both batteries in each circuit would have
to be reversed.

(2) The common-collector amplifier can also
be biased with a single battery (C, fig.
43). The reverse bias (base-collector)
is established directly by the battery.
The forward bias (base-emitter) depends
on the internal structure of the tran-
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Figure 43. Common-collector amplifiers using two bdias
batteries or a single bias battery.
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sistor. The internal mechanism for es-
tablishing the forward bias is the same
as that covered in b(2) above.

40. Current Flow and Voltage Phase Rela-
tions, CB Amplifier

a. Current Flow. Electron current flow
through an NPN CB amplifier is indicated by
the direction of the arrows in figure 44. To sim-
plify the circuit explanation, the flow of the
minority carriers across the reverse-biased base
collector junction has been ignored. In para-
graph 34a it was stated that most of the current
from the emitter flows toward the collector. In
practical transistors, from 92 to 98 percent of the
emitter current reaches the collector; the remain-
der flows through the base. In the figure, the
total emitter current is represented by the letter
I. For discussion purposes it is assumed that
95 percent (or 0.95/) of the current reaches the
collector; 5 percent (or 0.05/) flows to the base.
If a PNP transistor were to be used, the polari-
ties of the batteries would have to be reversed,
but the voltage phase relationship would be the
same.

b. Voltage Phase Relations.

(1) The wave forms on the illustration rep-
resent voltage wave forms. The input
signal produced by the signal generator
is on the left and the output signal de-
veloped across resistor R1 is on the
right. Consider an instant of time when
the voltage (AB) from the signal gen-
erator opposes the forward bias pro-
duced by the base-emitter battery. The
resultant forward bias at this instant
has been reduced, thereby reducing the
total current (/) flowing through the
emitter. By corresponding amounts, the
collector and the base currents have been
reduced. The reduced current flow
through resistor R1 causes the top point
of the resistor to become less negative
(or more positive) with respect to the
lower point . This effect is shown by AB
on the output wave form. For the en-
tire half cycle that the input signal goes
positive and opposes the forward bias,
the output signal goes positive.

(2) Consider a second instant of time when
the voltage (CD) from the input signal
aids the forward bias produced by the
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Figure 44. Common base (CB) amplifier, current flow and voltage wave formas.

base-emitter battery. The resultant for-
ward bias at this instant has been in-
creased, thereby increasing the total
current (/) flowing through the emitter.
By corresponding amounts, the collector
and the base currents have been in-
creased. The increased current flow
through resistor R1 causes the top point
of the resistor to become more negative
(less positive) with respect to the lower
point. This effect is shown by (CD) on
the output wave form. For the entire
half cycle that the input signal goes
negative and aids the forward bias, the
output signal goes negative.

(3) From the above discussion, it can be con-
cluded that there is no voltage phase re-
versal between the input and the output
signal of a CB amplifier.

41. Current Flow and Voltage Phase Rela-
tions, CE Amplifier

a. Current Flow. The electron current flow
through an NPN CE amplifier is indicated by
the direction of the arrows in figure 45. To
simplify the circuit explanation, the flow of the
minority carriers across the reverse-biased base-
collector junction has been ignored. The portions
of emitter current that flow through the collector
and the base were discussed in paragraph 40a.
If a PNP transistor were to be used, the polari-
ties of the batteries would have to be reversed

- 081

but the phase relationship would be the same.
b. Voltage Phase Relations.

(1) Consider an instant of time when the
input voltage (AB) from the signal
generator aids the forward bias pro-
duced by the base-emitter battery. The
resultant forward voltage at this instant
is increased, thereby increasing the total
current (/) flowing through the emitter.
By corresponding amounts the collector
and the base currents are increased.
The increased current flow through load
resistor R1, causes the top part of the
resistor to become more negative (less
positive) with respect to the lower part.
This effect is shown by AB on the out-
put waveform. For the entire half cycle
that the input signal goes positive and
atds the forward bias, the output signal
goes negative.

(2) Consider a second instant of time when
the voltage (CD) from the signal gen-
erator opposes the forward bias pro-
duced by the emitter-base battery. The
resultant forward voltage is decreased,
thereby decreasing the emitter current.
By corresponding amounts the collector
and the base currents are decreased.
The decreased current through load re-
sistor R1 causes the top point of the re-
sistor to become less negative (or more
positive) with respect to the lower point.
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Figure 45. Common-emitter (CE) amplifler, current flow and voltage wave forms.
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This effect is shown by CD on the out-
put waveform. For the entire half cycle
that the input signal goes negative and
opposes the forward bias, the output
signal goes positive.

(3) From the above discussion, it can be
concluded that the input signal voltage
is reversed 180° in phase in going
through the CE amplifier.

42. Cumrent Flow and Voltage Phase Rela-
tions, CC Amplifier

a. Current Flow. The electron current flow
through an NPN CC amplifier is indicated by
the direction of the arrows in figure 46. To sim-
plify the circuit explanation the flow of minority
carriers across the reverse-biased collector-base
junction has been ignored. The portions of
emitter current that flow through the collector
and the base were discussed in paragraph 40a.
If a PNP transistor were to be used, the polari-
ties of the batteries would have to be reversed
but the voltage phase relationship would be the
same.

b. Voltage Phase Relations.

(1) Consider an instant of time when the
input voltage (AB) from the signal
generator aids the forward bias voltage.
The resultant forward voltage at this
instant increases, thereby increasing the
total emitter current (/). The increased
current through load resistor R1 causes
the top point of the resistor to become
more positive with respect to the lower
part. This effect is shown by AB on
the output waveform. For the entire
half cycle that the input signal is posi-
tive, the output signal is also positive.

(2) When the input signal is negative (CD),
the forward bias is reduced and the
emitter current is correspondingly re-
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duced. The reduction in emitter current
causes the top point of load resistor R1
to become less positive (more negative)
with respect to the lower part. This
effect is shown by CD on the output
waveform. For the entire half cycle
that the input signal is negative, the
output signal is also negative.

(3) From the above discussion, it can be
concluded that there is no phase re-
versal of the signal amplified by the CC
amplifier.

43. Base Lead Current
a. General.

(1) In figures 44, 45, and 46 the electron
current in the base lead for an NPN
transistor is shown to flow away from
the base region. This direction of elec-
tron current flow may, or may not, be
the case for an NPN transistor em-
ployed in a specific circuit application.
Figures 44, 45, and 46 neglect the re-
verse current flow between the collector
and the base (par. 30).

(2) For a PNP transistor, the electron cur-
rent flow in the base lead would be
toward the base region at all times, if
the reverse bias collector-base current
were to be ignored.

(3) Actually for either type transistor, the
direction of electron current flow in the
base region depends on the percentage
of emitter current that enters the base
lead and the magnitude of the reverse
bias collector-base current that enters
the base lead. These values in turn de-
pend on the operating point of the tran-
sistor and the characteristics of the
specific transistor. A discussion of the
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Figure 46. Common-collector (CC) amplifier, current flow and voltage waveforms.
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current flow in an NPN transistor is
given in ¢ below; the PNP transistor
is discussed in d below. The letter sym-
bols used in the discussion are explained
in b below.

b. Letter Symbols.

(1)

(2)
(3)

The current gain of the CB amplifier is
the ratio of the collector current to the
emitter current. This value is important
in transistor electronics and is referred
to as alphan (ayb). Wlth f bemg the
current from the emitter to the collector
(in a forward direction), and b indicat-
ing that a common-base amplifier is being
used. The exact formula for and math-
ematical derivation of «, is given in
paragraph 62¢(3). Roughly, however,
asp represents the percentage of emitter
current that reaches the collector.

The total emitter current is designated
..

The reverse bias current flow between
base and collector (par. 74a), also re-
ferred to as saturation or leakage current,
is designated /¢so. The subscript letters
indicate a collector-base current, meas-
ured with the emitter open.

¢. NPN Transistor.

(1)

(2)

Figure 47 shows an NPN transistor with
proper biases applied. To the minority
carriers (electrons) in the base region
(par. 30), the base region acts as N-type
germanium. This is indicated by the
circled #. To the minority carriers
(holes) in the collector region, the col-
lector region acts as P-type germanium.
This is indicated by the circled P.

The emitter current (/.) consists of elec-
trons; 92 to 99 percent of the electrons
(ars /c) go through the base region and
the collector region into the positive ter-
minal of the collector-base battery.
About 1 to 8 percent of the emitter elec-
trons (/.—amp I.) (total emitter current
less current that flows to collector) com-
bine in the base-emitter junction with
holes from the base region. These holes
are generated in the base region and near
the base lead. Generation of the holes
causes an electron current to flow in the
base lead and away from the base.

495909 0—59——+4
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(3) In addition, reverse-bias current /¢so
flows between base and collector. Zoso

consists of a flow of electrons in the base
region that combine with holes from the

collector region at the base-collector junc-
tion. The reverse bias current causes a
flow of electrons in the base lead and
toward the base.

(4) The direction of electron flow ((2) and
(3) above), in the base lead depends on
the relative magnitudes of (/,—asl.)
and /Zcpo. For clarification, study the
following examples :

Ewample1:
Given: I,—1 ma
ICM=001 ma
Qpp= 0.92
Determine emitter-base current:
I—apl,=1—0.92X1
=0.08 ma
Conclusion: The emitter-base cur-
rent (0.08 ma) is larger than the
collector-base current (/¢zo=10.01
ma), so that the base lead current
(fig. 47), 0.07 ma, is flowing away
from the base.
Ewvample 2:
Given: I,=1 ma
I cRO=— 0.02 ma
ap=0.99
Determine emitter-base current:
I—apl,=1—0.99X1
=0.01 ma
Conclusion: The collector-base cur-
rent( /cpo=0.02ma) is larger than
the emitter-base current (0.01 ma)
so that the base lead current (fig.
47) 0.01 ma, is flowing toward the
base.

d. PNP Transistor. The discussion in ¢ above,
applies also to the PNP transistor (fig. 48).
Internally, however, the electron and the hole
currents are interchanged. Externally the po-
larity of the biases and the directions of electron
current flow are reversed.

44. Summary

a. Because of the existence of PNP and NPN
transistors, a graphical symbol is required to
represent each type transistor.
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Figure 4§8.
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b. The transistor can be connected as a com-
mon base, a common collector, or a common-
emitter amplifier.

¢. The circuit configuration of the common
emitter amplifier is similar to that of the conven-
tional (common-cathode) amplifier.

d. The circuit configuration of the common-
base amplifier is similar to that of the grounded
(common) grid amplifier.

e. The circuit configuration of the common-col-
lector amplifier is similar to that of the cathode
follower (common plate) amplifier.

Google

/. Each transistor configuration may be biased
with two batteries or a single battery.

g- There is no voltage phase reversal of a signal
amplified by a common-base or a common-collector
amplifier.

h. There is a 180° voltage phase reversal of a
signal amplified by a common-emitter amplifier.

i. The dc electron current through the base lead
of a transistor (NPN or PNP) may flow toward or
away from the base region, depending on the rela-
tive magnitudes of the base-emitter current (/,—
ars/.) and the saturation current (/¢so).
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CHAPTER 4
PARAMETERS, EQUIVALENT CIRCUITS, AND CHARACTERISTIC CURVES

Note. The mathematical analysis of the transistor as contained in this chapter requires the reader to have a

knowledge of algebraic equations.

Chapters § through 18 may be comprehended without covering chapter 4.

Section 1. INTRODUCTION

45. General

a. The circuit behavior of any electrical ele-
ment or device can be expressed in terms of
mathematical equations. The mathematical equa-
tions, however, only can show relationships
among currents, voltages, resistances, induct-
ances, and capacitances. These quantities, or
dimensions, including their mathematical com-
binations, can be measured directly or indirectly
and are called parameters. Under most oper-
ating conditions, a circuit element or device such
as a resistor, a capacitor, an inductor, a current
generator, or a voltage generator exhibits a single
characteristic and may be represented in an equa-
tion by a single parameter. A circuit element
or device such as a quartz crystal, an electron
tube, or a transistor (A, C, or E, fig. 49) is more
complex (exhibits characteristics of more than
one parameter) and must be represented by an
equivalent circuit (B, D, or F, fig. 49) which
may consist of resistance, capacitance, induct-
ance, and possibly voltage, and current gener-
ators.

b. Equivalent circuits of quartz crystals, elec-
tron tubes, and transistors are discussed in (1),
(2),and (3) below.

(1) An equivalent circuit of a quartz crystal
isshown in B, figure 49. The effect of the
quartz crystal in a given circuit is that of
two capacitors, an inductor, and a resistor
connected as shown. Once the equivalent
circuit has been determined, the behavior
of the crystal over a wide range of ap-
plied voltages at varying frequencies can
be computed by expressing the relation-
ships of the parameters (within the
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dashed line) in mathematical equations.
Such computations permit the prediction
of the behavior of the crystal in a par-
ticular circuit without actually construct-
ing the circuit.

(2) The equivalent circuit for an electron
tube is shown in D, figure 49. This
equivalent circuit shows that an electron
tube can be represented by a voltage gen-
erator (uv,) in series with a resistor (7).
The procedure for developing this equiva-
lent circuit for the electron tube is covered
in TM 11-662. Using this equivalent cir-
cuit, it is possible to compute the input
and output resistances, the voltage, cur-
rent, and power gains, under many
operating conditions without making
actual measurements for each operating
condition.

(3) An equivalent circuit for the transistor
is shown in F, figure 49. This equiva-
lent circuit indicates that the transistor
can be represented by two resistors, a
voltage generator, and a current gener-
ator, connected as indicated. The pro-
cedure for developing this equivalent
circuit is covered in paragraphs 47
through 53. Using the equivalent cir-
cuit, the formulas for calculation of in-
put and output resistances, and current,
voltage, and power gain may be devel-
oped (pars. 54-58).

46. CE Amplifier

a. In paragraph 38b the transistor CE ampli-
fier was compared to the electron tube common-
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Figure 49. Crystal, electron tube, and transistor circuits and their equivalent circuits.

cathode (conventional) amplifier. In equipments
containing electron tubes, the conventional am-
plifier is most often used. In equipments con-
taining transistors, the CE amplifier is most
often used because it provides current, voltage,
and power gain while the CB amplifier current
gain is always less than 1 and the CC amplifier
voltage gain is always less than 1. The CB am-
plifier is used most often to match a low-im-
pedance circuit to a high-impedance circuit. The
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CC amplifier is used most often to match a high-
impedance circuit to a low-impedance circuit.

b. Because the CE amplifier is most often used,
the procedure for the development of its equiva-
lent circuit is covered in detail in paragraphs
49 through 53. The equivalent circuits of the CB
and CC amplifiers and the resultant formulas
for voltage, current, and power gain and input
and output resistances are explained briefly in
paragraphs 61 through 64.
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Section II. HYBRID PARAMETERS

47. Choice of Dependent and Independent
Variables

If a device, for which an equivalent circuit must
be developed, is considered as an unknown object,
such as a black box (fig. 50), the only information
available would be the currents (%, i) and volt-
ages (?oe, ¥ce) measured at the input and output
terminals. Before equations can be established to
show the relationships among the currents and
voltages, it must be decided which quantities shall
be considered dependent variables and which quan-
tities, independent variables. Any two quantities
may be designated as dependent variables with the
other two becoming independent variables. The
choice is arbitrary, but each choice results in dif-
ferent equivalent circuits. This means that there
are several possible combinations of circuit ele-
ments (resistors, capacitors, inductors) and de-
vices (generators) which can electrically represent
the unknown object. Regardless of the chosen
equivalent circuit, the same results are obtained for
the input and output resistances, and current,
voltage and power gain.

Note. Lower-case letters are used for ac current and

voltage values; upper-case letters are used for dc current
and voltage values.

a. When the two voltages (s, vce) are chosen
as the dependent variables, and the two currents
(%5, i) are chosen as the independent variables,
the following general equations can be written:

vbe=fl (ib: iC) and

tee=f2 (b, )

The first equation states that base voltage vs (de-
pendent variable) is determined by (or (f) is a
function of) base current 7, and collector current
t. (independent variables). The second equation
states that collector voltage v.. (dependent varia-
ble) is determined by base current ¢, and collector
current . (independent variables). This choice
of dependent and independent variables results in
an equivalent circuit whose parameters are called
open-circuit parameters. This equivalent circuit
is discussed in paragraphs 68 and 69.

b. When the two currents (%, i.) are chosen
as the dependent variables, and the two voltages
(Vuey vce) are chosen as the independent variables,
the following general equations can be written:

'i.=f| (D”, 0“) and

e =f3 (Da, 0e.).
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These equations are interpreted in the same man-
ner as those in @ above. This choice of depend-
ent and independent variables results in an equiv-
alent circuit whose parameters are called short-
circuit parameters. This equivalent circuit is dis-
cussed in paragraphs 70 and 71.
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Figure 50. Black box containing device for which equiv-
alent circuit is to be developed.

c. When base voltage v, and collector current
i, are chosen as the dependent variables, and base
current ¢ and collector voltage v, are chosen as
the independent variables, the following general
equations can be written :

ve=f1 (%, vc) and

ic=.f2 (iby vu)
These equations are interpreted in the same man-
ner as those in a above. This choice of depend-
ent and independent variables results in an equiv-
alent circuit whose parameters are called Aydrid
parameters. The reason for the term hAybrid
parameters is covered in paragraph 53a. Since
this equivalent circuit is in most common use, its
development will be discussed in detail in para-
graphs 49 through 58.

d. Other choices of dependent and independent
variables are theoretically possible, but have no
practical application and are not discussed.

48. Base Current and Collector Voltage as
Independent Variables

a. The most commonly used equivalent circuit
(par. 47c¢) is that using hybrid parameters.
Hybrid parameters may be developed by consid-
ering the base current and the collector voltage
as the independent variables. Some practical
considerations (b and ¢ below), of the transistor
indicate that base current and collector voltage
are most easily controlled externally and would
therefore naturally be selected as the independent
variables. When these two quantities are deter-



mined, then the dependent variables, base volt-
age, and collector current, may then be estab-
lished.

b. Consider the input circuit of an electron
tube (where the grid voltage is the independent
variable) as opposed to the input circuit of a
transistor (where the base-emitter current is the
independent variable) :

(1) In an electron tube, the diode formed by
the grid and the cathode is actually a
reverse-biased diode. Because of the
high resistance, the grid voltage may be
easily measured and controlled. The
input resistance of an electron tube is
usually much greater than the resistance
of the signal source, so that the signal
source appears as a constant voltage
source. Grid current rarely flows and
when it does it is usually negligible in
magnitude.

(2) The input circuit of a transistor (base-
emitter for all configurations) is a for-
ward-biased diode. Because of the low
registance, the base-emitter current is
easily measured and controlled. The
input resistance of the transistor is
usually much smaller than the resist-
ance of the signal source, so that the
gignal source appears as a constant cur-
ren? source. Base-emitter voltage 1is
usually very small, measured in tenthg
of a volt. Under these conditions, con-
sideration of the base-emitter current as
an independent variable is desirable.

¢. In the collector circuit, the collector voltage
is considered the independent variable; the col-
lector-base circuit exhibits a high resistance.
Because of this high resistance, the collector
voltage is easily measured and controlled. The
collector base resistance is much higher than the
internal resistance of the power source feeding
the collector, so that the power source appears
as a constant voltage generator. Under these
conditions, consideration of the collector voltage
as an independent variable is desirable.

49. Development of Input Circvit Equation

a. In paragraph 47c, the general equation re-
lating base voltage v, (dependent variable) to
base current i, and collector voltage v,. (inde-
pendent variables) was expressed as follows:

Vs=Jf1 (s, 0c,)
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Since base voltage v, is the input voltage (fig. 50),
this equation is the input circuit equation. The
expansion and application of this equation are dis-
cussed in b and ¢ below:

b. Expansion of the equation (a above), fol-
lows:

(1) Determine the effect of each of the in-
dependent variables (#, vce) on the de-
pendent variable (w.). Then, add the
separate effects to obtain the total effect
of the independent variables on the de-
pendent variable.

(2) This procedure is comparable to de-
termining the speed of a ship operating
under its own power in a carrent (mov-
ing body) of water. The total speed
(dependent variable) of the ship is the
sum of the speed of the ship due to its
own power (first independent variable)
and the speed of the ship due to the cur-
rent (second independent variable). To
calculate the speed of the ship, the speed
of the ship operating under its own power
is still water (second independent vari-
able=0) and the speed of the ship in the
moving body of water with its power
turned off (first independent variable=0)
must be known. The speed of the ship
will then be the sum of these two values.

(3) Similarly in the case of the general equa-
tion (a above), the effect of the ac base
current (first independent variable) on
the ac base voltage (dependent variable)
must be obtained while the collector volt-
age (second independent variable) is kept
at zero (v..=0). This is discussed in (4)
below. Next, the effect of the ac collector
voltage (second independent variable) on
the ac base voltage (dependent variable)
must be obtained while the ac base current
(first independent veriable) is kept at

zero (i»=0). This is discuseed in (5)
below.
Note. In practice the ac voitage across the

transistor input and output terminals is made
zero, while maintaining a dc bias voltage, by
placing a low-reactance capacitor across the
terminals. The ac current to the transistor
input or output terminals is made zero, while
maintaining a dc bias current, by placing a
high-reactance coil in series with the terminals.
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(4)

(5)

The effect of base current (#;) on base
voltage (vs.) while collector voltage (vce)
is at zero (v..=0) can be determined by
use of the circuit shown in A, figure 51.
To keep ac collector voltage at zero, the
output circuit is ac short-circuited. A
current generator varies base current %
(measured by ammeter /), while the vari-
ations of base voltage v, are measured
by voltmeter V. The ratio of base volt-
age vy to base current ¢, while collector
voltage is zero (v..=0) is expressed as

follows:
('Lu
ib %ce=0

Once this ratio is obtained, the effect of
a given value of base current on base
voltage can be expressed as the product
of this ratio and the given value of base

current:
) .
.—"‘) N
W /e.,=0

This quantity forms the first term of the
expanded equation (¢ below), of the gen-
eral equation (a above). The numerical
values of the ratio of base voltage to base
current while collector voltage is constant
(vce=0), are obtained from characteristic
curves (par. 51).

Note. This ratio and subsequent ratios of
ac currents and voltages used in this chapter
are valid for small signals only. This limita-
tion is required because of the nonlinear cur-
rent and voltage characteristics of the tran-
sistor. That is, the ratio is valid only over a
linear portion of the characteristic curve under

consideration. The greater the nonlinearity the
smaller the signal required.

The effect of collector voltage (v.) on
base voltage (v») while base current
(%) is kept at zero (¢,=0) can be deter-
mined by use of the circuit shown in B,
figure 51. To keep the ac base current
at zero, the Input circuit is ac open-cir-
cuited. A voltage generator varies col-
lector voltage v. (measured by volt-
meter V2), while the variations of base
voltage v are measured by voltmeter
V1. The ratio of base voltage v to col-
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lector voltage v, while base current is
zero (#%=0) is expressed as follows:

Doe
Dce tp=0

Once this ratio is obtained, the effect of
a given value of collector voltage on base
voltage can be expressed as the product
of this ratio and the given value of col-
lector voltage:

Upe
_) Uco
vu =)

This quantity forms the second term of

the expanded equation (¢ below), of the

general equation (a above). The nu-

merical values of the ratio of base volt-

age to collector voltage while base cur-

rent is zero (7%=0) are obtained from
characteristic curves (par. 51).

¢. Using the terms developed in b (4) and (5)

above, the general equation (a above), of the in-
put circuit can be expressed as follows:

e . [V
O¢ =('_) "'b"'l" '_) Dee
U /oeq=0 Vee/ ty=0

Paragraph 53 explains the use of this equation in
determining the equivalent circuit of the tran-
sistor.

50. Development of Output Circuit Equation

a. In paragraph 47¢, the general equation relat-

ing collector current i. (dependent variable) to
base current ¢, and collector voltage v. (independ-

ent variables) was expressed as follows:

1=/, (io,vu)

- P e - — - -y
_EL__/L" \ .‘:
\1‘-\ / vee™0
\JI '
_______ = i
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B
TM690-52

Figure 51. Circuit (black bow) arrangements for meas-
uring cffect of base current (l,) and collector voltage
(v.,) on base voltage (Vy,).



Since collector current ¢. is the output current (fig.
50), this equation is the output circuit equation.
The expansion of this equation is discussed in  and
¢ below.

b. As in the case of expanding the input circuit
equation (par. 49), the technique employed is to
determine the effect of each of the independent

variables (7, v..) on the dependent variable (i.).
(1) The effect of base current (é,) on collec-

tor current (i), while collector voltage
(vce) is zero (v..=0), can be determined
by use of the circuit shown in A, figure
52. To keep the ac collector voltage zero,
the output circuit is ac short-circuited
(ammeter /2 has zero resistance). A
current generator varies base current 7
(measured by ammeter /1), while the
variations of collector current i, are
measured by ammeter /2. The ratio of
collector current 7. to base current 4
while collector voltage is zero (v..=0)
is expressed as follows:

@)

Once this ratio is obtained, the effect of
a given value of base current on collec-
tor current can be expressed as the prod-
uct of this ratio and the given value of
base current :

@), .+

This quantity forms the first term of the
expanded equation (¢ below), of the gen-
eral equation (e above). The numerical
values of the ratio of collector current
with base current while collector voltage
is zero (v..=0) are obtained from char-
acteristic curves (par. 51).

(2) The effect of collector voltage (v..) on
collector current (z.) while base current
(%) is zero (¢%,=0) can be determined by
use of the circuit shown in B, figure 52.
To keep the base current zero (#,=0), the
input circuit is ac open-circuited. A
voltage generator varies collector volt-
age v. (measured by voltmeter V)
while variations of collector current (i)
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Figure 52. Circuit (black box) arrangements for meas-
uring effect of base current (i) and collector voltage
(Ves) On collector cuirent (1.).

are measured by ammeter /. The ratio
of collector current (i.) to collector volt-
age v while base current is zero ({,=0)
is expressed as follows:

()i

Once this ratio is obtained, the effect of
a given value of collector voltage on col-
lector current can be expressed as the
product of this ratio and the given value
of collector voltage:

(52 e

This quantity forms the second term of
the expanded equation (¢ below), of the
general equation (aabove). The numeri-
cal values of the ratio of collector current
to collector voltage while base current is
zero (#,=0) are obtained from charac-
teristic curves (par. 51).

¢. Using the terms developed in & (1) and (2)
above, the general equation (« above), can be ex-
pressed as follows:

(2, 0 50

Use of this equation for determining the equiva-
lent circuit of the transistor is covered in para-
graph 53.
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51. Static Characteristic Curves, Input Circuit

The coeflicients of the terms in the input cir-
cuit equation (par. 49¢) are obtained from static
characteristic curves. The static characteristic
curves are plotted from dc values of current and
voltage. The form of the static characteristic
curves is determined by the particular coefficient,
the value of which must be obtained. That is—
the ordinate (vertical plot) is the dependent
variable; the abscissa (horizontal plot) is the
independent variable; and the running parame-
ter, for a family of curves, is the independent
variable that is kept constant.

a. First Term af Input Circuit Equation.

(1) The coefficient of the first term of the
input circuit equation (par. 49¢) is the
ratio of base voltage to base current
while collector voltage is zero

(1) 9ce=0

The input (base) static characteristic
curves of a typical transistor for this co-
efficient are shown in figure 53. Note that
the base voltage (dependent variable) is
plotted vertically, the base current (in-
dependent variable) is plotted horizon-
tally, and the collector voltage (inde-
pendent variable) is the running para-
meter (the fixed dc value at which each
curve is obtained). The ratio of base
voltage to base current at particular ac
values of base current and collector volt-
age is the slope of the curve at those par-
ticular values. Since the slope varies, the
slope (the coefficient) can be determined
at a particular point by taking incre-
mental (small values) of base current and
base voltage. Incremental values are in-
dicated by the use of the Greek letter
delta (A) before the current or voltage
symbol. Expressing this concept mathe-
matically, the following statement can
be made:

(‘_’z) - A_Veg)
W Joepmo Als Jyop-c.

The left hand side of the equation repre-
sents small ac values, the right hand side,

Google

incremental dc¢ values. The ac values
must be small to insure operation on the
straight-line portion of the characteristic
curve. Vog=C indicates that the dc col-
lector voltage is kept constant. The ex-
pression on the right hand side of the
equation can be directly related to the
static characteristic curves. The ex-
pression is a ratio of voltage to current
and represents a resistance. ‘This re-
sistance is called the input resistance with
output ac short-circuited and is desig-
nated A ; A for hybrid, ¢ for input, and
e for common emitter configuration;
thus—

“ Alp Vom=C

(2) To calculate h,, for a particular transistor,

the input characteristics for that trans-
istor may be used (fig. 53). Since the
value of A, depends on the operating
point (dc bias), it is necessary to first
establish the dc bias point. The dc bias
conditions are established by specifying
the dc values of the independent varia-
bles (base current and collector voltage).
Assume in this case that it is desired to
operate with a base current of 150 micro-
amperes (ua) and a collector voltage of
7.5 volts. This point is located and
marked X on the 7.5-volt input character-
istic curve. A right-angle triangle (ABC)
is drawn so that point X is approximately
at the center of the hypotenuse of the
triangle. The slope of the curve at

point X is equal to g—g Line BC, how-

ever, equals AVge and line AC equals
Alg; so that:

BC
AC

AIB Vor=C

hle_—"

To determine AVjgg, the value of base
voltage at point C (0.23 volt) must be
subtracted from the value of base voltage
at point B (0.3 volt); thus—

AV53=0.3— 0.23=0-07 Volt.



To determine Al the value of base
current at point A (95ua) must be sub-
tracted from the value of base current
at point C (210ua); thus—

Alz=210—95
=115ua
=115X10"% amp

Placing these values in the formula for

fe-
h — AVBB)
f Alg Jyog=c

007
T115X10-°

=608 ohms

This is a typical value for A,,. Depending
on the transistor, k,, may vary from 300
to 800 ohms.

b. Second Term of Input Circuit Equation.
(1) The coefficient of the second term of the

input circuit equation (par. 49c) is the
ratio of base voltage to collector voltage

. . v
while ac base current is zero (—"3)
0“ (,-o-

.81

BASE VOLTAGE Vgg (VOLTS)

o T T T

The static characteristic curves of a
typical transistor for this coefficient are
shown in figure 54. Note that base
voltage (dependent variable) is plotted
vertically, collector voltage (independent
variable) horizontally, and base current
(constant independent variable) is the
running parameter. The value of the
coefficient is the slope of the curve at a
given point. Since the slope is not con-
stant, incremental values of current and
voltage must be obtained. Equating

the coefficient (g”—’) to the incre-
ce.

h=o
mental values, the following is obtained:

Dee/ tymo Ver Ig=C

Note that Iz=C indicates that the dc
base current is kept constant. The
expression on the right hand side can be
directly related to the static characteris-
tic curves. The expression is the ratio
of two voltages, and is therefore a pure
number. Since the expression indicates
the effect of the output voltage on the
input voltage, it is referred to as the

COLLECTOR VOLTAGE Vg (VOLTS)

o 50 100

BASE CURRENT Ig (MICROAMPS)

Figure 53. Typical input (base) static characteristic curves for common-emitter configuration of hybdrid
equivalent circuit.
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reverse (feedback) open circuited voltage
amplification factor, and is designated
ure; w for voltage amplification (as in
the case of electron tubes), r for reverse,
and e for common emitter; thus—

— AVBI)
fre AVce Ig=C

(2) To calculate g, for a particular transistor,

the reverse-transfer characteristics for
that transistor may be used (fig. 54).
Assume dc bias conditions of 150 ua of
base current and 7.5 volts collector
voltage. This point is marked X on the
appropriate curve. A right-angle tri-
angle is drawn so that point X is near
the center of the hypotenuse. The slope

of the curve at point X is equal to %

To determine AVyg, the value of base
voltage at point C (0.22 volt) must be
subtracted from the value of base voltage
at point B (0.23 volt); thus—

AV5pr=0.23—0.22=0.01 volt.

To determine AV g, the value of collector
voltage at point A (3 volts) must be sub-
tracted from the value of collector volt-
age at point C (10 volts); thus—

Ach= 10—3
= 7 volts.

Placing these values in the formula for

Hre:
_(AVBE)
fre AVer/1gmc

Line BC equals AVpg and line AC equals 0.01
AV, so that— =77
_BC =0.0014
“'I_AO . . .
This is a typical value for u,,., Depend-
— AVu) ing on the transistor, u,, may vary from
AVer/ig-c 0.0010 to 0.0030.
T .26 1
w
X 24-
s @ 150
-
g 8 —
w o <
m W Q
: J_ g
® z
& (-]
] 24 100 ~
g r =
" © g
7] a ©
a o«
i :
Ig*0 -
(7]
a
@
0 ng T \J T T 1
o 2.5 s 75 10 2.5 15

TM690- 55

COLLECTOR VOLTAGE Vcg (VOLTS)

Pigure 54. Typical reverse transfer (feedback) static characteristic curves for common-emitter configuration
of hybrid equivalent circuit.
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52. Static Characteristic Curves, Ovtput Line BC equals Al; and line AC equals

Circuit Alp, so that—
a. First Term of Output Circusit Equation. a ,.___B_C
(1) The coefficient of the first term of the AC

output circuit equation (par. 50¢) is the
ratio of collector current to base current
while collector voltage is zero, (:—:)

9ee=0
The static characteristic curves of a
typical transistor for this coefficient are
shown in figure 55. Note that collector
current is plotted vertically, base cur-
rent horizontally, and collector voltage
is the running parameter. The value of
the coefficient is the slope of the curve at
a given point. Since the slope is not
constant, incremental values of current
and voltage must be used. Equating

the coefficient (E) to the incre-

0/ 9,=0

mental values, the following is obtained:

( )v“-o AIB)Vc.-C

Note that Vox=C indicates that the dc
collector voltage is kept constant. The
expression on the right hand side can be
directly related to the static charac-
eristic curves. The expression is the
ratio of output current to input current.
The expression is called the forward short-
circuit current amplification factor and is
designated a,,; a is arbitrarily used for
current amplification, f for forward (effect
of input on output), and e for common
emitter; thus—

- AIC)
AIB Vc.-c

To determine Al,, the value of collector
current at point C (4 ma) must be sub-
tracted from the value of collector cur-
rent at point B (5.5 ma); thus—
Al.=5.5—4
=1.5 ma
=1.5X10"% amp
To determine the value of Al, the value
of base current at point A (120 ua) must
be subtracted from the value of base
current at point C (175 ua); thus—
Ig=175—120
=55 ua
=55X10"% amp
Placing these values in the formula for
Qg

=21
e AIB Vcs-c

_1.5X10-?
T 55X10-°

=27

This is a typical value for «;,. Depending
on the transistor, a, may vary from 20
to 80.

%U=\al, (1) The coefficient of the second term of the
output circuit equation (par. 50c) is the
ratio of collector current to collector

AIC) b. Second Term of Output Circuit Equation.
Vog=C

(2) To calculate a,, for a particular tran-

sistor, the forward transfer characteristics
for that transistor may be used (fig. 55).
Assume dc bias conditions of 150 pa of
base current and 7.5 volts of collector
voltage. This point is marked X on the
appropriate curve. A right-angle tri-
angle is drawn so that point X is near
the center of the hypotenuse. The slope
BC

of the curve at point X is equal to —- AC

Google

voltage while ac base current is zero,

( ) - The static characteristic
vce fp=0

curves of a typical transistor for this
coefficient is shown in figure 56. Note
that collector current is plotted vertically,
collector voltage horizontally, and base
current is the running parameter. Since
the slope (value of coefficient) of the
curve is not constant, incremental values
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of current and voltage must be used.
Equating the coefficient to the incre-
mental values, the following results:

k) _( Al

Vce/ ty=0 AVes Ig=C

The expression on the right can be
directly related to the static charac-
teristic curves. The expression is the
ratio of output current to output voltage
(a conductance). The expression is called
the output conductance with input ac open
circusted and is designated hk,.; h for
hybrid, o for output, e for common-
emitter configuration; thus —

_ AIc>
h“_(Ach Ig=C

(2) To calculate A, for a particular transistor,

the output static characteristics can be
used (fig. 56). Assume dc bias conditions
of 150 ua of base current and 7.5 volts of
collector voltage. This point is marked
X on the appropriate curve and a right-

Google
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Figure 55. Typical forward transfer static characteristic curves for common emitter oonfiguration of hydrid
equivalent oircuit.

angle triangle is drawn so that point X is
near the center of the hypotenuse. The

slope of the curve is equal to ﬁ—g Line

BC equals Al and line AC equals AV¢y
so that—

BC
h=40

— _A!c_)
AVce Ig=C

To determine A/¢, the value of collector
current at point ¢ (4.2 ma) must be sub-
tracted from the value of collector cur-
rent at point B (4.6 ma); thus—

AIC:-4.6_4.2
=0.4 ma
=0.4X10"% amp

To determine AV ¢g, the value of collector
voltage at point 4 (2.5 volts) must be



subtracted from the value of collector

53. Construction of Hybrid Equivalent Circuit
voltage at point ' (12.5 volts) ; thus—

a. General. The important factors obtained
from consideration of static characteristic curves

AVeg=12.5—2.5

(pars. 51 and 52) are the following:

=10 volts
0))

Placing these values in the formula for
Res:

Al )
AVC' Igp=C

_0.4X107
=710

hoy @

=0.04X10"% mho, or
=40umho

This is a typical value for ,.. Depending
on the transistor, h,  may vary from 10
pumhos to 50 umhos. Note that these
values are equivalent to an output re-
sislance (with input ac open-circuited)
from 100,000 to 20,000 ohms respectively.

(3) Oe=

h“=(Av}") ; Input resistance, out-
Alp Jvog-c
put shorted.

(A VB g) . .
Bre=\ —— ; reverse open-circuit
A VC E/Ig=C

voltage amplification factor.

AI—C) ; forward short-circuit
Alg)vogmc

current amplification factor.

Al

“@ h,,=(zv— ; output conductance, in-
ce/1g=C

put open.

Note. The factors ((1)-(4) above), consist
of two pure numbers u., and as,), & resistance
(h¢.), and a conductance (h..). This mioture
of parameters i8 referred to as hAybrid param-
eters; hybrid meaning mixture.

T521
3 Ll
a 4.8 1 o
§ 3 |50%
22 >
Lz 5
= . =
5 %4.4 =
(]

1 4
% [ ]
z z
x 4 1 l&l
x @
S =]
B 100 3
3 ]
3 <
21 so @
Ig=0
° 0 25 M 75 10 125 'S
VOLTAGE Vg (VOLTS)

COLLECTOR VO CE TM690-57

Figure 56. Output (collector) static characteristic curves for common-emitter configuration of hybrid equivaleni

circuit.
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b. Input Circuit Equation. If hi and p.. are
substituted in the input circuit equation (par. 49¢),
the following equation results:

Dpe= huib+ HreDce

This equation suggests a series circuit (A, fig. 57)
consisting of a resistor (4¢.) in series with a volt-
age generator (ure Vee).

¢. Output Circuit Equation. If as. and ko are
substituted in the output circuit equation (par.

50c), the following equation results:

Le=0ylp + hoevce

This equation suggests a current generator
(asets) in parallel with a conductance (A..).
This circuit is shown in B, figure 57.

ip = -ig
hie
Hrevee @elp
Vbe 'h'; Vce

ip* -
—.—b_w_@ @ ic
hie
Prevee LIS
vb. "Q. Vce

c
TM690-58

Figure 57. Hybrid parameters used for {nput, output,
and single equivalent circuit of transistor.

d. Combined Input and Output. 1f the input
circuit and the output circuit are combined (C,
fig. 57), a single equivalent circuit is obtained to
represent the transistor. Use of this circuit to
develop formulas for gains and input and output
resistances is covered in paragraphs 54 through 58.

54. Derivation of Current-G‘gin Formula

a. General. Thecurrent-gain formula fora CE
amplifier can be derived by using the circuits
shown in figure 58. The dc biasing circuits for the
amplifier are not shown because these circuits are
not reflected in the equations required to determine

64
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the ac éurrent gain. To derive the formula, the
transistor (shown in dashed lines A, fig. 58) must
be replaced by its equivalent circuit (shown in
dashed lines B, fig. 58). The notations used for the
equivalent circuit are explained in paragraph 53a.
The additional notations are as follows:
(1) v, voltage of source.
(2) R, internal resistance of voltage source.
(3) 7, base current.
(4) vs, base voltage.
(8) ., collector current.
(8) e, collector voltage.
- (7) Ry,load resistance.
(8) A;=current gain.
Note. Input resistance r( is not used to de-
rive the current-gain formula. Derivation of
the formula for r is covered in paragraph 57.
b. Derivation. To derive the formula, proceed
as follows:
(1) By definition, current gain is the ratio of
collector current to base current:
e
A¢=i—.
(2) Consideration of the output circuit will
result in an expression containing both .
%. Using Kirchoff’s current law at point
X (sum of all currents approaching or
leaving a given point equals zero) :

0 =al¢ib +Rhoeeet ic

Note. In establishing this equation, all cur-
rents are assumed to flow toward point X. This
assumption will result in a negative sign in the
final answer ((6) below).

(3) Note that by Ohm’s Law
v“=RL7:¢

(4) Substitute R.i. for v, in the equation
((2) above):
0= a/zib+ (huuRLic'*‘ ic)

(5) Factor 1.:
0 =a/eib+ (huRL+ l)ic

(6) Solve for i. (that is, A/):

(N
te
A‘_'l._.;
—__ %
—huRL+1



Figure 58. CE amplifier and its equivalent circuit.

The negative sign before «/. indicates that
there is 180° phase reversal between the
input current and the output current;
that is, a clockwise or counterclockwise
flow of current in the input circuit results
in a counterclockwise or clockwise flow of
current (respectively) in the output cir-
cuit. Use of this formula in a numerical
example is given in paragraph 592.

55. Derivation of Voltage-Gain Formula

a. General. Thevoltage-gain formula for a CE
amplifier can be derived by using equivalent circuit
(B, fig. 58). The notations used in the derivation
(b below), are the same as those given in para-
graph 54a. Inaddition, the notation 4, is used for
voltage gain.

b. Derivation. To derive the formula, proceed
as follows:

(1) By definition, voltage gain is the ratio
of collector voltage to base voltage:

Ve

=

Vpe

4959809 0—850——0

Google

(2) Repeat the equation for the output cir-
cuit (par. 545(2)):

0=a,, ib+ha¢ vu+ic
(3) Note that by Ohm’s Law:

. Ve

%_—I—?;

(4) Substitute (3) above in (2) above:

. Ve
0=a,,z,+h,,v“+E~
(5) To eliminate 7, in (4) above, write the
equation for v, :
Vse=h (ot preVee
(6) Solve (5) above for 2,:

(7) Substitute this expression for ¢, in equa-
tion (4) above, and expand:

Qpe Vpe  CQpe fhre V) 12
Q==L b _TSere TCe L h Vet

hu hu RI.
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(8) Rearrange (7) above, and factor v,,:
1 Qe Jhre T e Upe
(h“ + RL hte ) v“— h(o

(9) Multiply both sides by —— and

V».
1
a,, Mre and
bt - B he
&5 0y,

vb‘=hle (hoc+%1‘—‘ﬁ’:lL"

(10) This equation ((9) above), is the volt-
age gain, but it is normally rearranged
by expanding the denominator and mul-
tiplying the numerator and denominator
by R.:

—ay, Ry,

(hlc hu_alc “u) Rb+hu

The negative sign indicates 180° phase
reversal between input and output volt-
age. Use of this formula in a numerical
example is given in paragraph 59c.

A=

56. Derivation of Power-Gain Formula

a. General. The power-gain formula for a CF
amplifier can be derived by using the equivalent
circuit (B, fig. 58). The notations used in the
derivation are the same as those given in para-
graph 54a. In addition, the notation G is used
for power gain.

b. Derivation. To derive the power-gain for-
mula, proceed as follows:

(1) By definition:

Power delivered to load
" Power delivered to input

e
6 Vpe

(2) Rearrange (1) above:

a=(i)x(5)

(3) Note that power gain is the product of
. (e . {Ves

current gain (—) and voltage gain (—)
'l'» Ve

Google

Substitute in (2) above the formulas for
current gain (par. 545(6)) and voltage
gain (par. 556(10)):

—ay, R, )

o=(r2
hu R.+1 hu 06— Olyg lhre RL+hu
(4) Expand (8) above:

G= (a]l) R,
(hu RL+ 1) [(hlchu_ald‘n) RL"I"hlcl

Use of this formula in a numerical exam-
ple is given in paragraph 594.

57. Derivation of Input-Resistance Formula

a. General. The input resistance formula for a
CE amplifier can be derived by using the equiva-
lent circuit (B, fig. 58). See paragraph 54a for
notations used.

b. Derivation. To derive the formula, proceed
as follows:

(1) By definition mput resistance is the ratio
of base voltage to base current :
Vse

ry=—
1 T

(2) Repeat equation for v,, (par. 55b(5)):

Vpe= hie":b + pareVce

(3) Solve (2) above for vT"':
1]

Use Vee
T te T Mre T

(4) To eliminate vT“ from the equation ((3)
4

above), rewrite the output circuit equa-
tion (par. 54b(2)) as follows:

O=agiivt(hurt - e
(5) Solvethe equation ((4) above) for (v“)

v“ —Qy,
N

“+.R—L



(6) Substitute the expression ((5) above),
for (l%’) in (3) above:

%‘!=hl¢+“n ’__.1”1_
g h"+-R__
L

(7) This expression ((6) above), is the
formula for », but by performing sev-
eral algebraic operations, it is normally
rearranged, as follows:

r _h{v+ (horh{r_afcﬂ-rv%_{'ﬁl)
= 1+ hoe B2y, ’

Use of this formula in a numerical
example is given in paragraph 59e.

58. Derivation of Output-Resistance Formula
a. General.

(1) The output resistance formula for the CE

amplifier can be derived by using the cir-

" cuits shown in figure 59. For notations
used, refer to paragraph 5ia. The only
additional notation used is 7, for output
resistance.

(2) The technique used to determine the out-
put resistance formula is to remove the
signal source from the input circuit (B,
fig. 58) and place it in the output circuit
(A, fig. 59). The equivalent of the signal
source resistance (/;) remains in the in-
put circuit. In the output circuit, the
signal source is considered to have zero
resistance.

b. Conversion of Current Generator.

(1) To analyze the output circuit with volt-
age generators alone, the current gener-
ator (in dashed lines) in the output cir-
cuit must be replaced by a voltage
generator. _.\ccording to network theory,
a current generator and its shunt con-
ductance (B, fig. 59) can be replaced by
a voltage generator and a series condue-
tance ((', fig. 59). Itisrequired, however,
that the voltage of the voltage generator
be made equal to the current (ay.7,) of the
current generator divided by its shunt
conductance (A,.). The voltage output of

Cl'nlp_

the generator thenis - b Furthermore

Google

(2)

conductance (mhos)

5 mhos

a conductance equal to that of the shunt
conductance must be placed in series with
the voltage generator as indicated.

A numerical example of the conver-
sion ((1) above), is given by the num-
bers shown in parentheses (B and C, fig.
59). Assume a current generator with 5
ma of output (asefy=>5 ma), shunted by
a conductance of 5 mhos (2.,.=5 mhos).

The generator voltage output would then
be:

The conductance in series with the volt-
age generator would have to be 5 mhos
(hoe=5 mhos). If the two circuits are
equivalent, then the short circuit and
open circuit results obtained from each
must be the same. A short circuit of
the current generator results in a cur-
rent flow of 5 ma (all the current genera-
tor output). A short circuit of the
voltage generator output results also in
5 ma output as follows:

Voltage (mv) X conductance (mhos)

=current (ma).

1 mv X5 mhos=5 ma.
An open circuit of the current generator
(all current through shunt) results in a
terminal voltage of 1 mv obtained as
follows:

current (mv)

-=voltage (mv).

5 ma
mv

An open circuit of the voltage generator
results in all the generator voltage (1 mv)
being available at the terminals. It may
be stated then that the current generator
and the voltage generator as indicated
are equivalent. With the current genera-
tor and the shunt conductance of the
equivalent circuit (.\, fig. 59) replaced by
a voltage generator and a series con-
ductance, the equivalent circuit of the
transistor appears as shown in I of figure
59.
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¢. Derivation. To derive the output-resistance
formula, proceed as follows:
(1) The current and voltage relationship in
the input circuit (D, fig. 59) is expressed
as follows:

BreVee=h(ts+ R,y
(2) The current and voltage relationship in
the output circuit is expressed as follows:

Qrely

hu

(3) The output resistance (7,) is the resist-
ance looking into the output of the tran-
sistor (D, fig. 59). The signal source
(vy) sees a series circuit consisting of
R and r, (E, fig. 59). The equation for
this series circuit is as follows:

V= RLic'l'roic

—'RL%‘}'h +

(4) Substitute equation (3) above, for v, in
(2) above.

Ryictreic=Ruio+5* +°‘” '
(5) Subtract R,i. from both sides and divide
both sides by %.:
1l i
7o Roa T e 1
(6) Solve equation (1) above, for 0%

HPralce

Yt B,
(7) Note that—

.0
Go=lee
To

(8) Substitute the expressions for i, ((6)
above), and 1. ((7) above), in (5) above:

_i a_fe)( HBrelce /17_4::)
EAWAN =S 2
(9) Simplify the complex fraction in (8)
above:

=) (R,
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(10) By performing several algebraic opera-
tions on the equtation ((9) above), r, can
be isolated to the left hand side to give:

h“+R|
_I-‘roalc'*'huR‘

Use of this formula in a numerical ex-
ample is covered in paragraph 59f.

To=

Roche

59. Numerical Example Using Hybrid Param-
eters
a. General.

(1) A, figure 60 shows an amplifier driven by
a signal source (v,) which has an internal
resistance R,. Capacitor C1 blocks the
dc bias voltage from the signal source
and couples the signal to the base of the
transistor. Resistors 1 and R2 form a
voltage divider to establish the base-
emitter forward bias. Resistor R3 is the
emitter-swamping resistor, used to tem-
perature-stabilize the emitter current
(par. 745(2)). Capacitor €2 bypasses
the signal around resistor £3. Resistor
Ry is the collector load resistor. Capaci-
tor '3 blocks dc voltage from and couples
the signal to the following stage.

(2) Assume it is desired to calculate the input
resistance (7;), output resistance (7,),
current gain (A4;), voltage gain (4.),and
power gain (@) of the amplifier ((1)
above). The first step is to eliminate the
parts from the circuit that do not directly
affect the computations. These parts are
the low-impedance coupling capacitors
(C1 and C2), the high-resistance voltage
divider (R1 and R2), the swamping re-
sistor (R3) with its bypass capacitor
(C2),and the battery. The resultant cir-
cuit is shown in B, figure 60. The second
step is to replace the transistor (in dashed
lines) with its equivalent circuit (C, fig.
60). At the operating point (emitter
current of 1 ma, and collector-emitter
voltage of 8 volts), A(,=1,500 ohms,
pre=5X10%, a;e=50, and ho.=20X10-¢
mhos.
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b. Current Gain. To determine the current
gain, proceed as follows:

(1) Express the formula for current gain
(par.545(6)) :

—Q
A=—5L—

ho L+1

(2) Substitute known values (a above),in this
formula.

. —50
(20X 1078 (15X 10%) +1

=50
=13

=—384

A

The answer indicates that the input cur-

rent is amplified 38.4 times and is reversed

180° in phase when going through the

transistor.

¢c. Voltage Gain. To determine the voltage
gain, proceed as follows:

(1) Express the formula for voltage gain
(par. 556(10)) :

— a/aRt.

A'= (hiehoc—an#n) RL+h(¢

(2) Substitute known values (a above), in
this formula.

A— —50X 15,000
"7 (1,500 X20 X 10~6— 50X 5 X 1074)15,000+ 1,500
_—75X10*
T 1,575
=—476

The answer indicates that the input volt-

age is amplified 476 times and is reversed

180° in phase when going through the
transistor.

d. Power Gain. To determine the power gain,
proceed as follows:

(1) Express the formula for power gain

gain (par. 56b(4)) :

’ G= (a/e)QRL
(hocRL+ 1) [(h(ehoe_ a/el‘rc) RL+ h (e]

(2) By substituting the known values in this
formula, the power gain can be obtained.
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However, the power gain is the product
of voltage gain and current gain (5 and ¢
above) ; thus—

G=A5Ao

(3) Substitute the known values for A
and 4,:
G=(38.4)(476)
=18,278
The power input is increased 18,278 times
when going through the transistor.
(4) The power gain in db is:
G=10 log 18,278
=10X4.26
=42.6 db
e. Input+ Resistance. To determine the input
resistance, proceed as follows:

(1) Express the formula for input resistance
(par.576(7)) :

_hl¢+ (haeh lc—ale#n) RL

T= 1 +hoaRL
(2) Substitute the known values in the
formula:

» 1,500+ (20X 107X 1,500— 50X 5X 1074) 15,000
e 1+20X 10-¢X 15,000

. 1,575
1.3
r,=1,212 ohms

f. Output Resistance. To determine the output
resistance, proceed as follows:
(1) Write the formula for output resistance
(par.58¢(10)) :

o= hle'l"Ro
’ hoehie—ﬂrea!e+ hoeR/

(2) Substitute known values in the formula.

. 1,500+ 1,500
°*=20X10-0X 1,500— 5 10~ *X 50+ 20X 10-*X 1,500
. 3,000
°=7035

r,=85,714 ohms
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Figure 60. Common emitter amplifier and its preparation for analysis.
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60. Transducer Gain and Matched Amplifier
Formulas

The following formulas are useful in many ap-
plications. The formulas are written for the CE
configuration; they can be made to apply to the
CB and the CC configuration by changing sub-
script e to b or ¢ respectively.

a. Transducer Gain. The formula for power
gain (par. 56) compares the power delivered to
the output of the transistor to that delivered to
the input of the transistor. The formula for
comparison of the power delivered to the load
to that generated at the transducer (signal volt-
age source) is as follows:

G 4R Qe
RL [ (hu+ R') (hn+ _R}_L>— a]d‘n].

b. Matched Power Gain. If the load resist-
ance (/.) equals (matches) the amplifier output

resistance (7,), maximum power output from the
amplifier is realized. The formula for maximum
power gain (Gw) is as follows:

Ga= %
L 2
| 9 (1 o [1=Crebire
V hdt..)

c. Signal Source Resistance (R,) for Matched
Condition. The formula for calculation of the
signal source resistance under matched conditions
(Ry=ri, and BL=7,) is as follows:

Re=hoy 1t

d. Load Resistance for Matched Condition.
The formula for calculation of the load resistance
under matched conditions (RB,=r, and B.=r,) is
as follows:

h 1 Qyelhre

1
RN hi

Section lll. HYBRID PARAMETERS, CB AND CC AMPLIFIERS

61. General

a. The detailed procedures for the development
of the hybrid parameters static characteristic
curves, equivalent circuits, and the derivation of
circuit formulas for the CB and the CC ampli-
fiers are similar to those for the CE amplifiers
(pars. 47-58). Because of the similarity, only
a brief discussion of the developments and the
derivations with the complete final results is
presented for the CB amplifier (par. 62) and the
CC amplifier (par. 63).

b. In addition, a table (par. 65) is provided
for the conversion of one set of hybrid parame-
ters of one configuration to the hybrid parame-
ters of the other configurations.

62. Hybrid Parameters, Static Characteristic
Curves, and Equivalent Circuit for CB
Configuration

a. General. Figure61shows the transistor con-
sidered as a black box and so connected that the
CB configuration results. The directions of cur-
rent flow are arbitrarily assumed as shown. Con-
sideration of the input current (emitter current
ic) and the output voltage (collector-base voltage
veu) as the independent variables results in hy brld
parameters. The remaining quantities (emitter-
base voltage v.; and collector current i.) are the
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dependent variables. The general equations re-
lating the independent and the dependent vari-
ables may be written as follows:

(1) Input Circuit:

vcb=fl (iu vc))

(2) Output Circuit :

ic =fz(i¢, vcb)

b. Exzpansion of General Equations. Expan-
sion of the general equations (a above), results in
the following :

(1) InputCircuit:

Lch veb
»c,,-o Ved/ t4=0

(2) Output Circuit:

()t G

¢. Static Characteristic Curves. The values for
the coefficients of the currents and voltages of the
input and output circuit equations (b (1) and (2)
above), can be obtained from static characteristic
curves. The numerator of the coefficient indi-
cates the corresponding dc quantity to be plotted



vertically (dependent variable). The denomi-
nator indicates the corresponding dc quantity to
be plotted horizontally (independent variable).
The second independent variable, which is not
permitted to vary, indicates the corresponding dc
quantity to be used as the running parameter.
The resultant characteristic curves for the four
coefficients are shown in figure 62. As in the case
of the common emitter configuration (pars. 51 and
52), the coefficients are given specific designations
and are equated to the corresponding incremental
dc values.

(1) The first coefficient of the equation (5(1)
above), is the input resistance with out-
put short-circuited and is designated A ;
subscript b indicates common base. Re-
lating this factor to the slope of the input
characteristic curves (A, fig. 62):

e (3)...
0/ Vep=

_(a Vn)
AI' VcB-c
This value is in ohms.

(2) The second coefficient of the equation
(b(1) above), is the reverse (feedback)
open circuit voltage amplification factor
and is designated pu,.. Relating this
factor to the slope of the reverse transfer
characteristic curves (B, fig. 62) :

o= Ved
o=l 2
Ved/ 1,20

~(72)
AVCB Ig=C

This is a pure number.

(3) The first coefficient of the equation (5(2)
above), is the forward short circuit cur-
rent amplification factor and is desig-
nated as,. Relating this factor to the
slope of the forward transfer character-
istic curves (C, fig. 62) :

App=—\ =
%o Tep=0

_(AL
Alg)vggac

CU gle

This value is a pure number and is nega-
tive. The number is negative because
the direction of current flow (arbitrarily
assumed (fig. 61)) in the output circuit

isopposite to that shown.
BLACK BOX
ig—> L "'-\ ------- -—i
l NNy |
INPUT Vob ‘N—' Yeb OUTPUT
]
- ————ae
TmE90-61

Pigure 61. Black box representation of transistor oom-
nected 8o that base {8 common to input and output
circuits.

(4) The second coefficient of the equation
(5(2) above), is the output conductance
with input open and is designated Ao.
Relating this factor to the slope of the
output static characteristics (D, fig. 62) :

ho=(2

Oed/ 1,=0

~(avz)
AVen/igmc

This value is in ohms.

d. Input and Output Equivalent Circuits. If
the factors derived in ¢ above, are substituted in
the equations (b above), the following equations
result :

(1) Input Circuit:

Vep= hlb'i¢+ HBroDed

This equation represents the circuit
shown in A, figure 63.
(2) Output Circuit:

i¢=an‘ic+ho»0co

This equation represents the -circuit
shown in B, figure 63.

e. Complete Egquivalent Circuit. The input
circuit and the output circuit can be combined as
shown in C, figure 63. This circuit can be used
to represent the behavior of the '3 amplifier.
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Figure 63. Input, output, and complete equivalent
cirewnit for CB configuration using hybrid parameters.

63. Hybrid Parameters, Static Characteristic
Curves, and Equivalent Circuits for CC
Configuration

a. General. Figure 64 shows the transmbor
connected as a black box and so connected that the

CC configuration results. The directions of cur-

rent flow are arbitrarily assumed as shown.

Considering the input current (¢) and output volt-

age (v.c) as independent variables, and input volt-

age (vs) and output current (7.) as dependent
variables, the following general equations may be
written:

(1) InputCircuit:

Uoe =fl (%0, Dec)

(2) Output Circuit :

'i. =j 2 (ib; vcc)

b. Expansion of General Egquations.
sion of the general equations give:
(1) Input Circuit:

(%), e ()

(2) Output Circuit:

(‘h)y =0 W (Uu)t,-ovu
Google

Expan-

c. Static Characteristic Curves. The static
characteristic curves required for the coefficients
(b) above, are shown in figure 65.

(1) From the input characteristic curves (A,
fig. 65), the input resistance with output
shorted (hi) can be determined:

_(”u)
() v..=0

_(AVse
T\ Al

Vee=C
This value is in ohms.

(2) From the reverse transfer characteristic
curves (B, fig. 65) the reverse (feedback)
open circuit voltage amplification factor
(wre) can be determined :

(v,,).,,-o

_(AVse
AVge Ig=C

This value is a pure number.

(3) From the forward transfer characteristic
curves (C, fig. 65), the forward short cir-
cuit current amplification factor (asc) can
be determined :

( )v“-o

Al .)
AI B/V BC'C
This value is a pure number and is nega-
tive. The number is negative because the
direction of current flow (arbitrarily as-
sumed (fig. 64)) in the output circuit is
opposite to that shown.
(4) From the output static characteristic
curves (D, fig. 65) the output conductance

BLACK BOX

in— -—ly

T N

v,
weytT B¢ € cuTPUT

\\:..\V’
o—-l—-————————-i——_—_-—_-—L

TME90-84

Figure 64. Black bdoax representation of transistor con-
nected so that collector is common to input and output
circuits.
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with input open (h.c) can be deter-

mined :
(0. c)l > -

Al
AVw IB'

d. Input and Output Equivalent Circuits. If
the factors derived in ¢ above, are substituted in
the equations (b above), the following equations
result:

(1) Input Circuit:

05¢'=huib+l‘r¢vu
This equation represents the series com-

bination of resistor A, and voltage gene-
rator p.v.c (B, fig. 67).

(2) Output Circuit:
ic=alc7:b+ hocvu

This equation represents the parallel com-
bination of conductance A, and current
generator «/ct (B, fig. 67).

e. Complete Equivalent Circuit. Combination
of the input and output equivalent circuits (d
above), results in the complete equivalent circuit
for the CC configuration. The equivalent circuit
is shown within the dashed lines (B, fig. 67).

64. Input Resistance, Output Resistance, and
Gains
a. CE Amplifier. The formulas for input re-
sistance, output resistance, and gains for the C¥
amplifier are as follows:

(1) Current gain (par. 54) :

.
A= Rt

(2) Voltage gain (par. 55):

A= — g, RL
' (hlchw_a/cl-‘u) I{L+ hu

(3) Power gain (par. 56):

G= (a!e) RL
(h RL +1 ) [(h lchol ahl‘n) RL + h 1¢]

Google

(4) Input resistance (par.-57):

r =hu+ (hoehu_ah“n) RL
! 1 +hocRL
(5) Output resistance (par. 58):
hu+R

aoh 1e™ Krefise + hnR ]

b. CBand CC Amplifier.

(1) A, figure 66 shows a transistor connected
in a common base configuration. In B,
figure 66, the transistor is replaced by its
equivalent circuit (in dashed lines).
This circuit is similar to that of the CF
amplifier (B, fig. 58). The equations for
the derivation of the desired formulas
(@ (1) through (5) above), for the CB
amplifier are the same as those for the
CE amplifier; only the subscript letters
change. The formulas in @ (1) through
(5) above, apply equally to the CB am-
plifier provided the subscript letter ¢ is
changed to b wherever ¢ appears.

(2) A, figure 67 shows a transistor connected
in & common collector configuration. In
B, figure 67, the transistor is replaced
by its equivalent circuit (in dashed
lines). The circuit is similar to that
of the CE amplifier (B, fig. 58). The
relationships between the CE and the
CB amplifier stated in (1) above, also
exist between the CE and the CC ampli-
fiers. The formulas in a(1) through
(5) above, also apply to the CC ampli-
fier provided the subscript letter e is
changed to ¢ wherever e appears.

65. Hybrid Parameters, Typical Values

Paragraph 64 states that the formulas for
input and output resistances and for gains are
the same for the three basic configurations ex-
cept that the subscript letter (e, b, or c¢) desig-
nating the configurations must be changed. It
must not be assumed that the values for a given
quantity (such as input resistance) is the same
for each configuration. The parameter values
vary for each configuration. The following
chart presents a set of values for the hybrid
parameters of a typical transistor. Actually the
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parameter values for a given configuration vary
over a very wide range, depending on the tran-
gistor types. The value of the following table,

therefore, is in showing the relative magnitudes
in parameter values among the three configu-
rations.

Common emitter

Common base Common collector

Ae=19500hms____________________________. ho=39o0hms_____________________________ h;e=1,950 ohms.
Bee=5075 X 10~ _____ ... pey=380 X 10— ______________ . _____ pre=1
are =49 e ieoiiooo-. an=—098_______ ... ar.= —50.

hoy=0.49 x mhos

hoe=24.5 y mhos.

66. Hybrid Parameters, Conversion Formulas

a. Conversion Formulas. Manufacturer’s data
sheets on particular transistors usually present
hybrid parameter values for the CE configura-
tion, the CB configuration, or a portion of each.
The first two columns of the following table list
formulas for converting hybrid parameters of
the CE configuration to those of the CB and the

CC configurations. The last two columns list
formulas for converting hybrid parameters of
the CB configuration to those of the CE and the
CC configurations. Conversion formulas from
the CC configurations to the CE and the CB con-
figurations are not given because the CC con-
figuration parameters are not usually given by
the manufacturer.

From CE to CB From CE to CC From CB to CE From CB to CC
hi, hiy hiy
h.‘ T e c e cccececaaa h,'¢=h.. ___________________ h.‘. ________________ h,-¢=_‘_
* 14ay, 14an 14ap
_hihee v~ hivhop _1=huha
“rl—l_*_a!. Bre-- oo e e e - I‘rc—l I‘u=l ------------ Hre 1+GI¢ [ R MBre— 1+aﬂ, +“'b
] —_— o = -
an= Tay, """ 7T afe=—(+ag) .. A ey T = Y an
h“ hob hob
Rav=——— .. hoc= LY ho.= --------------- hoc=
*“1tay. h 1+an 1+an
b. Ewxamples. Assume that the hybrid param- (2) Example 2:
eters of the CB configuration are given (second haolos
column of table in par. 65), and it is desired e 1Y a, M
to find the hybrid parameters of the CE config- (39)(0.49X10-*) .
uration. These can be found by using the formu- =T 14(—0.98) —380X10~
las in the third column of the table (a above), and 19.11X 10~
substituting the known values. = _W— —380X10~°

(1) Example 1:

__ha
l-‘}—aﬂ

he
__ 39
~14(—0.98)

_39
7 0.02

=1,950 ohms (See first col. of table, par. 65)

Google

=955X107%—380X10~°
=576X 107 (See par. 65)
(3) Example 3:

aﬂ,
1+a,.
_ —098
T 14(—0.98)
_0s8
7 0.02
=49 (See par. 65)

Ape=— —



(4) Example 4:

67. Additional Notations, Hybrid Parameters

ho.—l_’:; Hybrid-parameter notations other than those
0 49,;10_, used in this manual may be used in transistor
=15(—0.98) -}-(—0.98) data sheets prepared by manufacturers. The
0.49< 10~ following table lists the hybrid parameter nota-
=7 002 tions used by manufacturers and those used in
=24.5%10-* mhos this manual (col. No. 1 under the particular
=24.5 umhos (par. 65) configuration) :
Configuration
Parameter Common emitter Common base Common oollector
1 2 3 4 8 1 2 3 4 1] 1 2 3 4 1)
1. Input resistance with 1 1 1
output shorted. ........ [ 75 Ao e LI LTH LI LI m | P LITS Ao Aue - An Rie
2. Reverse open-circuit volt-
age amplification factor.| ur. Mise Noe Ao Aeo ped LT ' LM L™ oo Mae 'Y R [
3. Forward short-circuit
amplification factor..... as. A, ae Aoy Ase an Any aee Aeo LIS ase Ane @ Ao Ase
4. Output conductance with 1 1 1
inputopen.. ... ...... | 79 Ao ': LI Moo [ 9 LI -';; Roe Aoy Aoe Ane ; Koo Aoe

Section IV. OPEN-CIRCUIT AND

68. Open-Circuit Parameters

a. If the input and the output currents (fig. 50)
were chosen as the independent variables, the gen-
eral equations relating the dependent variables
and the independent variables would be those
given in paragraph 47a. If these equations are
expanded, the following will result:

(1) Input circuit

Voe= r(vib'*‘ rnic

(2) Output circuit

Vee=Tr6ls+ T oslc

b. The equivalent circuit (input and output cir-
cuits combined) represented by these equations is
shown in A, figure 68. The definitions for the
coeficient of the equations are as follows:

(1) r=input resistance with output open.

(2) r,=reverse transfer resistance with input
open.

(3) 71e=forward transfer resistance with out-

put open.
(4) re,=output resistance with input open.
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SHORT-CIRCUIT PARAMETERS

¢. The circuit setups required for measuring the
coefficients (7, 7'rey 7re, and 7o) are shown in A,
B, C, and D respectively of figure 69. Note that
each measurement requires either the input or the
output circuit to be open for ac; thus the term
open circuit parameters. This condition might
have been expected with two currents as the
independent variables; to keep one constant while
measuring the effect of the other, the circuit of
the one to be kept constant must be ac open-
circuited. Note that the coefficients are all resist-
ance values; these parameters are also referred to
as resistance (R) parameters. At high frequen-
cies, reactive components change the resistance
values to resistance and reactance, or impedance
(#); the parameters may also be referred to as
impedance (%) parameters.

d. For a better correlation of the physical struc-
ture of the transistor with its equivalent circuit,
the equivalent circuit (A, fig. 68) can be trans-
formed to that shown in B, figure 68. In this
circuit 7, is the base resistance, . the emitter
resistance, 75 the collector resistance, and rs is
called the mutual resistance (effect of base current
on output voltage). The relationships between
the parameters of the first equivalent circuit (A,



fig. 68) and those of the second equivalent circuit
(B, fig. 68) are as follows:
(1) ro="Ti—Tre
(2) Te=Tre.
(3) Te¢=Tos Tre-
(4) Tm=Tre—Tyss.
Note. Equations relating the open-circuit
parameters to the hybrid parameters are given
in paragraph 72.
e. Typical values for the open-circuit param-
eters are as follows:
(1) r,=370 ohms.
(2) r.=23 ohms.
(3) r«=>58 kilohms.
(4) ra=3 megohms.

Trelc 'telb b

v (D) () ~ic
© APA ~y ~ AAN- O
fie u U Toe
P —0
A
iy—e q -i¢
O ‘v"?v —A N
'm'b
< E [N
O~ 24
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TME90-68

Pigure 68. Eguivalent cwouits (common emitter con-
Rguration) using open-cirouit parameters.
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69. Disadvantages of Open-Circuit
Parameters

a. Measurement. To measure the input resist-
ance with output open (A, fig. 69) and the for-
ward transfer resistance with output open (C,
fig. 69), the output circuit must be ac open-cir-
cuited. A dc path in the output circuit must be
maintained to supply dc bias current and voltage.
In practice, this can be achieved by placing a
high-inductance coil in series with the output
lead. However, at the frequency (270 cps) nor-
mally used to make the measurements, the re-
quired coil is large and cumbersome because its
reactance must be much higher than the resistance
of output circuit. The output circuit resistance
varies from 30 kilohms to 4 megohms depending
on the configuration. Accuracy under these con-
ditions is very difficult to achieve. Measurement
of the hybrid parameters (figs. 51 and 52) does
not require open-circuiting the high-resistance
output circuit. It requires ac short-circuiting the
high-resistance output, which is easily achieved
by a small capacitor. However, open-circuit
parameters are easily measured at a high fre-
quency because the capacitance (neglected at low
frequencies) between the collector and the other
elements substantially reduces the output imped-
ance. For this reason, the equivalent circuit
employing open-circuit parameters is sometimes
used for analysis of high-frequency circuits.

OPEN
'
B8
o— I
OPEN
Vo ~y
Vg
[« SEm—
D
TM690-69

Figure 69. Teast setups employing black dozx for mea surement of open-cirouit parameters.
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b. Current Amplification Factor. The open-
circuit parameters do not produce the current am-
plification factor directly. The hybrid parameters
produce this factor (ase, a7, and arc) directly.

70. Short-Circuit Parameters

a. If the input and the output voltages (fig. 50)
were chosen as the independent variables, the gen-
eral equations relating the dependent variables
and the independent variables would be those given
in paragraph 47b. If these equations are ex-
panded, the following equations result:

(1) Inputcircuit:

ib =0 1eVpe + GreVce
(2) Output circuit:
ic= GreVve + GoeVce

b. The equivalent circuit (input and output cir-
cuits combined) represented by these equations is
shown in A, figure 70. The definitions for the co-
efficients of the equations are as follows:

(1) g,=input conductance with output
shorteé).

(2) g,.= reverse transfer conductance with
input shorted.

(3) gs=forward transfer conductance with
output shorted.

(4) g.,=output conductance
shorted.

with input

¢. The circuit setups required for measuring
the coefficients (gicy Grey grey and goe) are shown in
A, B, C, and D respectively of figure 71. Note
that each measurement requires that either the
input or the output circuit be ac shorted ; thus the
term short-circuit parameters. This condition
might have been expected with two voltages as
the independent variables; to keep one constant
while measuring the effect of the other, the circuit
of the one to be kept constant must be ac short-
circuited. Note that the coefficients are all con-
ductance (reciprocal of resistance) values. These
parameters are also referred to as conductance
(@) parameters. At high frequencies, reactive
components change the conductance values to con-
ductance and susceptance (reciprocal of react-
ance), or to admittance (reciprocal of imped-
ance) ; the parameters are also referred to as ad-
mittance (Y) parameters.

d. For a better correlation of the physical struc-
ture of the transistor to its equivalent circuit, the
equivalent circuit (A, fig. 70) can be transformed
to that shown in B, figure 70. In this circuit, gs.
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is the base-emitter conductance, g». is the base-
collector conductance, g.. is the collector-emitter
conductance, and g. is the mutual conductance
(effect of base voltage on output current). The
relationships of the parameters of the first equiv-
alent circuit (A, fig. 70) and those of the second
equivalent circuit (B, fig. 70) are as follows:

(1) 90e=9gu+gre
(2) goe="—9re.

(3) gee=oet Gre.
(4) gu=9rtGre.

Equations relating the short-circwit parameters to
the hybrid parameters are given in paragraph 72.

e. Typical values for the short-circuit parame-
ters are as follows:

(1) g5e=0.64X10"2 mho.
(2) 9».=0.25X10"* mho.
(3) gce=0.40X107° mho.
(4) gw=0.033 mho.

71. Disadvantages of Short-Circuit Param-
efers

a. Measurement. To measure the reverse trans-
fer conductance with input shorted (B, fig. 71)
and the output conductance with input shorted
(D, fig. 71), the input circuit must be ac short-
circuited. Connecting the base lead to the emitter
lead to achieve the short is not practical because
dc bias current and voltage must be supplied to
the input circuit. In practice, the input circuit
can be ac short-circuited by placing a capacitor
across the input. However, at the frequency (270
cps) normally used to make the measurements, the
required capacitor must be large and cumbersome
because its reactance must be much lower than the
resistance of the input circuit. The input circuit
resistance is usually very low (30 ohms to 2 kil-
ohms). Accuracy under these conditions is very
difficult to achieve. Measurement of the hybrid
parameters (figs. 51 and 52) does not require short-
circuiting the low-resistance input circuit. They
require ac open-circuiting the low-resistance in-
put, which is easily achieved with a small induc-
tive coil or resistor.

b. Current Amplification Factor. The short-
circuit parameters do not produce the current am-
plification factor directly. The hybrid parameters
produce this factor (ase, ass, arc) directly.
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72. Open-Circuit, Short-Circuit, and Hybrid
Parameter Conversion Formulas

In most instances, the values of the hybrid

parameters will be given for a particular tran-

sistor. To determine the open-circuit parameters

and the short-circuit parameters from the hybrid

parameters, use the formulas in the first and sec-
ond columns respectively of the following chart.
Occasionally the open-circuit parameters are
given; to determine the hybrid parameters from
the open-circuit parameters, use the formulas in
the third column.

From hybrid parameters to open-circuit parameters From hybrid parameters to short-circuit parameters From open-circuit param-
eters to hybrid parameters
Breas 1 Trels
r,.=h,'.—' T e Fie= e e e cecmccce e ——— hic=ri¢_":_¢
hnu hl'c Toe
- HBre Fre= —Hre Tre
[ e T I T R R L i L IR Bre=—"
hcu hl'a Toe
—ay. ay s
Tte= i gf.=_‘ ................................... a;.=———'
hoc hld fou
1 Hreay 1
P 0e™ T e b e e e e m e m et ee—emm— e m————— = 0‘|=h'c—‘r_' ---------------------------- h.¢="_'
hnl hl‘a Toe

Note. The above formulas apply directly to the CE configuration. These formulas can be made to apply to the CB or the CC configuration by changing

each subseript letter e to b or ¢ respectively.

73. Summary

a. For purposes of mathematical analysis, de-
vices such as crystals, electron tubes, and transis-
tors, can be represented by equivalent circuits
consisting of resistors, inductors, capacitors, and
current and voltage generators.

b. The electrical quantities used in the equiva-
lent circuit of a device (a above), are called the
parameters of the device.

¢. If the input current and the output voltage
of the transistor are considered the independent
variables when developing the transistor equiva-
lent circuit, the resultant parameters (fig. 57)
are a resistance (A..), a voltage generator (urevc.),
a current generator (as.%), and a conductance
(4oc). Becauseof the miwture in types of param-
eters, these are called hybrid parameters.

d. The values of the parameters (¢ above), may
be obtained from the related static characteristic
curves (pars. 49-52).

e. By substituting the equivalent circuit (fig.
58) for the transistor, formulas for the following
desired values may be derived:

gl) Current gain (par. 545(6)).
2) Voltage gain (par. 556(10)).
(3) Power gain (par. 56b(4)).
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(4) Input resistance (par. 576(7)).
(5) Output resistance (par. 58¢(10)).

/- If the hybrid parameters for a given config-
uration are known, the hybrid parameters for the
other two configurations can be obtained (par- 66).

g- If the input and the output current of the
transistor are considered the independent vari-
ables, an equivalent circuit (fig. 68) consisting of
open-circuit (resistance or impedance) param-
eters is derived (par. 68).

h. The main disadvantage of the open-circuit
parameters is that their measurement requires the
ac open-circuiting of the high output resistance
of the transistor (fig. 69).

. If the input and the output voltages of the
transistor are considered the independent vari-
ables, an equivalent circuit (fig. 70) consisting of
short-circuit (conductance or admittance) param-
eters is derived (par. 70).

j- The main disadvantage of the short-circuit
parameters is that their measurement requires the
ac short-circuiting of the low input resistance of
the transistor (fig. 71).

k. 1f the hybrid parameters for a given tran-
sistor are known, the open-circuit and the short-
circuit parameters can be derived (par. 72).



CHAPTER 5
BIAS STABILIZATION

Section I. INTRODUCTION

74. General

Bias (operating point) is established for a tran-
sistor by specifying the quiescent (dc, no-signal)
values of collector voltage and emitter current.
Reliable operation of a transistor over a wide
range of temperatures requires that bias voltage
and current remain stable. However, variations
of reverse-bias collector current (a below), and
emitter-base junction resistance (b below), with
temperature, preclude stable bias unless external
compensating circuits (par. 75) are employed.

a. Reverse-Bias Collector Current (I¢so).

(1) A detailed discussion of the internal
mechanism that produces the reverse-bias
collector (saturation) current is given in
paragraph 435(8). Variation of the
saturation current with the temperature
of the base-collector junction is shown in
figure 72. The saturation current value
varies from almost zero at 10° C to well
over 1 milliampere at 125° C. Note that
at temperatures below 10° O, the satura-
tion current causes no problem.

(2) In an NPN transistor (fig. 47), satura-
tion current consists of a flow of holes
(minority carriers) from the collector
region toward the base region. If the
resistivity of the base region is high, or
if external resistors connected to the base
are high in value, holes from the col-
lector can accumulate in the base region.
Such an accumulation of holes will cause
an increase of emitter electron flow into
and through the base, increasing the col-
lector current. Increased collector cur-
rent would raise the temperature of the
collector-base junction, and increase the
saturation current (fig. 72). The cycle
would continue until severe distortion
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occurs, the transistor becomes inopera-
tive, or it destroys itself. 7T'his condition
can be minimized by avoiding the use of
high-valued resistors in the base lead.

(3) In a PNP transistor (fig. 48), the con-
dition described in (2) above, is the
same, except that the roles of holes and
electrons are interchanged.

b. E'mitter-Base Junction Resistance.

(1) Figure 73 indicates the variation of col-
lector current with temperature. A fam-
ily of curves is presented. Each curve is
plotted with a fiwed collector-base volt-
age (Voz) and a fived emitter-base volt-
age (Vss). If the collector current vari-
ation with temperature were caused only
by the saturation current (a above), then

1.254

1.00

784

1cpo(MA)

.284

\J T v

(o] 23 50 7'5 100 128
TEMPERATURE °C
TME90-10!

Figure 12. Graph showing variation of saturation ourrent
with junction temperature.
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the collector current variation at tem-
peratures below 10° C (V 53=200 mv and
Vep=300 mv) should not accur (a(1)
above). However, collector current does
vary with temperature even when the
saturation current is near zero. This var-
iation is caused by the decrease in emitter-
base junction resistance when the temper-
ature is ¢ncreased. That is, the emitter-
base junction resistance has a negative
temperadure-coefficient of resistance.

(2) One method of reducing the effect of the
negative temperature coefficient of re-
sistance is to place a large valued resistor
in the emitter lead. Essentially, this
causes the variation of the emitter-base
junction resistance to be a small percent-

7

Vcg * 6VOLTS

COLLECTOR CURRENT (MA)

-25 o X 259 50 5
TEMPERATURE °C TM690-102

PFigure 73. Graph showing variation of collector current
with transistor temperature.

Section 1l. RESISTOR

76. General Bias Circuit

In paragraph 38, the basic transistor configura-
tions (common base, common collector, and com-
mon emitter amplifiers) were discussed. These
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age of the fotal resistance in the emitter
circuit. The external resistor swamps
(overcomes) the junction resistance; the
resistor is referred to as a swamping re-
sistor.

(8) A second method of reducing the effect
of the negative temperature coefficient of
resistance is to reduce the emitter-base
forward bias as the temperature increases.
For instance, to maintain the collector
current at 2 ma (fig. 73) while the tran-
sistor temperature varies from 10° C (at
X) to 30° C (at Y), the forward bias
must be reduced from 200 mv (at 4) to
150 mv (at B). The temperature differ-
ence (30—10) is 20° C; the voltage dif-
ference (200 mv—150 mv) is 50 mv. The
variation in forward bias per degree cen-
tigrade is calculated as follows:

Difference in forward bias =50 mv
Difference in temperature 20° C
=2 5 mv/° C

This calculation indicates that collector
current will not vary with emitter-base
junction resistance if the forward bias is
reduced 2.5 mv/° C for increasing tem-
perature, or increased 2.5 mv/° C for de-
creasing temperature.

75. Bias Stabilizing Circuit

Bias stabilizing circuits may employ a variety
of circuit elements:

a. Common resistors (pars. 76-79). The effec-
tiveness of external resistors in bias stabilization
of transistor amplifiers is indicated by an analysis
of the general bias circuit (par. 76). This analysis
results in mathematical expressions for current
and voltage stability factors (S; and Sy respec
tively) for each amplifier configuration.

b. Thermistors (pars. 81-84).

c. Junction diodes (pars. 85 -88).

d. Transistors (pars. 89-92).

e. Breakdown diodes (pars. 93-96).

STABILIZING CIRCUITS

circuits are special cases of the general transistor
circuit shown in A, figure 74. Depending upon
the points of input and output of the signal into
the general transistor circuit and the values as-



signed to the resistors, the three basic configura-
tions can be derived.

Note. For a discussion of the currents shown flowing
through the transistor leads, refer to paragraphs 40
through 43.

a. CB Amplifier. The CB amplifier (B, fig. 74)
can be derived from the general transistor circuit
by opening resistor By (BRr= ), and shorting
resistor Rp (Rp=0). The input signal is intro-
duced into the emitter-base circuit and extracted
from the collector-base circuit.

b. CE Amplifier. The CE amplifier (C, fig. 74)
can be derived by opening resistor Zr and shorting
resistor Rg. In this case, the signal is introduced
into the base-emitter circuit and extracted from
the collector-emitter circuit.

¢. CC Amplifier. The CC amplifier (D, fig. 74)
can be derived by opening resistor Zr and shorting
resistor B¢. The collector is common to the input
and output circuits.

Note. Circuits in which Ry is not open are discussed
in paragraph 79.

RF-2 -
F$ (dfble”cao’l
- - T,
(1g-%¢ple)-Icgo
R':>
A

(A |, 1-dfbp
1 RE/‘B+RF+ Re

sy*-[srRetRcUI+91p sp ] £

77. Current Stability Factor
E, fig. 74)

a. The ratio of a change in emitter current
(Alg to a change in saturation current (Alcpo) is
a measure of the bias current stability of the tran-
sistor. This ratio indicates the sffect on the emit-
ter current of 2 change in saturation current and
is called the current stability factor (S;). Mathe-
matically, it is expressed as follows:

Alg
Ry
Because the current stability factor is a ratio of
two currents, it is expressed as a pure number.
Under ideal conditions, the current stability factor
would be equal to zero; in other words, the emitter
current would not be affected by a change in the
saturation current.

b. By using the resistors and the indicated ex-
pressions for current flow (A, fig. 74), current /g
can be expressed in terms of saturation current

Figure 74. General transistor cirowit and derived configurations including curvent
and voltage stabdility factor formulas.
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Icro, and the resistors used in the circuit. Analy-
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sis of such an expression to indicate how current
I g varies with saturation current /g0 results in the
expression for currexg st&blhty factor (S;).

S~z (RQLR,J“1 72

Note that the ourrent stability factor evaluates the
effectiveness of the ewternal circuit to minimize
emitter current variations.

c. To derive the CB amplifier (B, fig. 74), re-
sistor Ry is opened (=) and resistor Ry is
shorted (=0). To obtain the stability factor (b
above), for this CB amplifier, substitute these

values in the equation for S; (note that ;l;=0, and
1

S=o):

(04152

With an infinite denominator, the expression for
S1 equals zero. As expected, this is the ideal con-
dition since it minimizes the accumulation of mi-
nority carriers in the base region (par. 74a(2)),
and permits the use of an emitter swamping resis-
tor (par. 745(2)).

d. Directly substituting (for the CE amplifier
(C, fig. 74)) the values of resistor By (= «) and
resistor £g (=0) in the equation for S; (b above),
the ratio of infinity (« ) divided by infinity ()
isobtained. Thisratio resultsin an indeterminate
value which cannot be interpreted. To avoid re-
ducing the results to an indeterminate value, mul-
tiply the numerator and denominator by R before
substituting the values, to obtain:

Substituting the values of resistor Rz (=0) and
resistor By (= »), in the equation, then:
S 1=—001— and
rptatl=on

1
l—a,p

SI=

Because ays is close to unity, the value of S; is high,
indicating very poor current stability. This con-
dition might have been expected because there is
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no swamping resistor (2y=0), and resistance is
used in the base lead (&5 not zero).

e. Substituting (for the CC amplifier (D, fig.
74)) the values of resistor Br (= ») into the
equation (b above).

s=g: (i 0+ 7 E)

Since 1—aj, is approximately equal to (=) zero:

This expression indicates that the current sta-
bility of the C'C amplifier depends upon the ratio
of base resistance to emitter resistance. Again it
is shown that the higher the base resistance, the
poorer the current stability factor (par. 74a(2)),
and the higher the emitter resistance, the better
the current stability factor (par. 745(2)).

78. Base Resistance and Emitter Resistance

The effect on collector current stability of vari-
ous combinations of base and emitter resistance
values is shown by the graph in figure 75. The
worst condition occurs if the emitter and the
base resistances are both zero (curve AA). Only
slight improvement occurs with the base resistance
equal to 40K ohms and the emitter resistance
equal to zero (curve BB). The best condition
occurs, assuming linear resistors are used, if the
emitter resistance is greater than zero (2K ohms
in this case), and if the base resistance is zero
(curve CC). This series of curves further sub-
stantiates the statements derived from a purely
physical consideration of the transistor (par. T4a
(2) and 5(2)).

79. Additional Bias Techniques

a. One method of obtaining good current sta-
bility in a CZ amplifier is by using near-zero base
resistance and an emitter swamping resistor as
shown in A, figure 76. Resistor Ry is the swamp-
ing resistor; the secondary of transformer T1
offers a very low dc resistance in the base circuit.
The collector current stability curve for this am-
plifier is similar to that of curve C'C, figure 75.
The current stability factor for this circuit is equa’
to zero (ideal) as discussed in paragraph 77c.
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Figure 15. Graph of variation of collector current with temperature, using different
values of emitter resistance and base resistance.

b. Use of a fixed emitter-base bias can be ob-
tained in a single-battery CE amplifier by means
of a voltage divider network (B, fig. 76). The
voltage divider network consists of resistors Rr
and Rjs The voltage developed across resistor
Rp contributes part of the emitter-base voltage.
Consider this circuit with reference to the currrent
stability factor:

_1f(1 1 1
S"R,/ e )

Since 1—ay, can be considered equal to zero (a=
0.92 to 0.99), then:

1 1 1
S'=7e:/ (R—ﬁm)’ and

_ RsRy
""Rs+R»

S Re

This formula states that the current stability fac-
tor in this circuit is equal to the ratio of the
parallel resistance value of Rp and Rr (base
ground-return resistance) to the emitter resist-
ance. This formula again substantiates the state-
ment that the lower the base ground-return re-
sistance and the higher the emitter resistance, the
better the current stability (par. 74).
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¢. A circuit employing negative feedback volt-
age to improve current stability is shown in C
of figure 760. If the collector current (/o) rises,
the collector becomes less negative because of the
larger dc drop in resistor £¢. As a result, less
forward bias (negative base to positive emitter)
is coupled through resistor Rr to the base. Re-
duced forward bias then reduces the collector
current.

80. Voltage Stability Factor
(E, fig. 74)

a. The ratio of an increment in collector volt-
age (AVcg) to an increment in saturation current
(8/¢80) is a measure of the collector voltage sta-
bility of the transistor. This ratio indicates the
effect on the collector voltage of a change in satura-
tion current and is called the voltage stability fac-
tor (Sv). Mathematically it is expressed as
follows:

AVcp

s V= Alomo

Because the voltage stability factor is a ratio of
a voltage and a current, the voltage stability fac-
tor is expressed as a resistance (ohms). Under
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ideal conditions, the voltage stability factor
would be equal to zero; in other words, the col-
lector voltage would not be affected by a change
in the saturation current.

b. By using the resistors and the indicated ex-
pressions for current flow (A, fig. 74) :

Sv= - [SIR8+RC(1 +ansl)]

¢ ~1

TM690-105
Figure 76. CE ampliflers employing transformer inpui, filwed base voltage, and negative feeddack.

Note that if the current stability factor (S8;) is
zero (pars. 77c and 79a), the voltage stability fac-
tor (Sv) equals the collector resistance (£¢). Use
of a transformer with a low-resistance primary in
the collector circuit tends to reduce the voltage
stability factor to near zero. Circuits designed to
minimize collector voltage variations are covered
in paragraphs 94 and 96.

Section lIl. THERMISTOR STABILIZING CIRCUITS

81. Genercl

It has been established that the bias current of
the transistor is temperature-sensitive (par. 74).
Specifically, emitter current increases with an in-
crease in temperature. Emitter current stabiliza-
tion can be achieved by use of external circuits
using temperature-sensitive elements. There are
several temperature-sensitive electrical elements.
One such element is the thermistor (contraction
of the words thermal and resistor). The ther-
mistor, as used in this chapter, has a negative
temperature coefficient of resistance; that is, its
resistance value decreases with an increase in tem-
perature. The use of thermistors in transistor
temperature-stabilizing circuits is discussed in
paragraphs 82 and 83.

82. Emitter Voltage Control

a. The circuit shown in figure 77 employs a
thermistor to vary the emitter voltage with tem-
perature to minimize temperature variations in
emitter current. This circuit contains two volt-
age dividers, the first consisting of resistors R4
and R1, and the second consisting of resistor R2
and thermistor RT1. The first voltage divider
permits the application of a portion of battery
V¢ voltage to the base terminal and ground (com-
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mon return). The base terminal voltage is de-
veloped across resistor R1 and is in the forward
bias direction. The second voltage divider ap-
plies a portion of battery V¢ voltage to the emitter
terminal. The emitter terminal voltage is devel-
oped across resistor R2 and is in the reverse bias
direction. The forward bias voltage applied to
the base terminal is larger than the reverse bias
applied to the emitter terminal, so that the re-
sultant base-emitter bias is always in the forward
direction.

b. With an increase in temperature, the col-
lector current would normally increase if the
transistor were not stabilized. The increase in
collector current can be prevented by reducing
the forward bias. This is accomplished by the
voltage divider consisting of resistor R2 and
thermistor RT1. As the temperature increases,
the resistance of thermistor RT1 is decreased,
causing more current to flow through the voltage
divider. The increased current raises the negative
potential at the emitter connection of resistor R2.
This action increases the reverse bias applied to
the emitter and decreases the net emitter-base
forward bias. As a result, the collector current
is reduced. Similarly, decreasing the tempera-
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Figure 71. Transistor amplifler with thermistor control of emitter bias voltage.

ture would cause the reverse actions, and prevent
the decrease of collector current.

c. Capacitor C1 blocks the dc voltage of the
previous stage and couples the ac signal into the
base-emitter circuit. Capacitor C2 bypasses the
ac signal around resistor R2. Resistor R3 is the
collector load resistor and develops the output
signal. Capacitor C3 blocks the dc collector volt-
age from and couples the ac signal to the follow-

ing stage.

83. Base Voltage Control

@. The circuit shown in figure 78 employs a
thermistor to vary the base voltage with tem-
perature to minimize temperature variations in
emitter current. This current contains a voitage
divider consisting of resistor £1 and thermistor
RT1. The voltage divider applies a portion of
battery V¢ voltage to the base-emitter circuit.
Electron current flow through the voltage divider
is in the direction of the arrow. This current pro-
duces a voltage of the polarity indicated across
thermistor 7'1. This circuit produces a forward
bias.

b. If the temperature of the transistor rises,
the emitter current would tend to rise. However,
the resistance of thermistor R7'1 decreases with
increase in temperature, causing more current to
flow through the voltage divider. Increased cur-
rent through the voltage divider causes a larger
portion of battery ¥ voltage to be dropped across
resistor #1. The available voltage for forward
bias, that cross thermistor 271, is reduced, there-
by reducing the emitter current.
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c. Transformer 7'1 couples the ac signal into
the base-emitter circuit. Capacitor ('l bypasses
the ac signal around thermistor R7'1. Trans-
former 72 primary acts as the collector load and
develops the output signal which is coupled to
transformer 72 secondary.

84. Thermistor Limitations

The ability of the thermistor (figs. 77 and 78)
to limit the variation of collector current with
temperature is represented in figure 79. One
curve shows the variation of collector current for
a transistor circuit that is not stabilized. An-
other curve shows the variation of collector
current for a transistor circuit that is thermistor-
stabilized. There is improvement in the stability
of the transistor circuit employing the thermistor.
However, thermistor stabilization achieves ideal
current at only three points (A, B, and C, fig. 79)
because the thermistor resistance variation is not
equal to (does not ¢rack) the variation in emitter-
base junction resistance (par. 74d).

Figure 78. Transistor amplifier with thermistor control
of base bias voltage.

+o—]

TME90-107

N



COLLECTOR CURRENT (MA)

r y v
-75 -50 -23 o

TEMPERATURE °C

50 78 100 128

TM690-108

Figure 79. Graph showing variation of collector current with temperature for
nonstabilized and thermistor-stabilized transistor circuits.

Section IV. DIODE STABILIZING CIRCUITS

85. General

a. Variation of collector current with tempera-
ture is caused by the variation with temperature
of the emitter-base junction resistance and the
saturation (reverse bias) current (par. 74). Vari-
ation with temperature of the resistance and the
reverse bias current of a PN junction occurs
whether the PN junction is part of a transistor or
part of a junction diode. The junction diode,
then like the transistor, can be used in bias stabil-
izing circuits. The'main advantage of using the
junction diode as a temperature-sensitive element
is that it can be made of the same material as
that of the transistor. The temperature coefficient
of resistance of the diode and that of the tran-
sistor of the same material are the same. This
condition permits a more constant collector cur-
rent over a wide range of temperatures because
of better tracking (par. 84).

b. Junction diodes have a negative temperature
coefficient of resistance whether they are forward
or reverse biased. The use of junction diodes in
transistor temperature-stabilizing circuits is dis-
cussed in paragraphs 86 through 88.
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86. Forward-Biased Single Diode
Stabilization

a. The circuit shown in figure 80 employs for-
ward-biased junction diode CR1 as a temperature-
sensitive element to compensate for variations of
emitter-base junction resistance. Consider the
voltage divider consisting of resistor R1 and
junction diode CR1. The current (/) through the
voltage divider flows in the direction shown, and
develops a voltage across diode CR1 with polarity
as indicated. This voltage is a forward bias.
With increased temperature the collector current
would tend to increase. However, increased tem-
perature decreases the resistance of diode CRI,
causing more current to flow through the voltage
divider. As a result there is an increased voltage
drop across resistor R1. The voltage drop across
diode CR1 is correspondingly decreased, thereby
reducing the forward bias and the collector cur-

‘rent.

b. The ac signal is coupled into the transistor
amplifier by transformer T1. Capacitor C1 by-
passes the ac signal around diode CR1. Collector
load resistor R2 develops the output signal. Ca-
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Figure 80.

Transistor amplifier using single forward-diased function diode for compensa-

tion of temperature variations of emitter-base junction resistance.

pacitor C2 blocks the dc voltage from and couples
the ac signal to the following stage.

c. The effectiveness of this circuit to stabilize
collector current with temperature is indicated by
curve BB of figure 82. Compare this curve with
curve A4, for which the transistor is not sta-
bilized, and with the curve for ideal current.
Curve BB shows that a marked improvement in
the collector current stability occurs for tempera-
ture below 50° C. This indicates that the varia-
tions with temperature of the junction diode re-
sistance tracks and compensates for the variations
of emitter-base junction resistance (par. 74b).
The sharp increase in collector current (curve
BB) at temperature above 50° C indicates that
junction diode CR1 does not compensate for the
increase in saturation current (/¢so) (par. 74a).
This condition might have been anticipated since
the saturation current (collector-base reverse bias
current) flows out of the base, through 7'1 pri-
mary, through diode CR1, battery V' C, and back to
the collector. Because the saturation current is a
small percentage of the total current through diode
CR1 (forward biased and low in resistance) it
causes no appreciable voltage drop across diode
CR1. A circuit using a second junction diode (re-

/\

verse biased) is necessary to compensate for the
saturation current and is discussed in pa.ragraph
87.

87. Double Diode Stabilization

a. The circuit shown in figure 81 employs two
junction diodes as temperature sensitive elements.
One junction diode compensates for the tempera-
ture variations of emitter-base junction remstanoe,
the other compensates for the temperature varia-
tions of saturation current. The circuit is similar
to that shown in figure 80 and discussed in para-
graph 86. Resistor R3 and junction diode CR2
(reverse biased) have been added (fig. 81). Re-
sistor R1 and junction diode CR1 (forward
biased) compensate for the change in emitter-
base junction resistance at temperatures below
50° C. (See curve BB, fig. 82.)

b. Reverse-biased junction diode CR2 can be
considered an open circuit at low temperatures.
At room temperature, diode CR2 reverse bias cur-
rent /, flows through junction diode CR2 in the
direction indicated. Diode CR? is selected so that
its reverse bias current (/,) is larger than that
(Z¢Bo) of the transistor. Diode reverse-bias cur-
rent /, consists of transistor reverse bias current
Icpo and a component of current (/,) drawn from
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Figure 81. Transistor amplifier using two junction diodes for compensation of temperature
variations of both emitter-base junction resistance and saturation ourrens.
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Figure 82. Graph showing variation of collector current with temperaiure for nonstabilized
single-diode stadilized, and double-diode stabilized transistor circuits.

the battery. The voltage polarity developed by
current /, across resistor 23 is indicated. Note
that the emitter-base bias voltage is the sum of
the opposing voltages across resistor £3 and junc-
tion diode CR1, assuming negligible resistance in
transformer 7’1 secondary. As the temperature
increases, current /¢gpo, /s, and 7, increase. The
resultant reverse-bias voltage developed across re-
sistor R3 by current /, increases. The total for-
ward bias (voltage across diode CR1 and resistor
R3) decreases with increasing temperature to sta-
bilize the collector current.

¢. The functions of transformer T1, capacitors
C1 and C2, and resistor R2, are the same as those
for the corresponding elements of figure 80.

d. The effectiveness of this circuit to stabilize
collector current at high and low temperatures
is indicated by curve CC of figure 82.

88. Reverse-Biased Single-Diode Stabiliza-
tion

a. The circuit shown in figure 83 employs re-

verse-biased junction diode CR1 as a temperature-

sensitive element. This circuit provides two

separate paths for the two components of the base

current (par. 43). The base-emitter current
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(Ze—anl.) flows through the base region to the
emitter, through resistor 22, battery V¢, and re-
sistor 21 to the base lead. The saturation current
(ZcBo) flows from the base lead through junction
diode CR1, battery V p, battery V¢, resistor £3, and
the collector region to the base region. The diode
is selected so that its saturation (reverse bias)
current equals that of the transistor over a wide
range of temperature.

b. As the temperature increases, /¢po increases.
However, the saturation current of diode CR1 in-
creases by an equal amount, so that there is no
accumulation of /cge current carriers in the base
region. Such an accumulation would cause an in-
crease in emitter current (par. 74ez). Diode CR1
acts as a gate, opening wider to accommodate the
increase in /gpo with temperature. This circuit is
employed if resistance-capacitance coupling is
used between it and the previous stage. The
reverse-biased diode provides high resistance in
the input.

¢. Resistor £2 swamps the emitter-base junction
resistance, and prevents a large increase in emitter
current, particularly at the low temperatures (par.
74b). Resistor 23 is the collector load resistor
and develops the output ac signal.
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Pigure 83. Transistor amplifler using single reverse-biased junction diode for compensa-
tion of temperature variations of saturation ourrent.

Section V. TRANSISTOR STABILIZED CIRCUITS

89. General

Certain currents and voltages of a temperature-
stabilized transistor may be used to temperature-
stabilize another transistor or several transistors.
Typical circuit arrangements employing this
method are covered in paragraphs 90 through 92.

90. Common Emitter-Base Voltage

a. The emitter-base junction of a transistor has
a negative temperature coefficient of resistance
similar to that of a PN junction diode (par. 85).
It is possible to use the variations of the emitter-
base junction resistance of one transistor to control
the emitter-base bias of a second transistor. A
circuit employing this principle is shown in figure
84. The emitter-base voltage of transistor Q1 is
used to bias the emitter-base junction of transistor
@2. Assuming zero dc resistance in the secondary
winding of transformer 7'2, the base of transistor
@2 has a direct dc connection to the emitter of
transistor ¢1. Assuming zero dc resistance in the
secondary of transformer 7'1, the emitter of tran-
sistor Q2 has a direct dc connection to the base of
transistor ¢1. Battery Vg provides forward bias
for transistor ¢1,an NPN type. Cross connection
of the emitters and the bases of the two transistors
provides forward bias for transistor Q2, because
transistor ¢2isa PNP type

b. Transistor @1 is temperature-stabilized by

Google

use of high-valued resistor R1 (swamping re-
sistor) in the emitter lead, and low dc resistance
in the base lead. This circuit is similar to the
circuit shown in A, figure 76 and discussed in para-
graph 79¢. Swamping resistor R1 maintains a
relatively constant emitter current in transistor
Q1. :

c. As the temperature increases, the base-
emitter junction resistance of transistor Q1 de-
creases. Because the current through the junction
remains constant, the voltage drop across the junc-
tion decreases. A decrease in this voltage repre-
sents a decrease in the forward bias of transistor
@2. The tendency of transistor @2 collector cur-
rent to increase with the temperature increase is
offset.

d. If a curve of transistor @2 collector current
versus temperature were plotted, it would be sim-
ilar to the double-diode stabilization curve (curve
C0,fig. 82).

e. In the circuit of figure 84, transformer 7'1
couples the ac signal input to the base-emitter
circuit of transistor Q1. Battery Vg supplies
emitter-base bias voltage for transistor @1 and
collector voltage for transistor @2. Resistor 1
is the emitter swamping resistor. Capacitor C1
bypasses the ac signal around resistor 21 and
battery Vg Battery V¢ supplies transistor @1
collector voltage. Transformer 7’2 couples the ac

95
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Figure 84. Cirocuiét showing temperature stadilization of one transistor (Q2) by the
emitter-base voltage of another transistor (Q1).

signal output of transistor @1 to the input circuit
of transistor Q2. Resistor B2 is the transistor @2
collector load resistor and develops the output
signal. Capacitor C2 blocks the dc voltage from
and couples the ac signal to the following stage.

71. Common Emitter-Collector Current

a. A method of temperature-stabilizing the
emitter-collector current of one transistor by using
the stabilized emitter-collector current of another
transistor is shown in figure 85. Transistor @1
collector current is stabilized by use of swamping
resistor B2. Resistor R1 is selected so that its
value is low, thus limiting the accumulation of
saturation current carriers in the base region (par.
74a).

b. The stabilized dc collector current of tran-
sistor @1 is made to flow through the emitter-
collector of transistor Q2 by connecting the col-
lector of transistor @1 directly to the emitter of
transistor ¢2. The current of this circuit is in-
dicated by the arrows. Electrons that flow into
the emitter lead of transistor @1 flow through
resistor R2, battery Vg, resistor R4, collector-
emitter of transistor ¢2, and into the collector of
transistor @1.

c. The advantage of this method of stabilizing
the collector current of transistor @2 is that it
eliminates the need for a swamping resistor in the
emitter lead of transistor 2. The elimination of
such a swamping resistor is especially important
in power amplifiers that draw heavy emitter
currents.

d. The functions of the circuit elements are as
follows:

(1) Note that transistor @1 is used in a OC
amplifier and that transistor Q2 is used
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in & CE amplifier. Capacitor ('3 places
the collector of transistor ¢1 and the
emitter of transistor ¢2 at ac zero poten-
tial.

Capacitor C1 blocks the dc voltage from
the previous stage and couples the ac
signal to the base of transistor ¢1. Re-
sistor R1 provides a dc return path for
base current. Battery V', provides base-
emitter bias. Resistor B2 is the emitter
load resistor and develops the output sig-
nal. Capacitor C2 blocks the emitter dc
voltage from and couples the ac signal
voltage to the base of transistor Q2.
Resistor B3 provides a dc return path
for base current. Battery V, provides
base bias. Resistor R4 is the collector
load resistor and develops the output sig-
nal. Battery V¢ provides voltage for
both transistors.

(2)

(3)

92. Bias Variation With Collector Current
a. Figure 86 shows two stages of a dc (direct-

coupled) amplifier. A dc amplifier amplifies dc

voltage and very low-frequency ac signals.

b. This circuit is arranged so that an increase in
collector current caused by a temperature rise in
transistor @1 will reduce the forward bias in
transistor Q2.

¢. The circuit operates as follows:

(1) Transistor @1 is used in a CB amplifier;
its stability factor is ideal (par. 77c).
However, some variation of its collector
current does occur with temperature vari-
ation. Assume an increment in collector
current (A/¢) occurs because of an in-
crease in temperature. The increase in



2RI

k ’-[Van

AAA.
\ A4S

]
e AAA
\r

.

Q2 =
</ oUTPUT
c3x~ iEm

. Vee :-‘l['-"c
1 3

TME90-114

Figwre 85. Cirouit using common emitter-collector ourrent for temperature stabilization,
in two transistors.

collector current is in the direction of the
arrow. A portion of the increment in
collector current flows through resistor
R3. This current is designated A/¢, and
develops a voltage across resistor £3 with
the polarity indicated. Another portion
of the increment in collector current flows
through resistor £2. This current is des-
ignated Alc; and develops a voltage
acroes resistor 22 with the polarity indi-
cated. Note that the voltage polarities
indicated are only for an increment in
collector current, and are not necessarily
the steady-state voltage polarities. The
steady-state voltages are of no interest
in this discussion and will not be treated.

transistor ¢2. The base-emitter bias is
the sum of the voltages across resistors
R3, R2, and battery Vo. The indicated
voltage across resistor R3 aids the for-
ward bias; that across resistor 22 opposes
the forward bias. By selecting the values
of resistors 22 and 223 so that the voltage
drop across resistor B2 is the larger, the
resultant forward bias isdecreased. This
action limits the tendency of transistor
@2 collector current to increase with
temperature.

d. In this circuit, resistor B1 is the emitter

swamping resistor. Battery Vs supplies emitter
bias voltage. Battery Vo supplies collector vol-
tage for both transistors. Resistor R4 is the col-

(2) Consider the base-emitter bias circuit of  lector load resistor.
Q2 R
R Q! @ Alc + ‘Aﬁ -
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PFigure 86. Two-stage temperature-stadilised do amplifier.
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Section V1. VOLTAGE STABRIZATION

93. General

a. In paragraph 80, the voltage stability factor
(Sv) was explained and expressed by the following
equation:

Sv= —[SIRE+ Rc(1 +afbsl)]

This equation shows that the voltage stability fac-
tor is directly proportional to the current stability
factor (S;). Therefore, the circuit techniques
(pars. 77-92) for improving the current stability
factor will also result in improvement of the volt-
age stability factor ; that is, limiting the variations
of collector voltage with temperature variations of
saturation current.

b. Circuits used to stabilize the collector supply
voltage are discussed in paragraphs 94 through 96.

94. Breakdown Diode Voltage Regulator

a. A graph of the current through and the
voltage across a reverse-biased junction diode is
shown in A, figure 87. Note that at a certain
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Figure 87. Breakdown diode current-voltage
characteristics and voltage regulator.
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value of reverse-bias voltage (£orr), the current
increases rapidly while the voltage across the
diode remains almost constant. The voltage at
which this action occurs is called the breakdown,
or Zener, voltage. The name Zener is that of
the scientist who investigated this phenomena.
When the reverse-biased diode is used to take
advantage of this characteristic, it is called a
breakdown or Zener diode. Note that this char-
acteristic is similar to that of some gas-filled
tubes, that start conducting at a particular volt-
age and continue to conduct varying amounts of
current while the voltage across the tube remains
almost fixed.

b. Asinthe case of the gas-filled tube, the break-
down diode can be used as a voltage regulator (B,
fig. 87).

(1) When the current (/2) drawn by the load
increases, the total current drawn from
the source (£;y) does not increase. ‘The
increased current for the load is diverted
to the load from breakdown diode CR1;
the voltage across breakdown diode CR1
and the load remain constant. A de-
crease in the current (/2) drawn by the
load causes a corresponding increase in
the current (/1) drawn by the breakdown
diode. Under these conditions, the total
current (/r) drawn from the source
(£1x) remains constant, so that the volt-
age output (Zorr) again remains con-
stant.

(2) If the source voltage (Z:x) increases,
total current (/r) drawn from the source
increases. The voltage drop across re-
sistor R1 increases by the amount of in-
crease in the source voltage, and current
11 increases by the amount of increase in
current /. The load current (/2) and
the load voltage (£'orr) remain constant.
A decrease in source voltage is compen-
sated in the same manner by a decrease in
voltage drop across resistor R1, and a
decrease in current /1.

c. The voltage regulator discussed in b above,
is capable of maintaining constant load voltage
although variations occur in either or both source
voltage and load current. Dependent on the
characteristics of the particular breakdown di-



ode, the breakdown voltage can be any value
from 2 to 60 volts

95. Breakdown Diode Temperature Com-
pensation

a. It was stated (par. 85b), that the reverse-
biased junction diode has a negative temperature
coefficient of resistance. This statement is true if
the reverse-bias voltage does not equal or exceed the
breakdown voltage (fig. 87). The breakdown
diode has a positive temperature coefficient of re-
sistance several times larger than the negative tem-
perature coefficient of resistance of the forward-
or reverse-biased junction diode.

b. The discussion in paragraph 94 concerning
the voltage regulator (B, fig. 87) applies only if the
temperature of the breakdown diode does not vary
under operating conditions. One method of com-
pensating for the increasing or decreasing
breakdown diode resistance with increasing or de-
creasing temperature, respectively, is to place ele-
ments of negative temperature-coeflicient in series
with the breakdown diode. Figure 88 shows a
circuit with two forward-biased diodes (("'R1 and
('R2) in series with the breakdown diode (CR3).
The total resistance of the three diodes in series
remains constant over a wide range of tempera-
tures. The complete result is a constant voltage
output although temperature, input voltage (£x),
and load-current drain may vary.

¢. Two diodes are used in this circuit because
the temperature-coefficient of resistance of each is
half that of the breakdown diode. Forward-
biased diodes are used because of the very low
voltage drop across them. Thermistors, or other
temperature-sensitive elements, can also be used.

96. Voltage Stabilized Transistor Amplifier

a. The circuit shown in figure 89 uses a break-
down diode (CR1) to stabilize the collector volt-
age. Note that the current (/2) drawn from the
battery divides into breakdown diode current (/1)
and collector current (/¢). When the dc collector
current increases because of the increase in tem-
perature, current /1 decreases by the same amount,
so that current /2 remains constant ; the dc voltage
drop across resistor B2 also remains constant.
The voltage supplied to the collector (the battery
voltage less the voltage drop across resistor £2)
also remains constant.

b. The discussion in a above, neglects the varia-
tion in the resistance with temperature of break-
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Figure 88. Breakdown diode temperature-compensated
voltage regulator.

down diode CR1. A method for compensating for
this change in resistance is discussed in paragraph
95.

e. The ac resistance of a breakdown diode may
vary from 5 ohms to 1,000 ohms depending on the
particular diode. To avoid shunting collector
load resistor &2 by the low ac resistance of diode
('R1, a high impedance choke coil (L1) is placed
in series with the diode.

d. Transformer 7'1 couples the ac signal to the
base-emitter circuit. Resistor R1 is the emitter
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FPigure 89. Brecakdowcn diode used in an amplifier to
obtain collector voltage stabdilization.
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swamping resistor. Battery V provides emitter-
base bias voltage. Capacitor C'1 bypasses the ac
signal around resistor £1 and battery V. Capac-
itor ("2 blocks the collector dc voltage from and
couples the ac signal to the following stage.

97. Surge Protection by Junction Diode

a. If an excessive emitter-collector voltage oc-
curs when the normally forward biased base-
emitter circuit is reverse biased, internal oscillation
may occur that can destory the transistor. This
condition can occur in transistor amplifiers using
transformers for input and output (fig. 90).

b. If the signal from the previous stage is sud-
denly terminated or if too strong noise signals
drive the base-emitter circuit into a reverse bias
condition, the collector current is rapidly cut off.
The field surrounding transformer T2 collapses
rapidly and produces a high emitter-collector
voltage while the base-emitter circuit is reverse
biased. As stated in a above, this condition causes
strong oscillations which dissipate power in the
transistor and can destroy it. To forestall the
possible occurrence of this condition, a junction
diode is connected between the base and the
emitter to prevent the base-emitter circuit from
reverse biasing. This action is referred to as
shunt-limiting action.

¢. The voltage divider consisting of resistors
R1 and R2 introduces a voltage into the base cir-
cuit to forward-bias the base-emitter junction,
and reverse bias junction diode CR1. Under nor-
mal operating conditions, junction diode CR1 can
be considered an open circuit. A strong surge
voltage of the polarity indicated can occur across
transformer T1 secondary. If the surge voltage
is greater than the voltage across resistor Rl,
junction diode CR1 will become forward-biased
and conduct. When diode CR1 conducts, only a
very small voltage appears across it and the volt-
age can be considered negligible. This action
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Figure 90. Use of junction diode to prevent base-emiiter
circuit from reverse-biasing.
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prevents the base-emitter junction from reverse
biasing (a above).

d. Transformer T1 couples the ac signal to the
amplifier. Capacitor C1 bypasses the ac signal
around resistor R1. Transformer T2 couples the
ac signal to the following stage.

98. Summary

a. Reverse-bias collector current /¢po (fig. 72),
also called saturation current, increases rapidly
at high temperatures and causes increased emitter
current (/g).

b. Emitter-base junction resistance decreases
with increasing temperature and causes increased
emitter current, even when temperature rises from
very low values (such as —25° C). See figure 73.

¢. The current stability factor (S;) is defined as
the ratio of an increment in emitter current (A/g)
to an increment in saturation current (A/cs0), and
is expressed :

Al
"~ Alcso

S;

d. The current stability factor (fig. 74) in terms
of external resistance is expressed:

Ly Lyl
s=g)(mr7t T,

e. The voltage stability factor (Sy) is defined
as the ratio of an increment in collector voltage

(AVer) to an increment in saturation current
(A/¢Bo) and is expressed:

s, —4cVs
Y Alcso
f- The expression for voltage stability factor
(fig. 74) is:

Sy=—[81Re+Rc(1+«nS1)]

g. An emitter swamping resistor minimizes var-
iations in emitter current caused by variations in
the emitter-base junction resistance.

h. Zero base resistance limits the accumulation
of saturation current carriers in the base region
and therefore limits the increase in emitter current
due to this cause.

i. The basic CB amplifier (B, fig. 74) exhibits
best temperature stability because it uses an
emitter swamping resistor and zero base resist-
ance.



j. The basic CE amplifier (C, fig. 74) exhibits
poor temperature stability because it uses a base
resistor and zero emitter resistance.

k. The temperature stability of the basic CC
amplifier (D, fig. 74) depends upon the ratio of
base resistance to emitter resistance.

1. CE amplifiers can be designed to use zero
base resistors and an emitter-swamping resistor
(A, fig. 76).

m. Dc negative feedback can be employed to
minimize variations in emitter current with tem-
perature (C, fig. 76).

@#. Emitter current stability can be achieved by
reducing emitter-base forward bias by 2.5 milli-
volts for each degree (centigrade) rise in tem-
perature.

o. A forward-biased junction diode has a nega-
tive temperature coefficient of resistance.

2- A reverse-biased junction diode has a nega-
tive temperature coefficient of resistance provided
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the reverse-bjas voltage does not equal or exceed
the breakdown voltage.

¢. Thermistors (figs. 77 and 78), forward-biased
diodes (fig. 80), on reverse-biased diodes (fig. 83)
can be used to reduce emitter-base forward bias
(n above), as the temperature increases.

r. The currents and voltages developed in a
temperature-stabilized transistor amplifier (figs.
84 and 85) can be used to temperature-stabilize
other transistor amplifiers.

8. The breakdown (Zener) diode (figs. 87-90)
can be used as a voltage regulator to stabilize
collector voltage.

t. The breakdown diode has a positive tempera-
ture coefficient of resistance.

u. Temperature-sensitive elements such as for-
ward- or reverse-biased junction diodes having a
negative temperature coefficient of resistance can
be used to temperature-stabilize breakdown diodes
(fig. 88).
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CHAPTER 6

TRANSISTOR ANALYSIS AND COMPARISON USING CHARACTERISTIC CURVES
AND CHARTS

Section I. TRANSISTOR ANALYSIS

99. General

Paragraphs 100 through 103 cover the graphical
analysis of the transistor.

a. The output static characteristic curves are
used to calculate voltage, current, and power gain
(par. 100).

b. The forward transfer static characteristic
curves and the output static characteristic curves
with its loadline are used to construct the dynamic
transfer characteristic curve (par. 101). Para-
graph 101 also discusses the use of the dynamic
transfer characteristic curve to determine distor-
tion under overload conditions.

¢. Collector voltage and current readings at a
number of points are used to construct a constant
power dissipation line on the output static char-
acteristic curve (par. 102) to determine operation
of the transistor within its power dissipation
ratio.

d. The effect of collector current and voltage
on the capacitance existing between the collector
and the base is covered graphically in paragraph
103.

100. Output Characteristic Curves, Calcula-
tion of Gain
a. General. Calculation of the current, voltage,

and power gain of a common-emitter transistor
amplifier (A, fig. 91) can be accomplished by using
the common-emitter output static characteristic
curves (B, fig. 91). The output characteristic
curves plot the collector current against the col-
lector voltage with the base current as the fixed
value. The known information about the ampli-
fier is as follows:

(1) Collector-supply voltage is 10 volts.

(2) Load resistor £2 is1,500 ohms.
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(3) The emitter-base input resistance (r) is
500 ohms. ’

(4) The peak-to-peak input current is 20 ua.

(5) The operating point (X) is 25 ua of base
current and 4.8 volts on the collector.

b. Loadline. The first step in the procedure is
to establish the loadline of load resistor 22 on th»
output characteristic curves. This is done by
locating and connecting points ¥ and Z of the
loadline.

(1) When the collector current is zero, the
total collector supply voltage (10 volts)
equals the collector voltage (V¢z).
Point Z (one point of loadline) then is
at the 10-volt mark on the horizontal axis.

(2) When the voltage on the collector is zero,
the total collector-supply voltage (10
volts) is dropped across load resistor B2
(1,500 ohms). The total current (/¢)
then is:

_ 10y
" 1,500 ohms

=0.0066 ampere

Ic

= 6.6 ma

Point ¥ (second point of loadline) then
is at the 6.6-ma mark on the vertical axis.
(3) Connecting points } and Z with a

straight line establishes the load line.
Note. The relationship of the loadline to the
output characteristic curves for the transistor is
equivalent to that for the electron tube. For

details, refer to TM 11-662,

e. Operating Point and Waveforms. The op-
erating point (a(5) above), is located at point X
on the loadline. This point is the intersection of
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Figure 91. CE amplifier and its output characteristic curves with loadline.

a line drawn vertically from the 4.8-volt mark on
the horizontal axis to the 25 ua curve of base cur-
rent. Since the peak-to-peak input current is 20
pa(a(4) above), the deviation is 10ua above the
operating point (point /) and 10 pa below the
operating point (point ¥).

(1) Establish the waveform for the input
current by extending a line (perpendicu-
lar to the loadline) from operating point
X and each deviation point (i and ).

(2) Establish the waveform for the output
current by extending a horizontal line
through the vertical axis from the operat-

Google

ing point and each of the deviation points
(M,N,and X).

(3) Establish the waveform for the output

voltage by extending a vertical line
through the horizontal axis from the op-
erating point and each of the deviation
points (M, N,and X).

Note. The horizontal lines extended through
the vertical axis provide the collector-current
operating point and the deviation from the op-
erating point. The vertical lines extended
through the horizontal axis provide the collector
voltage operating point and the deviations from
the operating point.
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d. Current Gain. Current gain in this con-
figuration is the ratio of the change in collector
current to the change in base current.

(1) Determine the current gain as follows:
_AlL

Al

__ Ic(max) — Ic(min)

~ Is(max)— Is(min)

A,

(2) Substitute known values in the formula:

4.7 ma—2.1 ma
~ 35ua—15ua

4,

2.6 ma

T 20 pa
__ 2.6 ma
"0.02 ma
=130

The current is amplified 130 times.

e. Voltage Gain. Voltage gain in this con-
figuration is the ratio of the change in collector
voltage to the change in base voltage.

(1) Determine the voltage gain as follows:

_ AV

A’—AV,,

(2) Solve for AVgg. The change in input
voltage is the change in input current
multiplied by the input impedance (500
ohms).

AVgg=AIpr,
=20 pa X500 ohms
=0.00002 ampere X 500 ohms
=0.01 volt

(3) Substitute known values in the formula
((1) above).
6.70—2.7v
0.01
.
T0.01v
=400

A,=

The voltage is amplified 400 times.
f. Power Gain. The power gain is the voltage
gain times the current gain.
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(1) Determine the power gain as follows:
G=AnAt

(2) Substitute known values obtained in d
and e above.

G=130X400
G=52,000

The power input is increased 52,000
times in going through the transistor.
(3) The power gainindbis:

G=10 log 52,000
=10X4.7
=47 db

101. Dynamic Transfer Characteristic Curve

a. Construction of Dynamic Transfer Charac-
teristic Curve. The loadline on the output static
characteristic curve tells a great deal (par. 100),
but not as conveniently as does another type of
characteristic curve. When the effects of the load-
line are added to the forward transfer static char-
acteristic curves, a resultant curve known as the
dynamic transfer characteristic curve (fig. 92) is
formed. It has become common practice, when
studying the behavior of the collector current
under the influence of a signal current applied to
the base, to show the dynamic transfer character-
istic and to plot the input signal and the resultant
collector current along this characteristic (b be-
low). In figure 92, the output characteristic with
the 1,500-ohm loadline (B, fig. 91) is repeated. In
addition, the transfer static characteristic is drawn
toitsleft. Toshow the collector current-base cur-
rent curve, which represents the collector current
corresponding to certain base currents and the ef-
fect of the load in creating the effective collector
voltages, the 1,500-ohm loadline will be projected
on the transfer static characteristics. The two
families of curves have three attributes in com-
mon—a common-collector current axis, like values
of base current, and like values of collector-supply
voltage, although the last two named are illus-
trated differently. To project the effect of the
loadline on the transfer static characteristics, it is
necessary to plot the collector current values for
each value of base current (P-Z) shown on the
output characteristic curve. This is done as fol-
lows:
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COLLECTOR CURRENT I (MA)

GURRENT Ip (UA)

INPUT
TMEs0-122

Figure 93. Dynamic transfer characteristic curve
showing linear (class A) operation.

overdriving the transistor and the am-
plified output signal will be distorted.
(3) Improper operating point (fig. 95).
When the improper operating point is
established, the change of base current
will automatically cause the linear por-
tion of the dynamic transfer character-
istic curve to be exceeded. The location
of the operating point will determine
whether the negative or positive change
of base current will exceed the linear
portion. When the transistor is func-
tioning in this manner, the output signal
will be distorted during either the nega-

outeuT

COLLEGTOR CURRENT Ic (MA)

| BASE GURRENT Ig (UA)

| INPUT

TME90-123

Figure 94. Dynamic transfer characteristic curve
showing overdriving.
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tive or the positive change in collector
current.

(4) Class B operation. Use of the dynamic
transfer characteristic curve in analyzing
distortion in class B operation of ampli-
fiers is covered in chapter 7.

102. Constant Power Dissipation Line

a. Each transistor has a maximum collector
power that it can safely dissipate without damag-
ing the transistor. To insure that the maximum
collector power dissipation rating is not exceeded,
a constant power dissipation line (fig. 96) 1is
drawn on the output static characteristic curves
and the collector load resistor is selected so that
its loadline falls in the area bounded by the

COLLECTOR CURRENT Ic(MA)

BASE CURRENT In{UA)

| INPUT

h ! TMEPO -12e

Figure 95. Dynamic transfer characteristic curve
showing nonlinear operation.

vertical and horizontal axis and the constant
power dissipation line.

b. The constant power dissipation line repre-
sents a number of points of collector voltage and
collector current, the products of which (in power)
are equal to the maximum collector power rating
of the particular transistor. Todraw the constant
power dissipation line, the maximum collector
power rating and a set of output static character-
istic curves are required. Assume that, fora given
transistor, the rating is 18 mw and the required
curves are as shown in figure 96. To construct the
constant power dissipation line, proceed as
follows:



(1) Use the formula: power equals woltage
times current.

P=EI

(2) Rearrange the formula:

P

I= E
(3) Substitute 18 mw for power in the for-
mula, and select arbitrary values of volt-

age to find corresponding values of cur-

rent. For instance, assume 15 volts is
selected.

_ 18 mw

T 150

=1.2 ma

Continue this procedure until a sufficient
number of points is obtained. Typical
points are indicated in the chart below.

E 1 E 1
(volts) (ma) (volts) (ma)
| 1 S 1.2 || 4. ... 4.5
12 ... ) IR T | - 6.0
| 2.0 2. ... l._____. 9.0
[ J 3.0

These voltage and current points are lo-
cated and marked on the output static
characteristic curves. When connected,
the resultant curve represents the con-
stant power dissipation line. _

c. Any loadline selected so that it is tangent to
the constant power dissipation line will insure
maximum permissible power gain of the tran-
sistor while operating within the maximum
collector power dissipation rating. This is im-
portant in the use of power amplifiers.

103. Interelement Capacitances

a. Figure 97 shows the interelement capaci-
tances associated with the transistor. The capaci-
tances are shown externally; however, the actual
capacitance effects are produced by the PN junc-
tions within the transistor. Because the width of
the PN junctions vary in accordance with the volt-
ages across them and the current flow through
them, the capacitance values also vary. For ex-
ample, the variation of collector-base capacitance
(C) with collector voltage and emitter current
isshown in A and B, figure 98.
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CONSTANT POWER
DISSIPATION LINE

50
=40

=30

&
1

COLLECTOR CURRENT I (MA)
»

LOAD
LINE
I v ]
° ] 10 18
COLLECTOR VOLTAGE Vgg
TME90~-128

Figure 96. Output static characteristic curves with
constant power dissipation line.

(1) The increase in the width of the PN junc-
tion between base and collector, as the re-
verse bias voltage (V¢p) is increased, is
reflected in lower capacitance values.
This phenomenon is equivalent to spread-
ing apart the plates of a capacitor so that
lower capacitance results.

(2) An increase in emitter current, most of
which flows to the collector through the
base-collector junction, increases the col-
lector-base capacitance (). The in-
creased current through the PN junction
may be considered as effectively reducing
the width of the PN junction. This
phenomenon is equivalent to reducing the
distance between the plates of a capacitor
so that increased capacitance results.

(3) In high-frequency amplifier applications,
the collector-base capacitance causes posi-
tive feedback that may result in oscilla-
tion. External circuits must be used to
prevent oscillation (ch. 8).

(4) The average value of collector-base ca-
pacitance (C.,) may vary from 2uuf for
high-frequency transistors, to 50uuf for
low-frequency (audio) transistors.

b. The collector-emitter capacitance (C..) of a
transistor, also caused by the PN junction, nor-

107



mally is 5 to 10 times greater than that of the col-
lector-base capacitance and also varies with emit-
ter current and collector voltage (a above).

(1) The effect of the variation of interele-
ment capacitance with current and volt-
age is utilized to frequency modulate
oscillators (ch. 12).

(2) Because the collector-emitter capacitance
is 5 to 10 times greater than the collector-
base capacitance, common-base amplifiers
have a better high-frequency (audio) re-
sponce than common-emitter amplifiers.

c. The emitter-base capacitance (Cc»), although
very high because of normal forward bias and re-
sultant small width of the PN junction, does not
offer many problems in amplifier design because
it is normally shunted by a low input resistance.

Cce

TM690-126

Figure 97. Effective interelement
capacitances of the transistor.
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Figure 98. Variation of collector-base capacitance (Ce)
with colleotor voltage and emitier current.

Section Il. COMPARISON OF TRANSISTOR CONFIGURATIONS

104. Comparison of Configurations for Re-
sistances

a. Medium-Power Amplifier Stage. Figure 99
represents a typical medium-power amplifier
stage. The block labeled ¢transistor represents the
common-collector, the common-emitter, or the
common-base configuration. The input signal is
represented by voltage source v, and input resist-
ance 2, of the voltage source. The transistor
input resistance is represented by » and the output
resistance is represented by 7,. The load resistance
is represented by 2;.

b. Load Resistance and Input Resistance. Fig-
ure 100 shows the comparison of the load resistance
to the input resistance for the common-collector,
common-emitter, and common-base configurations.
Input resistance »; for the common-collector and
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the common-base configurations increases as load
resistance £, is increased. Input resistance »; for
the common-emitter configuration decreases as
load resistance Ry is increased. Unlike the elec-
tron tube amplifier, the transistor amplifier input
resistance depends upon the value of the load
resistor.

c. Generator Resistance and Output Resistance.
Figure 101 shows a comparison of generator resist-
ance &, to the output resistance r, for the common-
base, common-emitter, and common-collector con-
figurations. Output resistance 7, increases as
generator resistance &, increases for the common-
base and common-collector configurations. Out-
put resistance 7, decreases for the common-emitter
configuration as generator resistance R, increases.
Unlike the electron tube amplifier, the transistor



TRANSISTORS  jo— T, R 2

e

TME90-128

Figure 99. Medium power amplifier stage showing tran-
sistor ae a block with a voltage source and a load
resistance.

output resistance depends upon the generator
resistance.

105. Comparison of Configurations for Gain

a. General. The three possible circuit configur-
ations for the transistor were covered in chapter 3.
Formulas were developed in chapter 4 calculating
input resistance, output resistance, current gain,
voltage gain, and power gain. Typical values of
these quantities for medium-power transistors are
given in b below. Charts that plot voltage, cur-
rent, and power gain for each configuration of a
particular transistor are discussed in ¢, d, and e
below. This information will help the reader to
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Figure 100. Variation of input resistance with load
resistance for each comfiguration.
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Figure 101. Variation of output resistance iwcith generator
resistance for cach conflguration.

appreciate the combinations of configurations used
in audio amplifiers, and the combinations of con-
figurations used to achieve a given result.

b. Typical Values. The table on the following
page lists typical values of input resistance, out-
put resistance, current gain, voltage gain, and
power gain for the three configurations.

c. Common-Base Amplifier. Figure 102 shows
the comparison of the various gains of a common-

A, Ia
s.oooln.a a0
: -7y —{38
!.000'!.0 ~y 30 g
I e \ [ J
| ] $ e =
I // TN ] 3
1000l .8 Ay doo =
{7 e 5
! y 2
I P
ol o - - - r
§ 8§ § & § 8 &
- " g
& & § g
LOAD RESISTANCE (OHMS) "
Ays VOLTASE AMPLIFICATION
THE90-131

Aj * CURRENT AMPLIFICATION

Figure 102. Common-base, voltage, current, and power
gain characteristic curves.
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Item CB amplifier CE amplifier CC amplifier
Input resistance. . ___.____. 30-150 ohms______________ 500-1,500 ohms . . _________ 20K-500K ohms.
gutpnt resistance_ .. ________ 300K-500K ... ___.___._.. 30K-50K._ . . . _________. 50-1,000 ohms.
Voltage gain________________ 500-1,500_______ ________. 300-1,000_ ______________. Less than 1.
Current gain_______________ Lessthan 1_______.________ 25-50. .. ______... 25-50
Powergain______________.__ 20-30db. ______________.. 25-40db._____ _——.—. __.__.i 10—20_;;)— _________

base amplifier. The voltage gain (A4,) is the ratio
of the signal output voltage to the signal input
voltage. The current gain (A4,) is the ratio of the
signal output current to the signal input current.
The power gain (&) is the ratio of the output sig-
nal power to the input signal power expressed in
db. The current gain, the voltage gain, and the
power gain are plotted against the load resist-
ance. The current gain (A4;) is always less than
one and decreases as the load resistance is in-

creased. The voltage gain (A4,) increases as the
load resistance is increased. The maximum pow-
er gain (&) for this particular transistor occurs
when the load resistance is approximately 300,000
ohms.

d. Common-Emitter Amplifier. Figure 103
shows the comparison of the various gains of a
common-emitter amplifier. The current gain
(Ay) decreases as the load resistance is increased.
The voltage gain (4.) increases as the load re-
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Figure 108. Common-emitter, voltage, current, and power gain characteristic ourves.
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sistance is increased. The maximum power gain
(@) occurs when the load resistance is approxi-
mately 40,000 ohms. Note that current, voltage,
and power gain for this configuration may exceed
unity.

e. Common-Collector Amplifier. Figure 104
shows the comparison of the various gains of
a common-collector amplifier. The current gain
(A:) decreases as the load resistance is increased.
The voltage gain (A.) increases as the load re-
sistance is increased but it never exceeds unity.
The maximum power gain () occurs when the
load resistance is approximately 1,000 ohms.
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Figure 104. Common-collector, voltage, current, and
power gain characteristic curves.
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106. Summary

a. The current, voltage, and power gain of a
transistor amplifier can be calculated from the
output static characteristic curves upon which has
been drawn the loadline.

b. The loadline displays the way in which the
collector-supply voltage is divided between the
load and the collector under various conditions of
collector current

c. The dynamic transfer characteristic curve
may be used to determine the linearity and non-
linearity of the output signal to the input signal
for a specific operating point and a specific load
resistance.

d. Nonlinearity in a transistor’s behavior is a
source of distortion and is undesirable except for
specific types of operation.

e. The constant power dissipation line may be
used to establish a loadline that will provide
maximum gain without exceeding the maximum
collector power dissipation rating of the tran-
sistor.

/- The interelement capacitances of the tran-
sistor are caused by the PN junctions in the
transistor.

g. The curves for voltage, current, and power
gain help in selecting a specific configuration to
obtain a specific result or a combination of con-
figurations to obtain a specific result.



CHAPTER 7
AUDIO AMPLIFIERS

Section I. INTRODUCTION

107. General

a. Audio amplifiers are used in equipment such
as public address systems, sound recorders, sound
reproducers and radio and television sets. The
frequencies of the signals amplified are in the
range of 10 to 20,000 cps.

b. The input circuit of a transistor amplifier
may draw current from either the input device or
the previous stage. In this respect, each tran-
sistor amplifier is considered as either a current
or a power amplifier operating at a current or a
power level higher than the previous stage and
lower than the following stage. Preamplifiers
(pars. 109-114) usually operate at power levels
measured in micromicrowatts, or microwatts.
Driver stages (pars. 126—-129) usually operate at
power levels measured in milliwatts. Power
stages (pars. 130~133) usually operate at power
levels measured in hundreds of milliwatts or in
watts. These power levels are only approximate;
the equipment in which these stages are used de-
termine the power levels of the preamplifier, the
driver, and the power stage.

108. Classification of Amplifiers

As in the case of electron tube amplifiers, tran-
sistor amplifiers can be operated class A, class B,
class AB, or class C.

a. Class A. Class A amplifiers are operated on
the linear portion of the collector characteristics
(par. 99). The transistor amplifier is so biased
that collector current flows continuously during
the complete electrical cycle of the signal and
even when no signal is present. Audio, ampli-
fiers, operated class A, may be used in single-
ended or in push-pull applications.

b. Class B. Class B amplifiers can be biased
either for collector current cutoff or for zero
collector voltage.

112
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(1) When biased for collector current cutoff,
collector current will flow only during
that half cycle of the input signal voltage
that aids the forward bias. This method
of bias is most often used because it
results in the best power efficiency.

(2) When biased for zero collector voltage,
heavy collector current will flow when no
signal is present. Almost all of the col-
lector supply voltage will be applied
across the collector load resistor. Power
dissipation in the transistor will be zero
since power is the product of current and
voltage. The collector voltage will vary
only during that half cycle of the input
signal voltage that opposes the forward
bias. This method of bias is seldom used
because high power dissipation in the load
resistor when no input signal is present
results in low power efficiency. Also,
when the collector current is heavy, the
forward current transfer ratio (ap) is
appreciably reduced.

(3) Class B audio amplifiers must be oper-
ated in push-pull to avoid severe signal
distortion.

¢. Class AB. Class AB amplifiers can be
biased so that either the collector current or the
collector voltage is zero for less than a half cycle
of the input signal. The statements for the class
B amplifier (b above) apply also to the class AB
amplifier.

d. Class C. Class C amplifiers can be biased
so that either the collector current or the collector
voltage is zero for more than a half cycle of the
input signal. The class C amplifier, either in
single-ended or in push-pull application, should
never be used as an audio amplifier because it
will result in severe signal distortion.



Section Il. PREAMPLIFIERS

109. General

a. Preamplifiers are low-level stages (par. 107b)
that usually follow low-level output transducers
such as microphones, hearing-aid pickup devices,
and recorder-reproducer heads.

b. The most important characteristics of pre-
amplifiers are the signal-to-noise level (noise fac-
tor) (par. 110), the input and output impedances
(par. 111), and the required frequency response
(pars. 112, 113, and 114).

110. Noise Factor

a. General. The quality of an amplifier with
respect to noise is indicated by its noise factor (or
fig.). The noise factor (F,) is determined by
measuring the ratio of signal-to-noise power (Sy/N,)
at the input of the amplifier and the ratio of signal-
to-noise power (S,/N,) at the output of the ampli-
fier. The noise factor is equal to the input signal-
to-noise ratio divided by the output signal-to-
noise ratio:

_SJN,

So/N,

The smaller the value of this ratio (#,) the better
the noise quality of the amplifier. The noise fac-
tor of an amplifier with a given transistor is af-
fected mainly by the operating point (b below),
the resistance of the signal source (¢ below), and
the frequency of the signal being amplified (d
below).

Note. The logarithm of the ratio for noise factor gives
the noise factor in db.

F,

b. Operating Point. The operating point is
established by the zero-signal base or emitter cur-
rent and the collector voltage. The effect of
several values of emitter current and collector
voltage on the noise factor of a typical transistor
amplifier is shown in figure 105. The curves in-
dicate that for a given transistor, a low-noise fac-
tor can be achieved by operating the transistor
at an emitter current of less than 1 ma, and a
collector voltage of less than 2 volts. Note that
increasing the collector voltage (at the higher
values) increases the noise factor more rapidly
than increasing the emitter current.

c. Signal Source Resistance. The resistance of
the source feeding the transistor also affects the
noise factor of an amplifier. The curve in the
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Figure 105. Ohart showing variation of noise factor
with collector voltage and emitter current.

illustration (fig. 106) indicates that the noise
factor for a typical transistor can be kept low
by using a signal source resistance in the range
of 100 to 3,000 ohms.

d. Signal Frequency. Figure 107 shows the
variation of the noise factor as the frequency is
increased. At very low frequencies, the noise
factor is high. As the frequency increases, the
noise factor improves to approximately 50 kilo-
cycles and then starts to increase slowly again.
This curve indicates that low-noise dc amplifiers
are difficult to design.

111. Input Resistance

a. Low Input Resistance. If a preamplifier is
to be fed from a low-resistance signal source,
either the CB configuration or the CE configura-
tion may be used. The CB configuration has an
input impedance which is normally between 30
and 150 ohms; the CE configuration has an input
impedance which is normally between 500 and
1,500 ohms (par. 103).

b. High Input Resistance. Although it is un-
desirable to use a high-resistance signal source
because of the large noise factor (par. 110¢), it
becomes necessary if a device such as a crystal
pickup head is used. A high-input resistance pre-
amplifier is also required. Three circuits may
be used to obtain a high input resistance (7)
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without using a transformer.
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Figure 106. Chart showcing variation of noise factor with signal source resistance.

They are the C'C

configuration (A, fig. 108), the CE configuration
with series input resistance (R,) (B, fig. 108) and
the degenerated (negative feedback) C'E configu-
ration (C, fig. 108).

(1) CC configuration. The input resistance

»
(=]

to the ('C configuration is high (fig. 100)
because of the large negative voltage
feedback in the base-emitter circuit (A,
fig. 108). As the input voltage rises, the
opposing voltage developed across resis-
tor R, substantially reduces the net volt-
age across the base-emitter junction. By
this action, the current drawn from the
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Figure 107. Chart showing variation of noise factor
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(2)

signal source remains low. By Ohm’s
law it is known that a low current drawn
by a relatively high voltage represents a
high resistance. If a load resistance
(RL) of 500 ohms is used, the input re-
sistance of a typical transistor will be
over 20,000 ohms. The disadvantage of
the CC configuration, however, is that
small variations in the current drawn by
the following stage cause large changes
in the input resistance value.

CE configuration with series resistors.
The base-emitter resistance (represented
by 7 in B, fig. 108) for a typical transis-
tor is about 2,000 ohms if a load resistance
(RL) of 500 ohms is used (fig. 100). To
achieve a total input resistance (r:.) of
20,000 ohms, a resistor (Z.) of 18,000
ohms can be placed in series with the base-
emitter resistance (7). This circuit has
an advantage over the CC configuration
((1) above), in that the total input re-
sistance, determined mainly by resistor
R,, remains relatively constant even with
large variations in transistor parameters
or current drain by the following stage.
The disadvantage of this circuit, in addi-
tion to a small loss in current gain, is the
large resistance in the base lead. This
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Figure 108. Three amplifier circuit arrangements jfor
producing a high input resistance.

resistance leads to poor bias stability if
the bias voltage is fed to the transistor
through this resistor.

(38) Degenerated CE configuration. If an
unbypassed resistor (/Rg) is inserted in
the emitter lead of a CE configuration
(C, fig. 108), the signal voltage developed
across this resistor opposes the input sig-
nal voltage. As in the case of the CC
configuration ((1) above), this negative
feedback voltage or degenerative voltage,
causes an increase in the input resistance.
Without the unbypassed resistor in the
emitter lead the input resistance of the
CE configuration would be 2,000 ohms
((2) above), if a load resistor (R.) of
500 ohms were used. With an unby-
passed resistor (25) of 500 ohms and a
load resistor (RL) of 500 ohms, the input
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resistance (r(,) of the degenerated CFE
configuration with a typical transistor is
20,000 ohms. The degenerated CE con-
figuration is equal to the C'E configura-
tion with the series resistor ((2) above).
However, the advantage of the degener-
ated ('K configuration is that the un-
bypassed resistor (Rg) also acts as an
emitter swamping resistor and helps to
bias stabilize the transistor.

112. Two-Stage Direct-Coupled Preampli-
fier, Low-Frequency Compensation

a. Figure 109 shows a typical two-stage, direct-
coupled preamplifier. The circuit is designed to
compensate for the poor low-freqnency output of
the transducer, microphone M1.

(1) By directly coupling the transistor Q1
output to the transistor Q2 input, use
of a coupling capacitor is avoided. A
coupling capacitor would attenuate the
low frequencies.

(2) Capacitor C2 and resistor R3 form a
low-pass filter. The high frequencies are
partially shunted to ground (attenu-
ated). Note that transistor Q2 is a

- degenerated CE stage (par. 111). The

degenerated stage (using resistor R4 for
negative feedback) has a very high input
impedance (approximately 30,000 ohms).
By using a high input impedance, a rela-
tively low valued capacitor (C2, 0.2 uf)
is sufficient to shunt the high frequencies
to ground.

b. The collector voltage and the emitter current
of transistor Q1 are kept very low to reduce the
noise factor (par. 1100). With the signal am-
plified by the first stage, the emitter current and
the collector voltage of the second stage can be
increased as shown without increasing the noise
factor.

c. Transformer T1 couples the output of micro-
phone M1 to the base of transistor Q1. Tran-
sistor Q1 amplifies the signal. Resistor R1 is the
emitter swamping resistor. Capacitor C1 by-
passes the ac signal around resistor R1. Collector

load resistor R2 develops the output signal. Ca-

pacitor C2 and resistor R8 constitute a low-pass
filter. The signal is amplified by transistor Q2.
Resistor R4 produces negative feedback. Resistor
RS is the emitter swamping resistor. Capacitor
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Figure 109. Typical two-stage direct-coupled preamplifier, providing loiw-frequency
compensation for transducer.

C3 bypasses the ac signal around resistor RS5.
Collector load resistor R6 develops the output
signal.

113. Three-Stage, RC-Coupled Preamplifier,
Low-Frequency Compensation

a. Generul. The preamplifier shown in figure
110 is designed to compensate for the poor low-
frequency output of a transducer. This is done
by using two low-pass (high-frequency attenuat-
ing) networks. The first network (capacitor C3
and resistor R4) shunts the input of transistor
Q2; the second network (capacitor C6 and re-
sistor R8) shunts the input of transistor Q3.
Transistors Q2 and Q3 are used in CE configura-
tions; the input of each is approximately 1,000

ohms. Because of the low input impedance, each
low-pass network must use a large capacitance
(1-2 pf) and a low resistance (500-300 ohms)
to partially shunt the high frequencies around the
low input impedance of each stage. Compare the
values used in these networks with those used in
the comparable network (capacitor C2 and re-
sistor R3, fig. 109). In the latter case, the high
impedance of the CE degenerated stage permits
the use of a smaller capacitance (C2, 0.2 uf) and
a higher resistance (R3, 1,000 ohms).
b. Circuit Description.
(1) The first stage (transistor Q1) is a de-
generated CE configuration. Negative
feedback is provided by resistor R1. The
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Figure 110. Typical three-stage, RC-coupled preamplifier with low-frequency compensation.
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‘input impedance is approximately 55,000
ohms to accommodate a high-impedance
transducer. Resistor R2 with resistor R1
swamps the emitter-base junction resist-
ance. Collector load resistor R3 develops
the output signal which is coupled to the
following stage by dc blocking capacitor
C2. Note the relatively large value of
capacitor C2 (10 uf) ; this large value is
required because of the low input im-
pedance of the following stage and also
to prevent the attenuation of the low
frequencies. ’
Capacitor C3 and resistor R4 form a
high-frequency attenuator. Resistor R5
provides a base dc return path; its value
is high to prevent shunting the signal
current around the base-emitter circuit.
Resistor R6 is the emitter swamping re-
sistor. Capacitor C4 bypasses the ac sig-
nal around resistor R6. Collector load
resistor R7 develops the output signal.
Dc blocking capacitor C5 permits the ac
signal to be coupled to the following
stage.

Capacitor C6 and resistor R8 form a
high-frequency attenuator. Resistor R9
provides a base dc return path. Resistor
R10 is the emitter swamping resistor.
Capacitor C7 bypasses the ac signal

around resistor R10. Collector load re-
sistor R11 develops the output signal.

114. Two-Stage, RC-Coupled Preamplifier,
High-Frequency Compensation

a. The typical two-stage preamplifier (fig. 111)
is designed to compensate for poor high-frequency
output of a transducer connected to its input.
The equalizer network (in dashed lines) attenu-
ates the low frequencies more than it does the
high frequencies. Capacitor C1 is mainly a de
blocking capacitor, but it will attenuate the lower
frequencies more readily than the higher fre-
quencies. Because of its higher reactance at the
lower frequencies, capacitor C2 bypasses the high
frequencies around resistor R3, thus permitting
maximum amplification of the higher frequencies.
Capacitor C2 can be considered an open circuit at
low frequencies; the low frequencies must be
passed through resistor R3 and are therefore
attenuated. The amount of attenuation experi-
enced by the low frequencies, depends on the
relative values of capacitor C2 and resistor R3.

b. Resistor R1 determines the base-emitter bias
for transistor Q1. Collector load resistor R2 de-
velops the output signal of transistor Ql. Ca-
pacitors C1 and C2 and resistor R3 form an
equalizing network (e above). Resistor R4 de-
termines the base-emitter bias for transistor Q2.
Collector load resistor R5 develops the output
signal.
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Figure 111. Typical two-stage preamplifier, providing Righ-frequency compensation
for transducer.
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Section lll. COUPLING NETWORKS USING VARIABLE RESISTORS AS VOLUME AND TONE
CONTROLS

115. General

a. Signal coupling between one transistor stage
and another is accomplished with RC networks
(A, fig. 112), transformers (B, fig. 112), im-
pedance coupling networks (C, fig. 112), and
direct coupling (D, fig. 112). The advantages,
disadvantages, frequency response, and applica-
tions of these methods of interstage coupling are
covered in paragraphs 116 through 119.

b. The current, voltage, and power gains of
transistor stages are usually varied by using
variable resistors in the coupling networks. The
variable resistor is usually referred to as a gain
control. At audio frequencies, the gain control
is referred to as a volume control. Coupling net-
works that include volume. controls are covered
in paragraphs 120 through 124.

116. RC-Coupled Amplifiers

a. The RC network (in dashed lines, A, fig.
112) used between two transistor stages consist
of a collector load resistor (R1) for the first stage,
a dc blocking capacitor (C1), and a dc return
resistor (R2) for the input element of the second
stage.

(1) Because of the dissipation of dc power
in the collector load resistor, the efficiency

(2)

(3)

(ratio of ac power output to dc power
delivered to stage) of the RC-coupled
amplifier is low.

The dc blocking capacitor prevents the
dc voltage of the collector of the first
stage from appearing on the input ter-
minal of the second stage. To prevent
a large signal voltage drop across the de
blocking capacitor, the reactance of the
capacitor must be small compared to the
input resistance of the following stage
with which it is in series. Since the
input resistance of the following stage is
low (usually lower than 1,000 ohms), the
capacitance value must be high. How-
ever, because of the low voltages used,
the physical size of the capacitor can be
kept small.

The resistance of the dc return resistor
is usually 7 to 15 times the input re-
sistance of the second stage. This ratio
is selected to prevent shunting the signal
current around the input circuit of the
second stage. The upper limit of the
value of this resistor is dictated by dc
bias temperature stabilization considera-
tions (ch. 5).
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Figure 112. Interstage coupling networks.
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b. The very low frequencies, a(2) above, are
attenuated by the coupling capacitor whose re-
actance increases with low frequencies. The high-
frequency response of the transistor is limited
by the shunting effect of the collector-emitter
capacitance of the first stage and the base-emitter
capacitance of the second stage. Circuit tech-
niques that can be used to extend the low-fre-
quency and the high-frequency response of
RC-coupled transistors are covered in chapter 9.

¢. RC coupling is used extensively with junc-
tion transistors. High gain, economy of circuit
parts, and small size can be achieved with RC
coupling. By using emitter swamping resistors
and self-bias (ch. 5), good temperature stability
can be achieved. RC coupling is used extensively
in audio amplifiers, such as low-level, low-noise
preamplifiers up to high-level amplifiers for power
stages. Use of RC coupling in battery operated
equipment is usually limited to low power opera-
tion to limit battery drain.

117. Transformer-Coupled Amplifiers

a. Interstage coupling by means of a trans-
former is shown in B, figure 112. The primary
winding of transformer T1 (including the ac re-
flected load from the secondary winding) is the
collector load impedance of the first stage. The
secondary winding of transformer T1 introduces
the ac signal to the base and also acts as the base
dc return path.

b. The very low resistance in the base path aids
temperature stabilization of the dc operating
point. With a swamping resistor in the emitter
lead, the current stability factor is ideal (ch. 5).

c. Because there is no collector load resistor to
dissipate power, the power efficiency of the trans-
former-coupled amplifier approaches the theo-
retical maximum of 50 percent. For this reason,
the transformer-coupled amplifier is used exten-
sively in portable equipment where battery power
is used.

d. Transformers facilitate the matching of the
load to the output of the transistor and the source
to the input of the transistor to bring about
maximum available power gain in a given stage.

e. The frequency response of a transformer-
coupled stage is not as good as that of the
RC-coupled stage. The shunt reactance of the
primary winding at low frequencies causes the
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low-frequency response to fall off. At high fre-
quencies the response is reduced by the collector
capacitance, and the leakage reactance between
primary and secondary windings.

f. In addition to the poor frequency response
(c above), transformers are more expensive,
heavier, and larger in size compared to resistors
and capacitors required for coupling. Use of
transformers therefore is normally confined to
those applications requiring high power efficiency
and high output power.

118. Impedance-Coupled Amplifier

a. An impedance-coupled amplifier is one in
which one or both resistors of an RC-coupled
amplifier (A, fig. 112) are replaced by inductors.
A more frequently used arrangement is shown
in C, figure 112. In this circuit, the collector
load resistor is replaced by an inductor. This
provides high power efficiency since the dc power
loss is eliminated.

b. The low-frequency response is reduced by the
shunt reactance of the inductor. The high-fre-
quency response is reduced by the collector
capacitance. Unlike the transformer-coupled
amplifier, the impedance-coupled amplifier suffers
no loss of high frequencies by leakage reactance.
The frequency response of the impedance-coupled
amplifier is better than that of the transformer-
coupled amplifier, but not as good as that of the
RC-coupled amplifier.

119. Direct-Coupled Amplifier

a. The direct-coupled amplifier (D, fig. 112)
is used for amplification of dc signals and for
amplification of very low frequencies.

b. In the circuit shown, an NPN transistor is
connected directly to a PNP transistor. The di-
rection of current flow is shown by the arrows.
If the collector current of the first stage is larger
than the base current of the second stage, then
a collector load resistor (R1) must be connected
as indicated.

¢. Because so few circuit parts are required in
the direct-coupled amplifier, maximum economy
can be achieved. However, the number of stages
that can be directly coupled is limited. Tempera-
ture variation of the bias current in one stage is
amplified by all the stages, causing severe tem-
perature instability.
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120. Electron Tube and Transistor Volume
Controls Compared

The designation of volume controls as voltage
dividers or current dividers depends on the rela-
tive magnitude of the source and load impedances.

a. Voltage Divider. If the source impedance
is low compared to the load impedance, the source
is considered a constant-voltage source and the vol-
ume control is considered a voltage divider. Inthe
case of an electron tube (A, fig. 113), the source
(tube T'1 plate) impedance is low compared to the
load (tube 17’2 grid-cathode input). In this case
the volume control (£2) is a voltage divider. In
most cases, the grid-cathode circuit draws no cur-
rent. The voltage (esn) that appears between the
movable arm (connected to grid) and the lower end
of variable resistor £2 (connected to cathode) con-
trols the signal current flow in the cathode-plate
circuit of tube V2. By placing the movable arm
at the upper or lower end of variable resistor R,,
the signal gain of tube V2 can be varied from max-
imum (tube V1 output voltage e,=:.) to zero
(esn=0) respectively.

b. Current Divider. 1f the source impedance
is high compared to the load impedance, the source
is considered a constant-current source and the vol-

ume control is considered a current divider. In
the case of a transistor (B, fig. 113), the source
(transistor @1 collector) impedance is high com-
pared to the load (transistor Q2 base-emitter) im-
pedance. In this case the volume control (R2) is
a current divider. Unlike the electron tube (a
above), the input circuit of the transistor normally
draws considerable current. Collector signal out-
put current ¢, divides at the movable arm to supply
varying amounts of input current (i») to the
transistor @2 base-emitter circuit. Since the base-
emitter junction resistance can be considered negli-
gible compared to the normal resistance value of
variable resistor R2, output current i, is equal to
input current #;, when the variable arm is in the
upper position. This condition gives maximum
gain. With the variable arm in the lower posi-
tion, no signal input current (i,=o0) enters tran-
sistor Q2. This condition gives zero gain.

121. Volume Control Requirements

a. Noise. Volume controls should be so ar-
ranged in a given circuit that the volume control
introduces no noise or a minimum amount of
noise. This requirement can be achieved by
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Figure 113. Volume controls used as voltage or current dividers.
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avoiding the flow of heavy dc current through
the volume control (par. 123).

b. Gain. The volume control and its asso-
ciated circuit should permit the variation of gain
from zero to maximum (par. 122).

¢. Frequency. The volume control should be so
arranged in a given circuit that all frequencies
are attenuated equally for all positions of the
variable arm of the control (par. 123).

122. Unsatisfactory Volume Control Circuits

Examples of several volume control circuits not
meeting noise, gain, or frequency requirements
(par. 121) are discussed below.

a. Use of variable resistor R1 (A, fig. 114) as

the collector load and the volume control is unsat-
isfactory. The heavy dc collector current flowing
through variable resistor R1 will cause excessive
noise.
b. Use of variable resistor 22 (B, fig. 114) as a
series volume control eliminates dc current through
variable resistor /22, but the arrangement is un-
satisfactory for two reasons—

(1) Unless the variable resistor is made in-
finite in value, the amplifier gain cannot
be reduced to zero.

(2) The circuit increases the effective base
response as more of variable resistor 22
is used in the circuit. With the variable
arm at the extreme left (zero resistance),
capacitor C1 used alone, will attenuate
the lower frequencies more than the
higher frequencies. As the variable arm
moves to the right (increased resistance
in circuit) the total coupling impedance
will be determined mainly by the resist-
ance. As a result, the relative attenua-
tion of the high frequencies compared to
the low frequencies will be greater. This
action gives the effect of a base boost.

c. Use of a degenerative emitter volume control
(variable resistor R1 in C, fig. 114) is unsatisfac-
tory for the following reasons:

(1) Unless variable resistor R1 is made ex-
tremely large (20,000 to 50,000 ohms) the
signal cannot be reduced to zero. A re-
sistance of this value would require a
very high value of battery (Vig)
voltage.

(2) The heavy emitter current flowing
through variable resistor 21 causes ex-
cessive noise.
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(8) The circuit increases the effective base
response as more of variable resistor R1
is bypassed by capacitor C1. This action
occurs because capacitor Cl1 becomes
more effective in bypassing the low fre-
quencies as the resistance it must bypass
increases. This results in less degen-
eration of the low frequencies.

d. The two-stage amplifier (D, fig. 114) uses
variable resistor R2 as a volume control. Col-
lector load resistor R1 develops transistor Q1
output signal. Dc blocking capacitor C1 couples
the signal to variable resistor R2 and the tran-
sistor Q2 input circuit. Resistors R4 and R3
form a voltage divider to establish the base bias
voltage. Resistor R5 is the emitter swamping
resistor and is ac bypassed by capacitor C2. Col-
lector load resistor R6 develops the output signal.
Placement of variable resistor R2 in the circuit
as shown is unsatisfactory for the reasons stated
below.

(1) The base bias voltage is that voltage de-
veloped across resistor R3. This voltage
will vary from a maximum to zero de-
pending on the position of the variable
arm on variable resistor R2. The voltage
developed across resistor R3 must cancel
the opposing ac voltage developed across
swamping resistor R5 and leave a net
forward base-emitter bias. This condi-
tion will not be met with variable re-
gsistor R2 shunting resistor R3.

(2) The dc current flowing through variable
registor R3 will cause excessive noise.

(3) The gain of the low frequencies will vary
according to the position of the variable
arm on variable resistor R2. This con-
dition can be understood by considering
the base-emitter junction resistance of
transistor Q2 as negligibly small. With
this assumption, variable resistor R2 can
be considered as shunting emitter swamp-
ing resistor R5. With all of the re-
sistance of variable resistor R2 in the
circuit, capacitor C2 effectively bypasses
the low frequencies around the parallel
combination of resistor R5 and variable
resistor R2 to minimize degeneration of
the low frequencies. As the variable
arm moves to reduce the portion of vari-
able resistor R2 in the circuit, capacitor
C2 becomes less effective as a bypass
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Figure 114. Unsatisfactory volume control circuits.

capacitor for the low frequencies, caus- shown in D), figure 114. The functions of the
ing greater degeneration of the low  parts of the two circuits bearing the same ref-
frequencies compared to the high fre- erence symbols are the same (par. 122d). Dec

quencies. blocking capacitor C3 has been added to the
.. circuit of figure 115.
123. Satisfactery Volume Contrel Circuit (1) Capacitor C3 avoids the variation in
a. A large number of satisfactory volume con- base bias voltage by dc isolating re-
trol circuits can be designed. These circuits can sistor R2 from resistor R3 (par. 122d
use T, L, or H attenuating pads. A typical sat- (1)). The noise factor of the amplifier
isfactory volume control circuit is discussed in is also improved by preventing dc cur-
b below. rent flow through the variable resistor
b. The circuit shown in figure 115 avoids the (par. 122d(2)).
unsatisfactory conditions found in the circuit (2) By connecting the lower end of variable
R4
Q2 L
Q ] c3 >
—f———t—)

AAA

b4l R2$. $R3 S R6
< < <
NPUT | oUTPUT
L ce 'l
+I
— -&-
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resistor R2 to the upper end of resistor
R5 and capacitor C2, variable resistor
R2 does not ac shunt resistor R5 and
capacitor C2. This arrangement avoids
the deterioration of the low-frequency
response of the amplifier as the resist-
ance of variable resistor R2 is reduced
(par. 122d(3)).

124. Volume Controls in Transformer
Coupling

a. Volume controls used in transformer-coupled
amplifiers (fig. 116) must meet the requirements
specified in paragraph 121. The volume control
circuit should be designed so that a large change
in reflected impedance is avoided. Such a large
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Figure 116. Volume control circuit arrangements used in transformer-ocoupled amplifiers.
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change causes an unequal frequency attenuation.

This condition is more important in transformer-
coupled amplifiers than in RC coupled amplifiers
because the impedance reflected to the primary
circuit (usually the collector circuit) from the
secondary circuit (usually the base-emitter cir-
cuit) is equal to the secondary impedance multi-
plied by the square of the turns ratio of the
transformer. A small variation in the secondary
circuit impedance can cause a very large variation
in the primary circuit impedance.

b. An unsatisfactory volume control circuit is
shown in A, figure 116. Variable resistor R1 is
made low in value, usually 1,000 ohms, to min-
imize impedance variations. Transistor Q2 input
is made less than 1,000 ohms. At zero volume,
the secondary load impedance consists only of
variable resistor R1, 1,000 ohms. At full volume,
the secondary load impedance consists of variable
resistor R1 in parallel with transistor Q2 input
resistance; the total resistance is normally about
300 to 400 ohms. These values multiplied by the
square of the turns ratio of transformer T1 cause
extremely large variations in impedance in the
primary circuit. In addition, the low value of
variable resistor R1 shunts a large portion of the
signal current at full volume.

¢. An improvement of the circuit (& above)
is shown in B, figure 116. Resistor R2 is placed
in series with the transistor Q2 input to mini-
mize impedance variations reflected to the pri-
mary winding. Usually the value of resistor R2
is made equal to the transistor Q2 input resist-
ance. At maximum and zero volume, the second-
ary impedances are equal. At the midpoint of
variable resistor R2, the secondary resistance
rises approximately 25 percent of the value at
maximum or zero volume.

d. An ideal arrangement is shown in C, figure
116. By using mechanically ganged dual varia-
ble resistors (R1 and R2), the secondary im-
pedance can be maintained constant at all volume
control settings. As a larger portion of variable
resistor R1 is shunted by transistor Q2. input
impedance to increase volume, a larger portion
of resistor R2 is inserted in the circuit. This
action is accomplished by having the variable
arm of variable resistor R2 move to the right
(in the diagram) as the variable arm. of variable
resistor R1 moves up.

125. Tone Controls

a. Tone control circuits as well as volume con-
trol circuits (par. 120), may be used as current
dividers. The tone control permits manual ad-
justment of the frequency response of an am-
plifier.

b. Any fixed low-frequency, or high-frequency,
compensating network can be changed to a tone
control circuit by substituting 8 manually vari-
able circuit element for one of the fixed circuit
elements.

(1) In the circuit of figure 109, capacitor
C2 and resistor R3 form a low-frequency
compensating network (par. 112). By
substituting a variable resistor for re-
sistor R3, a low-frequency boost tone
control circuit can be achieved.

(2) In the circuit of figure 111, capacitors
C1 and C2 and resistor R3 form a high-
frequency compensating network (par.
114). By substituting a variable resistor
for resistor R3, a treble (high-fre-
quency) boost tone control circuit can
be achieved.

Section IV. PHASE INVERTERS USED AS DRIVER STAGES

126. Generol

a. In an equipment, driver stages are located
immediately before the power output stage.
Most power output stages are push-pull stages
that require two input signals, each 180° out of
phase with the other. The phase requirement
for the push-pull stage can be accomplished by
using a tapped-secondary transformer between
a single-ended driver stage and the output stage.

124

Google

For economy purposes and for better frequency
response, transformer coupling (par. 117) may
not be desirable. RC coupling normally is more
economical and gives better frequency response.
b. If RC coupling is used between the driver
stage and a push-pull stage, the driver stage
must provide phase inversion to produce two
signals 180° out of phase. Phase inverters may
use one stage (one transistor) (par. 127) or two
stages (two transistors) (pars. 128 and 129).



127. One-Stage Phase Inverters

a. Figure 117 shows a split-load phase inverter
(transistor Q1) feeding a push-pull output stage
(transistors Q2 and Q3).

(1) Transistor Q1 output current flows
through collector load resistor R3 and
emitter load resistor R2. Resistors R2
and R3 are equal in value. Resistor R1
establishes the base bias voltage.

(2) When the input signal aids the forward
bias (base becomes more negative), the
output current (/,) increases. The in-
creased output current causes the top
side of resistor B3 to become more posi-
tive with respect to ground, and the top
side of resistor R2 to become more nega-
tive with respect to ground. When the
input signal opposes the forward bias,
the output current decreases and causes
voltage polarities across resistors 23 and
R2 opposite to those indicated. This ac-
tion produces two output signals that are
reversed 180° with respect to each other.
The signal developed across resistor /3
is coupled to the input circuit of transis-
tor Q2 through dec blocking capacitor C1.
The signal developed across resistor 22
is coupled to the input circuit of transis-
tor @3 through dc blocking capacitor C2.

(3) In this circuit, equal voltage outputs are
obtained by making resistor 22 equal in
value to resistor 23. However, an unbal-
anced impedance results because the col-

Qi
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lector output impedance of transistor @1
is higher than its emitter output imped-
ance. Distortion can occur whenever
strong signal current outputs occur (b
below).

b. The circuit in figure 118 is similar to that
shown in figure 117 (a above). Hewever, the ad-
dition of resistor R4 (fig. 118) overcomes the un-
balanced output impedance (a(3) above). The
functions of the parts in this circuit are the same
as the correspondingly referenced parts in the
unbalanced circuit (e above).

(1) The values of resistors R2 and R4 are
chosen so that the signal source imped-
ance for transistor Q2 is equal to the sig-
nal source impedance for transistor Q3.
This eliminates distortion at strong sig-
nal current values.

(2) The signal voltage loss across resistor
R4 is compensated by making resistor
R2 higher in value than resistor R3.

c. Because of the large negative feedback volt-
age developed across resistor R2, a large signal
input is required to drive the one-stage phase
inverter. This disadvantage can be overcome by
using two-stage phase inverters (pars. 128 and
129). In addition, a two-stage phase inverter
provides more power output than a one-stage
phase inverter. This advantage is important if
the driver stage must feed a large amount of
power to a high-level push-pull power output

stage.
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Figure 117. One-stage phase inverter.
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Figure 118. One-stage phase inverter with equalized output impedance.

128. Two-Stage Phase Inverter, CE and CB
Configurations

Figure 119 shows a two-stage phase inverter
using one CE configuration (transistor Q1) and
one CB configuration (transistor Q2), feeding a
push-pull output stage (transistors Q3 and Q4).

a. Resistor R1 establishes the base bias on
transistor Q1 (par. 79¢). Collector load resistor
R4 develops the output signal of transistor Ql.
Dec blocking capacitor C2 couples the output of
transistor Q1 to the base of transistor Q3. Emit-
ter load resistor R2 develops a small signal to
feed transistor Q2. Capacitor C1 places the base
of transistor Q2 at ac ground potential. Resistor
R3 establishes the base bias voltage for transistor
Q2. Collector load resistor R5 develops the out-
put signal of transistor Q2. Dc blocking capaci-
tor C3 couples the output of transistor Q2 to the
base of transistor Q4.

b. Two signals reversed 180° in phase are ob-
tained from the phase inverter. Assume that an
input signal causes the base of transistor Q1 to
go negative. Because of the 180° phase reversal
of the signal in a CE configuration (ch. 3), the
top side of collector load resistor R4 goes posi-
tive. The same signal current that causes the
top side of resistor R4 to go positive, flows
through resistor R2 and causes the top side of
resistor R2 to go negative; that is, the emitter
potential follows the base potential. Since there
is no phase reversal of the signal through a CB
configuration (ch. 3), the end of collector load
resistor R5 that is connected to the collector goes
negative with the emitter. Thus capacitor (2
couples a positive-going signal into the transistor
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Q3 base while capacitor C3 couples a negative-
going signal into the transistor Q4 base to
achieve the 180° phase reversal required. If the
incoming signal at the transistor Q1 base were
going positive, all polarities indicated would be
reversed.

¢. Although there is some negative feedback at
the input of transistor Q1 caused by resistor R2,
the input resistance to transistor Q1 remains low
because resistor R2 is shunted by the low re-
sistance of the transistor Q2 input circuit.

129. Two-Stage Phase Inverter, CE
Configurations

a. Figure 120 shows a two-stage phase inverter
consisting of two identical CE configurations.
The application of this circuit is identical with
that in paragraph 128.

(1) Two signals, 180° reversed in phase, are
obtained from the phase inverter. As-
sume that an input signal drives the base
of transistor Q1 negative. Because of
the 180° phase reversal in the CE con-
figuration, the transistor Q1 collector
goes positive. One portion of this posi-
tive signal is coupled to the base of
transistor Q2 through dc blocking ca-
capitor C2 and attenuating resistor R4.
The other portion of the positive signal
is completed through dc blocking ca-
pacitor C4 to one input circuit of a
push-pull output stage. The positive-
going signal on the base of transistor
Q2 causes a negative-going signal at the
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Figure 119. Tiwwo-stage phase inverter using a CE arnd a CB configuration.

collector of transistor Q2. This negative
signal is coupled through dc blocking
capacitor C5 to the other input circuit of
a push-pull output stage.

Resistor R1 provides base bias for tran-
sistor Q1. Collector load resistor R3
develops transistor Q1 output signal.
Resistor R2 is the emitter swamping re-
sistor and is ac bypassed by capacitor
C1. Resistor R5 provides base bias for
transistor Q2. Collector load resistor R6

develops transistor Q2 output signal.
Resistor R7 is the emitter swamping re-
sistor and is ac bypassed by capacitor
Cs.

b. Since two identical CE configurations are
used, the source impedances are equal for the two
input circuits of the push-pull output stage. In
addition, the amount of power that can be de-
livered by the two-stage phase inverter is much
greater than that of the split-load phase inverter
(par. 127).
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Figure 120. Tiwo-stage phase inverter using two CE configurations.
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Section V. POWER AMPLIFIERS

130. General

a. Single ended and push-pull class A power
amplifiers are used in equipments in which large
power outputs are not required and high power
efficiency is not a dominating factor. These am-
plifiers are used mainly in applications requiring
minimum distortion.

b. Class B push-pull power amplifiers are used
mainly in equipments requiring high power out-
put and high power efficiency. The theory of
operation of class B push-pull power amplifiers
employing two similar type (two PNP or two
NPN) transistors is discussed in paragraphs 131
through 133.

131. Class B, Push-Pull, Zero Bias Amplifier

a. Figure 121 shows a simplified circuit of a
class B amplifier. The emitter-base junctions are
zero biased. In this circuit each transistor con-
ducts on alternate half cycles of the input signal.
The output signal is combined in the secondary
of the output transformer. Maximum efficiency
is obtained even during idling (no input signal)
periods, because neither transistor conducts dur-
ing this period.

b. An indication of the output current wave-
form for a given signal current input can be
obtained by considering the dynamic transfer
characteristic (par. 101) for the amplifier. It is
assumed that the two transistors have identical
dynamic transfer characteristics. This character-
istic, for one of the transistors, is shown in A,

Ql
—; s le—
INPUT § § {—3|{¢ outPuT
-’_a' :’ ——
Q2
TM690-151
Figure 121. Class B, push-pull amplifier with zero

input bias.
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figure 122. The variations in output (collector)
current is plotted against input (base) current
under load conditions. Since two transistors are
used, the overall dynamic transfer characteristic
for the push-pull amplifier is obtained by placing
two of the curves (A, fig. 122) back-to-back. The
two curves are shown back-to-back and combined
(B, fig. 122). Note that the zero line of each
curve is lined up vertically to reflect the zero
bias current. In C, figure 122, points on the
input base current (a sine wave) are projected
onto the dynamic transfer characteristic curve.
The corresponding points are determined and
projected as indicated to form the output collector
current waveform. Note that severe distortion
occurs at the crossover points; that is, at the
points where the signal passes through zero value.
This is called crossover distortion. This type of
distortion becomes more severe with low signal
input currents. Crossover distortion can be elim-
inated by using a small forward bias on both
transistors of the push-pull amplifier (par. 132).

132. Class B, Push-Pull, Low Bias Amplifier

a. A class B push-pull amplifier with a small
forward bias applied to the base-emitter junctions
is shown in A, figure 124. A voltage divider is
formed by resistors R2 and R1. The voltage de-
veloped across resistor R1 supplies the base-
emitter bias for both transistors. This small
forward bias eliminates crossover distortion (par.
131).

b. A study of the dynamic transfer character-
istic curve of the amplifier demonstrates the elim-
ination of crossover distortion. In A, figure 123,
the dynamic transfer characteristic curve of each
transistor is placed back-to-back for zero base
current bias conditions. The two curves are
back-to-back and not combined. - The dashed lines
indicate the base current values when forward
bias is applied to obtain the overall dynamic
characteristic curve of the amplifier. With for-
ward bias applied, the separate curve of each
transistor must be placed back-to-back and alined
at the base bias current line (dashed line). The
zero base current lines (solid lines) are offset
(B, fig. 123). In C, figure 123, points on the
input base current (a sine wave) are projected
onte the dynamic transfer characteristic curve.
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Figure 128. Dynamic transfer characteristic curves of class B, push-pull amplifier with
small forward bias, showing input and output current waveformas.

The corresponding points are determined and c¢. In the voltage divider (A, fig. 124), electron
projected as indicated to form the output col- current flow from the battery is in the direction
lector current waveform. Compare this output  of the arrow. This current establishes the in-
current waveform with that shown in C, figure  dicated polarity across resistor R1 to furnish
122. Note that crossover distortion does not oc-  the required small forward bias (b above). Note
cur when a small forward bias is applied. that no bypass capacitor is used across resistor
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Figure 124. Class B, push-pull amplifiers with small
bias voltage applied.

R1. If a bypass capacitor were used (B, fig.
124), the capacitor would charge (solid-line ar-
row) through the base-emitter junction of the
conducting transistor (during the presence of a
signal), and discharge (dashed-line arrow)
through resistor R1. The discharge current
through resistor R1 would develop a dc voltage
with the polarity indicated. This is a reverse
bias polarity that could drive the amplifier into
class C operation with the resultant distortion
even more severe than crossover distortion. The
capacitor must not be used.

133. Class B Push-Pull Amplifier, Capaci-
tance-Diode Coupling

a. RC coupling to the input of a class B push-
pull amplifier causes rectification that can reverse
bias the amplifier (A, fig. 125). In the class B
push-pull amplifier, one transistor conducts for
one-half cycle of the input signal while the other
transistor remains nonconducting (except for a
small forward bias that eliminates crossover
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distortion (par. 132)). Assume that the input
signal causes transistor Q1 to conduct. Electrons
(solid-line arrows) leave the right hand plate of
coupling capacitor Cl1, enter the transistor Ql
base-emitter junction, flow to the emitter ground
connection, through ground to the junction of
resistor R1 and resistor R2, through resistor R1
to the left hand plate. Resistor R1 represents
the output resistance of the previous amplifier.
The charging of capacitor C1 occurs rapidly, be-
cause of the low-resistance path. Capacitor C1
cannot discharge through the transistor Q1 emit-
ter-base junction; for practical purpose, the
junction represents an open circuit to electron
flow from emitter to base. Electrons on the left
hand plate of capacitor C1 must flow through
resistor R1, through ground to the ground con-
nection at the emitter lead, through resistors R6
and R3 to the right hand plate. The discharge
path is shown by the dashed-line arrows. Ca-
pacitor C1 discharges slowly because it must dis-
charge through resistor R3. Normally resistor
R3 is made large to avoid shunting signal cur-
rent around the transistor Q1 base-emitter junc-
tion. The discharge current through resistor R3
develops a reverse-bias voltage with the polarity
indicated. The reverse bias can cause class C
operation with resultant severe distortion of the
signal. The discharge current flowing through
resistor R6 does not result in a reverse bias be-
cause the battery current flowing in the opposite
direction maintains a forward bias.

b. The advantages of RC coupling (economy
and better frequency response) can be retained
by replacing resistor R3 with a diode (B, fig.
125). Diode CR1 is reverse biased and acts as
a high-valued resistance when the input signal
causes the transistor Q1 emitter-base junction to
conduct. This prevents the shunting of signal
current around the emitter-base junction. The
charge path (solid-line arrows) for capacitor C1
is the same as that for the circuit shown in A,
figure 125 (@ above). The discharge path is also
the same, except that resistor R3 has been re-
placed by diode CR1 which is forward biased
during the discharge period. Diode CR1, when
forward biased, exhibits negligible resistance.
Capacitor C1 discharges rapidly, therefore, and
reverse bias of the emitter-base junction is avoided.
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Section VI. COMPLEMENTARY SYMMETRY

134. General

a. Junction transistors are available as PNP
(A, fig. 126) and NPN (B, fig. 126) types. The
direction of electron current flow in the terminal
leads of the two types of transistors is indicated
by the arrows. Note that the direction of current
flow in one terminal lead of one transistor is op-
posite to that in the corresponding terminal of
the other transistor. If the two types of tran-
sistors are connected in a single stage (fig. 127),
the dc electron current path (indicated by ar-
rows) in the output circuit is completed through
the collector-emitter junctions of the transistors.
When connected in this manner, the circuit is
referred to as a complementary symmetry circuit.
The theory of operation of this circuit is dis-
cussed in paragraph 135.

. ¢
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A
I.—
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Figure 126. Dc current flow in PNP and NPN
transistors.
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b. The advantages of complementary symmetry
circuits are as follows:

(1) The -complementary symmetry circuit
provides all the advantages of conven-
tional push-pull amplifiers without the
need for a phase-inverter driver stage,
or for a center-tapped input transformer.

(2) The input coupling capacitor (fig. 127)
charges through one transistor during
the positive half cycle of the input signal
and discharges through the other tran-
sistor during the negative half cycle of
the input signal. This action eliminates
the need for discharge diodes with ca-
pacitance coupling as is required in
conventional class B push-pull amplifiers
(par. 132).

(8) The parallel connection of the output
circuit (fig. 127) with respect to the load
eliminates the need for a tapped-primary
transformer in the output circuit.

135. Complementary Symmetry Circuit

a. Figure 127 shows two transistors in a com-
plementary symmetry connection. Transistor Q1
is a PNP transistor and transistor Q2 is an NPN
transistor. A negative going input signal for-
ward biases transistor Q1 and causes it to con-
duct. A positive going input signal forward
biases transistor Q2 and causes it to conduct. As
one transistor conducts, the other is nonconduct-
ing, because the signal that forward biases one
transistor, reverse biases the other transistor.

b. The resultant action in the output circuit
can be understood by considering the circuit of
figure 128. This is a simplified version of the
output circuit. The internal emitter-collector
circuit of transistor Q1 is represented by variable
resistor R1 and that of transistor Q2 by variable
resistor R2.

(1) With no input signal and class B opera-
tion (zero emitter-base bias), the vari-
able arms of the variable resistors can be
considered to be in the OFF positions.
No current flows through the transistors
nor through load resistor B;. As the in-
coming signal goes positive, transistor @2
conducts (a above) and transistor @1
remains nonconducting. Variable re-
sistor 21 remains in the OFF position.
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(2)

Cl

INPUT

The variable arm of resistor 2 moves
toward pqint 3 and current passes
through the series circuit consisting of
battery Vcc., resistor £ and variable re-
sistor £2. The amount of current flow
depends upon the magnitude of the in-
coming signal, the variable arm moving
toward point 3 for increasing forward
bias and toward point 4 for decreasing
forward bias. The current flows in the
direction of the dashed arrow, producing
a voltage with the indicated polarity.
When the input signal goes negative,
transistor @1 conducts and transistor Q2
becomes nonconducting. The same ac-
tion is repeated with variable resistor £1.
Current flows through battery V¢c,, vari-
able resistor R1, and load resistor £, in
the direction shown by the solid-line ar-
row, and produces a voltage across re-
sistor £, with the polarity indicated.

For class A operation, a forward bias is
applied to the two transistors (fig. 127),
so that collector current is not cut off at
any time. In the simplified circuit (fig.
128), the variable resistors will not be in
the OFF position at any time. Dc bias
current in the output circuit flows out of
the negative terminal of battery V¢, into
the positive terminal of battery Ve,
through variable resistor A1, variable
resistor 22, and into the positive terminal
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Pigure 127. Zero bdias complementary symmetry circuit.
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Figure 128. Simplified version of output circuit of

complementary symmetry circuit.

of battery Vee,. No current flows
through resistor £;,. Under these con-
ditions, the output circuit can be consid-
ered a balanced bridge, the arms of the
bridge consisting of resistors 21 and R2
and batteries Ve, and Vec..  When the
input signal goes positive, transistor g2
conducts more and transistor @1 conducts
less. In the simplified circuit, the vari-
able arm of resistor 1 moves toward
point 1 and that of resistor £2 moves to-
ward point 3. This action results in an
unbalanced bridge and electrons flow
through resistor B in the direction of
the dashed-line arrow, producing a volt-
age with the indicated polarity. When
the input signal goes negative, transistor
@1 conducts more and transistor @2 con-
ducts less. In the simplified circuit, the
variable arm of resistor £1 moves toward
point 2 and that of resistor B2 moves
toward point 4. Again the bridge is un-
balanced, and electrons flow through re-




sistor R. in the direction of the solid-line
arrow, producing a voltage with the indi-
cated polarity.

e. In either class B (5(1) above) or class A
(5(2) above), dc current does not flow through
the load resistor. Advantage of this property can
be taken by connecting the voice coil of a loud-
speaker directly in place of resistor £;. The voice
coil will not be offset by dc current flow through
it and thus distortion will not occur.

136. Additional Complementary Symmetry
Circuits

a. Figure 129 shows a common collector comple-

mentary symmetry circuit to which a small for-

ward bias has been applied. This circuit is similar

to that shown in figure 127, except for the volt-

age divider consisting of resistors B2, R1, and B3

connected in series across batteries Ve, and Vee,.
The voltage developed across resistor £1, with the

indicated polarity, provides forward bias for each
transistor. Resistor 21 is in series with the base-
emitter junctions of the two transistors. Con-
sidering the dc resistance of the two junctions as
being equal to each other, the voltage drop across
each junction is half of that developed across re-
sistor 1. Normally the value of resistor R1 is
very small, so that its unbalancing effect on the
input signal to transistor @2 is negligible.

b. Figure 130 shows a common emitter comple-
mentary symmetry circuit with transformer input
and transformer output. The voltage divider con-
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- Vce2
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Figure 129. Foriward biased common collector
complementary symmetry circuit.

sisting of resistors 23 and &1, establishes the for-
ward bias on transistor @1. The voltage divider,
consisting of resistors B4 and R2 establishes the
forward bias on transistor @2. Note that a
tapped-secondary transformer is not required at
the input. However, a split primary output trans-
former (7'2) must be used; unlike conventional
push-pull amplifiers, opposite polarity voltages
are required for the collectors.

R3
RI
TI -
INPUT 1"’ ¥ g OUTPUT
R2 = =
R4 +
St TME90-188
Figure 130. Complementary symmetry circuit with input and output

transformer coupling.
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¢. A, figure 131, shows one common emitter com-
plementary symmetry stage (transistors ¢3 and
Q4) being directly driven by another common
emitter complementary symmetry stage (tran-
sistors ¢1 and ¢2). The input to transistors ¢1

and @2 is from a single-ended stage. When the
input signal goes positive, transistor Q1 conducts
and transistor @2 remains nonconducting. Be-
cause of 180° phase reversal in a common emitter
configuration, the collector of transistor ¢1 goes
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Figure 181. Direct-ooupled complementary symmetry stages.
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negative which causes transistor ¢3 to conduct and
the transistor @3 collector goes positive. When
the input signal goes negative, transistor ¢2 con-
ducts and its collector goes positive. This causes
transistor @4 to conduct and its collector goes
negative. Transistors @1 and ¢3 are nonconduct-
ing during this period. Note that battery Vg
supplies the required biasing voltages for transis-
tors Q1 and @3. Battery Vgas: supplies the re-
quired biasing voltages for transistors @2 and @4.
The emitter-base junction of transistor @3 is in
series with the collector-emitter circuit of transis-
tor Q1 and battery Vgz,. As a result the emitter
of transistor @3 is positive with respect to its base

(forward bias), and the collector of transistor Q1
is positive with respect to its emitter as is required
for electron flow through transistor Q1. A similar
arrangement exists for transistors @2 and ¢4 and
battery Vxx,.

d. A circuit similar in operation to that dis-
cussed in ¢ above is shown in B, figure 131. How-
ever, the common collector configuration is used
in this circuit. As in the case of single transistor
amplifiers, maximum voltage, current, and power
gain is obtained with the common emitter con-
figuration; but its input resistance is low. The
common collector provides higher input resistance
with less current, voltage, and power gain.

Section VIl. COMPOUND-CONNECTED TRANSISTORS

137. General

a. The current gain (par. 54), voltage gain (par.
55), and power gain (par. 56) of a transistor
amplifier are directly proportional to the short cir-
cuit forward current amplification factor. This
factor is the ratio of the output current to the input
current measured with the output short circuited
and is designated a» (common base), aso (common
emitter), or a7 (common collector). If as of a
given transistor is high, the as. and a; will be cor-
respondingly high ; therefore the following discus-
sion is concerned only with «y».

b. To obtain maximum gain in a given amplifier,
it is necessary to use a transistor having & high-
valued short circuit forward current amplification
factor (a;). Most transistors have an a; ranging
from 0.940 to 0.985 with the average value of 0.96.
Regardless of the average value of «;5, this factor
will decrease as emitter current increases. Figure
132 shows the variation of collector current (out-
put) with emitter current (input) for a single
transistor. The ratio of collector current to
emitter current remains constant (straight line
portion) to approximately 400 milliamperes; then
the collector current increases less rapidly (current
portion) as the emitter current increases. This in-
dicates a reduction in the current amplification fac-
tor at high values of emitter current. This phe-
nomenon is most pronounced in power amplifiers
that draw heavy emitter current.

¢. By compound connecting two transistors (fig.
133), the dropoff of collector current (or reduc-
tion in as) at high emitter currents can be made
negligible. The theory of operation of com-
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pound-connected transistors is covered in para-
graph 138. The variation of total collector
current with input emitter current of compound-
connected transistors is shown in figure 132. Note
that total collector current does not drop off as the
emitter current increases.

138. Compound Connection

a. The dashed lines in figure 133 inclose two
compound-connected transistors. Note that the
base of one transistor (Q1) is connected to the
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Figure 1382. Variation of collector current with emitter
current for a single transistor and for compound
connected transistors.
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emitter of the other transistor (@2) and the two
collectors are connected together. In the circuit
the transistors are connected in the C'B configura-
tion. The computations (b below) will show that
the 7, for the compound-connected transistors
(ratio of total collector current to input current
(Ig)) is greater than that of a single transistor.

b. Assume that the short circuit forward cur-
rent transfer ratio of each transistor is equal to
0.95; that is, as, (transistor @1) or as» (transistor
@2) is equal to 0.95. The input current to tran-
sistor @1 is designated /.

(1) Since in the CB configuration the col-
lector current is equal to the emitter cur-
rent multiplied by the short circuit for-
ward curréent transfer amplification
factor, the collector current (/.,) of tran-
sistor Q1 is as follows:

I,,=a,,I,=0.95 Ig

(2) The base current (/) of transistor Q1
equals the emitter current less the col-
lector current—

Iu=I3—0.95 I.=005 I'

(3) The base current of transistor @1 is the
emitter input current to transistor Q2.
Transistor @2 collector current then is
as follows:

I,=(0.95) (0.0515)=0.0475 I,

Note. The base current of transistor Q2
equals the emitter current (0.05 Iz) less the
collector current (0.04756 Iz). Its value is
0.0025 Iy. The value of base current of tran-
sistor Q2 is not required in the computation of
ag, in the compound connection of the tran-
sistors.

'(4) The total output current (/,) at point B
is equal to the sum of the transistor @1
collector current ((1) above) and the
transistor @2 collector current ((3)
above) thus—

IL=I4+1a,
=0.95 Ix+4-0.0475 I,
=0.9975 I,
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¢. The two compound-connected transistors caa
be considered as a single unit having an emitter,
collector, and base at points 4, B, and C respec-
tively. .

(1) The ratio of output current (0.9975 /x)
to input current (/g) is 0.9975. This is
the short circuit forward current amplifi-
cation factor for the combination and rep-
resents a very high ar, actually an in-
crease from a single unit having an a
of 0.95 to a compound unit having an e«
of 0.9975.

(2) The effectiveness of the compound con-
nection is better indicated by considering
the short circuit forward current amplifi-
cation factor in the CE configuration
(are). By using the conversion formulas
listed in paragraph 66, it can be shown
that a transistor having an as of 0.95 has
an ase of 19; a transistor (or compound
connection) having an a of 0.9975 ((1)
above) has an «;, of 399.

d. Compound-connected transistors in a circuit
of any configuration can be considered, therefore,
as a single unit with a high current amplification
factor. To simplify the computations in the ex-
ample (b and ¢ above) each transistor selected has
an asp of 0.95. Actually the advantages of the
compound connection are not restricted to transis-

P e T T T T
L] /-\ Is
-— | -— i -—
Ie | 981 | 99751¢
: |
04751 !
: oste! ' & :
' Q2 |
Ll [ L2
l |
| |
| I
Y (N
[+
too2s1e
+, - +, -
s N
| M g |
e = 9% a =95 c=.9975
fol fb2 TME90-160

Figure 133. Current flow in compound-connecied
transistors.



tors having equal-valued current amplification
factors. :

139. Compound Connection in Complemen-
tary Symmetry

Compound-connected transistors (par. 138) can
be used in single ended amplifiers, conventional
push-pull amplifiers, or in complementary sym-
metry amplifiers. An example of the latter is
shown in figure 134. This circuit is similar to
the complementary symmetry circuit shown in
figure 129 and discussed in paragraph 136. The
junction of the correspondingly referenced parts
is the same. Transistor Q1 (fig. 129) is replaced
by the compound connection of transistors Q1A
and Q1B (fig. 134); transistor Q2 (fig. 129) is
replaced by the compound connection of tran-
sistors Q2A and Q2B (fig. 134). The gain of
the compound-connected complementary sym-
metry circuit is greater than that of the com-
plementary symmetry circuit.
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Q28 -1
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Figure 184. Compound-connected transistors in
complementary symmetry circuits.

Section VIIl. BRIDGE CONNECTIONS

140. Basic Bridge Circuit

a. A basic bridge circuit arrangement is shown
in A, figure 135. The arms of the bridge, W, X,
Y, and Z, can be circuit elements such as resistors,
inductors, capacitors, transistors, or batteries.
The bridge is said to be balanced when, regardless
of the voltage applied at points 1 and 2, the voltage
drops across the bridge arms are such that zero
voltage occurs across points 3 and 4; that is, no
current flows through resistor R;.

b. The arms of the basic bridge circuit can be
replaced by two transistors (@1 and @2) and two
batteries (Voc, and Voe:) as shown in B, figure 35.
If the two transistors are biased to draw equal or
no emitter-collector current under quiescent (no
signal) conditions, the bridge is balanced and no
current flows through resistor B;. If an input
signal causes either transistor to conduct more than
the other, the bridge becomes unbalanced and cur-
rent flows through resistor £;. Sine wave-input

signals fed to points A-B and C-B 180° out of

phase will produce an amplified sine wave signal
across resistor £.. If the transistors are operated
class A or class B, no dc current will low through
resistor RL.

c. The advantage of the bridge connection is
that no dc current passes through resistor R;.

Google

The resistor can be replaced by a speaker voice
coil. Dec current through a speaker voice coil off-
sets the speaker coil and causes distortion. If a
conventional push-pull amplifier were used, the
speaker voice coil would have to be center-tapped
and only half of the coil would be used for each
half cycle of the output signal. This would lead
to inefficiency in converting electrical energy into
sound energy.

141. Complementary Symmetry Bridge Cir-
cvit Arrangement

Figure 136 shows a bridge circuit arrangement
in which the arms of the bridge are transistors.
Two transistors (@1 and @3) are PNP types, and
two transistors (@2 and ¢4) are NPN types. The
advantage of this circuit is that no part of the
input circuit or the output circuit need be placed
at ground potential. Furthermore this circuit
can be driven by a single-ended driver; that is,
two signals 180° out of phase are not required.

a. Assume that under quiescent conditions all
the transistors are zero biased and draw no
emitter-collector current (class B operation). If
the transistors draw no current, there is no com-
pleted circuit across battery V¢c and no dc current
flows through resistor 7.
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Figure 135. Basic bridge circuit arrangement, and bridge-
oconnected transistors.

(1) Assume that an input signal causes point
A to become negative with respect to
point B. This will cause transistors Q1
and Q4 to become forward biased and
transistors ¢3 and @2 to be reverse
biased. Transistors @1 and @4 will con-
duct. The electrons will flow out of the
negative terminal of the battery through
the transistor @1 collector-emitter,
through resistor R, the transistor Q4
emitter-collector and back to the positive
terminal of the battery. The path is in-
dicated by the solid-line arrows. A volt-
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age is developed across load resistor 2.,
with the polarity indicated.

(2) If an input signal causes point A to be-
come positive with respect to point B,
then transistors ¢3 and @2 conduct while
transistors ¢1 and ¢4 are nonconducting.
The electron current path is indicated by
the dashed-line arrows. A voltage is de-
veloped across load resistor B, in the
polarity indicated.

b. Assume that under quiescent conditions the
transistors are biased to draw equal amounts of
current (class A operation). (The circuits re-
quired to forward-bias the transistor are not
pertinent to the discussion and are not shown.)
Electrons emerge from the negative terminal of
the battery. One-half of the electron current flows
through the collector-emitter of transistor ¢1 and
through the emitter-collector of transistor @2 into
the positive terminal of the battery. The other
half of the electron current flows through the
collector-emitter of transistor ¢3 and the emitter-
collector of transistor @4 back to the positive
terminal of the battery. The bridge is therefore
balanced and no current flows through resistor R..

(1) Assume that the input signal causes
point A to become more negative with
respect to point B. Transistors Q1 and
@4 become mwore forward biased and

A °

INPUT

THME90-163

Complementary symwmelry dridge cirouit
arrangement.

Figure 136.



draw more collector current. Transistors
@2 and @3 become less forward biased
and draw less collector current. The
bridge becomes unbalanced. The differ-
ence in current between transistors @1
and @2 flows through resistor By in the
direction of the solid-line arrow and
through transistor @4 into the positive
terminal of the battery. A voltage is
developed across resistor K, with the
polarity indicated.

(2) If the input signal causes point A to
become positive with respect to point B,
transistors Q2 and @3 become more for-
ward biased and draw more collector
current. Transistors ¢1 and ¢4 become
less forward biased and draw less col-
lector current. The difference in current
between transistors @3 and @4 flows
through resistor 2, in the direction of
the dashed-line arrow and develops a
voltage with the indicated polarity.

¢. As in all cases of class A and class B ampli-
fiers, bridge-connected class A amplifiers, though
less efficient than bridge-connected class B am-
plifiers with respect to power consumption, afford
less signal distortion.

142. Bridge Circuit Connection With Four
PNP Transistors

a. Figure 137 shows a four transistor bridge
circuit using four PNP transistors. The follow-
ing discussion would apply if four NPN tran-
sistors were used, except that all voltage polarities
indicated would have to be reversed.

b. Basically the operation of this transistor
bridge circuit is similar to the operation of the
complementary symmetry bridge-connected circuit
(fig. 136) discussed in paragraph 141.

(1) Under quiescent conditions, and class B
operation, none of the transistors conduct
and no dc current flows through load re-
sistor B, (fig. 137). For class A opera-
tion, at the quiescent point all the tran-
sistors draw an equal amount of current,
the bridge is balanced and no current
flows through load resistor £..

(2) Assume that an incoming signal causes
the bases of transistors ¢1 and @4 to go
negative (forward bias) and the bases of
transistors ¢3 and @2 to go positive (re-
verse bias). Transistors ¢1 and @4 con-
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duct (class B) or conduct more heavily
(class A) with electron current flow
through £y in the direction of the solid-
line arrow. The polarity of the voltage
developed across resistor By is in the di-
rection indicated. Transistors ¢3 and
@2 conduct less current (class A) or re-
main cut off (class B).
(3) If the incoming signal reverses in polar-
ity ((2) above) then transistors ¢3 and
@2 conduct (class B) or conduct more
heavily (class A). The direction of cur-
rent flow through resistor £, is in the
direction of the dashed-line arrow. The
polarity of the voltage developed across
resistor Ry is in the direction indicated.
Transistors @1 and @4 conduct less cur-
rent (class A) or remain cut off (class B).
(4) The main disadvantage of this circuit
is the requirement for a transformer (7°1)
with five taps on the secondary winding.
This is required because transistors @1
and @3 are CC configurations (output
taken from emitter) with high input
impedances requiring large voltage in-
put signals. Transistors ¢2 and @4 are
CE configurations (output taken from
collector) with low input impedances re-
quiring low input voltage signals for
emitter-collector current to equal that of
the CC configuration. This problem did
not occur in the complementary symmetry
bridge connected transistors (par. 141)
because each transistor was operated
in the C'C configuration.
¢. To overcome the need for a transformer with
five taps on the secondary to feed a bridge connec-
tion of four similar transistors, the circuit of fig-
ure 138 can be used. This circuit is similar to
that discussed in b above ; only the method of driv-
ing the four transistors is different. The input
signal is connected to the bases of transistors ¢1
and @3 only. A portion of the output of transistor
@1 is coupled to the base of transistor ¢4 through
current limiting resistor £2. A portion of the
output of transistor @3 is coupled to the base of
transistor Q2 through current limiting resistor Z1.
(1) The quiescent conditions for this circuit
are the same as those for the circuit
discussed in 5 (1) above.
(2) Assume that an incoming signal causes
point A to go negative with respect to
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Figure 137. Bridge connection of four PNP transistors using separate input signals from
transformer to each transistor.

ground and point B to go positive with
respect to ground. Transistor @1 con-
ducts (class B) or conducts more heavily
(class A). A portion of the output of
transistor @1 is fed to the base of
transistor @4 so that it conducts (class B)
or conducts more heavily (class A). The
resultant increase in current through
transistors @1 and @4 flows through load
resistor /2, in the direction of the solid-
line arrow, producing the voltage polar-
ity indicated. Transistors @3 and Q4
remain nonconducting (class B), or
conduct less.

If the incoming signal causes point B to
go negative with respect to ground and
point A to go positive, transistors €3 and
@2 then conduct (class B) or conduct
more heavily (class A). The roles of
conducting and nonconducting transis-
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tors are interchanged. Current flows
through resistor 7, in the direction of
the dashed-line arrow, developing a volt-
age with the indicated polarity.

143. Advantages of Four-Transistor Bridge
Amplifier

The advantages of four-transistor bridge am-
plifiers (pars. 141 and 142) are as follows:

a. Dc current does not pass through the load.
This is important when direct coupling to a
speaker voice coil. Furthermore the speaker
voice coil need not be center tapped.

b. The peak-to-peak output voltage is equal to
twice the supply voltage less the small voltage
drops in the conducting transistors. The maxi-
mum voltage experienced by each transistor is
always less than the supply voltage. In trans-
former coupled output stages, this maximum volt-
age may be fwice the supply voltage.
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Figure 138. Bridge connection of four PNP transistors
using portions of output of one transistor to feed its
mating transistor.

c. A single battery source is required and it
need not be tapped.

d. The power that must be dissipated by each
transistor is half of that dissipated by each tran-
sistor in a conventional push-pull amplifier. This
means that the four transistor bridge amplifiers
can handle twice the power of a conventional
push-pull amplifier without overheating the
transistors.

144. Summary

a. The noise factor of an amplifier is the quo-
tient of the signal-to-noise ratio at the output
of the amplifier divided by the signal-to-noise
ratio at the input of the amplifier.

b. The higher the collector voltage, the higher
the hoise factor of a transistor.
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o. A degenerated CE amplifier (fig. 108) has a
high input impedance.

d. Interstage coupling may use transformer,
RC, impedance, or direct coupling (fig. 133).

e. Volume controls used in transistor amplifiers
are considered current dividers (fig. 134).

/- The volume control should be so placed in
a circuit that very low, or no dc current passes
through the control. Variation of the control
must not vary the frequency response of the
amplifier.

g. Conventional push-pull amplifiers require a
center-tapped secondary winding input trans-
former or a phase inverter as a driver.

k. A two-transistor phase inverter (figs. 119
and 120) compared to a one-transistor phase
inverter (figs. 117 and 118) can deliver more
power to the input circuit of the output stage.

i. Zero-biased, class B, push-pull amplifiers
(fig. 121) produce crossover distortion (fig. 122).
The distortion can be eliminated by placing a
small forward bias on the input circuit (fig. 123).

j. If capacitance coupling to the input circuit
of a class B amplifier is used, a discharge diode
(fig. 125) must be placed in the input circuit to
prevent reverse biasing of the amplifier.

k. Complementary symmetry (fig. 127) elim-
inates the need for a center-tapped secondary in-
put transformer, a phase-inverter driver, and
discharge diodes (j above). No dc current flows
through the load circuit.

{. Compound-connected transistors (fig. 133)
produce a high current amplification factor.

m. Bridge-connected transistors with the bridge
using two or four transistors (figs. 135, 136, and
137) have no dc current flow through the load
resistor.

n. The peak-to-peak output signal voltage of
bridge amplifiers using four transistors ap-
proaches twice the supply voltage.
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CHAPTER 8
TUNED AMPLIFIERS

Section I. COUPLING NETWORKS

145. General

a. The amplifiers treated in this chapter, are
narrow-band amplifiers; that is, the bandwidth
of frequencies amplified is a small percentage of
the center frequency. Wide-band amplifiers usu-
ally amplify signals ranging from several cycles
per second to several megacycles. These ampli-
fiers are covered in chapter 9.

b. Tuned amplifiers amplify a selected band-
width of frequencies and suppress unwanted fre-
quencies. The selectivity of the amplifier is ac-
complished with parallel tuned interstage coupling
networks. The properties of tuned amplifiers
depend upon the characteristics of resonant cir-
cuits. Series resonant circuits are rarely used
because they do not lend themselves to impedance
transformation as readily as do parallel resonant
circuits. The important properties of parallel
resonant circuits are listed in paragraph 146. The
detailed theory of resonant circuits is covered
in TM 11-681.

¢. Because the transistor amplifier basically is
a power amplifier, the interstage coupling net-
work must be designed to transfer maximum
power from the output of one stage to the input
of the following stage. This condition requires
that minimum power loss be introduced by the
coupling network, and that the coupling network
match the output of one stage (usually high re-
sistance) to the input of the following stage
(usually low resistance).

146. Resonant Circuits

The important properties of parallel resonant
circuits (fig. 139) are as follows:

a. The frequency of resonance (f,) is:

Y __ 1
" 2xJLC
144
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b. For any given resonant frequency, the prod-
uct of L and C is a constant (A, fig. 139). At low
frequencies the product of L and C is large, and at
high frequencies, the product of L and C is small.

c¢. For practical purposes the frequency at reso-
nance may be considered independent of the resist-
ance of the circuit.

d. The @ of a parallel resonant circuit is the
ratio of the current in the tank (/. or /¢) to the
current in the line (/) :

Z is total impedance of a parallel resonant circuit
(tank).

e. @ is a measure of the selectivity of a circuit
and varies inversely with the resistance in the cir-
cuit. The lower the resistance, the higher the @
and the greater the difference between voltages at
the resonant frequency and the voltages at fre-
quencies off resonance.

f. The effective limits on the band pass are points
on the resonance curve that are 0.707 down from
the maximum. Under these conditions, the band
pass (A/) is equal to the ratio of the center (reso-
nant) frequency divided by the loaded (effective)
@ of the circuit:

At

g. The resonant frequency and the unloaded @
of a parallel tuned circuit (B, fig. 139) remain the
same whether the signal is injected across points
1 and 3 or points 2 and 3. The input impedance
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Figure 139. Parallel tuned circuits.

between points 2 and 3, however, is much smaller
than the input impedance between points 1 and 3,
depending on the square of the turns ratio between
points 1 and 3, and points 2 and 3. For instance,
if point 2 is at the center tap, the input impedance
between points 1 and 3 is four times the input im-
pedance between points 2 and 3.

A. The resonant frequency and the unloaded @
of a tuned circuit (C, fig. 139) remain the same

405909 0—59——10
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whether the signal is injected across points 1 and
3 or points 2 and 3. The input impedance between
points 2 and 3, however, is smaller than the input
impedance between points 1 and 3.

i. In many applications, a tuned resonant cir-
cuit (capacitor C, and inductance Z,) in the pri-
mary of a transformer (D, fig. 139) is coupled to
the nonresonant secondary of the transformer.
In this case, if &, represents the number of turns
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in the primary windings and N, represents the
number of turns in the secondary winding, then
the turns ratio (m) of primary to secondary
under matched conditions is:

N, 7o

Mmeam—= —_—

N, Ty
If there is capacitance in the secondary circuit
(C.), it is reflected (or referred) to the primary

circuit by transformer action as a capacitance
(Csp). Itsvalueis:

G

md

Cip=

147. Transistor and Coupling Network
Impedances

a. The output impedance of a transistor can be
considered as consisting of a resistance (7,) in
parallel with a capacitance (C,) (A, fig. 140).
The input impedance of a transistor also can be
considered as consisting of a resistance (7:) in
parallel with a capacitance (c¢;).

b. Normally output capacitance C, and input

capacitance (' are accounted for by considering
them part of the coupling network (B, fig. 140).
Assume that the required capacitance between
terminals 1 and 2 of the coupling network is cal-
culated to be 500 uuf. Assume also that capaci-
tance C, is 10 uuf. A capacitor of 490 uuf then
would be used between terminals 1 and 2 so that
the total capacitance would be 500 uuf. The same
technique is used to compensate for capacitance C
at terminals 3 and 4.

¢. For maximum transfer of power from tran-
sistor @1 to transistor @2, the input impedance
(terminals 1 and 2) to the coupling network must
equal resistance r,; the output impedance of the
coupling network (looking into terminals 3 and
4), must equal »,.

148. Transformer Coupling, Tuned Primary
a. General. A single-tuned circuit used as a
coupling network, and using inductive coupling is
shown in A, figure 141.
(1) In this circuit, capacitance Cr includes
transistor ¢1 output capacitance (par.
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Pigure 140. Equivalent output and input circuits of transistors connected by a coupling
network.
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147), and transistor ¢2 input capacitance
(referred to the primary of transformer
T1). The output of transistor @1 is
matched to the input of transistor g2 by
selecting the proper turns ratio of pri-
mary and secondary windings for trans-
former 7'1.

If Lp represents the inductive reactance
between terminals 1 and 2 of transformer
T1, then the resonant frequency (f.) for
this circuit is:

1

f " 2ayL,Cr

b. Application. Assume that it is desired to use
the coupling network of A, figure 141, in an inter-
mediate frequency amplifier using two common-
emitter configurations.

(1)

(2)

The following data is available:

Resonant frequency f,=500 kc.

Frequency bandwidth Af=10 ke.

Transistor @1 output resistance 7,=
12,000 chms.

Transistor @1 output capacitance C,=
10 puf.

Transistor @2 input resistance ;=700
ohms.

Transistor ¢2 input capacitance €;=170
ppf.

Coupling network loss=3 db.

Power response of frequencies at extremes
of bandwidth (f,*1% Af)=14 of re-
sponse at resonant frequency (f.).

With the data and requirements listed in

(1) above, calculations (beyond the scope

of this manual) show that the unloaded @

of the tuned circuit (before connecting
in amplifier) must be 288. The primary
inductance (Lp )must be 7.7 uh. The sec-
ondary inductance (Z,) must be 0.45 ph.

Capacitor Cr must be 13,100 uuf; this

includes C, of 10 puf, and the effective C

referred to the primary which is 10 upf.

To construct a transformer with such a

high @ (288) and a very low inductance

(Lp=7.7 ph) is very difficult. In prac-

tice, the problem is solved by using a

tapped primary winding (B, fig. 141).

The inductance of the primary can be

made many times the calculated in-

ductance. For instance, the inductance

Google

(L,-s) between terminals 1 and 3 (B, fig.
141) can be made 100 times the calculated
inductance (Zp) for terminals 1 and 2
(A, fig. 141)—

lﬁ_a==100.Lp
=100X7.7
=770 ph

To maintain the same resonant frequency,
the capacitance across terminals 1 and 3
(C,-s) must be 100 times less than the
calculated capacitance (Cr):

_Cr
~100

13,100
~ 100

=131 yyf

Cis

To maintain the impedance matching for
maximum transfer of energy, the induct-
ance between terminals 2 and 3 of trans-
former 7’2 must be equal to the calculated
inductance (Lp) between terminals 1 and
2 of transformer 7’1 which in this case is
7.7 uh.

149. Avutotransformer Coupling, Tuned
Primary.
a. Inductive coupling from the output of one
transistor to the input of a second transistor can

Qi
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¢y INPUT

QI
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Figure 141.

A
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3
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3
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3 E Qe
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Interstage network usging transformer cou-
pling 10ith tuned primary winding.
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be accomplished with an autotransformer (A, fig.
142). The analysis of the operation of this cir-
cuit is the same as that for the circuit using a
transformer with separate primary and second-
ary windings (par. 148). Capacitance Cr in-
cludes t1ansistor @1 output capacitance and tran-
sistor @2 input capacitance referred to the pri-
mary. If L, , designates the inductance from
terminal 1 to terminal 3 of transformer 7'1, then
the resonant frequency (f:) of the circuit is:

1
__2TJ1h_zC%

The tap at terminal 2 is positioned to provide im-
pedance matching between the transistors.

b. If, in some applications, the inductance be-
tween terminals 1 and 3 is too small to achieve
the required frequency selectivity (@.), the total
primary inductance can be increased many times
by using the arrangement shown in B, figure 142.
To maintain the same resonant frequency, C,.,
must be reduced by the same factor so that the
product of L, ; and C'r (A, fig. 142), equals the
product of L, , and C,_, (B, fig. 142). Impedance
matching is maintained provided that inductances
L, and L,_, of transformer 72 equal inductances
L,; and L,_, respectively of transformer 7'1.

1

150. Capacitance Coupling

a. In many applications, transformer coupling
(pars. 148 and 149) is not desirable because of
the small number of turns required in the sec-
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Figure 142. Interstage network using autotransformer
coupling with tuned primary winding.
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ondary winding. Difficulty in obtaining unity
coupling between primary and secondary is often
encountered. This problem becomes particularly
severe in very-high frequency amplifiers operated
in the common-base configuration. Such ampli-
fiers have an input impedance below 75 ohms. In
such cases, capacitance coupling (A, fig. 143)
may be used.

(1) Impedance matching of transistor Q1
output to transistor @2 input is achieved
by selecting the proper ratio of C1 to C2.
Capacitance (2 is normally much larger
than capacitance (1. Their reactance
values bear the opposite relationship.
The total capacitance (Cr) across induc-
tance L1 isas follows:

(€N (C2)
C1+C2

The resonant frequency is:

(7r==

1
"= aiic,
In many applications (particularly in
common-base configurations), capacitor
(2 is not used because the low input re-
sistance effectively shunts it out of the
circuit. Then the resonant frequency
becomes :

1

f " oxyL1C1

(2) If inductance L1 is too small to achieve
the required selectivity (Q.), the circuit
shown in B, figure 143, can be used. The
inductance can be increased by any factor,
and the total capacitance (C'r) reduced by
the same factor to maintain the same
resonant frequency. To maintain the
matched condition, the inductance be-
tween terminals 2 and 3 must be made
equal to inductance L1, and the ratio of
(3 to C'4 must equal the ratio of (1 to C2.

b. Another arrangement using capacitance
coupling is shown in A, figure 144. The theory
of operation of this circuit is similar to that of the
circuit discussed in a above.

(1) The total capacitance (Cr) in the circuit
is:

(€2)(Cy

Or=Cltoare,



In very-high frequency common base am-
plifiers, O is"effectively shunted by the
low input resistance, and the total capaci-
tance 01' is:

Cr=C1+4-C2
In each case the resonant frequency is:

1
" 2x/L1Cy

(2) To achieve a high @, for selectivity, the
total inductance can be increased (Cr de-
creased accordingly), so that the circuit
arrangement appears as shown in B, fig-
ure 144.

Ir

151. Interstage Coupling, Double-Tuned
Networks

a. General. The advantages of double-tuned,
interstage coupling networks (fig. 145) over sin-
gle-tuned networks (pars. 148, 149, and 150) are
as follows:

(1) The frequency response is flatter within
the pass band.

(2) The drop in response is sharper imme-
diately adjacent to the ends of the pass
band.

(3) Attenuation of frequencies not in the pass
band is higher.

Note. For detailed theory on the response
of double-tuned networks, refer to TM 11-681.
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Figure 1438. Capaocitance coupling using a split capaocitor.
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Figure 144. Capacitance coupling using two capacitors.

b. Inductive Coupling. The interstage cou-
pling networks shown in A and B, figure 145, use
two tuned circuits inductively coupled.

(1) In A, figure 145, capacitor C'1 and the
primary winding inductance Z, form a
tuned circuit. Capacitor €2 and sec-
ondary winding inductance L, also form a
tuned circuit. Each circuit is tuned to
the same resonant frequency (fr) so that:

1 1
—21'\/1;, a1 _21"@, C2

Impedance matching is obtained by prop-
erly selecting the turns ratio of the pri-
mary and the secondary windings.
(2) The circuit in B, figure 145, functions in
the same manner as that discussed in (1)
above. Tapped primary and secondary
windings are used to facilitate the attain-
ment of the desired selectivity (@,).
¢. Capacitative Coupling. The interstage cou-
pling networks shown in C and D, figure 145, use
two capacitance-coupled tuned circuits.
(1) In C, figure 145, capacitor C1 and coil
L1 form a resonant circuit. Capacitor
(3 and coil L2 also form a resonant cir-
cuit. Each circuit is tuned to the same
resonant frequency, so that:

fm b _ 1
" 2xyL101 2xyL2C3

Impedance matching is obtained by

properly selecting the ratio of the reac-

tance of capacitor C2 to the impedance

1
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Figure 146. Coupled amplifiers with RC equalizer network.

of the input purallel circuit (capacitor
C3 and coil L2).

(2) The circuit in D, figure 145, functions in
the same manner as that discussed in (1)
above. Tapped transformers (auto-
transformers) are used to facilitate the
attainment of the desired selectivity

(Q.)-

152. Gain Equadlization

Many applications of tuned amplifiers require
that the center frequency of the amplifier be va-
ried over a wide range of frequencies. This is
done by varying the capacitance or the inductance

Section H. NEUTRALIZATION

153. General

a. A unilateral electrical device is one which
transmits energy in one direction only. The tran-
sistor is not a unilateral device. In the derivation
of the equivalent circuit of the transistor (ch. 4),
it was shown that voltage variations in the out-
put circuit cause voltage variations in the input
circuit. Specifically, the internal voltage feed-
back to the input circuit from the output circuit
was represented by a voltage generator placed in
the equivalent circuit of the input circuit. In
each transistor configuration, the feedback volt-
age aids the input voltage and is therefore a
positive feedback. If the positive feedback volt-
age is large enough, the amplifier will oscillate.
At low frequencies (audio frequencies), the volt-
age feedback is low; therefore special precautions
to prevent oscillation are not usually required.
High-frequency amplifiers with tuned coupling
networks are susceptible to oscillations so that
precautions must be taken (pars. 154-156).

b. The effect of positive or negative voltage
feedback on the input circuit of an electrical
device is to alter its input impedance. Normally,
both the resistive and the reactive components

Google

of the associated tuned circuits. Maintaining
constant gain throughout a wide frequency range
is difficult because the transistor current ampli-
fication factor (a¢,) drops in value at the higher
frequencies. To compensate for the loss in gain
at the higher frequencies, an equalizer network
(fig. 146) resistor (R) and a capacitor (C) in
parallel may be placed in series with the input of
one of the amplifiers. This network attenuates
the low frequencies more than it does the high
frequencies. At the high frequencies, capacitor C
effectively shunts resistor R. The low frequencies
are attenuated by the resistor.

AND UNIATERALIZATION

of the input impedance are affected. The change
in the input impedance of a transistor caused
by the internal feedback, can be eliminated by
using an external feedback circuit. If the ex-
ternal feedback circuit cancels both the resis-
tive and the reactive changes in the input cir-
cuit, the transistor amplifier is considered to
be unilateralized. 1f the external feedback circuit
cancels only the reactive changes in the inmput
circuit, the transistor amplifier is considered to
be neutralized. Actually, neutralization is a spe-
cial case of unilateralization. In either case, the
external feedback circuit prevents oscillation in
the amplifier.

154. Common-Base Amplifier, Unilateralized

a. A, figure 147, shows a tuned common-base
amplifier. The dc biasing circuits are not shown.
Transformer T1 couples the input signal to the
amplifier. Capacitor C1 and the transformer T1
secondary winding form a parallel resonant cir-
cuit. Transformer T2 couples the output of the
amplifier to the following stage. Capacitor C2
and the transformer T2 primary winding form a
parallel resonant circuit.
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Figure 147. Common-base amplifier showing internal feedback elements and ezternal
unilateralizing circuit.

b. The internal elements of the transistor that r. represents the resistance of the base-
may cause sufficient feedback and oscillation are collector junction. This resistance is
shown in dashed lines (B, fig. 147). very high in value because of the reverse

(1) Resistor ', represents the resistance of bias on the base-collector junction. At
the bulk material of the base and is re- very-high frequencies, capacitor Ccp ef-
ferred to as the base-spreading resistance. fectively shunts resistor ..

Capacitor C¢p represents the capacitance (2) Assume that the incoming signal aids the
of the base-collector junction. Resistor forward bias (causes the emitter to go
152
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more positive with respect to the base).
Collector current i. increases in the direc-
tion shown. A portion of the collector
current passes through capacitor Cos
through resistor #»’, in the direction
shown, producing a voltage with the indi-
cated polarity. The voltage across resis-
tor 7', aids the incoming signal and there-
fore represents a positive feedback that
may cause oscillation.
¢. To overcome the possibility of oscillation, the
external circuit (consisting of resistors Fy, and
Ry, and capacitor Cy) can be added to the circuit
(C, fig. 147).

(1) Resistors Ry, and By, and capacitor Cy
correspond to resistors 7', and 7. and ca-
pacitor C¢p respectively. The need for
resistor Ky, depends on the frequency
being amplified ; the higher the frequency,
the less the need for resistor Ry,.

When the incoming signal aids the for-
ward bias (b(2) above), the collector cur-
rent increases. A portion of the collector
current passes through capacitor Ccs
through resistor »’,, in the direction
shown, producing a voltage with the indi-
cated polarity. A portion of the collec-
tor current also passes through capacitor
Cy through resistor Ry,, producing a
voltage with the indicated polarity. The
voltages produced across resistors ', and
Ry, are opposing voltages. If the volt-
ages are equal, no positive or negative
feedback from output circuit to input cir-

(2)

cuit occurs. The amplifier is considered
to be unilateralized.

155. Common-Emitter Amplifier, Partial

Emitter Degeneration

a. A common-emitter amplifier using partial
emitter degeneration to unilateralize the amplifier
is shown in figure 148. Capacitor Cy and resistors
Ry, and Ry; form a unilateralizing network.
Transformer 7’1 couples the input signal to the
base-emitter circuit. Resistor £1 forward biases
the base-emitter circuit. Capacitor C1 prevents
shorting of base bias voltage by the transformer
T1 secondary. Transformer 7°2 couples the out-
put signal to the following stage. Capacitor (2
and the transformer 7’2 primary winding form a
parallel resonant circuit. Capacitor €3 blocks
battery dc voltage from resistor Ry, and couples
a portion of the collector current (¢.;) to the emit-
ter. Inductor L1,an rf choke, prevents ac shorting
to ground of resistor Ry, through capacitor C3.

b. When the input signal aids the forward bias,
collector current 7. increases in the direction
shown. Internally, a portion of the collector cur-
rent is coupled to the base-spreading resistance
through the collector-base junction capacitance
(par. 154b(1)). The voltage developed across
the base-spreading resistance aids the incoming
signal and constitutes a positive feedback. To
offset the positive feedback, a portion of the col-
lector current (7.,) is directed through resistor
Ry, and the parallel combination of capacitor Cx
and resistor Ry,. The voltage developed across
resistor Ry, is a degenerating voltage equal and
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Figure 148. Common-emitter amplifier with partial emitter degemeration.
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opposite to that developed across base-spreading
resistance. The net voltage feedback to the input
circuit is zero, and the amplifier is thus unilateral-
ized. The values of capacitor C'y and resistors Ry,
and Ry, depend on the internal values of the
collector-base junction capacitance, the base-
spreading resistance, and the collector resistance,
respectively.

156. Commen-Emitter Amplifier, Bridge Uni-
lateralization

a. A, figure 149, shows a common-emitter am-

plifier that is unilateralized by using transformer

T2 winding 2-3 and the network consisting of

resistor Ry and capacitor Cy. Transformer 71

couples the input signal to the base-emitter circuit.

(1]
TI
——— —e
<4 N\
INPUT :
v e——
-

Transformer 72 winding 1-2 couples the output
signal to the following stage. Resistor R1 for-
ward biases the transistor. Capacitor ("1 prevents
shorting of the base bias voltage by the trans-
former 7'1 secondary. Capacitor ("2 bypasses the
collector battery and places terminal 2 of trans-
former 7'2 at ac ground potential. Capacitor €3
tunes the primary of transformer 7'2.

b. The operation of this circuit can be demon-
strated by showing the bridge arrangement
formed by the transistor internal feedback ele-
ments and the external unilateralizing network
(B, fig. 149).

(1) This bridge does not involve transformer
T'1, capacitors (1, (2, and ('3, resistor

'l

OuUTPUT

;

A
<'\a Vi-3
8
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Figure 149. Common-emitter amplifier, using dridge arrangement to prevent oscillation.
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R1, the transformer 72 secondary, and
the collector battery.

(2) Points B, €, and £ on the bridge repre-
sent the base, collector, and emitter ter-
minals, respectively, of the transistor.
The parts shown in dashed lines are the
transistor internal feedback elements
(par. 154). Points marked 1, 2, and 3
correspond to the terminals of the trans-
former 72 primary. The voltage devel-
oped across terminals 1 and 3 of trans-
former 7'2 is represented by a voltage
generator with output voltage v,.s.

(3) When the bridge is balanced, no part of
voltage v,_s appears between points B and

E. The amplifier is considered to be
unilateralized (par. 153). The bridge is
balanced when the ratio of the voltages
between points B and C and points B and
3 equals the ratio of the voltages between
points C and £ and points £ and 3. In
addition, the phase shift introduced by
the network between points B and ¢’ must
equal the phase shift introduced by the
network between points B and 3.

(4) In many applications, use of capacitor
Cy is sufficient to prevent oscillations in
the amplifier; then resistor By is not used.
Under these conditions, the amplifier is
neutralized.

Section lll. AUTOMATIC GAIN CONTROL

157. General

a. Tuned amplifiers are used extensively in
radio and television receivers as rf and if ampli-
fiers. In these applications, it is often desired
to automatically vary the gain of the amplifier
in accordance with the strength of the rf signal
carrier received at the antenna. That is, lower
gain is required for strong signals and higher
gain is required for weak signals. One com-
ponent of the output of a second detector of a
receiver is a dc current and voltage that is di-
rectly proportional to the strength of the rf
signal carrier received. It is this dc component
that can be used to vary the gain of the tuned
amplifier.

Note. For detailed theory on the operation of second

detectors, refer to TM 11-662. Transistor detector cir-
cuits are discussed in chapter 12,

b. One method of varying the gain of a tran-
sistor amplifier is to vary the dc emitter current.
The variation of power gain with dc emitter
current of a common-base amplifier and a com-
mon-emitter amplifier is shown in A, figure 150.
The curves shown are those of 455-kc amplifiers
operated with a fixed collector voltage of 4 volts.
Another method of varying the gain of a tran-
sistor amplifier is to vary the dc collector voltage.
The variation of power gain with dc collector
voltage of a common-base amplifier and a com-
mon-emitter amplifier is shown in B, figure 150.
The curves shown are those of 455-kc amplifiers
operated with a fixed emitter current of 1 ma.
Circuits using these methods of automatic gain

Google

control (agc) are discussed in paragraphs 158
and 159.

158. Automatic Control of Emitter Current
or Collector Voltage

a. Dc E'mitter Current Control. The power
gain of the common-emitter amplifier (A, fig.
151) is controlled by feeding the agc voltage to
the base of the amplifier to vary the dc emitter
current.

(1) In this case, the tuned amplifier is also
operating as a dc amplifier to increase
the dc current output of the second de-
tector. If the dc current output of the
second detector is sufficiently large, the
dc emitter current of the tuned amplifier
may be varied directly.

(2) In the circuit shown, resistors R1 and
R4 form a voltage divider and establish
the no-signal negative (forward) bias on
the base. The agc voltage input from
the second detector is positive with re-
spect to ground and is fed to the base
through dropping resistor R2. When the
dc output of the second detector in-
creases (due to a high carrier signal in-
put to the detector), the positive dc
voltage fed to the base of transistor Q1
through dropping resistor R2 reduces the
net negative (forward) bias on the base
and decreases the emitter current. The
gain of the amplifier is also decreased
(par. 1876). When the dc output of
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Figure 150. Variation of power gain with doc emitter

(3)

b. Dc Collector Voltage Control.

current and dc collector voltage.

the second detector decreases, the net
forward bias of transistor Q1 increases
and increases the emitter current. The
gain of the amplifier increases.
Resistor 23, ac bypassed by capacitor €1,
is the emitter swamping resistor. Capaci-
tor C2 and the transformer 7’1 primary
form a tuned parallel circuit to develop
the collector output signal. Trans-
former 7’1 matches the collector output of
transistor @1 to the input of the follow-
ing stage. The transformer 7’1 primary
is tapped to obtain the desired amplifier
selectivity (@.).

The power

gain of the common-emitter amplifier (B, fig. 151)
is controlled by feeding the agc voltage to the base
of the amplifier to vary the dc emitter current
which in turn varies the dc collector voltage.
Variation of the dc collector voltage is accom-
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plished
through

by passing the dc collector current
resistor 25. To be effective, resistor R5

must be 10,000 ohms or higher in value.

(1)

(2)

In this case, the tuned amplifier is also
operating as a dc amplifier to increase the
dc voltage output of the second detector.
If the dc voltage output of the second de-
tector is sufficiently large, the dc collector
voltage of the tuned amplifier may be
varied directly.

In the circuit shown, resistors R1 and
R4 form a voltage divider and establish
the no-signal negative (forward) bias on
the base. The agc voltage from the sec-
ond detector is negative with respect to
ground and is fed to the base through
dropping resistor R2. When the dc out-
put of the second detector increases (due
to a high carrier signal input to the
detector), the negative dc voltage fed to
the base of transistor Q1 through drop-
ping resistor R2 increases the net nega-
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Figure 151. Common-emitter amplifier with autématic
gain control of emitter current and collector voltage.




tive (forward) bias on the base and
increases the emitter current and there-
fore the collector current. The flow of
increased collector current through re-
sistor R5 reduces the collector voltage.
The gain of the amplifier is also reduced
(par. 1570). When the dc output of the
second detector decreases, the net forward
bias of transistor Q1 decreases. Emitter
and collector current decreases; collector
voltage increases and the gain of the am-
plifier increases.

Capacitor C3 ac bypasses resistor R5 to
ground. Correspondingly referenced cir-
cuit elements (A and B, fig. 151) per-
form the same circuit function (a(3)
above).

159. Typical Tuned Amplifier With Agc

a. Figure 152 shows a 455-kc amplifier (transis-
tor Q1) and a second detector (crystal diode CR1).
The input signal to the amplifier is an if carrier
amplitude modulated by an audio signal. The
output of the crystal diode is an audio signal.
The amplifier is neutralized to prevent oscillation.
The gain of the amplifier is controlled by an age
circuit.

b. Transformer 7’1 matches the output imped-
ance of the previous stage to the input impedance
of transistor @1, and couples the signal to the
transistor Q1 base. Capacitor €1 and the trans-
former 7'1 secondary form a parallel resonant

(3)

Ri

(455-ke) circuit. The transformer 7’1 secondary
is tapped to obtain the desired selectivity (@.).
Transistor @1 amplifies the signal which is de-
veloped across the parallel resonant (455-ke) cir-
cuit formed by capacitor €2 and the transformer
T2 primary. Transformer 72 matches the output
impedance of transistor @1 to the input impedance
of crystal diode CR1 and couples the transistor
@1 output signal to crystal diode CR1. The rec-
tified output of crystal diode CR1 is filtered by
capacitor C7 and resistor 4. That is, the if car-
rier is filtered out by the capacitor and the resistor
so that the voltage across capacitor C7 consists of
an audio signal and a dc voltage (positive with
respect to ground) that is directly proportioned
to the magnitude of the if carrier. This de volt-
age is fed to the base of transistor @1 through
dropping resistor £1 to provide age (par. 158a).
In addition, resistor £1 and capacitor €2 form an
audio decoupling network to prevent audio feed-
back to the transistor @1 base.

¢. Capacitor C5 provides negative feedback to
the transistor Q1 base to neutralize the internal
positive feedback of the transistor (pars. 153 and
156).

d. Resistor R3 provides fixed forward base bias.
Capacitor C3 provides a low-impedance path for
the 455-kc signal from the lower end of the input
tuned circuit to the emitter. Resistor R2, by-
passed for 455 kc by capacitor C4, is the emitter
swamping resistor.
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Figure 152. Typical if amplifier (and second detector) with age and neutralizing circuits.
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160. Summary

a. The selectivity of tuned narrow-band ampli-
fiers is achieved by using resonant circuits in the
interstage coupling networks.

b. Because the transistor is essentially a power
amplifier (even at high frequencies), impedance
matching between the output of one stage and the
input of the following stage is important for
maximum gain.

¢. Impedance matching is achieved by selecting
the proper turns ratio of the primary and sec-
ondary winding in the transformer coupling (A,
fig. 141) or using split capacitors (A, fig. 143).

d. Because of low impedances associated with
transistors, small inductance values are required
in the tuned circuits. With small inductance
values, it is difficult in practice to obtain a high
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unloaded @, (selectivity) for the tuned circuit.
Use of tapped inductances (B, fig. 141) permits use
of higher inductance values to obtain a high Q..
e. Double-tuned circuits (fig. 145) improve the
uniformity of response in the pass band and more
sharply suppress frequencies outside the pass band.
/. Positive feedback occurs in a transistor am-
plifier through the collector-base junction capaci-
tance and the base-spreading resistance (fig. 147).
At low (audio) frequencies, this feedback is negli-
gible; at high (radio) frequencies the amount of
feedback may be sufficient to sustain oscillations.
g- To eliminate the possibility of oscillation in
high-frequency tuned amplifiers, unilateralizing
or neutralizing circuits are used (par. 153).
h. Automatic gain control of a transistor am-
plifier is achieved by controlling the emitter de
current or the collector dc voltage (par. 157).



CHAPTER 9
WIDE-BAND AMPLIFIERS

161. General

a. A very important factor in certain applica-
tions of an amplifying device is its ability to
amplify a nonsinusoidal signal. Nonsinusoidal
signals, such as sawtooth signals in oscilloscope
sweep circuits, consist of a fundamental com-
ponent and a large number of harmonics. To
provide an output signal that is an exact repro-
duction of the input signal, the amplifying device
must be capable of amplifying with uniform gain
all of the components (harmonics) of the saw-
tooth signal. This type of amplifying device is
referred to as a wide-band or video amplifier.

b. Television and radar circuits which amplify
rectangular waveforms (pulses) also require wide-
band amplifiers. Experiment has shown that
amplifiers for such pulses must have a uniform

gain from about one-tenth of the lowest pulse-
repetition frequency to about 10 times the highest
pulse-repetition frequency. The frequency of
pulses occurring one-tenth second apart is 10 cps;
and that of pulses 1 microsecond apart is 1 mega-
cycle. The amplifying device must provide a
uniform gain for 1 cycle to 10 megacycles. When
the wide-band amplifier is used in circuits for
amplifying pulses, it may also be called a pulse
amplifier.

c¢. Figure 153 shows a comparison between a
narrow-band amplifier (A) and a wide-band am-
plifier (B). The narrow-band amplifier (A) is
not capable of amplifying all of the harmonics
and produces an output wave form that is highly
distorted when compared with the input wave
form. The wide-band amplifier (B) can amplify
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INPUT OUTPUT
WAVE FORM WAVE FORM A
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Figure 153. Distortion and reproduction of sawtooth wave form by narrow-band
and wide-band amplifiers.
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all of the harmonics and thus can produce an
output wave form that is an exact reproduction
of the input wave form.

162. Coupling Circuits

a. Although transformer coupling is success-
fully used in audio amplifiers, the frequency
response curve (A, fig. 154) shows that the gain
is not uniform for the range of audio frequencies.
A more uniform frequency response curve (B,
fig. 154) is obtained when resistance-capacitance
(RC) coupling is employed. The frequency re-
sponse curve shows a flatness over a wider range
of frequencies, although the voltage gain is
slightly less. Wide-band amplifiers normally em-
ploy a modified RC coupling (pars. 165 and 166).
The modified RC coupling of wide-band ampli-
fiers provides flatness over a still wider range
of frequencies.

b. Figure 157 shows three types of compensa-
tion circuits used in wide-band amplifiers. The

1001
754
80

254

VOLTAGE GAIN (%)

o T
(o] 10

L] v

Iéo |.060 10000 100,000
FREQUENCY (CPS)

A.TRANSFORMER COUPLING

IOOW
75-
50

25

VOLTAGE GAIN (%)

(o] T Y T Y
100 1,000 10000 100,000

FREQUENCY (CPS)

v
(o] 10

B. RC COUPLING
TM690-185

Figure 154. Frequency response curves for
transformer or RC coupling.
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shunt compensation (A), the series compensation
(B), or the shunt-series (combination) compensa-
tion (C), increase the gain at high frequencies.
¢. Figure 158 shows a compensation circuit em-
ployed in wide-band amplifiers that compensates
for reduced gain at low frequencies. This filter
coupling circuit is discussed in paragraph 166.
d. Wide-band amplifier frequency response is
usually obtained by using both high- and low-
frequency compensation. These circuits are
treated in detail in paragraphs 165 through 168.

163. Frequency Limiting Elements

Figure 155 shows an RC coupled amplifier.
Two frequency response limitations must be over-
come before the circuit can be employed for wide-
band amplification.

a. The high-frequency response is limited by Co
and ;. The stray capacitance and the capaci-
tance of the output impedance are represented by
Co. The capacitive effect of the input impedance
is represented by €. Since the reactances of C
and C decrease as the frequency increases, the gain
falls off as the frequency increases (par. 165).

b. The low-frequency response is limited by the
time constant of capacitor C¢ and resistor R,.
This time constant must be long in comparison to
the lowest frequency to be amplified (par. 166).

164. Low-Frequency Phase Distortion

A wide-band amplifier must have exceptionally
good low-frequency response to reproduce square
waves of long duration. Radar reflections re-
ceived from a long object such as a cloud, and
the square waves used in amplifier testing have
long durations. The wide-band amplifier must
be capable of amplifying all of the harmonics
of this type of wave form for an exact repro-
duction.

a. Low-Fregquency Response Distortion.

(1) The fundamental frequency and the low-
frequency harmonics of a square wave
signal have the greatest amplitudes. The
higher-frequency harmonics grow pro-
gressively smaller in amplitude as the
frequency increases. When compared to
the fundamental frequency, the ampli-
tude of the third, the fifth, and the
seventh harmonics of a square wave are
respectively decreased by one-third, one-
fifth, and one-seventh. Since the funda-
mental frequency and the low-frequency
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Figure 155. RC-coupled amplifier showing capacitive effect at high frequencies.

harmonics have the greatest amplitudes,
any small variation in the phase of the
low-frequency response is extremely no-
ticeable. The effect on the higher-fre-
quency harmonics would be negligible
since their amplitudes are progressively
decreased.

A variation in the phase of the low-
frequency response is more noticeable
than a variation in the gain. The gain
of the low-frequency response will drop
to only 99.4 percent of its midfrequency
value when the phase shift varies 2°
from the phase at midfrequency. In
many electronic applications, a phase
shift of 2° is the maximum tolerable
shift.

b. Phase Distortion Correction. Phase shift
distortion can be minimized by allowing the
phase shift to vary directly with the frequency.
Figure 156 shows a wide-band amplifier of this
type. The fundamental frequency and its sec-
ond harmonic are shown in the input. The funda-
mental frequency and the second harmonic are
shown in the output but shifted in phase. The

(2)

|
P—RSEC —

amount of phase shift is exaggerated for clarifica-
tion. A delay time of 1/800 of a second causes a
45° phase shift in the fundamental frequency.
Since the delay time is constant and the phase shift
varies directly with the frequency, the second
harmonic is also delayed 1/800 of a second. The
resultant phase shift on the second harmonic is
90°. As the frequency doubles, the phase shift
doubles and the fundamental frequency and the
second harmonic remain in the same relative
phase relationship. When the phase shift varies
directly with the frequency, there is no phase
distortion.

165. High Frequency Compensation

a. Shunt Compensation. For shunt compensa-
tion (A, fig. 157), inductor L, is added in series
with load resistor £;. This compensates for the
shunting effect of output impedance capacitance
C, and impedance capacitance ('c. The capacitive
reactance of output impedance capacitance Co and
input impedance capacitance C; shunt inductor
L, and load resistor B;. Capacitor (¢ is practi-
cally a short circuit at high frequencies. Since
inductor Z, (in series with resistor 2, and capaci-
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Figure 156. Wide-band amplifier, phase relationship comparison.
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tors (s and Co form a parallel resonant circuit
having a very broad response, this type of com-
pensation may also be called shunt peaking. The
resonant peak of this parallel combination main-
tains a practically uniform gain in the high-fre-
quency range. In the uncompensated circuit (fig.
155), the high-frequency gain was reduced by the
capacitive reactances of capacitors Cp plus C.
The impedance of the parallel resonant circuit
has a value that is approximately the same as load
resistor Zz. When the frequency increases, the
decrease in the capacitive reactances of Cy plus C
is exactly compensated by the increase in the in-
ductive reactance of inductor Z,. The frequency
response is increased, extending the flatness of the
response curve over a much higher range of
frequencies.

b. Series Compensation. For series compensa-
tion (B, fig. 157), inductor L, is added in series
with capacitor C.. Considering capacitor C. as a
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TME90-188
Figure 157. Wide-band amplifier, high-frequency compensation coupling.

short circuit at high frequencies, inductor L. and
capacitor 'y form a series resonant circuit at very
high frequencies. As very high frequencies are
approached, the series circuit approaches reso-
nance. Thus, current flow through capacitor C.
increases as the frequency increases. The capaci-
tive reactance of capacitor (o decreases the volt-
age across load resistor R, as the frequency in-
greases. Since the current flow through capacitor
C increases with frequency it compensates for the
decrease in voltage across load resistor £r. The
frequency response is approximately the same as
for the shunt peaking coupling circuit. The high
frequency gain of a wide-band amplifier using
series peaking is about 50 percent greater than
that using shunt peaking.

c. Series-Shunt Compensation. For series-shunt
compensation (C, fig. 157), the series-compensa-
tion and the shunt-compensation coupling circuits
are combined. This type of coupling is called




combination compensation or combination peak-
ing. The qualitative analysis discussed in ¢ and b
above apply to this circuit. The frequency re-
sponse is approximately the same as that of the
shunt peaking or the series peaking coupling
circuits. The high frequency gain of the com-
bination peaking coupling circuit is approxi-
mately 80 percent greater than the series peaking
coupling circuit.

166. Low-Frequency Compensation

On the low-frequency end of the frequency re-
sponse range, the input and the output capaci-
tances of the transistors have no effect on the fre-
quency response. The low-frequency response is
limited by capacitor (¢ (fig. 158) and resistor, 2,.
The time constant (&,C¢) must be large to prevent
the low-frequency response from falling off and
to prevent phase distortion. The loss of gain at
low frequencies is minimized by adding a compen-
sating filter in series with load resistor RL. The
compensating filter consists of resistor Rr and
capacitor Cr. The filter increases the collector
load impedance at low frequencies and compen-
sates for the phase shift produced by capacitor C¢
and resistor £,. For high frequencies, capacitor
Cr is practically a short circuit. Thus, at high
frequencies, the collector load impedance consists
only of resistor RL. As the frequency decreases,
the reactance of capacitor ('r increases. For very
low frequencies capacitor ('r is practically an open
circuit. At very low frequencies the collector load
impedance consists of resistor RL and resistor Rr.
This combination extends the frequency response
curve over a much lower range of frequencies. The
gain and phase response becomes more uniform
over the low frequency range of the frequency
response curve.

167. Square Wave Characteristics

Figure 159 shows a wide-band amplifier with
the input and the output characteristics for a
square wave under various conditions. The effects
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Figure 158. Wide-band amplifier, low-frequency
compensation coupling.
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of capacitor C¢ (fig. 158) and resistor 2, are com-
pensated for by the compensating filter (Rr and
Cr). The value of resistor B¢ and capacitor Cr
determines the best low-frequency response and
most uniform time delay. The square wave input
(fig. 159) consists of the fundamental frequency
and the odd harmonics. With the value of resistor
RL (fig.158) too small, low-frequency attenuation
results (A, fig. 159). With the value of resistor
RL (fig. 158) too great, too much low-frequency
gain (B, fig. 159) results. When the time constant
of the compensating filter (RrCr, fig. 158) does
not compensate for the phase shift across capacitor
C¢ and resistor £,, phase distortion is the result
(C and D, fig. 159). With the correct values of
resistor By (fig. 158) and the time constant of the
compensating filter (RrCr) a uniform gain and
time delay (E, fig. 159) is obtained.

168. Simultaneous High- and Low-Fre-
quency Compensation

Figure 160 shows a typical wide-band amplifier
(30 cps to 4 mc) using both high- and low-fre-
quency compensation. The high- and the low-
compensating circuits operate independently and
do not interfere with each other. At low fre-
quencies the series reactance of inductor L1 is
very small and has no effect on the collector load
impedance. The series reactance of inductor L2
is also very small and has no effect on the input
circuit. The reactances of output impedance ca-
pacitance ('o (not shown) and input impedance
capacitance 'y (not shown) are so large that they
have no effect at low frequencies. This means that
the combination peaking coupling has no effect
at low frequencies. Similarly, at high frequencies,
the reactance of capacitor (s is very small and is
practically a short circuit. Resistor Br has no
effect on the collector load impedance at high fre-
quencies. Thus, compensating filter B¢Cp has no
effect at high frequencies.

169. Summary

a. A wide-band amplifier must be capable of
producing an undistorted amplified output of a
nonsinusoidal signal input.

b. Wide-band amplifiers find application in
television, radar, and many other electronic ap-
plications.

¢. Wide-band amplifiers employ RC coupling
circuits with high- and low-frequency compensat-
ing networks.
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/- High-frequency response gain with series
peaking is greater than shunt peaking.

g. High-frequency response gain with combina-
tion peaking is greater than shunt or series

d. The high-frequency response is approxi-
mately uniform for all three types of high-fre-
quency peaking circuits.

e. The high-frequency response gain is lowest

with shunt peaking. peaking.
FUNDAMENTAL 4[\/ OUTPUT WITH
FREQUENCY LOW FREQUENCY
ATTENUATION
A
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THIRD OUTPUT WITH
HARMONIC EXCESSIVE LOW
FREQUENCY GAIN
B8
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FIFTH OUTPUT WITH
HARMONIC W PHASE DISTORTION
C
EQUALS
SQUARE
WAVE WIDE-BAND l/ OUTPUT WITH
INPUT AMPLIFIER PHASE DISTORTION
D
OUTPUT WITH
UNIFORM GAIN
AND TIME DELAY
E
TM690-190
Pigure 159. Wide-band amplifier showing square wave input and output characteristics.
Ltz Cc
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Figure 160. Wide-band (30 cps to 4 mc) amplifier showing typical values of components.



CHAPTER 10
OSCILLATORS

Section |. INTRODUCTION

170. General

a. Regenerative Feedback. To generate ac
power with a transistor amplifier (fig. 161) a por-
tion (Preesveck) Of the output power (pou), must
be returned to the input in phase (regenerative or
positive feedback) with the starting power (par.
171). The power delivered to the load (pioa),
will be the output power less the feedback power.

b. Oscillating Frequency and Dc Power. Be-
sides the requirement for regenerative feedback,
frequency determining elements ( (1) below) and
the necessary dc bias voltages ((2) below) must
be incorporated in the transistor oscillator circuit.

(1) The frequency determining circuit ele-
ments may consist of an inductance-ca-
pacitance (LC) network, a crystal, or a
resistance-capacitance (RC) network.
Transistor oscillator circuits that use
these networks are described in para-
graphs 173 through 183.

(2) Bias voltage requirements for the tran-
sistor oscillator are similar to those for
the transistor amplifier (pars. 38 and
39). Stabilization of operating point
(pars. 74-98) also is an important factor
for consideration in the transistor oscil-
lator circuit, since instability of the op-
erating point affects the output amplitude,
waveform, and frequency stability (par.
172).

¢. General Comparison of Input and Output
Differences Between Electron Tubes and Tran-
sistors. 'The input and output impedances of an
electron tube circuit are high; the feedback signal
suffers little loss, because of the mismatch in the
fieedback network. 1In the common-base con-
figuration of the transistor, the input impedance
is low and the output impedance is high. Cou-
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pling the feedback signal from the output to the
input requires a feedback network to match the
unequal impedances; sometimes the loss due to
mismatch may be compensated for by providing
more feedback energy. Use of the other tran-
sistor configurations involve similar problems (d
below).

d. Selection of Transistor Configuration. The
choice of a transistor configuration for an oscil-
lator is determined by the oscillator requirements
and the advantages of a particular transistor
amplifier configuration. The following factors
concerning each configuration are important in
making the choice.

(1) The common-base configuration has the
lowest input impedance and the highest
output impedance. Compensation for the
loss in the feedback circuit must be made
unless matching occurs (¢ above). Cur-
rent gain for the junction transistor is
less than one. Voltage and power gains
are greater than one. No phase reversal
exists between input and output.

(2) The common-emitter configuration has
moderate input and output impedances,
reducing the requirement for matching
with the feedback circuit. This config-
uration closely resembles the grounded
cathode electron tube circuit in that a
phase reversal occurs between the input
and output circuits. Current, voltage,
and power gains are all greater than one.
Highest power gains are obtained with
this configuration making it generally
desirable for use in transistor oscillator
circuits.

(3) The common-collector configuration has
a high input impedance and a moderate
output impedance. The requirement for
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matching the input and output imped-
ances with the feedback circuit also exists
with this configuration ((1) above).
Voltage gain is less than one. Current
and power gains are greater than one.
No phase reversal exists between input
and output.
e. Frequency Limitations.

(1) In general, the data sheet of a transistor
includes the cutoff frequency of the tran-
sistor in its high-frequency characteris-
tics. This frequency is given with rela-
tion to the current gain of the transistor
when used in either the common-base or
the common-emitter configuration and is
designated fas or fa., respectively. The
cutoff frequency is defined as the point at
which the current gain drops 3 db or 0.707
times its low-frequency (normally 1,000
cps) value.

(2) Oscillators can operate efficiently above
the cutoff frequency and could operate up
to but not including the fu.. of the tran-
sistor. The maximum frequency of the
transistor is defined as the frequency at
which the power gain of the transistor
amplifier is unity. That is, an input sig-
nal of a specific level, would appear in the
output of the transistor amplifier at the
same level (no loss or gain). Since
power gain is required to overcome losses
in the feedback circuit, operation of the
transistor oscillator at fuax is not possible.
The operating frequency is therefore
chosen at some value, below fime:, at which
sufficient power gain for feedback and
output is obtained.

171. Initial and Sustained Oscillation

a. Initial Oscillation. Oscillation may be ini-
tially caused in a transistor circuit by using the
same technique as a vacuum tube oscillator circuit
(TM 11-662). The circuit may be externally ex-
cited (triggered) or self-excited. Triggered cir-
cuits are discussed in paragraphs 185 through 193.
In the self-excited circuit, at the moment that dc
power is applied, the energy level does not in-
stantly reach maximum but, instead, gradually
approaches it. Oscillations build up to a point
limited by the normal operation of the amplifier,
the feedback energy, and the nonlinear condition
of the circuit.
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Figure 161. Transistor oscillator showing application of
feedback, blook diagram.

b. Feedback. The output power, po. (fig.161),
is equal to the power gain of the amplifier multi-
plied by the input power.

(1) When the amplifier power gain is less
than one, a damped oscillation is ob-
tained (A, fig. 162); that is, the oscilla-
tions become smaller with time until they
no longer exist. For example, if the
power gain of the transistor amplifier is
equal to 0.9 and the starting signal is
1 dbm, the output power after the first
pulse is 0.9 dbm. If all of this power
is fed back to the input and amplified,
the output power on the second cycle be-
comes 0.81 dbm. Feeding this power
back to the input results in a further
reduction of the output power. This
process continues until oscillation ceases.
This process is similar to the action of
oscillation in a charged parallel-tuned
circuit, where the resistance present
dampens the oscillation. Thus, to sus-
tain oscillation (B, fig. 162), the power
gain factor of an amplifier must be equal
to or greater than one.

(2) In the practical transistor oscillator cir-
cuit (fig. 163), the power output is di-
vided. A portion (pi.a) is supplied to
the load with the remainder (preeavack)
going to the feedback network. Power
losses occur in the feedback network.
The feedback power is equal to the input
power (p:») plus the loss incurred in the
feedback network. For example, if the
power gain of a transistor amplifier is 20
and the input power (p,,) level is 1 dbm,
the output power (pon:) is 20 dbm. If
the loss incurred in the feedback network
is 10 dbm, the feedback power (preeavacx)
must be 11 dbm to sustain oscillation.
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Figure 162. Waveforms showing effects of sufficient and insufficient power feedback.

That i3, Precavacx less the loss in the net-
work equals the p,, and is 1 dbm. Thus,
all values remain constant and oscillation
is sustained.

The power delivered to the load (picea)
is the output power less the feedback
power.

transistor parameters vary (pars. 51 and
52). Since these parameters are basic
to the transistor, and therefore affect
frequency of oscillation, frequency vari-
ation will occur with changes in bias
voltages. A constant supply voltage is
thus a prime requirement for frequency
stability.

172. Frequency Stallility (2) The collector-to-emitter capacitance pa-
Frequency instability caused by transistor char- rameter of the transistor affects frequency
acteristics rather than external circuit elements is stability more than the other param-
discussed in @ and b below. eters. This reactive element (sometimes
a. Operating Point. referred to as the barrier capacitance)

(1) The dc operating point is usually chosen

so that the operation of the transistor cir-
cuit is over the linear portion of the tran-
sistor characteristic. When the operation
of the circuit falls into a nonlinear por-
tion of the transistor characteristic be-
cause of variations in bias voltages, the

Google

varies with changes in collector or emit-
ter voltages and with temperature (par.
103). In high-frequency oscillators,
when the collector-to-emitter capacitance
becomes an important factor, the effect
of changes in the capacitance may be
minimized by inserting a relatively large
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Figure 163. Transistor oscillator showing important networks in block form.

swamping capacitor across the collector-
to-emitter electrodes. The total capac-
itance of the two in parallel results in
a circuit which is less sensitive to varia-
tions in voltage. The added capacitor
may be part of a tuned circuit (par.
175).

(3) The use of a common bias source for
both collector and emitter electrodes
maintains a relatively constant ratio of
the two voltages. In effect, a change in
one voltage is somewhat counteracted by
the change in the other, since an in-
creased collector voltage causes an in-
crease in the oscillating frequency and
an increased emitter voltage causes a
decrease in the oscillating frequency.
However, complete compensation is not
obtained since the effects on the circuit
parameters of each bias voltage differ.

b. Temperature. Changes in operating point
with changes in temperature are encountered in
the transistor oscillator. The effects of changes
in temperature on the transistor amplifier are
given in paragraph 74. Since the transistor oscil-
lator is an amplifier with additional circuitry
(par. 170), the means of temperature stabilization
are the sume for both oscillators and amplifiers.
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173. Basic Transistor Oscillator Circuits

The circuits in figure 164 illustrate the basic
component arrangements and polarity applica-
tions in transistor oscillators. Each circuit pro-
vides amplification, regenerative feedback, and
inductance-capacitance tuning. Exact bias and
stabilization arrangements are not illustrated.
However, the relative transistor dc potentials re-
quired for normal functioning of the oscillator
are shown.

Note. In all circuits fllustrated, a PNP-type transistor
Is used. NPN transistors may be substituted in any of
the circuits, as long as the de polarities are reversed.

a. The circuits in A and B, figure 164, are
similar. In both cases, feedback is coupled from
the collector to the base by a transformer (tickler
coil (par. 174)). The circuit in B of the figure
is a shunt fed version of the circuit in A. Since
the feedback signal is from collector to base in
each case, the necessary feedback signal phase
inversion is accomplished by the transformer
which, when properly connected, provides 180°
phase shift.

b. The circuits in C and D, figure 164, are also
tickler-coil oscillators. In C, regenerative feed-
back with zero phase shift is obtained in the
tuned collector-to-emitter circuit by the proper
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connection of the transformer. In D, since the
feedback is from collector to base, 180° phase
shift is required. The signal in the untuned
collector winding is coupled and inverted in phase
to the tuned-base winding.

¢. The circuits in E and F of the figure are
transistorized versions of the Colpitts-type elec-
tron tube oscillator (par. 175). In E, the signal
from the tuned collector is coupled to the emitter
in phase. In F, the signal from the tuned col-
lector is coupled to the base 180° out of phase.

d. The circuits in G and H of the figure are
similar to those in E and F, except tliat a split
inductance is used to provide the necessary feed-

back in place of the split capacitance. These are
transistorized versions of the Hartley-type elec-
tron tube oscillator. In each of these circuits,
the collector is tuned. Since each coil functions
as an autotransformer, feedback in proper phase
is accomplished by induction. In G, the feed-
back signal is coupled from collector to emitter
with no phase shift. In H, the feedback signal
is coupled from collector to base with 180° phase
shift.

Note. Resistances and capacitances (éxternal to tuned
circuits) are added in figure 164 to indicate ac and de

blocking components respectively. More detalled descrip-
tions are given in succeeding paragraphs.

Section Il. LC RESONANT FEEDBACK OSCILLATORS

174. Tickler Coil Oscillators

a. Basic Oscillator Analysis. A transistor os-
cillator using a tickler coil for inductive feedback
is shown in A, figure 165. Dc bias circuits have
been omitted for simplicity (the emitter-base diode
is forward-biased and the collector-base diode is
reverse-biased). The nonlinear conditions for
amplitude limitation (par. 171e) in this circuit are
that the emitter-base diode becomes reverse-biased
(transistor is cut off) or the collector-base diode
becomes forward-biased (transistor is saturated).
The currents and voltages indicated on the figure
are ac and are instantaneous. The waveforms of
emitter and collector currents (¢ and ¢., respec-
tively) are shown in B, figure 165.

(1) Oscillations begin in the circuit when the
bias conditions of the transistor are nor-
mal and power is applied. The ampli-
tude of current flow in the circuit will
increase steadily (between points X and
Y in B, figure 165) due to the regenerative
feedback coupled from the collector cir-
cuit to the emitter circuit by the trans-
former windings (winding 34 to wind-
ing 1-2).

(2) A point (Y) is reached at which time the
collector current can no longer increase.
The transistor is saturated (par. 207d
(3)), and since no further change in col-
lector current exists, feedback ceases and
emitter current i, begins to fall. This
decrease in emitter current results in a
decrease in collector current 2.
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(3) The decrease in collector current causes
the induced feedback voltage to reverse
and the emitter current decreases. The
emitter current decreases steadily (be-
tween points ¥ and Z) because of the re-
generative feedback until another point
(Z) is reached at which time the emitter
currentiscut off. The emitter-base diode
is reverse-biased at this point. Collector
current ceases to flow causing the feed-
back current to cease flowing. Once the
feedback current, which had driven the
transistor to cutoff, ceases, the bias condi-
tions begin to revert to their original state
((1) above) and the process is repeated.
Basically, the transistor is driven to sat-
uration, then to cutoff, then back to satu-
ration, etc. The time for change from
saturation to cutoff is primarily deter-
mined by the tank circuit, which, in turn,
determines the frequency of oscillation.

b. Tuned-Base Oscillator (fig. 166). The
tuned-base transistor oscillator is similar to the
electron tube tuned-grid oscillator. In this appli-
cation, one battery is used to provide bias for the
common-emitter configuration. Resistors Rg, R¢,
and R provide the necessary bias conditions. Re-
sistor Rg is the emitter swamping resistor. The
components within the dotted lines comprise the
transistor amplifier. The collector shunt-fed ar-
rangement prevents dc current flow through tickler
winding 1-2 of transformer 7’1. Feedback is ac-
complished by the mutual inductance between the
windings of the transformer.
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Figure 165. Typical transistor oscillator and
current waveforms, bias circuits omitted.

(1) The tank circuit consists of transformer
winding 34 and variable capacitor C1
and constitutes the frequency determin-
ing components of the oscillator. Varia-
ble capacitor C'1 permits tuning the oscil-
lator through a range of frequencies.
Capacitor C¢ couples the oscillatory sig-
nal to the base of the transistor and also
blocks the dc. Without capacitor Cc, the
base bias condition would be determined
primarily by the low dc resistance of
transformer winding 34. Capacitor Cp
bypasses the ac signal around emitter
swamping resistor Rz and prevents

degeneration.
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(2) Oscillations in this circuit are started
the moment the dc power (battery Vec)
is connected in the circuit. At that
moment, a surge of current flows through
the transistor, and the base circuit goes
into oscillation. The oscillations, ampli-
fied by the transistor, appear across
transformer winding 1-2, and are
coupled to transformer winding 3—4.
The feedback signal is regenerative and -
of sufficient magnitude to sustain oscil-
lations.

(3) The output signal is coupled from the
collector through coupling capacitor Co
to provide a fixed output to the load.

¢. Tuned-Collector Oscillator (fig. 167). The
tuned-collector transistor oscillator is similar to
the electron tube tuned-plate oscillator. Resistors
Rr and Rj establish the base bias. Resistor 25
is the emitter swamping resistor. Capacitors ('p
and Cg bypass ac around resistors Ry and Rz, re-
spectively. Although a series-fed arrangement is
illustrated, a shunt-fed arrangement of the tuned-
collector oscillator is also possible with slight
circuit modification. This arrangement would
result in a circuit which would be almost identi-
cal with the tuned-base oscillator, except for
the placement of the tank circuit ((1) below).

(1) The tuned circuit consists of transformer
winding 3—4 and variable capacitor C1.
Capacitor C1 permits tuning the oscil-
lator through a range of frequencies.
Oscillations in this circuit are started the
moment the dc power is applied (5(2)
above). Regeneration is accomplished by
coupling the feedback signal from trans-
former winding 34 to transformer
winding 1-2.

(2) Transformer winding 5—6 couples the
signal output to the load.

175. Colpitts and Clapp Oscillators

a. Colpitts Oscillator. Figure 168 illustrates
a transistor Colpitts oscillator circuit. Regen-
erative feedback is obtained from the tank cir-
cuit and applied to the emitter of the transistor.
Base bias is provided by resistors 5 and Zr. Re-
sistor B¢ is the collector load resistor. Resistor
Ry develops the emitter input signal and also
acts as the emitter swamping resistor. The tuned
circuit consists of capacitors C1 and (2 in paral-

7
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Figure 166. Tuned-base oscillator.

lel with transformer winding 1-2. Capacitors C'1
and €2 form a voltage divider. The voltage de-
veloped across (‘2 is the feedback voltage. Either
or both capacitors may be adjusted to control the
frequency and the amount of feedback voltage.
For minimum feedback loss, the ratio of the ca-
pacitive reactance of ('1 to ('2 should be approxi-
mately equal to the ratio of the output impedance
to the input impedance of the transistor.

b. Clapp Oscillator. Modification of the Col-

pitts oscillator by including a capacitor in series
with winding 1-2 of the transformer, results in
the Clapp oscillator (fig. 169). This added ca-
pacitance improves the frequency stability of the
oscillator. When the series capacitance of ca-
pacitors C1 and C2 is large compared with the
added capacitance, the oscillator frequency is ef-
fectively determined by transformer winding 1-2
and capacitance C series combination. This ca-
pacitance may be made variable to provide oe-
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Figure 167. Tuned-collector oscillator.
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Figure 168. Transistor Colpitts Oscillator.

cillations over a range of frequencies. At the
resonant frequency, the shunting impedance of
the LC series combination is at a minimum,
thereby making the oscillating frequency com-
paratively independent of the transistor param-
eter variations.

c. Stmplified Feedback Networks. The com-
mon-base configuration is used in the Colpitts
oscillator of figure 168. No phase shift exists
between the signal on the collector and the signal
on the emitter. Therefore, the feedback signal
is not phase shifted ((1) below). The common-
emitter configuration is used in the Clapp oscil-
lator of figure 169. A 180° phase shift exists
between the signal on the collector and the signal
on the base. In this instance, the feedback signal
is inverted to provide an inphase relationship
at the input ((2) below).

Note. Only ac conditions of the feedback signal are
discussed In (1) and (2) below and illustrated on figure

170. Thus, the polarities indicated at the transistor and
capacitor are instantaneous.

(1) When the common-base configuration is
used, the feedback signal is returned be-
tween emitter and ground (A, fig. 170).
As the emitter goes negative, the col-
lector also goes negative, developing the
potential polarities across capacitors C1
and C2, as shown. The feedback voltage
developed across capacitor C2, which is
fed back between the emitter and ground,
also goes negative. The inphase rela-
tionship at the emitter is maintained.

(2) When the common-emitter configuration
is used, the feedback signal is returned
between base and ground (B, fig. 170).
As the base goes positive, the collector
goes negative, developing the potential
polarities across capacitors C1 and C2
as shown. The voltage developed across
capacitor C2 is fed back between base
and ground. Since the negative going
side of capacitor C2 is grounded, the
voltage fed back is inverted, and the in-
phase relationship at the base is main-
tained.

176. Hartley Oscillator

The Hartley oscillator (figs. 171 and 172) is
similar to the Colpitts oscillator except for the
use of a split inductance instead of a split capaci-
tance to obtain feedback. The shunt-fed (& be-
low), and series-fed (b below) oscillators are
operationally similar. They differ primarily in
the method of obtaining collector bias. A mod-
ified Hartley-type oscillator which provides
greater power output, is described in ¢ below.
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Figure 169. Transistor Clapp oscillator.
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Figure 170. Simplified feedback networks

in Colpitts and Clapp oscillators.

a. Shunt-Fed Hartley Oscillator (fig. 171).

(1) Resistors Bp, ¢, and By provide the nec-
essary bias conditions for the circuit.
The frequency determining network con-
sists of the series combination of trans-
former windings 1-2 and 2-3 in parallel
with capacitor C1. Since capacitor C1
is variable, the circuit may be tuned
through a range of frequencies. Capaci-
tor C2 is a dc blocking capacitor. Ca-
pacitor Cg provides an ac bypass around
emitter swamping resistor Rgz.

(2) The inductance functions as an auto-
transformer to provide the regenerative
feedback signal. The feedback is ob-
tained from the induced voltage in trans-
former winding 2-3, coupled through
capacitor Cc to the base of the transistor.
By shunt feeding the collector through
resistor R¢, direct-current flow through
transformer 7’1 primary is avoided.

b. Series-Fed Hartley Oscillator (fig. 172).

(1) Resistors 25 and Rr provide the neces-
sary bias for the base-emitter circuit.
Collector bias is obtained through trans-
former winding 1-2. Capacitor C'z pro-
vides an ac bypass around emitter swamp-
ing resistor Rg.

(2) The feedback is obtained from the in-
duced voltage in transformer winding 2-
3 coupled through capacitor C¢ to the
base of the transistor. Capacitor C2
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Figure 171. Transistor Hartley oscillator, shunt-fed.
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Figure 172. Transistor Hartley oscillator, series-fed.

places terminal 2 of transformer 7'1 at ac
ground potential.

c. Push-Pull Oscillator (fig. 173). The oscil-
lator circuit illustratéd in figure 173 is similar to
the Hartley-type oscillator circuit of figure 171,
which has been modified for push-pull operation.
Push-pull operation of transistors ¢, and ¢, pro-
vides greater output than the single-ended tran-
sistor oscillator.

(1) Base bias for this circuit is established by
resistors B and Rr. Capacitor Cs pro-
vides an ac bypass around emitter swamp-
ing resistor Rg.

(2) Frequency of oscillation is essentially de-
termined by the tank circuit consisting
of transformer winding 4-6 and capacitor
C2. The regenerative signal is applied
between base and emitter of each transis-
tor by means of the induced voltages in
transformer windings 1-3 and 4-6. Cir-
cuit operation, after the feedback signal
is applied to transformer winding 1-3, is
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Figure 1713. Transistor push-pull oscillator.
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similar to that of the push-pull amplifier
(par. 132). Capacitor C1 places termi-
nal 2 of transformer 7’1 at ac ground po-
tential through capacitor Ce.

177. Crystal Oscillators

Three transistor crystal oscillator circuits are
described in b and ¢ below. A quartz crystal (a
below), is normally used in an oscillator circuit
because of its extremely high Q (narrow band-
width) and good frequency stability over a given
temperature range. In practical applications
when the range of operating temperature or fre-
quency tolerance is extremely critical, a constant
temperature chamber is used to house the crystal.

a. Crystal Characteristics. The quartz crystal
and its equivalent circuit are shown in figure 174.

(1) Resistance R, inductance L, and capaci-
tance O in series (B, fig. 174) represent
the electrical equivalent of the mechanical
vibrating characteristic of the crystal.
At series resonance of capacitance s and
inductance L, the impedance of the crys-
tal is low and the resonance frequency of
the oscillator circuit is determined only
by the mechanical vibrating characteris-
tics of the crystal.

(2) Parallel capacitance Cp represents the
electrostatic capacitance between the crys-
tal electrodes (A, fig. 174). Above the
frequency of series resonance ((1)
above), the inductive reactance of induct-
ance L is greater than the capacitive re-
actance of capacitance C's. The combina-
tion (L and Cs) then appears as a net
inductance. This net inductance forms
a parallel resonant (antiresonant) cir-
cuit with capacitance Cp and any circuit
capacitance appearing across the crystal.
In this instance, the impedance of the
crystal is high and the resonant frequency
is determined by the crystal and by ex-
ternally connected circuit elements.

(3) Figure 175 illustrates the impedance
versus frequency characteristics of a typ-
ical quartz crystal. The lowest imped-
ance occurs at the series resonant fre-
quency (f.). The highest impedance oc-
curs at the parallel resonant frequency
(f:). The slopes of both curves are
steep, indicating a high ¢. For most
crystals, the difference in frequency be-
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tween f, and £, is very small compared to
the series resonant frequency of the crys-
tal.

(4) Either the series or parallel mode of oscil-
lation of the crystal may be used in an
oscillator circuit. The mode of opera-
tion is primarily determined by the im-
pedance of the circuit to which the crys-
tal is connected.

b. Tickler-Coil Feedback Oscillator (fig. 176).
This circuit uses the series mode of operation of
the crystal and functions similarly to the tuned-
collector circuit of figure 167. Increased fre-
quency stability is obtained with the insertion of
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Pigure 174. Quartz orystal and its equivalent oirouit.

a crystal in the feedback path. However, the
frequency is essentially fixed by the crystal. To
obtain a variable frequency oscillator, different
crystals may be inserted in the circuit while mak-
ing C1 variable over a range of frequencies.

(1) Regenerative feedback from collector to
base is accomplished through the mutual
inductance between transformer windings
1-2 and 34. This provides the necessary
180° phase shift for the feedback signal.
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Figure 175. Quartz crystal impedance oharacteristic.

Resistors Rp, Rr, and R¢, provide the
base and collector bias. Emitter swamp-
ing resistor Rg is ac bypassed by
capacitor C.

(2) At frequencies above and below the series
resonant frequency of the crystal, the im-
pedance of the crystal increases and
reduces the amount of feedback. This in
turn prevents oscillation at frequencies
other than the series resonant frequency.

c. Colpitts-Type Crystal Oscillators. The com-
mon-base (fig. 177) and the common-emitter (fig.
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Figure 176. Crystal-controlled tickler-coil feedback
oscillator.



178) Pierce oscillators use the parallel mode of
resonance of the crystal. If the crystal were to
be replaced by its equivalent circuit (B, fig. 174)
the functioning of each circuit would become
analogous to that of the Colpitts oscillator (fig.
168).

(1) The circuit of figure 177 shows the
common-base configuration with the
feedback supplied from collector to
emitter through capacitor C1. Resistors
Ry, Ro, and Ry provide the proper bias
and conditions for the circuit. Resistor
Ry is the emitter swamping resistor.
Capacitors C1 and Cs form a voltage
divider connected across the output.
Capacitor C2 is an ac bypass around base
biasing resistor £5. Since no phase shift
occurs in this configuration, the feedback
signal must be connected so that the volt-
age across capacitor s will be returned
to the emitter with no phase shift occur-
ring (A, fig. 170). The oscillating fre-
quency of this circuit is determined not
only by the crystal but by the parallel
capacitance offered by capacitors €1 and
Cs. These are normally made large to
swamp both the input and output capaci-
tances of the transistor and make the
oscillations comparatively independent
of changes in transistor parameters.
Since the parallel capacitance of C'1 and
Cg affects the oscillator frequency, the
operation of the crystal is in the inductive
region of the impedance versus frequency
characteristic between the series and
parallel resonant frequencies (fig. 175).

(2) The circuit of figure 178 shows the com-
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Figure 177. Colpitts-type orystal oscillator, collector-

emitier regeneration.

mon-emitter configuration with the feed-
back supplied from collector to base. The
resistances illustrated provide the proper
bias and stabilizing conditions for the
circuit. Capacitors C1 and C2 form the
voltage divider for this circuit. Capaci-
tor Cg is the emitter bypass capacitor.
In contrast to the circuit described in (1)
above, a 180° phase shift exists between
input and output signals. This is ac-
complished through the arrangement of
the voltage divider network (B, fig. 170).
Note that the connection between the ca-
pacitors is grounded. The voltage devel-
oped across capacitor C1 is applied be-
tween base and ground providing the 180°
phase reversal necessary. The oscillating
frequency of this circuit is determined as
in (1) above, by the crystal and the capac-
itors connected in parallel with it.
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Figure 178. Colpitts-type crystal oscillator, collector-base regencration.

495809 O—069——12

Google

177



Section [ll. RESONANT FEEDBACK OSCILLATORS

178. Phase-Shift Oscillators

A sinewave output may be obtained from an
oscillator using an RC network in place of the
inductance-capacitance network. The RC net-
work determines the frequency of oscillation and
provides regenerative feedback between output
and input (fig. 179). Since, in the common-
emitter configuration, the signal between base
and collector is reversed 180° inphase, an addi-
tional 180° phase shift is necessary to make the
feedback signal positive when returned from out-
put to input. This is accomplished by an RC
network consisting of three sections, each con-
tributing a 60° phase shift at the frequency of
oscillation. In figure 179, the three RC sections
are comprised of C1R1, C2R2, and C3RB.

a. RC Section Analysis.

(1) Current flow in a circuit, consisting of
resistance and capacitance in series, is
determined by the applied voltage di-
vided by the series impedance of the
components (Ohm’s law). Since the im-
pedance of an RC circuit is capacitive,
current leads the applied voltage by a
specific phase angle. This phase angle is
determined by the numerical relation-
ship of resistance and capacitance. The
voltage drop across the resistor, deter-
mined by the current flow through it,
therefore leads the applied voltage by
the afore-mentioned phase angle.

(2) If the capacitance is fixed, a variation in
the resistance value will cause a variation
in the phase angle. When the resistance
becomes equal to zero, a maximum phase
angle of 90° will exist between applied
voltage and current. This, however, is
of no value since no voltage is developed
across a zero resistance, and the only
voltage across the capacitor will be the
applied voltage. With a minimum of
resistance in the section, the phase angle
will be slightly less than 90°. Thus, at
least three RC sections are required to
provide the required 180° phase shift nec-
essary for positive feedback. The value
of resistance is generally chosen so that

178
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each section will provide a 60° phase
shift.

Note. A more detailed analysis of the RC
section is given in TM 11-670.

b. Circuit Operation. Resistors Ry, Rr,and Rc
provide base and collector bias for the oscillator.
Capacitor Cg ac bypasses emitter swamping re-
sistor Rg. Capacitors C'1, (2, and C3 and resistors
R1, R2, and Rj constitute the feedback and phase-
shifting networks. .

(1) Oscillations are started by any random
noise, or transistor noise, when power is
applied. A change in the flow of base
current results in an amplified change in
collector current, phase shifted 180°.
The signal returned to the base is in-
verted 180° by the action of the phase
shifter (b above), making it regenera-
tive.

(2) The output waveform is very nearly
sinusoidal ; the output frequency is fixed.
That is, with fixed resistance and capac-
itance in the phase-shifting network, the
180° phase shift occurs at only one fre-
quency. At other frequencies, the ca-
pactive reactance increases or decreases,
causing a variation in phase relationship,
and the feedback is degenerative (mnot
in phase), preventing sustained oscilla-
tions. The phase-shift oscillator is nor-
mally made variable over particular
ranges by providing ganged variable ca-
pacitors or resistors in the phase shifter.

(3) A high gain transistor must be used with
the three-section phase-shifting network
because the losses incurred in the net-
work are high. Increasing the number
of phase-shifting sections causes a reduc-
tion in the loss of the overall network.
This is so, since additional sections re-
duce the phase shift necessary for each
section and the loss for each section is
lowered as the phase shift is reduced.
It is therefore not uncommon to en-
counter a phase-shift oscillator which
employs more than three sections in the
phase-shifting network.
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Figure 179. Transistor RC phase-shift oscillator.

179. Wien-Bridge-Type Oscillator
(fig. 180)

Another circuit which uses a resistance-capac-
itance network for the development of a sinusoidal
output is the Wien-bridge-type oscillator. The
circuit illustrated, using two transistors connected
in the common-emitter configuration, is directly
analogous to the type employing electron tubes.
The second stage functions as an amplifier and
phase inverter from which the feedback signal is
taken in proper phase. As in the case of the
electron tube equivalent circuit, regeneration is
provided for oscillation and degeneration is pro-
vided to obtain frequency stability and distortion-
less output.

a. Bridge Analysis.

(1) The feedback voltage developed between
the collector of transistor @2 and ground
is impressed across the entire bridge net-
work (B, fig. 180). The voltage devel-
oped across capacitor ("2 is regenerative
and is applied to the input circuit of
transistor Q1. These voltages are in
phase at only one frequency. This is due
to the phase relationships between the
voltages developed across the series com-
bination of resistor 21 and capacitor C1
and the parallel combination of resistor
R5, and capacitor ("2. These vary in op-
posite directions as the frequency changes.
At the resonant frequency, the phase shift
is zero. At frequencies above and below
the resonant frequency, a phase shift ex-
ists and the positive feedback voltage is
reduced in value.

(2) Besides leaving the emitter resistors of
both stages unbypassed, providing nega-
tive feedback, additional negative feed-
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(3)

(4)

back is provided through resistor R2 and
applied to the emitter of transistor Q1.
The amount of negative feedback is a
fixed quantity since the feedback is de-
veloped across resistors. This quantity
is determined primarily by resistor R2
(which may be made variable to control
output amplitude). Normally, its value
provides greater negative feedback volt-
age at other than the resonant frequency.
Therefore, at other frequencies, the nega-
tive feedback exceeds the positive feed-
back and a highly stable oscillator results.
The frequency of oscillation is deter-
mined by capacitors ('1 and €2 and re-
sistors 21 and Rp. The resonant fre-
quency (f.) is obtained from the follow-
ing expression :

1
" 2xyR1C1R (2

1

However, if R1 is equal to Rp, and (1 is
equal to ("2, the expression is reduced to

1
J=5.Rici

When a variable frequency oscillator is
desired, either capacitors C1 and (2 may
be variable or resistors £1 and /25, may be
made variable in steps.

The emitter resistance of transistor Q1 is
a thermistor, with a positive temperature
coefficient of resistance. In some circuits,
a lamp is substituted for the thermistor.
In either case, its function is to stabilize
the output amplitude of the oscillator.
When the output increases for any
reason, an increased feedback voltage
results. As a result of the increased
feedback voltage, the current through
the thermistor increases, increasing the
resistance of the thermistor which in turn
increases the negative feedback voltage
developed across it. This reduces the
gain of the amplifier and effectively re-
turns the output voltage to what it had
been. Thus, additional amplitude stab-
ilization is provided. In cases where this
stability is not a requirement, an ordinary
resistor is used in series with the emitter
electrode.
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Pigure 180. Tramsistor Wien-bridge oscillator. -

b. Circuit Description. The circuits of A and

B, figure 180, are identical.

A, figure 180, is

arranged so that the feedback paths are easily
identified, while B of the figure is arranged so
that the frequency selective bridge components
are easily identified.

180

(1) Both transistors use the same methods of

biasing and stabilization. Resistors Rp,,
Ry, and Rp,, and thermistor B7'1 estab-
lish the bias in the amplifier circuit of
transistor @1. Thermistor E7'1, also
serves as the emitter swamping resistor.
Resistors Rp,, Rc:y REe, and Rp, provide
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(2)

the bias in the amplifiexr circuit of tran-
sistor Q2. Resistor R is left unbypassed,
providing degeneration and increased
output waveform stability. Dc power for
both stages is provided by battery Vece.
The output of transistor @1 is coupled
to the input of transistor g2 through ca-
pacitor C¢c. Capacitor '3 couples a por-
tion of the output of amplifier stage @2
to the bridge network to provide the nec-
essary feedback (both positive and nega-
tive (@ above)). The output to the load
is coupled through capacitor Co.



Section IV. FREE-RUNNING NONSINUSOIDAL OSCILLATORS

180. Relaxation Oscillators, General

a. An oscillator circuit in which the output
waveform is nonsinusoidal is generally classified
as a relaxation oscillator. The relaxation oscil-
lator uses a regenerative circuit in conjunction
with RC or resistance-inductance (RL) com-
ponents to provide a switching action. The charge
and discharge times of the reactive elements are
used to produce sawtooth, square, or pulse output
waveforms.

b. Multivibrator and blocking oscillators are
examples of relaxation oscillators. Multivibrator
(par. 181) and blocking oscillator (par. 183) cir-
cuits generally use an RC time constant for de-
termination of output waveform and frequency.
A form of multivibrator circuit, used primarily
to convert low voltage dc to high voltage ac for
rectification in dc to dc power supplies, is de-
scribed in paragraph 182.

¢. Multivibrators and blocking oscillators are
further classified as either free-running or driven
(triggered) oscillators. The free-running oscil-
lator is one in which the oscillations begin once
power is applied to the circuit. The oscillations
then become continuous while the circuit is in
operation. The triggered oscillator (pars. 185—
193) is controlled by a synchronizing or trigger-
ing external signal.

d. The following properties of a transistor am-
plifier circuit should be considered in the analysis
of multivibrator and blocking oscillator circuits.
These properties are applied to the common-emit-
ter configuration which is used because a 180°
phase shift occurs, as in an electron tube ampli-
fier, between the output and input signals.

(1) An increase in base current causes an
increase in collector current through the
transistor; conversely, a decrease in base
current causes a decrease in collector
current.

(2) An increase in collector current causes
the collector voltage to decrease; a de-
crease in collector current causes the col-
lector voltage to increase towards the
value of the source voltage. With PNP-
type transistors, since the collector is
reverse-biased, an increase in collector
current causes the collector voltage to
become less negative (or more positive).
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With NPN-type transistors, the collector
voltage becomes less positive (or more
negative).

(3) For normal functioning of a transistor
amplifier, the base-emitter diode is for-
ward-biased and the collector-base diode
is reversed-biased. The polarity is deter-
mined by type of transistor used (PNP
or NPN).

(4) A transistor is saturated when a further
increase in base current causes no further
increase in collector current.

(5) A transistor is cut off when either the
base voltage polarity causes reverse bias
or the collector voltage polarity causes
forward bias.

(6) Capacitors and inductors require a defi-
nite amount of time to charge or dis-
charge through a resistor. The measure
of this time, called the time constant, is
determined by multiplying the resistance
by the capacitance (R X C) or by di-
viding the inductance by the resistance
(L= R).

181. Multivibrators

The free-running (astable) multivibrator (par.
190a) is essentially a nonsinusoidal two-stage
oscillator in which one stage conducts while the
other is cut off until a point is reached at which
the stages reverse their conditions. That is, the
stage which had been conducting cuts off, and the
stage that had been cut off conducts. This oscil-
lating process is normally used to produce a
square wave output. Most transistor multivi-
brator circuits are counterparts of those using
electron tubes. For example, the emitter-coupled
transistor multivibrator is analogous to the cath-
ode-coupled electron tube multivibrator circuit;
the collector-coupled transistor multivibrator (fig.
181) is analogous to the common plate-coupled
electron tube multivibrator. Since most multi-
vibrator circuits function similarly, only the col-
lector-coupled transistor multivibrator is discussed
in @ and b below.

a. General. The basic collector-coupled tran-
sistor multivibrator of figure 181, is a two-stage
resistance-capacitance coupled common-emitter
amplifier with the output of the first stage coupled
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to the input of the second stage and the output
of the second stage coupled to the input of the
first stage. Since the signal in the collector cir-
cuit of a common-emitter amplifier is reversed
in phase with respect to the input of that stage,
a portion of the output of each stage is fed to the
other stage in phase with the signal on the base
electrode. This regenerative feedback with am-
plification is required for oscillation. Bias and
stabilization are established identically for both
transistors.
b. ('ircuit Description (figs. 181 and 182).

(1) Because of the variation in tolerances of
the components, one transistor will con-
duct before the other or will conduct
more heavily than the other.

(2) Assuming transistor @1 is conducting
more heavily than transistor @2, more
current ¢, will flow in the base circuit of
transistor @1 than in the base circuit of
@2. Collector current i, in transistor
@1 increases rapidly, causing collector
voltage V., (fig. 182), and voltage at the
junction of resistors B¢, and Fp to de-
crease (become more positive). This in-
creasing positive voltage is applied
through capacitor Cr to the base of
transistor Q2.

(3) As base voltage v, of transistor @2 be-
comes more positive, the forward bias de-
creases, resulting in a rapid decrease in
base current %, and collector current tc,
in transistor @2. Collector voltage V.,,
and thus the voltage at the junction of
resistors ¢, and Kr, becomes more nega-
tive. This negatively increasing voltage
is fed back through capacitor Cp, to the
base of transistor @1, increasing the for-
ward bias.

(4) The process in (1) and (2) above con-
tinues until a point is reached where base
voltage v, of transistor @2 is made so
positive with respect to the emitter that
transistor @2 is cut off (reverse bias is
applied) and transistor @1 is saturated
(total dc voltage V¢c appears across resis-
tor B¢). That is, the current through
transistor @1 increases steadily as the
current through transistor @2 decreases
steadily until transistor @2 is cut off.
Point A, figure 182, represents this ac-
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(6)

(7

tion. This entire action happens so
quickly that capacitor C'r does not get a
chance to discharge and the increased
positive voltage at the collector of transis-
tor Q1 appears entirely across resistor
Rs,.

During the period from 4 to B, figure
182, collector current i, and collector
voltage v, remain constant and capacitor
('r, discharges through resistor Br,. As
capacitor C'r, discharges, more of the pre-
viously increased positive voltage at the
collector of transistor ¢1 appears across
capacitor (', and less across resistor K,.
This decreases the reverse bias on the base
of transistor Q2. This action continues
until the time at point B, figure 182, is
reached, and forward bias is reestablished
across the base-emitter diode of transistor
Q2.

Transistor @2 conducts. As collector
current .. in transistor @2 increases, the
collector voltage V., becomes less nega-
tive or more positive. This voltage,
coupled through capacitor Cr; to the base
of transistor @1, drives it more positive
and causes a decrease in current flow
through transistor Q1. The resulting in-
creased negative voltage at the collector
of transistor 1 is coupled through capac-
itor ('y, and appears across resistor /g..
The collector current of transistor @2
therefore increases. This process contin-
ues rapidly until transistor @1 is cut off.
Transistor @1 remains cut off (and tran-
sistor Q2 conducts) until capacitor Cp.
discharges through resistor £r, enough to
decrease the reverse bias on the base of
transistor @1 (C, fig. 182). The cycle is
repeated ( (1) above).

The oscillating frequency of the multi-
vibrator is usually determined by the
values of resistance and capacitance in the
circuit. In the collector-coupled multi-
vibrator of figure 181, collector loads are
provided by resistors ¢, and F¢.. Base
bias for transistor @1 is established
through voltage divider resistors 25, and
Rp.. Base bias for transistor Q2 is estab-
lished through voltage divider resistors
Rr, and R, Stabilization is obtained
with emitter swamping resistor K, for
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Pigure 181. Transistor multividbrator.

transistor @1, and resistor Rg; for tran-
sistor @2. Emitter capacitors Cs and
C'g; are ac bypass capacitors.
The output signal is coupled through
capacitor Co to the load. This output
waveform, which is essentially square,
may be obtained from either collector.
To have a sawtooth output, a capacitor is
usually connected from collector to
ground for development of the output
voltage.

Note. The multivibrator may be modifled to
produce a sinusoidal output wave. This is
accomplished through the connection of a

parallel-tuned circuit between the base elec-
trodes of each transistor.

182. Saturable-Core Square Wave Oscillator

Transistors, functioning as high-speed switch-
ing elements, used in conjunction with trans-
formers, the core materials of which exhibit
rectangular hysteresis loops, provide a form of
multivibrator circuit, designed to produce a square
wave output. This type of circuit (fig. 184) op-
erates with greater efficiency and at higher fre-
quencies than the common mechanical vibrator
(a below) normally found in portable power
supplies. The transistors, functioning as switches
or relays, operate from cutoff to saturation (&
below). The square wave output of this type of
circuit may be stepped up or down and rectified,
providing a dc voltage higher or lower than the
available source. When the circuit is used with
a full-wave rectifier, almost no filtering is required

(8)
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to eliminate ripple, because of the square wave
output.

a. General. Fundamental switching action
such as occurs with a mechanical vibrator, is
shown in A, figure 183. The vibrator contacts are
simulated by ganged switches §101 and §102. The
action is such that when one switch is opened, the
other switch is closed. With switch S101 closed,
battery voltage Vcc is applied across primary
winding 1-2 of transformer 7'1. The polarities of
the voltages induced in primary winding 34 and
secondary winding 5-6 are as indicated (B, fig.
183). When the switches are reversed, battery
voltage V¢c is applied across primary winding
34 with polarity reversed. Similarly, the voltage
developed across secondary winding 5-6 is re-
versed. When switching is accomplished quickly,
the voltage waveform (Vz.) across load resistor
R, is essentially square.

b. Circuit Description (fig. 184). Operation of
the inverter circuit basically depends on the
switching of the transistors. That is, when tran-
sistor Q1 conducts heavily, it may be compared to
closing switch S101 (A, fig. 183). Driving current
is applied to the base of the transistor. Simul-
taneously, transistor @2, is at cutoff, being com-
parable to opening switch S102. No driving cur-
rent is applied. The transition from cutoff to
heavy conduction and vice versa is extremely rapid
to prevent transistor burnout and to provide a
square wave output. At cutoff, the voltage across
the transistor is high but current flow is low (ef-
fectively zero). During heavy conduction, cur-
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Figure 183. Mechanical switching oircuts.

rent flow is high but the voltage across the transis-
tor is low. The switching time between these
points is low, maintaining a low average power
dissipation.

Note. Resistors R» and Rr establish the initial starting
bias required for the bases of transistors Q1 and Q2.

(1) Starting oscillation of the circuit depends
on the unbalance existing between the ap-
parent identical circuits of transistors @1
and Q2. This is due to both external cir-
cuitry and transistor unbalance. Because
of this unbalance, more current will flow
in one of the primary windings of trans-
former 71 than in the other.

(2) Assume more current flows through pri-
mary transformer winding 34 and the
starting point on the hysteresis curve (B,
fig. 184) is at point /' (negative satura-
tion region of flux in the transformer
core). Transistor @1 conducts, and the
core flux moves from point F toward
point B (positive saturation region) in-
ducing a positive voltage in transformer
windings 1-2, 4-5, and 6-7. Since cur-
rent flow in the collector circuit is from
the negative terminal of source voltage
Ve, the induced voltages will be positive
at the top of each winding as indicated
by the polarity markings of transformer
7T1. Thus, the base voltage of transistor
@1 is made more negative, driving it to
heavy conduction while the base voltage
of transistor @2 is made more positive,
driving it to cutoff.

(3) The flux in the core changes at a rela-
tively constant rate until positive satura-
tion is reached (point B). At core sat-
uration, further increase in current does
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(4)

(5)

not increase the flux in the core. Since
the flux remains comparatively constant,
no voltage is induced in windings 1-2,
4-5, and 6-7. This condition corresponds
to point C on the hysteresis curve. The
induced voltages quickly fall to zero, re-
moving the base driving current from
transistor ¢1 which makes it nonducting.
Current flow in the collector circuit and
through winding 34 stops.

With the removal of current flow in
winding 3—4, the flux in the core falls
from the value at point C towards the
value at point A. Due to this small
decrease of flux, voltages of opposite
polarity to that which previously existed
((2) above) are induced in all trans-
former windings. Transistor Q1 is driven
further into cutoff by the positive poten-
tial on the base from feedback winding
1-2; transistor Q2 is driven to conduc-
tion by the negative potential on its base
from feedback winding 6-7. The flux in
the core, therefore is being driven from
point A toward negative saturation at
point E. During this period, transistor
Q1 is maintained at cutoff while tran-
sistor Q2 conducts heavily. Once nega-
tive saturation of the core is reached, the
switching of transistor Q1 from cutoff
to conduction and transistor Q2 from
conduction to cutoff occurs. The cycle is
ready for repetition.

The output voltage developed across
winding 8-9 is essentially a square wave.
This is so because the core flux changes
at a relatively constant rate from points
F to B and from A to E. The output
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Pigure 184. Saturabdle-core square wave oscillator.

frequency and voltage are determined
by the turns ratio of the primary and
secondary windings of transformer T1
and the saturation flux of the core.

183. Blocking Oscillators

a. A blocking oscillator conducts for a short
period of time and is cut off (blocked) for a much
longer period. Blocking oscillators may be either

free-runming or triggered (par. 190).

Only the

free-running type is discussed in this paragraph.

b. A basic circuit for the blocking oscillator is
shown in figure 185. The similarity between this
circuit and that of the tickler-coil oscillator of
figure 166 should be noted.
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(1) When the circuit is energized, current.

rises rapidly in the base due to the for-
ward bias established between base and
emitter by dc power supply Vee. Cur-

Google

(2)

(3)

rent flow in the collector circuit increases
in accordance with this base driving cur-
rent. Due to the increasing collector
current, a voltage which becomes more
negative is induced in transformer wind-
ing 1-2. This voltage charges capacitor
Cr through the small forward resistance
of the base-emitter diode, and appears
across this resistance increasing the for-
ward bias. Regeneration continues rap-
idly until the transistor is saturated.

At saturation, the collector current be-
comes constant. Therefore, there is no
longer any induced voltage in winding
1-2 and a charging potential is no longer
applied across capacitor Cr. Capacitor
Cr begins discharging through resistor
Rp. The field around winding 1-2 col-
lapses and induces a voltage in the wind-
ing in the reverse direction. That is, the
base is driven positive (reverse bias).
Base and collector current fall to zero.
The transistor is held at cutoff until ca-
pacitor Cr, discharging through resistor
Rp, reaches the point at which the tran-
sistor is forward-biased and conduction
begins again. The cycle is then repeated.
The output waveform (not shown) is a
pulse, the width of which is primarily de-
termined by winding 1-2. The time be-
tween pulses (resting or blocking time) is
determined by the time constant of re-
sistor Rp and capacitor Cr. The output
is coupled through transformer winding
3—4 to the load by transformer winding
5-6.
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Figure 185. Blocking oscillator.



184. Summary

a. An oscillator is an amplifier with feedback
of proper phase and amplitude. Transistors may
be used in circuits similar to electron tube oscil-
lator circuits.

b. Power losses occur in the feedback and the
frequency determining networks. The regenera-
tive feedback must overcome these losses to per-
mit sustained oscillation in the circuit. The
amplitude of the oscillations is limited by the
normal operation of the amplifier, the amount of
feedback energy, and the nonlinear conditions
of the circuit.

c. Most transistor circuit parameters are
changed if the operating point is changed, thus
affecting the frequency of oscillation. Tempera-
ture stabilization is also a prime factor in the
stabilization of operating point and frequency.

d. Bias and stabilization techniques for the
transistor oscillator circuit are essentially the
same as those for the transistor amplifier.

e. The regenerative feedback signal must un-
dergo a 180° phase shift when feedback is ac-
complished from the collector to base. No phase
shift is required when the feedback is from
collector to emitter or from emitter to base.

f. When feedback is obtained by simple trans-
former coupling, the oscillator is called a tickler-
coil oscillator. Tickler-coil oscillators may take
the form of a tuned-collector oscillator or a
tuned-base oscillator.
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g- As in its electron tube counterpart the Col-
pitts transistor oscillator uses a split capacitor in
the tuned circuit. A modification of the Colpitts
transistor oscillator which provides increased fre-
quency stability is called the Clapp oscillator.

h. The Hartley oscillator is similar to the Col-
pitts oscillator except that a tapped coil instead
of a split capacitor is used.

i. A quartz crystal may be operated as either
a series or parallel resonant circuit. Either mode
may be used in an oscillator circuit.

j- Phase-shift oscillators use an RC network
to provide the necessary regeneration. The out-
put waveform is very nearly sinusoidal.

k. The Wien-bridge-type oscillator is a form
of phase-shift oscillator with increased amplitude
and frequency stability.

l. Oscillators, such as the multivibrator and the
blocking oscillator which produce nonsinusoidal
output waveforms, are called relaxation oscil-
lators.

m. The collector-coupled transistor multivibra-
tor is similar to the plate-coupled electron tube
multivibrator.

n. The saturable-core square wave oscillator has
higher efficiency and operates at higher fre-
quencies than mechanical vibrators found in most
portable equipments. The near square wave out-
put when used in a full-wave rectifier circuit
requires minimum filtering.
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CHAPTER 11
PULSE AND SWITCHING CIRCUITS

Section I. TRANSISTOR SWITCHING CHARACTERISTICS

185. General

a. Circuit Applications. Pulse and switching
circuits are used in the radar, television, tele-
metering, pulse-code communication, and comput-
ing fields. The circuits function as generators,
amplifiers, inverters, frequency dividers, and wave
shapers providing limiting, triggering, and gat-
ing and signal routing functions. Some typical
circuits performing these functions are described
in succeeding paragraphs.

b. Nonlinear Operation. Pulse and switching
circuits are normally characterized by large-
signal, or nonlinear, operation of the transistor
(par. 186). Operation of these circuits is nor-
mally governed by the application of a pulse;
a discontinuous change in the level of voltage or
current is usually experienced by the circuit (c
below). The input signals (trigger pulses) pro-
duce output signals having large and sudden
changes in voltage or current. Such nonlinear
operation results in an output wave form which
may differ considerably from the input wave
form (par. 188).

c. Unit Step Voltage.

(1) Pulse wave forms widely encountered in
large-signal operation (par. 186) of the
transistor are illustrated in figure 1886.
The changes in voltage levels with time
are considered instantaneous and repre-
sent the theoretical (ideal) pulse. The
effect of the transistor on the ideal pulse
is given in paragraph 187.

(2) A voltage which undergoes an instan-
taneous change in amplitude from one
constant level to another is called a unit
step voltage. In pulse and switching
circuit applications when the unit step
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(3)

voltage is the applied signal, it is usually
of sufficient magnitude to cause the cir-
cuit to change from a state of conduction
to one of cutoff or vice versa (par. 186).
When the unit step voltage is the result
of an applied signal to a switching cir-
cuit, the circuit will have changed its
state.
A, figure 186, illustrates a positive unit
step voltage. At time ¢1, the voltage
level is increased (positively) by the
magnitude V. The voltage level does
not have to necessarily increase from
zero to a positive voltage. If the initial
voltage level was at & negative potential
and then changed to zero, a positive unit
step voltage would be involved. B, fig-
ure 186 illustrates a negative unit step
voltage. At time 72, the voltage level is
decreased (negatively) by the magnitude
V. In this instance, the change in level
could be from a high positive potential
to one that is less positive. C, figure 186
illustrates a square or rectangular pulse.
At time 1, the voltage level is increased
by the magnitude V. Between time ¢1
and 72, a new constant voltage level is
established. At time 2, the voltage level
is decreased by the magnitude V. For
instance, a square pulse (C, fig. 186) may
be referred to as two unit step voltages,
one positive and one negative.

Note. The explanation of a unit step cur-
rent is identical with that of unit step voltage.
Current levels, rather than voltage levels, un-

dergo instantaneous changes, either positively
or negatively.
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Resistors Rp, and R, are current-limiting resis-
tors. The emitter-base and collector-base diode
and switch equivalent circuits representing the off
and on (dc) conditions of the transistor switching
circuit are shown in B and C, figure 188. Each
region of operation (a(1) above) is discussed in
(1) through (3) below.

(1) Cutoff region.

(a) The cutoff region (A, fig. 187) includes
the area above the zero base current
curve (/3=0). Ideally, with noinitial
base current, there would be zero col-
lector current; the collector potential
would equal battery voltage Vee (A,
fig. 188). However, at point X on the
loadline (A, fig. 187), a small amount
of collector current is measured. (See
horizontal projection to collector cur-
rent axis.) This is more clearly indi-
cated in B, figure 187, where at zero
base bias voltage (point X), collector
current /o equals approximately 0.05
ma. This is the reverse bias collector
current (par. 43) for the CE configura-
tion. Note that the application of a
small reverse base bias voltage Vs (ap-
proximately 0.075 volt, positive for a
PNP transistor), reduces the value of
reverse bias collector current to the
value of /¢po (par. 188). The collector
voltage Vg is indicated by the vertical
projection from point ¥ (A, fig. 187)
to the collector voltage axis. This
value is equal to the difference in mag-
nitude between the battery voltage (12
volts in this instance) and the voltage
drop produced by reverse bias collector
current flow through load resistor %,
(A, fig. 188). Normal quiescent con-
ditions for a transistor switch in this
region require that both emitter-base
junction and collector-base junction
must be reverse biased ((5) below).

() With switch S1 (A, fig. 188) in the
OFF position, the emitter-base junc-
tion is reverse biased by battery Va.
through resistor Rj5,. This is compa-
rable to the application of a positive
unit step voltage (par. 185¢). The col-
lector-base junction is reverse biased by
battery V¢c through load resistor R ;
the transistor is in the off (cutoff) state.
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In the diode equivalent circuit of the
unit step voltage (par. 185¢). The col-
transistor (B, fig. 188), diodes CRg and
CR¢ represent the emitter-base and col-
lector-base junctions, respectively. Di-
ode ("R is reverse biased by voltage
Vee; diode CR¢ is reverse biased by
voltage V"¢s. Ideally there is no current
flow through load resistor £, and col-
lector-emitter voltage V¢ (output volt-
age) equals collector battery voltage
Vee. The circuit, as a switch, is open
(C, fig. 188). The initially applied
bias causes switches S, and S, (which
represent the diode equivalents (Z)
above) to open the output circuit.

(2) Active region.

(2)

(d)

The active linear region (A, fig. 187)
is the only region providing normal
amplifier gain. In the linear region,
the collector-base junction is reverse
biased and the emitter-base junction is
forward biased. Transient response of
the output signal (par. 187) is essen-
tially determined by transistor char-
acteristics (ch. 4) in this region. In
switching circuits, this region repre-
sents the transition region.

Operation of switch 81 (A, fig. 188) to
the ON position is comparable to the
application of a negative unit step volt-
age. Forward bias is established by
battery Vg, through resistor Rz;, on
the emitter-base junction, and the base
current /p and collector current /g,
become transitory in nature, moving
from point X (A, fig. 187) on the load-
line to point ¥, here, collector current
reaches saturation ((3) below). The
signal passes through this region
rapidly. In switching circuits, this
region is of importance only for design
considerations.

Note. The loadline (A, fig. 187) is shown
passing through the area beyond the maxi-
mum permissible power dissipation curve.
For normal amplifier operation of a transis-
tor, this is undesirable. In switching cir-
cuits, however, the excursion of the collector
current through this area is very rapid, and
the average power disgsipated within the
transistor falls within the acceptable maxi-
mum limitation (par. 102).



(8) Satwration region.

(a) In the saturation region (A, fig. 187),
an increase in base current does not
cause an appreciable increase in collec-
tor current /¢. At point ¥, on the load-
line, the transistor is in the saturation
region. Collector current /¢ (measured
by a horizontal projection from point
Y) is at a maximum, and collector
voltage Veg (measured by a vertical
projection from point Y’) is at a mini-
mum. This value of collector voltage
is referred to as the saturation voltage
(Vsar), and is an important charac-
teristic of the transistor. Deep satura-

r—VCB —

Ves Vce |
l: RL
Vee

tion is generally avoided because of its
effect on the transient response of the
transistor (par. 187¢).

Note. The saturation region is also re-
ferred to as the bottonied region.

(b) When collector current /. reaches its
limited value (battery voltage Ve (A,
fig. 188) divided by the value of load
resistance /2;,), the trangistor saturates
and is in the on, or conducting state.
In the diode equivalent circuit of the
transistor in saturation (B, fig. 188),
diodes C'Rr and CR¢ are forward
biased. Diode C'Ry is forward biased
by input voltage Ve ((2) above).

A. TRANSISTOR SWITCHING CIRCUIT

] i

ON -CONDITION

B. DIODE EQUIVALENT OF TRANSISTOR SWITCHING CIRCUIT

P ¢ -
CR¢
$Ra2 RL
VBE CRg Vee
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- +
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\
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Rg2 \ RL
wput . _9si \
CONTROL N kY

I Ve2
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* —O -
\
\
$Re \ Ry
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- Vg|
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C. SWITCH EQUIVALENT OF TRANSISTOR SWITCHING CIRCUIT

Figure 188.
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Transistor switching circuil.
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Saturation (output) voltage Vs, drops
to a smaller negative value than input
voltage Vps; the difference in poten-
tial of these voltages causes the forward
bias (V¢z) on diode CR¢. The equiv-
alent switch circuit (C, fig. 188) is
closed. Switches S1 and S2 close the
circuit for battery Vo¢ through load
resistor Rl,.

Note. The circuit may also be switched
from the on state to the off state in a similar
manner. Small input voltage or current
pulses may be used to control large output
voltage or current pulses. For example, an
input voltage swing of approximately .2 voit
causes an output voltage swing of approxi-

mately 11.1 volts for a particular transistor.
Correspondingly, an input current swing of
180 microamperes results in an output cur-
rent swing of approximately 2,800 micro-
amperes. An average current gain eys of
approximately 15.5 is obtained.

o. PNP Transistor Switching Conditions in
Operating Regions. The following chart lists the
transistor items of interest (first column) relative
to biases, resistances, gains, currents, and volt-
ages and gives their condition or relative value
in the three regions of operation. The chart
covers a PNP transistor in the CE configuration
(A, fig. 188). Voltage polarities are given with
respect to ground.

Reglon
Item
Cutoft Active (on, transitary) Saturation (on, fully)
Emitter-base junction._____ Reverse biased. _ .. __________ Forward biased_ _ ____.____.__. Forward biased.
Collector-base junction____| Reverse biased______________ Reverse biased..______..__.__ Forward biased.
Input resistance. .. _______ High (infinite) . _ ____________ Low (zero) . . __.__.___._____ Low (zero).
Output resistance_________ High (infinite) . . ____________ High_._____________________ Low (zero).
Current gain_ . ___._______ Zero._ . _ ..o Normal..__________________ Zero.
Base current_ . ___________ Zero_ _ . __io..__ Transitory__________________ High.
Base voltage_ _ . .__._____. Positive (note) . _____________ Negative (transitory)_.___._.._. Negative.
Collector current__________ Zero_ . ... Transitory._ . __ .. _.________.._ High (maximum).
Collector voltage..___.____ Negative (high) _____________ Negative (transitory)._.______ Zero.

Note. For NPN transistors, conditions are as in the above chart except that polarities are reversed.

d. Transistor Configurations as Switches. Re-
gions of operation (a above) are similar for all
transistor configurations used as switches. When
both junctions of a transistor are reverse biased
(cutoff condition), the output current is very
small, and the output voltage is high. When
both junctions are forward biased (saturated con-
dition), the output current is high, and the out-
put voltage is small. For most practical purposes,
the small output current in the cutoff condition
of the transistor and the small output voltage in
the saturated condition may be neglected.

(1) Common base (A, fig. 40). For large-
signal operation, the CB configuration
acts as a series switch. The output
(collector) current is essentially a large
percentage of the input (emitter) cur-
rent. For practical purposes, these cur-
rents may be considered equal. Transient
response (par. 187) of this configuration
is better than that of the other configura-
tions ((2) and (3) below). The CB
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configuration is best for use in high-
speed switching circuits. In addition, its
low input resistance and high output re-
sistance make it effective for impedance
matching purposes.

(2) Common emitter (C, fig. 40). When
used in pulse and switching circuits, this
configuration acts as a shunt switch.
That is, the input (base) current acts
only to regulate or control the output
(collector) current. The transient re-
sponse of the CE configuration to an
input pulse is poorer than that of the
(OB configuration. This is caused by the
large drop in current gain at high fre-
quencies. This configuration is used at
frequencies lower than that of the CB
configuration (assuming the same tran-
sistor is involved). Despite its lower fre-
quency response, however, the CE con-
figuration is preferable because of its



high power gain. In addition, only this
configuration provides phase inversion.

Note. The cutoff frequency (f.) of a tran-
sistor is the frequency at which the current gain
drops 3 db from the maximum gain. Because
of the direct relationship between the current
gain of the CB configuration and the CE con-
figuration, a small change in f,» results in a
large change in f... Therefore, when f.» drops
3 db, f.. drops considerably more. Thus, the
cutoff frequency of the CF configuration is lower
than that of the CB configuration.

(8) Common collector (E, fig. 40). The CC
configuration (emitter follower) like the
CE configuration functions as a shunt
switch ((2) above). The voltage gain
is essentially unity. The properties of
a high input impedance and low output
impedance of this configuration in its
active region make it generally applicable
as & buffer and impedance matching cir-
cunit. Circuits using this configuration
are normally not driven to saturation
because of the loss in input and output
impedance properties.

187. Large-Signal Pulse Characteristics

When switch S§1 (A, fig. 188) is operated in
sequence from OFF to ON and then back to OFF,
the resultant input current pulse /5 is similar to
that shown in A, figure 189. In large-signal op-
eration, rectangular input signal /p drives the
transistor from cutoff to saturation and back to
cutoff. The distorted output current pulse /¢ (B,
fig. 189) results because the transistor cannot re-
spond instantaneously to a change in signal level.
The response of the transistor during rise and fall
time is called the transient response of the cir-
cuit. The output pulse characteristics (e through
d below), are governed primarily by the ac char-
acteristics of the transistor.

Note. The transient response of & transistor basically
determines the maximum repetition rate (speed of switch-
ing) at which the transistor may be driven.

a. Rise Time (t.). The rise time (also referred
to as buildup time or turn-on time) is time re-
quired for the leading edge of the pulse to increase
in amplitude from 10 to 90 percent of its maxi-
mum value. Nonlinear characteristics of the tran-
sistor, the external circuit, and energy storage
effects (c below) contribute to the time. Carriers
moving from emitter to collector suffer collision
and dispersion and do not reach the collector at the

405909 0—859——13
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same time. Overdriving the transistor results in
decreased rise time. However, the overdrive is
normally held to a small value, since the turnoff
time (storage time plus fall time (¢ and d below)),
is affected.

b. Pulse Time (t,). The pulse time, or duration
time, is the length of time that the pulse remains
at, or near, its maximum value. The pulse time
duration is measured from the point on the lead-
ing edge where the amplitude of the pulse has
reached 90 percent of its maximum value to the
point on the trailing edge where the amplitude has
fallen to 90 percent of its maximum value.

¢c. Storage Time (Minority Carrier Storage)
(ts). When the input current, /5, is cut off, the
output current, /o, does not immediately fall to
zero, but remains almost at its maximum value for
a length of time before falling to zero (4 below).
This period is called the storage time, or satura-
tion delay time. Storage time results from in-
jected minority carriers being in the base region
of the transistor at the moment when the input
current is cut off. These carriers require a definite
length of time to be collected. The length of stor-
age time is essentially governed by the degree of
saturation into which the transistor is driven and
the time spent in saturation. The base current
(Zs) reversal that occurs between points X and Y,
at the end of the input pulse, is the result of the
stored carriers contributed by the current gain at
the transistor multiplied by the initial input cur-
rent, /5. When this current value decays to a
value equal to the value of maximum current at
saturation, the collector-base diode becomes re-
verse biased, and both /» and 7/, decay exponen-
tially to zero. For high speed switching, storage
time is an undesirable condition. Minority car-
rier storage may be avoided by switching a tran-
sistor from its off state to a point in the active re-
gion. Collector clamping (par. 189) prevents
operation of the transistor in the saturation region.

d. Fall Time (t;). In the fall or decay time of
the pulse, the amplitude falls from 90 to 10 percent
of its maximum value. The fall time of the pulse
is essentially determined by the same factors which
determine its rise time (a above). Fall time may
be slightly reduced through the application of a
reverse current at the end of the imput pulse.

Note. The turnoff time of a transistor switch is gen-
erally determined by the sum of the storage time and fall
time. Decreasing either the storage time or fall time or
both results in decreased turnoff time. The pulse repeti-
tion rate of the circuit is thereby increased.
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188. Leakage Currents

a. CE and CB Configurations. For a transistor
to act as a switch (par. 186), the output current
should be zero when the transistor is in the cutoff
stage (switch open). This ideal condition, how-
ever, cannot be achieved in practice.

(1) In the CB configuration (A, fig. 190)
with the emitter current equal to zero
(/g=0), a reverse bias collector current
flows. Thiscurrent is caused by minority
carriers in the collector and the base re-
gions. A detailed discussion of the in-
ternal conduction mechanism that causes
this current (/¢po) is covered in para-
graph 43. In the CB configuration, the
reverse bias current, also called leakage
current, is normally small (measured in
microamperes) and can be tolerated in
most applications. The effect of temper-
ature on leakage current /¢po is discussed
in chapter 5.

(2) In the CE configuration (B, fig. 190),
leakage current /cgo from emitter to col-
lector is much larger than that of the CB
configuration ( (1) above). Leakage cur-
rent /¢go is measured from collector to
emitter with the base terminal open
(/=0). Leakage current /czo is caused
by leakage current /cso. Reserve bias
minority carriers (electrons, solid line
arrow) in the collector region enter the
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base region and combine with holes
(dashed-line arrow) from the emitter re-
gion. Before combining, however, the
electrons cause a heavy hole current to
flow from the emitter to the collector.
That is, the electrons from the collector
act as a base current bias to cause an
amplified collector current. The magni-
tude of this current is the product of the
CE forward current amplification factor
(are) and the base current (/cso). The
total leakage current then is:

Icno=Icao+anIcao

=Icao (1 +0¢n)

Note that the factor (1+a,.) ranges from
25 to 50 depending on the particular
transistor. Method for reducing /gco are
discussed in b below.

b. Reduction of Icgo. Leakage current /czo
can be reduced by several circuit arrangements.
Regardless of the method used, leakage current
Icro cannot be made less than leakage current
l CBO-

(1) Ifthe dc base resistance is reduced to zero
(A, fig. 191), the minority carriers (/cao)
that enter the base region from the col-
lector easily move from the base region
through the external circuit to the col-
lector. This low resistance is provided
by inductor LZ1. In this case, with no in-
put (/3=0), the collector leakage cur-
rent (Icgo) equals 1030.

(2) In cases where an inductor or dc short
cannot be used, a low-valued resistor (%,)
between base and emitter may be used
(B, fig. 191). The flow of current /cso
through resistor R1 causes a small for-
ward bias which results in the flow of
base-emitter current /5. The latter; em-
plified by a factor, «., appears in the col-
lector as af./s. The smaller £1, the lower
the collector current /cgo. In this case:

Icno=lcao+afe13-

(8) Ifahigh input resistance is required with
a low leakage current (/c¢s0), & reverse
bias battery (¥ s) in series with a high-
valued resistance can be used (C, fig. 191).
Note that the reverse bias battery voltage
attracts the minority current (electron)



P N P
1¢=1cpo
Ig=0 Iceo
— e
A
V4
/
I}
= Vce
l 1g*Icgo
: A
& 1ceo=Icpo (1+Tfe)
—
'y
|
al °
P 8 e
- o
21 -
|
| v
|
Ig=0 i * & v
N I = = Vecc
| |
| |
| ]
/
| ’
P | //
I,’
Iy
I
l‘cso
’ B
TME90-334

Figure 190. Leakage currents Iono and Icmo.

carriers (/¢so) from the base region. In
addition, emitter-base current (/s) is re-
current flowing is leakage current /¢po
(which is leakage current Z¢zo).

189. Cutoff and Saturation Clamping

When a transistor is driven to saturation and
cutoff, it may introduce undesirable effects on
the output wave form. Variations in collector
potential occur when either the temperature-de-
pendent cutoff current or the load changes. This
change in collector potential may cause erratic
operation of the succeeding stages. When a
transistor is driven to saturation, minority car-

rier storage delay is introduced (par. 187¢) with

the effects of pulse widening and reduction in
the maximum repetition rate at which the circuit
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may be driven. The use of junction diodes to
avoid transistor operation at cutoff or at satura-
tion is given in a below. Alternate methods of
diode clamping (b below) have been devised to
avoid saturation of the transistor.

a. Collector-Emitter Clamping. In the circuit
shown in A, figure 192, a PNP transistor is used in
the CE configuration as a simple switching circuit.
Current / is assumed to be of sufficient magnitude
to drive the transistor from cutoff to saturation
under normal conditions (that is, without clamp-
ing diodes CR1 and CR2, and their respective bias
batteries V¢o and V¢s). The output characteris-
tics with load line of resistor 2, are shown in B,
figure 192. In this example, collector bias battery
voltage Vo is 12 volts. Diode CR1 and bias bat-
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Figure 191. Circuits for reduction of leakage ourrent Icxo.

tery V¢o are used for cutoff clamping ( (1) below).
Junction diode CR2 and its bias battery, V¢s, are
used for saturation clamping ((2) below).
Clamping the upper and lower levels of the output
permits the substitution of one transistor for an-
other in this circuit.

Note. Since operation with clamping diodes generally
results in operation over the linear portion of the output
characteristics, the low current at cutoff and the low
voltage at saturation are eliminated. Average power dis-
sipation is increased and the load line must be chosen so
that operation of the circuit falls within the maximum
permissible power dissipation curve (fig. 187) to avoid
damage to the transistor.
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(1)

(2)

Cutoff clamping. Assume that input cur-
rent /5 has begun to fall from 150 ua at
point ¥ (B, fig. 192). The collector po-
tential increases negatively from 2 volts
at this point. As indicated, the bias po-
tential apphied to diode CR1 by battery
Veo 18 8 volts. As the collector potential
increases from 2 volts toward 8 volts,
diode CR1 remains reverse biased (non-
conducting). When the collector poten-
tial reaches point X (/3=50ua) on the
load line (8 volts), diode CR1 becomes
forward biased and begins to conduct.
Further decrease in input current /s to
zero has no effect on the collector poten-
tial, which remains fixed at 8 volts even
though collector current /o decreases
(Veo holds Vg at 8 volts). Current flow
through load resistor R, however, is
maintained at the value at point X (about
1 ma) on the collector current axis and
consists of collector current /¢) and the
current through forward-biased diode
CR1 and battery V¢o. The voltage drop
across resistor £, is equal to the difference
(approximately 4 volts) between the
voltages of battery V¢c and battery Veo.
Any change in collector current /¢, which
does not cause it to exceed the value at
point X, is compensated for in the amount
of current drawn from battery V.
Equilibrium is maintained and the out-
put potential is fixed at 8 volts.

Note. Throughout the foregoing action,
diode CR2 remains reverse biased and is ef-
fectively an open circuit.

Satwration clamping. Disregarding di-
ode CR1 and its bias battery V¢o, which
are involved only in establishing the cut-
off collector potential ((1) above), as-
sume that input current /5 is increased to
150 ua at point ¥ (B, fig. 192). The col-
lector voltage, indicated by the vertical
projection to the collector voltage axis,
has fallen from a high negative value to 2
volts. The voltage drop produced by the
increasing collector current /¢ flowing
through load resistor R causes the volt-
age on the collector to fall. The bias
voltage provided by battery V¢s is equal
to 2 volts. A slight further increase in



(3

collector current /¢, due to an increase in
driving current /5, further decreases the
negative potential on the collector, for-
ward-biasing diode CR2, which conducts.
When diode CR2 conducts, its resistance
is negligible and bias battery Vs is
effectively placed between collector and
ground. This voltage cannot change and,
since it is in parallel with collector dc
supply Voo and load resistor %y, the volt-
age across this branch cannot change.
The current flow through load resistor £,
is fixed to provide the necessary voltage
drop so that the collector to ground po-
tential is equal to that of bias battery
Vos. In this instance, the load current
is approximately 3 ma. Although the
collector current may further increase, be-
cause of an increase in base current, the
potential at the collector remains fixed at
2 volts. The additional collector current
is drawn from battery V¢s through con-
ducting diode CR2. The vertical exten-
sion of the loadline from point ¥ repre-
sents the zero resistance loadline of
forward-biased diode CR2. The normal
loadline extending from point ¥ to the
collector current axis (dashed line) can
be seen to enter the saturation region,
which falls beyond the knee of the curve
of /3=200 ua. The collector-base diode
would be forward-biased in this region
(par. 1860). When the driving current
is reduced to zero, the collector current,
¢, falls rapidly from its maximum value
to point ¥ and then follows the normal
loadline toward point X. However, any
minority carrier storage introduced by
the clamping diode would affect the width
of the output pulse. To the left of point
Y on the loadline, the collector potential
is more negative than 2 volts. Diode
CR2 is reverse biased and is therefore in
a nonconducting state.

Combination clamping. The effect of
cutoff and saturation clamping ((1) and
(2) above) is to keep the collector po-
tential in the range of —2 and —8 volts,
thereby preventing cutoff or saturation
and the resultant waveform distortion.
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Figure 192. Cutoff and saturation clamping.

b. Collector-Base Saturation Clamping (fig.
193). More efficient switching action is obtained
through the use of the single-diode ((1) below)
and double-diode ((2) below) collector-to-base

clamp.

(1) Single-diode clamping (A, fig. 193).

(a)

(d)

In the cutoff condition of the transis-
tor, diode CR1 and the emitter-base
diode are reverse-biased by the voltage
divider network consisting of resistors
R1, R2, and Bj in series with collector
and base bias batteries V¢o and Vgs.
When batteries V¢o and Vs are equal,
the sum of the resistances of resistors
R1 and R2 is made slightly greater
than the resistance of resistor £s. This
provides the required initial reverse
bias for the emitter-base junction. Re-
sistor R1 is very much larger than re-
sistor B2, the ratio of the two resistors
being determined by the desired clamp-
ing voltage when the transistor is
conducting.

Assume that an applied signal (/;»)
forward-biases the emitter-base junc-
tion, and drives the circuit to satura-
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tion. The potential at the junction of
resistors £1 and R2 is negative and
effectively fixed near the very low sat-
uration voltage of the transistor used.
The collector potential falls from its
high negative value (V¢¢) to the value
of the potential at the junction of re-
sistors £1 and £2. During this period,
diode CR1 is nonconducting and base
current /p is equal to the input current,
I1y. Load current /; is equal to col-
lector current /¢ and is the amplified
driving current, /;5. When the col-
lector potential falls just below the po-
tential at the junction of resistors R1
and B2, diode CR1 conducts. Asinput
current /,y, increases further, base cur-
rent /5 remains essentially constant and
the excess current is shunted through
resistor £2 and diode CR1. Collector
current /¢ increases by approximately
the small value of the excess input cur-
rent rather than by the amplified input
current prior to the clamping effect.
Since relatively small currents are
passed through conducting diode CR1,
the minority carrier storage delay con-
tributed by the clamping diode is
smaller than that contributed by the
clamping diode in the circuit of figure
192 (par. 1892(2)).

(2) Double-diode clamping. Battery power
dissipated in resistors 21 and B2 (A, fig.
193) is avoided by using double-diode
clamping. Diode CR1 (B, fig. 193) func-
tions as a clamping diode ((1) above).
Forward-biased diode CR?2 is substituted
for resistor £2.

(a) The emitter-base junction is reverse
biased by battery Vg through resistor
Rp. Collector reverse bias is provided
by battery V¢o through load resistor
R.. Diode CR2 remains forward-
biased throughout the functioning of
circuit. (A negative signal must be
applied to the base to drive the tran-
sistor into conduction.) Generally, a
germanium diode, with a low forward
voltage drop, is used as the clamping
diode (CR1) and a silicon diode, with
a slightly higher forward voltage drop,
is used as the biasing diode (CR2).
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(d)

For example, in a typical application,
diode CR1 provides a forward voltage
drop of 1 volt and diode CR2 provides
a forward voltage drop of 1.2 volts.
This essentially maintains a reverse
bias of 0.2 volt between collector and
base after clamping action takes place
((d) below).

Circuit functioning is similar to that
of the single-diode clamping circuit
((1) (b) above). All of input current
Iy is applied to the base while diode
CR1 remains reverse-biased. This con-
dition exists until load current /,, drops
the collector potential just below the
potential at the junction of diodes CR1
and CR2. (The base potential is more
positive than the potential at this point
by the value of the voltage drop across
diode CR2.) Diode CR1 becomes for-
ward biased and shunts the excessive in-
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Figure 193. Single-diode and double-diode (collector-

base) saturation clamping.



put current to the collector. The
smaller voltage drop across diode CR1
maintains the reverse collector-base
bias at the difference between the for-
ward voltage drops across diodes CR1
and CR2 ((a) above). During the
clamped condition, load current 7/, is
equal to «s./p and collector current /.

is equal to the sum of load current 7/,
and the shunted portion of input cur-
rent /;5. The latter is again small and
not an amplified current ((1) ()
above). Thus, it contributes little to
output pulse widening. The maximum
pulse repetition rate of the switching
circuit is thereby increased.

Section Il. TRIGGERED CIRCUITS

190. Triggered Circuits, General

A triggered circuit is one in which an exter-
nally applied signal causes an instantaneous
change in the operating state of a circuit. Once
the applied signal (trigger pulse) has initiated
the change, the circuit uses its own power to
complete the operation (trigger action). Trig-
gered circuits operate in the astable (a below),
monostable (b below), or bistable (¢ below) mode
of operation. Each mode of operation passes
through stable regions (cutoff and saturation)
and unstable regions (active or transition).

a. Astable Operation. The astable mode of
operation results in relaxation-type oscillations.
The operating point for this mode of operation
is in the active region (fig. 187). Astable cir-
cuits are free-running circuits. The free-running
multivibrator circuit is a typical astable circuit
(par. 181). Trigger pulses are used for syn-
chronizing purposes.

b. Monostable Operation. The quiescent (op-
erating) point of the monostable mode of opera-
tion is in one of the stable regions. When the
circuit is triggered by an external pulse, its
operating point is moved from the initial stable
region to the other stable region. The time con-
stant of the circuit elements holds the operating
point in the new stable region for a period of
time. The operating point then moves back to
the original stable region. An example is the
monostable multivibrator (par. 191), also referred
to as a one-shot, single-shot, or single-swing
multivibrator. The operation is also referred
to as flip-flip action; a trigger pulse is required
to flip the state of the circuit, which of its own
accord flips back to its original state.

c. Bistable Operation. The quiescent operating
point of the bistable mode of operation is also in
either of the stable regions (b above). When the
circuit is triggered by an external pulse, its op-
erating point moves from one stable region to the
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other. The circuit remains in this second state
until a second trigger pulse is applied ; the circuit
then returns to its original state. The Eccles-
Jordan multivibrator (par. 193ez) operates in the
bistable mode. Operation of this type of circuit
is also referred to as flip-flop action. That is,
two trigger pulses are required; one to flip the
state of the circuit and the second to flop the
circuit back to its original state.

191. Monostable Multivibrator

A basic (monostable) multivibrator is shown in
figure 194. Circuit voltage wave forms are shown
in figure 195. Bias arrangements (a below) and
transistor regeneration hold transistor @2 in sat-
uration and @1 at cutoff during the quiescent or
steady state period. A pulse of short duration
(par. 187b) is applied and the multivibrator cir-
cuit functions until 1 full cycle is completed (b
below).

a. Quiescent Condition. Battery Vec provides
the necessary collector bias voltages for both tran-
sistors and forward bias for transistor Q2. Tran-
sistor @2 is in saturation during the quiescent
period. Negative potential v.,, at the collector of
transistor @2, is effectively zero or ground. The
reverse bias provided by battery Vs maintains
transistor @1 at cutoff. Collector potential v is
negative and equal to the value of battery voltage
Vee. Capacitor Cr, provides rapid application of
the regenerative signal from the collector of tran-
sistor @1 to the base of transistor @2, and it is
charged to battery voltage Voc through resistor
R, and the essentially shorted base-emitter junc-
tion of forward-biased transistor @2.

b. Circuit Operation. The circuit is described
with a negative pulse applied at the input ((1),
(2) and (3) below), but other means of triggering
may be used.

(1) A negative pulse is applied through
coupling capacitor Cc to the base of tran-
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sistor @1, and transistor @1 begins to o fall (becomes more positive). This posi-
conduct. The high negative voltage at « tive-going voltage is coupled to the base
the collector of transistor @1 begins to of transistor ¢2, and the forward-bias is

decreased. The base current and collec-
' tor current of transistor ¢2 begin to de-
Vin r T crease. The collector voltage of transistor
oo
' 1

Q2 increases negatively. A portion of
this voltage is coupled through resistor

' . .
by O ===|.-_-:.l'—"-"= - . Rr, to the base of transistor @1, increas-

h ' ing its negative potential. This regenera-
' : - tion results in a rapid change of both
Ob-cclocct oo transistors; it drives transistor ¢1 into

saturation and transistor @2 into cutoff.
v Since capacitor Cr, was initially charged
c to a potential almost equal to battery
voltage Tcc (a above), the base of tran-
sistor @2 is at a positive potential almost
equal to the magnitude of battery voltage
I',cc.

(2) Capacitor (', discharges through resistor
Rp, and the low saturation resistance of
transistor Q1. Base potential v,, of
transistor @2 becomes less positive.
When the base potential of transistor @2
becomes slightly negative, transistor @2
again conducts. The collector potential
of transistor @2 increases positively and
is coupled to the base of transistor @1,

Vce driving it into cutoff. Transistor Q1 is

again at cutoff and transistor @2 is in

saturation with its collector voltage al-

' most at zero. This stable condition is

maintained until another pulse triggers
the circuit.
TM890-340 (3) The output is taken from the collector of

Figure 195. Monostable multivibrator waveforms. transistor @2. The wave form at this
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point is essentially square. Time dura-
tion of the output pulse is primarily de-
termined by the time constant of resistor
Rpr and capacitor Cp, during discharge
((2) above).

192. Triggered Blocking Oscillator

The major difference between the triggered
(monostable) blocking oscillator (A, fig. 196) and
the astable or free running blocking oscillator
(par. 183) is due to the bias arrangement. In the
astable mode of operation, the base-emitter junc-
tion is forward-biased and the circuit functions
as soon as dc power is applied. In the monostable
mode of operation, the base-emitter junction is
reversed-biased (e below) and the transistor is
held at cutoff. The output obtained is a single
cycle for each pulse applied at the input (B, fig.
196). The blocking oscillator exhibits minority
carrier storage (par. 188¢) and excessive back-
swing which are undesirable. The modified trig-
gered blocking oscillator (b below), overcomes
these characteristics.

a. Typical Blocking Oscillator (fig. 196). In
the quiescent state, the transistor is held at cutoff
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Figure 196. Triggered blocking oscillator.
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by the reverse bias between the base and emitter
provided by battery voltage V5. The collector-
base junction is reverse biased by battery V.
Transformer 7'1 provides regenerative feedback
and couples the output signal to the load. Capaci-
tor ('r acts as a dc blocking capacitor. Capacitor
(¢ couples the input signal to the base of the
transistor.

(1) A negative trigger pulse is applied at the
input and the transistor begins to conduet.
Collector current flows through trans-
former winding 3—4 and produces a vary-
ing magnetic flux that induces a voltage
of opposite polarity in transformer wind-
ing 1-2. This voltage is coupled through
capacitor ('r to the base of the transistor
and supplies regenerative feedback. This
action continues until the transistor is
driven into saturation and collector cur-
rent ceases to increase.

(2) Since the collector current becomes con-
stant, no feedback voltage is induced in
transformer 7’1 and the reverse bias pro-
vided by battery Vs cuts off the transis-
tor. The collector current continues to
flow for a short while because of minority
carrier storage.

(3) When the collector current stops flowing,
the collapsing field around transformer
winding 1-2 induces a voltage in winding
3-4 which exceeds the value of battery
voltage Vec (B, fig. 196). In some in-
stances, this backswing voltage may ex-
ceed the collector breakdown of the
transistor. Driving the transistor into
the saturation region introduces the un-
desired effect of minority carrier storage
(par. 187c). A means of preventing
transistor breakdown and operation in
the saturation region is given in b below.

b. Diode Clamped Blocking Oscillator (Nonsat-
urating). A modified triggered blocking oscilla-
tor (fig. 197) prevents voltage breakdown and re-
duces the effects of minority carrier storage (a(3)
above) ; this increases the maximum pulse repeti-
tion rate. Substitution of transistors is made less
critical. The use of clamping diodes CR1 and
('R2 prevents saturation and excessive induced
voltage at the collector of the transistor. Circuit
operation is similar to that described in a above
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except for the differences given in (1) through (5)
below.

(1) The base-emitter junction of the transis-
tor is reverse-biased by battery Vzs. The
collector is reverse-biased by the combined
voltages of V¢, and Ve, Quiescently,
diode CR2 has no bias applied and diode
CR1 is reverse-biased (fig. 197).

(2) If a negative trigger pulse is applied, the
transistor is driven from cutoff into con-
duction. Collector current increases rap-
idly as a result of the regeneration of the
circuit. The collector voltage falls from
the combined voltages of C'¢, and Vg, to
the value of Vo,.

(3) As the collector potential decreases, due
to increase in collector current, the volt-
age across diode C'R2 causes reverse bias.
Therefore the effect of CR2 at this time
may be neglected because it maintains re-
verse bias. The reverse-bias potential
applied to diode CR1 decreases until the
collector voltage reaches a value equal to
Vei. Further increase of collector cur-
rent causes a further decrease in collector
voltage, which results in diode CR1 be-
coming forward-biased. At this point
diode CR1 conducts and carries away
current from the collector to maintain
collector voltage at the value of V..
Diode CR1 acts as a short circuit to trans-
former winding 34. Thus the transistor
is prevented from going into saturation.

(4) When the magnetic field begins to col-
lapse, the collector voltage becomes more
negative (B, fig. 196), and the bias volt-
age across diode CR1 reverts to its non-
conducting state when the value of Vo,
is exceeded.

(5) The collector voltage increases nega-
tively until it reaches the value of the
combined voltages of V¢, and Ve,. Any
attempt by the induced voltage ((4)
above) to further increase the negative
voltage at the collector is overcome by
the conduction of diode CR2. The
charge in transformer winding 34 is
then discharged through this diode, and
thus prevents the application of the ex-
cessive voltage between the collector and
the emitter. The negative going voltage
doesn’t drop below voltage V¢c and the
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Figure 197. Triggered blocking oscillator, with
clamping diodes.

voltage swing below V¢c (fig. 196) has
been eliminated by diode C'%2.

193. Bistable Multivibrator Circuits

A bistable circuit is initially at rest in either
one of the stable states. When triggered by an
input pulse, the circuit switches to the second
stable state where it remains until triggered by
another pulse. This type of operation is par-
ticularly useful for providing a unit step voltage
(par. 185¢). The bistable multivibrator may be
further classified as saturating (a below) or non-
saturating (par. 195). The conventional bistable
multivibrator is described in a below, and a di-
rect-coupled bistable multivibrator is described
in b below.

a. Conventional Bistable Multivibrator. A basic
Eccles-Jordan bistable multivibrator is shown in
figure 198. This circuit differs from the astable
multivibrator (par. 181) primarily in the base-
emitter arrangement. In the stable state, either
transistor is in the on state while the other is off.
The states of the transistor are switched with
the application of a properly applied trigger
pulse ((2) below).

(1) Cutoff and saturation conditions. With
the initial application of dc power, one
transistor will be caused to turn on while
the other will be cut off. Each transis-
tor is held in its particular state by the
condition of the other. A numerical ex-
ample is illustrated in figure 199. Re-
sistors £y, Rp, and Rp correspond to the
voltage divider networks in figure 198.

(a) When a transistor is cut off, its out-
put resistance is high and its collector
current is effectively zero. However,
current flow through the voltage di-



vider network (resistors ., Rr, and
R3) because of collector battery volt-
age Vee (—28 volts) and base battery
voltage Vs (+2 volts), causes finite
voltage drops across each resistor.
The voltage drop across resistor 7 is
2 volts, leaving approximately the full
value of collector battery voltage Ve
at point C. The voltage drops across
resistors Ry and Rp are 21 volts and
7 volts, respectively. This provides a
negative voltage (—5 volts) at point
B and causes forward bias, and tran-
sistor @2 conducts. (For NPN-type
resistors, the polarities are reversed.)
The resistive and bias values are chosen
to drive the on transistor into satura-
tion.

(&) The high collector current (satura-

tion) of the on transistor flows through
resistor R, and causes a voltage drop
equal to collector battery voltage Vec,
so that at point (7, the voltage is ef-
fectively zero (B, fig. 199). Division
of base battery voltage 1755 (+2
volts) by resistors Rp and Rjp results
in a positive voltage (+1.5 volts) at

point B. This is a reverse bias and the
transistor is held at cutoff.

(2) Circuit operation (fig. 198). The ap-

plication of a negative trigger pulse to
the base of the off transistor or a posi-
tive pulse to the base of the on transistor
will switch the conducting state of the
circuit. Collector triggering may be sim-
ilarly accomplished. Two separate inputs
are shown in figure 198. A trigger pulse
at input A will change the state of the
circuit. Once the state of the circuit is
changed, an input of the same polarity
at input B or an input of opposite po-
larity at input A will again trigger the
circuit. Alternate methods for control-
ling the application of the trigger pulse
are described in paragraph 194.

(a) Assume that transistor ¢1 is cut off and

transistor @2 is conducting. A nega-
tive trigger pulse applied at input 4
causes transistor @1 to conduct. The
rise in collector current in transistor
@1 causes the collector voltage to fall.
This change in voltage is coupled to the
base of transistor @2 and reduces its
forward bias; conduction in transistor
@2 begins to decrease. The collector
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Figure 198. Conventional bistable multividrator.
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Figure 199. Voltage divider networks showing saturated and cutoff conditions
of a bistable multivibrator.

current decreases, and the collector volt-
age changes from zero to a negative
value (approaching the value of bat-
tery voltage V'oc). This change in volt-
age is coupled to the base of transistor
@1, making the base more negative and
increasing the conduction of the tran-
sistor. The regenerative feedback con-
tinues until transistor @1 is in
saturation and transistor @2 is cut off.
The time constant of capacitor Cr, and
resistor B, and that of capacitor Cp,
and resistor R, essentially determines
the fall time (from conduction to cut-
off) of transistors @1 and @2, respec-
tively. In addition, the capacitors
rapidly couple the changing voltages to
the bases to insure rapid switching ac-
tion of the transistors.

Note. During the rapid transition period,
both transistors conduct. In one transistor,

the conduction is increasing and in the other,
the conduction is decreasing.

() The output, taken between collector
and ground, is a unit step voltage when
one trigger is applied. A square-wave
output could be obtained through con-
tinuous pulsing or triggering of the
input. Frequency division is thus ob-
tained, with a ratio of 1 to 2.

b. Direct-Coupled Bistable Multivibrator. The
direct-coupled bistable multivibrator (A, fig. 200)
is also referred to as a binary or count-by-two
circuit when used in computing and counting ap-
plications. In the circuit illustrated, transistors
Q1 and Q4 are not considered part of the bistable
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multivibrator. These are used to provide input
control of the conducting state of the circuit. The
load for each transistor of the direct-coupled
binary consists of its load resistor (R, or Br,) in
parallel with the base input resistance of the other
transistor. The callector to emitter voltage for the
off condition of the transistor is the low base-
emitter potential of the on transistor. Operation
of the circuit is as follows:

(1) Assume that transistor @2 is cut off and
transistor @3 is conducting prior to time
t1 (B, fig. 200). With no input signal,
collector voltage V¢, of off transistor Q2
is the same as base-emitter voltage V s, of
on transistor 3. Circuit triggering is
accomplished by effectively grounding the
collector of the off transistor. At time ¢1,
a negative pulse (set pulse) is applied at
input 1 which causes transistor @1 to con-
duct through common load resistor Ry,.
Collector potential V¢, and base potential
Vss rise toward saturation voltage Vgar
of the transistor. Potential Vp,
(although slightly negative with respect
to ground) cuts off transistor ¢3 and its
collector voltage (V) increases nega-
tively, driving transistor @2 further into
conduction. The positive feedback be-
tween collectors and bases of the transis-
tors results in the rapid change of state
of the circuit. Circuit equilibrium is
reached, transistor @2 is in saturation,
and transistor @3 is at cutoff.

At time £2, a negative pulse is applied at
input 2, causing transistor @4 to conduct
through common load resistor B.,. The
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Figure 200. Direct-coupled bistable multivibrator.

process of regeneration duplicates that
described in (a) above except that tran-
sistor @, is switched on while transistor
@:is switched off. The negative pulse at
input 2 may be considered a reset pulse
that brings the circuit back to the original
state.

194. Trigger Pulse Steering

Several methods are available for applying the
triggering pulse or pulses to a bistable multi-
vibrator circuit. Fundamentally, the method used
is determined by the polarity and magnitude of
the trigger pulse available and the desired repeti-
tion rate (e through c¢ below). The trigger nor-
mally used is a pulse of extremely short duration
or a unit step voltage or current. Each causes
the same reaction of the circuit.

a. Triggering Methods. The trigger pulse may
be applied or directed to the base or collector of
either transistor in a bistable multivibrator cir-
cuit. Initial triggering of a bistable multivibra-
tor could be accomplished in one of four ways
((1) through (4) below).

Note. PNP-type transistors are assumed in (1)
through (4) below. All polarities must be reversed for
NPN-type transistors.

(1) A negative trigger pulse may be applied
to the base of the off transistor because
the quiescent voltage at this point is
positive (fig. 198). This pulse drives the

- transistor out of cutoff into conduction.

Google

(2) A positive trigger pulse may be applied
to the base of the on transistor because
the quiescent voltage at this point is
negative. This pulse drives the tran-
sistor out of saturation into the tran-
sition region.

(3) A negative trigger pulse may be applied
to the collector of the on transistor be-
cause the quiescent voltage at this point
is almost zero (figs. 198 and 200). This
trigger pulse coupled to the base of the
off transistor takes it out of cutoff.

(4) A positive trigger pulse may be applied
to the collector of the off transistor be-
cause the quiescent voltage at this point
is negative. This pulse coupled to the
base of the on transistor takes it out of
saturation.

Note. The trigger pulses must be of suffi-
cient amplitude to reverse the stable state of
the transistors.

b. Separate Input Triggering. The separate
inputs at the bases of each transistor (fig. 198)
provide more than one method of triggering the
circuit. A negative trigger at input A or a
positive trigger at input B will cause the initial
transition. The second transition would be ef-
fected by a positive trigger at input A or a nega-
tive trigger at input B. An alternate method of
triggering the circuit with separate inputs avail-
able would be the application of a negative pulse
at input A and a second negative pulse at input B

. to restore the circuit to its original state.
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¢. Diode Steering, Single Input. In certain
applications, it is desirable to trigger the bi-
stable multivibrator on and off repeatedly with
input pulses of the same polarity. If the pulse
were applied simultaneously to both the off and
on transistors, switching time would be delayed.
With pulse steering diodes, the input pulse is
directed to the proper transistor only, driving
it off or on ((2) below). A bistable multivi-
brator using negative pulse steering is illustrated
in figure 202. Trigger action of the multivibrator
is identical with that given in paragraph 193«
and 5. A bistable multivibrator (par. 195a)
illustrating positive pulse steering is shown in
figure 203.

(1) Assume that the negative pulse is ap-
plied to the bases of both transistors from
one input source (fig. 198). The ten-
dency is to drive the off transistor into
conduction and the on transistor (nega-
tive base) into saturation. Thus the
feedthrough from the collector of the off
transistor must overcome the initial bias
condition of the on transistor and also the
additional bias provided by the input
pulse. Increased signal voltage is there-
fore required, and the process of regen-
eration and transition is slowed. The
rise and fall times of the output signal
are increased, thereby decreasing the
pulse repetition rate of the circuit.

(2) Negative or positive pulse steering (fig.
201) may be provided in the bistable
multivibrator circuit. In PNP-type
transistors, a negative trigger pulse drives
the off transistor on; a positive trigger
pulse drives the on transistor off. In
NPN-type transistors the polarities are
reversed. In each method of steering
illustrated, the base of the on transistor
is negative and the base of the off tran-
sistor is positive with no signal applied.

(a) For negative pulse steering, diodes CR1
and CR2 are arranged as shown in A
of figure 201. Resistors R1 and R2
form a voltage divider so that the
cathodes of the diodes are at a positive
potential. Diode CR1 is in its non-
conducting condition because of the re-
verse bias, and diode C /2 is conducting
(low-resistance short) because of for-
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ward bias. When a negative trigger
pulse is applied through coupling
capacitor ('c, the reverse bias diode
('R1 prevents the pulse from being ap-
plied to the base of the on transistor.
Diode CR2 is forward-biased, and the
negative trigger pulse is applied to the
base of the off transistor, thereby over-
coming the positive bias on the base and
driving the transistor on. Normal
functioning of the bistable multivi-
brator takes place (par. 193) and the
circuit switches its state. A second
negative trigger pulse is directed
through diode C/R1 which would then
be biased in the forward direction.
Note. A positive trigger pulse applied to
this steering circuit, regardless of the state
of the bistable multivibrator, Increases the

reverse bias on the diodes and therefore has
no effect on the circuit.

(b) For positive pulse steering (B, fig.

201), the diodes are reversed and a
negative potential is provided at the
junction of the voltage divider which
consists of resistors R1 and R2. Diode
CR1 is forward-biased while diode
CR2 is reverse-biased. A positive
trigger pulse is therefore applied
through diode CRI1 to the base of the
on transistor, driving it off. The re-

*Ves

TO BASE OF
ON TRANSISTOR

TO BASE OF
OFF TRANSISTOR

A. NEGATIVE PULSE STEERING CIRCUIT

B, POSITIVE PULSE STEERING CIRCUIT

-Vee
Rt
¢ - TO BASE Or
c RI ON TRANSISTOR
o-——)c
i R2 CR2 . 10 BASE OF

OFF TRANSISTOR

TME90- 348

Figure 201. Pulse steering diodes.



verse bias on diode CR2 prevents the
trigger pulse from being applied to the
base of the off transistor. Once the
circuit switches state, the bias condi-
tions of the diodes are reversed, and
a second positive trigger pulse is di-
rected through forward-biased diode
CR2 to the base of the on transistor.
Note. A negative trigger pulse applied to
this arrangement increases the reverse bias

on the diodes and therefore has no effect on
the circuit.
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Figure 202. Bistable multivibrator with negative-pulse
steering diodes.

d. Transistor Pulse Steering. The transition
time for the change of state of a bistate multi-
vibrator may be decreased by using a symmetrical
transistor for pulse steering (fig. 204). The
symmetrical transistor (Q3) is one in which the
emitter-base and collector-base junctions are iden-
tical. Reversal of bias conditions on each junc-
tion results in normal amplifier action except that
the directions of current flow are reversed. That
is, when the collector-base junction is forward-
biased, and the emitter-base junction is reverse-
biased, the collector functions as the emitter and
the emitter functions as the collector. The re-
versal of current permits trigger pulse steering
((1), (2), and (3) below).

(1) If transistor @1 is near saturation (col-
lector voltage near zero) and transistor
@2 is at cutoff (collector voltage equal to
battery voltage V¢c), transistor @3 con-
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ducts normally. With no input signal,
transistor @3 is conducting with its op-
erating point in the active region of its
output characteristics. Transistor @3
electron current (arrows) flows out of
battery V¢c through resistor Bp,, to the
collector from the emitter ({3), into the
collector of transistor @1 and from the
emitter and emitter resistor RE back to
ground. This current causes an increase
in the negative potential at the collector
of transistor @1. The latter voltage pre-
vents deep voltage saturation of tran-
sistor Q1 and permits a higher pulse
repetition rate.

(2) A negative trigger pulse applied at the
input increases the conduction of tran-
sistor ¢3. The increased collector cur-
rent flow from battery V¢c through load
resistor Rp, causes the collector potential
of transistor @2 to become more positive
(less negative). Simultaneously, the in-
creased emitter current (decreased cur-
rent through load resistor £y,) causes the
collector potential of transistor @1 to be-
come more negative. The regenerative
action of the multivibrator (par 195b)
causes the state of transistor to move
toward cutoff while transistor Q2 moves
tosaturation.

(8) When circuit equilibrium is reached, tran-
sistor @1 is at cutoff while transistor @2
is at saturation. Because of this, a re-
versal of transistor bias is established
across the junctions of transistor 3.
Electron current through transistor @3
flows out of the negative terminal of bat-
tery Ve, through load resistor Rp.,
through transistor @3 collector-emitter
(now reversed), through the collector of
transistor @2 to ground. The stable con-
ditions that exist at this point are the
same as explained in (1) above except for
the reversal of states of transistors @1
and Q2. A second negative pulse appliec
at this time results in similar action ((2)
above) and the multivibrator and tran-
sistor @3 revert to their initial conditions.

195. Nonsaturating Bistable Multivibrators

In the nonsaturating multivibrator, lower and
upper limits are established for the output voltage
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in the stable or quiescent states. This is to in-
crease the pulse repetition rate. Diode clamping
(abelow) or transistor clamping (& below) may be
nsed to prevent saturation and cutoff.

a. Diode Clamping (fig. 203). Diodes CR1 and
CR?2, biased by batteries V¢g and Vo, provide sat-
uration and cutoff clamping for transistor Q1.
Diodes CR3 and C R4, also biased by batteries Vs
and Vo, provide saturation and cutoff clamping
for transistor Q2. In each instance, the diodes
function identically with those described in para-
graph 189. Positive pulse steering diodes (par.
194b) are used at the input to the multivibrator.
Multivibrator action is identical with that of the
conventional bistable multivibrator (par. 193a)
except for the prevention of saturation and cutoff
conditions.

b. Transistor Clamping. The operation of
transistor @3 (fig. 204) as a pulse steering device
is covered in paragraph 194d. It is shown that
transistor @3 shunts a portion of the collector
current of the conducting transistor around its
load resistor (R, or Ri,). This prevents zero
voltage on the collector of the conducting transis-
tor. Assume that transistor @1 is conducting and
the collector voltage is clamped at —3 volts. As-
sume further that the required base-emitted volt-
age is —0.5 volt. This voltage could be obtained
by grounding the emitter and establishing —0.5
volt on the base with the voltage divider, consist-
ing of resistors Ry,, Ry, and Rp. However, re-
sistor K, would be very low in value and excess-
ively shunt the regenerative pulses. To avoid ex-
cessive shunting, resistor B, can be increased so
that the base voltage is —2 volts. To offset this
high voltage, resistor Rg, bypassed by capacitor
Cs, develops —1.5 volts at the emitter. The net
forward bias between the base and emitter is —0.5
volt. Note that the collector-base junction re-
mains reverse-biased.

196. Squaring Circuit (Schmitt Trigger)

The Schmitt circuit (A, fig. 205) differs from
the conventional bistable multivibrator (par.
193a) in that one of the coupling networks is
replaced by a common-emitter resistor. This ar-
rangement provides additional regenerative feed-
back to obtain a faster switching time.

a. Assuming the quiescent condition (no input)
with transistor @1 at cutoff, the collector voltage
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is equal to battery voltage V¢o. This negative
voltage is coupled to the base of transistor Q2
through resistor Rp, and the base voltage of tran-
sistor Q2 is equal to the voltage drop across resis-
tor R minus battery voltage V »s.

b. Current flow from the emitter of transistor
@2, through common-emitter resistor Rg, to bat-
tery Vs maintains the emitter of transistor Q1 at
a negative potential. The reverse bias now devel-
oped between the emitter and the base of transistor
¢1 maintains the cutoff condition. The high neg-
ative voltage at the base of transistor Q2 produces
forward bias for the base-emitter junction and
causes it to operate in the saturation region.

¢. A negative signal of sufficient amplitude (B,
fig. 205) applied to the base of transistor Q1 will
overcome the reverse bias and cause transistor
@1 to conduct. The potential at the collector de-
creases (becomes less negative); this change is
coupled to the base of transistor Q2. The emitter
current of transistor Q2 decreases, lowering the
potential across resistor Rg. The emitter of tran-
sistor Q1 becomes less negative, reducing the re-
verse bias and increasing collector current. This
regenerative action continues until transistor Q1
is operating in the saturation region and transistor
@2 is cut off. The output voltage is a maximum
negative voltage (B, fig. 205).

d. The new stable condition continues until the
input begins to rise (become more positive). This
positive-going input decreases the base potential
of transistor @1 and increases the reverse bias.
This causes the collector voltage to increase (be-
come more negative), emitter current to decrease,
and the potential across resistor Ry to decrease.
Simultaneously, the increasing (negative) voltage
at the collector of transistor @1 is coupled to the
base of transistor @2, driving it negative; the de-
creasing voltage of resistor 5 causes the emitter
of transistor @2 to go more positive. Both actions
reduce the reverse bias of the emitter-base junction
and transistor (2 again operates at saturation,
cutting off transistor @1, and returning the circuit
to its original operating conditions. The output
is a minimum negative voltage (B, fig. 205).

e. The rise and fall time of the output wave
of this circuit is shorter than that of the con-
ventional bistable multivibrator. The shape of
the output wave does not depend on the shape of
the input wave.
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Figure 205. Squaring circuit (Schmitt trigger).

Section lll. GATING CIRCUITS

197. General

a. Transistor gate circuits, used extensively
(but not exclusively) in computer circuits, func-
tion as switches by making use of an effective
open or short circuit between the emitter and
collector (par. 1865). Transistors used in gate
circuits may be connected in series, parallel, or
series parallel to provide a variety of functions
such as circuit triggering at prescribed intervals,
and level and waveshape control.
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b. Included in the overall category of gates
are the OR, the AND, the series (or clamping),
and the shunt or inhibitor circuits. The N¥OT
or megation circuit refers to a circuit arrange-
ment which provides pulse phase inversion which
is an inherent characteristic of the common-
emitter configuration. Combinations of these
circuits result in a NOT-OR (NOR) gate or a
NOT-AND gate. Because of the ability of the
circuit to evaluate input conditions to provide a



predetermined output, these circuits are also re-
ferred to as logic circuits. Typical gate circuits
are described in the succeeding paragraphs. The
gate circuits described make use of PNP-type
transistors. NPN-type transistors function iden-
tically with all potentials of opposite polarity.

198. OR and NOR Gates

An OR gate has more than one input, but only
one output. The OR gate provides a prescribed
output condition when one or another prescribed
input condition exists. When a negation feature
(par. 197b) is directly incorporated in the circuit,
through the use of the ("£ configuration, the NOR
gate functions to provide a phrase inverted con-
dition. Typical OR and NOR gates are described
in a and b below.

a. Single-Transistor ("ircuits. Simple methods
of obtaining OF and NOR gating functions are
shown in figure 206. In both the OR gate ((1)
below), using the ('B configuration, and the NOR
gate ((2) below), using the CE configuration (in-
verter), the high resistance of resistors £1 and /72
isolate one input source from the other. Resistors
R1 and R2 are larger for the CE configuration
because the input resistance is higher than that of
the C'B configuration. In each case resistor R,
develops the output wave form.

Note. Although only two input sources are illustrated
for each configuration it is possible to have additional
inputs.

(1) The OR gate (A, fig. 206) provides a
positive output pulse (par. 185¢) when
a positive input pulse is applied at either
input resistor. Initially, the transistor
gate is in the cutoff condition with the
emitter floating (par. 1885). The cur-
rent flow through the collector load re-
sistor consists only of the reverse-bias
current (/cso). Since this small amount
of current is negligible, the voltage level
at the collector is effectively equal to bat-
tery voltage Voc. When an input pulse
of magnitude + Vg is upplied to either
input, forward bias is established on the
emitter-base junction and the transistor
isdriven into saturation. When the input
pulse returns to the zero level, the tran-
sistor reverts from the saturated condi-
tion to the cutoff condition and the output
voltage level swings back to — V¢e. Posi-
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tive pulses applied to both inputs simul-
taneously results only in widening of the
output pulse. This is due to the added
emitter current which causes an increase
in minority carrier storage in the base
(par. 187¢). An NPN-type transistor
could be used as an OR gate with nega-
tive pulses and a negative output pulse.
(2) The NOR gate (B, fig. 206) functions
similarly to the OR gate ((1) above).
The ('E configuration is used, providing
the NOT or negation function. Base
bias battery 7 sp and resistor Ry provide
the quiescent cutoff condition of the cir-
cuit. In the ('£ configuration, reverse
current /cgo is present (par. 188). The
output voltage, in this condition, is nearly
equal to the collector battery voltage
(—Tec). When a negative input pulse
of magnitude — TV 5 is applied to either
input, the transistor is driven into sat-
uration (output equals zero). When the
input pulse is removed, the circuit reverts
to its quiescent condition (output equals

—Vec). Asinthe OR gate ((1) above),
R
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Figure 206. Singlc transistor OR gates with multiple
inputs,
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pulse widening is the result of more than
one simultaneous input of proper
polarity.

b. Two-Transistor Circuits. Additional gating
circuits are shown in figure 207. 1In each case, the
transistor outputs are connected in parallel and
make use of a common load resistor RB.. At
quiescence each transistor is held cutoff by battery
Ves. Resistors Rp, and Ep, aid resistors £1 and
R2 in isolating the input sources from each other.
Capacitors C'1 and C2 provide a low impedance

Cl\

path for the transient currents (par. 198a) during
turn-on and turn-off applications of the input
pulses. This results in sufficient initial overdrive
which reduces the rise and fall times of the output
pulse.

(1) The OR gate (A, fig. 207) is a CC config-
uration (emitter follower) with high in-
put and low output impedances. This
circuit provides a negative output pulse
when a negative input pulse is applied to
either transistor Q1 or ¢2. Battery Vs

Q2
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— VBB
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Q2 ::RL
INPUT A b3
R2 OUTPUT
|
Re2
INPUT B —=VcC
—VeB

- ® $ I -
B. PARALLEL-CONNECTED NOR GATE TM690-35I

Figure 207. Two transistor OR gates with multiple inputs.
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(2)

provides reverse bias for both transistors
and no current flows through load re-
sistor 2 in the absence of an input signai.
The output potential is at zero (ground).
When a negative input pulse is applied at
input A transistor @1 is driven into con-
duction. The emitter voltage increases
negatively due to the voltage drop across
resistor £;. The voltage drop across re-
sistor Ry, also increases the emitter-base
reverse bias for transistor @2, holding it
at cutoff. If another negative pulse of
equal amplitude is applied simultane-
ously at input B, it does not overcome
the reverse bias on transistor ¢2 and the
transistor remains cutoff. If the input
pulses are of unequal amplitude, the most
negative pulse causes conduction of the
transistor to which it is applied and the
output voltage will follow the most nega-
tive input pulse. The emitter follower is
rarely driven into saturation because of
the high negative voltage feedback. Be-
cause saturation does not occur, the re-
sponse of the emitter follower OR gate is
more rapid than that of other configura-
tions. This configuration is most desir-
able where speed of operation is of great
importance.

The NOR gate (B, fig. 207) provides a
positive output pulse (par. 185¢) when a
negative input pulse is applied to either
transistor @1 or ¢2. With no input ap-
plied, transistors @1 and @2 are cutoff by
bias battery Vs ; the potential at the col-
lectors equals collector battery voltage
Vee. When a negative pulse is applied at
input A causing conduction of transistor
@1, the voltage drop across resistor Ry
subtracts from battery voltage V¢, and
the output goes positive. When the sig-
nal is removed the output reverts to — V¢o.
Pulse widening is determined by the
amount of overdrive provided. Applica-
tion of an additional pulse at input B does
not cause large current flow in transistor
@2, because of the low collector voltage
established by transistor @1. Transistor
@1 collector voltage drops negligibly,
therefore, as a result of the second pulse.
Deep saturation of the collectors is thus
avoided.
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199. AND and NOT AND Gates

The operation of the AND gate is similar to that
of the OR gate (par. 198). However, the AND
gate provides an output when all the inputs are
applied simultaneously. The circuit is also re-
ferred to as a coincidence circuit or all circuit.
Phase inversion, accomplished through the use of
the CE' configuration, provides the negation fea-
ture (¥VOT') in AND gates as it did in the NOR
gate. Typical AND and NOT AND gates are de-
scribed in ¢ and b below.

a. Single-Transistor Circuits. Isolating resis-
tors £1 and B2 (fig. 208) are used with a single
transistor in the CB and CF configurations. For
each gate forward (saturation) bias is provided
by batteriw Vgg (AND gate) and Vnp (NOT
AND) gate. Values for these circuit components
are chosen so that saturating current continues to
flow when only one input pulse is applied. Two
input pulses are required to change the conducting
state of the transistor. Clamping the collector
(par. 189¢) at a small negative voltage prevents
deep saturation.

(1) The AND gate (A, fig. 208) provides a
negative output pulse when negative
RI
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Pigure 208. Single-transistor AND gates with multiple
inputs.
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pulses are applied at both inputs simulta-
neously. If a negative unit step voltage
is applied to resistor 21 the decrease in
base-emitter forward bias is not enough
to cut off the transistor. With the appli-
cation of the second negative voltage at
the input of resistor 22, the base-emitter
junction becomes reverse biased and the
transistor is driven to cutoff. Note that
the voltage drop across resistor Rp is
caused by the sum of the two currents
caused by the two negative input voltage
drops. The output current falls to zero
and the collector potential falls to its most
negative value (—T¢¢). When either
pulse is removed the output potential
rises to zero due to conduction of the
transistor.

(2) The NOT AND gate (B, fig. 208) pro-
vides a negative output pulse when posi-
tive pulses are applied to both inputs
simultaneously. The circuit operates in
the same manner as the AND gate ((1)
above) except that current amplifica-
tion and phase inversion (NOT) are
obtained.

b. Two-Transistor Circuits. Two gate circuits
using two transistors with multiple inputs are
shown in figure 209. Positive input pulses are re-
quired at inputs A and B to change the state of
the output. The circuit configurations of the
emitter follower AND gate and the parallel-
connected NOT AND gates are similar to the OR
and VOR gates respectively. The only difference
is in the initial input bias condition provided by
battery V7 pp; forward bias is used in the AND
((1) below), and NOT AND ((2) below), gates.
Positive input pulses are required to change the
state from conduction to cutoff and back to
conduction.

(1) When only one positive input pulse is
applied to the AND gate (A, fig. 209) the
transistor to which it is applied is cutoff.
Since the other transistor remains in con-
duction, current continues to flow through
the common load resistor Z, and the out-
put voltage level remains relatively con-
stant. Only by applying a positive pulse
to input A and input B simultaneously
does the current flow through and the
voltage drop across resistor £, drop to
near zero
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(2) The NOT AND gate (B, fig. 209) oper-
ates in the same manner as the AND
gate ((1) above) except that amplifica-
tion and phase inversion (NOQT) are
obtained.

200. AND-OR Gate or Triggering

The AND-OR gate (fig. 210) illustrates the
use of a direct-coupled transistor logic circuit
(par. 193b) to trigger a bistable multivibrator.
The CE configuration for each transistor causes
pulse phase inversion (negation feature) and the
gating function provided is NOT AND-NOR.
For simplicity, however, the circuit is most often
called the AND-OR gate. The gating functions
and the triggering application are described in
a and b below.

a. Gating Function. Transistors Ql, Q2, and
Q3 perform the gating function; transistor Q4
is a part of a bistable multivibrator. The overall
gating function consists of a NOT AND function
and a NOR function described in (1) and (2)
below.

(1) NOT AND function. Transistors Ql
and Q2 are series connected; transistors
Q1 and Q3 are also series connected.
Each combination forms a NOT AND
gate (par. 199). Reverse collector bias
is provided by battery Vec.

(2) NOR function. Transistors @2 and @3
are parallel-connected and form a NOR
gate (par. 198). The load for the NOR
gate consists of transistor ¢1 and load
resistor /. Since transistor @1 is a part
of the NOT AND function, and repre-
sents an open switch when it is cutoff, the
output is controlled by the NOT AND
function (b below).

b. T'riggering Application. Transistor @4 is a
switching element of a bistable multivibrator
(par. 191). Collector bias for this transistor is
provided by battery Tce. Assuming all transis-
tors are cutoff (quiescent condition), triggering of
the bistable multivibrator is accomplished when
the prescribed input conditions of the AND-OR
gate are met ((1) and (2) below).

(1) Off condition. When all the transistors
are cutoff, the current through load re-
sistor Ry, is zero and the output potential
and the potential at the collector of tran-
sistor Q4 is negative and equal to battery
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Figure 209. Two-transistor AND gates with multiple inputs.

voltage Vcc. The bases of transistors
@1, @2 and @3 are held at ground poten-
tial through connection to preceding
saturated transistors. Transistor @4 is
held at cutoff by the second transistor
(not shown) of the bistable multivibrator.
On condition. The gate is opened when
either transistors @1 and @2 or transis-
tors @1 and ¢3 conduct. When the bases
of transistors @1 and @2 are driven suffi-
ciently negative, each transistor is driven
to saturation. The series path through
the conducting transistors is effectively
short-circuited (low resistance) and cur-
rent flows through load resistor £, from
battery Vce. The output voltage rises
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from the high negative value ( (1) above)
to approximately zero. Since the poten-
tial at the collector of the of transistor
@4 provides the base drive for the on
transistor (not shown) in the multivibra-
tor, the positive going pulse at the output
of the AND-OR gate results in driving
transistor @4 (the original off transistor
in the multivibrator) into saturation.

201. Series Gating Circvits

Gating circuits may be used as amplitude dis-
criminators (limiters), clippers, and clamping cir-
cuits. Some typical circuits, connected in the ('8
configuration, and acting as series switches, are
described in @ and b below.
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a. Amplitude Discriminator. A, figure 211
shows a circuit that will produce an output pulse
only when the input pulse is of sufficient magni-
tude (greater than Vjss) to drive the transistor
into conduction.

(1) Battery Vs reverse biases both the emit-
ter and collector. In the quiescent con-
dition no current flows through load re-
sistor £, and output voltage V, is zero
(prior to time ¢1 (B, fig. 211)).

(2) When a positive pulse, larger in magni-
tude than V5 is applied, the base-emitter
junction becomes forward biased and the
transistor conducts. Current flows
through resistor £ and output voltage
Ve rises at 1. When the input is re-
moved, the output voltage tends to de-
crease to zero at ¢2; after a small storage
delay the output voltage is zero.

(8) If the input pulse is too large, resistor
Ry will limit the input current and re-
sistor Rp will establish a small reverse
bias for the base-emitter junction and
deep saturation will be prevented. A
shunting capacitor across resistor 25 and
battery Vs will improve the fall time
of the pulse. Amplification may be ob-
tained if load resistor R, is made larger
than input resistor 2.
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b. Clamping Circuits. In addition to provid-
ing amplitude discrimination (a above), the cir-
cuits shown in C and E, figure 211, provide con-
stant high and low voltage levels for the output
pulse. The collector may be negative (C, fig. 211)
or positive (E, fig. 211). In either case battery
Vs is made large enough to reverse bias the col-
lector and emitter. In the quiescent state, both
circuits are at cutoff. A positive pulse, sufficient
to overcome battery voltage Vs, must be applied
to produce an output.

Note. High level clamping will occur only when the
transistor is driven into saturation.

(1) When the transistor (C, fig. 211) is
cutoff (quiescent condition), no current
flows through load resistor 2, and output
voltage V¢ is equal to battery voltage
—Vec. When a positive pulse is applied,
sufficient to drive the transistor into sat-
uration, the base-collector resistance is
reduced to a very low value and output
voltage V¢ rises approximately to battery
voltage Vs (¢1 D, fig. 211). When the
input is removed (#2) the transistor re-
turns to cutoff and output voltage V¢ will
again equal battery voltage — V.

(2) The clamping circuit shown in E, figure
211, operates in the same manner as (1)
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above. The only difference is that when
the transistor is at cutoff (quiescent con-
dition) the output level is equal to + Vo
and the amplitude of the output pulse
is smaller than that of (1) above.

202. Shunt Gating Circuits (Inhibition Gates)

The CE configuration may be used as a signal
shunting or transmission gate; this configuration
introduces a minimum of transient distortion. A

control voltage is used to actuate the transistor
which acts as a shunt switch. The signal voltage
is either bypassed around the switch to the load
(switch open), or shunted around the load (switch
closed). Signal amplification or phase inversion
does not occur in the shunt gate (e and b below).
Typical shunt gates (also called tniibition gates
or inhibitors) are shown in A and C, figure 212.

a. Reverse-Biased Shunt Gate. The emitter-
base junction of the shunt gate (A, fig. 212) is
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Reverse and forward-biased shunt (inhidbition) gates.



reversed biased by battery Vzg; no collector bias
voltage is applied.

(1) A signal occurs across resistor £, (volt-
age V¢) only when a signal voltage V,»
is introduced and the transistor remains
nonconducting (open switch) ; that is, no
forward-biasing pulse (control voltage
V) is introduced. This condition oc-
curs between times ¢1 and #2 (B, fig. 212).

(2) Nooutput signal (V¢) occurs when a for-
ward-biasing pulse (V) is introduced
even though a signal voltage Vy is intro-
duced. With the forward-biasing pulse
assumed to be large enough to drive the
transistor into saturation (closed switch),
resistor R, is effectively shorted to
ground. This condition occurs between
times ¢3 and #4.

(3) No output signal (T"¢) occurs even if a
forward-biasing pulse (V) is introduced
and no signal pulse (V,y) is introduced,
because there is no bias voltage on the
collector. This condition occurs between
times z5 and £6.

b. Forward-Biased Shunt Gate. The emitter-
base junction of the shunt gate (C, fig. 212) is
forward biased by battery Vzs; no collector bias
voltage is applied. With no input signal no col-
lector current flows and the transistor acts as an
open switch.

(1) When only signal voltage 1';» is intro-
duced, this voltage acts as a collector
voltage, the transistor conducts heavily
(saturates) and acts as a closed switch
across resistor B;. No output (V¢) is
produced. This condition occurs between
times ¢1 and ¢2 (D, fig. 212).

(2) An output voltage (V¢) occurs when a
signal voltage (Vs) and a control volt-
age (V) are introduced simultaneously.
The control voltage (V5p) drives the
transistor into cutoff (open switch) and
a portion of signal voltage (Viy) is de-
veloped across resistor £;. This condi-
tion occurs between times ¢3 and #4 .

(3) When only control voltage (V3) is in-
troduced, no output voltage (V¢) is de-
veloped. The control voltage reverse
biases the base-emitter junction and the
transistor continues to appear as an open
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switch (no collector current). This con-
dition occurs between times ¢5 and ?6.

203. Summary

a. Switching circuits operate as generators,
pulse amplifiers, inverters, and wave shapers.

b. Switching circuits perform limiting, trigger-
ing, gating, and signal routing functions.

c. Pulse and switching circuits are character-
ized by large-signal operation.

d. A unit step voltage (or current) represents
a voltage (or current) which undergoes an in-
stantaneous change in amplitude from one estab-
lished level to another.

e. Large-signal operation involves operation in
the cutoff, active and saturation regions of the
transistor characteristics.

/- The cutoff and saturation regions of a switch-
ing circuit are the quiescent and stable regions
of operation.

g. The active region of a switching circuit is
the unstable or transient region of operation.

h. When the emitter-base and collector-base
junctions are reverse-biased, the transistor is in
the nonconducting or off (cutoff) state. When
both junctions are forward-biased, the transistor
is in a conducting or on (saturated) state.

i. When a switching circuit is on, both input
and output resistances are at a minimum. When
a switching circuit is off, both input and output
resistances are at & maximum.

j. The important characteristics of an output
pulse are the rise time, pulse time, storage time,
and fall time.

k. Clamping diodes are used to reduce the un-
desirable effects on the output wave form of a
switching circuit. The undesirable effects are
produced by driving a transistor to saturation
and cutoff.

l. The monostable multivibrator has only one
stable or quiescent state (cutoff or saturation).
The bistable multivibrator has two stable or
quiescent states (cutoff and saturation).

m. The Schmitt trigger provides a square wave
output for a sine wave input.

n. Gating circuits, provide OF and AND func-
tions (and variations of both). These circuits
are commonly called logic circuits.

0. The CB configuration is used to provide
series gating functions; the CE and CC con-
figurations are used to provide shunt gating
functions.
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CHAPTER 12
MODULATION, MIXING, AND DEMODULATION

Section |. MODULATION

204. General

The three basic types of modulation are ampli-
tude modulation, frequency modulation, and phase
modulation. Since frequency and phase modula-
tion are very similar, only amplitude modulation
(am) and frequency modulation (fm) will be
discussed in this chapter. Amplitude modulation
can be established by applying a carrier signal
to an amplifier and varying the amplifier bias
at the modulating rate (par. 205az).

a. Amplitude modulation can also be estab-
lished by varying the bias of an oscillator at the
modulating rate (par. 20556). Various methods
of amplitude modulating an amplifier (par. 206)
or an oscillator (par. 207) may be employed.

b. Frequency modulation can be established by
varying the frequency of an oscillator at the
modulating rate (par. 209). Various methods of
frequency modulating an oscillator (par. 210)
may be employed.

205. Establishing Amplitude Modulation

a. Amplitude-Modulated Amplifier. The wave-
form analysis of an amplitude-modulated ampli-
fier is shown in A, figure 213. The carrier signal
is applied to the amplifier and the bias, which
varies the gain of the amplifier, is varied by the
modulating signal input. The output of the am-
plifier is an amplitude-modulated carrier. As the
carrier signal passes through the amplifier, the
gain of the amplifier is increased or decreased.
When the amplifier gain is increased, the output
is increased and when the amplifier gain is de-
creased, the output is decreased. Thus, the am-
plitude of the carrier signal is varied at the
modulating rate.

b. Amplitude-Modulated Oscillator. The wave-
form analysis of an amplitude-modulated oscil-
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lator is shown in B, figure 218. The carrier signal
is generated by the oscillator and the modulating
signal varies the bias. Changing the bias of the
oscillator changes the gain and the operating
point of the transistor. Changing the bias pro-
vides amplitude changes and frequency changes
in the output of the oscillator. An amplitude-
modulated oscillator may be used in an am
transmitter (par. 2085) or an fm transmitter
(par. 210).
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Figure 213. Amplitude modulation of an amplifier
and an oscillator.



206. Methods of Amplitude Modvulating an
Amplifier

a. General. An amplifier may be am mod-
ulated by injecting a modulating signal into the
base, the emitter, or the collector (fig. 214). Each
method will vary the gain on the transistor.
Transformer T1A, T1B, or T1C provides base,
emitter, or collector injection, respectively. Any
change in hias changes the gain of the transistor
which results in amplitude variations in the out-
put signal. The carrier signal, coupled through
transformer T1, is applied to the base circuit of
amplifier Q1. Capacitor C1 and the primary of
transformer T2 form a parallel resonant circuit
for the amplified carrier signal. Any of the
modulating methods described above vary the
gain of the transistor with respect to the mod-
ulating signal. The signal on the collector is
increased in amplitude when the bias is increased
and decreased in amplitude when the bias is de-
creased. The result is an amplitude-modulated
carrier coupled through transformer T2 to the
following stage. If the strength of the rf car-
rier signal were greater than the emitter-base bias,
when the amplifier is modulated by base injection
or emitter injection, the modulated output would
be distorted. Under these conditions, the rf
carrier signal would determine the emitter-base
bias instead of the modulating signal. Thus, the
strength of the rf carrier must always be smaller
than the emitter-base bias when an amplifier is
modulated with base injection or emitter injec-
tion. Satisfactory modulation with base injec-
tion (b below) or emitter injection (¢ below) is
obtained only with low-level modulation. Satis-
factory modulation with collector injection (d
below) is obtained with low-level or high-level
modulation.
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Mgure 214. Methods of infeoting amplitude modulating
signal into amplifler circuit.
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b. Amplitude-Modulated Amplifier (Base In-
jection)

(1) Figure 215 shows an amplifier circuit
with the modulating signal injected into
the base circuit. The carrier signal in-
put is coupled through transformer T1
to the base circuit of amplifier Q1. The
modulating signal, coupled through ca-
pacitor C1, is developed across resistor
R1. The bias developed across resistor
R1 is increased when the modulating sig-
nal increases and decreases when the
modulating signal decreases. Thus, the
base-emitter bias is increased and de-
creased as the modulating signal in-
creases and decreases. Since the base-
emitter bias is changing at the modulat-
ing rate, the collector current and the
gain are changing at the modulating
rate. As the gain increases, the ampli-
tude of the carrier signal increases and
as the gain decreases, the amplitude of
the carrier signal decreases. The ampli-
tude-changing carrier signal (modulated
carrier signal) present in the parallel
resonant circuit of capacitor C4 and the
primary of transformer T2 is coupled
through the transformer to the output.

(2) Base-emitter bias is developed across re-
sistor R1. Resistor R2 is a voltage
dropping resistor. Capacitor C2 is a
bypass capacitor for the carrier signal.
Resistor R3 is the emitter swamping re-
sistor and capacitor C3 is a bypass ca-
pacitor. Capacitor C4 and the primary
of transformer T2 form a parallel reso-
nant circuit for the amplified carrier
signal. Capacitor C1 is a coupling ca-
pacitor for the modulating signal.

c. Amplitude-Modulated Amplifier (Emitter
Injection).

(1) Figure 216 shows an amplifier circuit
with the modulating signal injected into
the emitter circuit. Emitter injection is
very similar to base injection, since both
methods vary the emitter-base bias. The
carrier signal input is coupled through
transformer T1 to the base circuit of
amplifier Q1. The modulating signal,
coupled through capacitor C1, is devel-
oped across swamping resistor R3. When
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Figure 215. Amplitude-modulated amplifier with base injection.

the voltage drop (modulating signal
voltage) across resistor R3 aids the volt-
age drop across series resistor R1, the
emitter-base bias increases. When the
voltage drop (modulating signal volt-
age) across resistor R3 opposes the volt-
age drop across series resistor R1, the
emitter-base bias decreases. When the
emitter-base bias increases, the gain of
amplifier Q1 increases and when the bias
decreases, the gain decreases. As the
gain increases, the amplitude of the car-
rier signal on the collector increases and
when the gain decreases, the amplitude
of the carrier signal decreases. The mod-
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(2)

ulated carrier signal present in the
parallel resonant circuit of capacitor C4
and the primary of transformer T2 is
coupled through the transformer to the
output.

The emitter-base bias is developed across
resistor R1. Capacitor C2 is an audio
and rf bypass capacitor. Capacitor C1
couples the modulating signal to the
emitter circuit. Resistor R3 is the emitter
swamping resistor and capacitor C3 is
a bypass capacitor for the carrier signal.
Capacitor C4 and the primary of trans-
former T2 form a parallel resonant cir-
cuit for the carrier signal.
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Figure 216. Amplitude-modulated amplifier with emitter injection.
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d. Amplitude-Modulated Amplifier (Collector
Injection).

(1) Figure 217 shows an amplifier circuit
with the modulating signal injected into
the collector circuit. In this circuit, the
emitter-base bias is constant and the volt-
age between the emitter and the collector
is varied at the modulating rate. This
condition permits satisfactory low-level
or high-level modulation. The carrier
signal is applied through transformer 7'1
to the base circuit. Amplifier @1 ampli-
fies the carrier signal. The carrier sig-
nal is developed across the resonant cir-

former 72) is coupled through trans-
former 7'2 to the output.

Transformer 7'1 is the input coupling
transformer. Resistor &1 is the emitter
swamping resistor and capacitor C1 is a
bypass capacitor. Battery Vzg provides
emitter-base bias. Capacitor C2 and the
primary of transformer 7’2 form a paral-
lel resonant circuit for the carrier sig-
nal. Transformer 7'2 provides output
coupling. Transformer 7’3 provides in-
put coupling for the modulating signal.
Capacitor ('3 is a bypass for the carrier

2)

R T2
T (v z‘L CARRIER
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Figure 217. Amplitude-Modulated amplifier with collector injection.

cuit consisting of capacitor C2 and the
primary of transformer 772. The mod-
ulating signal is applied through trans-
former 7'3 to the collector circuit. The
modulating voltage across the secondary
of transformer 7'3 is in series with col-
lector battery voltage V¢e. The modu-
lating voltage, series aiding battery volt-
age Ve, increases -the emitter-collector
voltage. The modulating voltage, series
opposing battery voltage V¢, decreases
the emitter-collector voltage. As the
emitter-collector voltage increases, the
gain of amplifier @1 increases and as the
emitter-collector voltage decreases, the
gain decreases. Thus, when the gain of
amplifier Q1 increases, the amplitude of
the carrier signal increases, and when the
gain decreases, the amplitude decreases.
The amplitude-modulated carrier signal
present in the parallel resonant circuit
(capacitor €2 and the primary of trans-
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signal and battery V¢c provides emitter-
collector bias.

207. Methods of Amplitude Modulating an
Oscillator

a. General. An oscillator may be modulated
by injecting a modulating signal into the base,
the emitter, or the collector (fig. 218). Each
method will change the gain and the operating
point of the ‘ransistor. This results in amplitude
changes and frequency changes in the output of
the oscillator (par. 171). Transformer TI1A,
T1B, or T1C provides base, emitter, or collector
injection, respectively. Amplifier Q1 provides
the amplification required for oscillation. Wind-
ing 34 of transformer T2 provides the required
feedback. Capacitor C1 and winding 1-2 of
transformer T2 provide the required resonant
circuit. Winding 5-6 of transformer T2 couples
the output signal to the following stage. The dc
circuits are not shown. Detailed circuit analysis
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Figure 218. Methods of injecting amplitude-modulating signal into oscillator circuit.

of oscillator operation is covered in paragraph

171.

b.

224

Amplitude-Modulated Oscillator.

(1) An amplitude-modulated oscillator with
the modulating signal injected into
the base circuit is shown in figure 219.
The modulating signal voltage from
microphone M1 is developed across
variable resistor £1. The amount of
modulating signal voltage, determined
by the setting of variable resistor R1, is
applied to the base circuit. Choke L1
and capacitor C1, series resonant at the
carrier frequency, act as an open circuit
for the modulating signal voltage and by-
passes the carrier signal around resistor
R1. The modulating signal voltage in
series with the feedback voltage (wind-
ing 34 of transformer 7'1) is in parallel
with emitter-base bias resistor 2. An

aiding modulating signal voltage in-
creases the emitter-base bias and an op-
posing modulating signal voltage de-
creases the emitter-base bias. An increase
in the bias increases the gain of oscillator
@1 and a decrease in the bias decreases
the gain. An increase in the gain of
transistor @1 increases the amplification
of the generated signal and a decrease in
the gain decreases the amplification. The
generated signal is therefore amplitude
modulated at the modulating rate. An
increase in gain also decreases the collec-
tor voltage, which increases capacitance
Cce and a decrease in the gain increases
the collector voltage which decreases ca-
pacitance Ccg. Capacitance Ccy is in
parallel with the resonant circuit consist-
ing of capacitor (3 and winding 1-2 of
transformer 71. Increasing capacitance
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Figure 219. Amplitude-modulated oscillator with dase infection.
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c. The input and output waveforms of a con-
verter stage are shown in B, figure 225. One fre-
quency is applied to the converter stage and the
other frequency is generated in the converter stage.
The radio frequency applied to the converter stage
is represented by 2. The oscillator frequency
generated by the oscillator is represented by #1.
The two frequencies present in the converter stage
produce four prominent frequencies in the output
(a above). The original radio frequency present
in the output is represented by #2,. The original
oscillator frequency present in the output is repre-
sented by F1,. The sum of the two frequencies is

represented by F1 plus 72. The difference of the
two frequencies is represented by 1 minus F2.

212. Injection of Oscillator Frequency

The oscillator frequency may be fed to the base,
the emitter, or the collector circuit of a mixer stage
(fig. 226). The oscillator frequency is coupled
through transformer 7'34, 73B, or T3C to the
base, the emitter, or the collector, respectively.
Capacitor C1 and the primary of transformer 7'1
form a parallel resonant circuit for the radio fre-
quency which is coupled to the base circuit of mixer
@1. Capacitor ('3 and the primary of transformer

OUTPUT
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H’l’lylvl"lll’xiul Hll Fi,
INPUT
SIGNALS
. l‘l‘l‘l|]|l|l|l‘l]|'l‘l'|v|'(l|ll‘l|ll|‘ F2,
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Figure 225. Input and output waveforms of a mizer and a converter.
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T3A,T3B,or T3C form a parallel resonant circuit
for the oscillator frequency. Capacitor (2 and
the primary of transformer 72 form a parallel
resonant circuit for the intermediate frequency
which is coupled through the transformer to the
following stage.

213. Mixer

a. A schematic diagram of a mixer stage with
typical values of components is shown in figure
227. The rf signal is 1 megacycle; the oscillator
signal, 1.5 megacycles; the if signal, 500 kc.
Emitter injection is employed to couple the oscil-
lator signal into the mixer circuit. The radio
frequency injected into the base circuit and the
oscillator frequency injected into the emitter cir-
cuit are heterodyned in mixer Q1. The inter-
mediate frequency is selected by the collector tank
circuit. The intermediate frequency is then cou-
pled through transformer T3 to the following
stage.

b. Capacitor C1 and the primary of trans-
former T1 form a parallel resonant circuit for
the rf signal which is coupled through the trans-
former to the base circuit of mixer Q1. Capacitor
C2 and the primary of transformer T2 form a
parallel resonant circuit for the oscillator fre-
quency which is coupled through the transformer
to the emitter circuit of mixer Q1. Resistor R1
provides emitter-base bias and resistor R3 is a
voltage dropping resistor. Capacitor C4 is a
bypass capacitor. Resistor R2 is the emitter
swamping resistor and capacitor C3 is a bypass

transformer T3 form a parallel resonant circuit
for the intermediate frequency which is coupled
through the transformer to the following stage.

214. Converter

a. A schematic diagram of a converter stage
is shown in figure 228. The radio frequency in-
jected into the base circuit and the oscillator fre-
quency generated by converter Q1 are hetero-
dyned in the converter. The parallel resonant
circuit, consisting of capacitor C3 and the pri-
mary of transformer T3, selects the desired inter-
mediate frequency. The intermediate frequency
is then coupled through transformer T3 to the
following stage.

b. Capacitor C1 and the primary of trans-
former T1 form a parallel resonant circuit for
the radio frequency which is coupled through the
transformer to the base circuit of converter QIl.
Resistor R1 develops the emitter-base bias and
resistor R3 is a voltage dropping resistor. Re-
sistor R2 is the emitter swamping resistor and
capacitor C4 is a bypass for the radio frequencies.
Capacitor C2 and the primary of transformer T2
form a parallel resonant circuit for the oscillator
frequency. The secondary of transformer T2
provides the required feedback for the oscillator
portion of converter Ql. Capacitor C3 and the
primary of transformer T3 form a parallel reso-
nant circuit for the intermediate frequency which
is coupled through the transformer to the fol-
lowing stage. The primaries of transformers T2
and T3 are tapped to obtain the desired selec-

capacitor. Capacitor C5 and the primary of tivity (par. 146).
T2 >
IF SIGNAL
OUTPUT
RF sn
INPUT
X T3A X T3B X T3C
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T f .Jj
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Figure 226. Methods of infecting an oscillator frequency into a mizer stage.
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Section lll. DEMODULATION

215. General

The three basic types of demodulation (de-
tection) are cw detection, am detection, and fm
detection.

a. Cw Detection. Cw detection is accomplished
by heterodyning the carrier signal with the output
of an oscillator to produce an audio signal. The
oscillator stage in a superheterodyne receiver used
for this purpose is called a beat frequency oscil-
lator (bfo). The bfo frequency is adjusted to
differ from the intermediate frequency of the
receiver by a low audio frequency. For a com-
plete theoretical analysis of cw detection, refer
to TM 11-665. The principles of cw detection
for electron tubes apply equally to transistors.

b. Am Detection. Am detection may be ac-
complished by employing a diode (par. 216) or
a transistor (par. 217). The waveforms and the
am detector are shown in A, figure 229. The am-
plitude-modulated carrier signal is applied to the
am detector. The am detector rectifies and filters
the amplitude variations of the carrier signal.
The output of the am detector is an audio signal.

c¢. Fm Detection. Fm detection may be ac-
complished by employing a discriminator (par.
218) or a slope detector as an am detector (par.
219). The waveforms for fm detection are shown
in B, figure 229. The frequency-modulated car-
rier signal is applied to the fm detector. The fm
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Figure 229. Input and output waveforms for am
and fm detection.
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detector rectifies and filters the frequency varia-
tions of the carrier signal. The output of the
fm detector is an audio signal.

216. Am Demodulation, Diode Detector

Diode detectors provide a voltage output (a
below) or a current output (5 below).

a. Voltage Output. A voltage output-type diode
detector is shown in A, figure 230. This type of
detector is normally used with electron tubes
since electron tubes are voltage amplifying de-
vices. Although this type of detector is called
a voltage output type, there must also be a
changing current to produce the changing volt-
age. Thus, with certain applications, this type
of detector is also used in transistor circuits. In
the circuit shown, diode CR1 is the rectifying
device, resistor R1 is the load, and capacitor C1
is the filter. Diode CR1 rectifies the carrier
signal since it only conducts on one-half of a
cycle. Current flows through resistor R1 when
diode CR1 conducts. Capacitor C1 charges to the
voltage drop across resistor R1 and discharges
through resistor R1 when diode CR1 is not con-
tucting. The time constant of resistor R1 and
capacitor Cl1 prevents capacitor C1 from dis-
charging completely before the next alternation
of the carrier signal. When diode CR1 again
conducts, capacitor C1 charges to the voltage drop
across resistor R1. The charging and discharg-
ing of capacitor C1 filters the output voltage
which is essentially increasing and decreasing
with the amplitude changes of the carrier signal.
Thus, the amplitude changes of the carrier signal
produce voltage changes in the output of the
voltage detector. The output voltage is essen-
tially the envelope of the carrier signal.

b. Current Output. A current output-type
diode detector is shown in B, figure 230. This
type of detector may be used with transistors
since transistors are current amplifying devices.
Since a changing current also produces a changing
voltage, this type of detector is also used in
electron tube circuits. In the circuit shown,
diode CR1 is the rectifying device, resistor Rl
is the load, and choke L1 is the filter. Diode
CR1 only conducts on one-half of a cycle of the
carrier signal. When diode CR1 conducts, re-
sistor R1 is shorted by the diode and no current
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Figure 230. Input and output waveforms of voltage output and ocurrent output-type
diode detectors.

flows through resistor Rl. When diode CRI1
does not conduct, all of the current flows through
choke L1 and resistor Rl. On the alternation
that diode CR1 does not conduct, the collapsing
field of choke L1 tends to keep current flowing
through resistor R1. This action filters the car-
rier signal current flow through resistor R1. The
result is that the output current is filtered and
increasing and decreasing at a rate equivalent to
the amplitude changes in the carrier signal. Thus,
the amplitude changes in the carrier signal pro-
duce current changes in the output of the current
detector.

217. Am Demodulation, Transistor Detector

A transistor detector is similar in operation to
an electron tube grid leak detector (TM 11-665).
The rectification for the electron tube grid leak
detector takes place in the control grid to cathode
portion of the electron tube. The amplification
takes place in the control grid to the plate por-
tion of the electron tube. Rectification for the
transistor detector takes place in the emitter-base
oortion of the transistor. Amplification takes
place in the emitter-collector portion (a below)
or the base-collector portion (& below) of the
transistor. Resistance-capacitance coupling (a
below) or transformer coupling (b below) may
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be used to couple the output of the transistor de-
tector to the following stage.
a. Common-Emitter.

(1) A common-emitter transistor detector is
shown in figure 231. The if signal ap-
plied to the base-emitter circuit (biased
for nonlinear operation) is rectified by
the diode portion (base-emitter) of de-
tector Q1. Resistor R1 acts as the diode
load resistor and capacitor C2 filters the
if voltage changes. The input circuit
acts as a voltage output diode detector
(par. 216a). The base-emitter bias (au-
dio voltage) developed across resistor
R1 causes the collector current to vary
at the audio rate. The amplified audio
signal developed across resistor R4 is
coupled through capacitor C5 to the fol-

: lowing stage.

(2) Capacitor C1 and the primary of trans-
former T1 form a parallel resonant cir-
cuit for the if signal which is coupled
through the transformer to the base-
emitter circuit of detector Ql. Resistor
R1 is the emitter-base bias resistor and
resistor R2 is a voltage dropping resistor.
Capacitors C2 and C4 are bypass ca-
pacitors for the intermediate frequency.
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Figure 231.

Capacitor C3 is an audio bypass capac-
itor. Resistor R3 is the emitter swamp-
ing resistor. Resistor R4 is the collector
load resistor. Capacitor C5 couples the
audio output signal to and blocks the
dc voltage from the following stage.

b. Common-Base.

(1) A common-base transistor detector is
shown in figure 232. Detection takes
place in the emitter-base circuit of tran-
sistor detector Q1 and amplification takes
place in the collector-base circuit. When
the polarity of the if signal is positive on
the emitter, current flows through the
emitter-base circuit. Capacitor C2 charges
on the positive alternation. On the nega-
tive alternation, capacitor C2 discharges
through resistor R1. The long time con-
stant of capacitor C2 and resistor Rl
does not allow capacitor C2 to discharge
much during the negative alternation.
The next positive alternation again
charges capacitor C2. The result is that

c2
IF

SIGNAL (4]
INPUT

(2)

Common-emitter transistor detector.

the peaks of the positive alternation are
filtered by capacitor C2. The bias be-
tween the emitter and the base is there-
fore a dc voltage with an audio voltage
component. Thus, the amplitude changes
of the if signal are detected in the emit-

‘ter-base circuit of transistor detector Q1.

Since the bias of the emitter-base circuit
is changing at the audio rate, the col-
lector current also varies at the audio
rate. Capacitor C3 filters out any vari-
ations of the if signal present in the
collector circuit. The audio signal is
coupled to the output through trans-
former T2.

Capacitor C1 and the primary of trans-
former T1 form a parallel resonant cir-
cuit for the if signal which is coupled
through the transformer to the emitter
circuit of transistor detector Ql. Re-
sistor R1 is the emitter-base bias resistor
and capacitor C2 filters the amplitude
changes. Capacitor C3 is an if bypass

T2

AUDIO
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Figure 232.
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and transformer T2 is the output coupling
transformer.

218. Fm Demodulation, Discriminator

A discriminator in an fm receiver performs
the same function as a detector in an am receiver.
Figure 233 shows a transistorized version of an
if stage and a discriminator. Detailed vector
analysis of the discriminator operation is covered
in TM 11-668. Amplifier Q1 amplifies the if
signal applied to the discriminator. Resistor R1
is the emitter swamping resistor and capacitor
Cl is an if bypass. Capacitor C2 and the pri-
mary of transformer T1 form a parallel resonant
circuit for the if signal which is coupled through
the transformer to the discriminator. Capacitor
C3 couples the if signal to the secondary of trans-
former T1 for phase shift comparison. The if
signal, coupled across capacitor C3, is developed
across coil L1. Capacitor C4 and the secondary
of transformer T1 form a resonant circuit for
the if signal coupled through the transformer.
The top half of transformer T1 secondary, diode
CR1, coil L1, load resistor R2, and filter capacitor
C5 form one half of the comparison network.
The bottom half of transformer T1 secondary,
diode CR2, coil L1, load resistor R3, and filter
capacitor C6 form the second half of the com-
parison network. The audio output of the dis-
criminator circuit is taken from the top of ca-
capitor C5 and the bottom of capacitor C6. The
audio output is coupled through capacitor CT7 to
the primary of transformer T2. The audio signal,
coupled through transformer T2, is applied to
the following stage.

219. Fm Demodulation, Slope Detector

a. A slope detector converts the frequency
changes of a carrier signal into amplitude changes.

c3

Q hY!

The amplitude changes can then be detected by
an am diode detector or an am transistor de-
tector. The input and output waveforms of a
slope detector and an am diode detector are
shown in figure 234. The if signal with fre-
quency deviations is applied to slope detector Q1.
The output of slope detector Q1, the if signal
with amplitude and frequency deviations, is ap-
plied to diode detector CR1. The resultant out-
put is an audio signal which is equivalent to the
frequency deviations of the if input signal.

b. The if signal coupled through transformer
T1 is applied to the base circuit. The resonant
circuit consisting of coil L1 and capacitor C2
(tuned slightly off the carrier frequency) devel-
ops a large amount of if signal when the fre-
quency deviation is near the resonant frequency.
As the frequency deviation of the if signal be-
comes lower than the resonant frequency of the
resonant circuit, a smaller amount of if signal is
developed. A large amount of if signal added to
the bias voltage developed across resistor R1 in-
creases the emitter-base bias and a small amount
of if signal decreases the emitter-base bias. The
emitter-base bias is therefore increasing and de-
creasing as the frequency of the if signal in-
creases and decreases, respectively. Since the
bias of slope detector Q1 changes at the frequency
deviation rate, the gain also changes at the fre-
quency deviation rate. Thus, the output of the
slope detector is an if signal that is changing in
amplitude and frequency. The if signal applied
to diode detector CR1 is rectified, filtered by coil
1.2, and developed across resistor R4. The output
of the current output-type diode detector (par.
2165) is an audio signal.

c. Capacitor C1 and the primary of trans-
former T1 form a parallel resonant circuit for the
if signal which is coupled through the trans-
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Figure 233. If amplifier and discriminator stage.
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Figure 234. Slope detector and diode detector.

former to the base circuit of slope detector Ql.
Capacitor C2 and coil L1 form a parallel resonant
circuit for a frequency slightly higher than the
maximum frequency deviation of the if signal.
Resistor R1 is the base-emitter bias resistor and
resistor R3 is a voltage dropping resistor. Re-
sistor R2 is the emitter swamping resistor and
capacitor C3 is a bypass capacitor for the if
signal. Transformer T2 is an output coupling
transformer for slope detector Q1. Diode CR1
is the am detector, resistor R4 is a load resistor,
and coil L2 is a filter.

220. Summary

a. Amplitude modulation may be established by
modulating an amplifier or an oscillator using
base, emitter, or collector injection.

b. Satisfactory high-level modulation is estab-
lished with collector injection.

c. When an oscillator is amplitude modulated,
it also is frequency modulated.

d. The output frequency of an am oscillator
does not usually have frequency multiplication
before it is transmitted.

e. An amplitude-modulated oscillator may be
used in an am transmitter or an fm transmitter.
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f- The amplitude changes in the carrier fre-
quency of an fm transmitter are removed by a
limiter stage.

g. The distinguishing feature of a mixer stage
is that it uses a separate transistor for generating
the oscillator signal.

k. In a converter stage, heterodyning takes
place in the same transistor that generates the
oscillator signal.

i. The four frequencies present in the output
of a mixer or a converter are the two original
frequencies, the sum of the two original fre-
quencies, and the difference of the two original
frequencies.

j. A current output-type diode detector may be
used with transistors.

k. A transistor detector detects and amplifies
the audio component of a carrier signal.

I. A discriminator circuit in an fm receiver per-
forms the same function as a detector in an am
receiver.

m. The audio component of a frequency-mod-
ulated carrier may be detected by using a dis-
criminator or a slope detector.



CHAPTER 13
ADDITIONAL SEMICONDUCTOR DEVICES

221. General

Since the development of the point-contact and
the junction transistor, continuous research in the
field of semiconductors has provided many addi-
tional semiconductor devices. Some of these semi-
conductor devices are now used in military and
commercial equipments. Many of them may be
used in future equipments. The previous chapters
of this manual cover the theory and application
of the junction transistor. The point-contact
transistor, the first transistor developed, is cov-
ered briefly in paragraph 222. This chapter
discusses briefly the theory and applications of
some of the additional semiconductor devices.
The additional semiconductor devices are as
follows:

a. The photosensitive semiconductors (par.223).

b. The tetrode transistor (par. 224).

c. The spacistor (par. 225).

d. The unijunction transistor (par. 226).

e. The four-layer diode (par. 227).

222. Point-Contact Transistor

a. The point-contact transistor (fig. 4) consists
of a single piece of P-type or N-type material.
The base contact forms a large area (low re-
sistance) connection, but the emitter and the col-
lector contacts form small area (high resistance)
connections.

b. Although the point-contact transistor em-
ploys an N-type or a P-type material, P-type or
N-type layers respectively are present under the
contact points. The P-type layers present under
the contact points in the N-type material or the
N-type Jayers present under the contact points in
the P-type material are formed during the manu-
facturing process. The N-type point-contact tran-
sistor js shown in A, figure 235. For biasing
polarities, the N-type point-contact transistor may
be considered similar to a PNP junction tran-
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sistor (par. 32); the P-type point-contact tran-
sistor (B, fig. 235) may be considered similar to
an NPN junction transistor (par. 33). The emit-
ter is biased in the forward direction with respect
to the base and the collector is biased in the
reverse direction with respect to the base.

¢. The small area connections of the collector
and the emitter to the N-type or P-type material
provide a high resistance. Because of this high
resistance, the point-contact transistor has a
higher input and output impedance than the junc-
tion transistor. The base current in a junction
transistor is very small and the emitter current
is larger than the collector current (par. 32).
In a point-contact transistor, the base current is
fairly large and the collector current, except for
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Figure 235. Bias arrangement for N-type and P-type

point-contact transistors.
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greater nonlinearity, is greater than the emitter
current. The characteristic curves of the point-
contact transistor are similar to those of the junc-
tion transistor (ch. 4).

223. Photosensitive Semiconductors

a. General. In a semiconductor material, the
movement of the carriers may be caused by elec-
trical, heat, or light energy. In a photosensitive
semiconductor, light energy is used to control the
movement of the carriers. To control the move-
ment of carriers in a photosensitive semiconduc-
tor, the light energy must be concentrated on a
sensitive area of the photosensitive semiconductor.
When the concentrated beam of light strikes the
sensitive area of the photosensitive semiconductor,
the current flow through the semiconductor in-
creases. When the light energy is decreased, the
current flow through the photosensitive semicon-
ductor decreases. The increase or decrease in
light energy causes a proportional increase or
decrease in the current flow through the semi-
conductor. The point-contact photosensitive semi-
conductor (b below) and the junction photosensi-
tive semiconductor (¢ below) are used in various
circuits for detection, translation, switching, ete.

b. Point-Contact. A point-contact photosensi-
tive semiconductor is shown in A, of figure 236.
The energy from the light source is concentrated
into a beam through the lens. The concentrated
beam of light energy strikes the sensitive area of
the semiconductor. The light energy is increased
or decreased by varying the intensity of the light
source. An increase in light energy causes an
increase in current flow and a decrease in light
energy causes a decrease in current flow. The
current flow through the load resistor varies pro-
portionally to the intensity of the light source.
Thus, the light energy is.converted into elec-
trical energy. The output signal is developed
across the load resistor. The point-contact photo-
sensitive semiconductor may be N-type or P-type
material. The material is hollow ground on one
side so that the light energy may be concentrated
on the sensitive area.

c. Junction.

(1) Single. A single junction photosensitive
semiconductor circuit is shown in B, fig-
ure 236. The operation of this circuit is
identical with that described in b above
except for the photosensitive semiconduc-
tor. The sensitive area in the junction
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Figure 236. Photosensitive semiconductors.

(2)

photosensitive semiconductor is located
in the PN junction. The sensitive area
of a single junction photosensitive semi-
conductor may be located in either of
the semiconductor materials.

Double. A double junction photosensi-
tive semiconductor circuit is shown in C,
figure 236. The operation of this circuit
is identical with that described in b above
except for the photosensitive semicon-
ductor. The operation of the double
junction photosensitive semiconductor
may be compared to the operation of the
junction transistor amplifier (par. 37).
The Jight source, which strikes the first
PN junction, may be considered equiva-
lent to a signal applied to the emitter-
base junction of a transistor amplifier.
Current amplification takes place in the



second PN junction, which is equivalent
to the collector-base circuit of a tran-
sistor amplifier. In the double junction
photosensitive semiconductor, the varia-
tion of collector current is greater than
that of the point-contact and the single
junction photosensitive semiconductors
(b and (1) above).

224. Tetrode Transistor

a. Operation.

(1) The highest frequency that can be am-
plified by a three-terminal junction tran-
sistor is limited by the input (emitter-base
junction) capacitance and particularly
the output (collector-base junction) ca-
pacitance of the transistor. One method
of reducing these capacitance values is to
reduce the size of the transistor semicon-
ductor material. However, this method
is physically limited because the semi-
conductor material must be large enough
so that leads may be attached to the
three regions. A second method is to
restrict transistor action to a small por-
tion of the semiconductor material so
that the effect of a small size transistor
with low input and output capacitance
is obtained. To employ the latter method,
a tetrode (four-terminal) transistor must
be used.

(2) A tetrode transistor is shown in A, figure
237. The tetrode transistor is constructed
in the same manner as the three-terminal
(PNP or NPN) junction transistor, ex-
cept for the addition of a second terminal
to the base region. Terminals 1,2, and 3
are the conventional emitter, base, and
collector terminals, respectively, and are
biased in the same manner as the three-
terminal transistor. Terminal 4 is the
second connection to the base region. By
placing a negative bias on terminal 4,
using battery Vg, the indicated voltage
gradient occurs within the base region.
Note that forward bias (emitter more
negative than base) occurs only over a
small portion of the emitter-base junc-
tion. Current flow between base and col-
lector also occurs over a small portion of
the collector-base junction. Since the ef-
fective input and output capacitances in-
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volve only the active portions of the
emitter-base junction and the collector-
base junction, respectively, these capaci-
tance values are substantially reduced.
The high-frequency response of the tet-
rode transistor then, is substantially
greater than that of the comparable three-
terminal transistor.

b. Application. A wide-band amplifier circuit
employing a tetrode transistor is shown in B, fig-
ure 237. The input signal is coupled through ca-
pacitor C'1 to the emitter-base circuit. The input
signal aids or opposes the bias developed across re-
sistor /21 and varies the emitter-base bias of wide-
band amplifier @1. Varying the bias at the rate
of the input signal varies the collector current at
the same rate. The variations of collector current
are developed in the collector circuit and coupled
through capacitor €3 to the following stage. Ca-
pacitor C'1 is the input coupling capacitor. Re-
sistor £1 develops the emitter-base bias and re-
sistor 22 is a voltage dropping resistor. The bias
across the base region is obtained from battery
Vee. Resistor B3 is a voltage dropping resistor.
Resistor #4 and capacitor €2 form a low-fre-
quency compensating network. Chokes L1 and
L2 form a high-frequency peaking circuit (ch. 9).
Capacitor ("3 is the output coupling capacitor.

225. Spacistor

a. General. In addition to the input and output
capacitances of the three-terminal junction tran-
sistor limiting the high-frequency amplification
range (par. 224a(1) ), another factor is the transit
time of current carriers from emitter to collector.
As the time of 1 cycle of the frequency to be
amplified approaches the transit time, the gain
falls off rapidly. In an electron tube, the transit
time required for electrons to travel from cathode
to plate also limits its high-frequency range. To
reduce the transit time in the electron tube, the
plate voltage is increased and the spacing between
cathode and plate is decreased. In the conven-
tional transistor, the transit time is long because
very little voltage gradient exists in the base
region so that current carriers in the base region
diffuse (or migrate) from the emitter junction
to the collector junction. Although physically
limited, a partial solution is the reduction of the
size of the base region. This method has in-
creased the response of transistors to approxi-
mately 75 megacycles. Other methods involving
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Figure 237.

nonuniform distribution of impurities in the base
region have increased the response of transistors
to 350 megacycles. The spacistor (fig. 238) elim-
inates the diffusion of carriers through a base
region ; this device may be operated up to several
kilomegacycles because of the resultant low transit

time.

b. Construction and 0 peration.

240

(1) A, figure 238, shows a portion of the

spacistor; this is a reverse-biased PN
junction. Note that the depletion region
in the N-type material is larger than that
in the P-type material. This is accom-
plished by using a lower percentage of
donor impurities in the N-type material
than the percentage of acceptor impur-
ities used in the P-type material (par.
27b). The larger depletion region in one
of the materials is required so that two
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(2)

Tetrode transistor and application in wide-band amplifter.

connections ((1) and (2) below), can
be made at the larger depletion region.
With the bias indicated, very little cur-
rent (only reverse-biased current) flows
through the junction. However, a strong
electric field exists on either side of the
junction. Because of the very short dis-
tance of the depletion region (several
mils), a reverse bias of 100 volts will
produce a substantial electric field of
60,000 to 120,000 volts per centimeter.
This intense field is used to reduce the
transit time.

A connection made to the upper depletion
region (B, fig. 238) is called the injector.
This terminal is biased by battety V.
The voltage of battery 17, is less than that
of battery V¢c,so that an electron current
flows from the injector to the collector.



(3)

The magnitude of this current is propor-
tional to the difference in voltage between
battery V;; and battery Veo. The transit
time of electrons from the injector to the
collector is very low because of the intense
field through which the electrons flow.

A second connection made to the deple-
tion region on the same side of the junc-
tion and close to the injector (C, fig. 238)
is called a modulator. The modulator is
actually a small section of P-type material
forming a PN junction with the collector
region. Battery 1"yx biases the modula-
tor; the voltage of battery V uux is lessthan
that of battery Ve so that the PN junc-
tion formed by modulator and collector
regions is reverse biased. This reverse-
biased PN junction produces a high input
impedance at the modulator terminal. If
battery voltage Vuu is varied, the current
flow between the injector and the collector
varies accordingly. This effect indicates
that the field between the modulator and
the injector affects the injector current.
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(4)

A varying voltage (such as a sine wave)
introduced between the modulator and in-
jector then will result in a similarly vary-
ing current to the collector.

The spacistor, then, can be used as a
very-high-frequency (or low-frequency)
amplifier (¢ below). Since the modu-
lator (acting as a control grid) draws no
current, the input impedance between the
modulator and injector (acting as a
cathode) is extremely high (several meg-
ohms). The input capacitance (between
modulator and injector) is very low (1
or 2 puf) because of the small area each
covers. The output capacitance (collec-
tor to base) is very low because of the
large depletion region. This acts as a
capacitor, the plates of which are far
apart. Under these conditions, current,
voltage, and power gain can be achieved.

c. Application. A practical amplifier using the
spacistor is shown in D, figure 238. A signal is
coupled to the modulator terminal through trans-
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former T1. The voltage divider, consisting of
resistors R2 and R3, establishes the modulator
bias. Resistor R4, bypassed by capacitor C1, pro-
vides the injector bias. Collector load resistor
R1 develops the output signal.

226. Unijunction Transistor

a. Operation. The unijunction (single junc-
tion) transistor (A, fig. 239) is actually a diode
with two connections made to one portion of the
semiconductor. The unijunction transistor is also
referred to as a double-base diode. If terminals 2
and 3 are connected together, the resultant device
would have the characteristics of a conventional
junction diode.

(1) With battery Vyg connected as indicated,
electron current flows from terminal 3
to terminal 2 as indicated. With ter-
minal 1 connected to terminal 3, the PN
junction is reverse biased. The only cur-
rent flowing through terminal 1 is a

._./2 L.
G .
|Qﬁ "= ves

I.

|

reverse-bias current; this current consists
of electron flow (solid-line arrow) from
terminal 1 to the PN junction and holes
(dashed-line arrow) from terminal 2 to
the PN junction (ch. 3).

Battery Vs establishes within the N-
type semiconductor the voltage gradient
indicated from terminal 2 to terminal 3
(B, fig. 239). Battery Vgg is inserted in
the circuit between terminals 1 and 3 with
the polarity indicated. If the voltage of
battery Vg is less than the voltage gradi-
ent opposite the P-type material, the con-
dition shown in A, figure 239 prevails. If
the voltage of battery Vg is greater than
the voltage gradient opposite the P-type
material, the PN junction becomes for-
ward biased. Heavy electron current
flow (solid-line arrows) occurs in the N-
type material, and a heavy hole current
flow (dashed-line arrows) occurs in the

(2)
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Figure 239. Unijunction transistor and sawtooth generator.
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P-type material; electrons flow out of
terminal 1.

(3) These characteristics ((1) and (2)
above) of the unijunction transistor make
it especially suitable for use in multi-
vibrators and sawtooth generators (b
below).

b. Application. A sawtooth generator using a
unijunction transistor is shown in C, figure 239.
When power is applied to the circuit, the condi-
tions are the same as those described in (1) above.
Capacitor C1 charges very slowly through the
small amount of current flowing through the re-
verse-biased PN junction. The charging time
equals the product of the capacitance of capacitor
C1 and the resistance of the reverse-biased PN
junction. As capacitor C1 charges, the positive
dc voltage across it rises. When this voltage is
greater than the voltage gradient opposite the
P-type material, the PN junction is forward
biased (a(2) above), and the capacitor discharges

FORWARD REVERSE FORWARD

very rapidly. The discharge time equals the
product of the capacitance of capacitor C1 and
the resistance of the forward-biased PN junction.
After capacitor C1 is discharged, the conditions
are again the same as those described in a(1)
above. Capacitor C1 again charges and estab-
lishes a forward bias for the PN junction. This
sequence continues and the slow charging and
rapid discharging of capacitor C1 produces a
sawtooth waveform in the output.

227. Four-Layer Diode

a. Operation. The four-layer diode (A, fig.
240) consists of four layers of semiconductor mate-
rial. The four layers of N-type and P-type
material form three PN junctions. When prop-
erly biased, the center PN junction is reverse
biased and the outer PN junctions are forward
biased. The emitter-base junction of a three-
terminal transistor is always forward biased, and
the collector-base junction is always reverse biased
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Figure 240. Four-layer diode, and sawtooth generator.
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(pars. 32 and 33). The four-layer diode there-
fore can be analyzed as two separate junction
transistors. The dotted line through the PN ma-
terial in the center divides the four-layer diode
into a PNP transistor and an NPN transistor.
The PN junction of the PNP transistor (B. fig.
240) connected to the positive side of battery 1ge
is forward biased and is therefore the emitter-base
junction. The remaining PN junction of the
PNP transistor is reverse biased and is therefore
the collector-base junction. The PN junction of
the NPN transistor connected to the negative side
of battery Vgg, is forward biased and is therefore
the emitter-base junction. The remaining PN
junction of the NPN transistor is reverse biased
and is therefore the collector-base junction. The
base of the PNP transistor is connected directly
to the collector of the NPN transistor. The col-
lector of the PNP transistor is connected directly
to the base of the NPN transistor. The schematic
representation of the four-layer diode is shown in
C, figure 240. Proper biasing is obtained from
battery Vgg. The arrows represent electron
current flow.

b. Application. The schematic diagram of a
sawtooth oscillator employing the four-layer diode
is shown in D, figure 240. Battery Vgg furnishes
power for the oscillator circuit. Switch S1 com-
pletes the circuit and applies power to the oscil-
lator circuit. The time constant of resistor R1
and capacitor C1 determines the frequency of os-
cillation. The four-layer diode may be considered
the equivalent of a thyratron electron tube which
provides a discharge path for capacitor C1. When
power is applied to the circuit through switch S1,
capacitor C1 appears as a short circuit. Current
flows through resistor Z1 and capacitor (1
charges. When the voltage drop across capacitor
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C1 provides sufficient bias, current flows through
the four-layer diode. Capacitor C1 then dis-
charges rapidly through the four-layer diode. As
capacitor ("1 discharges, the bias applied to the
four-layer diode decreases. When the bias reaches
a minimum value for conduction, the four-layer
diode stops conducting. Capacitor C1 again
charges to a point where sufficient bias causes the
four-layer diode to conduct. This sequence keeps
repeating, and the output coupled through capac-
itor €2 is a sawtooth waveform.

228. Summary

a. A P-type point-contact transistor operates
similarly to an NPN junction transistor and an
N-type point-contact transistor operates similarly
to a PNP junction transistor.

b. In a photosensitive semiconductor, the light
energy must be focused into a beam to fall on
a sensitive area of the semiconductor.

c. The photosensitive semiconductor converts
the light energy into electrical energy.

d. The tetrode transistor has low input and
output capacitances and can be used in high-
frequency applications.

e. The spacistor may be used to amplify fre-
quencies in the kilomegacycle range, because of
the low transit time required for current carriers
to flow from injector to collector.

/- Input and output impedances of a spacistor
are very high in comparison to the junction tran-
sistor.

g. The unijunction transistor is a single junc-
tion semiconductor with three electrodes. It may
be used in multivibrators and sawtooth generators.

h. Operation of a four-layer diode can be con-
sidered the equivalent of two junction transistors.



APPENDIX |
LETTER SYMBOLS

1. Roman Lletters

A rs
Symbols Meaning or description par?:r‘a';m
Ap oL Band pass of a resonant circuit__.__ 146
age. . ... Automatic gain control____________. 157
Ai . Currentgain_____.____ .. .__.__..__ 54
am_______. Amplitude modulation._ . ___________ 3
A, __._.... Voltagegain______________________ 55
bfo_....._... Beat frequency oscillator___________ 215

C....._.... Constant (when following an equal
(=)sign)_______________________ 51
CB_.______ Common-base configuration_________ 38

Cepooeeee -2 Interelement capacitance between
base and colleetor_ _ _ ... ______.__ 103

Cepoeeee - Interelement capacitance between
base and emitter_ .. ____________. 103

Ceq- - - Interelement capacitance between
collector and emitter___ ... _______ 103
CC....._.. Common-collector configuration_____ 38
CE._.____. Common-emitter configuration______ 38
em._.___..__ Centimeter_ . ___.__________________ 15
Cneeeee - Neutralizing capacitor_ . ____..._.__ 154
CR._______ Junction diode__ __________________ 86
Cop-oeeee o Reflected capacitance. . ___________._ 146
cw_________ Continuous wave transmission__ . ___ 215
By ... Input voltage. . ___ ... ___._______. 94
Eovur------- Output voltage______.__._____._____ 94
m__ . ____._ Frequency modulation_ . ___________ 3
§ P Cutoff frequency . - - ... ... ... ... 186
§ Frequency of resonance. . . _________ 146
G .. Powergain______________________. 56
Foe-ou-omo-- Base-collector conductance. . . _. ____ 70
P [ P Base-emitter conductance. . _ _______ 70
Gee o nmm e - Collector-emittance conductance. - . . 70
Ofeeeocaoe-n Forward transfer conductance_______ 70
[ P Input conductance____.______._____._ 70
G- ... Maximum power._________.________ 60
Foomooemmmm Output conductance. . _______._____ 70
Frece-cceenee Reverse transfer conductance._ .. ____ 70
ho o . Hybrid_______ L ....... 51

| O Input resistance of common-base con-

figuration with output short-cir-
cuited__ . _______________________ 62
Rico oo Input resistance of commou-collector 63

configuration with output short-
circuited.
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A re
Symbols Meaning or description par;.g‘r‘c';)h
Rigooeee e Input resistance of common-emitter 51
configuration with output short-
circuited.
Rode o cee o Output conductance of common-base 62
configuration with input open.
Roee oo Output conductance of common- 63
collector configuration with input
open.
Roqeoooeo Output conductance of common- 52
emitter configuration with input
open.
Too .. _. Total emitter current.___________ 43
Ty oo ___. Changing base current (ac)_________ 47
Ip ... Debasecurrent. __________________ 51
P, Changing collector current (ac)______ 47
) . Dc collector current . _ _ ____________ 52
L) P Intermediate frequency.____________ 211
m_o._______ Turns ratio of a transformer________ 146
ma___..___. Milliampere._ . ... _____________._.___ 30
mv_._._.____ Millivolt - _ _ _ ___________________ 58
mw________ Milliwatt_______ . ___ 102
N_o__ ... Number of turns in an indicator____. 146
N-type_____ Semiconductor with donor impurity_ 2
NPN______ Transistor with one P-type and two 2
N-type semiconductors.
P-type___._ Semiconductor with acceptor impu- 2
rity.
P Power_ _____ o ____._.__ 31
PN_______. Combination of N-type and P-type 2
semiconductors.
PNP_______ Transistor with one N-type and two 2
P-type semiconductors.
Q. . Selectivity of a resonant circuit_.___ 146
RT_ ______. Thermistor_ _ . ____________________ 83
| P Ac base resistance_________________ 68
RC_.__.__. A coupling circuit employing a resistor 88
and a capacitor.
| P Ac collector resistance__.___________ 68
| T Ac emitter resistance_______________ 68
Tfemmmm oo Forward transfer resistance with in- 68
put open.
Piem e em o n Input resistance with output open._._ 68
Ry ... Load resistor______________________ 54
| Mutual resistance__ _______._._.___.. 68
Ry _____ Neutralizing resistor_ ______________ 154
| T Output resistance with input open. __ 68
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Appears

first iu
Symbols Meaning or description paragraph
| SPSU Reverse transfer resistance with input
OPen._ . _ oo 68
Sy .. Current-stability factor____________ 75
I Voltage-stability factor_____________ 75
Y Transformer. _____________.____._. 83
TC. __._.. Time constant_ _ _________________. 180
bpe e Fall time. . ___ .. _________________. 187
lpeo oo Pulse time________________________ 187
[ Rise time______________________.___ 187
by Storage time_ . ____________________ 187
Veg----__. Fixed base-emitter voltage. _________ 51
Veg----- ... Fixed collector-emitter voltage.__ . __. 51
| P Source voltage. - ... ____________. 54
Db oo Changing voltage (ac) between base
and emitter_____________________ 47
Peom-mcmommn Changing voitage (ac) between col-
lector and emitter_ __ ____________ 47
VeaT-—--- _. Saturation voltage_________________ 186
) SR Admittance___ ___ . _____.__________. 70
Z . Impedance. . _____________________ 70
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9. Greek Letters

Appears
first in
Symbols Meaning or description paragraph
@ . Alpha; current amplification factor. _ 52
asy. ... ... Forward short circuit current ampli-
fication factor for the CB configura-
tion___.______.______._____ e 62
Qfee o - Forward short circuit current amplifi-
cation factor for the CC configura-
tion____. .. ___ 63
afe._....... Forward short circuit current ampli-
fication factor for the CE configu-
ration__ . __ .. ________________ 52
A ... Delta; incremental change__ . _______ 51
0o _...__ Infinity. .. ___ .. ... ... 77
77 S Microampere. - _ - _____________.__ 30
Brbe o oo oo - Reverse open-circuited voltage ampli-
fication factor for CB configuration_ 62
Bre----- - - - Reverse open-circuited voltage ampli-
fication factor for CC configuration_ 63
Mre----- - --- Reverse open-curcuited voltage ampli-
fication factor for CE configuration_ 51
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GLOSSARY
DEFINITIONS OF UNUSUAL TERMS

Acceptor Impurity—A substance with three (3)
electrons in the outer orbit of its atom which,
when added to a semiconductor crystal, pro-
vides one hole in the lattice structure of the
crystal.

Amplifier, Class A—An amplifier in which the
swing of the input signal is always on the
linear portion of the characteristic curves of
the amplifying device.

Amplifier, Class AB—An amplifier which has the
collector current or voltage at zero for less than
half of a cycle of input signal.

Amplifier, Class B—An amplifier which operates
at collector current cutoff or at zero collector
voltage and remains in this condition for 14
cycle of the input signal.

Amplifier, Class C—An amplifier in which the
collector voltage or current is zero for more
than 1% cycle of the input signal.

AND Circuit (AND Gate)—A coincidence cir-
cuit that functions as a gate so that when all
the inputs are applied simultaneously, a pre-
scribed output condition exists.

AND-OR Circuit (AND-OR Gate)—A gating
circuit that produces a prescribed output con-
dition when several possible combined input
signals are applied ; exhibits the characteristics
of the AND gate and the OR gate.

Astable Multivibrator—A multivibrator that can
function in either of two semistable states
switching rapidly from one to the other; re-
ferred to as free running.

Barrier—In a semiconductor, the electric field be-
tween the acceptor ions and the donor ions at
a junction. (See Depletion Layer.)

Barrier Height—In a semiconductor, the differ-
ence in potential from one side of a barrier to
the other.
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Base (junction transistor)—The center semicon-
ductor region of a double junction (NPN or
PNP) transistor. The base is comparable to
the grid of an electron tube.

Base Spreading Resistance—In a transistor, the
resistance of the base region caused by the re-
sistance of the bulk material of the base region.

Beat Frequency Oscillator—An oscillator that
produces a signal which mixes with another
signal to provide frequencies equal to the sum
and difference of the combined frequencies.

Bistable Multivibrator—A circuit with two stable
states requiring two input pulses to complete
a cycle.

Blocking Oscillator—A relaxation type oscillator
that conducts for a short period of time and is
cut off for a relatively long period of time.

Clamping Circuit—A circuit that maintains either
or both amplitude extremities of a wave form
at a certain level or potential.

Collector—The end semiconductor material of a
double junction (NPN or PNP) transistor that
is normally reverse-biased with respect to the
base. The collector is comparable to the plate
of an electron tube.

Common-Base (CB) Amplifier—A transistor am-
plifier in which the base element is common to
the input and the output circuit. This config-
uration is comparable to the grounded-grid
triode electron tube.

Common-Collector (CC) Amplifier—A transistor
amplifier in which the collector element is
common to the input and the output circuit.
This configuration is comparable to the electron
tube cathode follower.

Common-Emitter (CE) Amplifier—A transistor
amplifier in which the emitter element is com-
mon to the input and the output circuit. This
configuration is comparable to the conventional
electron tube amplifier.



Complementary Symmetty Circuit—An arrange-
ment of PNP-type and NPN-type transistors
that provides push-pull operation from one
input signal.

Compound-Connected Transistor—A combination
of two transistors to increase the current
amplification factor at high emitter currents.
This combination is generally employed in
power amplifier circuits.

Configuration—The relative arrangement of parts
(or components) in a circuit.

Constant Power Dissipation Line—A line (super-
imposed on the output static characteristic
curves) representing the points of collector
voltage and current, the products of which
represent the maximum collector power rating
of a particular transistor.

Cross-Over Distortion—Distortion that occurs at
the points of operation in a push-pull amplifier
where the input signals cross (go through) the
zero reference points.

Current Stability Factor—In a transistor, the
ratio of a change in emitter current to a change
in reverse-bias current flow between the col-
lector and the base.

Cutoff Frequency—The frequency at which the
gain of an amplifier falls below .707 times the
maximum gain.

Dependent Variable—In a transistor, one of four
variable currents and voltages that is arbitrarily
chosen and considered to vary in accordance
with other currents and voltages (independent
variable).

Depletion Region (or Layer)—The region in a
semiconductor containing the uncompensated
acceptor and donor ions; also referred to as
the space-charge region or barrier region.

Differentiating Circuit—A circuit that produces
an output voltage proportional to the rate of
change of the input voltage.

Donor Impurity—A substance with electrons in
the outer orbit of its atom; added to a semi-
conductor crystal, it provides one free electron.

Double-Junction Photosensitive Semiconductor—
Three layers of semiconductor material with an
electrode connection to each end layer. Light
energy is used to control current flow.

Dynamic Transfer Characteristic Curve—In tran-
sistors, & curve that shows the variation of
output current (dependent variable) with varia-
tion of input current under load conditions.
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Electron-Pair Bond—A valence bond formed by
two electrons one from each of two adjacent
atoms.

Elemental Charge—The electrical charge on a
single electron (megatron or positron).

Emitter-Follower Amplifier—See Common-Col-
lector Amplifier.

Emitter (junction transistor)—The end semicon-
ductor material of a double junction (PNP or
NPN) transistor that is forward-biased with
respect to the base. The emitter is comparable
to the cathode of an electron tube.

Equivalent Circuit—A diagrammatic circuit rep-
resentation of any device exhibiting two or
more electrical parameters.

Fall Time—The length of time during which the
amplitude of a pulse is decreasing from 90 per-
cent to 10 percent of its maximum value.

Forward Bias—In a transistor, an external po-
tential applied to a PN junction so that the
depletion region is narrowed and relatively
high current flows through the junction.

Forward Short Circuit Current Amplification
Factor—In a transistor, the ratio of incremen-
tal values of output to input current when the
output circuit is ac short-circuited.

Four-Layer Diode—A diode constructed of semi-
conductor materials resulting in three PN junc-
tions. Electrode connections are made to each
end layer.

Gating Circuit—A circuit operating as a switch,
making use of a short or open circuit to apply
or eliminate a signal.

Grounded Base Amplifier—See C(ommon-Base
Amplifier.

Hole—A mobile vacancy in the electronic valence
structure of a semiconductor. The hole acts
similarly to a positive electronic charge having
a positive mass.

Hybrid Parameter—The parameters of an equiva-
lent circuit of a transistor which are the result
of selecting the input current and the output
voltage as independent variables.

Increment—A small change in value.

Independent Variable—In a transistor, one of
several voltages and currents chosen arbitrarily
and considered to vary independently.

Inhibition Gate—A gate circuit used as a switch
and placed in parallel with the circuit it is
controlling.
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Interelement Capacitance—The capacitance caused
by the PN junctions between the regions of a
transistor; measured between the external leads
of the transistor.

Junction Transistor—A device having three al-
ternate sections of P-type or N-type semicon-
ductor material. See PNP Transistor and NPN
T'ransistor.

Lattice Structure—In a crystal a stable arrange-
ment of atoms and their electron-pair bonds.

Majority Carriers—The holes or free electrons in
P-type or N-type semiconductors respectively.

Minority Carriers—The holes or excess electrons
found in the N-type or P-type semiconductors
respectively.

Monostable Multivibrator—A multivibrator hav-
ing one stable and one semistable condition.
A trigger is used to drive the unit into the
semistable state where it remains for a pre-
determined time before returning to the stable
condition.

Multivibrator—A type of relaxation oscillator
for the generation of nonsinusoidal waves in
which the output of each of two stages is
coupled to the input of the other to sustain
oscillations. See Astable Multivibrator, B:i-
stable Multivibrator, and Monostable Multi-
vibrator.

Neutralization—The prevention of oscillation of
an amplifier by canceling possible changes in
the reactive component of the input circuit
caused by positive feedback.

NOR Circuit——An OR gating circuit that pro-
vides pulse phase inversion.

NOT AND Circuit—An AND gating circuit that
provides pulse phase inversion.

NPN Transistor—A. device consisting of a P-type
section and two N-type sections of semicon-
ductor material with the P-type in the center.

N-Type Semiconductor—A semiconductor into
which a donor impurity has been introduced.
It contains free electrons.

Open Circuit Parameters—The parameters of an
equivalent circuit of a transistor which are the
result of selecting the input current and output
current as independent variables.

OR Circuit (OR Gate)—A gate circuit that pro-
duces the desired output with only one of
several possible input signals applied.

Parameter—A derived or measured value which
conveniently expresses performance; for use in
calculations.
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Photosensitive Semiconductor—A semiconductor
material in which light energy controls current
carrier movement.

PN Junction—The area of contact between N-type
and P-type semiconductor materials.

PNP Transistor—A device consisting of an N-
type section and two P-type sections of semi-
conductor material with the N-type in the
center.

Point-Contact—In transistors, & physical connec-
tion made by a metallic wire on the surface
of a semiconductor.

Polycrystalline Structure—The granular struc-
ture of crystals which are nonuniform in shape
and irregularly arranged.

Preamplifier—A low level stage of amplification
usually following a transducer.

P-Type Semiconductor—A semiconductor crystal
into which an acceptor impurity has been in-
troduced. It provides holes in the crystal lattice
structure.

Pulse Amplifier—A wide-band amplifier used to
amplify square wave forms.

Pulse Repetition Frequency—The number of non-
sinusoidal cycles (square waves) that occur in
1 second.

Pulse Time—The length of time & pulse remains
at its maximum value.

Quiescence—The operating condition that exists
in a circuit when no input signal is applied
to the circuit.

Reverse Bias—An external potential applied to
a PN junction such as to widen the depletion
region and prevent the movement of majority
current carriers.

Reverse Open Circuit Voltage Amplification Fac-
tor—In a transistor, the ratio of incremental
values of input voltage to output voltage meas-
ured with the input ac open-circuited.

Rise Time—The length of time during which the
leading edge of a pulse increases from 10 per-
cent to 90 percent of its maximum value.

Saturation (Leakage) Current—The current flow
between the base and collector or between the
emitter and collector measured with the emitter
lead or the base lead, respectively, open.

Semiconductor—A conductor whose resistivity is
between that of metals and insulators in which
electrical charge carrier concentration increases
with increasing temperature over a specific tem-
perature range.



Short Circuit Parameters—The parameters of an
equivalent circuit of a transistor which are the
result of selecting the input and output voltages
as independent variables.

Single-Junction Photosensitive Semiconductor—
Two layers of semiconductor materials with an
electrode connection to each material. Light
energy controls current flow.

Spacistor—A semiconductor device consisting of
one PN junction and four electrode connections
characterized by a low transient time for car-
riers to flow from the input element to the
output element.

Stabilization—The reduction of variations in volt-
age or current not due to prescribed conditions.

Storage Time—The time during which the output
current or voltage of a pulse is falling from
maximum to zero after the input current or
voltage is removed.

Stray Capacitance—The capacitance introduc¢ed
into a circuit by the leads and wires used to
connect circuit components.

Surge Voltage (or Current)—A large sudden
change of voltage (or current) usually caused
by the collapsing of a magnetic field or the
shorting or opening of circuit elements.

Swamping Resistor—In transistor circuits, a re-
sistor placed in the emitter lead to mask (or
minimize the effects of) variations in emitter-
base junction resistance caused by variations in
temperature.

Tetrode Transistor—A junction transistor with
two electrode connections to the base (one to
the emitter and one to the collector) to reduce
the interelement capacitance.

T hermal Agitation—In a semiconductor, the ran-
dom movement of holes and electrons within a
crystal due to the thermal (heat) energy.

T hyratron—A gas-filled triode electron tube that
is used as an electronic switch.

Transducer—A device that converts one type of
power to another, such as acoustical power to
electrical power.

T'ransistor—A semiconductor device capable of
transferring a signal from one circuit to an-
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other and producing amplification. See Junc-
tion 1'ransistor.

T'riggered Circuit—A circuit that requires an
input signal (trigger) to produce a desired
output determined by the characteristics of the
circuit.

Trigger Pulse Steering—In transistors, the rout-
ing or directing of trigger signals (usually
pulses) through diodes or transistors (called
steering diodes or steering transistors) so that
the trigger signals affect only one circuit of
several associated circuits.

Tuned-Base Oscillator—A transistor oscillator
with the frequency-determining device (reso-
nant circuit) located in the base circuit. It
is comparable to the tuned grid electron tube
oscillator.

Tuned-Collector Oscillator—A transistor oscilla-
tor with the frequency-determining device lo-
cated in the collector circuit. It is comparable
to the tuned plate electron tube oscillator.

Turnoff Time—The time that it takes a switching
circuit (gate) to completely stop the flow of
current in the circuit it is controlling.

Unijunction Transistor—A PN junction tran-
sistor with one electrode connection to one of
the semiconductor materials and two connec-
tions to the other semiconductor material.

Unilateralization—The process by which an am-
plifier is prevented from going into oscillation
by canceling the resistive and reactive com-
ponent changes in the input circuit of an am-
plifier caused by positive feedback.

Unit Step Current (or Voltage)—A current (or
voltage) which undergoes an instantaneous
change in magnitude from one constant level
to another.

Voltage Gain—The ratio of incremental values
of output voltage to input voltage of an am-
plifier under load conditions.

Wide-Band Amplifier—An amplifier capable of
passing a wide range of frequencies with equal
gain.

Zener Diode—A PN junction diode reverse-biased
into the breakdown region; used for voltage
stabilization.
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CB configuration. . ______ _____ . _______ _____..__.___._.. 40h 46
CC configuration_ ____.. _ .. ____ __. __________.. 42b 48
CE configuration_._________ ___. ______.__ _._.._. . 41b 47
Stabilization _____________ - el 93 98
Breakdown diode voltage regulator_______ .. __. _. ________. 94 98
Transistor amplifier.. . ___. ___ _____.__ . ... .___... . 96 99
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Volume controls: Paragraph Page
Current divider__ . . _______ ... 120b 120
Requirements. . __ ... 121 120
Satisfactory arrangement .. ____ _____________________.________. 123 122
Transformer coupling.__ . __ . ___._._ 124 123
Unsatisfactory arrangement____________________._.__________. 122 121
Voltage divider_ - . _ . __.___ 120a 120

Weinbridge oscillator__ - _____________ o _____.__. .- 179 179

Wide-band amplifier_____ ___________________________________.___. 161 159
Compensation for high-frequency loss..________________________ 165 161

Compensation for low-frequency loss._.____.___.___________ 112 113,166 115, 116,

163
Coupling circuits______________________ e 162 160
Frequency limiting elements. .. _______________________________ 163 160

[AG 413.44 (30 Dec 38)]
By Order of Wilber M. Brucker, Secretary of the Army :

Official :

Major General, United States Army,

R. V. LEE,

The Adjutant General.

Distribution :

Active Army:

MAXWELL D. TAYLOR,

General, United States Army,

Chief of Staff.

Units organized under following

CNGB (1) Sve Colleges (5)
Tech Stf, DA (1) except CSig0 Br Svc Sch (5) except USASCS TOE's:
(30) (75) 11-7 (2) 11-97 (2)
Tech Stf Bd (1) Sig Sec, Gen Dep (10) 11-15 (2) 11-98 (2)
USCONARC (5) Sig Dep (17) 11-16 (2) 11-117 (2)
USA Arty Bd (1) Army Pictorial Cen (2) 11-22 (2) 11-500 (AA-
USA Armor Bd (1) USA Sig Pub Agcy (500) 11-25 (2) AE) (2)
USA Inf Bd (1) USA Sig Engr Agey (1) 11-32 (2) 11-537 (2)
USA AD Bd (1) USA Comm Agcy (2) 11-39 (2) 11-557 (2)
USA Abn & Elct Bd (1) USA Sig Eqp Spt Agey (2) 11-57 (2) 11-587 (2)
USA Avn Bd (1) USA Sig Msl Spt Agey (2) 11-95 (2) 11-592 (2)
USA Armor Bd Test Sec (1) WRAMC (1) 11-96 (2) 11-597 (2)
USA AD Bd Test Sec (1) AFIP (1)
USA Arctic Test Bd (1) Yuma Test Sta (2)
US ARADCOM (2) USA Elet PG (1)
US ARADCOM Rgn (2) Sig Lab (5)
OS Maj Comd (35) Sig Fld Maint Shops (3)
OS Base Comd (5) Fld Comd, AFSWP (5)
MDW (1) Mil Dist (1)
Armies (5) USA Corps (Res) (1)
Corps (2) Sector Comd, USA Corps (Res)
Div (2) (1)
USATC (2) JBUSMC (2)
NG: State AG (3) ; units—same as Active Army except allowance is one copy to each unit.
USAR: None.
For explanation of abbreviations used, see AR 320-50.
For sale by the Superintendent of Documents, U. 8. Government Printing Office
Washington 25, D. C. - Price $1.25
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