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PREFACE TO THE SECOND EDITION

The preparation of the second edition of “Theory and Applications of
Electron Tubes’ was prompted by two principal considerations. The
first, and probably more important, of these was the necessity of bringing
the book up to date as regards the principal new developments of the past
five years in the field which it covers. Although the press of other
work connected with the defense and war efforts has made it impossible
for the author to make an exhaustive search of the literature of this
period, he believes that the most important subjects have been adequately
treated. :

The second factor that led to the preparation of the new edition was
the desirability of incorporating improvements in presentation that have
been suggested or that have suggested themselves during five years of use
of the book in college courses. Much of the material has been rear-
ranged, and the chapter on Modulation and Detection and that on
Oscillators have been to a considerable extent rewritten. A few changes
in symbols or definitions have appeared to be desirable. In response to
many requests, problem answers are included in the new edition.

The author of a book in a field that develops as rapidly as that
covered by this book is faced with the difficulty of keeping the book up
to date without increasing the size unduly. Probably the best judges of
what material should be eliminated or added are the instructors in the
courses in which the book is used as a text. The author will welcome
suggestions and criticisms.

- HerserT J. REICH.
CaMBRIDGE, Mass.,
August, 1944.
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PREFACE TO THE FIRST EDITION ‘

Electron tubes, which have made possible the rapid development of
radio to its present state of refinement, have been assuming an increasing
importance in power control and transmission, in manufacturing, in the
home, and in the various branches of engineering and scientific research.
The rapidly growing field of application of electronic devices has necessi-
tated the addition of courses in theoretical and applied electronics to
engineering and scientific curriculums. The need for a single book to
- assemble and coordinate our present knowledge of the theory and applica-
tion of electron tubes led to the writing of this book.

The book is intended to give the student a sufficiently thorough
grounding in the fundamental principles of electron tubes and associated
circuits to enable him to apply electron tubes to the solution of new
problems. The author has not attempted to discuss all applications of
tubes to special problems but rather to cover basic principles and typiecal
applications. Since it was not his purpose to write a treatise on the
subject of applications of electron tubes, Class C amplification and the
design of radio transmitters and receivers, which are adequately treated
in books on radio engineering, have not been taken up. The basic
principles that are presented, however, are applicable to radio engineering
problems, as well as to industrial electronics, power control, electrical
measurements, and other fields of use of tubes. Although written
primarily as a text for eollege students, it is hoped that it will also prove
to be of value to practicing engineers as a reference book.

The book is based upon mimeographed notes that have been used in
the author’s courses on electron tubes during the past five years. These
notes have been kept up to date and have been revised as use in the
classroom has indicated whete improvement could be made.

A problem encountered in the preparation of the manuscript was the
choice of symbols. In the main, the symbols used are those which have
been standardized by the Standards Committee of the Institute of Radio
Engineers. Although the use of the symbols ¢ and E for the voltage of
tube electrodes is in agreement with the practice of most writers on the
subject of electron tubes in the United States during the past twenty-
five years, it is not in agreement with the symbols standardized by the
American Institute of Electrical Engineers nor with those used in Eng-
land. Since the basic symbols that are used in this book have already
been standardized by the Institute of Radio Engineers, the author

X



X PREFACE TO THE FIRST EDITION

feels that it would be a mistake to set up new symbols now. Because

of the very large number of symbols that must be used in the analysis of
tubes, difficulties are invariably encountered, regardless of the system
of nomenclature that is adopted. ,

The series expansion for electrode currents has been made the basis
of the analysis of the operation of high-vacuum tubes and associated
circuits. In order to justify the use of the series expansion and several
other very useful equations, the outlines of their derivations are included.
The student will not be seriously handicapped by the omission of these
derivations. Because the author believes that a thorough understanding
of the principles of detection and modulation is of great value in the study
of distortion in amplifiers, the chapter on detection and modulation
precedes those on amplification. The arrangement of subject matter is
such, however, that little difficulty will be experienced by the student
if this chapter is studied after those on amplifiers. Equivalent-circuit
and graphical methods of analysis are stressed throughout the book.

H. J. Reicu.

UrBANA, Irn,
November, 1938.
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THEORY AND APPLICATIONS
OF ELECTRON TUBES

CHAPTER 1

PHYSICAL CONCEPTS

An electron tube is a device consisting of a number of electrodes
contained within a totally or partly evacuated enclosure. The useful-
ness of such a device arises’from its capacity to pass current, the magni-
tude of which may be controlled by the voltages of the electrodes. As
suggested by the term electron fube, the operation of all types of elec-
tron tubes is dependent upon the movement of electrons within the
tubes. The electron, which is the smallest known particle, has a mass
of 9.03 X 1028 g and a negative charge & of 16 X 1072 coulomb or
4.8 X 1071% e.s.u. The operation of many types of electron tubes also
depends upon the separation and motion of other elementary particles
of which matter is composed. For this reason a brief discussion of the
fundamental processes governing the behavior of these elementary
particles is of value in the study of electron tubes and their applications.

1-1. Excitation, Yonization, and Radiation.—The mass of the electron
is greatly exceeded by that of an atom, the lightest atom, hydrogen,
having a mass approximately eighteen hundred times that of the electron.

- The major portion of the mass of an atom is accounted for by the nucleus,
a stable assemblage of charged and neutral particles having a net positive
charge equal to the atomic number of the element. The atom also
contains relatively loosely bound electrons, normally equal in number
to its atomic number. The normal atom is therefore neutral.

Experiments show that, in addition to possessing kinetic energy,
an atom is capable of absorbing energy internally. The internal energy
appears to be associated with the configuration of the particles of which
the atom is composed. The internal energy can be altered only in
discrete quantities, called quanta, and hence the atom can exist only in
definite stable states, which are characterized by the internal energy
content. Under ordinary conditions an atom is most likely to be in that
state in which the internal energy is a minimum, known as the normal
state. If the internal energy of the atom exceeds that of its normal state,

1
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it is said to be excited. Excitation may be caused in a number of ways,
among which is collision of the atom with rapidly moving positive
or negative particles, which may give up some or all of their kinetic
energy to the atom during the collision. A limiting case of excitation is
tonization, in which the energy absorbed by the atom is sufficient to
allow a loosely bound electron to leave the atom against the electrostatic
force which tends to hold it within the atom. An atom that has lost
one or more electrons is said to be Zonized and is one type of positive ion.
It is possible for excitation or ionization to take place in successive steps
by the absorption of two or more quanta of energy.

The return of an excited atom to a state of lower energy content
is usually accompanied by electromagnetic radiation. Since the energy
of the atom ean have only discrete values, the radiated electromagnetic
energy corresponding to a change from one given energy state to another
of lower energy is always associated with the releasing of a definite
quantum of electromagnetic energy, called *a photon. The frequency
of the radiated energy is determined by the relation W, — Wy = hy, in
which W, and W, are the values of the internal energy of the atom in the
initial and final states; h is 4 universal constant called Planck’s constant,
6.55 X 10?7 erg-sec; and » is the frequency of the radiated energy in
cycles per second. From the form of this relation it is seen that the
quantity hv is the energy of the emitted photon. Each line of the emis-
sion spectrum of an element represents the transition of atoms of the
element from some energy state to another of lower internal energy.

In interacting with atoms and molecules, photons exhibit some of the
characteristics of material particles, a photon behaving as though it
were a bundle of energy. The collision of an atom with a photon whose
energy-is equal to the required change of internal energy may result in
excitation of the atom. If the energy of the colliding photon is equal
to. or greater than that necessary to remove an electron from the atom, .
the collision may result in ionization of the atom.

-"A number of attempts have been made to give a picture of the strue-
ture of atoms that will account for the phenomena of excitation, ioniza-
tion, and radiation. The most successful of these, proposed by Bohr, is
based upon the assumption that one or more electrons move about the
central nucleus of an atom in a manner similar to the motion of the planets.
about the sun. To account for the observed definite values of internal
energy, it was assumed that the electrons can move only in certain
orbits and that the internal energy of the atom is increased when one
or more electrons are abruptly displaced from given orbits to others at a
greater distance from the nucleus. Radiation was assumed to result
when one or more electrons jump from given orbits to others nearer to
the nucleus. Any such picture is valuable principally in its ability
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to explain observed phenomena and to predict others. The complexity
of atoms containing more than two orbital electrons limited the usefulness
of the Bohr picture of the atom to the hydrogen and helium atoms.

The phenomena of excitation, ionization, and radiation are also
observed in molecules. Because of the greater complexity of molecules,
and the fact that their internal energy is partly associated with the
vibrational and rotational motion of the atoms of which they are com-
posed, a molecule has many more stable states than an atom of the same
element.

1-2. Electron Volt.—Since the energy that a charged particle acquires
in free space when accelerated by an electric field is equal to the product
of the charge by the difference of potential between the initial and final
positions, the difference in potential may be used as a measure of the
gain in kinetic energy. Any quantity of energy may, in fact, be expressed

“electron volts.” An electron volt is the amount of energy gained by
an electron when accelerated in free space through a difference of potential
of 1 volt. It is often convenient to express in electron volts the energy
required to ionize or excite atoms or molecules.

1-3. Excitation and Ionization Potentials.—An excitation potential
is the energy, expressed in electron volts, that must be given to an atom
or molecule in order to cause a transition from a given state to one of
higher internal energy. An ‘onization potential is the least energy,
expressed in electron volts, that must be supplied to a normal or an
ionized atom or molecule in order to remove an electron from the atom or
molecule. Inasmuch as all atoms but hydrogen contain more than one
electron, an atom or molecule may, in general, have more than one
ionization potential. The first ionization potential applies to the removal
of an electron from a normal atom or molecule; the second ionization
potential applies to the removal of a second electron from an atom or
molecule that has already lost one electron; etc. A less likely type of
ionization is the simultaneous removal of two or more electrons.. Table
1-T lists the first ionization potentials of some of the elements that are
used in electron tubes. It should be noted that when ionization or
excitation potentials are expressed in electron volts they indicate the
minimum voltage that must be applied between two electrodes in order
to cause ionization as the result of acceleration of electrons or other
singly charged particles by the resulting field between the electrodes.

TapLe 1-IL—FirsT ToN1zaTioN PorENTisLs IN ELECTRON VoLrs

Argon........... 15.69 Nitrogen........... 14,48 Sodium............. 5.12
Neon............ 21.47 Carbon dioxide. ... . 14.4 Rubidium........... 4.16
Helium.......... 24.46 Mercury........... 10.38 Cesium............. 3.87
Hydrogen........ 13.53 Lithium........... 5.37 Magnestum......... 7.61

Oxygen.......... 13.55 Potassium......... 4.32 Barium............. 5.19
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1-4. Ionization.—The positively charged mass resulting from the
removal of one or more electrons from an atom is only one of many types
of ions. In general, an on is an elementary particle of matter or a small
group of such particles having a net positive or negative charge. Atoms
or molecules that have lost one or more electrons, or that have picked up
one or more extra electrons, and simple or complex groups of a number of
atoms or molecules bearing excess positive, or negative charge, are special
examplés of ions. This definition of an ion also includes such relatively
simple particles as the electron and other elementary charged particles
of which atomic nuclei are composed. The process of ionization, broadly
defined, is the production of ions in gases, liquids, or solids. It may result
from a number of causes, among which are

1. Collision of atoms or molecules with
.a. Electrons.
b. Positive or negative ions of atomic or molecular mass.
¢. Excited atoms or molecules.
2. Collision of atoms or molecules with photons (photoelectric effect).
3. Cosmic radiation. »
4. High temperatures in gases or vapors.
5. Chemical action.

. 1-5. Ionization by Moving Electrons.—One of the most important
causes of ionization in electron tubes is the collision of rapidly moving
electrons with atoms or molecules. In order that a single moving electron
may ionize an atom or molecule it is necessary that the kinetic energy
of the electron be at least equal to the first ionization potential of

. the atom or molecule. It is sometimes observed, however, that ions
appear in a gas or vapor when the bombarding electrons have energy
corresponding to the first excitation potential. The explanation of this
is that the atom may be ionized in steps, each successive impact by an
electron supplying sufficient energy to cause a transition to a state of
higher energy. Thus, although the first ionization potential of mercury
is 10.38 electron volts, ionization of mercury vapor by moving electrons
begins when the colliding electrons have energy corresponding to the
lowest excitation potential, 4.68 electron volts. Other more complicated
processes may produce similar results. Precise measurements show that
the voltages at which moving electrons begin to ionize a gas or vapor are
very sharply defined. ‘

1-6. Ionization by Positive Ions.—Ionization by positive ions is a
more complicated phenomenon than ionization by electrons. One
reason for this is that a positive ion which strikes a neutral atom or
molecyle is able to surrender not, only its kinetic energy but also some
or all of its own energy of ionization, thus reverting to a state of }ower
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internal energy. A collision in which an ionized or excited atom or
molecule transfers all or part of its energy of excitation to another atom or
molecule is known as a collision of the second kind. The transferred
energy may be used to excite or ionize the unexcited particle or may be
converted into kinetic energy of one or both particles. In a mixture of
gases a bombarding positive ion of one of the gases may ionize a neutral
atom or molecule of the other, the difference in energies of ionization
being supplied by or added to the kinetic energies of the two particles.
Because of conservation of momentum, the large mass of the positive
ion also complicates the process of ionization by positive ions. Ionization
by bombardment of positive ions requires higher accelerating potentials
than by electrons, and the potentials at which ionization begins are not
sharply defined. .

1-7. Amount of Ionization.—The ionization potential is a measure
only of the minimum kinetic energy, below which 4 moving ion cannot
ionize a normal atom or molecule by a single collision. It does not follow
that every electron that acquires this amount of energy will necessarily
ionize a gas through which it moves. The likelihood of ionization, which
differs for different gases, is a function of the energy of the bombarding
particles. The amount of ionization produced in a gas or vapor by
charges that are accelerated by electric fields in the gas may be most
conveniently specified by the donzzation coeffictent. The ionization coeffi-
cient is defined as the number of ionizing collisions made by an ion per
centimeter of advance through the gas. It differs for different gases and
for different types of ions and is a function of the gas pressure and the
electric field strength. The ionization factor varies with electric field
strength because increase of field strength increases the energy acquired
by anion between collisions. It varies with gas pressure because increase
of gas density increases the likelihood that an ion will strike a gas particle
in a given distance, but decreases the distance it moves and hence the
energy it acquires between successive collisions with gas particles.
Because of these conflicting effects, the ionization factor passes through
a maximum value as the pressure is raised from a low value.

1-8. Photoionization.—In its narrower sense, the photo-electric effect
is the release of electrons from the surface of a solid by light or other
electromagnetic radiation. In its broader sense the photoelectric effect
is the ionization of an atom or molecule by collision with a photon and
may take place not only at the surface of a solid, but throughout a gas,
liquid, or solid. The photoelectric effect and its applications will be
discussed in detail in Chap. 13. The principles that govern ionization
by collision also apply to photoelectric ionization. The energy of a single
incident photon hv must be at least equal to the first ionization potential
of the atom. Impact of photons with atoms results not only in ionization
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but also in excitation. Ionization may occur in successive steps by a

rapid sequence of impacts of successive photons. Excitation by photons
is the inverse process to radiation, just as collision of the second kind is
the inverse phenomenon to excitation or ionization by collision. Absorp-
tion spectra are an indication of the conversion of radiant energy into
energy of excitation or ionization.

The frequencies of photons capable of ionizing most elements lie out-
side of the visible spectrum. The exceptions to this rule are the alkali
metals, which are therefore used in light-sensitive electron tubes.

1-9. Ionization by Cosmic Rays.—The exact constitution of cosmic
rays is still the basis of much scientific controversy. All experiments
seem to indicate, however, that the primary source is outside of the earth
and its atmosphere. They appear to be either electromagnetic radiation,
of very short wave length, or charged particles that move with extremely
high velocity. Ionization by cosmic rays at the surface of the earth
results mainly from secondary rays formed in the outer atmosphere and
appears to consist of both photoelectric ionization and ionization by
collision. It is of importance in connection with glow and arc discharges
because it is one of the sources of initial ionization that is necessary to the

_formation of glows in cold-cathode discharge tubes.

1-10. Space Charge and Space Current—A group of free charges in
space is called space charge. If the charge is of one sign only or if the
density of charge of one sign in a given volume exceeds that of the other
sign, the charge will give rise to an electrostatic field. The relation
between the net charge within a volume and the resulting electrostatic
flux is given by Gauss’s law, which states that the electric flux through
any surface enclosing free charges is equal to 47 times the sum of the
enclosed charges.?

The movement of free charges in space constitutes a current, called
space current. The current per unit area is equal to the product of the
charge density and the velocity normal to the area. The conventional
direction of current is in the direction of the motion of positive charges
and opposite in direction to the motion of negative charges.

1-11. Deionization.—The rapid disappearance of the products of
ionization is necessary for the proper functioning of certain types of
electron tubes containing gas or vapor. The removal of ions from a
volume of gas or vapor takes place in four ways: '

1. Volume recombination.

2. Surface recombination.

3. Action of electric fields.

4. Diffusion.

1 PagE, L., and Apams, N. I, “Principles of Electricity,” pp. 18, 41, D. Van
Nostrand Company, Inc., New York, 1931.
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There is good experimental evidence that the direct recombination
of electrons with positive ions is of relatively rare occurrence in electrical
discharges. Volume recombination results mainly from the attachment
of electrons to neutral gas molecules to form the heavier and slower-
moving negative ions, which subsequently combine with positive ions.
The likelihood of attachment of electrons to neutral molecules decreases
with increase in temperature, decrease in pressure, and increase in field
strength. The rate of recombination of positive and negative ions is
proportional to the product of the two ion densities, the constant of
proportionality being called the coefficient of recombination. The coefhi-
cient of recombination is different for different gases.

Surface recombination occurs at conducting walls of the tube that
contains the ionized gas, at the electrodes, and at surfaces of any other
conducting solids that project into the ionized gas. Recombination
takes place as the result of charges of opposite sign that are induced
on conducting surfaces or pulled out by strong fields at the surfaces. On
insulating surfaces or on conductors that are electrically isolated, charges
may also accumulate and build up an electric field that repels charges of
the same sign and attracts those of opposite sign. Surface recombination
is one of the main factors affecting deionization in glow- and arc-discharge
tubes and in circuit breakers of the “deion” type.

The electric field in the vicinity of the electrodes carries ions to the
electrode surfaces, where surface recombination may take place. Within
the main part of the gas, the electric field ean change the ion density in a
given small volume only if the ion density is not uniform throughout the
tube, or at least in the vicinity of the volume under consideration. If
the ion density is uniform, the field will sweep as many new ions into one
side of the volume as it removes from the other. If an ion density
gradient does exist, the action of the field may either increase or decrease
the density in the given volume. An example of deionization by electric
fields is the removal of ions in glow- and arc-discharge tubes when applied
potentials are reduced below the value necessary to maintain a glow
or arc.

Diffusion of ions results from the fact that ions, like gas molecules,
have a random motion which carries them from point to point. If the
ion density in an element of volume is greater than in adjacent elements,
then on the average more ions leave the given element than enter it; if,
on the other hand, the ion density is uniform throughout the region under
consideration, then on the average just as many ions enter a given ele-
ment of volume in unit time as leave it. Thus, deionization by diffusion,
like deionization by electric fields, is dependent upon nonuniform density.
Because of surface recombination and nonuniform production of ions
throughout the tube, ion density differences are set up in glow- and arc;
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discharge tubes which enable diffusion and electric fields to be effective
delonizing agents. »

1-12. Free Electrons in Metals. Electron Affinity.—Some of the
electrons of metallic atoms are very loosely bound to the atoms. When
groups of such atoms are massed together into solids or liquids, the loosely
bound electrons can readily pass from atom to atom. Because of their
random temperature velocity these free electrons are constantly moving
about within the mass, and, although at some particular instant they may
be loosely bound to particular atoms, on the average they experience no
force in any particular direction. It is these electrons that make metallic
conduction possible and that play indispensable roles in thermionic
emission.

An electron that happens to pass through the surface of the metal in
the course of its random motion will, while it is still close to the surface,
induce a positive charge on the surface of the metal. This induced charge
results in a force that tends to return the electron into the metal, the
so-called ¢mage force. In order to escape from the metal the electron
must give up a certain amount of kinetic energy. The kinetic energy
that an electron loses in passing through the surface of a metal and far
enough away to be beyond the range of the image forces is called the
electron affinity of that metal and is represented by the symbol w.

The electron affinity is different for different materials and varies
greatly with the condition of the surface and with impurities contained
in the substance, particularly at the surface. Schottky has shown
theoretically that the-electron affinity should be reduced by strong
electric fields at the surface and that it should vary from point to point
on a given surface because of microscopic irregularities, being smaller at
projections and larger in hollows.! Table 1-II lists representative values
of electron affinity for a number of metals commonly used in electron tubes.

TaBLE 1-I[.—EiLEcTRON AF¥FINITY w IN ELECTRON VoOLTS

Tungsten........................ 4.52 Magresium. .................... 2.7
Platinum. ....................... 50 Nickel.......................... 4.0
Tantalum... ... e 4.1 - Sodium................. .. ..... 1.9
Molybdenum.................... 4.3 Mercury........................ 4.4
Carbon.................... ... .. 4.5 Caleium........................ 2.5
Copper......................... 4.0 Barium............... ..... . 2.0
Thorium. ............ 3.0 Thorium on tungsten......... .... 2.63

0x1de-coated nickel....0.5t0 1.5
1-13. Contact Difference of Potential.2—A potential difference,
called contact difference of potential, exists between the surfacds of two
_1Scrorrky, W., Physik. Z., 12, 872 (1914), 20, 220 (1919); Ann. Physik, 44, 1011
(1914); Z. Physik, 14, 63 (1923).

2 An interesting discussion of contact potential and other small effective electrode
voltages is given by R. M. Bowie, Proc. I.R.E., 24, 1501 (1936).
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different metals that are in contact or are connected through an external
circuit, as shown in Fig. 1-1. Contact difference of potential results from
the fact that the electron affinities of the two metals differ. It is very
nearly equal to the difference between the electron affinities divided by
the charge of an electron. To prove this, suppose that an electron starts
from any point a close to the surface of one of the metals, passes into this
surface, thence around the circuit, and out through the surface of the
second metal to any point b close to its surface. In passing into the first
metal the electron does work equal to —w;, the electron affinity of that
metal. In crossing the junction between the metals it does a small
amount of work because of the Peltier potential difference, which always
exists at the junction of two different metals and which is also a function
of the electron affinities of the metals. In passing out of the surface
of the second metal it does work equal to w,, the electron affinity of that
metal. If the small amount of energy that the

electron loses as the result of impacts with atoms a

b
and molecules in the metald (I2R loss) is neglected a o b-w
and the Peltier potential difference is called V5, b
the total amount of work done is 8V + we — wy, |
where & is the charge of an electron. &V may y //
be shown to be small in comparison with ws — w,, Fa. 1-1—Production

and so the work done is approximately w; — w;. of contact difference of
Since the potential difference between two points Egﬁ:ﬁ%ﬂg&ﬁeﬁéﬁl&fl;ﬂ'
may be defined as the work done in moving a

unit charge between the points, it follows that a difference of potential
approximately equal to (ws — w1)/€ exists between any two points a and
b close to the surfaces of the two metals. If the connection between the
metals is made through an external circuit containing one or more addi-
tional metals, the proof is altered only in respect to the additional
Peltier potential differences, which are negligible.

Inasmuch as the various electrodes in electron tubes may be made of
different metals, contact potentials may exist. The contact potential
differences may be of the order of 1 to 4 volts, as seen from Table 1-I1,
and must sometimes be taken into account when applied voltages are
small or when high accuracy is necessary in the analysis of electron tube
behavior.

~ 1-14. Emission of Electrons and Other Ions from Solids.—The
presence of ions in a given volume may result not only from ionization
processes in that volume but also from the introduction of ions produced
or existing elsewhere. The mechanism by which ions are introduced
may be diffusion, action of electric fields, or the emission of electrons or
positive ions from the surfaces of solids or liquids. There are five ways
in which ions may be emitted from the surfaces of solids or liquids:
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. Thermionic emission.
Photoelectric emission,

. Secondary emission.

. Field emission. \

. Radioactive disintegration.

[SARC LI e

Thermionic and photoelectric emission will be discussed in detail in
later chapters and therefore need no further consideration at this
point.

Secondary Emission.—When ions or excited atoms impinge upon
the surface of a solid, electrons may be ejected from the surface. These
are called secondary electrons, and the phenomenon is termed secondary
emisston. Some secondary emission as the result of electron bombard-
ment appears to take place when the energy of the impinging electrons
is less than the electron affinity of the emitter. For this reason it seems
likely that the energy that makes possible the escape of a secondary
electron is obtained not only from the impinging electron, but also from
the thermal energy of the emitter. The nufber of secondary electrons
ejected per primary electron increases with the velocity of the primary
electrons and may become great enough to have an appreciable effect -
upon the behavior of eleetron tubes at accelerating voltages as low as
5 to 10 volts. At several hundred volts the emission passes through a
maximum and then continues to fall with further increase of accelerating
voltage. This may be because the primary electrons penetrate farther
into the solid and transfer most of their energy to electrons that are so
far from the surface that they collide with atoms or molecules before
reaching it. The number of secondary electrons emitted per primary
electron is in general higher for surfaces having a low electron affinity.
It also depends upon the condition of the emitting surface, being reduced
by degassing the emitter and by carbonizing the surface. A single
primary electron may eject as many as 8 or 10 secondary electrons. The
primary electrons may be absorbed, reflected, or scattered by the surface.
The number of secondary electrons released by a single impinging
particle is less for positive-ion bombardment than for electron bombard-
ment, and emission does not appear to take place unless the energy
of the impinging ions exceeds the electron affinity of the emitter. The
phenomenon of secondary emission is an important one in all types of
electron tubes. :

Field Emission.—Field emission is the emission of electrons as the
result of intense electric fields at a surface. It is probably an important
factor in the operation of certain types of arc discharges. The field
strengths required to pull electrons through surfaces at ordinary tempera-
tures are so great that the phenomenon is difficult to produce by direct
means.
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Emission Resulting from Radioactive Disinegration.—The emission
of positive or negative ions in the disintegration of radioactive substances
is of importance in glow- and are-discharge tubes because the presence
of minute traces of radioactive materials in the tube walls and electrodes
may thus produce a small amount of residual ionization, which makes
possible the initial flow of current.

" 1-15. Electron Dynamics.—The motion of ions, including electrons,

- is governed by the same laws as the motion of larger masses that can be

observed directly. Analyses of the dynamics of masses are based pri-
marily upon Newton’s second law, which may be stated symbolically
by the equation

f=ma SO

in which f is the force in dynes acting upon a mass of m grams and o
is the resulting acceleration in centimeters per second per second. Aside
from forees resulting from the collision of charged particles with other
charged or uncharged masses, the forces acting upon charged particles
are electrostatic and electromagnetic. An electric or a magnetic field is
said to exist in a region in which electric or magnetic forces, respectively,
act.. The electric intensity (electric force) at any point is a vector quantity
which is given, both in magnitude and in direction, by the force (mechan-
ical) per unit positive charge which would act on a charged particle
placed at this point. The magnetic intensity (magnetic force) at a point
may be defined as the vector quantity which is measured in magnitude
and direction by the force (mechanical) that would be exerted on a unit
magnetic pole placed at the point.

1-16. Motion of an Electron with Zero Initial Velocity in a Uniform
Electric Field.—In the simplest case commonly encountered in electron
tubes, the electrostatic force acting upon an ion results from the applica-
tion of a potential difference to two parallel plane electrodes whose
area is large in comparison with their separation. Except near the
edges, the electric intensity between such plates is constant throughout
the space between them. Since difference of potential between two
points may be defined as the work done in moving a unit charge between
the points, it follows that the potential difference is equal to

E = /(;dF dx e.s.u. (statvolts) = 300 ﬁ)dF dr  volts (1-2)

where F is the electric intensity in e.s.u. and d is the electrode spacing in
centimeters. Since F is constant,

d
E=F ﬁ) dz =Fd  esu. (1-3)
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and

F =

& by

esu. . (1-4)

The force exerted upon an electron between two such plates is equal
to the force exerted upon a unit charge times the charge of the electron:

&
fe= %— dynes (1-5)

where E is expressed in e.s.u. (statvolts), & in e.s.u. (statcoulombs),
and d in centimeters.. It follows from Egs. (1-1) and (1-5) that the
acceleration of the electron is

fo Eg

Qe = =

2
T mad cm/sec (1-6)

in which m,. is the mass of the electron in grams. Since, by definition,
acceleration is the rate of change of velocity, the velocity at any instant
after the electron starts moving under the influence of the field is

t . - t
Eg E¢t .
Ve = /; a.dt = mgd/; dt = mad cm/sec (1-7)

The distance moved by the electron in the time ¢ is

‘ Es [* Es ,
s—/ﬂvedt—m Otdt_2medt em (1-8)

From Eq. (1-8) it follows that the time taken for the electron to move
from one electrode to the other under the sole influence of the electric

field is
2m.
ta =d \/EE; sec (1-9)
The velocity with which it strikes the positive plate is -
_ Eeta _ [2Eg ‘
va =g = \/.me cm/sec, (1-10)

The energy with which it strikes and which is converted into heat in the
positive electrode is
K.E. = {mups® = E& ergs (1-11)

Equation (1-11) might have been obtained directly, since the difference
of potential between the electrodes is the energy acquired by a unit
charge moved under the sole influence of the field and, if the charge
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does not collide with other particles on the way, this energy can appear
only in kinetic form.

1-17. Motion of an Electron in a Uniform Electric Field. Initial
Velocity Parallel to the Field.—If an electron leaves one of the plates
with initial velocity », parallel to the field, the velocity at any instant
thereafter is

Ve = Up t el cm/sec (1-12)

in which the minus sign is used if the direction of the electric force is
such as to reduce the initial velocity. The distance moved in the time £ is

s = ﬁ (v + ad)dt = vt + daf® om (1-13)

If the field reduces the initial velocity, the maximum distance moved
can be found by differentiating Eq. (1-13). The time taken for the
electron to move through this distance is found by equating ds/dt to zero.

ds
0= Et‘ = ¥ — aetmax (1-14)
Vo
bnax = a sec (1-15)
A
Swax = O T = 5 cm (1-16)
The electron will reach the second electrode if
v _md
Smsx - 2ae _ zEg vo = d (1-17)
that is, if
‘ %mevo2 Z Eg (1-18)

Equation (1-18) follows directly from the law of conservation of energy,
since the electron can reach the second electrode only if its initial kinetic
energy amq,? equals or exceeds the energy it would lose in moving
between the electrodes, .., E&. '

I, also follows from the law of energy conservation that energy gained
by a charged particle while moving in vacuum under the action of an
electric field must be supplied by the source of potential applied to the
electrodes. Conversely, energy given up by an ion in moving in an
electric field is returned to the source, or converted into I?R loss in con-
ductors joining the electrodes to the source, or into heat of impact if the
electron strikes an electrode or other surface.

1-18. Motion of Electrons in Nonuniform Electric Fields.—In general,
the electric intensity in electron tubes is not uniform, and so the integra-
tion of Eqgs. (1-2), (1-7), (1-8), and (1-13) is less simple. When space
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charge becomes appreciable, the motion of individual electrons is also
affected by the fields set up by other electrons. This important
phenomenon will be discussed in detail in Chap. 2.

Inspection of the methods used in deriving Eqgs. (1-5) to (1-18) shows
that the equations may be applied to other ions than electrons by making
suitable changes in the values of charge and mass.

1-19. Importance of Transit Time.—The time taken for electrons
and other ions to move between electrodes is so small that it may be
neglected in many analyses of the operation of electron tubes (see Probs.
1-1 and 1-2). It cannot be neglected, however, when the electrode
voltages alternate at frequencies so high that the time of transit is of the
same order of magnitude as the periods of the voltages. It is also of
importance in the study of the deionization of gas- or vapor-filled tubes.

1-20. Electric Field Normal to Initial Direction of Motion.—Up to
this point it has been assumed that the initial velocity of the electron is

Ve >-

Fi6. 1-2.—Deflection of electron beam by electric field.

parallel to the electric field. Under this assumption there is no change
in the direction of motion in vacuum. In cathode-ray oscillograph and
television tubes, electron beams are deflected by electric fields perpen-
dicular to the initial direction of motion. The arrangement is essentially
that shown in Fig. 1-2. Electrons enter the space between the deflecting
electrodes with a velocity v, parallel to the electrode surfaces, and are
deflected by the electric field between the electrodes, which have a
length I, a separation d, and a potential difference E.

The acceleration produced by the field is normal to the initial velocity
and its magnitude is given by Eq. (1-6) as E€/m.d cm/sec?. Since the
velocity normal to the electric field remains constant, the time taken for
an electron to move through the deflecting field, which is assumed to be
uniform between the plates and zero on either side, is I/v,. The vertical
displacement at the point where the electron leaves the plates is given
by Eq. (1-8). Itis

Eg Egl?

= 2 — -
) 2medt 20,2 m.d o (i-19)

The vertical velocity when the electron leaves the deflecting plates
is given by Eq. (1-7) :
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_ Hs _ Eel
YW= md T vamd

cm/sec (1-20)

 The horizontal velocity, which is unaffected by the field, is still v,.

Therefore, the final direction of motion makes an angle with the initial
direction given by the relation

tan 6 = %f = vf—ﬂ% (1-21)
But by Eq. (1-19),

b Egl

1= pamg = tn 0 (1-22)

Examination of Fig. 1-2 shows, therefore, that after deflection the
electrons move as though.they had passed through a point midway
between and midway along the deflecting plates. ,

1-21. Motion of an Electron in a Magnetic Field Normal to the
Initial Velocity.—Like a current-carrying conductor, an electron moving
normal to a magnetic field experiences a force perpendicular to the field
and to the direction of motion of the charge. The magnitude of the
orce is given by the relation

fn = B& dynes (1-23)

in which B is the flux density in gauss, & is the charge of an electron in
electromagnetic units, and v is the velocity in centimeters per second.
If the electronic charge is expressed in e.s.u., Eq. (1-23) may also be
written
Bé&y

o= 3¢ 10 dynes (1-24)

The action of a magnetic field differs from that of an electric field in
that the force on a moving charge in an electric field is always parallel
to the field, whereas the force on a moving charge in a magnetic field is
normal to the field and to the instantaneous velocity. If an electron
enters a uniform magnetic field with an initial velocity v, normal to the
field, it will be deflected at right angles to the field by the force B&,
dynes. Since the acceleration is normal to the velocity, the speed
remains constant. If p is the instantaneous radius of curvature, the
radial acceleration is v,2/p. Therefore, by Eq. (1-1),

M Do

B&v, = (1-25)
and
= Dole _ 16 Yoo }
P = pg 3 X 10 BE em (1-26)
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Since B is assumed to be constant, the electron moves with constant speed
along a path of constant radius of curvature, i.e., along a circular path,
in a plane perpendicular to the field. The dependence of the radius of
curvature upon the velocity and upon the mass makes possible the
separation of charged particles of different velocities or masses.

If the initial velocity also has a component parallel to the field, the
electron will describe a spiral path around an axis parallel to the field.
A similar spiral motion results if the initial velocity is parallel to the field
but some other force, such as repulsion between two or more electrons,
produces an acceleration normal to the field. This principle may be used
in preventing the spreading of and in focusing a beam of electrons. Elec-
tron beams may also be focused by the use of nonuniform electric fields
such as exist between adjacent cylinders of unequal diameter when a
difference of potential exists between
them.! These methods are used in
focusing electron beams in cathode-
iy ray oscillograph and television tubes
Ao R ! and in electron microscopes (see Secs.

a ! 2-4 and 15-17).
b5 -3 In cathode-ray oscilloscope and
Fra. 1-3.~Deﬂecfi011' of electron beam by  television tubes, electron beams may
magnetic field. be deflected by magnetic fields normal
to the initial velocity of the electrons that comprise the beams. Although
a general analysis is complicated, a useful expression for the beam deflec-
tion angle may be readily derived under the assumption that the field is
uniform throughout a distance s and zero elsewhere, as shown in Fig. 1-3
Inspection of Fig. 1-3 shows that

Vo

I DRER ALY

sin g =3 (1-27)
p
in which p, the radius of curvature of the circular path within the field,
is given by Eq. (1-26). Substitution of Eq. (1-26) in Eq. (1-27) gives the
relation:

. sB&
sin 0 = m (1-28)

For small deflection angles, Eq. (1-28) simplifies to

sBg
b= 3 X 101%,m, (1-29)

In the range of 6 in which Eq. (1-29) is valid, the path of the electrons

1 8ee, for instance, I. G. Mavorr, and D. W. EpstrIN, “Electron Optics in Tele-
vision,” McGraw-Hill Book Company, Inc., New York, 1939.
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after deflection by the magnetic field is the same as though they had
originated at the center of the region in which the field acts.

1-22. Crossed Electric and Magnetic Fields.—If an electron is sent
through electric and magnetic fields that are perpendicular-to. each
other and to the initial velocity of the electron, as shown in Fig. 1-4, the
electron is acted upon by a force &F dynes caused by the electric field and
a force B&w,/(3 X 101%) dynes caused by the magnetic field. These
forces are both normal to the surfaces of the deflecting plates. If they

are equal in magnitude and opposite in direc- .
tion, the electron is undeflected. This is true 5
if '_4/4
Bév,
&F = 55100 (1-30) Vo7 A -
or . > vt

=3 X 10“’% em/sec  (1-31)

. . . - . Fia. 1-4.—Path of an elec-
in which F is measured in e.s.u. and B is  tron through balanced electric

méasured in gauss. This phenomenon may °0d magnetic fields.
obviously be used to measure the speed of electrons or other charged
particles. .

Problems

1-1. a. Find the time of transit of an electron between parallel plane electrodes
having a separation of 0.2 ¢cm and a potential difference of 250 volts.

& = 4.8 X 10710 eg.u.

b. Find the.energy delivered to the positive electrode by the electron.

1-2. a. An electron at the surface of a plane electrode is accelerated toward a
second parallel plane electrode by a 200-volt battery, the polarity of which is reversed
without loss of time 10~? sec after the circuit is closed. If the electrode separation is
1.5 cm, on which electrode will the electron terminate its flight?

b. What will become of the kinetic energy that it acquires during its acceleration?

1-3. a. An electron having initial kinetic energy of 10~ erg at the surface of one
of two parallel plane electrodes and moving normal to the surface is slowed down by the
retarding field caused by a 400-volt potential applied between the electrodes. Will
the electron reach the second electrode?

b. What will become of its initial energy?

1-4. The electrons that comprise a beam of cathode rays are given their velocity
v, by means of a potential difference of 500 volts impressed between the electron source
and an accelerating anode. Determine the difference of potential that must be
impressed between two deflecting electrodes 3 em long and 1 em apart in order to
deflect the beam through an angle of 20 degrees.

1-5. The electrons that comprise a beam of cathode rays are given their veloc1ty Vo
by means of a potential difference of 1500 volts impressed between the electron source
and an accelerating anode. Determine the flux density that must exist throughout
a distance of 2 em in order to deflect the beam through an angle of 10 degrees.
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CHAPTER 2

THERMIONIC EMISSION;
THE HIGH-VACUUM THERMIONIC DIODE

The operation of most electron tubes is dependent upon thermionic
emission. The theory of thermionic emission is, therefore, of great
importance in the study of electron tubes. It is the purpose of this
chapter to discuss the basic principles of thermionie emission, the con-
struction of practical emitters, and the flow of electron space current in
high-vacuum tubes containing two electrodes. '

2-1. Theory of Thermionic Emission.—Richardson’s theory of the
emission of electrons from hot bodies is in many respects analogous to
the kinetic theory of vaporization.! Heat possessed by a metal is
believed to be stored not only in the kinetic energy of random motion
of atoms and molecules, but also in the kinetic energy of free electrons.
As a result of collisions between electrons or between electrons and atoms
or molecules, the speed and direction of motion of a given electron are
constantly changing. The random motion of the electrons causes
some of them to strike the inner surface of the metal. Electrons that
arrive at the surface will escape from the metal if they have a component,
of velocity toward the surface equal to or greater than u,, corresponding
to a kinetic energy 3m.u.? equal to the electron affinity w. The number
of electrons that reach the surface in unit time with a normal component
of velocity equal to or greater than u, is proportional to the fraction of all
the free electrons throughout the metal that have such velocities. At
room temperatures this fraction is extremely small, and so no thermionic
emission is detectable. As the temperature of the emitter is increased,
however, the average velocity of the free electrons increases, and so the
number having velocities equal to or greater than u, is increased. This
can be seen from the velocity-distribution curves of Fig. 2-1. These are
theoretical curves so constructed that the area under a given curve
between any two velocities w and u + Au is proportional to the fraction
of the free electrons having velocities lying within this range at the tem-
perature for which the curve is constructed. The area lying to the right
of a given positive value of u, such as u,, is proportional to the fraction
of the electrons having velocities in excess of this value. Figure 2-1

t Ricaarpson, 0. W., Proc. Cambridge Phil. Soc., 11, 286 (1901); “Emission of

Electricity from Hot Bodies;” rev. ed., Longmans, Green & Company, New York,
1921, ‘
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shows that the fraction of the electrons having velocities toward the
surface equal to or greater than wu, increases with temperature. Hence
the rate at which electrons escape from the metal, 7.¢., the emission
current, increases with temperature. Observable emission currents are
obtained at temperatures in excess of 1000°K. TEmission current is also
increased by reduction of electron affinity, since reduction of electron
affinity lowers the velocity u., and therefore increases the number of
electrons whose velocity toward the surface exceeds u,. This is clearly
shown by Fig. 2-1, since reduction of work function w means that u,
is moved to the left and the area under the curve to the right of w, is
increased.

Electrons that escape will have resultant velocities made up of the
excess perpendicular to the surface, plus the original components parallel
to the surface, which are not altered by the surface forces. If the emitted
electrons are not drawn away by an external field, they will form a

Velocity away 0 Uw Velocity toward
from surfoce - surface

Fia. 2-1.—Maxwellian distribution curves of velocities normal to emitter surface at three
temperatures.

space charge, the individual particles of which are moving about with
random velocities. Because the initial average normal velocity of the
electrons after emission is away from the surface and because of the
mutual repulsion of like charges, electrons drift away from the surface.
Collisions between electrons cause some of them to acquire velocity com-
ponents toward the emitter, where they may reenter the surface with a
gain of kinetic energy equal to the electron affinity. Another factor
responsible for the return of electrons to the emitter is the electrostatic
field set up by the negative space charge and, if the emitter is insulated,
by the positive charge that it acquires as the result of loss of electrons.
This field increases with the density of space charge, and equilibrium is
established when only enough electrons can move away from the surface
to supply the loss by diffusion of the space charge. If diffusion can
then be prevented, just as many electrons return to the metal in unit
time as leave it. Figure 2-2 gives a rough picture of the electron dis-
tribution under equilibrium conditions.

If a second, cold electrode is placed near the emitting surface in
vacuum and connected to the emitter through a galvanometer, as shown
in Fig. 2-3, the meter will indicate the small current resulting from the
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drift of electrons from the emitter to the second electrode. These
electrons return to the emitter through the galvanometer and prevent
the emitter from becoming positively charged. This phenomenon, first
observed by Kdison, is called the Edison effect. When the second
electrode is made positive with respect to the emitter by the addition
of a battery, as shown in Fig. 2-4, the current is increased. As the voltage
is gradually raised, it is found that at any emitter temperature there is a
more or less definite voltage beyond which the current is nearly constant,
all emitted electrons being drawn to the collector. This current is
called the saturation current, and the corresponding voltage, the saturation
voltage. ‘The lack of increase of current beyond saturation voltage is

» Emitfer Emitter

. ;
. Heater'

Fia. 2-2—Dis- Fia. 2-3.—Flow of anode Fic. 2-4—Use of anode
tribution of elec- current as the result of diffusion  voltage to increase anode cur-
trons near an emit- of electrons from cathode to rent.
ting surface. anode without the application

of anode voltage (Edison effect).

spoken of as wvoltage saturation. Saturation current varies with the
temperature and electron affinity of the emitter. The negative emitter
in Fig. 2-4 is called the cathode; and the positive collector, the anode or
plate. An electron tube containing only a cathode and an anode is
called a diode. Although the electrons move from cathode to anode, the
current, according to convention, is said to flow frorn anode to cathode
within the tube.

2-2. Richardson’s Equation. —By means of classical kinetic theory
and by thermodynamic theory, Richardson derived two slightly different
equations for saturation current as a function of temperature.! It is not
possible experimentally to determine which of Richardson’s equations is
correct, but this was later done theoretically by M. v. Laue, S. Dushman,
and A. Sommerfeld. The equation that is now believed to be correct is

I, = AT2evir (2-1)

in which I, is the saturation current per unit area of emitter, 7 is the
absolute temperature, w is the electron affinity of the emitter, k is Boltz-
mann’s universal gas constant, and A is a constant, probably universal for
pure metals. The value of k is 8.63 X 10~% electron volt/degree and the

L RicHARDSON, loc. cit.
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theoretical value of A for pure metals is 60.2. The form of the curve
that represents Richardson’s equation, shown in Fig. 2-5a, is determined
practically entirely by the exponential factor.

It is important to note that Richardson’s equation holds only for the
saturation current and that the anode voltage must, therefore, be high
enough at all times so that all emitted electrons are drawn to the anode.
If the anode voltage is fixed at some value E;, while the temperature is
raised, then at some temperature the current will begin to be limited
by space charge in a manner similar to that when there is no accelerating
voltage. Further increase of temperature will then have no effect upon
the current. This temperature is called the saturation temperature,
and the failure of the current to increase at higher temperature is spoken
of as temperature saturation. If the emitter were homogeneous and the
electrostatic field constant over the surface of the emitter, the advent

—
(%]
s
o’
-
o

Saturation Current

Ez

Anode Current
>
m

Anode Current
m

Emitter Temperature Emitter Temperature Emitter Temperature
(a) - (b) (c

Fi1a. 2-5.—Curves of anode current vs. emitter temperature: (a) saturation emission
current; () theoretical curves at two values of anode voltage; (¢) experimental curves at
two values of anode voltage.

of saturation would be abrupt, as indicated at point A of Fig. 2-5b.
Actually, because of variations of temperature and electron affinity
and of electrostatic field, saturation does not take place over the whole
cathode surface at the same temperature, and so experimentally deter-
mined curves bend over gradually, as shown by the curves of Fig. 2-5¢.
At higher anode voltage E,, saturation occurs at a higher temperature.
If the voltage is increased with temperature, the current will continue to
rise with temperature, as in Fig. 2-5a, until the temperature becomes
sufficiently high to vaporize the emitter.

Since only those electrons which have relatively high energies can
escape from the metal, thermionic emission necessarily results in the
reduction of the average energy of the remaining electrons and molecules,
and hence of the temperature of the emitter. Heat must be supplied
continuously to the emitter in order to prevent its temperature from
falling as the result of emission. The cooling effect of emission current
is plainly visible in filaments in which the emission current is comparable
with the heating current, as in the type 30 tube.
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Richardson’s equation shows that the emission eurrent which can be
obtained at any temperature varies inversely with the electron affinity.
The exponential form of the equation shows that small changes in tem-
perature or electron affinity ‘may result in large changes of emission
current. A 15 per cent reduction of electron affinity produces an eight-
or tenfold increase of emission in the working range of temperature. The
ratio of the emission current in milliamperes per square centimeter to the
heating power in watts per square centimeter is called the emission
efficiency. Emission efficiency increases with decrease of electron
affinity. .

A satisfactory practical source of thermionic emission must satisfy
two requirements: it must have a high emission efficiency and it must
have a long life. Thermal losses can be reduced by proper design of the
emitter and by reduction of emitter temperature. (Cathodes of special
design, which give very low thermal losses, can be used in gaseous dis-
charge tubes. These will be discussed in Sec. 12-16.) The life of an -
emitter increases with the difference between the normal operating tem-
perature and the vaporization or melting temperatures of the metal or
metals of which it is constructed. Since low operating temperature is
made possible by low electron affinity, it is evident that the choice of
emitters of low electron affinity is favorable to long life, as well as to high
efficiency. ,

2-3. Pure Metallic Emitters.—Pure metals having low electron
affinities, such as the alkali metals or calcium, cannot be used as emitters
in electron tubes because they vaporize excessively at temperatures at
which appreciable emission is obtained. Only two pure metals, tantalum
and tungsten, are suitable for use as practical emitters. Although the
electron affinity of tantalum is lower than that of tungsten, tantalum is
more sensitive to the action of residual gases and has lower vaporization
temperature. Tantalum is therefore seldom used. Pure metallic
emitters are now used only in large high-voltage (above 3500 volts)
power tubes, in which they are found to have longer life than the special -
emitters that are used successfully in small tubes.

2-4. Thoriated Tungsten Emitters.—The presence of impurities in a
metal may produce a marked change in the value of its electron affinity:.
This is usually attributed to the formation of thin layers of these impuri-
ties at the surface. Such a layer may produce very high fields at the
surface by virtue of the fact that it may be electropositive or electro-
negative relative to the main metal. Thus the presence of an absorbed
layer of oxygen, which is electronegative with respect to tungsten, results
in a field that opposes the emission of electrons and therefore increases
the electron affinity of tungsten. The presence, on the other hand, of a
monatomic layer of thorium atoms or ions on the surface of tungsten
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reduces its electron affinity remarkably. It is of interest to note that
the electron affinity of thoriated tungsten may be even lower than that
of pure thorium (see Table 1-1I).

The reduction of the electron affinity of tungsten as the result of
introduction of small amounts of thorium was first observed by Langmuir
in 1914 in the course of a study of the properties of tungsten filaments.!
Thorium oxide is introduced into the tungsten in the course of its manu-
facture. Subsequent high temperature converts a portion of the thorium
oxide into metallic thorium, which diffuses to the surface. Investiga-
tions by Dushman, Becker, and others? indicated that the lowest value of
w and the highest value of the constant 4 in Richardson’s equation are
obtained when the tungsten is completely, or perhaps very nearly, covered
with a single layer of thorium atoms.

Thoriated tungsten shows no increase of emission over that of pure
tungsten until it is activated. The activation process is performed after
evacuation of the tube. It consists first in “flashing’ the émitter for a
few moments at a temperature of 2500 to 2800°K. This high tempera-
ture reduces some of the thorium oxide to thorium. The temperature
is then kept for some minutes at about 2200°K, which allows the metallic
thorium to diffuse to the surface. The best value of diffusing tempera-
ture is determined by the rates of diffusion of thorium to the surface, and
of evaporation from the surface. If the temperature is too high, the
evaporation exceeds the diffusion, resulting in deactivation. The emitter
is normally operated at temperatures that do not exceed 2000°K, which
is sufficiently low so that evaporation of thorium from the surface is
_negligible. If the emitter is accidentally operated at such a high tem-
perature that the whole supply of thorium. diffuses to the surface and
evaporates, it can be reactivated by repeating the original activation
process. This may be done several times before all the thorium oxide
is used up. '

A useful tool in the study of the phenomenon of activation is the
. “electron microscope.””® This consists of the emitter and means for
accelerating the electrons and for focusing them upon a screen* which
fluoresces under the impact of electrons. It has been shown that the

1 LANGMUIR, 1., Phys. Rev., 4, 544 (1914).

2 DusHMAN, S., and Ewawp, J., Phys. Rev., 29, 857 (1927); BECKER, J. A., Trans.
Am. Electrochem. Soc., 55, 153 (1929).

8 Knowr, M., and Ruska, E., Ann. Physik, 12, 607 (1932). The electron micro-
scope hag many applications besides that mentioned here. Recent instruments may
be used in place of ordinary microscopes in the study of matter and give higher magni-
fication than can be attained with light. For a survey and a bibliography of this
subject, see R. P. Johnson, J. Applied Physics, 9, 508 (1938).

* See, for instance, I. G. MaLoFF and D. W. EpsteIN, ‘“Electron Optics in Tele-
-vision,” McGraw-Hill Book Company, Inc., New York, 1938.
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action of nonuniform electromagnetic and electrostatic fields upon
electron beams is similar to the action of lenses upon light.! Thus it is
possible to obtain on the screen a sharp enlarged image which shows
clearly the individual points of emission of the cathode.? Similar results
are achieved by use of a straight filament at the axis of a cylindrical glass
tube, the inner surface of which is covered with a fluorescent material.?
The coated surface, which acts as the anode, is maintained at a positive

(@) ®) (¢) (CH) (e)

Fia. 2-6.—Typical activation behavior of thoriated tungsten. Image (a) immediately
after 10 sec. at 2800°K, (b) after additional 4 min, at 1850°K, (¢) after 20 min. at 1850°K,
(d) after 30 min. at 1850°K, (e} after 70 min. at 1850°K. All pictures were made at 1200°K.
The decreasing exposure time is evidenced by reduction of apparent brilliance of the fila-
ment., (Courtesy of R. P. Johnson.)

potential of several thousand volts by means of a wire helix coiled inside
the tube in contact with the coating. Electrons emitted by the filament
are attracted radially toward the anode coating, where they produce a
magnified image of the electron emission at the surface of the filament. -
Figure 2-6 gives a series of photographs of the screen of such a tube,
showing the activation of thoriated tungsten. (The bright vertical line
_ is caused by light from the filament, and the dark lines by the shadow
of the helix.)

! Busch, H., Ann. Physik, 81, 974 (1926); Marorr, I. G., and EpsteiN, D. W,
Proc. I.R.E., 22, 1386 (1934); EpstEIN, D. W., Proc. I.R.E., 24, 1095 (1936); MaLOFF
and EpsrtriN, “Electron Optics in Television,” op. cit.

2 See, for instance, E. BRicHE and H. JouannNsoN, Ann. Physik, 16, 145 (1932);
M. Knowy, Electronics, September, 1933, p. 243.

3 Jounson, R. P, and SuockieY, W., Phys. Rev., 49, 436 (1936). See also
Electronics, January, 1936, p. 10, March, 1937, p. 23.
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The presence of even small amounts of gas has a very destructive
effect upon a thorated tungsten emitter. This may result either from -
direct chemical action, such as oxidation, or from the removal of thorium
from the surface by the bombardment of positive ions. The sensitiveness
of thoriated emitters to the action of gases and the rate of evaporation of
thorium may be greatly reduced by heating the emitter in an atmosphere
of hydrocarbon vapor, which causes the formation of a shell of tungsten
carbide. Because of the reduction of the rate of evaporation of the
thorium, a carbonized emitter can be operated at a much higher tempera-
ture, with consequent increase of emission current and efficiency. At
this higher temperature the increase of diffusion makes possible the con-

NE |O4 .
] “:‘) 103 N __\T ?P/%
. o
& 10,000 5 102 \ ’3{2\ °o,5/.>
§ 1000 £ l? = “»(;g
b 3
j _ [ =
?'/_)) 100 é ,o-l \‘Q_ C-?Q
B 2 102 (“:x——X*
8 4 104 A
= ! EV Ll N T
b4 89 o o 9 9o
REE 858
Temperature ~Deg.K.

(b

Fia. 2-7.—(a) Typical curves of emission current vs. heating power; (b) typical curves of
' emission current »s. emitter temperature.

tinuous replacement of thorium removed from the surface by the action
of gas molecules or ions. Figure 2-7 shows that the emission efficiency
of thoriated tungsten is much higher than that of pure tungsten and that
a given emission may be obtained at a much lower temperature. Because
of the lower electron affinity, higher emission efficiency, and longer life
of oxide-coated emitters, thoriated tungsten emitters are now used very
little in receiving tubes.

2-5. Oxide-coated Emitters.—By far the most widely used emitters
in small high-vacuum tubes are oxide-coated emitters, first used by
Wehnelt.! Although the process of manufacture of oxide-coated cathodes
varies considerably, it consists, in general, in coating a core metal, usually
nickel or alloys of nickel and other metals, with one or more layers of a
mixture of barium and strontium carbonates (approximately 60 per cent
barium carbonate and 40 per cent strontium carbonate). The carbonates

1 WeHNELT, A., Ann. Physik, 14, 425 (1904). For an excellent review of the

subject of oxide-coated emitters see J. P. Blewett, J. Applied Physics, 10, 668 and
831 (1939).
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may be suspended in water, although a binder such as collodion or a
" mixture of one part of Zapon varnish in 20 parts of amyl acetate is usually
used. The mixture may be applied to the core by spraying or by dipping
or dragging the core through the mixture. When a thick coating is
desired, the mixture is preferably applied in the form of several thin
coatings heated sufficiently between applications to burn out the binder.
After application of the carbonate coating, the emitter is mounted
in the tube, which is then evacuated, and the emitter is heated electrically
to a temperature of about 1400°K. The high temperature reduces the
carbonates to oxides, the liberated carbon dioxide being removed by the
pumps. The temperature is then lowered somewhat and voltage is
applied to the anode for some time, during which the emission builds up
to its proper value. The normal operating temperature ranges from
1000 to 1300°K.

Many experiments have been performed to determine what takes
place during the activation process and from which part of the emitter
electrons are emitted. Reduction of the oxides fo pure metal may result
from chemical reaction, from electrolysis of the oxides, or from the bom-
bardment of positive ions formed in the gas between the anode and the
emitter by electrons accelerated by the applied field. Perhaps all three
of these processes occur. Free metal formed throughout the oxide
diffuses toward the surface. Although particles of free metal are dis-
tributed throughout the coating in 4 completed emitter, most recent
evidence appears to indicate that the emission takes place at the outer
surface.

The electron affinity, saturation emission current, and emission
efficiency of oxide-coated emitters are greatly dependent upon the manu-
facturing processes. The electron affinity ranges from 0.5 to 1.5 electron
volts. Typical curves of saturation current vs. temperature and emission
efficiency vs. heating power are shown in Fig. 2-7. Examination of these
curves shows that the saturation current and emission efficiency are
considerably higher than those of thoriated tungsten. The relatively
low temperature at which oxide-coated cathodes can be operated is a
distinet advantage in most applications.

The emission from oxide-coated cathodes is reduced or destroyed
by the presence of oxygen, due to oxidation of the active metal or to
removal of the active metal or even the complete coating by positive-ion
bombardment. Another cause of damage to oxide-coated cathodes is
the development of hot spots. Because of nonuniform activation of the
emitter, emission is not uniform over the surface. The flow of emission
current through the oxide coating, which has high resistance, raises its
temperature. Since the temperature rise is greatest at points of the
cathode at which the emission is high, the emission increases still more at
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these points. If the current is not limited by space charge, the action
may become cumulative and the eurrent and temperature increase to
such an extent that the coating is removed. In filamentary cathodes
the local rise in temperature may be so great as to melt the filament:
Hot spots are most likely to occur at high anode voltages. The tendency
toward the formation of hot spots is also increased by deactivation caused
by the flow of excessive space current.

When full emission current is drawn from an oxide-coated emitter,
the current first falls rapidly and then slowly approaches a steady value.
This decay of current is thought to be caused by electrolytic removal of
barium from the surface or by electrolytic deposition of oxygen on the
surface. The initial emission is recovered if the emitter is heated without
the flow of space current. The useful life of oxide-coated emitters, which
is several thousand hours, is terminated by a rather sudden decay in
emission to a very low value. This may be caused by evaporation of
free barium and of the supply of barium oxide that furnishes free barium
during the sctive life of the emitter. The useful life of a vacuum tube
containing an oxide-coated cathode may also be terminated by the
liberation of gas{rom the emitter. Schade has pointed out that the peak
current that can be obtained from an oxide-coated cathodes greatly
exceeds the steady current.! Transient peak currents of 25 amp/em?
have been observed from well-activated cathodes. The stable peak
emission over an extended period is usually less than one-third of this
value.

Formation of hot spots and the likelihood of ionization of gas emitted
during the life of oxide-coated emitters make them unsuitable for use in
high-voltage transmitting tubes.

2-6. Cesiated Tungsten Emitters.—A fourth type of emitter, not
used commercially in thermionic tubes, is produced by depositing a
monatomic layer of cesium on tungsten. Because the ionizing potential
of cesium vapor is less than the electron affinity of tungsten, the tungsten
removes an electron from a cesium atom which strikes it, leaving a
positive ion which is held to the tungsten surface by the resulting electro-
static field. The foree of adhesion is even greater if the tungsten is first
covered with a monatomic layer of oxygen, which is electronegative with
regard to tungsten. The strong electrostatic field between the cesium
ions and the tungsten or oxygen reduces the electron affinity to the
comparatively low value of 0.7 electron volt or less. Because cesium
melts at a temperature only slightly above room temperature, the
cesium vapor is obtained by merely introducing a small amount of cesium
into the evacuated tube, the subsequent vaporization being suﬁiment to
coat the filament.

L ScuapE, O. H., Proc. I.R.E., 31, 341 (1943).
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The low electron affinity of the tungsten-oxygen-cesium emitter
makes possible high emission currents at a temperature of only 1000°K.
This type of emitter has several disadvantages, however, which make it
impractical for use in commercial tubes. As the result of the high vapor
pressure of cesium at operating temperatures of the tube, the character-
istics of the tube are influenced by tube temperature. Too high tempera-
ture vaporizes the cesium, causing temporary reduction in emission, or
even removal of the oxygen layer with permanent reduction of emission.
Except at very low anode voltages, ionization of the cesium vapor oceurs,
resulting in fluctuations of anode current. The presence of positive
ions is also detrimental to the action of amplifier tubes for other reasons,
which will be discussed (Secs. 2-8, 6-7, 13-16).

2-7. Mechanical Construction of Cathodes.—Cathodes used in high-
vacuum thermionic tubes are divided into two general classes: fila-

V-99 bT4 45 §Z4 25A6: 6K7 2516

Fia. 2-8.—Typical filamentary cathodes. Fra. 2-9.—Structure of typical heater-
(Courtesy of Radio Corporation of America.) type cathodes. (Courtesy of Radio Cor-
poration of America.)

mentary and indirectly heated. Figure 2-8 shows the form of typieal
filamentary cathodes. Farly vacuum tubes used only filamentary
cathodes. When filamentary cathodes are operated on alternating
current, the stray élternating electrostatic field and the alternating
voltage across the filament cause an alternating component of plate
current that may be objectionable. This difficulty led to the develop-
ment of the indirectly heated, or heater-type, cathode.

Indirectly heated cathodes used in receiving tubes consist of an
oxide-coated cylindrical sleeve, usually of nickel, within which is some
form of heater. The most common types of heaters are illustrated in
Fig. 2-9. The 574 and 25A6 heater coils are helically wound. That
of the 6K7 type of cathode is wound in a reverse helix.  After being
wound and formed, the coils are coated with a refractory insulating
material and inserted into the sleeve. The heater of the 25L6 type of
cathode is covered with a refractory insulating coating of sufficient
adherence to permit the wire to be bent into the desired shape after it
has been coated. Because of the small magnetic field produced by the
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6K7 type of heater, there is very little 60-cycle plate-current variation, or
“hum,” when the heater is operated on alternating current. The
loop type of helical heater exemplified by the 25A6 heater and the
folded type of heater used in the 2516 cathode make possible the use of
enough wire for 25-volt operation. The advantage of the 2516 construc-
tion is its low cost. More complicated cathode structures used in arc-
discharge tubes will be discussed in Chap. 12.

The advantages of heater-type cathodes over filamentary cathodes
are the much lower alternating component of plate current resulting
from a-c operation of the hedters, and the possibility of using a single
source of power to heat a number of cathodes between which a difference
of potential exists. The small effect of the alternating heating current
upon the plate current results in part from the fact that the indirectly
heated cathode is a unipotential surface, and in part from the small mag-
nitude of the stray alternating fields caused by the flow of heater current.
A disadvantage of indirectly heated cathodes is their much longer heating
time. Because oxide-coated emitters do not stand up in high-voltage
tubes and because indirect heating cannot be used with pure tungsten or
thoriated tungsten emitters, heater-type cathodes are not used in tubes
that require high plate voltage. -

2-8. Effects of Gas upon Emission and Space Currents.—The delete-
rious effects of gas upon emitters of various types as the result of chemical
action, adsorption of thin layers of gas upon the surface, and positive-ion
bombardment have already been mentioned. When the anode
voltage is sufficiently high to produce ionization of the gas, other effects
become apparent. If anode current is at first limited by space charge,
the appearance of positive ions tends to neutralize the negative space
charge surrounding the filament, thus increasing the anode current. If
the anode voltage is high enough to give saturation current initially,
increase of current occurs because the electrons and ions produced by
bombardment of neutral gas molecules by the emitted electrons add
to the current. Unfortunately this increase of current is likely to be
accompanied by a number of undesirable effects. Currents through
ionized gases usually fluctuate, resulting in “noise’’ in tubes used for
amplification. The relatively low velocity of positive and negative
ions produces a lag in the response of current to changes of voltage.
Variations of gas pressure resulting from changes of temperature or from
the absorption or emission of gas from the walls and electrodes may
cause the characteristics of the tube to vary. Finally, in a gassy tube,
positive-ion current flows to an electrode to which a negative voltage is
applied. When the anode current is controlled by means of a negative
voltage applied to an electrode through a high resistance, the flow of
current through the resistance may cause an objectionable voltage drop
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and, under certain circumstances, may even result in damage to the tube
(see Secs. 6-7, 12-20, and 13-16).

In the manufacture of high-vacuum tubes, many precautions are
taken to ensure the removal of gas from walls and electrodes. The
electrodes are thoroughly cleaned and are then heated for several minutes
in an atmosphere of hydrogen, which removes oxygen and water vapor.
After the tube is assembled and connected to the pumps, the electrodes
are heated to about 800 or 1000°C by high-frequency induction in order
to remove other occluded gases. Residual gas is removed by the use of
getters, which are active chemical substances such as barium, magnesium,
aluminum, and tantalum, having the property of combining with gases
when they are vaporized. In glass tubes a small amount of the getter is
mounted in such a position that it will be heated and vaporized or
“flashed” during the inductive heating of the elements. By proper
location of the getter, the vapor can be prevented from condensing in
places where it might cause electrical leakage or undesirable primary
or secondary emission. The effectiveness of the getter results not only
from its chemical combination with gases during flashing, but also from
subsequent absorption of gases by getter that has condensed on the walls
of the tube. The action of the getter during flashing is increased by
ionization of the gas by means of voltages applied between the electrodes
or by the radio-frequency field of the induction heater. To ensure the
removal of gas from the walls, tubes are baked during the process of
manufacture. On machines that exhaust and seal the tubes separately,
the bulbs are beated in ovens during exhaustion. On “Sealex’’ machines,
the tubes are sealed and exhausted on the same machine, the heat from
sealing being used to drive gases from the bulbs during exhaustion.

In tubes with metal envelopes, the shielding action of the shell
makes it impossible to heat the electrodes and the getter by induction.
The electrodes may be heated by radiation from the shell, which is heated
by gas flames. Although the getter may be fastened to the inside of the
shell and vaporized by heating the shell locally, another method has been
developed that requires less eritical control.! A short length of tantalum
ribbon, which connects the shell to its terminal -pin in the base, is coated
with a mixture of barium and strontium earbonates. While the tube is
on the pumps, the temperature of the tantalum wire is raised electrically
to about 1100°C. This converts the carbonates into oxides. After
the tube has been sealed off, the tantalum wire is heated to a temperature
in excess of 1200°C. This causes the tantalum to reduce the oxides to
pure metallic barium and strontium, which vaporize. Since the vapor
moves in straight lines, it can be directed as desired by means of shields

! Leverer, BE. A., and Wamsiey, D. H., RCA Rev., 2, 117 (1937). This article
also discusses gettering methods used in glass tubes.
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and by proper location of the tantalum wire. This type of getter is

called batalum [see (11) n Fig. 3-115].

2-9, Limitation of Anode Current by Space Charge.—The effect of
space charge in limiting space current and the increase of anode current
resulting from an accelerating anode potential have already been men-
tioned in connection with the theory of thermionic emission. Before
proceeding to a discussion of the quantitative relation between anode
current and anode potential in a two-element tube, it is of interest to
discuss further the physical picture underlying the phenomenon. The
behavior of the emitted thermionic electrons is complicated by their
initial velocities. For this reason it is best first to formulate a theory
on the assumption that the initial velocities are zero and then, when
they are taken into consideration, to see in what manner the results
should be altered. For the present, therefore, initial velocities will be
assumed to be zero. It will be further assumed that both cathode and
anode are homogeneous, constant-potential, parallel planes of large area,
and hence that the electric field over the surface of the cathode may be
assumed to be uniform.

Electrons that leave the cathode constitute a space charge that
exerts a retarding field at the cathode. The net field at the surface
of the cathode is the difference between this retarding field and the
accelerating field produced by the positive voltage of the anode. The:
number of electrons in the space, and hence the retarding component of
field at the cathode, increase with the anode current. When the positive
anode voltage is applied, the anode current builds up with great rapidity
to such a value that the average retarding field at the cathode caused
by the space charge is equal to the accelerating field caused by the anode
voltage, making the average field zero at the cathode. Increase of
emission then does not raise the anode current, as the additional emitted
electrons merely reenter the cathode. If it were possible in some manner
to increase the density of space charge by increasing the current beyond
this equilibrium value, or if the anode voltage were reduced slightly,
then the net field at the cathode would be a retarding one. For an
instant, all emitted electrons would be prevented from moving away
from the cathode, and the current and space-charge density would be
automatically reduced to a value that would again make the average
field at the cathode zero. An increase of anode voltage causes the
accelerating field to exceed the retarding field. The number of electrons
moving to the anode then increases until the retarding field again equals
the accelerating field.

At first thought it may not seem plausible that there can be a steady
flow of electrons to the anode when both the velocities of emitted electrons
and the average electrostatic field are zero at the cathode. It is only
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the time average field, however, that is zero at any point on the cathode.
The instantaneous field at any point may vary in a random manner
between positive and negative values. Immediately after one or more
electrons have entered some point of the anode, the net field at a cor-
responding point of the cathode may be positive, causing one or more
electrons to move away from the cathode. These electrons produce
a retarding field behind them, which prevents the departure of more
electrons from that point until the entrance of other electrons into the
anode again results in an accelerating field. Many electrons are entering
and leaving the space at any instant, so that the field fluctuations are
rapid and haphazard.

2-10. Child’s Law.—The foregoing descriptive explanation shows
that, if an ample supply of electrons is available at the cathode, the anode
current in a diode varies with the voltage applied between the anode and
cathode. A mathematical analysis of this phenomenon was first made
by Child.* The equation relating the anode current and voltage is called
Child’s law. 'The general derivation for electrodes of any size and shape
is too difficult to yield a useful equation, and so only the relatively simple
cases such as those applying to plane parallel electrodes of large area and
to long concentric cylinders are ordinarily considered. In deriving
Child’s law for plane parallel electrodes the following assumptions are
made:

1. The cathode temperature is high enough at all points so that more electrons
are emitted than are drawn to the anode; ¢.e., the current is limited by space
charge. . '

2. The eathode and anode are parallel plates whose area is large as compared
to their spacing; 7.e., the electrostatic field is normal to the electrode surface and
uniform over the surface of any plane parallel to the electrodes.

3. The surfaces of the anode and cathode are equipotential surfaces.

4. The space between the cathode and the anode is sufficiently free of gas so
that electrons do not lose energy by collision with gas molecules in moving from
the cathode to the anode.

5. Emitted electrons have zero initial velocity after emission.

Under these assumptions the following three equations may be
written:

azv

W = '—4:7I'p (2-2)

8V = Fma? (2-3)
i = —pd (2-4)

in which V is the potential, relative to the cathode, at a distance z from
the cathode; p is the (negative) density of electron space charge at a

t Camwp, C. D., Phys. Rev., 32, 498 (1911).
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distance z from the cathode; & and m. are the charge and the mass,

respectively, of an electron: » is the veloeity dz/dt of an electron at a
distance z from the cathode; 4, is the anode current; and A is the area of
the electrodes.

Equation (2-2) combines in symbolic form the definitions of potential
difference and electric field. It is a special form of Poisson’s equation,
one of the most important fundamental laws of electrostatics, and may
be derived directly from Gauss’s law! (see Sec. 1-10). Equation (2-3)
states that the energy gained by an electron in moving from the cathode
to a distance x from the cathode under the influence of the electric field

appears entirely in the form of kinetic energy.
ﬂ Equation (2-4) is a symbolic formulation of
e A ¥V // the definition of the magnitude of an electric
}’/ 7 current as the rate of flow of charge.

/ v/ In the solution of the simultaneous differ-
a4 ential Eqs. (2-2), (2-3), and (2-4), the follow-
/ / ing boundary conditions must be applied: At

/p the cathode, the potential V, the average
0 01d 04d 0bd 08d d elec’cricAﬁel(}i1 aV/(zlx, and the velocity v a}ie
x Zero. t the anode, where «z is equal to the

Ca]f?r;gé e2-10.—Variationplﬂe cathode-to-anode spacing d, the potential is
field strength F, potential V, eqyal to e;, the applied anode voltage. Solu-
electron velocity v, and space- . . s .
charge density p with distance tion of the equations and substitution of
z from plane cathode. Zero pyumerical values of & and m, give the following

initial velocity. Arbitrary N R
units. equation for the anode current of a diode:?

A 6[,%
d?

By combining Eq. (2-5) with Egs. (2-2), (2-3), and (2-4), theoretical
expressions may be derived for density of space charge, electron velocity,
electric field strength, and potential as functions of distance from the
cathode. Curves derived from these are shown in Fig. 2-10.

Child’s law for concentric cylinders whose length is large as compared
to their spacing is

F,V,v,&p

% = 2.34 X 10— amp (2-5)

34
i = 1468 X 10797 amp (2-6)
in which 7 is the radius of the anode, & is the length of the electrodes, and
b is a factor whose value depends upon the ratio of the radius of the anode
to that of the cathode. b has the approximate value £ for a ratio 2, § for
a ratio 3, and 0.9 for a ratio 8. If the plate diameter is large as compared

1 Pagg, L., and Apawms, N. 1., “Principles of Electricity,” p. 83, D. Van Nostrand
Company, Inc., New York, 1931.
2 PaGgeE and Apawms, op. cit., p. 297.
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to that of the cathode, Eq. (2-6) reduces to the approximate form
hes

7 = 14.7 X 107¢ amp (2-7)

Equations (2-5) to (2-7) show the importance of close spacing between
cathode and anode if large currents are desired at small anode voltages.

2-11. Deviations from Child’s Law Observed in Practical Diodes.—
Deviations from Child’s law result from the failure of practical diodes to
satisfy the assumptions made in its derivation. Since the temperature
of the cathode is fixed by considerations of emission efficiency and life,
there is always a saturation voltage above which the current is not limited
by space charge but by filament emission. If other assumptions were
satisfied, the saturation voltage would be quite définite and the cur-
rent-voltage curve would be as shown by the dotted lines of Fig. 2-11.
Because of variations in temperature,
electron affinity, and field strength over
the cathode surface, the anode voltage
at which voltage saturation takes place Ty
is not the same- for all points of the
cathode. The curve of anode current
vs. anode voltage therefore bends over
gradually, as shown by the full line of
Fig. 2-11. Above saturation the cur- e
rent is not entirely constant but con- F1a. 2-11.—Curves of anode current
tinues to rise somewhat with anode 4 vs. anode voltage e at two values of
voltage. This is explained by reduc- ©™tter temperature.
tion of electron affinity with increase of external field (see Sec. 1-12), and
lack of homogeneity of the surface of the emitter. The effect is particu-
larly noticeable with oxide-coated cathodes.

The assumptions of uniform field and equipotential cathode are
satisfied fairly closely in heater-type diodes with eylindrical plates. The
voltage drop in filamentary cathodes may be shown to change Child’s
$-power law into a §-power law at anode voltages relative to the negative
end of the filament that are less than the voltage of the positive end of
the filament. This tends to make the lower part of the #-e, curve steeper.
The exact effect upon the curve of failure to satisfy the assumption of
uniform field is complicated and impossible to predict completely.

2-12. Effect of Initial Velocities of Emitted Electrons.—Modified
forms of Child’s law which take into consideration the initial velocities
of emitted electrons have been derived by Schottky, Langmuir, and
others.! For the purpose of this book, a qualitative explanation of the
effect of initial velocities is sufficient. Let it first be supposed that

L Scumortry, W., Physik. Z., 15, 526 (1914); Ann. Physik, 44, 1011 (1914); Lanc-
MUIR, 1., Phys. Rev., 21, 419 (1923); Davisson, C., Phys. Rev., 26, 808 (1925).
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the electrons emerge with zero velocity. Under equilibrium conditions the
space current and the space-charge density assume such values that the
average field at the cathode is zero (see Sec. 2-9). The field and potential
distributions in the interelectrode space are as shown in Fig. 2-10. Now
let the emitted electrons suddenly have initial velocities which, for the
sake of simplicity, are assumed to be the same for all electrons. Electrons
that, without initial velocity, would have reentered the cathode now
move toward the anode in spite of the fact that the average field is zero.
As a result, the current and the space-charge density increase. The
retarding field of the space charge now exceeds the accelerating field of

the anode, giving a net retarding field at the
// cathode surface which slows up the electrons in
/’ 4 the vicinity of the cathode. Equilibrium

/

w Y. results when the retarding field in the vicinity
> A of the cathode is sufficiently high so that the
o o .

£3 electrons are brought to rest in a plane a short
5] E distance s from the cathode. The average
5, 2d/4d 6d 8d d} field in this plane is zero, but instantaneous
& fluctuations allow just enough electrons to pass

i ‘ to give the required anode current. The

s l|<— behavior is similar to that which would obtain
- if the initial velocity were zero and the cathode

Fra. 2-12—Variation of |
‘field strength and potential Wwere moved toward the anode by the distance
with distance from cathode for 5 = Because of the random distribution of
plane parallel electrodes of . I
separation d. Initial .veloci- electrop velocities the phenomenon is actually
ties of emitted electrons con-  more complicated than this simplified picture
sidered. . qe .

indicates. The simple theory shows, however,
that the effect of initial velocities is to increase the anode current cor-
responding to any anode voltage and is, therefore, equivalent to that of a
small increase of anode voltage. Because the electrons emerge with veloc-
ities corresponding to kinetic energy of the order of a volt or less, the
effect is appreciable only for low anode voltages. The field and potential
distributions throughout the interelectrode space are plotted in Fig. 2-12.
That the potential must pass through a minimum where the field is zero
follows from the fact that the field at any point may be expressed as the
space derivative of the potential at that point.

The lower part of the 7,-¢; curve of Fig. 2-11 is raised slightly as the
result of initial velocities of emitted electrons, and a small negative
voltage must be applied in order to reduce the anode current to zero.
Theoretical equations relating anode current and voltage at negative
anode voltages have been derived by Schottky! and Davisson.2 Because

1 SCHOTTKY, loc. cit.; LANGMUIR, loc. cit.
2 DAvissoN, loc. cit.



SEc. 2-15] THERMIONIC EMISSION 37

of their complicated form and because of failure to satisfy in practice
the assumptions made in their derivation, these are seldom of great
practical value. At negative anode voltages that are high enough to
reduce the anode current to the order of 50 ua or less, the anode current
of diodes with unipotential cathodes follows closely the empirical relation

7 = ki (2—8)

in which %, and k. are constants for a given tube. The current departs
materially from this exponential law as the negative anode voltage is
reduced in magnitude in the vicinity of zero voltage, particularly at high
cathode temperatures. Experimental curves corresponding to Eq. (2-8)
were first obtained by Germer.!

Unless the plate of a highly evacuated diode becomes hot enough to
emit electrons, increase of negative anode voltage beyond the value that
reduces the current to zero has no further effect upon the anode current..
The fact that anode current flows in one direction only is employed in
the application of diodes to detection and to power rectification, which
will be discussed in Chaps. 9 and 14.

2-13. Relation of Richardson’s and Child’s Laws.—It should be noted
that Richardson’s equation and Child’s law apply to two different con-
ditions of operation of two-element tubes. Richardson’s equation holds
only under voltage saturation, whereas Child’s law applies only under
temperature saturation. In most applications, vacuum tubes are used
in such a manner that temperature saturation prevails.

2-14. Shot Effect.—The random motion of electrons causes rapid
variations of the number of electrons that pass from the cathode to the
anode in unit time, and thus produces fluctuations of anode current.
This phenomenon, which may be readily detected by the use of sufficient
amplification, is called the shot effect. It is one of the factors that limit
amplification by vacuum tubes (see Sec. 6-28).

Heating of the Plate.—The kinetic energy acquired by electrons in
moving from the cathode to the plate is converted into heat when the
electrons strike the plate. The average current that a vacuum tube can
pass is limited by the temperature of the plate at which absorbed gas is
driven out of the plate or electron emission takes place from the plate.
The energy that is converted into heat at the plate is equal to the time
integral of the product of the plate current and plate voltage. Radiation
of heat from the plate is increased by blackening its outer surface.

2-16. Classification of Tubes.—Electron tubes may be classified in
a number of ways. These classifications include those based upon the
process involved in the emission of electrons from the cathode, the degree
~of evacuation, the number of electrodes, and the type of application.

1 GerMER, L. H., Phys. Rev., 25, 795 (1925).



THE AIR AND OYHEﬁ GASES ARE PUMPED FROM
THE ENTIRE SPACE UNTIL PRACTICALLY A
PERFECT VACUUM IS OBTAINED.

ATHODE
THE CATHODE 1S THE HEART OF THE TUBE
FOR IT IS THE SOURCE OF ELECTRONS
THE FORM OF CATHODE IN A.C. TUBES IS
USUALLY A NICKEL SLEEVE COATED WITH
ACTIVE BARIUM OXIDE WHICH WHEN HEATED
JO A RED HEAT WItL EMIT ELECTRONS
PLATE
THE PLATE 1S THE RECEIVER OF ELECTRONS
FROM THE CATHODE. BY APPLYING A
POSITIVE VOLTAGE TO THE PLATE THE
NEGATIVE ELECTRONS ARE ATTRACTED TO
THE PLATE

GRID,
THE GRID 1S WOUND OF VERY FINE WIRE
ICH A AS A CONTROL OF THE
ELECTRON STREAM FLOWING FROM
CATHODE TO PLATE. BY APPLYING A VARYING
VOLTAGE TO THE GRID THE PLATE
CURRENT VARIES IN PROPORTION.

DIODES
THE DIODE 1S A DETECTOR OR RECTIFIER.
WHEN A POSITIVE VOLTAGE IS APPLIED TO
THE PLATE ELECTRONS ARE ATTRACTED
AND CURRENT FLOWS WHEN THE PLATE
IS NEGATIVE NO ELECTRONS ARE

GETTER PELLET
IN ORDER TO OBTAIN AND MAINTAIN THE
HIGH VACUUM NECESSARY IN THE TUBE AN
EXTNEMELY ACTIVE CHEMICAL AGENT SUCH
FLASHED BY INDUCTIVE HEATING.
THE BULK OF THE GAS 1S REMOVED PREVIOUS
TO FLASHING BY MECHANICAL PUMPS.

ATYRACTED AND NO CURRENT FLOWS.

GETTER RETAINER
A METAL RETAINER OF SUFFICIENT AREA TO
PICK UP THE INDUCED CURRENTS AND
CONDUCT THE HEAT RESULTING FROM
THEM TO THE GETTER PELLET THIS
HEAT RAISES THE TEMPERATURE OF THE
PELLET TO THE FLASHING POINT.

XHAUST T
THE TUBE IS EVACUATED THRU THE
ORIFICE OR SMALL HOLE IN THE TOP OF
THIS GLASS EXHAUST TUBE THE EXHAUST
TUBE IS THEN SEALED OFF AT THI
BOTTOM ENO OR TIP BY. FUSING THE END
OF THE GLASS.

F1a. 2-13.—Structure of typical glass feceiving tube.

TOP P DER
THE GRID LEAD IS SOLDERED TO THE TOP CAP.
THIS GIVES A SMOOTH FINISH AND PERFECT
ELECTRICAL CONTACT

TOP
THIS NICKEL. FINISHED CAP 1S CEMENTED TO
THE GLASS AND MAKES A GOOD TERMINAL
POST TO WHICH THE GRID CONNECTOR CAN
BE AT TACI

il

GRID LEAD
DUMET SECTION FORMS VACUUM TIGHT SEAL
WITH GLASS BULB AT TOP, NICKEL
SECTION BOTTOM OF WHICH IS FLATTENED
FOR_WELDING.

DOME
DOME OF BULB SHAPED SMALL SO SNUBBERS,
USUALLY OF MICA OR WIRE, MAY BE USED
rO_PREVENT VIBRATION OF THE MOUNT.

MICA SPACERS -
MADE OF THE PUREST GRADE -OF INDIA MICA.
THESE SPACERS ARE PUNCHED VERY ACCURATE-
LY S0 AS TO HOLD THE VARIOUS ELEMENT'S
TO THEIR EXACT SPACING.
HEATER

THE HEATER 1S A CERAMIC COATED COIlL. OF'
TUNGSTEN OR TUNGSTEN ALLOY WIRE
WOUND IN THE FORM OF A DOUBLE HELIX
TO REDUCE HUI THE CERAMIC COATING

IAKES A PERFECT INSULATION BETWEEN
HEATER AND CATHODE SLEEVE. THIS COiL
IS USED TO MAINTAIN THE CATHODE AT
THE. PROPER TEMPERATURE FOR ELECT RON
EMISSION, THE CATHODE IS THEREFDRE
ISOLATED FROM THE HEATER AND
COMPLETE SEPARATE ELECTRICAL CIRCUIT
1S _POSSIBLE .

STEM PRESS AND LEAD.
IN ORDER TO BRING OUT THE ELECYRICAL
CONNECTIONS FROM THE VARIQUS ELEMENTS
IT IS NECESSARY TO BRING THE LEADS THRU

TIGHT SEAL. A DOUBLE METAL WIRE CALLED
DUMET HAS THE PROPERTIES TO DO THIS.
IT HAS THE SAME THERMAL EXPANSION AS
GLASS. ABOVE THE PRESS THE STIFF NICKEL
SECTION FORMS RIGID SUPPORTS FOR THE
ELEMENTS. THE COPPER SECTION BELOW
FORMS A FLEXIBLE LEAD TO GO DOWN
INTO THE BASE PINS.

BASE
BAKELITE BASE CEMENTED TO GLASS ENVELOPE

WITH A SPECIAL CEMENT. NICKEL PINS ARE

RIVETED TO BASE. COPPER LEA
SOLDERED_TO _THESE EADS ARE

(Courtesy of Ken-rad Tube and Lamp Corp.)
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(Courtesy of Radio Corporation of America.)
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Included in the first classification are the thermionic tube and the photo-
tube. A thermionic tube is an electron tube in which the electron or ion

CAP INSULATOR--
FERNICO EYELET-

GRiD LEAD SHIELD

SUPPORT COLLARJ®>

GETTER TAB------

GLASS BEAD SEALkep-La @ STAlil b Yoaper 1o HEADER
FERNICO EYELET| ) | SEAL WELD

--------- HEADER

--CRIMPED LOCK

Fic. 2-15.—S8tructure of typical metal receiving tube.

emission is produced by the heating of an electrode. A phototube is an
electron tube in which electron emission is produced directly by radiation
falling upon an electrode. According to degree of evacuation, electron

Fia. 2-16.—8ize of typical ‘‘acorn’’ tubes shown in comparison with a golf ball. (Courtesy
of Radio Corporation of America.) :

tubes are classified as high-vacuum tubes and gas- or vapor-filled tubes.
A high-vacuum tube (vacuum tube or pliotron) is an electron tube evacuated
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to such a degree that its electrical characteristics are essentially unaffected
by gaseous ionization. A gas-filled or vapor-filled tube (gas tube) is an
electron tube in which the pressure of the gas or vapor is such as to
affect appreciably the electrical characteristics of the tube. According
to the number of electrodes, tubes are classified as diodes, triodes, pentodes,
etec. For convenience or economy, or for reduc- ; —

tion of space or weight, two or more sets of
elements may be enclosed in a single envelope. '
Thus, there are duplex (double) triodes, duplex-
diode pentodes, triode pentodes, etc. The diverse
classification of electron tubes according to ap-
plication will be made in later chapters. .

2-16. Structure of Tubes.—Tubes are made
with both glass and metal envelopes.! The
principal advantages of metal tubes lie in their
greater mechanical strength and in the fact that
the electrodes are permanently and completely
shielded without the use of an external shield. = .
Furthermore, they do not require on the inside of ©
the envelope the conducting coating that must be
used in glass tubes to prevent the wall from acquir-
ing a positive charge as the result of secondary -
emission caused by the impact of electrons that
pass around the plate. A disadvantage of metal
tubes is that the shells become so hot in operation
that they cannot be conveniently handled. This
is of importance in the routine factory testing of
radio receivers. Another minor disadvantage is
the impossibility of determining visually whether
the heater is in operation. Glass tubes appear to =
be somewhat more reliable. In rectifiers, particu- Fra. 217—Omne-
larly, metal tubes are likely to give difficulty as lgg‘;ﬁgef;f,‘};’gﬂﬁngwfjgg
the result of short circuits. Figures 2-13 and 2-14  (Courtesy of Radio Cor-
show the construction of a glass receiving tube; Fereion of America.)
Figs. 2-15 and 3-11b show typical metal receiving tubes.

The great range in size of vacuum tubes is illustrated by Figs. 2-16
and 2-17. Figure 2-16 shows a typical acorn tube, developed for use at
very high frequencies, at which it is essential to keep lead capacitance
and inductance as small as possible.2 No base is used on the acorn type
of tube, connections being made directly to the electrode leads. Figure

1 PkE, O. W., and METcavr, G. F., Electronics, October, 1934, p. 312. See also
Electronics, September, 1935, p. 31..
2 SALZBERG, B., and BurNsipE, D. G., Proc. I.R.E., 23, 1142 (1935).
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2-17 shows a 100-kw water-cooled transmitting tube of a type that is
used in large broadcasting stationg.

Grids Plate

Diameters measvred Diamefer gavged
fo 0.001 inch fo 0.002 inch
Cathode -3leeve Wall Cathode Coating
Approxzmnfezl : Weight variation
Q002 inch thic . less than 0000070z.
Air Pressure Grid Wire
/100,000,000 thatof Diarneter does not
atmospheric press vary more than
sure atsea level 0.00009 jrch

Bulb Heoter Wire,
Inspected under Diameter does not
polarized light vary rnore than
for strains. 0.00002inch

Fia. 2-18,—Materials used in typical radio receiving tubes. The complex nature of
the structure of the modern vacuum tube and of the manufacturing processes are well
illustrated by a consideration of the materials that are used.

Gases.—Argon, carbon dioxide, chlorine, helium, hydrogen, illuminating gas, neon, nitrogen, and
oxygen.

Metals and Compounds.—Alumina, aluminum, ammonium chloride, arsenic trioxide, barium, barium
carbonate, barium nitrate, borax, boron, cesium, calcium, calcium aluminum fluoride, calcium carbon-
ate, calecium oxide, ca.rbon, chromium, cobalt, cobalt ox1de copper, iridium, iron, lead, lead acetate,
lead oxide, magnesia, magnesium, mercury, misch metal, molybdenum, monel nickel, phosphorus,
platinum, potassium, potassium carbonate, silica, silicon, sﬂver silver oxide, sodlum, sodlum carbonate,
sodium nitrate, tantalum, thorium, thorium nitrate, tin, titanium, tungsten zine, zine chloride, and
zine oxide.

Acct{ssarw.s.——Bakehte, ethyl .alcohol, glas.s, gly_cerme, isolantite, lava, malachite green, marble
dust, mica, nigrosine, petroleum jelly, porcelain, rosin, shellac, synthetic resin, and wood fiber.

Bibliography

Ricuarpson, O. W.: “Emission of Electricity from Hot Bodies,” Longmans, Green &
Company, New York, 1916.

DusaMaN, S.: Thermionic Emission, Rev. Modern Phys., 2, 381 (1930)

Comeron, K. T., and LanemUIr, 1.: Rev. Modern Phys., 3, 191 (1931).

Ri1EMANN, A. L.: “Thermionic Emission,” John Wiley & Sons, Inc., New York, 1934.

StiLes, W. 8.: Dept. Sci. Ind. Research (Brit.), Special Rept. 11, London, 1932.

Dusuman, S.: Electron Emission, Elec. Eng., 63, 1054 (1934).

CuarrEE, E. L.: “Theory of Thermionic Vacaum Tubes,” Chaps. IV, V, McGraw-
Hill Book Company, Inc., New York, 1933.

KouLER, L. R.: “The Physics of Electron Tubes,” 2d ed., Chaps. I-IV, McGraw-Hill
Book Company, Inc., New York, 1937.

McArtHUR, E. D.: “Electronics and Electron Tubes,” Chap. IT1, John Wiley & Sons,
Inc., New York, 1936.



CHAPTER 3
GRID-CONTROLLED HIGH-VACUUM TUBES

3-1. The greatest single advance in the development of vacuum tubes
undoubtedly came with the introduction by De Forest of a control
electrode between the cathode and the plate of the diode.! The principal
value of such a control electrode arises from the fact that relatively large
plate current and power may be controlled by small variations of voltage
of the control electrode relative to the cathode without the expenditure of

appreciable power in the control circuit. _Plate..

A three-electrode vacuum tube containing T _Grioh. 1™
" Cothode

an anode, a cathode, and a control elec- B

) | Frloment
trode is called a triode. ~ Figure 3-1 shows

Heater-——""
the cross sections of typical high-vacuum

triodes.
The form of the control electrode /g‘/f‘/g\
. -Plate -
in early tubes led to the use of the “Cothodle.. )
) —Filament )
1] Loy Heater------ A
o o|Cathode JE
Filamernt{~ . B
Gric T Grid g
Plate ) ‘: . P/m‘e g
Type 45 Type 56 ; (c)
F1g. 3-1.~Electrode structure of typical filamen- Fic. 3-2.—S8ymbols for filamentary
tary and heater-type triode receiving tubes. and heater-type high-vacuum triodes.

term grid for this electrode. A grid is now defined more broadly as an
electrode that contains openings through which electrons or ions may
pass. Many vacuum tubes contain two or more grids. In numerous
applications of multigrid tubes the voltages of all but one grid are kept
constant. This grid, called the control grid, serves to vary the plate (or
other electrode) current by means of changes of voltage applied to it.
The behavior of multigrid tubes with all grid voltages but that of the
control grid fixed is in many respects similar to that of a triode.
Standard symbols for filamentary and heater-type triodes are shown

I'DEe Forest, LeE, U. S. Patent 841387 (1907); U. S. Patent 879532 (1908).
43
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_in Fig. 3-2a.* Often circuit diagrams can be simplified by the use of the
modified forms of Fig. 3-2b. In most circuit diagrams the filament and
heater connections are of secondary importance and may be omitted.
Whenever possible, therefore, simplified symbols such as those of Fig. 3-2¢
will be used. Except for the omission of the grid, diode symbols are the
same as those used for triodes. Figure 14-20 contains the symbol used
for a diode with two anodes.

3-2. Theory of Grid Action in Triodes. Equations for Plate and
Grid Currents.—Electrodynamic analyses of the action of the grid in

-, . ——
—_— -~
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Fia. 3-3.—Approximate field distribution resulting from applied voltages in a triode
with plane parallel electrodeg for fixed positive plate voltage and four values of grid voltage.
Arrows indicate the direction of the force on an electron.

controlling the plate current of a triode have been developed.2 For the
purposes of this book it will be better to present a brief qualitative dis-
cussion of the phenomenon of grid control and to base subsequent deriva-
tions upon empirically determined facts.

In Fig. 3-3 is shown the approximate field distribution resulting from
applied electrode voltages in a triode with plane cathode and anode.
Lines are used in the customary manner to indicate the electrostatic field,
but, contrary to convention, the arrows indicate the direction in which
electrons are urged by the field.® 'The plate voltage is assumed to be posi-

t “Btandards on Electronics,” p. 15, Institute of Radio Engineers, New York, 1938.

2 See, for instance, E. L. Cuarreg, “Theory of Thermionic Vacuum Tubes,”
Chap. VII, McGraw-Hill Book Company, Ine., New York, 1933.

3 No special effort has been made in Fig. 3-3 to depict the field distribution accu-

rately. Figure 3-3 is derived from more complete and carefully constructed diagrams
shown on pp. 175 and 176 of ““Theory of Thermionic Vacuum Tubes,” by E. L. Chaffee.
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tive and constant in value. If the grid is made sufficiently negative with
respect to the cathode, all lines of force terminate on the grid, and no
field exists directly between the plate and the cathode. Thisis illustrated
in Fig. 3-3a. The field at all points of the cathode is in the direction to
return emitted electrons to the cathode and so the plate current is zero.
If the grid is slightly less negative, some field will extend directly from the
anode to the cathode, as shown in Fig. 3-3b, and there will be a force
tending to carry electrons from certain points of the cathode to the anode.
Further decrease of negative grid potential increases the areas of the
cathode over which the field tends to remove electrons and strengthens
the average field over these areas. As long as the grid is negative with
respect to the cathode, electrons can reach the grid only if they have
sufficient kinetic energy to overcome the retarding field terminating on
the grid. Because the initial velocity of emission of the electrons is small,
electron current to the grid is zero unless the negative grid voltage is
appreciably less than a volt. If the tube contains traces of gas, there
may be a small positive-ion current to the grid when the grid is negative.
At zero grid potential, illustrated by Fig. 3-3¢, no point of the cathode
experiences a retarding field. Initial velocities cause some electrons to
strike the grid, giving a small grid current. When the grid is positive, as
in Fig. 3-3d, there is an accelerating field over the whole surface of the
cathode. A portion of this field terminates on the grid, causing apprecia-
ble grid current to flow.

As in the diode, the net field at the cathode is actually the resultant of
the retarding field produced by the spacecharge and the field caused by
the electrode voltages. Equilibrium is established when the average net
field is zero at a short distance from the cathode. Increase of applied
accelerating field causes the net field to become positive and thus allows
more electrons to go to the plate. The space current and space charge
increase until the average net field is again zero a short distance from the
cathode.

Since the field at the cathode depends upon the potential both of the
grid and of the plate, the plate current is a function of both grid and plate
voltages. This may be stated symbolically by the functional equation

i = fles, ec) 3-1)

in which 4, is the plate current, ¢, is the plate voltage, and e, is the grid
voltage. Because of the screening action of the grid, only a portion of the
field from the plate extends directly to the cathode, whereas there is
nothing to intercept the field between the grid and the cathode. One
is led to guess, therefore, that the plate current is affected more by changes
of grid voltage than of plate voltage, i.e., that the grid voltage is p
times as effective as the plate voltage in controlling the plate current, u
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being a factor greater than unity. p is not necessarily constant. The
effect of initial velocity of emitted electrons is the same as though a
small increase were made in either grid or plate potential. The contact
potentials may either increase or decrease the effective field at the cathode.
It is convenient to combine the effects of initial velocity and contact
potentials into a single quantity ¢, an equivalent voltage that would
produce the same effect upon plate current as the initial velocity plus the
contact potentials. e is ordinarily so small in comparison with externally
applied potentials that it may be neglected. This analysis leads to the
assumption that the plate current is a function of (e, + pe. + ¢). This
fact may be expressed by the functional equation

iy = Fley + peo + € (T, = const.) (3-2)

where T'; is the temperature of the cathode.
The use of Eq. (3-2) is justified by the fact that it is verified experi-
mentally. Sometimes it is possible to make use of the more explicit

approximate law
% = Aler + peo)™ (3-3)

in which A is a constant. The exponent n varies considerably with grid
and plate voltages, the values ranging roughly between 1.2 and 2.5 for
negative values of ¢, When either grid or plate voltage is maiht‘ained
constant, however, the variation of n is often so small that » may be
assumed to be constant over certain ranges. In some analyses, n is
assumed to be equal to 1.5 when ¢, = 0, although actual values may
depart appreciably from this value.

w is called the plate amplification factor, or simply the amplification
Sactor of the tube. It is a measure of the relative effectiveness of the grid
and plate voltages in controlling the plate current. The amplification
factor will be shown to be related to certain of the characteristic curves of
a triode, and it will be defined mathematically on the basis of this relation-
ship (see Sec. 3-5). The value of ¢ depends upon the shape and spacing of
the electrodes,® and to some extent upon the plate current; it may
also be made to vary with electrode voltages (see Sec. 3-7). Electro-
dynamic analysis, based upon the assumption that the electrodes are
parallel and of infinite extent, that the grid wire spacing is large compared
to the diameter of the grid wire, and that the space charge between
electrodes is zero, yields the following approximate formula for u:?

2np

v = 7 N
a log, (2 sin —7r—)
a

1 KusuNosg, Y., Proc. I.R.E., 17, 1706 (1929).
2 Scaorrky, W., Arch. Elekirotech., 8, 21 (1919); SavzBERG, B., Proc. I.R.E., 30,
134 (1942). ‘ ‘

(3-4)
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in which p is the distance between the planes of the grid and the plate, a
is the distance between adjacent grid wires, and r is the radius of the grid
wire. The following approximate expression for u applies to an electrode
structure in which the anode and the cathode are long cylinders and the
grid is helical.! y ) .
_ 27 py/pp (Pp — Pg

T alog. a/2ar (3-5)

in which p, and p, are the radii of the anode and grid, respectively, and a
is the spacing of the grid wires. Because of factors neglected in the
derivation of Eqs. (3-4) and (3-5) and also because modern tube design is
based largely upon empirical methods, the value of these equations lies
mainly in the indication that they give of the general effects of triode tube
dimensions upon the amplification factor. '

The effect of space charge is to cause a variation of amplification
factor with plate current or electrode voltages. Except in the case of
“variable-mu’”’ tubes (see Sec. 3-7), in which the grid wires are not equally
spaced, the variation of u with electrode voltages is sufficiently small so
that u may often be assumed to be constant over the working range of
current and voltages. At positive grid voltages, however, diversion of
current from the plate to the grid lowers u.

The grid current of a triode is also a function of the grid and plate
voltages. This fact may bé expressed by the functional equation

1o = Ges + usep + €) (Tf = const.) (3-6)

in which g, the grid amplification factor, is less than unity.

3-3. Time of Transit of Electrons.—Because of its small mass, the
acceleration of an electron is so rapid that the time taken for electrons to
pass from the cathode to the plate may usually be neglected and the
response of electrode currents to changes of electrode voltages considered
to be instantaneous. At the very high frequencies corresponding to wave
lengths of the order of a few meters or less, however, time of transit must
be taken into consideration.? Sinece the operation of vacuum tubes at
" ultrahigh frequencies will not be discussed in detail in this book, the time
of transit of electrons will usually be neglected.

3-4. Static and Dynamic Characteristics.—Theoretical and practical
studies of the performance of vacuum tubes and vacuum-tube circuits are

t Aprauawm, H., Arch. Elektrotech., 8, 42 (1919); King, R. W., Phys. Rev., 15, 256
(1920).

2 I;ENHAM, W. E., Phil. Mag., 5, 641 (1928); LreweLLyN, F. B., Proc. I.R.E.;
21, 1532 (1933); 22, 947 (1934); 23, 112 (1935); Cuarrer, J. G., Proc. I.R.E., 22, 1009
(1934); Ferris, W. R., Proc. I.R.E., 24, 82, 105 (1936); Norts, D. O., Proc. [.R.E.,
24, 108 (1936); Brainerp, J. G., KoEHLER, G., REicH, H. J., and Woobrurr, L. F.,
“Ultra-high-frequency Techniques,” D. Van Nostrand Company, Inc., New York,
1942, ’ ’



48 APPLICATIONS OF ELECTRON TUBES [CHap. 3

greatly facilitated by the use of curves relating the electrode currents and

voltages, called characteristics. A static electrode characteristic is a relation,
usually shown by a graph, between the voltage and the current of that
electrode, other electrode voltages being maintained constant. A static
transfer charactervstic is a relation, usually shown by a graph, between the
voltage of one electrode and the current of another electrode, all other
voltages being maintained constant. Unless otherwise specified, the
term fransfer characteristic is understood to apply to characteristics relat-
ing control-grid voltage and plate current, which are the most frequently
used transfer characteristics.

Strictly, a stalic characteristic is one obtained with steady voltages,
whereas a dynamic characteristic is one obtained with alternating voltages.
Inasmuch as all voltages but one are specified to be constant in the above
definitions, the characteristics obtained with alternating voltages differ
from those obtained with direct voltages only when the frequency is so
high that tube capacitances and electron transit time cause appreciable
out-of-phase components of current. The term dynamic transfer char-
acteristic has come to be applied to a transfer characteristic obtained with
alternating control-grid voltage when the electrode current under con-
sideration passes through an external impedance, called the load imped-
ance, the supply voltage for that current being maintained constant.
Voltage drops in the load impedance cause the electrode voltage to differ
from the supply voltage, and the electrode voltage to vary with current.
In general, IR drop in the load causes the transfer characteristic to be
affected by load even when the characteristic is derived by using steady
voltages. Extension of the term dynamic transfer characteristic to include
such a characteristic may be justified by considering it to be a limiting
curve obtained as the frequency of alternating voltage is made to approach
Zero. , '

There are four sets of static characteristics of triodes. They are the
plate characteristics 4, vs. e» at constant values of e.; the grid characteristics
7. V8. ¢, at constant values of ¢; the grid-plate transfer characteristics 4,
vs. e, at constant values of ¢;; and the plate-grid transfer characteristics
1. 8. e, at constant values of e..! The behavior of a triode is completely
specified by either the plate and grid families of characteristics or the two
families of transfer characteristics.

1 Since the static characteristics are constructed by plotting corresponding values
of direct voltages and currents, the letters used in representing these voltages and
currents should be capitals to be entirely in accord with the system of nomenclature
used in this book (Sec. 3-17). In most applications of the characteristic curves, how-
ever, the currents and voltages are assumed to vary, and so must be represented by
lower-case symbols. For this reason, lower-case symbols have been used in Egs.
(8-1) to (3-6) and will be used for all characteristic curves.
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In Figs. 3-4a and 3-4b are shown typical characteristics for a triode.
The bending of the e, curves of Fig. 3-4b at positive values of e,
particularly noticeable for low values of plate voltage, is caused by diver-

AVERAGE PLATE CHARACTERISTICS
Triode Connection
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Fig. 3-4a.—Typical triode plate characteristics and plate-grid transfer characteristics.

sion to the grid.of electrons emitted by the cathode, and by secondary
emission. Secondary electrons emitted by the plate when the grid voltage
exceeds the plate voltage are drawn to the grid and constitute a current
opposite in direction to the normal plate current. Typical curves of % and
1, v8. & at large positive grid voltages

are shown in Fig. 3-4¢.. The reversal w%%
of curvature of the plate character- et 3
istics of Fig. 3-4c between the plate 2(5_3 °
voltages of 50 and 100 for grid voltages 55_}9"
of 45 and above is also the result of  1ypgors @Q“ 15

secondary emission. Coﬁﬂggﬁon
The points at which the character-

istie curves intercept the voltage axes

are called cutoff poinis, and the cor-

responding voltages, the cutoff voltages.

An approximate relation between grid =~ %0 ™40 —ngd VO(I)fagéoec 40

and plate voltages at plate current Fic. 3-4b.—Typical triode grid-plate
cutoff can be derived from Eq. (3-3). transfer characteristics and grid charae-

teristics (same tube as for Fig. 3-4a).

When 4 = 0, (e, + pe)* = 0. This
can be true only if e, = —ue,. Because u is never strictly constant,
the accuracy of this relation depends upon the voltages at which u
is evaluated. Considerable error may result when the usual published
value of u is used, but the relation is often useful in making a
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rapid approximate determination of cutoff voltages. Because of lack
of homogeneity of the emitter, voltage drops in the cathode, variation
of the electrie field at various points of the cathode, and distribution of
initial velocities of emission, the intersections of the characteristic curves
with the voltage axis at cutoff are not sharp. Although some grid
current usually flows at negative grid voltages lower than half a volt to a
volt, the simplifying assumption is often made that grid current cutoff
oceurs at zero grid voltage.

The transfer characteristics of Fig. 3-4b may be derived from the
plate characteristics of Fig. 3-4a, and vice versa. In Chap. 4 it will be
shown that much essential information conecerning the performance of
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Fia. 3-4c.—Typical triode plate characteristics and plate-grid transfer characteristics at
high positive grid voltages.

tubes in circuits may be obtained from-the plate characteristics. It'is
important to note that in tubes with filamentary cathodes the grid and
plate voltages are measured with respect to the negative end of the
filament. »

The curves of plate and grid eurrent against cathode temperature of a
triode are similar to those of plate current against cathode temperature
of a diode, but voltage at which saturation becomes apparent depends
upon both plate voltage and grid voltage. Since triodes are almost
always operated above temperature saturation, these curves are of com-
paratively little practical value in connection with ordinary applications.

3-56. Tube Factors.—The mathematical and graphical analyses of the
operation of vacuum tubes and vacuum-tube circuits require the use of
certain tube factors whose numerical values are dependent upon the con-
struction of the tube and upon the electrode voltages and currents, and
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which serve as indices of the ability of given tubes to perform specific
functions. Although only triodes have been discussed so far; it will be
convenient also to present at this point general definitions that apply to
tubes with more than three electrodes.

Mu-factor is the ratio of the change in one electrode voltage to the
change in another electrode voltage, under the conditions that a specified
current remains unchanged and that all other electrode voltages are
maintained constant. It is a measure of the relative effect of the voltages
of two electrodes upon the current in the circuit of any specified electrode.
As most precisely used, the term refers to infinitesimal changes. Sym-
bolically, mu-factor is defined by the equation

e;

Mg = — (%1, e, em, etc., = const.) 3-1)*
66k

The most important mu-factor is the control-grid-plate mu-factor,
or amplification factor. Amplification factor is the ratio of the change in
plate voltage to a change in control-grid voltage under the conditions
that the plate current remains unchanged and that all other electrode
voltages are maintained constant. It is a measure of the effectiveness of
the control-grid voltage, relative to that of the plate voltage, upon the
plate current. The sign is taken as positive when the voltage changes of
the two electrodes must be of opposite sign. As most precisely used, the
term refers to infinitesimal changes. Symbolically, amplification factor
is defined by the equation

b= — % (4, = const.) (38):

It must be proved that the factor x which appears in Eqs. (3-2) and
(3-3) is the same as that defined by Eq. (3-8). Examination of Eq. (3-2)
shows that, unless the plate current is independent of electrode voltages,
which is true in practice only when the current is zero or saturated, 4 is
constant only when e, + ue. + ¢ is constant. Since tubes are seldom
used continuously either with zero plate current or with saturation plate

t Although the partial derivative implies that other variables are held constant, for
the sake of emphasis it seems advisable in this and following equations to indicate
the constant parameters in parentheses.

2 The symbolic definitions of tube factors are usually written in terms of the
alternating components of electrode voltages and currents, rather than in terms of the
total values.  Since the difference between the instantaneous value of the alter-
nating component of a varying quantity and the instantaneous total value of the
quantity is equal to the average value, the derivative of which is zero, derivatives of
the alternating component and of the total quantity are equivalent. In order to
show more closely the relation of the tube factors to the characteristic curves, and to
simphfy derivations based upon Eq. (3-2), the tube factors will be defined in terms of
the total values of currents and voltages (see Secs. 3-16 and 3-17 for symbols).
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current, 7, is constant when
e + ue. + € = const.. (3-9)

Differentiation of Eq. (3-9) shows that

de;, _
dec]u; const. -k (3-10)
QI‘
. aeb
i v (3-11)

Since Eq. (3-11) is identical with Eq. (3-8), the factor u of Eq. (3-2) is
the same as that of Eq. (3-8).

(A-c) electrode. conductance is the ratio of the change in the current
in the circuit of an electrode to a change in the voltage of the same
electrode, all other electrode voltages being maintained constant. As
most precisely used, the term refers to infinitesimal changes as indicated
by the defining equation’

9%; )
gi = =— (ex, €1, etc. = const.) (3-12)
de;
(See also Sec. 3-26.)

(A-c) electrode resistance r; is the reciprocal of electrode conductance.

The electrode conductance that is used most frequently in the analysis
of vacuum tubes and vacuum-tube circuits is the plate conductance?

aZb

9» = 3, (e. = const.) (3-13)

(A-c) plate resistance is the reciprocal of plate conductance.?

1 _ de _
T (e. = const.) (3-14)

it

Tp

(See also Sec. 3-26.)

Transconductance is the ratio of the change in the current in the
circuit of an electrode to the change in the voltage of another electrode,
under the condition that all other voltages remain unchanged. As most

1 The a-¢ electrode conductance defined by Eq. (3-12) must not be confused with
the d-¢ electrode conductance, which is defined as the ratio of the total or direct
electrode current to the total or direet electrode voltage. Similarly, the a-c¢ plate
resistance defined by Eq. (3-14) must not be confused with the d-c plate resistance,
e/%. D-¢ electrode conductances and resistances are rarely of value and never
essential in the analysis of vacuum tubes and associated circuits. Hence the a-c
conductances and resistances are usually referred to sumply as conductances and
resistances, the adjective ‘“a-¢’”’ being omitted.
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precisely used, the term refers to infinitesimal changes as indicated by
the defining equation
g = 9 (ej, €1, ete. = const.) (3-15)
36k
The transconductance most frequently used in the analysis of vacuum
tubes and vacuum-tube circuits is the grid-plate transconductance (mutual
conductance), which is defined symbolically as

_ o

Im = 3o (e» = const.) (3-16)

Unless otherwise specified, the term transconductance usually refers to
control-grid—plate transconductance and will be so used in the remainder
of this book. )

Grid Factors—In many applications of vacuum tubes the operating
voltages are such that no conduction current flows to the control grid
and all electrode voltages except those of the control grid and the plate
are kept constant. Under these conditions, vacuum-tube problems and
derivations can be treated by the use of only three of the factors that
have been defined: y, r,, and g.. If conduction current flows to the
control grid, it may be necessary to make use of the corresponding
control-grid factors, which are defined symbolically as follows:

Grid amplification factor p, = — 3—29 (f. = const.)  (3-17)
b

Grid conductance g, = g—zﬁ (e» = const.) (3-18)

Plate-grid transconductance g, = % (e, = const.) (3-19)
b

Because of the effect of space charge and because of division of the total
cathode current between the grid and the plate, g, is not in general the
reciprocal of u.

Proof That gm = pu/r,.—Only two of the plate factors are independent.
This may be shown by taking the partial derivatives of the plate current,
as expressed by Eq. (3-2).

In = 52 = uF"(es + e, + ) (3-20)
i .
Go = 53: = F'(ey + pe. + ¢€) (3-21)

Dividing Eq. (3-20) by Eq. (3-21) gives

G

u
= or m = 3"22
gr g g Tp ( )
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A similar derivation, based on Eq. (3-6), shows that
gn = Ll (3-23)

3-6. Relation of Tube Factors to Characteristic Curves.—The defini-
tions state that g,, gm, and p are the slopes of the -6, %-¢.,, and ey-e,
curves, respectively, at points corresponding to the given voltages.
Values of these factors may, therefore, be determined accurately by
measuring the slopes of the static characteristics at points corresponding
to the electrode voltages, and approximately by taking the ratios of small
increments of current and voltage corresponding to points on the charac-
teristics. All three factors may be determined from a single family of
characteristics. The most accurate method of obtaining the three plate

500
-
& . 400 o
o 5]
&
o)
300 8
o
=
N\ »
= 200 &
£ T
3, TYPE 6F6 \
2 Triode I
S Connection E ¥
o.
ey — + T T —_——
ep epthey -0 -40 20 0 20 40
Plate Voltage Grid Voltage, ec
_ Fig. 3-5.—Method of determining triode ~ Fia. 3-6.—Typical triode ee; character-
amplification factor from the family of plate istics. (Derived from Fig. 3-4a.)

characteristics.

factors of a triode directly from the plate family of characteristics is to
find r, from the reciprocal of the slope of the tangent to the %-¢, curve
at the point corresponding to thg given electrode voltages, x from the
ratio of Ae, to Ae, at the constant current of the point, as shown in Fig.
3-5, and g. from the ratio of u to r,. Curves of e vs. e, at constant 7
for a typical triode are shown in Fig. 3-6.! The practically constant
slope of the curves except at low plate voltages and high positive grid
voltages indicates that over the normal operating range the amplification
factor is nearly constant. Except in tubes designed to have variable
amplification factor (Sec. 3-7), the variation of u over the normal range
of voltages does not exceed 10 to 15 per cent in triodes. Because of the
small variation of p at negative grid voltages, fairly large voltage incre-

1 ey-e. curves are not usually used in the solution of vacuum-tube problems and

are shown here only to point out the nearly econstant value of the amplification factor
in the normal range of voltages.
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ments may be used without great error in determining its value from the
plate characteristics. Some increase in accuracy is gained by using a
grid-voltage increment such that the point at which u is desired is at the
center of the increment, rather than at one side as in Fig. 3-5.
3-7. Sharp-cutoff and Remote-cutoff Grids. Variable-mu Tubes.—

"Thus far it has been assumed that the grid-wire spacing and diameter
and the spacing of the grid from the cathode are uniform throughout the
length of the grid. When this is true the field strength does not vary
greatly over the cathode surface and so the negative grid voltage neces-
sary to prevent electrons from going to the plate at any value of plate
voltage is very nearly the same for all points of the cathode. The static
transfer characteristic therefore ap- 112
. proaches the grid-voltage axis relatively
sharply. For this reason a grid of uni-
form structure is called a sharp-cutoff Plate volfage =250V

. . . . Screen voltage =/00V
grid. If some (.11mens1on of the g.I‘ld, Suppressor voltage =0
such as the spacing between the wires,
varies along the grid, on the other hand,
the field at the cathode varies cor- Type 6K 7~
respondingly at the cathode surface.
A greater negative grid voltage is re-

L
BN < fas]

Plate Current-Ma.

1
N

Type §SU7~

o

quired to prevent electrons from leaving -60 -50 -40 -30 -20 -0

(=

. . Control Gri
the cathode at points corresponding to onirol Grid Vottage
Fig. 3-7.—Comparison of transfer

pOI‘tiOIlS of the grid where the Spa’Cing characteristics of similar tubes having
is large than to portions where the spac- remote-cutoff (6K7) and sharp-cutoff
ingis small. ~ Cutoff consequently takes (6577 rids.

place at different values.of grid voltage at different parts of the cathode
and so the static transfer characteristic approaches the axis gradually.
Such - a grid is known as a gradual-cutoff or remote-cutoff - (superconirol)
grid. Because the mu-factor corresponding to an elementary length of
the grid varies along the grid and because the mu-factor of the entire
grid varies greatly with electrode voltages, such a grid is also termed a
variable-mu grid. A tube that has a variable-mu control grid is called a
variable-mu tube.

Figure 3-7 shows the static transfer characteristics of two comparable
tubes, one of which has a sharp-cutoff control grid, and the other a
rémote-cutoff control grid. Multigrid tubes may contain both one or
more sharp-cutoff grids and one or more remote-cutoff grids. The
advantages of _remote.-cutoff grids and tubes are discussed in Secs. 6-19
and 6-25 in connection with their use in voltage amplifiers.

3-8. Multigrid Tubes.—Many desirable characteristics can be
attained in vacuum tubes by the use of more than one grid. The most
common types of multigrid tubes are the tetrode and the pentode. A
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tetrode is a four-electrode type of thermionie tube containing an anode, a
cathode, a control electrode, and an additional electrode, which is
ordinarily a grid. A pentode. is a five-electrode type of thermionic tube
containing an anode, a cathode, a control electrode, and two additional
electrodes, which are ordinarily grids.

The symbols for tetrodes and pentodes are similar to those for triodes,
the various grids being shown in the relative positions that they occupy
in the tubes. A special symbol, shown in Fig. 3-8b, is often used for
screen-grid tetrodes.

The Screen-grid Tetrode.—One stimulus to the development of
multigrid tubes was the necessity of reducing the capacitance between
the grid and plate of the triode. If a vacuum tube used in a voltage
amplifier has high grid-plate capacitance, the relatively large variations -
of plate voltage may induce appreciable variations of grid voltage. If
the phase relations are correct, this induced grid voltage may add to the
impressed alternating voltage in such a manner as to cause the amplifier to
oscillate (see Sec. 10-28). This difficulty imposes a limit upon the ampli-
fication that can be attained in radio-frequency amplifiers. For some
vears the problem was solved by ‘“neutralizing.” Neutralization consists
in connecting the grid through a small variable condenser to a point
in the output circuit whose voltage is opposite in phase to that of the
plate. The condenser may be adjusted so that it balances out, or
neutralizes, the effect of the grid plate capacitance. Difficulties of
adjustment, circuit complications, and the cost of patent royalties made it
advantageous to solve the problem by removing the cause, rather than
by counteracting it. This was accomplished by introducing between
the control grid and the plate another grid, the screen grid, the purpose -
of which is to shield the grid from the plate, and thus reduce the grid-to-
plate capacitance.! Further reduction in capacitance between the grid
and the plate was attained by placing the control-grid terminal at the top
of the tube, instead of on the base. The screen-grid tetrode proved to
have other characteristics which are fully as important as its low grid-
to-plate capacitance.

The general construction of the elements of a type 24A screen-grid
tetrode is shown in Fig. 3-8a. The screen grid consists of two cylinders
of fine-mesh screening, one of which is between the plate and the control
grid and the other outside of the plate. These two cylinders are joined
at the top by an annular disk, which completes the shielding. The

L Scuorrky, W., Arch. Elektrotech., 8, 299 (1919); U. §. Patent 1537708; BARk-
HAUSEN, H., Jahrb. drahtl. Tel. u. Tel., 14, 43 (1919); Howg, G. W. O., Radio Rev., 2,
337 (1921); Huwr, A. W., and Wirniams, N. H., Phys. Rev., 27, 432 (1926); HuLL,
A. W, Phys. Rev., 27, 439 (1926); WARNER, J. C., Proc. I.R.E., 16, 424 (1928) (with 22
veferences) ; Princg, D. C., Proc. I.R.E., 16, 805 (1928); Wirriams, N. H., Proc. [.R.E.,
16, 840 (1928); Pioceon, H. A,, and McNawvy, J. O., Proc. [.R.E., 18, 266 (1930).
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potential of the screen is normally intermediate between the quiescent
- potentials of the cathode and the plate. The positive voltage of the
screen draws the electrons away from the cathode. Some of these
electrons strike the screen and result in a screen current which usually
performs no useful function; the rest pass through the screen grid and
into the field of the plate, which causes them to be drawn to the plate.
Since the electrostatic field of the plate terminates almost completely on
the screen, the capacitance between the plate and the grid is very small.
Furthermore, -variations of plate voltage have little effect on the plate
current. The control-grid voltage, on the other hand, is just as effective
as in the triode. The change in plate current resultmg from a change
in plate voltage at constant grid voltage is

small, and the ratio of the change in plate Cathode, ¥ ori
voltage to the change in grid voltage, i %
necessary to produce a given change in | 3|4 | A
plate current, is very high. It follows from P :
the definitions of plate resistance and am-

+Control

j]

000000000

'
i

plification factor that the sereen-grid tetrode 71'/"1" 7 h\;/ ) %
has high plate resistance and high amplifica- _gﬁfgeﬂ are D
tion factor. By proper choice of control- @ . (b
grid structure and spacing of electrodes the F1c. 3-8.—(a) Electrode struc-

. ture of heater-type screen-grid
transconductance can also be made high. tetrode. (b) Tube symbols for

A screen-grid tetrode can therefore be filamentary and heater-type

. screen-grid tetrodes.
designed tohave thesame transconductance ‘
as that of an equivalent triode and very much higher amplification factor
and plate resistance.

In Fig. 3-9 is shown a family of plate characteristics for a typical
screen-grid tetrode, the type 24A. The negative slope of the character-
istics at plate voltages lower than the screen voltage is the result of
secondary emission from the plate. At zero plate voltage there is a small
plate current which results from those electrons which pass through the
sereen with sufficient velocity to reach the plate. As the plate voltage
is raised, more and more electrons are drawn to the plate after passing
through the screen. The velocity with which they strike the plate
increases with the plate voltage and, when e is about 10 volts, becomes
sufficiently high to produce appreciable secondary emission from the
plate. Because the screen is at a higher voltage than the plate, these
secondary electrons are drawn to the screen. Since the secondary
electrons move in the-direction opposite to that of the primary electrons,
they reduce the net plate current. If the plate is not treated to reduce
secondary emission, the number of secondary electrons leaving the plate
may exceed the number of primary electrons that strike the plate, and so
the plate current may reverse in direction. This is shown by the dashed
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curve of Fig. 3-9, which is for the old type 24A tube, with untreated
plate. ;
It is to be expected that all secondary electrons emitted by the plate
will return to the plate when the plate voltage is higher than the screen
voltage. The rise in plate current starting at voltages considerably
lower than the screen voltage shows, however, that many secondary
electrons return to the plate while the screen is still positive relative to
the plate. The reason for this is the retarding field at the plate pro-
duced by electron space charge between the screen and the plate. (It will
be explained in Sec. 3-11 how tubes may be designed so that this space
charge prevents secondary electrons emitted by the plate from going
to the screen even at plate voltages much lower than the screen voltage.)

TYPE 24 A
0 [-__.ecz=90y‘ _O/dtype 24A  ecp =3I0v. 0
v - - e, eci”

00 8 /«ticz C’om‘m/gﬂd voltag.

o / :

tE 6

592

55E 4

S18Xs}
L 0S=

585 _

EVL; X ; - LTC2 ec1==3 '

007 100 200 300 200 500

0
Il Plate Voltage, ep
A&
iy, o/d fype 24 A

Fia. 3-9—Typical screen-grid tetrode plate characteristics at 90-volt screen voltage, ecs.

As the plate voltage approaches the sereen voltage, the field at the plate
produced by the screen voltage becomes less than the retarding field
of the space charge and so the slower-moving secondary electrons are
returned to the plate. At voltages higher than that at which all second-
ary electrons are returned to the plate, secondary emission from the plate
has no effect upon the plate current, which is then determined almost
entirely by the screen- and control-grid voltages. Since very little of the
plate field penetrates to the cathode, further increase of plate voltage
has only a small effect upon the plate current. The increase of
plate current at plate voltages higher than the screen voltage is accounted
for partly by increase in the number of secondary electrons from the
screen that are drawn to the plate.

3-9. The Space-charge Tetrode.—Instead of using the inner grid
of a tetrode as the control electrode and applying a positive voltage to
the second grid, it is possible to operate the tube by applying a small
positive voltage to the inner grid and using the second grid as the control
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electrode.! The positive voltage on the first grid overcomes the effect
of the space charge in the vicinity of the cathode, and thus increases the
plate current and the transconductance. Some of the electrons are
drawn to the positive inner space-charge grid, but the remainder pass
through this grid and into the region controlled by the second grid and the
plate. The effect is in some respects the same as though the cathode
were placed much closer to the control grid in a triode. A high negative
voltage on the second grid prevents the electrons from passing to the
plate and returns them to the positive space-charge grid. As the negative
control-grid voltage is reduced, more electrons pass to the plate and fewer
to the space-charge grid. Thus, the plate current increases, and the
space-charge—grid current decreases

. . T 10 4
. . Q et E lp, o
with decreasg 'of negatlve voltage on '5116 ] (Gstonmontod foplorte) 14 £
the control grid. Figure 3-10 shows 3= =
typical curves of plate current and of 3, F e %
. . . o C
first-grid current as a’ function of © °
second-grid voltage. Zi2p N4 3
Although the transconductance of :2 rol 1o &
a space-charge tetrode is greater than ¢ &
that of a triode with a similar cathode, S s %= =% =2 = o

the relatively high current to the Voltage of Second 6rid ec,

. i Fia. 3-10.—Characteristics showing
space-charge grld results in a less effi- first-grid current 7.1 and plate current %
cient use of the cathode current. of a space-charge tetrode as a function
Because more recently developed pen- of second-grid voltage ecz.
todes have much better characteristics than space-charge tetrodes, space-
charge tetrodes are now used only in special applications, some of which
will be discussed in later chapters.

3-10. The Pentode.—For most applications the curved portions of
the characteristic curves of screen-grid tetrodes at plate voltages lower
than the screen voltage are undesirable. In amplifiers, excessive dis-
tortion results if the tube is operated in this region and, if the circuit
contains inductance and capacitance, oscillation may oceur (see See. 10-17).
Restriction of operation to the region to the right of the plate-current
dip reduces the output voltage or power that can be obtained at a given
value of operating plate voltage.

By the use of a ribbed plate and special treatment to reduce secondary
emission, it is possible to design tetrodes whose characteristic curves
do not have portions with negative slope. The type 48 tetrode is an
example of guch a tube. The effects of secondary emission can also be
reduced or eliminated by preventing the secondary electrons emitted by

L ArDENNE, M. voN, Hochfrequenztech. u. Elektroakustik, 42, 149 (1933). See
also Wireless Eng., 11, 93 (1934) (abstr.); I. LaneMuir, U. S. Patent 1558437, filed
Oct. 29, 1913; WARNER, loc. cit.
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the plate from going to the screen. This can be done by placing
between the screen and the plate a third grid, called the suppressor grid.
Figure 3-11a shows the arrangement of the electrodes of a typical sup-
pressor pentode of the voltage amplifier type, the 57. The purpose of the
shield in the dome of the tube is to shield the control-grid lead and
terminal from the plate. This shield is connected internally to the
cathode and shaped so as to act as the continuation of an external shield
which may be placed around the tube. In voltage pentodes of more
recent, design, such as that shown in Fig. 3-115, special precautions in
placing and shielding the leads have made it possible to connect the

control grid to a base pin instead of to a
-~~G Terminal  terminal at the top of the tube.! In power
pentodes the control-grid terminal is in the
base of the tube.

Figure 3-12 shows a series of plate charac-
teristics of the 57 tube at constant control-grid
: Tm~}-G; and screen-grid voltages for a number of sup-
sl ‘i e--4-Plote  pressor-grid voltages. It can be seen that the
= LL.r&-— _spiski  Secondary-emission dips move to the left and
become less pronounced as the suppressor-grid
voltage is reduced below the screen voltage.
strulz e i’;ltlge‘tf plee g;r;e‘i‘f When the suppressor voltage is zero, i.c., when
tode. GiGs, and Gs are norm- the suppressor is connected to the cathode, the
ally the control, screen, and  gecondary-emission effects are almost entirely
suppressor grids, respectively.

, absent.

The explanation of the action of the suppressor is simple. When
the suppressor is connected to the cathode, the field between the plate
and the suppressor is always such as to move electrons toward the plate.
The secondary electrons removed from the plate have sufficiently low
velocity of emission so that even at low plate voltages few can per-
manently leave the plate against this retarding field. Velocity acquired
by the primary electrons in the space between the cathode and the screen

carries most of them through the screen and suppressor and thence into
the field beyond the suppressor, which draws them to the plate.

The additional shielding effect of the suppressor grid results in grid-
plate eapacitance that is even lower.than that of tetrodes and in plate
resistance and amplification factor that are even greater than those of
tetrodes. It can be seen from Fig. 3-12 that the plate resistance of the
suppressor pentode can be varied by means of negative suppressor
voltage. '

In some pentodes the suppressor is permanently connected to the
cathode internally; in others, on the other hand, all three grids may have

1 KeLry, R. L., and MILLER, J. F., Elecironics, September, 1938, p. 26,

- Shield
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external connections in order that the grids may be used in various ways.
When the second and third grids are connected to the plate, the tube
has ordinary triode characteristics. When the first and second grids-
are used together as the control grid and the third is connected to the
plate, the tube acts as a triode with very high amplification factor and
low plate current. Other special applications of pentodes will be dis-
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Fia. 3-11b.—Typical metal voltage-amplifier pentode in which the control-grid con-
nection is brought out through the base. Note the conical stem shield 12. (Courtesy of
Radio Corporation of America.)

cussed in later chapters (see end of Sec. 6-1 and Secs. 10-3, 10-4, 10-12,
10-23, 10-39, 12-6, and 12-33). ‘

Figures 3-13 and 3-14 show the plate characteristics for two types of
suppressor pentodes, the 57 and the 2A5 (see also Figs. A-13 to 15 and A-19,
pages677-678). It will become apparent from material to be presented in
this and later chapters that ideal characteristics for amplifier tubes would
be straight, parallel, and equidistant for all values of plate voltage. The
gradual bending of the characteristics at low plate voltages, particularly
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Fia. 3-13.—Plate characteristics of a typical voltage pentode.
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noticeable in the characteristics of pentodes designed to give large
power output, such as the type 2A5, causes distortion in amplifiers and
is, therefore, objectionable. It is the result of nonuniformity of the field
in the plane of the suppressor grid. Because of the shielding action of
the grids, the plate voltage has relatively little effect upon the number of
electrons arriving in the plane of the suppressor grid. As the plate
voltage is raised, however, more and more electrons arriving at the
suppressor are drawn to the plate. The comparatlvely constant “satu-
ration’ plate current is obtained when all electrons arriving at the plane
of the suppressor are drawn to the plate. Because of nonuniformity of
field in the plane of the suppressor, saturation is attained at different
plate voltages for various points in this plane, and so the characteristics
bend over gradually and have broad knees. This difficulty is avoided
in the beam power pentode.*

3-11. Beam Pentodes.—In the beam tube the secondary electrons
are returned to the plate by the repulsion of negative space charge
between the screen and the plate. This space charge is accentuated
by the retarding field of the plate when the plate potential is lower than
the screen potential. By proper design the space charge may be made
so dense as to cause the formation of a virtual cathode [7.e., a plane of
zero average field and zero electron velocity (see Sec. 2-12)] near the
plate at low plate voltages. For all values of plate voltage less than
the screen voltage a potential minimum is formed which may be kept
sufficiently lower than the plate potential so that secondary electrons
from the plate are returned to the plate. The action is similar to that
of a suppressor grid; but, if the density of space charge and the electron
velocity at the virtual cathode are uniform and the distance of the virtual
cathode from the plate is everywhere the same, saturation takes
place simultaneously at all points in the plane of the virtual cathode,
and the knee of the plate characteristic is sharp. The virtual cathode
and the plate act in a manner similar to a diode, the plate current being
limited by space charge at low plate voltages. As in a diode, saturation
at low plate voltage, 7.e., a low-voltage knee, requires that the virtual
cathode shall be close to the plate.

In the beam power tube, of which the 616 is a typical example, the
required electron density is achieved by confining the electrons to beams.
The homogeneity of space charge and electron velocity is attained by
proper design of the contours of the cathode, grids, and plate and by
correct choice of the ratio of screen-plate to screen-cathode spacing (2.9)

! Scnapg, O. H., Proc. I.R.E., 26, 137 (1938). See also F. Berow, Z. Fern-
meldetech. 9, 113 (1928); R. S. BurNar, RCA Rev., 1, 101 (1936); J. F. DREYER, JR.,
Electronics, April, 1936, p. 18; J. H. O. Harries, Elecironics, May, 1936, p. 33; B.
SavzBERG and A. V. Hasrr, RCA Rev., 2, 336 (1938).
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and beam angle (approximately 60 degrees). The electrons are confined
to beams by means of beam-forming plates, as shown in Fig. 3-15, which
are at cathode potential. The flattened cathode gives a larger effective
area than a round cathode and so results in a higher transconductance.
The screen current of beam power
tubes is much lower than that of
Beam-forming . » SUppressor pel}todes. The screen
plorte mmmmncmmf , and control grid have equal pitch

CG‘af’:’oo/e \\\\\\ and are proportioned and assembled
Soreem— T so that the screen grid is hidden from

the cathode by the control grid, and
the individual beam sheets formed
by the control grid are focused in the
1. J plane of the screen. Very few,
= ) therefore, of the electrons moving
Fie. 3-15. Electrode structure of the toward the plate can strike the screen
type 6L6 beam power pentode. (Courtesy  directly. Furthermore, because of
of Radio Gorporation of America.) the sharpness of the beams and the
uniform fields, few electrons acquire tangential velocity at the expense
of velocity normal to the electrode planes. The number of electrons
that miss the plate at low plate voltage and return to the screen
is therefore also small. Low screen current results in a number of
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Fia. 3-16.—Plate characteristics of the type 6.6 beam power pentode.

advantages, among which are low screen dissipation and consequent
larger power rating without danger of electron emission from the screen
because of high screen temperature, and the possibility of using low-
power resistors in the voltage divider that supplies the screen voltage.
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Figure 3-16 shows the plate characteristics of the 61.6. These char-
acteristics are straight and parallel over a much greater range of plate
voltage than those of suppressor pentodes, and the knees are sharper.
The peculiar shape of the knees of the curves for positive control-grid
voltages is the result of two possible distributions of space charge at the
same value of plate voltage.! As the plate voltage is gradually increased
from a low value, the plate current increases continually until the point a
is reached, at which it jumps abruptly to the higher value corresponding
to this voltage. When the plate voltage is then gradually reduced, the
current decreases continuously until the point b is reached, at which it
falls abruptly to the lower value corresponding to this plate voltage. The
abrupt changes in current aye accompanied by changes in space-charge
distribution.

3-12. Equations for Plate Current of Multigrid Tubes.—Plate-
current equations similar to Eqs. (3-1) and (3-2) may be written for
tetrodes and pentodes. In most circuits, however, only the control-
grid and plate voltages are varied, and Eqs. (3-1) and (3-2) may be
applied.

Determination of Tetrode and Pentode Factors from Characteristics.
The plate characteristics of tetrodes and pentodes are not ordinarily
shown for sufficiently small incre- .
ments of control-grid voltage to
make possible the direct determina-
tion of u from the plate charac- —
teristics. Furthermore, the plate 8t i,
resistance of voltage-amplifier -
tetrodes and pentodes, such as the
24A (Fig. 3-9) and the 6J7 (Fig. b
3-13), is so high that the plate Fre. 3-17.—Graphical determination of
characteristics are nearly horizontal fransconductance of pentodes.
throughout the working range of voltages and the plate resistance can be
determined only approximately from the tangent to the plate characteris-
tic at the point corresponding to the given voltages. The plate resistance
of power suppressor pentodes such as the 2A5 (Fig. 3-14), however, and of
beam pentodes such as the 6L6 (Fig. 3-16) is sufficiently low so that it
can be determined with fair accuracy from the tangent to the plate
characteristic.

An approximate value of g can be found from increments of plate
current and grid voltage at constant plate voltage, as determined from
the plate characteristics. Since g, is not constant, accuracy in the values
of g, found by this method is dependent upon the use of very small
increments. Accuracy also makes it desirable to use an increment of

! SauzBERG and HAEFF, loc. cit. :

€c
!
€772 Aec
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grid voltage such that the point at which g,, is desired lies at the center
of the increment, as shown in Fig. 3-17. If the grid voltage intervals
corresponding to the available plate characteristics are large, it may be
advisable to construct the static transfer characteristic corresponding
to the given plate voltage and to find g., accurately from the slope of this
characteristic at the given plate voltage. Equation (3-22) may be used
to find an approximate value of u from g, in conjunction with the approxi-
mate value of r, determined from the plate characteristic.

'3-13. Duplex Tubes and Tubes with More than Three Grids.—
The behavior of the individual units of duplex tubes is no different
than when these units are enclosed in separate envelopes. For this
reason duplex tubes require no further discussion. Special tubes having
more than three grids will be treated in Tater chapters in connection
with their applications (see Secs. 6-18, 6-19, 9-124, and 9-22).

3-14. Applied Voltages in Grid and Plate Circuits —In most applica~
tions of vacuum tubes, one or more alternating voltages are applied to
the control-grid and plate circuits, in
addition to the steady voltages, as
shown in Fig. 3-18. The steady ap-
plied voltages E.., Ew, and E;; are
called the grid supply voltage or
C-supply wvoltage, the plate supply
voltage or B-supply voltage, and the

filament or heater supply voltage, re-
Fia. 3-18.—Triode grid and plate

circuits, showing supply voltages, spectlve.ly . v, and Up, the ajpphed
impressed alternating voltages, and -alternating voltages in the grid and

electrode voltages. plate circuits, are called the grid
excitation voltage and plate excitation voltage, respectively. - Because of
impedance drops resulting from the flow of electrode currents or other
circuit currents, the electrode voltages in general differ from the voltages
impressed upoy the electrode circuits. This will be discussed in detail
in Secs. 3-17 and 4-1. ,

All electrode voltages are measured with respect to the cathode; and
an electrode voltage is said-to be positive if the electrode is positive
relative to the cathode. Similarly, supply voltages, instantaneous
values of exciting voltages, and instantaneous values of voltages across
load impedances are ordinarily measured relative to the cathode side of
these voltages and are called positive if they tend to make the electrode
positive.

3-15. Form of Alternating Plate-current Wave.—Figure 3-19 shows
the manner in which a sinusoidal grid voltage causes the plate current
to vary when the load is nonreactive. The wave of plate current is con-
structed by projecting from the wave of grid voltage to the transfer char-
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acteristic at various instants throughout the cycle. The significance
of the ttme axis of the wave of varying plate current and of the cur-
rent Ij; corresponding to this axis should be noted. I is the current
assumed at the instants in the cycle when the alternating grid voltage is
zero. The reason why I differs from the steady current I, assumed
when the excitation is zero, will be explained in detail in Chap. 4 (Secs.
4-8 to 4-10).

Curvature of the transfer characteristic in general causes the wave of
varying plate current to be asymmetrical even though the exciting voltage
is sinusoidal. It will be proved in later sections that the wave of alter-
nating plate current, measured relative to the time axis, in general con-
tains not only a fundamental component of the same frequency as the
grid excitation voltage, but also harmonics of that frequency, and a steady
component. When the load is nonreactive, the wave of plate voltage is
of the same form as the wave of plate current.

Usually it is most convenient to measure the instantaneous value of
the alternating component of plate or grid current or voltage relative to
the time axis of the wave. Occasionally, however, it is necessary to
measure the instantaneous value with respect to the average value. An
instantaneous value measured relative to the axis differs from the value
measured relative to the average in that the former contains the steady
component of the alternating current or voltage, whereas the latter does
not. Unless otherwise specifically stated, the terms alternating plate
current ‘and allernating grid current, and the corresponding terms for
voltages, will be understood to refer to values measured relative to the
time axes.

In some applications of vacuum tubes the curvature of the charac-
teristic or the amplitude of the alternating plate current, or both, are
small enough so that the alternating plate current is essentially sinusoidal,
as shown in Fig. 3-20. The difficulty in making a rigorous analysis
sometimes necessitates the assumption that the alternating plate current
is sinusoidal, even though it is known to be distorted.

Most circuit elements dealt with in the power field of electrical
engineering are linear elements, 7.e., elements in which the currents flow-
ing through the elements are proportional to the voltages across the
elements. The currents that flow as the result of simultaneous applica-
tion of direct and alternating voltages or of two or more alternating
voltages of different frequencies are entirely independent. Hence, when:
several voltages are applied simultaneously, the net result may be deter-
mined by making relatively simple analyses involving only direct currents
or alternating currents of only one frequency at a time and superimposing
the individual results. Comparatively few symbols suffice in dealing
with such circuits. Vacuum tubes, on the other hand, are nonlinear
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circuit elements. The direct currents that flow in a circuit containing a

nonlinear element depend not only upon the impressed direct voltages but
also upon the impressed alternating voltages. Similarly, the alternating
currents depend upon both the alternating and the direet impressed
voltages. Furthermore, in addition to currents having the same fre-
quencies as the impressed voltages, alternating currents will in general
flow whose frequencies differ from those of the impressed alternating
voltages. It is apparent that the analysis of vacuum-tube circuits may
be considerably more complicated than that of power circuits containing
only linear circuit elements.
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Fic. 3-19.—Plate-current relations for asymmetrical wave of plate current.

3-16. Symbols.—Because it is often necessary to consider simul-
taneously the various direct and alternating voltages and currents in
vacuum-tube circuits, a large number of symbols must be used. This is
unfortunate but usually unavoidable. The symbols used in-this book
are based upon those standardized by the Institute of Radio Engineers.

The student will find it helpful to learn the following rules, according
to which these symbols are formed:

1. The subscripts . and , refer to the grids or to the grid circuits, and the
subseripts » and , to the plate or to the plate’ circuit.

2. Lower-case letters indicate instantaneous values of varying quantities,
and capital letters indicate steady (direct) values and average, r-m-s, and crest’
values of varying quantities (see Figs. 3-19 and 3-20).
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3. Lower-case letters with subscripts . and , indicate total instantaneous values
of varying quantities (see Figs. 3-19 and 3-20).

4. Lower-case letters with subsecripts , and , indicate instantaneous values of
the alternating components of varying quantities. If the wave form of the varying
quantity is asymmetrical, second subscripts , and  are added to differentiate
between an instantaheous value measured relative to the average value and an
instantaneous value measured relative to the. vilue corresponding to the axis
of the wave (see Fig. 3-19). ‘ :

5. Capital letters with subscripts . and , indicate direct or average values.
Second subseripts ., «, and ; are added to differentiate between quiescent, average,
and time-axis values of an asymmetrical wave of total varying plate current or
voltage (see Fig. 3-19).

Instanfaneous r-m-s a-cvatve
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/ Crest a-c

/ ’ , valve
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and average values  fotal value
1
! !
Time
Tia. 3-20.—Plate-current relations for sinusoidal wave of plate current.

6. Capital letters with subscripts , and , indicate r-m-s or crest values of
alternating quantities. Crest values of sinusoidal alternating quantities are
distinguished from r-m-s values by the addition of the second subsecript » (see
Fig. 3-20).

In tetrodes and pentodes and in tubes having more than three grids,
it is necessary to distinguish between the voltages .and between the
currents of the various grids. This is done by means of the addition of a
number in the subscript to indicate the number of the grid.” Thus e,
€2, €, ete., indicate the instantaneous total voltages of the first, second,
and third, etc., grids, grid 1 being nearest the cathode. Usually the
first grid serves as the control electrode, and e, indicates the control-grid
voltage. In many analyses it is necessary to speak only of the control-
grid voltage. It is then convenient to omit the number in the subscript,
even though the tube contains more than one grid. In the work that
follows, therefore, it will be understood that, when no number appears
in the subscript, reference is to the control grid and that the term grid
refers to the control grid.
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The symbols are as follows:

Control-grid supply voltage... ... ... ... ... ... ... ... E.or K.,
Screen-grid supply voltage.......... ... ... ... . ... . Eeeo
Plate supply voltage. . ... ... ... Ey
Filament or heater supply voltage................................ .. Ey;
Instantaneous value of grid execitation voltage........................ vy
Instantaneous value of plate excitation voltage....................... vp
Instantaneous total grid voltage............ .. .. ... ... ... ..., . e
Instantaneous total plate voltage.. .. ..................... ... ... .. 1)
Instantaneous total grid current............ ... ... ... ... ... ... %o
Instantaneous total plate current.. .. ... ... ... .. .. . L0 L 5
Quiescent (zero excitation) value of grid voltage................... ... E.,
Quiescent (zero excitation) value of plate voltage..................... By
Quiescent (zero excitation) value of grid current............... ... .. .. I
Quiescent (zero excitation) value of plate current.. ... ... ... ... .. ..., Iio
Voltage corresponding to time axis of wave of varying plate voltage. . . .. By,
Current corresponding to time axis of wave of varying plate current. . ... I,
Average value of grid voltage (grid bias)................ ... ........ E, (or E,;)
Average value of plate voltage............. ... . ... ... ... ... ... Es.
Average value of grid current. . ........ ... . ... ... ... I
Average value of plate current........... R £
Instantaneous value of alternatmg component of grld voltage .......... ey
Instantaneous value of alternating component of plate voltage, measured
relative to the time axis of the wave of alternating plate voltage...... ep
Instantaneous value of alternating component of plate voltage, measured
relative to average plate voltage.............. ... ... .. oL €pa
Instantaneous value of alternating component of grid current........ .. g

Instantaneous value of alternating component of plate current, measured
relative to the time axis of the wave of alternating plate current (see

Fig. B-10) . . e ip
Instantaneous value of alternating component of plate current, measured

relative to average plate current (see Fig. 3-19)..................... Tpa
Effective value of alternating component of grid voltage............... E,
Effective value of alternating component of plate voltage.............. E,
Effective value of alternating component of grid current.... . .......... I,
Effective value of alternating component of plate current. ... ... . .. .. I,
Crest value of sinusoidal alternating component of grid voltage (grid

WD) ottt et e e E,.,
Crest value of sinusoidal alternating component of plate voltage........ E,.
Crest value of sinusoidal alternating component of grid current......... Iom
Crest value of sinusoidal alternating component of plate current........ I,

CR I : (2o = (ro)w + 7o)

Impedance of the grid circuit at angular frequency w...... { or 2, =1+ ju

Impedance of the plate circuit (load impedanece) at angular
frequency w...........oui {Or(%)“’ = o + i@

2 =15 + j»

1 ,
Ye)o = “)a = (go)o — j(bo)w
Admittance of the grid load at angular frequency . . . 1 e
orye =— = go — jbe

c
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Wdo = (552 = @ = JOe

1 .
or yp = — = g, — jby

Admittance of the plate load at angular frequency w.

D-¢ resistance of the grid load.. P .

D-c resistance of the plate loa.d e A 73

Effective value of the alternatmg voltage drop in the plate clrcult im-
Pedance. . ... ... Ey

3-17. Current and Voltage Relations in the Grid and Plate Circuits.—
The following relations are apparent from Fig. 3-18 and from Fig. 3-19
and the similar wave of plate voltage:

7:1; = Ibt + ip = Iba + ipa ' (3’24)

ey = Ebt + Cp = Eba + €pa (3-25)

Eve = Ew — LBy (3-26)
di N 1 .

€p = Vp — (L,, Eltz + r4ip + o / i» dt> (3-27)

in which Ly, 15, and C, are the equivalent series inductance, resistance,
and capacitance of the plate load. For the special case in which the
wave of alternating plate current is symmetrical, as illustrated by the
sinusoidal current wave of Fig. 3-20, I, and I; are identical with I, and
Ei and Ey, are identical with Es,. 1, and i, are then also identical, as
are e, and: e,,. For a symmetrical wave, therefore, Eqs. (3-24), (3-25),
and (3-26) reduce to the following:

G = I + %y . (3-28)
s = By + €5 (3-29)
Ep = By — LBy (3-30)

Equation (3-30) also holds when the excitation voltage is zero. When
the plate current is sinusoidal, Eq. (3-27) may be written more con-
veniently in terms of effective values, as follows:

By =V, — L (3-31)

In many circuits the plate excitation voltage V, is zero, aﬁd Eq. (3-31)
reduces to
E, = —Ip (3-32)

The following equations are apparent from Fig. 3-18 and from a
diagram analogous to that of Fig. 3-19: ‘

b= T+ 4y = Lg + tpa (3-33)
ec=E; + e, = E; + ey (3-34)
E. (or E,) = E., — L.R. (3-35)

ey = Vg — (L ((i;t" + ray + g—c / g dt> (3-36)
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in which L., 7., and C. are the equivalent series inductance, resistance,
" and capacitance of the grid load. In many vacuum-tube circuits, cur-
rents other than grid current flow through impedances contained in the
grid circuit (see Sec. 4-1). The expression for ¢, given by Eq. (3-36)
must then be replaced by one including the alternating voltages resulting
-from the flow of these additional currents.

" In many vacuum-tube circuits the control grid is maintained suffi-
ciently negative so that grid current does not flow. TUnless some other
direct current flows through a resistance contained in the grid circuit,
Eq. (3-35) then simplifies to

Ec(or Ecu) = Ecc (3_37)

and, unless some other alternating current flows through an impedance
contained in the grid circuit, Eq. (3-36) becomes

e, = v, (3-38)
‘which may also be written in terms of effective values as follows:
E, =V, (3-39)

The method of evaluating E,, when E, results wholly or in part from the
flow of alternating currents through impedances contained in the grid
circuit, will be explained in detail in See. 4-1.

3-18. Static and Dynamic Operating Points.—The steady values
of electrode voltages and currents assumed when the excitation voltages
are zero are called the quiescent or static operating voltages and currents.
The point on the static characteristics corresponding to given static
operating voltages and currents is termed the static operating point (or
quiescent point). The static operating point will be indicated on the
characteristic curves by the letter O and will sometimes be referred to
as the O-point. The average values of electrode voltages and currents
assumed with excitation are called the dynamic operating voltages and
currents. The corresponding point on the plate characteristics is termed
the dynamic operating point and will be indicated by the letter A. The
dynamic and static operating points coincide when the wave of plate
current is symmetrical. Static and dynamic operating points will be
discussed in detail in Secs. 4-7 to 4-13. .

The amplitude of the alternating control-grid voltage E,. is called
the grid swing. The direct component of control-grid voltage E, is
called the grid bias or C bias. Because the symbol E, has long been used
to represent the grid bias, this symbol, rather than the alternative E.,,
will be used throughout the remainder of this book. QGrid bias may be
obtained by the use of a battery or other source of fixed voltage, or it
may be produced by the flow of cathode current through a resistance, as

.
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in Figs. 5-7 and 5-8. The former is called fized bias, the latter self-bias.
The term bias is also sometimes applied to the direct component of
voltage of electrodes other than the control grid.

3-19. Generation of Harmonics.—If a sine wave of excitation voltage
is applied to an electrode of a vacuunt tube, it is found that the plate
current in general contains not only an alternating component of the
same fréquency as that of the applied voltage but also components whose
frequencies are equal to harmonics of the impressed frequency. Usually
there is also a change in average plate current. If two or more sinusoidal
voltages are impressed simultaneously the wave form of the alternating
plate current is even more complicated, containing the applied frequencies

ipl -

Average. _
currest

Fra. 3-21.—Generation of second-harmonic and steady components of plate current by a
tube with a parabolic transfer characteristic.

and their harmonics and also frequencies equal to the sums and differences
of the applied frequencies and their integral multiples.!

The generation of new frequencies by a vacuum tube is assocmted
with the fact that it is not a linear circuit element, <.e., that the charac-
teristic curves are not linear. The appearance of plate-current com-
pohients of frequencies different from the impressed frequency as the
result of curvature of the transfer characteristic can be readily demon-
strated graphically. The transfer characteristic of Fig. 3-21 is parabolic,
and the exciting voltage sinugoidal, as indicated by the curve of ¢, The
wave of 7, is constructed by finding from the transfer characteristic the
values of instantaneous plate current corresponding to instantaneous
grid voltages at various instants of the cycle. The dotted curves show

11t is evident, therefore, that it is not in general possible to apply to the vacuum
tube the superposition theorem, which states that the current that flows through a
linear circuit element as the result of a number of simultaneously impressed voltages
of different frequencies is equal to the sum of the currents that would flow if the
various voltage components were applied individually.
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the fundamental, steady, and second-harmonic components into which
the alternating plate current 7, may be resolved, ‘

3-20. Series Expansion for Alternating Plate Current.—Theoretically,
it should be possible to predict from Eq. (3-2) and corresponding tetrode
and pentode equations the form of the alternating plate current cor-
responding to an exciting voltage of known wave form. Practically,
however, F(e, + pe. + €) is so complicated in form that Eq. (3-2) is of
little or no value for this purpose. The behavior of a nonlinear circuit
element can in general be analyzed mathematically most readily by
expressing the alternating current in the form of an infinite power series.
For a two-terminal element, in which the current depends upon only one
voltage, the series involves only the impressed voltage, the element
impedance and its derivatives at the operating point, and the cireuit
impedance. It may be derived by the application of Taylor’s expansion
for a function of one variable to the functional equation of current.
Because the plate current of a vacuum tube depends upon all the electrode
- voltages, a complete series expansion applicable to a tube with three or
more electrodes must involve all electrode voltages, as well as various
tube factors and their derivatives at the operating point.! The general
series expansion. for tetrodes and pentodes is complicated, therefore,
particularly if control-grid current is assumed to flow and the control-
grid circuit contains an impedance. When all electrode voltages except
those of the control grid and the plate are constant, however, as is
usually true, the action of multigrid tubes is similar to that of triodes, and
the general form of the series reduces to that for a triode. The triode
expansion may consequently be applied to any tube in which only the
plate and control-grid voltages vary. Furthermore, most problems in
which the series expansion is of value can be adequately treated by the
use of the form derived under the assumption that control-grid current
does not flow. A further simplification results from the assumption that
u is constant, which is approximately true in many tubes. For the gen-
eral forms of the series expansion for plate current of multigrid tubes, and
for the similar expansions for currents to other electrodes, the student
should refer to the work of Llewellyn? and others.?

3-21. Series Ezxpansion. Resistance Load.—The series expansion
for the plate current of a triode with negative grid voltage, constant
amplification factor, and nonreactive load has the following form:

i, = a1 + aze® + aze® + - - - - (3-40)

1 CagrsON, J. R., Proc. I.R.E., 7, 187 (1919).

2LiEwELLYN, F. B., Bell System Tech. J., b, 433 (1926).

3 BRaINERD, J. G., Proc. I.R.E., 17, 1006 (1929); CaroraLe, P., Proc. I.R.E.,
18, 1593 (1930); BoxNEr, M. O., Phys. Rev., 39, 863 (1932); BENNETT, W. R., Bell
System Tech. J., 12, 228 (1933); Esprey, D. C., Proc. I.R.E., 22, 781 (1934); BARROW,
W. L., Proc. I.R.E., 22, 964 (1934).
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where
_ »
= p + 7
N e r B L
Qs = 20y  70)? 96, (3-41)
_ piry _ Iy 9 7'13]
a3 - 6(7'1) + Tb)5 [(2TP Tb) <63b> TP(TP + Tb)
and -
e =e, + % ' (3-42)

- For common high-vacuum triodes, Eq. (3-40) converges rapidly
enough so that the required accuracy -is usually obtained with only a
few terms of the series if the current amplitude is not too great. 9r,/de,
may be evaluated by plotting a eurve of r, vs. & determined from the
static plate characteristic corresponding to the given operating grid bias.
dr,/dey is the slope of this r,-¢, curve at the point corresponding to the
operating plate voltage. Other higher-order derivatives may be evalu-
ated in a similar manner from curves of derivatives of the next lower
order, but the accuracy rapidly decreases with increase of order of the
derivative. The value of the series expansion lies not so much in the
direct solution of numerical problems, as in the general analysis of
the operation of vacuum tubes. In later chaptersthe series expansion will
be applied to the analysis of the operation of vacuum tubes as amplifiers,
detectors, modulators, and oscillators.

3-22. Derivation of Series Expansion..—Equations (3-40) and
(3-41) are derived by applying Taylor’s theorem for two variables to
Eq. (3-2). This gives the following equation for alternating plate
current: '

. ‘1 M % 1 [
zp—ﬁ(gaea‘l"a_ebep)'_"m(a a+ >+
o (‘”” o+ 32 ) + oo (343)

M Y. . .
¢p ) is a convenient symbolical

in which a term of the form <% e +

de, e

representation of the ferms?

1 The following outline of the derivation of Eqs. (8-40) and (3-41) is included in
order to explain the general method and justify the use of these equations throughout
the remainder of the book. The student will not be seriously handicapped by
omitting Sec. 3-22. .

2 Oscoop, W. F., “Advanced Calculus,” p. 172, The Macmillan‘Company, New
York, 1925.
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0™ ™ = n(n — 1) 0™ _
n + R S A n 2
R T e Taat s e L
n n— 1)n — 2 oM
( 3)1( ) -de, "—31:96 3 et + - - (3-44)

and all derivatives are evaluated at the static operating point.

Although the amplification factor varies with operating voltages, for
many purposes sufficient accuracy is obtained by assuming it to be
constant. Under this assumption a term of the form 98%4/de. " "dey™

ny, ¥

becomes u*" ge‘?’ and Eq. (3-43) reduces to

a1 e e,)? 0%
= (ep -+ 'ueg) % ,(_pi’u'—gl 9%

2' 3652
ep + uey)® 9%
( P 31 ﬂ) &b% (3_45)
But, at the operating point,
o, _ 1
oep Tp
%, 9 (1) 1 orp ,
der? e (r,,) T rpt de (3-46)
. O _ 1 [ (or)' 6_]
de3 1y des, P dey?
Therefore,
i = ep 1 ueg _ (ep+#ey)_2%
? 117, 27,2 e *
(ep + ue,)® orp ’ 9rp
EFIrE e 2 6] T 7 3o + - (347)

The plate resistance r, and its derivatives in Eq. (3-47) are evaluated
at the operating point.

Vacuum tubes are usually used with some form of load impedance
in the plate circuit. It is convenient to consider first the relatively
simple case in which the load is a resistance. For resistance load,
Eq. (3-27) is :

€p = Vp — LpTy (3-48)
and

ep -+ pe, = vp F uey — i1 = 4 (eg + %—’) — Ty - (3-49)

or
ep + pey, = pe — iy v (3-50)
* This may be shown by applying a™i/de.* ™de;™ and d™i/des” to Eq. (3-2).
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Substituting Eq. (3-50) in Eq. (3-47) gives

pe — oy (ne — izﬂ‘b)z ary
117, 21 r,t des

(uegTrz:rb)[ ( ) pge’p] F e (3-51)

Equation (3-51) cannot be conveniently used, because 1, appears in an
involved manner on the right side of the equation. An explicit expression
for i, may be obtained by assuming that ¢, is of the form of Eq. (3-40)

ip =

1, = 016 + aze? + aze® + - - - (3-40)

The coeﬁiments of Eq (3-40) may be evaluated by substltutlng (3- 40)
-in (3-51), giving

2
*© pne — Ty 2 a,e” pe — 7y E ane™
Tp

Z a'e“ — n=1 _ n=1 L
~ " 11r, 21r,2 ae,,'
. - .
(”e " 21 " o\ o
+ 3119 [2 (Fei) ~ 7T aebz] toos (352

[ 4
Equation (3-52) is an identity, which must hold for all values of e.

This can be true only if for every value of n the summation of ferms
in ¢* on the left side of the identity is equal to the summation of terms
of ¢" on the right side. Terms in e on the right side arise only from the
first term of Eq. (3-52). Therefore,

ae = <ﬁ — M) e (3-53)
Tp Tp

Terms in ¢? arise from the first two terms of the right side of Eq (3-50).
Therefore, .
— 2
et = — l:%@ + (m 27:217”1») %’;i:l o2 ' (3-54)
By the solution of Egs. (3-563) and (3-54) and a similar equation in.e?, the
first three coeflicients of Eq. (3-40) may beé shown to have the values
given by Eqgs. (3-41).

3-23. Harmonic Generation and Intermodulation.—Before proceed-
ing to a discussion of the more general problem of a tube with impedance
load it is necessary to show that the presence of the second- and higher-
order terms of the series is associated with the production of components

~of alternating plate current of frequencies other than those which are



78 APPLICATIONS OF ELECTRON TUBES [CraP. 3

contained in the applied signal. Consider, for instance, the simple case
in which the excitation voltage has only a single frequency. Then

e = FE, sin wf
et = E,2sin? bt = $E,% — $E.? cos 2wt (3-55)
e = $E,3 sin wt — 1E,.® sin 3wt

Thus the second-order term of the series gives rise to a steady component
and to a second-harmonic component in the alternating plate cufrent.
The third-order term gives rise to a fundamental and a third-harmonie
component of alternating plate ecurrent. The production of harmonics
in the plate current has been shown graphically in Fig. 3-21 for the simple
case in which the static characteristics are assumed to obey a parabolic
law, % = A(es + pe.)? and 2, is assumed to be zero. If r, is zero, as, as,

. . aib ,u.2 02ib M3 33’Lb .
and as, as given by Eqs. (3-41), reduce to u %, 21952 0d 37 36,7
respectively. Similarly, any coefficient a, reduces to 2 ) S %

espectively. y, any » n! dey mnee dey?

and higher-order derivatives of plate current with respect to plate
voltage are zero when the static characteristics obey a parabolic law,
the plate-current series contains only the first- and second-order terms.
Consequently the alternating plate current should consist of fun-
damengal, steady, and second-harmonic components when the excita-
tion is sinusoidal. This is in agreement with Fig. 3-21.

If the excitation voltage contains more than one frequency, the plate
current contains not only the impressed frequencies and their harmonics,
but also frequencies equal to the sums and differences of the impressed
frequencies and their integral multiples, as may be shown by expanding

(E1 sin wlt + E2 sin wal + Es sin wsl + st )".

These are called intermodulation frequencies. Intermodulation is defined
as the production, in a nonlinear circuit elerment, of frequencies equal to
the sums and differences of integral (1, 2, 3, etc.) multiples of two or
more frequencies which are transmitted to that element. It should be
noted that the harmonic and intermodulation frequencies contained in
the output are not present in the impressed excitation but are generated
by the nonlinear circuit element. It is also important to note that the
fact that the intermodulation frequencies are equal to the sums and
differences of multiples of the impressed frequencies does not imply that
these sum and difference frequencies are the result of interaction of the
generated harmonies. The sum and difference frequencies and the
harmonics are generated simultaneously by the nonlinear element. It
will be shown in later chapters that intermodulation jn vacuum-tube
circuits is sometimes desirable and sometimes objectionable.
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* The production of intermodulation frequencies can be demonstrated
in a striking manner by a simple laboratory experiment. The voltages
from two audio-frequency oscillators are filtered to remove harmonics
and are applied in series to the grid circuit of a vacuum tube. The
voltage developed across a plate load resistance (preferably considerably
smaller than the plate resistance) is applied to the input of a low-pass
filter (0 to 3000 cps, for instance), the output of which goes to headphones
or, through an amplifier, to a loud-speaker. The oscillator frequencies
are made high enough so that the fundamental components of the output
voltage cannot pass through the filter. Various combinations of oscilla-
tor frequencies can be found at which one or more frequencies are heard
in the phones, the pitch of which varies with the tuning of either oscilla-
tor. The frequencies are always found to be equal to the difference
between one oscillator frequency ‘or one of its multiples and the other
oscillator frequency or one of its multiples. Since the application of
oscillator harmonics to the grid is prevented by filtering the oscillator
voltages, the frequencies that are heard in the output are generated by
the tube. A similar experiment, performed with a high-pass filter in
the output, déemonstrates the production of intermodulation frequencies
equal to the sums of the oscillator frequencies and their multiples.

3-24. Series Expansion. Impedance Load and Variable Amplification
Factor—The derivation of the series expansion for the more genesal case
of impedance load, although similar in form to that for resistance load, is
considerably more complicated. Since the coefficiénts of the series
involve the load impedance, which depends upon the frequency, there
must be a coefficient a, for each frequency arising from the expansion of
e* = (B, sin wit + Ep sin wit + - - - )%, instead of a single coefficient
a,, as with resistance load. This fact may be indicated by writing Eq.
(3-40) in the form

= 2(116 + 2a262 + Ea363 + ¢t (3*56)

An exclilent development of the series expansion for the general case of
impedance load and variable amplification factor has been given by
Llewellyn, who has derived the first two coefficients.! These are

_ M
( @ =05 G
az)h—alc = ] o (3-57)
K 3o Elrp? — (zb)h(zb)k rp + ()allr, + Go)i) — pir, == Tor

20rp, + (Zb) Tp + @E)llry + (26)n—]

! LLEWELLYN, loc. cit.
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in which ‘
@ =nF i @ =7 = @)
(Z)h-r = 15 + J(@o)nk

and r, and g and their derivatives are evaluated at the operating point.
The subscript » in the symbol (zs), indicates that the reactance of the
load is to be evaluated at the frequency 2xh. The coefficient (as)nss is
similar to (as)s_i except that (Z)r and (2)r—+ are replaced by (z)r and
(2o}, respectively. The coefficients for the second-harmonic and
steady components may be written in the forms (ag)iin, (@2)irr, (@2)n-n,
(@2)s—n, ete., and found from the formulas for (az)sir and (ag)r-— by
replacing k& by h wherever it appears in these formulas.

Because the plate current contains components having different
frequencies, the series expansion cannot be stated in terms of effective
values of currents and voltages. Since an imaginary component of
instantaneous current has no apparent meaning, some question arises
as to the significance of the use of complex coefficients in conjunction
with instantaneous values of voltage. No difficulty arises, however, if
the coefficients are considered as a form of shorthand notation. The
magnitude of each coefficient can be used to determine the amplitude of
the particular component of plate current, and the angle can be used to
determine the phase angle of that component of current. Consider, for
ingtance, the simple case in which ¢ is of the form F sin wt. The first
coefficient a; is w/[rp, + 7o + j(2s).], and the first term in Eq. (3-56) is
ue/lrs + 1 -+ j(xs)o), which should be interpreted as a convenient short-
hand method of expressing the instantaneous value of the fundamental
component of plate current,

. ME ‘ . _ —1 (xb)‘“ .
Vo Frr T (xb)w2 sin [wt tan T Tb]

The second term of the series consists of a steady component and a
second-harmonic component. The latter is of the complex form
: , , .

b,
c+jd "’

. . bE* . _
which should be interpreted as m sin (2wt — tan—! g) If the

exciting voltage contains two frequencies f, and f, whose values are, by
way of example, 60 and 100 cps, respectively, the exciting voltage is of
the form  E,sin 120xt 4+ Ej sin (2000xt + ). The first term of Eq.
(3-66) then becomes! wen/[rp, + (25)120s] + ner/[rp + (2)2000s], Which

+ The symbols (2)120r and (2s)120r indicate that the impedance and the reactance
of the load are to be evaluated at the frequency 120 eps.
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should be interpreted as

——ﬁgk— sin [ 120xf — tan™—! (@) 120¢
Vry + 1)+ (25)120e2 T

pEi : R (xb)zooof}_
+ V.t 7_'17)2 T oot sin [20001rt + 6 — tan g

The second term of the series gives rise to a steady component, a 120-
cycle component, a 2000-cycle component, a 1060-cycle component, and a
940-cycle component. The. amplitude of the latter component can be
determined, for example, by multiplying the product E,Ex by the magni-
tude of the coefficient (@2)s40, which is found by substituting (2s)s000r,
(Zs)120m, and (2p)1ss0r in Eq. (3-59).! The amplitudes of the other com-
ponents can be found in a similar manner.

When only the first term of the series expansion is taken into con-
sideration, 7.e., when the tube is assumed to be a linear circuit element,
the plate current contains only the impressed frequencies and Eq. (3-56)
reduces to

. e i
ip =i T a (3-58)

for each frequency contained in the excitation voltage e. Effective
values of current and voltage may then be used and Eq. (3-58) written
in the form

pE __ pE, +V,
m+z 1t

No step in the derivation of Eqs. (3-40) and (3-41) restricts these
equations to alternating exciting voltage. They apply equally well when
e is a small change of applied grid or plate voltage. Equations (3-56)
and (3-57), on the other hand, involve impedances that are evaluated
at specific frequencies. They cannot, therefore, be used when e is not a
periodiec function of time. The sudden application of grid or plate
excitation or of direct voltages will in general result in the production of
transient components of plate current when the grid or plate circuits
contain reactance. The theory of the transient behavior of tube circuits
is beyond the scope of this book.?

3-25. Relation of Series Coefficients to Dynamic Tube Characteris-
tics.—A study of Egs. (3-41) and (3-57) shows that the introduction of
load impedance into the plate circuit reduces the ratios of the coefficients

1, = (3-59)

1 The amplitude of a plate-current component whose frequency is nfy + mfi is
equal to E;*Ey™ multiplied by the magnitude of the coefficient (@n—m)swk. B

? Jackson, W., Phil. Mag., 13, 143, 735 (1932); ScuLEsiNGER, K., E. N. T., 88, 144
(1931). '
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of the higher-order terms of the series to the first-order coefficient. This
can be shown most readily for the special case of resistance load. For
resistance load, Eqs. (3-57) give the following expression for the ratio of
the coefficient of the second term to the coeflicient of the first term of the
series:
2
as g_é: (rs* — n?) + 2—2 (‘#))‘ = KTp %Z:
a; 2(rp + ) '

(3-60)

As 7, is increased, the ratio is reduced and approaches the limiting value,

3 (i— ge% — gg) If p is practically constant, as is true over certain ranges
in many tubes, the ratio of a; to a; decreases rapidly and becomes neg-
ligibly small as r, becomes large. If u is constant, the introduction into
the plate circuit of a load resistance equal to twice the plate resistance
reduces a; to ¥ its value for zero load resistance and a, to 5% its value
for zero load resistance. The ratios of a; and higher-order coefficients
to a, decrease even more rapidly with increase of load resistance than that
of a; to a;. A similar analysis for the more general case of impedance
load, although not quite so simple, also shows that in general the ampli-
tudes of the second- and higher-order terms of the series are decreased
relative to the amplitude of the first term by an increase of load impedance
and, if u were constant, could be reduced to any desired degree by making
2/7p sufficiently high. '

Equations (3-40) and (3-41) show that for resistance load the dynamic
transfer characteristic would be a straight line if the series contained only
the first term and that the presence of the higher-order terms is associated
‘with curvature of the dynamic transfer characteristic. If only the first
- term were present, a change of grid voltage Ae. would result in a propor-
tional change of plate current Az, indicating a linear relation between 4
and e, The higher-order terms of the series destroy this linearity, since
contributions to Az, from the higher-order terms are not proportional to
Ae.. Reduction of the higher-order terms of the series by increase of load
resistance is, therefore, accompanied by reduction of the curvature of the
dynamic transfer characteristic.

That the transfer characteristic of a triode is straightened in the
negative range of grid voltage by the introduction of plate load resistance
and, hence, that the coefficients of the second and higher terms of the
series are reduced with respect to the first term can also be shown by
constructing dynamic transfer characteristics for different values of load
resistance. Although the dynamic transfer characteristics ecan be most
readily obtained from the plate family of characteristics in a manner that
will be explained in Chap. 4, it is instructive at this point to derive one
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from the static transfer characteristics. O represents the static operating
point in Fig. 3-22. With no external resistance in the plate circuit a
" change of grid voltage from E, to E, + Ae. would cause the current to
change to 4/, corresponding to a new point a on the same static character-
. istic. With resistance in the plate eircuit, however, the increase of plate
current accompanying the change in .

grid voltage increases the IR drop in TE,
. . E L

the plate circuit and thus reduces the exEpo Ry A iy 77 A& 3

voltage of the plate to a new value /7,

Eb,,'— RsAtp, corresponding to point a'. Eyo~Rp Alp -7 / / ;f

Similarly, if the grid voltage is changed s/ /)

to E, — Ae., the point shifts to b’. By L7/ Ib vAL
: . . LA 7 |Jeo™ B

plotting corresponding values of 4, and AT A S b0

¢, 1t is possible to obtain the complete Z //'

dynamic transfer characteristic, shown = Ede.”  AE. MNEtheq

by the dashed line. Figure 3-23 shows Grid Voltage

the dynamic transfer characteristics of Fia. 3-22.—Construction of a dy-

namic transfer characteristic from the

a type 56 triode for various values of family of static transfer characteristics. -

resistance load, the plate supply voltage
being increased with R in such a manner as to maintain the same static
operating point. Figure 3-24 shows similar curves for constant plate
supply voltage.

In the positive range of grid voltage, the introduction of load resist-
ance into the plate circuit may increase the curvature of the transfer

tp

ip,mo.

+ y e,
2300 -0 -0 0 -3 -0 -0 D <
Grid Volts Grid Volts

F1a. 3-23.—Dynamic transfer character- FiG. 3-24.~—Dynamic transfer character-
istics of the type 56 triode for four values of  istics of the type 56 triode for five values of
load resistance at fixed operating voltages. load resistance at fixed plate supply voltage.

1y = Ry

characteristic. The reason for this is made apparent by reference to Fig.
3-6. Since the amplification factor- is equal to the slope of the ese,
characteristics, it is evident from Fig, 3-6 that the amplification factor
varies greatly in the positive region of grid voltage. Hence the ratio
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as/a; given by Eq. (3-60) does not approach zero as 75 is increased, but
increases with 7, at large values of r,. The increase of curvature with
increase of load resistance can also be explained readily physically. As’
pointed out on page 49, the bending over of the transfer characteristics at
positive grid voltages results in part from diversion of electrons to the grid.
At a given positive grid voltage, the number of electrons diverted to
the grid increases as the plate voltage is decreased. The increase of
IR drop resulting from an increase of load resistance decreases the plate
voltage. More electrons are diverted to the grid, and so the plate current
is decreased. Increase of load resistance therefore increases the bendmg
over of the transfer characteristics at positive grid voltages and may even

cause them to have maxima.
b At large values of grid excitation voltage,
the amplification factor of pentodes is not con-
stant throughout the negative-grid range of
operation and, although the curvature of the
transfer - characteristic first decreases with
increase of load resistance, a value is reached
beyond which curvature again increases (see

E T ec Sec. 6-25).

Grid Voltage When the load contains reactance, as well as

Fra. 3-25—Typical dy- resistance, the behavior is complicated by the
?Oarﬁll;fd:ﬁlrciflljielro;‘éara‘?teris'“ié phase difference between the plate voltage and

plate current. If the impedance is sufficiently
hlgh the dynamic transfer characteristic obtained with sinusoidal excita-
tion is nearly elliptical. For lower values of impedance the dynamic
transfer characteristic resembles an ellipse but has a curved axis, as shown
for inductive reactance in Fig. 3-25. As the reactance is reduced, the
path of operation gradually changes into the curve obtained for pure
resistance (see Sec. 4-6).

3-26. Dynamic Plate Resistance.—The dynamic plate resistance is the
quotient of the alternating plate voltage by the inphase component of the
alternating plate current, all other electrode voltages being maintained
constant. The quadrature component of current, which results from
electrode capacitances and, at ultrahigh frequencies, from electron transit
time, is negligible at low audio frequency. The inphase component of
plate current corresponding to a given alternating plate voltage when
other electrode voltages are constant may be found from Eqs. (3-40) to
(3-42) by making e, and 7, zero. When 14 is zero v, = e,, and Eq. (3-40)
becomes

Plate Current

' ‘o2 3 . 2
,L-?=@_6Lz_9_@+ep (2%_,~%>+... (3-61)

T, 2r,t e, 61,2\ des P dep?
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Because of curvature of the static plate characteristics, the derivatives
of the plate resistance are not zero. When the excitation voltage is high,
therefore, the second- and higher-order terms of Eq. (3-61) are not negligi-
ble. Contributions of the third- and other odd-order terms to the funda-
mental component of plate current cause the ratio of the alternating plate
voltage to the fundamental component of alternating plate current to
differ from r,, the static plate resistance. As ¢, is reduced, however, the
ratio of the higher-order terms to the first term decreases, and e,/7,
approaches r,. If the amplitude of the plate excitation voltage is small
enough, the dynamic plate resistance approximates the value determined
from the slope of the static characteristic at the operating point (at
frequencies low enough so that the electron transit time is negligible).
The static plate resistance may, therefore, be found dynamically by using
a sufficiently small plate excitation voltage. In a similar manner it may
be shown that the dynamie measurement of transconductance and of
variable amplification factor requires the use of small excitation voltages.

Problems

8-1. From thé static plate characteristics of the type 6J5 tube find the values of
Hy Tpy, and gn at the point E, = 200 volts, E. = —8 volts.

3-2. From the static plate characteristics of the type 6SJ7 tube, find the values of
Ky Tpy and gm at the point B, = 200 volts, E. = —2 volts.

3-3. a. From the followmg data find approximate values-of g, 7p, and gm at the
point Ey = 180 volts, E. = —12.5 volts. (Note that only two of these factors can be
found directly from the data given.)

Ey, volts E,, volts | I, ma

180 —-12.5 7.5
160 —10.0 7.5
180 —-12.3 7.84

b. From the following data find approximate values of ,4, rp, and gn at the point
Ey = 250 volts, E. = —16 volts.

By, volts| E., volts | Iy, ma

250 —16 2.0
220 —14 2.0
260 —16 3.0

8-4. Determine the frequencies of all components of alternating plate current
associated with the first three terms of the plate-current series when the frequencies
60, 100, and 900 cps are simultaneously impressed upon the grid of a vacuum tube.
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3-6. Equation (3-2) suggests that it should be possible to express the alternating
plate current by the following series, in Which u is assumed to be constant:

ip = ki(ep + ney) + kolep + pey)? + kalep + peg)® 4+ - - - (3-62)

By differentiating both sides of this equation successively and evaluating each
iy
derivative at the operating point, show that k. = %e%'b‘:lo X 7%7 and thus derive
Eq. (3-45).
3-6. a. Show that, if the amplification factor is constant and the load impedance

u™ 3" )
i @b [see Eq. (3-45)].

zero, the coeflicients a, of the series expansion for.i, reduce to
b. Show that, if the static characteristics are assumed to be parabolic, all coefficients
of terms of the series expansion for 7, of higher order than the second are zero.
¢. By means of the series expansion show that for parabolic characteristics, con-
stant amplification factor, and zero load impedance the amplitudes of the steady and
second-harmonic components of plate current are one-fourth the amplitude of the
‘fundamental component when the grid bias E. is one-half the cutoff value and
e = ¢, = E, sin wt.
3-7. Show that Egs. (3-57) reduce to Eqs. (3-41) if y is constant and the load is
nonreactive.
3-8. Evaluate a; and a, graphically for a type 6J5 triode with resistance load at
rated operating voltages when (a) ro = 0; (b) s = rp; (¢) 75 = 2rp.



CHAPTER 4

METHODS OF ANALYSIS OF VACUUM TUBES AND
VACUUM-TUBE CIRCUITS

Since the application of vacuum tubes is governed in part by the
extent to which it is possible to analyze the operation of tubes and asso-
ciated circuits, a study of the methods of analysis is of considerable
importance. This chapter will, therefore, present analytical and graphi-
cal methods of analysis of high-vacuum tubes and their circuits.

4-1. The Equivalent Plate Circuit."—In the solution of many vacuum-
tube problems, particularly when the excitation voltage is small and the
load impedance high, sufficient accuracy is obtained by making use of only
the first term of the series expansion for the plate current [Egs. (3-58)
and (3-59)]. To a first approximation the alternating plate current is
then given by the equations

uwE wE

I = T+ 2 Tp 76+ JT (4-1)
ul
V() o (*+2)
where .
= Zl’ - —1_ "
E = ; + E, and 6 = — tan P

In these equations 7, is the plate resistance at the operating point, and
25 is the impedance of the plate load at the frequency of the applied
voltage. The value of I, given by Eqs. (4-1) and (4-2) is the same as that
which would flow in the simple series circuit of Fig. 4-1a. This equivalent
plate circuit may, therefore, be used to find the approximate value of the
fundamental component of plate current and of the currents in the various
branches of the load impedance. This fact may be expressed in the
form of the equivalent-plate-circuit theorem for amplification, which states
that the fundamental component of alternating plate current is approxi-
mately equal to the eurrent that flows as the result of the application of

! M1LLER, J. M., Bur. Standards Bull. 15, 367 (1911); Proc. I.R.E., 6, 141 (1918);
Van pER Bur, H. J., Phys. Rev., 12, 171 (1918); Proc. I.R.E., 7, 97 (1919); CHAFFEE,
E. L, Proc. I.R.E., 17, 1633 (1929); Gooprug, W. M., Elecironics, December, 1933,
p- 341; Ricuarer, W., Electronics, March, 1936, p. 19; Lanoon, V. D., Proc. I.R.E., 18,
294 (1930).
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the voltage V, 4+ pE, to an equivalent circuit consisting of the external
load impedance in series with a constant resistance equal to the a-e plate
resistance of the tube at the operating point.

Equation (4-1) may also be written in the form

Balgs +90) = Vogy + Bogm " (4-3)

Equation (4-3) suggests the parallel equivalent circuit of Fig. 4-1b.
The ease of combining admittances sometimes makes it advantageous to
use Eq. (4-3) and the parallel equivalent circuit; in place of Eq. (4-1)
and the series equivalent circuit, particularly when the load impedance
consists of a number of parallel branches (see Appendix, Sec. A-1).

By making use of the first term of the series expansion for the grid
current, equations analogous to Egs. -

~<—Vpgp*Eqg
. = P gg = (4-1) and (4-3) may be derived for
p of PAT the grid circuit of a triode
r Bz » ' :
SR o i
‘ I, = "¢ + wly (4-4)
Vptutg ot
(@) (v) and
Fig. 4-1—Series and parallel equivalent
16 T ate dreuits. o Baolge + 9 = Vogy + Hoga (4-5)

The equivalent grid circuits are of the same form as Figs. 4-1a and
4-1b, the subscripts ,, 4, and ; being replaced by 4, ,, and ., respectively
and u by ;. Equations (4-1) to (4-5) may also be written in terms of
" crest values of currents and voltages. Similar equations may be written
for any electrode of a multigrid tube.

Equations (4-1) to (4-5) are based upon Fig. 3-18, in which the load
impedance is assumed to be free of e.m.fs. and the plate excitation voltage
V, is assumed to be in series with z,. The load impedance is in general
made up of a number of branches that may contain other e.m.fs., in
addition to or in place of the e.m.f. inl series with the.entire impedance.
Application of the principle of superposition, which is valid under the
assumption that the second- and higher-order terms of the plate current
series may be neglected, shows that the presence of additional e.m.fs.
within the load does not affect the currents caused by E, or by a voltage
V, in series with 2. The equivalent circuit will, therefore, give the
correct values of currents if the additional voltages are included in the
equivalent circuit in, the positions that they occupy in the actual circuit.
The equivalent circuit must include all portions of the actual circuit
that are conductively, inductively, or capacitively coupled to the plate.

If the grid circuit contains impedances through which alternating
current flows, as in Figs. 4-2 and 4-30, the value of the alternating grid
voltage E, may differ from the excitation voltage V, applied from an
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external source. V, may, in fact, be derived entirely from the flow of
alternating currents through impedances contained in the grid circuit.
In general, therefore, it is necessary to evaluate E, before the network
equations for the equivalent circuit can be solved. E, is usually found
most readily from the actual circuit and is equal to the vector sum of all
alternating voltages between the cathode and the grid along any con-
tinuous path.

The use of equivalent circuits greatly simplifies the solution of many
problems involving tubes and associated circuits. Once the equivalent
circuit has been formed, it is not even necessary to know that a vacuum
tube is involved, as fundamental currents and voltages at various points
may be computed by the ordinary méthods of a-¢ circuit analysis. The
validity of the equivalent circuit in a given problem depends upon the
desired aceuracy. If only qualitative results are desired, it is often
possible to apply the equivalent circuit even when harmonic produec-
tion is high. Where a high degree of accuracy is essential, the use of the
equivalent circuit is valid only at small amplitudes. It cannot be
applied when the conditions of operation are such that current ceases to
flow during a portion of the cycle of exciting voltage (see Sec. 5-15).
The equivalent circuit obviously gives no indication of the production of
harmonies and intermodulation frequencies. The acceptance of the
equivalent circuit is, therefore, tantamount to the assumption that the
tube is a linear circuit element.

Since the grid conducts only when it is pos1t1ve and since the grid
characteristics are not linear, the flow of grid current through external
impedance distorts the alternating grid voltage. Furthermore, the grid
current varies with plate voltage. For these reasons the simple equiv-
alent plate circuit is not applicable with accuracy when grid current
flows through a grid-circuit impedance. Ordinarily, however, in circuits
in which appreciable grid current is allowed to flow, the conditions of
operation are such that the equivalent circuit would not be applicable
even if no grid current flowed. In such circuits it is necessary to resort
to graphical or experimental methods of analysis.

4-2. Construction of Equivalent Plate Circuits.—Use of the following
procedure ensures the correct formation and solution of series equivalent
plate circuits. (See Appendix, Sec. A-1, for parallel-circuit procedure.)
With suitable changes of symbols it may be applied to the circuit
of any electrode.

1. Insert the equivalent voltage pEg and the a-c plate resistance r, in series
between the plate and the cathode, indicating the polarity of the equivalent
voltage to be such that the cathode side of the voltage is positive, as in Fig. 4-2b.

1 The polarities indicate the vector relations between the yoltages, a change in sign
being equivalent to a reversal in the direction of the vector representing the voltage.
The polarities may also be construed to apply to the instantaneous voltages at some
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If alternating voltage is impressed upon more than one grid, there is an equivalent

voltage in series with r, for each grid that is excited.

2. Assume polarities for the grid and plate excitation voltages V, and V,.
It is convenient to indicate the polarities to be such as to make the grid and plate
positive relative to the cathode. (When excitation voltages that are in phase
opposition are applied simultanequsly to two electrode circuits, however, only
one of the excitation voltages can be indi-
cated as having such polarity as to make
its electrode positive relative to the cathode.)

3. Assume positive directions for the
various alternating circuit currents. It is
sometimes convenient to choose the positive
direction of plate current as that in which
the equivalent voltage uE, tends to cause it
to flow, .., through r, from plate to
cathode, as shown in Fig. 4-2, but this is not
essential.

4. Delete the tube symbol (or show
dotted), all electrode supply voltages and
other direet voltages, and all ecircuit
branches not coupled to the plate (such as
the screen circuit of a screen-grid tetrode,
as it is usually used).

5. Redraw the resulting equivalent cir-
cuit in the form in which it may be most
_ readily analyzed.

6. Express the alternating grid voltage
E, as the vector sum of all alternating
voltages between the cathode and the grid
along any continuous path. This can usu-

F1G. 4-2.—(a) Tube circuit; (b) cor- .
responding equivalent series plate cir- ally be done most conveniently by reference

cuit; (¢) equivalent plate circuit after {0 the original circuit, all currents and exci-

rearrangement. . . T .
& tation voltages being indicated in the same

directions as in the equivalent circuit. Any voltage that contributes to E,,
including the exeitation voltage V,, must be preceded by a positive sign in this
summation if it tends to make the grid positive relative to the cathode, and by a
negative sign if it tends to make the grid negative relative to the cathode. If
alternating voltage is impressed upon more than one grid, each equivalent grid
voltage in the equivalent circuit must be evaluated in this manner. It should

instant in the cycle. When g,, is positive, a positive increment of grid voltage produces
a positive increment of plate current. Likewise, when r, is positive, a positive
increment of plate voltage produces a positive increment of plate current. Hence,
when K, makes the grid positive relative to the cathode, the polarity of the equivalent
voltage uF, must be such as to cause plate current of the same direction as is produced
by a positive plate voltage. This is ensured by making the polarity of the equivalent
voltage such that it tends to cause current to flow into the plate and calling E; positive
if it makes the grid positive relative to the cathode.
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be noted that V, may be zero in some circuits, E, being derived entirely from the
flow of alternating currents through impedances contained in the grid circuit, as
in Fig. 4-30m.

7. Write network equations for each loop of the equivalent circuit. These
equations, in conjunction with the expression for E, found in step (6), may be
solved simultaneously to find all eircuit currents and wvoltages. A negative
value of any current found in this manner merely indicates that the current is
opposite in direction to the assumed positive value, t.e., that its phase isopposite
to that assumed in the equivalent cireuit.

The method of constructing equivalent plate circuits and of evaluating
E, can be shown best with the aid of specific examples. Application of
steps (1) to (4) of the above procedure to Fig. 4-2a gives the equivalent
circuit of Fig. 4-2b, which may be rearranged in the more convenient
form of Fig. 4-2c. The most direct path between the cathode and the
grid is through C;. The only alternating voltage between the cathode
and the grid along this path is that resulting from the flow of I; through
C.. Hence E, = —1I,/jwC;. The minus sign must be used because the
flow of I, in the indicated positive direction causes C; to charge in such
polarity as to make the grid negative relative to the cathode. An
alternative path from cathode to grid is through r3 and V,. Summation
of voltages along this path shows that E, is also equal to

+Vg + (12 - 11)7”3- .

Iqrs is positive because the flow of I, in the indicated positive direetion
produces a voltage across 73 that tends to make the grid positive relative
to the cathode. Either of these two expressions for E,, together with
the three equations obtained by summing voltages in the three loops
of the equivalent circuit, may be solved simultaneously to find the values
of the currents in terms of the circuit constants and V,. If C; were
omitted, I, would be zero and E, would be equal to V, — Iyrs. The
right-hand loop of the equivalent circuit of Fig. 4-2¢ would then also be
absent. . »

Alternating voltage may be applied simultaneously to two or more
electrodes in order to produce an alternating plate current, as in the
circuit of Fig. 4-3a¢. In this circuit the excitation voltage ¥, is impressed
upon the first grid, but the flow of I, through the resistance r produces
an alternating component of suppressor voltage. The equivalent
circuit, shown in Fig. 4-3b, therefore contains the two equivalent voltages
pEg and pysEyst  Eg is equal to Vi, and E,z is equal to —Iyr.  Since
the screen voltage is constant, the equivalent plate circuit does not
contain an equivalent screen voltage. If the screen circuit contained an
impedance, however, the flow of alternating screen current through this

Lups = —0dep/dey3 at constant i,.
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impedance would produce an alternating component of screen voltage,
which would affect the alternating plate current. The equivalent plate
circuit would then contain a third equivalent voltage, up2E,.. Since
E,; would have to be found from the equivalent screen eircuit, which
would in itself contain three equivalent voltages, two of which would
-depend upon the plate current, it is evident that the analysis of the circuit
would be very involved. Fortunately, however, this difficulty is seldom

_I_G.\ i
C p

L

b}
F1a. 4-3.— (a) Pentode circuit with excitation applied to both first and third grid circuits;
. (b) equivalent plate cirecuit.

encountered in practice, because the impedance of the screen circuit is
ordinarily made negligible at the frequency of the excitation voltage.
Figure 4-4a shows a circuit in which the excitation is applied to the
plate circuit. Through voltage-divider action of the circuit impedances,
a portion of the impressed voltage V, is also applied to the grid. The
seven-step procedure outlined at the beginning of this section may be
applied, V, being for convenience indicated in such polarity as to make
the plate positive. The equivalent circuit is shown in Fig. 4-4b. Flow

_LCL"\ N _LC/I—‘\ ,/IZ\

(o) (b)

F1g. 4-4.—(a) Triode with excitation applied to both plate and grid circuits; (b) equivalent
plate circuit.

of I in the indicated positive direction tends to make the grid pos1t1ve
Hence E, = +jwLI,.

4-2A. Equivalent Circuits for Electrodes Other Than the Plate.—The
procedure of Sec. 4-2 is not restricted to the plate circuit, but may, with
suitable changes in symbols, be used in forming the equivalent circuit
of any electrode of an amplifier tube excited by alternating voltages
impressed upon the circuit of that or of any other electrode. In the cir-
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cuit of Fig. 4-5a, for instance, the excitation is impressed upon the
circuit of the third grid in order to vary the second-grid current. The
equivalent second-grid circuit, formed by a five-step procedure analogous
to that outlined in Sec. 4-2 for plate circuits, is shown in Fig. 4-5b.
Because no.alternating voltages are impressed upon the first grid or
upon the plate, the equivalent circuit contains only one equivalent
voltage, psslys.! The alternating third-grid voltage E,s is equal to
+Vg3 -1 171

Any two of the three tube factors relating two electrodes of a multigrid
tube may be negative (see Secs. 3-8, 3-9, 6-39, 10-3, and 10-23). Negative
tube factors do not change the method of forming the equivalent circuit
or of evaluating the alternating grid voltages but may affect the numerical

Ll
l"gz
f T2
2 + Moz Eg3
Vgs
?_

(b)
Fia. 4-5.—(a) Pentode with excitation applied to the suppressor circuit in order to produce
an alternating screen current; (b) equivalent screen circuit.

solution of the equivalent-circuit equations or the interpretation of an
equation obtained by the solution of the circuit equations. The fact
that tube factors are negative need not be taken into account until
humerical values are introduced into the equations or their solution.

4-3. Tube Capacitances and Admittances.—The complete equivalent
circuit is not so simple as that which has been presented up to this point.
The small interelectrode capacitances .and the conductances caused by
surface leakage or by electron or ion currents between grid and cathode or
grid and plate cannot always be neglected. Fortunately this fact does not
invalidate the equivalent-circuit theorems, inasmuch as the interelectrode
capacitances and conductances act the same as equal capacitances
and conductances connected externally between the electrodes. It is
permissible, therefore, to add them to the simple equivalent grid and plate
circuits as parts of the external impedances. In modern tubes of good
manufacture the leakage conductances are so small that they can usually
be neglected in comparison with other tube and circuit impedances.
Figure 4-6 shows the complete equivalent circuit of a triode (or any tube
in which only the plate and control-grid voltages are allowed to vary)
with negligible leakage conductances. ~

1psy = —B8ey2/8ey3 at constant 7.
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The rather involved formulas for the total grid and plate admittances
which may'be derived by the solution of the network of Fig. 4-6! are
seldom useful.  This is partly because of the complexity of the formulas
and partly because the flow of grid current through 2, during only a portion
of the eycle causes the alternating grid voltage to depart markedly from
sinusoidal form and thus destroys the accuracy of the formulas. More
. frequently used are the somewhat less complicated formulas for the case

C
Griod g'p Plate

4 —i T 1
! A Er l
(BT L ’___.\; i
'I I T\F > E Cpk Zy

[ E
l Y @ v TIo
MBad !

Y | Vp
Cafhoo’e

F1a. 4-6.—Complete equivalent circuit of triode with negligible electrode leakage con-
ductances. Cy, Cygp, and Cypr are the interelectrode capacitances.

in which the grid bias is sufficiently great to prevent the flow of thermionic
grid current. These are?

0?Cop*(gp + gb) + @Copgmlw(Cop + Cpr) — byl
[w(Cop + Cpr) — bol? + [g, + gu)?

+.7 {"-’(Cak + Caz))

wCopfgm(gp + g5) — &?Cop*w(Cyp + Cor) — bb]} (4-6)
[w(Cop + Coi) — bil* + [gs + ]*

¥ = g 4 9'Cer’0e + oCongale(Cop + Cor) — bl
r= e ["’(Cvp + Cor) — be]* + go°

wCypgmge — 0*Cop?w(Cop + Cor) — bc}] .
+J {w(Cpk + Cyp) + [0+ Cp) — b F g7 (4-7)

where

Y, =

+

Ya:E and Yp='E{zp

Simplifications that facilitate the use of Eqs. (4-6) and (4-7) can usually
be made in particular applications.

1 CuarrEg, E. L., Proe. I.R.E., 17, 1633 (1929); CoLEBROOK, F. M., Wireless Eng.,
10, 657 (1933). See also J. M. MILLER, Bur. Standards Sci. Paper 351 (1919); S.

BALLANTINE, Phys. Rev., 16, 409 (1920).
2 These formulas neglect electron transit time, which must be taken into consider-

ation at ultrahigh frequencies (see footnote 1, p. 97). .
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Inspection of Eq. (4-6) shows that the effective input capacitance of a
vacuum tube is increased by the flow of plate current. An insight into the
physical reason for this change, as well as useful approximate expressions
for the effective input capacitance and the input conductance, can be
obtained by an approximate analysis based upon Fig. 4-7. The input
current I; is the veetor sum of two components: I,, which flows through
C,, and I, which flows through C,,. The voltage which causes I, is E,
whereas that which causes I, is the vector difference! between E, and
E;.  E in general differs from E, in both phase and magnitude. This
fact may be expressed symbolically by the relation E,, = AE,, where A is
a vector quantity that is ordinarily greater than unity in magnitude.2
Then the vector difference between E,
and E,; is E,(1 — A) and the input
current is

Ii =A11+Ig =Egijgk =
+ EijuChp(l — 4)  (4-8)

and the input admittance is

1 : F ] o . K
_ =t _ . — 16. 4-7.—Circuit of a triode with
Y, E, ]w[Cg s C” (1 A)] impedance load, showing interelec-

( 4_9) trode capacitances.

Reactance in the load 2z, in general causes A to have an imaginary
component and hence Y, to have a conductive component. When z,
is a pure resistance r, which is small in comparison with the reactance of
C,: and C,, in parallel, however, the imaginary component of 4 is negligi-
ble and the equivalent plate circuit shows A to have the value
—ury/(r, + 1). Y, is then purely capacitive and the equivalent input
capacitance is

C: = J% = Cop + Cop(l — A) = Co + C,p (1 + ‘_‘;”T) (4-10)

For pure reactance load z3, small in comparison with the reactance of

Cpr + Cyp, the equivalent plate circuit shows 4 to be —juxs/(r, + be)
The input admittance is

2 C
Y, = jol| C, . _ T ] _ , Tty -
! Jw[ # o+ Cor (1 +”Tp2+xb“’) Mot F o (1D
The effective input capacitance is :
Ci=Cu+ Cpp (1 + [ Tt xb) (4-12)

11t is the vector difference, rather than the vector sum, because both E, and E.;
are measured relative to the cathode.
2 It will be seen in Chap. 5 that A is called the voltage amplification (see Sec. 5-4).
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Equations (4-10) and (4-12) may be written in the form

Ci= Cgk + Cgp(]- + IAD (4“13)

If the reactance of Cpi + C,p is large in comparison with r,, C; increases
with the ratio of r, or a» to 7, approaching the limiting value

Max. C; = Oy 4+ Cpp(1 + 1) (4-13¢)

The input conductance for reactive load, given by the last term of
Eq. (4-11), is zero when 1, is zero, rises to a maximum value at z; = 7,
and then falls with further increase of z;. When the load is an inductance
Ly, the input conductance is negative and has an approximate maximum
value , :

Max. G, = — FpwC,, (4-13b)

1t should be remembered that this analysis is an approximation and
that Eqgs. (4-9) to (4-13b) yield sufficiently accurate results only when the
reactance of C,; + C,p 1s considerably larger than r, and 2,. The effece
of the capacitance Cypi + C,p is usually to decrease A and thus to reduce
the effective input capacitance below the value given by Eq. (4-13a).
. This equation is, therefore, useful in indicating approximately the largest

value of C; that is likely to be obtained. At 10,000 cps the reactance of
Cpr + C,p is of the order 1 to 3 megohms in receiving tubes and so does
affect. the value of Y, of pentodes, tetrodes, and high-mu triodes even at
audio frequencies. For accurate values of input admittance it is neces-
sary to use Eq. (4-6). Equations (4-9) to (4-13b) may be obtained from
Eq. (4-6) by making by or g zero and assuming that w(C,, + C,x) is much
* larger than ¢, and ¢;. The approximate analysis shows that the increase
of effective input capacitance over that obtained when the cathode is cold
results from the action of E,; in sending current through C,,.

The fact that the input conductance may be negative when the plate
load contains inductance is of importance because oscillation may take
place when an oscillatory circuit shunts a negative resistance (see Secs.
10-17 and 10-21). It will be shown in Chap. 6 that the input capacitance
must be taken into consideration in the analysis of vacuum-tube ampli-
fiers at frequencies above about 2000 cps. Special tubes having very
low interelectrode capacitance have been designed for use at high radio
frequencies. The 954 and 955 tubes shown in Fig. 2-16 are examples of
such tubes.

It was pointed out in the foregoing analysis that the current that flows
into C,, is caused to flow by the vector difference of E,, and E,. If the
plate load is nonreactive, K., is 180 degrees out of phase with E,, the input
current leads E, by 90 degrees, and the input admittance is purely sus-
ceptive. - If the load contains reactance, on the other hand, E.; is not
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exactly in phase opposition to E,, and so the input current has a com-
ponent that is in phase with E,, and the admittance has a conductive
component. At frequencies so low that electron transit time has a
negligible effect, the input admittance can have an appreciable con-
ductive component only when the load (including C,z) has an appreciable
reactive component. If the frequency of the input voltage is so high
that the transit time is of the same order of magnitude as the period,
the electrons arrive at the plate an appreciable fraction of the cycle
after they leave the cathode. Since the number that leave the cathode
is determined by the grid voltage at the instant that they leave, it
follows that the plate current lags the grid voltage. E,; is, therefore,
not 180 degrees out of phase with E,, even when the load is nonreactive.
Hence the input admittance has a conductive component. The effective
input conductance resulting from transit time when the load is non-
reactive is

G, = Kgnf*Ts ' (4-13¢)

in which K is a parameter that depends upon the electrode spacing and
upon the operating voltages, g., is the transconductance, f is the frequency,
and T is the electron transit time.! Because of the grid circuit power
loss that is associated with it, input conductance resulting from electron
transit time is one of the factors that limit the performance of amplifiers
and oscillators at ultrahigh frequencies.

4-4. Graphical Meéthods.—Many vacuum-tube problems can be
solved most readily by graphical methods based upon the plate or transfer
families of characteristics.? In .certain cases there is some advantage
in the use of the transfer characteristics, but the usefulness of the plate
characteristics is much broader. - This results partly from the fact
that with nonreactive load the locus of corresponding values of plate
current and plate voltage assumed during the cycle with a given load
is a straight line, and partly because certain areas of the i-¢, diagram
are proportional to power supplied or expended in various parts of the
plate circuit, as will be shown in See. 4-21 and Chaps. 7 and 8.

4-b. Static Load Line.—When the excitation voltages are zero,
the plate current and voltage assume their quiescent values, which are
related by Eq. (3-30). This equation may be written in the form

Ey — E,,
Ry

L -FERRIS, W. R., Proc. I.R.E., 24, 82 (1936); NorrH, D. O., Proc. I.R.E., 24, 10
(1936). : :

? WARNER, J. C., and LougnrEN, A. V., Proc.,, I.R.E., 14, 735 (1926); GrEEN, E.,
Wireless Eng., 3, 402, 469 (1926); Grt~warp, E., TF.T., 22, 306 (1933); CocKING,
W. T., Wireless Eng., 11, 655 (1934).

I = (4-14)
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If Ry is constant, Eq. (4-14) is that of a straight line intersecting the
voltage axis at the point ¢, = Hy, and having a negative slope in ampereg
per volt equal to the reciprocal of the d-¢ load resistance. It is possible
that the d-c load resistance may vary with I, Equation (4-14) is then
that of a curve passing through the point on the voltage axis where
e = Ew: Static load lines for fixed and variable load resistance are
illustrated in Figs.*4-8a and 4-8b.

Y% Ee iy,
‘s'\;}b' Ro . - 9
- C,
£ & £ &
: 3 t Y
5 5
= 0 & 4
Plate Voltage Epp €b Plate Voltage Epp Cb
(a) (b

Frg. 4-8.—(a) Static load line for a fixed d-c load resistance; (b) d-¢ load resistance that
varies with current.

The line represented by Eq. (4-14) is the locus of all static operating
points that can be assumed with the given d-c load resistance and plate-
supply voltage, and is called the static load line. From a comparison of
Eqgs. (3-26) and (3-30) it follows that all corresponding values of average
plate current and average plate voltage assumed with excitation must
also lie on the static load line. .

by -
| Ae
Bty R
-
|
LYo
e,

Plate Voltage Ewp ° Plate Voltage
(a) . - ()

Fra. 4-9.—Method of constructing the static load line. (a) Plate supply voltage given;
/ (b) static operating point given.

Plate Current
Plate Current

€p

If the plate supply voltage is known, the static load line for constant
d-c load resistance may be constructed by joining the point ¢, = Ej, on
the voltage axis with the point 7, = Eu/Rs on the current axis. Usually,
however, the slope of the static load line is so great that its intercept on
the current axis is beyond the current range covered by the plate diagram.
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Some other convenient point must then be used. Since the slope of the
static load line is equal to 1/Rs, it follows that Ae,/A7, = Rs, where
Ae; and At are the difference in voltage and current of any two points on
the line. Hence the line can be constructed by drawing it through the
point Ey on the voltage axis and through any other point whose coordi-
nates differ from those of the point Ew by amounts Ae; and Az, such that
Aey/Aty, = Ry, as shown in Fig. 4-9a. Any convenient value of Ae;, such
as 10 or 100 volts, may be used in this relation to find Ad,. After the
static load line has been drawn, the static operating point for a particular
grid bias may be determined from the intersection of the static load line
with the static characteristic corresponding to the given bias.

If the static operating current and voltages, rather than the plate
supply voltage, are given, the static load line is drawn'through the static
operating point and any other point whose coordinates differ from those
of the operating point by amounts Ae, and Aiy such that Ae,/Aé, = Ry,
as shown in Fig. 4-9b. Although the required plate supply voltage may
then be found from the intersection of the static load line with the
voltage axis, it may be determined with greater accuracy from Eq. (4-14).

4-6. Dynamic Path of Operation. Dynamic Load Line.—The locus
of all corresponding values of instantaneous plate current and plate
voltage assumed during the cycle with a given value of load impedance
is called the dynamic path of operation. Under the assumption that the
alternating plate current is sinusoidal, the instantaneous alternating plate
current and plate voltage are

tp = Ipm SN wi (4-15)
_ ep = —Ip,,Jz,,I sin (wt + 6) (4-16)
(see Eq. 3-32) where
-1 %
8 = tan 1 T ) (4—17)

Expanding sin (wt 4+ 6) and substituting Eq. (4-15) in Eq. (4-16) gives
—ep, = 12| 08 0 + )z A/ Ipm? — ¢, sin @ (4-18)
Transposing, squaring, and substituting ry/ ]zz,l and x,/ |zb| for cos 6 and
sin 8, simplify Eq. (4-18) to
e + 2e50pmy + 202 = Lpmias? - (4-19)

This is the equation of an ellipse whose center is at the operating point.
It follows that the dynamic path of operation is an ellipse whose center
is the operating point, as shown in Fig. 4-10. When ¢, = I, ¢, = E,'
and Eq. (4-19) reduces to I,n/E,’ = —1/r, indicating that the slope
of the line joining the operating point with the points of tangency of the
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ellipse to the upper and lower horizontal tangents is the reciprocal of the
a-¢ load resistance. .

The presence of harmonics in the plate current and voltage causes
the path of operation to depart from the elliptical form indicated by
an analysis based only upon the fundamental component. Graphical
methods of analysis are most useful when harmonic production is not
negligible. Since the true path of operation cannot be determined until
the harmonie content is known, however, and the path of operation is
needed for the determination of harmonic content, graphical analysis is
rather complicated when the load reactance is taken into consideration.!
For this reason it is customary to make the assumption that the load
n , is nonreactive. Although the results
ec=0 ' attained under this assumption are not
rigorous, they are of considerable value

o L in predicting the performance of
Tbo=Tba (P LAV | jec-1Ec vacuum-tube circuits. If z, = 0, Eq.
\ (4-19) reduces to

A A . :
o] ey + iy = 0 (4-20)
Piate Voltage  Ep=Ep,

—— ec~Ee

Plate Current »

eb

Fia. 4-10—Path of operation for a ~Which is the equation of a straight
load containing reactance. Distortion [ine through the static operating point
is assumed to be negligible. having a negative slope equal to the
reciprocal of the a-c load resistance. This line, which represents the locus
of all corresponding values of plate current and voltage assumed during the
cycle with the given resistance load, is called the dynamic load line. 1f the
a~c load resistance varies with plate current, as is usually true if the plateis
coupled to the grid of a tube that passes grid current, then the dynamie
load line is a curve whose slope at every point is the reciprocal of the
a-c resistance corresponding to the current at that point, as in Fig. 8-24.
The dynamiec load line will be indicated by the letters M-N, as in Figs.
4-14 to 4-21.

4-7. Construction of the Dynamic Load Line. The Plate Diagram.—
In most vacuum-~tube circuits the a-c resistance of the load differs from
the d-c¢ resistance. Figure 4-11 shows a circuit in which the a-c resist-
ance exceeds the d-¢ resistance. The d-c resistance R, is merely the
resistance R; of the primary of the transformer. The a-c¢ resistance

2,2

5, however, is equal to RB; + @%; which, for an iron-core
transformer, can usually be simplified to Ry + (Rs + R)/n?, where n is

! GREEN, loc. cit.; ArpENNE, M. von, Proc. I.R.E., 16, 193 (1928); Barcray,
W. A, Wireless Eng., 5, 660 (1928); PrE1sMaN, A., RCA Rev., 2, 124, 240 (1937) (with
bibliography); PrREIsMAN, A., *‘Graphical Constructlons for Vacuum Tube Circuits,”
MecGraw-Hill Book Company, Inc., New York, 1943.
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the secondary-to-primary turn ratio (see Sec. 7-21). Figure 4-12 shows
a circuit in which the a-c resistance is less than the d-c resistance. In
applications of this circuit to vacuum tubes, the condenser C is usually
so large that its reactance is negligible in comparison with Rz, and so
the a-c resistance is that of B, and R, in parallel. The d-c resistance,
on the other hand, is R;.

f % % N % '?Rz
L 1 2 | T

F16. 4-11.—Circuit in which the a-c re- Fia. 4-12.—Circuit in which the a-c re-
sistance between the terminals exceeds the sistance between the terminals is less than
d-c resistance. the d-c resistance.

Since the slope of the a-c load line is equal to 1/7;, the coordinates
of any two points on this line must differ by amounts Ae, and Az, such
that Aey/Ad, = 7, If the dynamic operating point is known, the line
may be constructed by drawing it through the operating point and any
other point whose coordinates differ from those of the operating points
by amounts such that Aey/A% = 74.

The family of plate characteristics, together with the static and
dynamic load line, is called the plate-
circuit diagram, or simply the plate
diagram. The use of plate diagrams in
the prediction of vacuum-tube amplifier
performance will be- treated in later
chapters. For reasons already given, the
reactive component of load impedance will
be neglected in the construction of plate-
circuit diagrams in the derivations and
analyses presented in the remainder of this
book. .

The dynamic transfer characteristic
may be zeadily derived from the plato Pl £10 Teoof the drmonic
diagram by plotting corresponding values cal construction of the plate-
of ¢, and e, for the points at which the current wave.
dynamic load line intersects the static characteristics. The dynamie
transfer characteristic can then be used to determine the wave form of
the plate current for a given wave of alternating grid voltage. From the
values of instantaneous grid voltage at various instants in the cycle
the corresponding values of current are determined by reference to the
curve, or the current wave may be constructed by projection, as shown
in Fig 4-13.
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It is sometimes convenient to indicate the range over which the
gnd voltage varies by showing the wave of alternating grid voltage
on an extension of the plate characteristic through the static operating
point, as in Fig. 4-14. It should be noted that because the static char-
acteristics for equal intervals of grid voltage are not usually equally
spaced, the wave of plate current cannot be accurately constructed by
projecting from the grid voltage wave to the load line and thence to
the plate current wave.

4-8. Plate Diagram for a Load Having Equal A-c and D-c Resist-
ance.—Figure 4-14 shows the plate diagram for a circuit in which the
load is a pure resistance that does not vary with frequency. Since the
a-¢ and d-c load resistances are equal, the static and dynamic load lines

Plate Current

1
ba
Ibo

Plate Yoltage Eob b
Fi1c. 4-14,—Triode plate diagram, Pure resistance load. 7, = Ry.

coincide. The path of operation and shape of the static characteristics
are such that the current amplitude of the positive half cycle exceeds
that of the negative. The average plate current therefore increases
with excitation and the dynamic operating point A lies above the static
operating point 0. In general, the position of A relative to O depends
upon the region of operation and the shape of the static characteristies.
Shift of the operating point with excitation is predicted by the series
expansion for alternating plate current, since the even-order terms of
the series give rise to direct components of current, the magnitudes of
which increase with the excitation amplitude.

4-9. Simplified Plate Diagram for a Load Having Unequal A-c and .
D-c Resistances.—Figure 4-15 shows an approximate plate diagram
for a circuit in which the a-c resistance of the load exceeds the d-¢ resist-
ance.! Inthe construction of this diagram it is assumed that the dynamic
load line passes through the static operating point. The wave of alter-

1 In Fig. 4-15 values of instantaneous plate voltage in excess of the supply voltage
result from voltage induced in the inductance of the load coupling transformer.



Sec. 4-10] METHODS OF ANALYSIS OF VACUUM TUBES 103

nating plate current 7,, derived from the dynamic transfer characteristic
in the manner explained in Sec. 4-7, shows, however, that the average
plate current exceeds the static plate current and hence that the dynamic
operating point lies above the static operating point O. It will be shown
in Sec. 4-10 that the dynamic operating point must lie on the dynamie
load line. Since the static load line is the locus of all corresponding
values of average plate current and average plate voltage, the dynamic
operating point must also lie on the static load line. The static and
dynamic load line must, therefore, intersect at the dynamic operating
point, rather than at the static operating point, and the diagram of
Fig. 4-15 is not correct. In many analyses of vacuum circuits, par-
ticularly when triodes are used, it is nevertheless permissible to assume -
that the static and dynamic load lines intersect at the static operating

- Dynarmic load fine

Plate Current

Plate Voltage Ebb

Fig. 4-15.—Simplified plate diagram for a circuit in which the a-c resistance of the load
exceeds the d-c¢ resistance.

point, i.e., that the static and dynamic operating points coincide. Errors
resulting from neglecting the shift of the operating point with excitation
in the. graphical analysis of vacuum-tube cireuits are appreciable only
when there is a relatively large change of average plate current with
excitation, as there may be, for instance, in pentode circuits. Con-
struction of the plate diagram is considerably more complicated when
shift of the operating point is taken into consideration, as will become
apparént in the following sections.

4-10. Exact Plate Diagram for Loads Having Unequal A-c and D-c
Resistances.—The instantaneous value of plate current must become
equal to the average value Iy, twice in each cycle. Similarly, the instan-
taneous value of plate voltage must become equal to the average value
Ey, twice in each cycle. When the load is nonreactive, the load voltage
and plate current are in phase and have identical wave form. The
instantaneous values of plate current and plate voltage must, therefore,
become equal to the average values of current and voltage at the same
instants, and so the dynamic load line, which is the locus of all possible
simultaneous values of % and ¢, assumed during the cycle, must pass
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through the dynamic operating point 4, at which the current and voltage
have the average values I, and Ey,.  As already pointed out, the dynamic
operating point A must also lie on the static load line, and so the dynamic
and static load lines intersect at the dynamic operating point. Unless the

Plate Current, iy,

ot

b

Plate Voltage,e, ““-ec=E¢-Egm

Fia. 4-16.—Exact plate diagram for a pentode with nonreactive load. 7, > Rp. Con-
ditions of operation such that the average plate current increases with excitation.

wave of plate current is symmetrical, the dynamic operating point lies
either above or below the static operating point.

"Equations (3-58) and (3-59) show that, with nonreactive load, the
instantaneous values of alternating grid voltage and alternating plate
current are zero simultaneously. The time axis of the alternating—plate-
current wave must therefore intersect the dynamic load line at a point

Plate Current

&
Q)

ec=Ec-Egm~a \N

Plate Voltage

Fig. 4-17—Plate diagram for a pentode with nonreactive load. 7 < Rs. Conditions of
operation such that the average plate current increases with excitation.

on the diagram at which the instantaneous alternating grid voltage is
zero, i.e., at which ¢, = E.. In Figs. 4-16 to 4-18, this is the point 7'
determined by the intersection of the dynamic load line with the static
characteristic corresponding to ¢, = E..
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Typical plate diagrams are illustrated.by Figs. 4-16 to 4-18. The
diagram of Fig. 4-16 is for a circuit in which the a-c¢ load resistance
exceeds the d-c¢ load resistance, such as that of Fig. 4-11 or one in which
the load resistance is coupled to the plate by means of a choke and a
condenser, as in Fig. 5-17. The diagram of Fig. 4-17 is for the circuit of

iy,

Piate Current

"

o

Q
[l

|

}
]
1

€b

Ebp . '
PP pigte Voltage

FiG. 4-18.—Plate diagram for a pentode with nonreactive load. 75 > Rs. Conditions of
operation such that average plate current decreases with excita'tion.

Fig. 4-12, in which the a-c load resistance is less than the d-c load resist-
ance. Figure 4-18 is an example of a pentode plate diagram in which
the operating point is chosen so that the average plate current decreases
when the tube is excited.

‘When the bias is obtained by the use of a cathode resistor,! the change
in bias with average cathode current results in appreciable reduction in

" ec® Ec”Esarv_1

2
-
S .
i:: I/ec=ECO
(8] 0\?\ A 1
i S
E‘f ec=Ec

ec':Ec'Egm N

) Plate Voltage,eyp,
Fia. 4-19.—Plate diagram for self-biased circuit. 7, > Rs.

the shift of the operating point. A plate diagram for self-bias operation

is illustrated in Fig. 4-19, in which the separation of the points is exagger-

ated for the sake of clearness. The point O lies at the intersection of the

static load line with the static characteristic corresponding to the static

bias K., The point T lies at the intersection of the dynamic load line
! See Sec. 5-8. .
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with the static characteristic corresponding to the dynamic bias E..
With triodes, E., = IR. and E, = I,,R., where R, is the Dbiasing
resistance. With tetrodes and pentodes the action is more complicated
than with friodes, since the bias is produced not only by the average
plate current but also by the screen current, Whlch varies with bias and
may vary appreciably with excitation.

It should be noted that dependence of a-c load resistance upon
frequency causes the slope of the dynamic load line to change with
frequency. Furthermore, departure of the plate-current wave from
sinusoidal form inereases with amplitude of excitation voltage, so that
the difference between static and dynamic average plate current also
increases with excitation amplitude. The form of the plate diagram
therefore changes with frequency and with amplitude of excitation.

In graphical analyses of vacuum-tube circuits the average plate
current [, is determined from the dynamic load line, from the dynamic
transfer characteristic, or from the wave of plate current derived from
the dynamic load line. Since the value of I, must be known in order to
locate the dynamic load line, the dynamic operating point and dynamic
load line must be located by trial. If the dynamic operating point is
correctly chosen, the average plate current, as determined from the
dynamic load line or the wave of plate current derived from it, must be
equal to the current I, at the assumed dynamic operating point. Loca-
tion of the dynamic operating point is greatly facilitated by the use of
graphical methods of harmonic analysis. For this reason it is desirable
to study graphical methods of harmonic analysis before discussing prac-
tical methods of locating the dynamic load line and analyzing the plate
diagram.

4-11. Graphical Analysis of Plate Current.—Graphical methods of
analyzing the plate current of a vacuum tube are based upon the assump-
tion that for sinusoidal excitation voltage the plate current contains a
finite number of frequency components, or upon the equivalent assump-
-tion that the plate current may be expressed as a finite series. If as
many instantaneous values of current can be determined graphically
as there are components, or terms in the series, simultaneous equations
can be set up from which the amplitudes may be computed. A number
of interesting and useful methods have been developéed, which differ from
one another mainly as to choice of the points of the cycle at which the
currents are evaluated and as to whether the instantaneous currents are
measured with respect to alternating current zero or with respect to the
instantaneous values that would obtain at those instants in the cycle
if there were no ‘distortion.! The accuracy and convenience of these
methods depend-upon the manner in which the selected currents are

1 See bibliography at end of chapter
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chosen. The currents may be evaluated at equal time intervals of the
excitation cycle, as exemplified by the method of Lucas; they may be
evaluated at equal grid-voltage intervals, as in Espley’s method; or
they may be evaluated at such instants as to give the highest accuracy.
The advantage of the second method lies in the fact that the grid voltages
at which the current is evaluated may often be made to coincide with
those of the static plate characteristics, so that the currents may be read
directly from the intersections of the dynamic load line with these static
characteristics. Chaffee has developed a more general method which
includes all three of these special methods.?

In the treatment that follows, it will be assumed that the load is
nonreactive. The path of operation is then a straight line, and evaluat-
ing the current at a given number of points on the path of operation is
equivalent to evaluating at twice that number of instants in the funda-
mental cycle. It will sometimes be convenient to differentiate between
methods of analysis according to the number of instantaneous values of
current that are used to determine the amplitudes of the fundamental
and harmonic ffrequency components. Thus a seven-point analysis is
one in which the current is evaluated at seven points of the path of oper-
ation or of the dynamic transfer characteristic, or at 14 instants in the
fundamental period.

4-12. Derivation of Formulas for Graphical Analysis..—In the follow-
ing analysis the excitation voltage is assumed to be impressed upon the
control grid in order to vary the plate current. The form of the analysis
is similar when the excitation is applied to any electrode in order to vary
the current of that or any other electrode. With suitable changes of
symbols, therefore, the equations derived in this section may be applied
to the analysis of the alternating currents flowing in any electrode when
the excitation is sinusoidal and the load nonreactive. Since the instan-
taneous alternating voltage across a nonreactive load is proportional
to'the instantaneous alternating plate current, the equations may also be
applied to the analysis of load voltage. The use of the equations may, in
fact, be extended to the harmonic analysis of any quantity that varies
periodically as the result of the sinusoidal variation of anether quantity
that is related to the first through a single-valued curve of known form.

Substitution of the sinusoidal voltage K, sin ot for the excitation
voltage ¢ in the series expansion for 7, [Eq. (3-40)], gives

tp = Q1B ym sin wt + a2k ,,2 sin? ot + azE,.,® sind wt
+ aBnt sint ot + ¢ - ¢ (4-21)
which may be written in the form

1 Cuarrer, E. L., Rev. Sci. Instruments, T, 384 (1936).
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1, = Hy + Hy sin wt — Hy cos 20t — H; sin 3wt + Hy cos 4wt
+ Hy sin bwt — - -+ {(4-22)

in which H, is the amplitude of the nth harmonic component of the
alternating plate current and H, is the steady component of alternating
plate current. As previously explained, the time axis of the alternating-
plate-current wave passes through the point T, and 7, is measured with
respect to the current Iy, corresponding to the time axis. The total
instantaneous plate current is

’ib = Ibt + ’l:p = Ibt + Ho + H1 sin wl — H2 cos 2wl — H3 sin 3wi
+ H; cos 4wt + Hs sin bot — - - - (4-23)

Formulas must be derived for the coefficients of Eq. (4-23) in terms
of selected values of instantaneous plate current. The accuracy of these

1 maox|

Ipy

Plate Current

Limin.

Emin.  Epb Emax.
Plate Vbltage

Fia. 4-20.—Diagram used in the derivation and application of Eqs. (4-29).

formulas for harmonic amplitudes increases with the number of points
of the fundamental cycle at which the current is evaluated and also
depends upon the location of these points in the c¢ycle. The variation
of the instantaneous total plate current with amplitude of a given har-
monic is greatest at the instants at which the harmonic has its crest
value. Highest accuracy is therefore obtained if the currents used to
determine the amplitude of a given harmonic correspond to the instants
at which the harmonic has its crest value.

In order to explain the method and thus justify the use of the formulas,
Espley’s formulas will be derived for the simple case in which the third
and higher harmonics are assumed to be negligible. Under this assump-
tion the alternating plate current may be expressed by two terms of the
plate-current series. Plate excitation voltage is assumed to be zero.
The total instantaneous plate current is

7:(, = Ibt + 164 + (12602 (4-24)
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~ The following relations are apparent from Fig. 4-20:

G = Iee  when ¢, = Eom (4-25)
% = I when e = —E,n (4-26)

Substituting Eqgs. (4-25) and (4-26) in Eq. (4-24) and solving the result-
ing simultaneous equations gives

— Imax - Imin Ay = Imax + Imin '_ 2Ibt
ay = 2Egm 2 = 2Egm2

Substituting Eq. (4-27) in the first two terms of Eq. (4-21) and expanding
sin? ot gives

ib = Ibt + %’(Imax + Imin - 2Ibt) + %(Imsx - Imin) Sin wt !
— $Tmax + Jain — 205) cOS 20t (4-28)

(4-27)

The average plate current and the amplitudes of the fundamental and
second-harmonic components of plate current are - '

HO = %(Imax + Imin - QIbs)

Ly = Iy + Ho = $(Lanx + Tuia + 2Is)
Hy = $(Tnax — Loiw)

H; = %(Imax' + Lo — 2Ibt)

It is important to note that Eqgs. (4-29) will give sufficiently accurate
values of steady, fundamental, and second-harmonic components of
plate current only when higher harmonics are negligible. If the higher
harmonics cannot be neglected, it is necessary to use formulas based
upon a greater number of terms of the series expansion for 7,. To
derive equations that include harmonies up to the nth, n terms of the
" expansion are used, and the series is evaluated at n -+ 1 values of instan-
taneous grid voltage. Kspley’s method for four harmonics requires the
determination of the instantaneous plate currents corresponding to
¢o=+Epm =+ 4Em, e, =0,¢, = —3E;m, and ¢, = — E,,. These
five values of current will be represented by the symbols I, Iy, e,
I-y;, and I-,, respectively. The following expressions give the ampli-
tudes of the components of plate current:

Iba = %(11 + 21;5 + 21—% + I—-l)

H1 = %‘(Il + I;é - I—% - 1—1)

H, = %(Il — 21 + I—l) (4—30)
H; = %(Il - 2155 + 21_% - I—l)

H4 = Tlf(Il - 41% + GIbg - 41_% + I_l)

(4-29)

I

Iy, Iy, Iy, and I_; are determined from the intersections of the dynamic ‘
load line with the static characteristics corresponding to ¢, = E. + E,n,
e.=E,+31E,., ¢.=E,—%E, ., and e. = E; — E,, respectively, as shown
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i

Plate Current
o=

Plate Voltage Ebb €b
Fia. 4-21.—Use of the plate diagram in the application of Eqgs. (4-30).

b

Fia. 4-22.—Use of the dynamic transfer characteristic in the application of Eqs. (4-30).

1

I :
I% I% N
T c
Ey I P
g3 35
5 Ipt Ipt ¢
3 bt
gl £
2Ll i‘ls‘z

71 _..2.

L == .

Epb

(a)

Fig. 4-23.—Use of {a) the plate diagram and (b) the dynamic transfer characteristic in the
application of Table 4-I.
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in Fig. 4-21. If the static characteristics corresponding to these values
of grid voltage are not available, the currents may be read from the
dynamic. transfer characteristic, as shown in Fig. 4-22.

For six harmonies, Espley’s method requires that the plate current
be evaluated at the seven points of the load line or dynamic transfer

TasLe 4-1

I, I3 I Lne Iy I I

.359 | —0.105 0.295 0.131
0.07 —0.394 | —0.261
.133 | —0.475 0.19 0.218
0.246 0.141 | —0.176

.141 0.105 | —0.295 0.12
—0.316 0.253 | —0.063
.633 0.475 | ~0.19 0.032

Tya 0.131 0.295 | —0.105
H, 0.261 0.394 | ~0.07
H, 0.218 0.19 —0.475
, Hs 0.176 —0.141 | —0.246
H, 0.12 —0.295 0.105
H; 0.063 —-0.253 0.316
Hs 0.032 —-0.19 0.475 | —

[= e R =R B e I =]

characteristic corresponding to ¢, = 0, + %&,,;, + $E,., and + E,,, as
indicated in Figs. 4-23a and 4-23b. The coefficients by which these
currents must be multiplied are given ‘

in Table 4-I. To find the amplitude ip
of the harmonic listed in any row of ‘ /
this table, the coefficients appearing i
in that row are multiplied by the s
graphically determined numerieal :
values of the currents listed at the

heads of the columns, and added.

Espley’s equations are convenient [
to use if the instantaneous grid volt~ -
ages at which the currents are found A ;
correspond to the given static charac- = —
teristics; but the accuracy, particularly fe-~-+E¢
of the even harmonics, is not the ec
highest that may be obtained, since [
the instantaneous currents do not in I'&
general correspond to the instants at ,' F
which the harmonics have crest values. NP r !
Maximum seven-point accuracy in the [ ‘l—-—-——ugv -
evaluation of each harmonic would F1c. 4-24.—Use of the dynamic trans-
require a different set of seven instan- fEegsf}ZZ_rgf;“f’mm in the application of
taneous cutrents for each harmonic
and would therefore greatly increase the work of analysis. The following
equations, in which the currents are evaluated at or near the instants at
which the harmonics have crest values, have five- and seven-point
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accuracy. The currents must be found corresponding to plus and minus
0.3, 0.5, 0.7, 0.8, and full grid swing, as shown in Fig. 4-24. If the cur-
rents are indicated by the symbols Iy, Iy, I, I_s, ete., the harmonic
amplitudes are

Io =%+ 205 + 21 5 + 1)
H, = %(Il — 26w + I-—l)
Hy=#I, — 21+ 2[5 — 1)
H4 = 1([1 - 2]7 - 2Ibt - 21_,7 bt 1_1)
Hy = 0.0951, — 0.1971 s + 0.2071 5 — 0.2071_
+ 0.1971_ 5 — 0.0951_,
>~ 0.1(1, ~ 205+ 2[5 — 205 + 2I_ 5 — I_))
H1 = %(Il - I__1 - H3 - H5)
= f5( 4 61+ 1015 — 615 + 61_3
=~ 1005 — 615 — 7]_4)

(4-31)

These formulas for I+., Hs, and H; are the same as those given under Kqs.
(4-30). That for Hs may be derived by a

L ti_r____ v modification of Espley’s method or by that
Y of Chaffee, under the assumption that

1F7@;r~ VAN sin 45° = 0.700. Those for H; and H,

Tl '{_;T 7 o\ / may be derived by Kspley’s or Chaffee’s

L Sy method for seven points.

L7 7;: ;b_ A Sometimes it is convenient or necessary

. _ to measure the instantaneous alternating
Fig. 4-25.—Diagram showing. .
the relation between instantaneous currents (with respect to the current cor-
;ﬁger‘;f:m‘f”:at?ffd relative to zero  regnonding to the time axis Iy.), rather
bte . .

than the instantaneous total currents, in

making graphical analyses. The following relations are apparent from
Fig. 4-25:

I = In+ 14 Iy =T — iy ‘
Iy_, = In + ’L.% Iy = Iy — i, (4 32)

in which the lower-case symbols indicate currents measured relative
to In.. By means of Eqs. (4-32), Eqs. (4-30) may be transformed into

Ly, = %‘(’Ll =+ 2’0% + 61, ~ 2i_ 1 2-_1>

Hy = 3is + i + iy + 1)

Hy = {(iy — 1) : (4-33)
Hy = (i — 20y — 2195 + i) S

H4 = ‘11—2(?«1 - 4:?:% + 4:’!:__% - 7,'._.1)

If the dynamic transfer characteristic is symmetrical about E, then
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11 = 4_; and 7y, = 7_y, and Egs. (4-33) reduce to

Ly = Iy = Ino Hy = §(i1 + 134) }

Hy=Hi=0  Hs=1(i, — 2 (4-34)

In a similar manner, for a symmetrical dynamic transfer characteristic,
the seven-point equations corresponding to Table 4-I become

H0=H2=H4=H6=0
H; = 0.3517; — 0.281%,, — 0.492¢,
Hy = 0.127¢;, — 0.506¢;; + 0.6332

(4-35)

For a symmetrical characteristic, Eqs. (4-31) are

Hi = {575, + 6i5 + 1075 — 67.5)
Hy = (6, — 2i.5) (4-36)
Hs = 46, — 205 + 20.5)

Equations (4-34), (4-35), and (4-36) show that with symmetrical dynamie
transfer characteristics the dynamic and static operating points coincide
and the even harmonics are zero.
These equations will be found usetful
in the analysis of push-pull amplifiers,
which will be defined in Chap. 5.
The dynamic transfer characteriStics

of push-pull ambplifiers are of the Gridvoltage /0 |
~ form shown in Fig. 4-26. Iy is seen
to be zero in this case. o\

It

I

Plate Current
|
|
>;
=

4-13. Choice of Equations.—The |
choice of the equations to be used in |
" a particular analysis depends largely l
upon the accuracy required and upon |
the convenience of application. The
number of static plate characteristics Fie. 4.26—Symmetrical wave of
intersected by the load line may be plate current produced when the tranfer
such as to make it convenient to characteristic is symmetrical.
apply a seven-point analysis when five-point accuracy is sufficient. - For
very high accuracy, or in the determination of a large number of har-
monics, some form of “schedule” method of analysis may have tobeused.!
4-14. Field of Application of Equations for Harmonic Analysis.—
As pointed out 4t the beginning of Sec. 4-11, the development of the
equations of Secs. 4-11 and 4-12 was made for the special case of excita-

t Marri, M. G., “Electric Circuit Analysis,” p. 188, John Wiley & Sons, Inc.,
New York, 1930; Kniaut, A. R., and Ferr, G. H., “Introduction to Circuit Anal-
ysis,” Chap. 14, Harper & Brothers, New York, 1943,
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tion applied to the control-grid circuit in order to vary the plate current.
By suitable changes of symbols the equations may be applied to the anal-
ysis of the current or voltage of any other electrode or of any quantity
that varies periodically as the result of the sinusoidal variation of an-
other quantity related to the first through a single-valued curve of
known form.

4-15. Significance of Algebraic Signs of Numerical Values of Current
Components.—It should be noted that the algebraic sign of the amplitude
of a particular harmonic may turn out to be either positive or negative.
The significance of the algebraic signs is indicated by Eq. (4-22). A
reversal of sign merely indicates a 180-degree shift in the phase of a given
harmonic. If the amplitude is positive, the harmonic adds to the fun-
damental at the instant when the fundamental has its positive crest
value; if the amplitude is negative, the harmonic subtracts from the
fundamental at that instant. ' '

4-16. Nonsinusoidal Excitation Voltage..—The formulas for harmoniec
content developed in this chapter are all based upon the assumption that
the alternating grid voltage is sinusoidal. They are not, therefore, of
value in analyzing the alternating plate current when the grid voltage
is not sinusoidal. It is possible, however, to construct a wave of plate
current by means of the dynamic transfer characteristic and to analyze
it by well-known methods of wave analysis.! This neglects the fact that
the a-c load resistance and slope of the lofd line may be different for each
input frequency component. An approximate analysis may be made
under the assumption that the components of the wave of plate current
are the same as would be obtained if the various components of the grid
voltage were applied separately and the corresponding output com-
ponents added. This would be valid if there were no intermodulation.
It gives no indication of the intermodulation frequencies and neglects the
fact that the dynamic operating point is different for each component
than it would be for the resultant grid voltage. Ordinarily, adequate
indication of the performance of the tube and circuit may be obtained
by graphical methods based upon sinusoidal excitation, with full excita-
tion voltage.

: 4-17. Mechanical Aids to Harmonic Measurement.—Scales that

make possible the direct reading of percentage second and third harmonic
have been described by D. C. Espley and L. 1. Farren.? These scales,
which are -based upon a five-point analysis, are particularly useful when
a large number of graphical determinations of harmonic content must
be made.

1 MouLuin, E. B., Wireless Eng., 8, 118 (1931).

2 EspLiey, D. C., and FARgreN, L. 1., Wireless Eng., 11,183 (1934); SarBAacHER, R. L.,
Electronics, December, 1942, p. 52.
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4-18. Percentage Harmonic and Distortion Factor..—The per-
centage of a given harmonie is defined as the ratio of the amplitude of
the harmonic to the amplitude of the fundamental, multiplied by 100.
Thus, if harmonics above the second are negligible, Eqs. (4-29) indicate
that the second harmoniec percentage is

Imax + Imin - 2Ibt
2(Imax - Imin)

The relative importance of different harmonics in producing audible
distortion of speech and music depends to some extent upon the funda-
mental frequency. A given percentage of harmonic is in general more
objectionable the higher the order of the harmonic. High-order har-
monics result in unpleasant sharpness of tone or a hissing sound. Actu-
ally, however, the intermodulation frequencies, rather than the harmonics,
are largely responsible for the *disagreeable effects. The principal
reason for this is that the intermodulation frequencies are in general
inharmonically related to the impressed frequencies. A second reason is
that some of the intermodulation frequencies corresponding to impressed
frequencies near the upper end of the audio-frequency band may fall
near the center of the band, whereas the harmonics fall outside of the
band. The amplification of succeeding amplifiers and the sensitivity
of the ear may be greater to these mid-band intermodulation frequencies
than to the impressed frequencies.?

For a given value of maximum grid swing, the amplitude of a sum-
or difference-fréquency component associated with any term of the
series does not exceed that of the corresponding harmonic produced
when a single frequency is applied. The harmonic amplitudes at ‘a
given grid swing may, therefore, be used as a measure of distortion.
A fairly satisfactory index of audible distortion is the distortion factor,
which is defined by the equation

VEI Y HE FHIF - -
H,

Percentage Hy = X 100 (4-37)

6:

(4-38)

Distortion factors up to about 0.05 are ordinarily not objectionable,
and considerably larger values are frequently tolerated Specific values
will be discussed in Chaps. 6 to 8.

4-19. Practical Procedure. Location of Load Line. Harmonic
Determination.—If the position of the static operating point is not
known, the first step in the construction of a plate diagram is to loeate

! Massa, FRANK, Proc. I.R.E., 21, 682 (1933); Federal Radio Commission Rules
and Regulations, Secs. 103, 139; Nason, C. H. W., Radio Eng., 13, 20 (1933); GRraF-
rUNDER, W., KLEEN, W., and WEnNERT, W., Electronics (abst.), November, 1935,
p. 48; BartreTT, A. C., Wireless Eng., 12, 70 (1935).

2 Massa, F., Electronics, September, 1938, p. 20.
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the static operating point by the method explained in Sec. 4-5. The
dynamic operating point must then be determined by trial and the
dynamic load line drawn. There are several ways of making use of
graphical methods of harmonic analysis in locating the dynamic operating
point. The most obvious consists in guessing the location of the dynamic
operating point and drawing a tentative dynamic load line through
this point. By means of this tentative load line or the dynamic transfer
- characteristic obtained from it, I, is determined by means of Egs.
(4-29), (4-30), or (4-31),0r Table 4-I.  If the computed value of I, is equal
to the value at the assumed dynamic operating point, the assumed point
is correct. If the computed value exceeds the value at the assumed
point, the point should be raised; if the
computed value is less than the value
at the tentative dynamic operating
point, on the other hand, the point
M N should be lowered. The procedure is
repeated until the assumed and com-
puted values of Iy, agree. It is some-
times of help to plota curve of computed
against assumed Iy. The two valyes

Epb ep will be equal at the point at which
Fic. 4-27—Diagram showing a Uhe curve intersects a 45-degree line
method of locating the dynamic oper- from the origin (equal scales being
ating point. use d) :

A very simple construction, illustrated in Fig. 4-27, is helpful in
locating the dynamic operating point.! A tentative load line is drawn
through the static operating point or through a tentative dynamic
operating point. With this load line, I, is computed by means of
one of the graphical formulas. A point A, is then located on the tentative
dynamic load line, such that the current corresponding to this point is
equal to the computed value of I.. A close approximation to the correct
dynamic operating point is given by the intersection of the static load
line and the static plate characteristic through A4,. The correctness of
this new operating point should be checked by comparing its current
with the value of Iy, computed graphically from the new dynamic load
line. If necessary, the procedure should be repeated.

When self-bias is used,? the process of locating the dynamic operating -
point is complicated by the necessity of using the dynamic value of
bias in locating point 7. The construction shown in Fig. 4-27 is then
of little value, but the use of a curve of assumed against computed values
of I, as explained above, is helpful. With self-biased tetrodes and

1 Beprorp, L. H., Wireless Eng., 8, 599 (1931).
2 See Sec. 5-8.

ip
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pentodes, the graphical analysis involves so many factors, including
dependence of screen current upon bias and excitation, that it is usually
simpler to make laboratory measurements. The graphical location of
the operating point may be simplified somewhat by assuming that the
screen current is not affected by the change in bias, or that the variation
of screen current with bias is proportional to the variation of plate current.

When the dynamic operating’ line has been located, the funda-
mental and harmonic components of alternating plate current or voltage
may be determined by application of graphical formulas.

Voltage amplifiers and triode power amplifiers are ordinarily used
in such a manner that the steady component of alternating plate current
does not exceed 5 per cent of the amplitude of the fundamental com-
ponent. When this is so, it js usually not necessary to go to the trouble
of locating the dynamic operating point, sufficiently accurate results
being obtained from a load line drawn through the static operating point
as in Fig. 4-15. Kilgour has shown, however, that considerable error
may result when this approximation is used in the analysis of power pen-
tode amplifiers.?

4-20. Operating Point for Tubes with Filamentary Cathodes.—In
obtaining the data for the static characteristics of a tube with a filamen-
tary cathode, the filaments are always operated on direct voltage, and
the grid and plate voltages are measured with respect to the negative
end of the filament. When such a tube is operated with alternating
filament voltage, the grid and plate circuits are connected to the filament
through a center tap on the filament transformer or through a center-tap-
ped resistor shunting the filament (see Sec. 5-13), and the operating grid
bias is specified with réspect to the center tap. Under d-c operation the
grid is negative with respect to the. center of the filament by half
the filament voltage, and so the same plate current is obtained when the
grid bias is lower than under a-c¢ operation. Therefore the numerical
value of bias used in locating the operating point graphically under a-c
operation should be less than the voltage specified or applied between
the grid and center of the filament by one-half the filament voltage. In
families of plate characteristics furnished by tube manufacturers the static
characteristic corresponding to specified operating voltages with respect
to the center of the filament is often shown as a dotted curve. The fila-
ment voltage is ordinarily so much smaller than the plate voltage that no
correction need be made in plate voltage in locating the operating point.

4-21. Graphical Determination of Power Output.2—Ordinarily only
the fundamental power output is of importance. This is

1 Kincour, C. E., Proc. I.R.E., 19, 42 (1931).

2For a dlscussmn of the determmatlon of power output in clrcults using alter-
nating plate supply voltage, see W, A. Schwaizmann, Elecironics, August, 1943, p. 94.
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P, = (0.707H ), = LH,%r, (4-39).

where H, is the graphically determined value of fundamental plate-
current amplitude. If harmonics higher than the second can be neglected,
the fundamental amplitude given by Eqgs. (4-29) is a close approximation.
The corresponding equation for fundamental power output is

Py = $(Tnax — Luw)rs (4-40)

But since the slope of the dynamic load line is 1/r, it can be seen ,fro~m
Fig. 4-20 that (Jmex — Tun)?s = Emex — Lrin
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Fic. 4-28.—Use of the plate diagram and the static 7.-e» characteristics in the graphical
construction of the dynamic grid characteristic.

Therefore Eq. (4-40) may be transformed into -
PO = %(Ima.x - Imin) (Emax _> Emin) (4‘41)

This is equal to one-eighth of the area of the rectangle KMLN in Fig.
4-20.

4-22. Dynamic Grid Characteristics.—The grid current corresponding
to a given value of grid voltage depends upon the plate voltage. When
load is used in the plate circuit, the plate voltage varies with grid voltage
in a manner that is determined by the load impedance. Therefore the
form of the curve of grid current vs. grid voltage varies with the load
impedance. Figure 4-28 shows the method of deriving a dynamic grid
characteristic for a given plate load from the curves of %, and 7. vs. e.
For a given value of grid voltage the intersection of the load line with
the plate characteristic for that grid voltage determines the corresponding
value of plate voltage. The grid current at this plate voltage is then
read from the static i.-e, characteristic for the given grid voltage. The
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dynamic grid-current curve is drawn by plotting values of ¢, determined
in this manner, against e.. Thus in Fig. 4-28 the plate voltage correspond-
ing to a grid voltage of 25 for the given plate load resistance is 50 volts.
At e, = 50 volts, the grid-current curve for e, = 25 volts indicates a
grid current of 19.5 ma. These values determine one point on the
dynamic grid-current characteristic.

When the grid is allowed to assume positive voltages and the grid
circuit containg appreciable impedance, the instantaneous voltage
of the grid will be less than the applied excitation voltage by the imped-
ance drop. This will cause the wave form and phase angle of the grid
voltage to differ from those of the grid excitation voltage. The effects
of the resulting grid-circuit distortion and methods of determining it
from the characteristic curves will be

i

discussed in Chap. 8. b \

4-23. Starting and Stopping Tran- | W
sients.i—In a circuit of the type shown 9
in Fig. 4-11, the average plate current ,
cannot increase instantaneously from ' TO
I, to In.. Because of inductance in the ARO
primary of the transformer there will
always be transient conditions just after | &b
the voltage e, is applied or removed e L_dITb
from the grid circuit. When the volt- Ebp
age is first applied, any tendency for the Frg. 4-29.—Diagram showing the

K effect of starting and stopping tran-
steady plate current to increase results gents upon the shift of the operating

in the production of an induced voltage point.

—L(dI,/dt), in the primary of the transformer. This voltage opposes the
plate supply voltage, producing an effect equivalent to a reduction of the
supply voltage to a new value Ew — L(dI:/dt). The static load line is
shifted to the left sufficiently so that the current I’ of the transient
dynamic operating point A’is equal to the initial steady current I,. This
is illustrated in Fig. 4-29. The average current immediately starts to
increase exponentially, and points A’ and 7’ approach their steady
positions A and 7. When ¢, is removed from the grid circuit, an induced
voltage is added to Ey of sufficient magnitude to give a new static
operating point O”, for which I,” is equal to Is. The plate current
immediately begins to decrease, and O’ moves down the static character-
istic for e, = E., eventually reaching O. The capacitance in the circuit
of Fig. 4-12 also results in transients. Any increase in the steady com-
ponent of plate current increases the steady IR drop through R; and thus
unbalances the voltages in the branch containing €, which in turn causes
charging current to flow into C until the increase in condenser voltage is
equal to the product of R, by the increase in steady plate current. This
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charging current in effect diverts a portion of the plate current from R,
so that, while C is charging, the drop through R; is less than its final
value. The result is the same as though R; were shunted during the
transient time by a resistance that increased exponentially from an

{ | T,and T,
are similar

(W &

v
()

F1a. 4-30.—Diagrams for Prob. 4-1.

initial value R, to an infinite value. On the plate-circuit diagram this is
shown by a change in the slope of the static load line from an initial
slope of 1/R; + 1/Rs to its final slope 1/R;. Not only is a transient
associated with the change in steady plate current when the load con-
tains reactance, but there is also in general a transient for each frequency
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contained in the plate current.! These transients may under certain
conditions prove to be very undesirable in oscillographic work.

Problems

4-1. @. Construct the equivalent plate circuits for the circuits of Fig. 4-30,
indicating the assumed polarities of all impressed and equivalent voltages.
b. Write the network equations for the equivalent circuits. .
¢. Express E, as a summation of voltages between the cathode and the grid.
d. Form the parallel equivalent plate circuits (see Appendix, Sec. A-1).
4-2. g. Construct the equivalent second-grid eircuit for the circuit of Fig. 4-31.
b. Write the expression for E; in terms of Ve, r, and C..
" 4-8. a. Construct the equivalent plate circuit for the circuit of Fig. 4-32,

L L
E
L 115

Fra. 4-31.—Diagram for Probs. 4-2 and 4-4.  Fia. 4-32.—Diagram for Prob. 4-3.

b. By means of the equivalent circuit derive an expression for [ in terms of £ and
thus show that the circuit acts like an admittance of value

_ (L4 ) 47, = jfaC ’
b TG —i/e0) (442

¢. Show that when pr is large in comparison with r, the circuit acts like a resistance
r. in parallel with a reactance x. whose values are

rp(r2C%2 4+ 1)

" T PChI )+ 1 (+43)
2 = _er-i—l/er 7 (4-44)
gm
d. Show that when rCw is large, Eq. (4-43) reduces to
= Tp -
re=i%n (4-45)

4-4. o. Making use of the similarity between the equivalent circuits of Probs. 4-2
and 4-3, write equations equivalent to Eqgs. (4-43) and (4-44) for the circuit of Fig.
4-31. .

b. The current to the second grid in Fig. 4-31 increases with a positive increment
of second grid voltage, which is positive, but decreases with a positive increment of
third grid voltage, which is negative. Making use of this fact, show that the effective
parallel resistance between A and B may be negative, and that the effective parallel
reactance may be inductive.

¢. Show that, when r is large in comparison with rys, the minimum value of
negative resistance is equal to r,/(1 + u2;) and that the negative resistance
approaches this value when the resistance r is large in comparison with the reactance
of C.

1 JacksoN, W., Phil. Mayg., 13, 143, 735 (1932).
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4-5. a. By means of the equivalent plate circuit, show that the effective resistance
between points A and B of Fig. 4-30; is equal to!

27‘an
T rnd—p

b. Determine the condition that makes r, negative.

4-6. a. Under the assumption that z, is a pure resistance and that the reactances
of Cyp and Cyx are very high in comparison with the load resistance 7, construet the
vector diagram for the cireuit of Fig. 4-7 at a frequency sufficiently low so that
electron transit time need not be taken into consideration. Show vectors for E, I,
E ., the resultant voltage E, — E,, impressed upon Cyy, and the current I» into C,p.2
Note that the condenser current is purely capacitive relative to E,.

b. Repeat (a) for a load having zero resistance and a capacitive reactance. Note
that the condenser current has a component that is conductive and a component that
is capacitive relative to E,.

c. Repeat (a) for a load having zero resistance and an inductive reactance. Note
that the condenser current has a negative conduetive component and a capacitive
component relative to E,.

d. Repeat (a) for a nonreactive load at a frequerncy so high that electron transit
time causes the plate current to lag the grid voltage. Note that the condenser
current has a conductive component. '

4-7. a. Construct the approximate plate diagram for a type 45 tube when
Ey, = 280 volts, E. = —50 volts, R» = 500 ohms, and r, = 3333 ochms.

b. Derive a dynamic transfer characteristic from the plate diagram.

4-8. If the static operating voltages of a type 45 tube are E,, = 240 volts,
E. = —50 volts; the plate supply voltage is- 250 volts; and the a-c load resistance is
5000 ohms,

a. Find u, rp, and g at the static operating point.

b. Find the d-c resistance of the load.

c. Construct the approximate plate diagram.

d. Find the amplitudes of the fundamental and second-harmonie components of
plate current at grid swings of 50 volts and 40 volts.

e. Find the fundamental power output at grid swings of 50 volts and 40 volts.

4-9. a. Locate the dynamic operating point and dynamic load line for a type
2A5 tube connected as a pentode and operated with a load that has a d-c resistance
of 300 ohms and an a-c resistance of 5000 ohms. Ei, = 250 volts, E. = —15.0 volts,
and E,, = 15.0 volts. (Note that the third, fourth, and fifth harmonics cannot be
neglected.) (See p. 62 for 2A5 characteristics or, preferably, refer to a tube manual.)

b. Find H., Hs, Hy, Hy, and H.

¢. Find the required B-supply voltage.

d. Find the fundamental power output.

e. Find the harmonic amplitudes and the power output under the assumption that
the operating point does not shift when the tube is excited.

4-10. Repeat Prob. 4-9 for self-biased operation, assuming that the screen cur-
rent remains constant at 6.5 ma. E. = —15.0 volts.

1 StEwWART, J. A., “The Roberts Neutralizer Circuit” (Bachelor’s thesis), Purdue
University, June, 1935.

% Since an jnecrease of plate current causes the plate end of the load impedance
{0 become more negative relative to the cathode end, and E,; is assumed to be measured
relative to the cathode end, E» = —Iyr;. Hence the direction of E. is opposite to
that of E,, and the direction of E, — X4 is the same as that of E,.

Te

(4-46)
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4-11. A type 53 tube is used with a pure resistance load of 1000 ohms and a
plate supply voltage of 120 volts. Construct the corresponding dynamic grid
characteristic.
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CHAPTER 5
AMPLIFIER DEFINITIONS, CLASSIFICATIONS, AND CIRCUITS

The many applications of thermionic electron tubes may be divided
into amplification, modulation and detection, generation of alternating
voltage, power rectification, current and power control, and measure-
ment. The subject of amiplification will be treated in this and. the
- following three chapters. The purpose of the present chapter is to
define terms that must be used in the discussion of amplifiers, to classify
different types of amplifiers, and to show basic circuits of amplifiers.
Chapters 6 to 8 will deal with the characteristics and the design of
amplifiers. :

b-1. Signal.—The term signal is applied to any alternating voltage
or frequency impressed upon the input of an amplifier or other four-
terminal network. It is also applied to the resulting fundamental
components of output voltage or current, as distinguished from harmonie
or intermodulation components,

5-2. Amplifiers.—An amplifier may be defined as a device for increas- .
ing the amplitude of electric voltage, current, or power, through the
control, by the input, of power supplied to the output circuit by a local
source. A vacuum-tube amplifier is one that employs vacuum tubes to
effect the control of power from the local source.

Amplifiers are but one type of the general four-terminal network.
Other types include the transformer and the filter. Wherever possible,
the definitions and discussions given in this chapter are worded so as to
apply also to other four-terminal networks. .

5-3. Amplifier Distortion.—If an amplifier, or other four-terminal
network, is distortionless, the application of a periodic wave of any form
to the input terminals will result in the production of an output wave
that is a replica of the input wave. In general, such a periodic wave will
consist of a fundamental and one or more harmonics. In order that the
output wave form shall be identical with that of the input, three condi-
tions must be satisfied: (1) The output must contain only the frequencies
contained in the input. (2) The output must contain all frequencies
contained in the input, and the relative amplitudes of the various com-
ponents must be the same as in the input. (3) If any component of the
output is shifted in phase relative to the corresponding component
of the input, all components must be shifted by the same number of

124 :
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electrical degrees of the fundamental cycle of that component. Examina-
tion of a fundamental wave and its nth harmonic shows that (3) is
equivalent to saying that the phase shift of the nth harmonic, measured
in electrical degrees of its own cycle, must be either n times the phase
shift of the fundamental or an integral multiple of 180 degrees. This can
be true only if the phase shift for sinusoidal input is either proportional
to the frequency, or zero or 180 degrees at all frequencies.! Failure to
satisfy these three conditions results in three corresponding types of
distortion: nonlinear distortion (amplitude distortion), frequency dis-
tortion (frequency discrimination), and phase distortion, any one of
which alters the wave form of the output relative to that of the input.

Nonlinear distortion (amplitude distortion) is the generation in an
amplifier or other four-terminal network of frequencies not present in
the impressed signal. It is usually associated with a nonlinear relation
between output and input amplitudes. In vacuum-tube amplifiers
it is the result of curvature of the dynamic tube characteristics. The
generation of harmonics and intermodulation frequencies was discussed
in Chap. 4. A nonlinear relation between the output and input ampli-
tudes when the dynamic transfer characteristic is curved is predicted by
the fact that the third and higher odd-order terms of the series expansion
for plate current [Eq. (3-56)] give rise to fundamental components of
plate current, the amplitudes of which vary as the cube or higher odd
power of the excitation voltage. For this reason, unless the coefficients
of all odd-order terms of the series are negligibly small, the voltage,
current, and power output are not proportional to the exciting voltage.
Nonlinear distortion is objectionable in the amplification of speech and
music mainly because intermodulation frequencies are in general inhar-
monically related to the impressed frequencies and, therefore, produce
unpleasant discords.? Although it is the inharmonic intermodulation
frequencies, rather than the harmonics, that are objectionable, nonlinear
distortion is most readily measured and specified in terms of the distor-
tion factor, defined in Sec. 4-18. Nonlinear distortion can be minimized
by proper choice of tubes, load impedances, and operating voltages, and
by avoiding too high excitation voltage.

Excessive nonlinear distortion may occur when the exciting voltage
and grid bias are such that the normal range of operation on the dynamic
transfer characteristic is exceeded. Figure 5-1 shows how improper
choice of grid bias or the use of excessive excitation may result in thé
flattening of one or both peaks of the wave of alternating plate current.
A similar flattening of the positive peak may result from the flow of grid

t Fry, T. C., Physik. Z., 23, 273 (1922). ‘ '

2 BARTLETT, A C., Wzreless Eng., 12,70 (1935); Barrow, W. L., Phys. Rev., 39, 863
(1932); ESPLEY D. C , Proc. I.R.E., 22, 78 (1934). ’
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current. In the circuit of Fig. 3-18, the flow of grid current through the
grid-circuit impedance z causes the instantaneous alternating grid
voltage ¢, to be less tha.n the instantaneous grid excitation voltage v,
during the time in which the grid is posi-
tive. In the ecircuit of Fig. 5-2, the
excitation voltage is produced by the flow
of alternating current 7, through the grid-
circuit impedance z,. During the part
of the cycle in which the grid is positive, a
portion %, of the current 7 flows into the
grid of the tube and so reduces 7, below
the value that it would have if grid current
did not flow. The alternating grid voltage -
_ is therefore also reduced below the value it
would have if the grid did not conduct.
Flattening of the peaks of alternating plate
current as the result of excessive grid
excitation voltage is called overloading.
Flattening of the plate current peaks is an
indication of the generation of harmonics
and intermodulation frequencies of large
amplitude.

Frequency distortzon in an amplifier or
other four-terminal network is the variation

ip

Fie. 5-1—Distortion of waves . : R 0 ”
of plate current as the result of of amplification or sensitivity with fre-

overloading. quency of the impressed signal. In a

vacuum-tube amplifier it results from dependence of circuit and inter-
electrode impedances upon frequency.! It can be minimized by proper
design of input, output, and interstage cou-
pling ecircuits, being least in amplifiers in
which the circuits do not contain reactance.
The difficulty of preventing frequency distor-
tion increases with the width of the frequency
band for which the amplifier is designed and o
with amplification per stage. Although fre- curilft' frgf"jhlzwgirﬂf’c?mu?i
quency distortion may not produce disagree- impedance as the result of
able effects in the amplification of music, it gfig gfpgorgﬁi‘fz"ent when the
impairs fidelity of tone and may prevent the
reproduction of the sounds of some instruments. By eliminating the
high frequencies essential to the reproduction of consonants, it may
make reproduced speech difficult to understand.

1 At ultrahigh-frequency electron transit time. also causes frequency and phase
distortion.
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Phase distortion is the shifting of the phase of the output voltage
or current of an amplifier or other four-terminal network relative to the
input voltage or current by an amount that is not proportional to fre-
quency. like frequency distortion, it results from the reactance of
electrodes and circuit elements and can be made negligible by designing
the coupling and other circuit elements so that the reactances have
negligible effect throughout the desired frequency range.! This causes
the phase shift to approximate zero or 180 degrees throughout the fre-
quency range. Because phase distortion usually cannot be detected by
ear it is ordinarily the least objectionable type of distortion in the
amplification of sound. It is objectionable, however, in the amplification
of television signals -and in the use of amplifiers in the oscillographic
study of voltage and current wave form.

Since the variations of amplification and of phase of the output voltage
of an amplifier with frequency are both caused by tube and circuit
reactances, the phase of the output voltage is ordinarily constant through-
out any range of frequency in which the amplification is constant.

- It is of interest to note that the human ear has both notlceable non-
linear and frequency distortion.

5-4. Amplifier Classification.—Vacuum-tube amplifiers are commonly
classified in four ways: (1) according to use, (2) according to circuits,
(3) according to frequency range, and (4) accordlng to the portion of the
cycle during which plate current flows.

Voltage, Current, and Power Amplifiers.—When elass1ﬁed as to
type of service, amplifiers are termed voltage amplifiers, current amplifiers,
or power amplifiers, depending upon whether they are designed to furnish
voltage, current, or power output. The effectiveness with which a
voltage amplifier accomplishes its function is indicated by its voliage
amplification. Voltage amplification is the ratio of the signal voltage
available at the output terminals of an amplifier, transformer, or other
four-terminal network, to the signal voltage impressed at the input
terminals. It will be represented by the symbol A. Methods of
measuring voltage amplification are discussed in Sec. 15-41.

Current amplification is the ratio of the signal current produced
in the output circuit of an amplifier, transformer, or other four-terminal
network to the signal current supplied to its input circuit. The effective-
ness with which a current amplifier accomplishes its function may some-
times be specified by its current amplification, but usually the input
impedance is so high that this term has no useful significance unless the
input is shunted by a specified impedance. The performance can be
indicated better by the current sensitivity, which is defined as the ratio

1 See footnote, p. 126,
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of the signal current produced in the output circuit of an amplifier or
other four-terminal network to the signal voltage impressed at the input
terminals. Current sensitivity is measured in mhos.

Power amplification is the ratio of the power delivered to the output
circuit of an amplifier, or other four-terminal network containing a
source of local power, to the power supplied to its input circuit. Because
of the high input impedance of many types of power amplifiers, this
term may have no useful significance unless the input is shunted by a
specified impedance. It is usually better, therefore, to specify the
performance of a power amplifier by its power sensitivity, which is defined
ag the ratio of the signal-frequency power delivered by the output circuit
of an amplifier or other four-terminal network containing a local source of
power, to the square of the effective value of the signal voltage impressed
at the input terminals.? Power sensitivity is measured in mhos.

A frequency-response characteristic is a graph that relates the amplifica-
tion or sensitivity of an amplifier or other four-terminal network with
the frequency of the impressed signal. The term is usually applied
to a graph of voltage amplification as a function of frequency of the

impressed signal.
§0u¢u/ l j %zblk'—" %Z
b2
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Input ¢
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Fia. 5-3.—Direct-coupled amplifier. Fia. 5-4.—Direct-coupled amplifier.

In amplifiers designed to furnish voltage output, all stages, including
the final one, should be voltage amplifiers. In amplifiers designed to
furnish power output, on the other hand, the last stage must be a power
amplifier. All other stages are voltage amplifiers unless the final power
tube operates in such a manner that grid current flows during part of
the cycle, in which case the next to the last stage must also be a power
amplifier. The theory and characteristics of voltage, current, and
power amplifiers will be considered in Chaps. 6 to 8.

5-5. Amplifier Circuits.—The classification of amplifiers according
to circuits is based upon the number of stages, upon the type of circuit
used to couple successive stages, and upon whether each stage uses a
single tube or a symmetrical arrangement of two tubes. The coupling
circuit serves a dual function. It converts the alternating plate current
of one tube into alternating voltage to excite the grid of the following

1 BALLANTINE, StUART, Proc. I.R.E., 18, 452 (1930).
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tube; and, by preventing application of direct plate voltage of one tube
to the grid of the following tube, it allows the proper operating voltages
of all electrodes to be maintained.  There are three fundamental types
of coupling: direct coupling, impedance-capacitance coupling, and trans-
former coupling.

5-6. Direct Coupling.—A direct-coupled amplifier is one in which
the plate of a given stage is connected to the grid of the next stage either
directly or through a biasing battery. Basic circuits of two-stage
amplifiers with direct coupling are shown in Figs. 5-3 and 5-4. The
biasing battery adjacent to the grid of the second tube in the circuit of
Fig. 5-3 is necessitated by the fact that the plate of the first tube is
positive relative to its cathode, whereas the grid of the second tube
must be negative relative to its cathode. The need for this battery is
avoided in the circuit of Fig. 5-4 by making the cathode of the second
tube positive with respect to the cathode of the first tube. The voltage
of the cathode of the second tube in Fig. 5-4 is adjusted so that the
voltage between p and q is less than the drop through 2, by the required
grid bias of the second tube.

¢ Y \— L,

Input ;; > Output l < Output

3 . 9 Input ™
pgath

11}
| Y@ (b)

Fia. 5-5.—Direct-coupled amplifiers with & single source of B and C voltages.

The several voltage sources of Fig. 5-4 may be replaced by a single
voltage source and a voltage divider.! In order to prevent the applica-
tion to the grid of the first tube of voltage changes or alternating volt-
ages resulting from the flow of plate current of the second tube through
the voltage divider, it is desirable to use two voltage dividers, as shown
in Fig. 5-5a. Direct voltage is prevented from appearing between the
output terminals by connecting the lower output terminal to a point
on the voltage divider that is at the same potential as the plate of the
output tube. The flow of alternating plate current of each tube through
its voltage divider applies to the grid of that tube an alternating voltage
in phase opposition to the impressed signal voltage and thus causes
some loss of amplification. This difficulty may be avoided by the use
of push-pull circuits, which will be discussed in Sec. 5-10.2 If the

1LortiN, E. H., and WHitE, S. Y., Proc. I.R.E., 186, 281 (1928); 18, 669 (1930).
¢ GoLDBERG, H., Trans. Am. Inst. Elec. Eng., 59, 60 (1940).
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amplifier is to be used only for the amplification of alternating voltages, .
the loss of amplification can be prevented in the circuit of Fig. 5-5a by
connecting a condenser between each cathode and the negative side
of the voltage supply. In order to avoid frequency distortion these
condensers must be large enough so that their reactances are small
at the lowest frequency to be amplified. Another circuit that makes
possible the use of a single voltage source is shown in Fig. 5-5b. In this
circuit the grid biasing voltages are obtained by the flow of plate current
through resistors adjacent to the cathodes. The voltage drop across
the eathode resistor of the second stage must be equal to the plate voltage
of the first tube minus the magnitude of the grid bias of the second tube.
This circuit is particularly applicable when the second tube is a power
tube requiring a relatively high grid bias. When the amplifier is used -
only in the amplification of alternating voltages, loss in amplification
resulting from alternating voltage produced across the cathode resistors
may be prevented by shunting them with condensers of low reactance.
In the amplification of direct voltages this type of circuit is of principal
value in push-pull form, in which the. cathode resistors do not cause
loss of amplification. Such a circuit is shown in Fig. 6-44. The use of
cathode resistors to produce grid bias will be discussed in further detail
in Sec. 5-8. ‘

Another form of direct-coupled amplifier is similar to the circuit of
Fig. 5-6, except that the coupling condenser C, is replaced by a glow-
discharge tube. Such a tube is characterized by a practically constant
voltage drop over a wide range of current (see Sec. 11-4). Variations of
voltage of the plate of one tube are therefore passed on to the grid of
the following tube-and the difference in direct voltage between these
electrodes appears as voltage drop in the glow tube. The objection to
such a circuit arises from the fact that the current that flows through the
glow tube has small random fluctuations which cause relatively large
disturbances in the amplifier output. Although these disturbances
may be very serious in amplifiers used for the production of sound or in
other applications, glow-tube coupling is sometimes used in vacuum-
tube instruments and in control apparatus. An example of the use of
glow-tube coupling is afforded by the circuit of Fig. 6-37.

Direct-coupled amplifiers respond down to zero frequency, i.e.,
they amplify changes of direct voltage. Although the small frequency
distortion and the response at zero frequency are advantages of the
direct-coupled amplifier, the response to changes of steady voltage
makes it difficult to use more than two stages in the circuits of Figs. 5-3 to
5-5. Small changes in the operating voltages of the first tube. are
amplified to such an extent that it is hard to maintain correct grid, bias
in the final stage of an amplifier having three or more stages.. This
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" difficulty may be reduced, however, by the use of inverse feedback
(see Sec. 6-36) and push-pull circuits.! A practical three-stage circuit
is shown in Fig. 6-44. :

- 5-7. Impedance~capacitance Coupling.—In the impedance-capaci-
tance—coupled amplifier of Fig. 5-6 the plate voltage is kept from the
grid of the succeeding tube by
the use of a coupling condenser
C.. If the reactance of this con-
denser is small in comparison to
the grid coupling impedance z,,
practically the full voltage de-
veloped across z; is applied to the
grid of the second tube. 2z is
almost always a resistance. The Fie. 5-6.—Impedance-capacitance—coupled

. . amplifier.
plate coupling impedance 2; may
be a resistance, an inductive reactance, a resonant circuit, or a more
complicated type of impedance. When resistance is used, the amplifier
is termed a resistance-capacitance—coupled amplifier, or simply a resistance-
coupled amplifier.

5-8. Use of Cathode Resistors to Provide Bias.—It is unnecessary
to use a separate voltage source to supply grid-bias voltages. The
plate and grid supply voltages of Fig. 5-6 may be replaced by a single
voltage source and voltage divider, or the bias voltages may be obtained

F1a. 5-7—Impedance-capacitance-coupled amplifier with self-biasing resistors R..

by the use of cathode resistors, as in Fig. 5-7. The steady components
of plate and screen currents through a biasing resistor R, cause a steady
voltage drop that is of such polarity as to make the grid negative with
respect to the cathode. The tube is said to be self-biased. The correct
value of biasing resistance for any stage is equal to the required bias
divided by the sum of the static operating plate and screen currents.
If the resistance alone is used, the signal voltage produced across this
resistance is also applied to the grid and, being opposite in phase to the
input voltage, reduces the amplification. Although the effects of the

1 Crarp, J. K., Gen. Radio Ezpt., 9, February, 1939, p. 1; GOLDBERG, loc. cil.;
Gooopwin, C, W., Yale J. Biol. and Med., 14, 101 (1941).

’
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out-of-phase voltage applied to the grid are not necessarily without
benefit (see Sec. 6-29), the loss in amplification may be prevented by
shunting the resistance with a by-pass condenser C.., whose reactance is
small at signal frequency. To ensure that the amplification will not
fall off at low frequencies, this condenser must have sufficiently high
capacitance so that the alternating voltage
across R, is negligible at the lowest frequency
to be amplified. Because the required biasing
voltage is usually relatively small, a low-
voltage, high-capacitance electrolytic condenser
(25-volt, 25-pf, for instance) may ordinarily be
used.
Another method of preventing the appli-
cation of out-of-phase signal voltage to the
amliilgér i‘i; Ss‘g%}f)lits"l‘fg grid is by the decoupling circuit of Fig. 5-8.
resistor and decoupling fitter. 'The condenser C,. and resistor R, serve as
a simple filter by acting as a voltage divider
for any alternating voltage appearing across R..! If the reactance of
C.. is small in comparison with the resistance R.’ at the lowest fre-
quency to be amplified, a negligible portion of the alternating voltage will
appear across C. at this and higher frequencies. The condenser charges
up to a voltage equal to the direct voltage across R, and thus applies
this amount of biasing voltage to the grid circuit. The advantage of

T

L0t

F1a. 5-9.—Doubly tuned transformer-coupled amplifier.

the circuit of Fig. 5-8 over that of Fig. 5-7 is that it requires a smaller
value of Cy.. Its disadvantage is the need for an additional resistor.
The by-pass condenser in the circuit of Fig. 5-7 and the condenser-
resistance filter in the ecircuit of Fig. 5-8 also serve to reduce hum by
preventing ripple voltage, which appears across R.. as the result of a
poorly filtered B supply (see Chap. 14), from being applied to the grid.
In some circuits grid bias is derived from the nearly constant voltage

L Pounp, F. J. A., Wireless Eng., 9, 445 (1932); KiNross, R. 1., Wireless Eng., 10,
612 (1932); StevENs, B. J., Wircless Eng., 11, 129 (1934); CrarkE, G. F., Wireless
Eng., 11, 370 (1934); WririaMs, EMRrys, Wireless Eng., 11, 600 (1934). See also
Sec. 6-38.
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drop across a glow-discharge tube (see Sec. 12-4 and Figs. 14-21c, 14-22,
and 14-23). o

5-9. Transformer Coupling.—Basie circuits of transformer-coupled
amplifiers are shown in Figs. 5-9 to 5-11. The amplifiers of Figs. 5-9

/ﬂpu@ E}@ éfé_% é%omuf
L

Fia. 5-10.—S8ingly tuned transformer-coupled amplifier.

.and 5-10, which incorporate resonant circuits, are, used principally at
radio frequencies. The transformers may be either air-core or iron-core.
The amplifier of Fig. 5-11, which employs untuned iron-core trans-
formers, is used principally at audio frequencies.

e /npézsmgﬁ%m D Y

sllls
Ebp
Fi1g. 5-11.—Untuned transformer-coupled amplifier.

5-10. Push-pull Amplifiers.—The circuits illustrated in Figs. 5-3
to 5-11 use a single tube in each stage of amplification. Such amplifiers
are said to be single sided. It is also possible to use two tubes in each
stage, -connected so that the alternating grid voltages of the two tubes
are opposite in phase, but the output '
voltages of the two tubes add, as in’
the single-stage circuit of Fig. 5-12.
An amplifier that uses such a sym-
metrical .arrangement of two tubes is
called a push-pull amplifier.

Push-pull amplifiers have a num-
ber of advantages over single-sided 4 519 gingle-stage pushepull am-
amplifiers. (1) The principal ad- plifier.
vantage of push-pull amplifiers is that
they do not introduce even harmonics of the impressed signal or the
accompanying intermodulation frequencies associated with the even-
order terms of the series expansion. (2) The reduction of even-order
nonlinear distortion makes possible the use of higher bias and grid swing
and hence the development of greater power output than that of the

EOU/puf
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same two tubes used in parallel in a single-sided amplifier. (3) Hum
voltage resulting from insufficient filtering of the B supply, and fluctua-
tions of supply voltage, are applied in the same phase to the two tubes
of a push-pull amplifier and hence the effects balance out of the output.
(4) In push-pull transformer-coupled amplifiers the steady plate currents
pass through the coupling-transformer primary in opposite directions
and so do not tend to saturate the core if the two tubes have identical
characteristics. For this reason a smaller core can be used. (5) The
fundamental components of alternating plate currents of the two tubes,
which are opposite in phase, cancel in the biasing resistance R, and
therefore do not produce alternating voltage across this resistance. Even
if the alternating currents of the two tubes are not exactly equal in
amplitude, any alternating voltage produced across R.. is applied in,
the same phase to the two grids and so this voltage does not produce any
effect upon the output voltage. Hence the by-pass condenser may be
omitted without loss of amplification, and danger of frequency distortion
resulting from the variation: of reactance of this condenser with frequency
may be avoided. (6) Similarly, the fundamental components of plate
current of the two tubes cancel in the impedance of the source of plate
voltage and any small alternating voltage produced in this impedance if
the currents are not exactly equal is applied to the two tubes in the same
phase. Loss of amplification in individual stages or danger of oscillation
as the result of feedback of signal voltage from any stage to a preceding
stage (see Sec. 6-38) is thus avoided.

The symmetry of push-pull amplifiers can be made sufficiently close
by choice of similar tubes and by minor circuit adjustments, so that the
negative half of the output wave may be considered to have the same
form as the positive half. A periodic wave that has this type of sym-
metry contains no even harmonics.? It follows, therefore, that a properly
balanced push-pull amplifier does not generate even harmonics of the
applied frequencies. This is also shown by Eqs. (4-34) to (4-36).

That a symmetrical push-pull amplifier does not generate even
harmonics or even-order intermodulation frequencies may be proved
rigorously by means of the series expansion for alternating plate current.
Since the circuit is assumed to be symmetrical, the coefficients for the
series are the same for the currents of both tubes. Let ¢, and i, be the
alternating grid voltage and alternating plate current of one tube and
e, and 7,” those of the other tube. Then

tp = Zaie, + Zdee,? + Zaze,® + Tasgt — - ¢ - (5-1)
& = Zase,” + Zage,’t + Zase,”® + Zaswe,t — - - - (5-2)

1 Mavuti, M. G., “Eleetric Circuit Analysis,” p. 176, John Wiley & Sons, Inc., New
York, (1930).
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But ¢, = —e,. Therefore
iy’ = —Zaie;, + Zase,? — aze,® + Sae,t — - - - (5-3)

Because the plate currents flow through the primary of the coupling
transformer in opposite directions, the voltage across the secondary is
proportional to the difference between 7, and i,’.

e = A(l, — 1,/) = 2A(Za1e, + Zase,® + Zase, + - - -) (5-4)

in which A, the constant of proportionality, is different for each frequency
component of the expanded series. If ¢, = E. sin wf is substituted in
Eq. (5-4) and the powers of sin wt are expanded, the resulting series
contains only the fundamental and odd-harmonic frequencies. If ¢, is
the sum of several voltages of different frequencies, the series contains
also odd-order intermodulation frequencies, but no even-order inter-
modulation frequencies. With triodes, the coefficients of the third- and
higher-order terms of the series can be made small enough so that the
output of a push-pull amplifier has negligible harmonic and intermodula-
tion content. With pentodes a great reduction of amplitude distortion
can be effected by the use of push-pull circuits operated under conditions
that give small third-harmonic content but that would give high second-
harmonic content with single-sided amplifiers.

If the output transformer of Fig. 5-12 is center tapped, it ean be used
to excite a following push-pull amplifier stage. Impedance-capacitance
coupling may also be used, as shown
in Fig. 5-13. In this circuit there
can be no external connection be-
tween either side of the input and
the cathode circuit, as this would in
effect short-circuit the a-c input to
one tube. For this.reason the input
can be grounded only at the mid-
point of the input resistor. Al- Fie. 5-13.—Resistance-capacitance-
though push-pull stages may be used couDleé push-pull amplifier.
throughout a multistage amplifier when it is desired to reduce distortion
to & minimum, it is more common to use the push-pull connection only
in the final stage, in which the current amplitude, and hence the dis-
tortion, are large. ,

b-11. Phase Inverters.—The requirement that the exciting voltages
of the two tubes of a push-pull amplifier shall be opposite in phase neces-
sitates the use of special circuits in coupling a single-sided stage to a
push-pull stage by means of resistance-capacitance coupling.! One

! AucHTIE, F., Wireless Eng., 6, 307 (1929); Davipson, P. G., Wireless Eng., 6,
437 (1929); Suorrr, H. L., Radio Eng., January, 1935, p. 14.
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circuit that may be used for this purpose is shown in Fig. 5-14. 1In this
circuit, the 180-degree difference in phase of the exciting voltages of the
push-pull tubes is obtained by splitting the plate resistor of tbe first
stage into two parts and inserting the B-supply voltage between them.!
The signs in Fig.| 5-14 show the polarities of the instantaneous voltages
across the various resistors when the instantaneous input voltage is of
such polarity as to swing the grid voltage of the first tube in the positive
direction. This circuit has the disadvantage that the input cannot be
grounded if the voltage supply is grounded. This disadvantage may be
avoided by connecting the lower input terminal and the lower end of the
input resistor to the negative side of the supply voltage Ei, instead of
as shown in Fig. 5-14.2 The voltage developed across the lower plate
resistor of the first tube is then applied to the grid in series with the input

Frc. 5-14.—Amplifier circuit in which resistance-capacitance coupling is used to couple a
single-sided stage to a push-pull stage.

voltage. Since these voltages are opposite in phase, the resultant grid

voltage is small and the amplification of the first stage is approximately

unity. The reduction of amplification, which may be undesirable, is

accompanied by a decrease of nonlinear distortion in the first stage (see

Sec. 6-30).

A second type of phase-inverter circuit, in which the phase reversal
is accomplished by means of an extra tube, is shown in Fig. 5-15. The
signs indicate the relative polarities of the instantaneous alternating
voltages throughout the circuit. The alternating grid voltage of tube 7',
which is obtained from the plate load resistance of T, is opposite in
phase to the voltage impressed upon the grid of 7:. Hence the output
voltages of the two tubes are opposite in phase. The slider of the voltage
divider is set so that (r; + r2)/r: is equal to the voltage amplification of
T:. The alternating grid voltages and, therefore, the output voltages, .
of the two tubes are then equal in amplitude. A twin type of tube is
usually used for T; and Ta. A simple method of balancing the circuit
is to connect a pair of headphones across the biasing resistor and to

i TULAUSKAS, L., Electronics, May, 1933, p. 134.
2 McProup, C. G., and WiLpermuTH, R. T., Electronics, October, 1940, p. 50.
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adjust the voltage divider so that only harmonic and other distortion
frequencies are heard.

A third type of phase-inverter circuit, called the cathode phase inverter,
is shown in basic form in Fig. 5-16a.* The alternating grid voltage for
T,, which is obtained from the resistance in the cathode circuit of 7'y, is

Fig. 5-15.—Use of a phase-inverting tube in coupling a single-sided stage to a push-pull
stage.
opposite in phase to the alternating grid voltage of T, and so the two
output voltages (measured relative to the common output terminal) are
opposite in phase. A simple analysis, based upon the equivalent plate
circuits (see Prob. 5-1), shows that the ratio of E.; to E.. is equal to
7ol 4+ (rp + 752)/(u + 1)7]/ms2. This ratio can be made equal to unity
by making rys larger than r,;.  When it is desired, for the sake of sim-

T

(a) (b
Fi1a. 5-16.—Cathode phase inverter (a) with a common cathode coupling a.nd biasing resistor
and (b) with coupling resistance greater than the biasing resistance.
plicity, to make r,; and rys of equal value r,, the amplitudes of the two
output voltages can be made to approach equality by making (u + 17
large in eomparison with r, - 7. The voltage amplification is then
approximately ur,/2(r, + 7). In order to make the two output voltages
essentially equal in this manner, it is necessary to use values of 7, con-
siderably larger than those required to provide the correct grid bias. In

! Scamrrr, O. H., J. Sci. Instruments, 16, 136 and 234 (1938): Rev. Sci. Instru-
ments, 12, 548 (1941).
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the modified circuit of Fig. 5-16b the bias is provided by the resistance
R, whereas the alternating grid voltage of T, is taken from across both
r, and R, through the condenser C, the reactance of which is negligible
in comparison with the resistance R.
b-12. Output Circuits.—It is often advan-
'_l tageous or necessary to prevent the steady
component of plate current of the output tube
load|  from passing through the loud-speaker or other
load. This may be done by using an output
transformer as in Figs. 5-9 to 5-12, 5-14, and
5-15, a resistance-capacitance network as in
Fra. 517.—Choke-conden- Figs. 5-7 and 5-13, or a condenser-choke
ser—coupled load. combination as in Fig. 5-17.

5-13. Use of Center-tapped Filament Transformer with Fllamentary
Cathodes..——When tubes with filamentary cathodes are operated from
an a-c¢ filament supply, the grid and plate circuits are connected to the
cathode through a center tap on the filament transformer or through a
center-tapped resistor shunted across the filament. The reason for
the center connection is to prevent a-c¢ output at supply frequency as the
result of a variation of voltage of one end of the filament relative to the
grid. -'The center connection is equivalent to a connection to the mid-
point of the filament. 'When the alternating voltage drop in the filament
causes the voltage of the grid relative to one end of the filament to
- become more negative, it causes the grid voltage relative to the other
end to become less negative. If the filament is symmetrical, the decrease
of space current from one end of the filament is offset by an equal increase
from the other end, and the plate current remains constant. Slight
deviation of the filament from symmetry with respect to the mid-point
can be compensated by the use of a resistor with an adjustable tap.

5-14. Frequency Range.—According to frequency range, amplifiers
are classified as wide-band and narrow-band. The presence of circuit
inductances and capacitances restricts the frequency range over which
any amplifier can amplify uniformly. The width of the response band
may be reduced to any desired amount by the use of tuned circuits or
band-pass filters in the amplifier. For most applications of audio-
frequency amplifiers it is desirable to amplify uniformly over as great a
frequeney range as possible, and so untuned amplifiers are the rule.
Tuned amplifiers, which are indispensable in radio-frequency amplifica-
tion, are seldom of value in audio-frequency work unless it is desired to
emphasize or repress certain frequencies. Amplifiers incorporating
band-pass filters are of value at both radio and audio frequencies.!

1 BurTERWORTH, S., Wireless Eng., T, 536 (1930).
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They may be used in separating and isolating various portions or com-
ponents of a wide band of frequencies which are simultaneously produced
or transmitted.

6-15. Class A, Class AB, Class B, and Class C Amplifiers.—According
to the portion of the cycle during which plate current flows, amplifiers
are classified as Class A, Class AB, Class B, and Class C. A Class 4
amplifier is one in which the grid bias and alternating grid voltage are
such that plate current in the tube, or in each tube of a push-pull stage,
flows at all times. A Class AB amplifier is one in which the grid bias
and alternating grid voltages are such that plate current in the tube, or
in each tube of a push-pull stage, flows for appreciably more than half"
but less than the entire electrical cycle. A.Class B amplifier is an
amplifier in which the grid bias is approximately equal to the cutoff
value, so that the plate current is approximately zero when no exciting
grid voltage is applied and so that plate
current in the tube, or in each tube of a
push-pull stage, lows for approximately one-
half of each cycle when an alternating grid
voltage is applied. A Class C amplifier is
an amplifier in which the grid bias is appre-
ciably greater than the cutoff value, so that
the plate current in each tube is zero when
no alternating grid voltage is applied and so
that plate current flows in each tube for
appreciably less than one-half of each cycle
when an alternating grid voltage is applied. Fie. 5-18.—Slngle-51ded Class
The suffix 1 may be added to the letter or Al operation.
letters of the class identification to denote that grld current does not
flow during any part of the input cycle, and the suffix 2 to denote that
grid current flows during some part of the cycle.

Class Al operation is illustrated in Fig. 5-18. According to the
definition of Class A amplification, the lower limit of instantaneous total
plate current is zero. Practically, however, distortion eaused by curva-
ture of the dynamic transfer characteristic at low values of plate current
limits the minimum plate current in a single-sided amplifier to values
that ordinarily are not less-than one-fifteenth of the maximum plate
current and that may be considerably larger. Since grid current starts
flowing when the grid voltage is zero or even slightly negative, the upper
limit of plate current is approximately that corresponding to zero grid
voltage. The largest amplitude of alternating plate current is evidently
obtained when the grid bias and signal voltage have such values that the
grid voltage is equal to or slightly less than zero at the positive crest of

“exciting voltage and the plate current has the minimum value of I,
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consistent with allowable amplitude distortion, at the negative crest of
exciting voltage.

Although larger amplitude of alternating plate current can be obtained
with Class A2 operation than with Class Al, this advantage is offset
by the higher value of static operating current, which increases the power
consumption and the loss within the tube (see Sec. 7-2), and by the
complications arising from the flow of grid current (see Sec. 8-9). Class
A2 operation is, therefore, seldom used. Class Al operation is used in
voltage amplifiers and in many audio-frequency power amplifiers. It
results in lower distortion than do other types of operation but is less
-efficient than Class AB, B, or C operation.

Fic. 5-19.—Single-sided Class B2 operation. Fic. 5-20.—Push-pull Class B2 operation.

Class B2 operation is illustrated in Figs. 5-19 and 5-20. If a single
tube were used as a Class B audio-frequency amplifier, all, or nearly all,
of the negative half of the cycle would be cut off, as shown in Fig. 5-19,
and amplitude distortion would be excessive. When two tubes are used
in push-pull, however, the grid bias can be adjusted so that each tube
functions in alternate half cycles during a little more than half the cyecle,
and the resultant current through the load is very nearly a replica of the
exciting grid voltage, as shown in Fig. 5-20. In radio-frequency ampli-
fiers, tuned circuits may be used in the plate circuit to suppress harmonics
in the output and thus make possible the use of a single-sided amplifier.
Class B operation is used in a-f amplification only in power amplifiers.
Class B amplifiers are capable of delivering large amounts of power at
higher efficiency than Class A amplifiers, but the harmonic content is
greater. Difficulties of design result from the flow of grid current at the
high excitation voltage required in order to take full advantage of the
capabilities of Class B amplifiers. The characteristics of Class B audio -
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amplifiers and the special problems encountered in their design will be
treated in detail in Chap. 8.

Class AB operation is intermediate between that of Class A and
Class B. Single-sided Class AB1 and AB2 operation are illustrated in
Figs. 5-21a and 5-21b. Because plate current in a single tube does not
flow during the entire cycle, it is necessary to use push-pull circuits to
avoid excessive distortion in Class AB a-f amplifiers. Often the grid
is not allowed to swing positive, since the flow of grid current results in
complications which may offset the advantages (see Sec. 8-9). Con-
siderably greater power output and higher efficiency can be obtained
with Class AB1 amplifiers than with Class Al amplifiers. Class AB
amplifiers will be treated in Chaps. 7 and 8.

Because of the fact that plate current flows during less than 180
electrical degrees it is impossible to use Class C operation in a-f amplifiers

ip

R (b)

F1a. 5-21.—(a) Single-sided Class AB1 operation. (b) Single-sided Class AB2 operation.
designed- for wide frequency bands. In r-f amplifiers, harmonics are
suppressed by the use of resonant eircuits. The efficiency of Class C
amplifiers is greater than that of the other classes.

6-16. The Decibel.—Although current, voltage, and power amplifica-
tion, as well as the magnitude of a given voltage, current, or power,
relative to reference values, can be expressed as an ordinary ratio, it
has been found to be far more convenient to make use of logarithmic
ratios. The unit that has been adopted in this country is the decibel,
which is indicated by the symbol db and is defined as follows:

1. The ratio of two amounts of power P; and P; is said to be n db if

n = 10 lOglgg'j (5'5)

2. The ratio of two voltages E; and E; or two currents I, and I, is
said to be n db if

n = 20 logi, E, or n = 20logy L (5-6)
E, I



142 APPLICATIONS OF ELECTRON TUBES

If P, exceeds Py, n is positive, Ps is said to be “up’’ n db with respeect
to Py, and n is said to indicate a gain; if Py exceeds Py, 1 is negative, P; is
-said to be “down’” n db with respect to Py, and » is said to indicate a loss.

2
By substituting P = I% cos 6 and P = —g— cos § in Eq. (5-5) the

student may show that Fqs. (5-5) and (5-6) give the same number of
decibels if the impedances in which P, and P, are developed have the
same magnitude and phase angle.

It follows from the definition of a logarithm that if a system is made
up of a number of units whose decibel gain or loss is n, ng, ns, ete., the
over-all gain or loss of the system is

n=n1+nz+na+--' (5-7)

due account being taken of the signs of n,, ne, ns, ete.

It should be noted that the decibel always refers to the ratio of two
amounts of power, voltage, or current. A single quantity of power,
voltage, or current can be specified in decibels by agreeing to express
the ratio always with respect to a fixed reference value, called zero level.
In telephone engineering practice, 6 mw has long been accepted as zero
power level. The somewhat more convenient value of 1 mw, as well as
other values, is often used. The term volume unit is used in place of
“decibel ” in specifying power when 1 mw is used as zero power level.!

The small numbers in which it is possible to express the decibel
gain corresponding to large amplification ratios and the ease of adding
and subtracting, as compared with multiplying and dividing, constitute
two advantages of the use of the decibel. Furthermore, the change in
gain of an amplifier in decibels is a better index of the effect of the sound
output upon the ear, than the corresponding change in amplification.?

A chart for determining decibel gain corresponding to power, voltage,
and current ratios is given on page 676.

. Problems
B-1. a. By the use of equivalent plate circuits, show that the voltage amplification
of tube T'; in the circuit of Fig. 5-16a is

B prodrs 4 o2 + (4 17l o (5-8)
(rp 4+ 1) (rp 4 7o2) 4 (2rp + 101 4 702) (0 D1

A =

and that the ratio of the output voltages of the two tubes is

Eox I: (rp + 7“?)2)] b1

= — A TV TRz 10 B

Eus YT F0nd e -9,
Lt Arrrr, H. A., Cuiny, H. A, and Mogris, R. M., Electronics, February, 1939,

p. 28; Cunn, H. A, Gannert, D. K., and Morris, R. M., Proc. I.R.E., 28, 71 (1940).
2 PERRY, S. V., RMA Tech. Bull. 1, Nov. 1, 1940.




AMPLIFIER DEFINITIONS; CLASSIFICATIONS 143

b. Show that when 751 = 72 = mpand (u + Ure > > rp + 1, Egs. (5-8) and (5-9)
reduce to '

- M

A= =5+
Bo _ ’

7 =1 (5-11)

(5-10)

6-2. The voltage produced by the flow of 1 ma through a resistance of 1000 ohms
is amplified to give a voltage of 100 volts across a 10,000-ohm resistance. Find the
voltage gain, current gain, and power gain in decibels.



CHAPTER 6

ANALYSIS AND DESIGN OF VOLTAGE AND CURRENT
AMPLIFIERS .

Voltage amplifiers are usually operated in such a manner that ampli-
tude distortion is small. Much can be learned regarding their perform-
ance, therefore, by taking into account only the fundamental components -
of plate current and making use of

": the equivalent-plate-circuit theorem.
_i_ L The results of such an approximate
Corl ™ Zp EEE analysis are closely verified by
| laboratory measurements. When it

j- 11} is necessary to determine the har-
Epp monic content or to make more

Fia. 6-1—Single-sided amplifier with accurate predictions regarding the
impedance load. amplification, the graphical methods
explained in Chap. 4 may be employed.

- 6-1. Voltage Amplification of Tube with Impedance Load.—The
simplest form of vacuum-tube voltage amplifier consists of a single tube
with an impedance in the plate circuit, as shown in Fig. 6-1. Figure 6-2
shows the equivalent plate circuit. As far as its shunting effect upon
% 1s concerned, C,, may be replaced by an equivalent capacitance

L L

Fre. 6-2.—Equivalent circuit for the ampli- Fia. 6-3.—Simplified equivalent circuit for
fier of Fig. 6-1. the amplifier of Fig. 6-1.

Cyp' = Cpp(Ey + Eu)/Es, in parallel with €. Since E, is usually
large in comparison with E,, C,,' is approximately equal to C,,. The
equivalent circuit may then be simplified to that of Fig. 6-3, in which
Coi' = Cpi + Cop. At low frequency the reactance of Cp' is so high
that its effect may be neglected. Under this assumption the voltage
amplification is
Eg _ Eu _ ;Iﬁb _ M2b
-V, E, E, ~ Ty + 2

(6-1)
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The manner in which lA /uI varies with the ratio lzb/r,,l with pure
resistance load and with pure reactance load is shown in Fig. 6-4. The
voltage amplification approaches the amplification factor when the load
impedance becomes large in comparison with the plate resistance.
Inductance load has the advan- [0
tage that loss of direct voltage ’ ”
resulting from IR drop in theload (g palil: m—
may be kept to a minimum by //
making the d-c¢ resistance small. A 0.6
This advantage is more than off- o
set, however, by dependence of 0.4 //

A Xg0

‘load impedance upon frequency,
which tends to make the ampli-
fication fall and to advance the 0
phase of the output voltage with o 1 2 35 4 5 6

oy T
respect to the exciting voltage at 2/ P )
1 £ Fia. 6-4.—Curves showing the manner in’
Oow Irequency. which the amplification of a single tube with
At frequencies which are so pure resistance load and with pure reactance

high that the reactance of Coi’ is load varies with load impedance.
comparable with the plate resistance, the effective load impedance 2,
consists of the parallel combination of 2 and the reactance of C,i’. The
voltage amplification therefore falls off at high frequency, and the phase
of the output voltage is retarded. The upper limit of the range of
uniform amplification can be raised at the expense of amplification, by
reducing 2z,. With resistance load it
is not difficult to obtain uniform
amplification from zero frequency
well into the radio-frequency range.
Special methods of improving the
eb Jhigh-frequency response will be

0.2

Plate Current

1 ]
ey Ebb .
Ezb discussed.

- Plate Voltage For triodes with resistance load,

 Fre. 6-5.—Plate diagram of a triede  tha manner in which A varies with 7,
with pure resistance load, showing the

variation of voltage output with load re- is Complicated by the fact that, as
sistance at constant excitation. this resistance is increased, the path
of operation is lowered and the plate resistance is increased. Thus, the
plate resistance at the operating point O’ of Fig. 6-5 is higher than that
at the point 0. The amplification does not increase so rapidly, there-
fore, as would be indicated by Eq. (6-1) if the plate resistance were
assumed to be constant. The manner in which the voltage amplification
varies with load resistance can be determined most readily graphically.
The voltage amplification is roughly equal td the difference in plate
voltage of points of intersection of the load line with two adjacent static
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plate characteristics, divided by the difference of grid voltage of the two
characteristics. This is the ratio E./E, or E;'/E, in Fig. 6-5. The
accuracy of this method increases, of course, as the interval between the
characteristics is decreased. It can be seen from Fig. 6-5 that the rate
at which the amplification is increased with load resistance is small at
high values of load resistance. For this reason and because of the falling
off of amplification at high frequency when 7, is large, the load resistance
is usually limited to 500,000 ohms or less in practice, even with triodes
having high plate resistance. The voltage amplification that can be
realized in practice with triodes approximates 80 per cent of the amplifica-
" tion factor. :

For pentodes with resistance load, the action is complicated by the fact
that at low values of plate current the spacing of the static characteristics
rapidly becomes smaller as the negative grid voltage is increased. The
resulting curvature of the dynamic transfer characteristic causes ampli-

tude distortion. This difficulty

can be reduced by increasing the

%—I - % plate supply voltage, but the re-
Inpf T i (f//puf quired voltage rapidly becomes

L -y ' | I © prohibitive as the load resistance

B hd is increased. Practical values of

F1g. 6-6.—Single-stage pentode ‘.’OItagg pentode load resistance are also
:?tp}};ﬁf;a:inr;:f;‘nje.Second pentode s use limited to about 500,000 ohms.

Since pentode plate resistances
are well in excess of a megohm, the realizable voltage amplification
is much smaller than the amplification factor, 350 representing the
approximate limit. Because the plate resistance of pentodes is con-
siderably higher than the usable load resistance, Eq. (6-1) reduces to
A = g2 for pentodes.

Values of voltage amplification approximating the amplification
factor of pentodes can be obtained by using the plate resistance of a
second pentode as the load resistance,® as shown in Fig. 6-6. The a-c
resistance of the pentode that is used as load is high, but its electrode
voltages may be adjusted so that the d-¢ drop through it is small, and so
that its plate current is equal to the desired operating plate current of
the amplifier pentode. In this manner it is possible to obtain high.a-c
load resistance without lowering the operating plate voltage and current
of the amplifier pentode to values that give excessive distortion. The
interelectrode capacitances of the two tubes cause the amplification to
fall at the upper end of the audio-frequency range.

tHero, J. F., Wireless Eng., 8, 192 (1931); MrmssNer, E. R., Electronics, July,
1933, p. 195; HORTON,J W., J. Franklin Inst:, 216, 749 (1933) SCHMITT 0., Rev. Sci.
Instruments, 4, 661 (1933).
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6-2. Voltage Amplification of Multistage Amplifiers.—The over-all
amplification of a multistage amplifier is equal to the product of the
amplifications of the individual stages. (The over-all gain is equal to
the sum of the gains of the individual stages.) In forming the equivalent
circuit of each stage, the stage must be considered to consist of the tube
and all circuit elements coupled to the plate, including the tube capaci-
tances and the input admittance of the following tube.! Different types
of coupling may, of course, be used in the different stages. The form of
the plate load of the final stage depends upon the purpose for which the
amplifier is designed.

6-3. Voltage Amplification of Direct-coupled Amplifier.—The direct-
coupled amplifier illustrated in Figs. 5-3 to 5-5 consists of two stages of
the simple amplifier of Fig. 6-1. Because of the effect of the input
capacitance of the second tube upon the amplification of the first stage,
the amplification begins to fall off at a lower frequency than with a single
stage; otherwise the behavior is similar. The over-all amplification is
the product of the amplifications of the two stages (the sum of the decibel
gains), which may be determined from the equivalent circuit of Fig. 6-3.
The direct-coupled amplifier is a special form of an impedance-capaci-
tance-coupled amplifier in which the coupling capacitance and grid-leak
impedance are infinite. Since the
impedance-capacitance—coupled am- Ce ‘ ¢,
plifier is analyzed in the following L—l \ I—L
sections, the direct-coupled amplifier | %ZI 2, o

T T T | T r
Fia. 6-7.—Two-stage impedance-capaci-
’ tance—coupled amplifier.

need not be treated in further detail.
If the coupling and output imped-
ances of this type of amplifier are
nonreactive, the amplification is inde-
pendent of frequency from- zero fre-
quency up to frequencies at which the effect of interelectrode capacitances
becomes apparent. This type of amplifier gives the least frequency and
phase distortion and is the only type of multistage amplifier that will
amplify at zero frequency, 7.¢., that will amplify changes in direct voltage
or current.

6-4. Impedance-capacitance-coupled Voltage Amplifier.—The basic
circuit of a two-stage impedance-capacitance;-coupled amplifier is shown
in Fig. 6-7. The final stage may be considered as a special form of
impedance-capacitance-coupled stage in which one or two of the
coupling elements are absent. If the amplifier is used to furnish voltage
output only, 7.e., if the external impedance across the output terminals

1 The student is cautioned against attempting to combine the equivalent eircuits
of two or more stages into a single equivalent eircuit. .
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is infinite, the load of the final stage may be considered to be merely z,
and the amplification may be found by the use of Eq. (6-1).

The equivalent circuit of an impedance-capacitance—coupled stage
is shown in Fig. 6-8a. Because the effective plate-to-cathode capacitance
Cpr1 is very much smaller than the capacitance of the coupling condenser
C., the effect of C,r1 upon the behavior of the amplifier is the same as
though C,:; were connected in parallel with the input impedance z,o of
the following tube.! Further simplification results from the assumption
that the input conductance of the following tube is negligible. Then the
admittance is [see Eq. (4-13)]

Ygg = Bgz = ijiz = jCO[Cng + (1 + 'A2,)Cyp2] (6_2)

in which |4, is the maghitude of the voltage amplification of the following
stage, and Cye and C,e are the interelectrode capacitances of the following

(b)

" Fig. 6-8.—Equivalent plate eircuit for the first stage of the amplifier of Fig. 6-7.

tube. The effective input capacitance C;; of the following tube, in
parallel with the effective plate-to-cathode capacitance Cpi, may be
replaced by an equivalent capacitance

Ca = Cpr1 + Coe + (1 4 |A2)Cpe (6-3)

For convenience in analysis the parallel combination of 2, and C; may be
replaced by the equivalent impedance

r__ Z2
. 1 +jw0222

Figure 6-8b shows the simplified equivalent circuit. Summation of
voltages in the circuit of Fig. 6-9 yields the following equations

Z2

or Yy =y + jwC, . (6-4)

Ip(rp + 21) — Izy = uB, (6‘5)
o+ 2 — w—é‘ = Iz (6-6)

Examination of Fig. 6-7 shows that the second grid is made more negative
when I, and I are increased by making the grid of the first tube less
1 Strictly, Cpm’, as defined on p. 144, rather than Cppi, should be used in this

analysis. In tubes suitable for use in voltage amplifiers, however, C;p1 is s0 much
smaller than Cpp; that little error results from using Cpr, instead of Cpri'.
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negative. Therefore, E,» = — Iz)’, and the voltage amplification is
E 2 122’

A== — == 6-7

Eﬂl Egl ( )

Solution of the simultaneous equations (6-5) to (6-7) gives the follow-
ing general expression for the voltage amplification of a stage of an
impedance-capacitance—coupled amplifier:

A=- pizy (6-8)
(21 + 2 )rp + 2122 — '&%**———_gzl)

Equation (6-8) may be readily transformed into the equivalent equation

4 == F— 7 (6-9)
pr+y ), + 1 — oC. (yry + 1)

Equations (6-8) and (6-9) and their rationalized equivalents are too com-
plicated to show clearly the influence of the various circuit constants
upon the voltage amplification. The formulas for special forfns of the
impedance-capacitance—coupled amplifier are considerably simpler.

Cc

r| r2 i
9 i

—%,IT,IF

F1a. 6-9.—Two-stage resistance-capacitance—coupled amplifier.

6-b. Resistance-capacitance—coupled Amplifier.—The most com-
monly used type of impedance-coupled amplifier is the resistance-
capacitance—coupled amplifier, in -which the coupling impedance z;.
and grid coupling (grid-leak) impedance 2, are resistances r; and rs, as
shown in Fig. 6-9. Figure 6-10 shows a typical frequency-response
curve of such an amplifier. It can be seen from this curve that the
amplification remains constant over a considerable range of frequency
but falls on either side of this range. The range of constant amplification
is called the mid-band range of frequency. -The amplification in this
range is called the mid-band amplification and is represented by the
symbol A,. The mid-band range usually extends from below 100 cps
to above five thousand cps, and may be greatly extended in both
directions.

Examination of Fig. 6-9 shows that the reduction of voltage amplifica-
‘tion at low frequencies must result from the voltage-dividing action of
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C.andry. Since the reactance of C, increases as the frequency is reduced,
more of the alternating voltage across r; appears across the condenser
and less is applied to the grid of the following tube. The reduction of
amplification at high frequencies, on the other hand, must result from
the shunting effect of Cs, the effective input capacitance of the following
stage. As the frequency goes up, the resultant impedance of the parallel
combination of 74, ry, and Cy goes down, and so the voltage amplification
falls, as predicted by Eq. (6-1) and shown by Fig. 6-4. The constant
amplification in the mid-band frequency range indicates that within this
Am range the reactance of the series capaci-
tance C. is so small that C, may be
considered to be short-circuited and that
the impedance of the parallel capaci-
tance Cy is so high that C, may be con-
10 ‘SO 1000 110,000 100000  sidered to be absent. Furthermore, the
requend. effect of C is negligible in the frequency

Fi1c. 6-10.—Typical shape of the . . .
frequency-response characteristic of a range n which C. reduces the a'Inphﬁ'
resistance-capacitance—coupled am- cation, and the effect of C. is negligible
plifier. in the range in which (3 reduces the
amplification. Hence the mid-band, high, and low ranges of frequency
may be considered separately in analyzing the behavior of the amplifier.
Although expressions for the voltage amplification of a resistance-
capacitance—coupled amplifier can be readily obtained by making
appropriate simplifications in Eq. (6-9), it is more instructive to derive
them directly from equivalent cireuits. Since both C, and (. have
negligible effect in the mid-band range, the mid-band load of the first
stage of the circuit of Fig. 6-9 consists of r; and r, in parallel. The
voltage amplification can be found from Eq. (6-1). If the numerator
and denominator of the right side of Eq. (6-1) are divided by #r,, the

equation becomes .

Volt Amp., A

A _— 1/-"/7‘1’1 _ 1 gm i‘ (6'10)
+

Tp 2b ;; Zp
But since the effective load impedanece is that of r; and r; in parallel,

11,1 (6-11)

Zp T To
Substitution of Eq. (6-11) in Eq. (6-10) gives for the mid-band ampli-
fication ‘

Ay = — ——g'"——l— = ~gulh ; (6-12)
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in which
_ 1 _ rirely )
™= 1, 1 g rirp + oy (6-13)

STy T1 Te

The approximate equivalent circuit of the first stage of the amplifier
of Fig. 6-9 at frequencies above the mid-band range is that of Fig. 6-11.
The voltage amplification can be found from Eq. (6-10) if it is noted
that the load is the parallel combination of ry, 2, and Cs.
1 1 1 .
Substitution of Eq. (6-14) in Eq. (6-10) gives for the high-frequency
amplification (see also Sec. A-1, page 671)

gm gm Am
A = — = — = p (6-15)
1 1 1 . 1 . 1 C
4+ =+ =+ juC, = + joCs +genCs
Tp r1 T2 Th

The subseript in A, indicates that Eq. (6-15) holds at frequencies above
the mid-band range. It can be seen from Eq. , , L
i

(6-15) that as the frequency is reduced at
frequencies above the mid-band range, the
voltage amplification approaches the mid-band
value gm?s.
In the theoretical determination of the Fia. 6-11.—Simplified
frequency response of amplifiers,and in the equivalent plate circuit for
f . . one stage of a resistance-
design of amplifiers to meet specified frequeney- coupled amplifier at high
response requirements, it is convenient to know frequencies.
the complex ratio of the amplification at any frequency to the mid-band
amplification. Equation (6-15) may be written in the form

An _ 1 _ 1 o
An = 1THjurCe ™ /1 + (——‘wrhoz)} (cos Y —Jsin v)

1 _
= VT ey /v (6-16)

where
vy = — tan~! wrCs (6-17)

v is the angle of the phase shift of the output voltage relative to the mid-
band phase of the output voltage. (In the mid-band frequency range,
the output voltage is 180 degrees out of phase with the input voltage.)
The magnitude of the ratio of the high-frequency amplification to the
mid-band amplification is seen from Eq. (6-16) to be

Al 1

A, = \7————____1 Tt = coS ¥ {6-18)
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‘A n/ Aml can be evaluated most readily at a given value of wr,,C; by finding
the cosine of the angle whose tangent is wriCs. Curves derived from
Eqgs. (6-17) and (6-18) are shown in Fig. 6-12. These curves give the
relative amplification and the relative phase shift at high frequencies
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Fic. 6-12.—Generic curves of relative amplification and relative phase shift of a resistance-
capacitance—coupled stage at high frequencies.

with respect to the mid-band values, as a function of frequency and
circuit constants. ) '

The approximate equivalent circuit of the first stage of the amplifier
of Fig. 6-9 at frequencies below the mid-band range is shown in Fig. 6-13.
Summation of voltages in this circuit yields the
following equations:

Ip(Tp + 7'1) at ITl = [J.Egl (6—19)
I T1 + T9g — —'7—-> = I,ﬂ‘l (6‘20)
wC,
Fre. 6-13——Simpli- 1he output voltage is Ey;2 = —Iry and the voltage

fied equivalent plate amplification is
circuit for one stage of a

resistance-coupled am- :
plifier at low. fre- A = Byy _ Irs (6-21)
quencies. . ) E,; E, - -

Solution of the simultaneous equations (6-19), (6-20), and (6-21) gives
the voltage amplification at low frequencies:

Az - MT1Te ) o
Tire + Tarp A ror, — irs + 1) w_C*:c ry)
- . gmTh - _—_f&n__ (6'22)

Jrs + 11) J

B (rire + rirp 4 rarp)wC, 1= wriC,
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where
rire + rirp + 1oy 1

= rp + 71 =Tz+1/r1+l/rp

The subscript in A4; indicates that Eq. (6-22) holds at frequencies below
the mid-band range. FEquation (6-22) shows that the low-frequency
amplification approaches the mid-band value g.r: as the frequency is
increased at frequencies below the mid-band range.

Equation (6-22) may be written in the form

4, 1

(6-23)

A V1 F1/(erC.) [a (6-24)
where
—_ —1 -
o = tan ariC. (6-25)

« is the phase angle of the output voltage relative to the mid-band phase
of the output voltage. The magnitude of the ratio of the low-frequency
amplification to the mid-band amplification is

A; 1
Al _ o 6-26
I sy prery A (6-26)

Curves derived from Eqs. (6-25) and (6-26) are shown in Fig. 6-14.
These curves give the relative amplification and the relative phase shift
E
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F1a. 6-14.—Generic curve of relative amplification and relative phase shift of a resistance-
capacitance—coupled stage at low frequencies.

‘at low frequencies with respect to the mid-band values, as a function of
frequency and circuit constants. '

The manner in which the voltage amplification and phase shift of a
resistance-~capacitance—-coupled amplifier vary with the circuit constants
and with frequency is completely specified by Egs. (6-12), (6-17), (6-18),
(6-25), and (6-26) (subject to the limitation that the effective input con-
ductance of the following tube is negligible) and by the curves of Figs.
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6-12 and 6-14, which are derived from these equations. The method
of using these equations and curves can be best shown by eomputing the
voltage amplification of one stage of a resistance-capacitance—coupled
amplifier ini the mid-band range and at a frequency above and one below
the mid-band range. The amplifier will be assumed to have the following
circuit and tube constants:

g = 100 r1 = 200,000 ohms
.1, = 100,000 ohms rs = 500,000 chms
Cy = 200 puf C, = 0.01 uf
13, as determined from Eq. (6-13), is 58,800 ohms, and g is
100 _
100,000 — 107 mbo.

The mid-band voltage amplification is found by Eq. (6-12) to be —58.8.
At a frequency of 10,000 cps, wriCs is

27 X 10* X 58,800 X 2 X 10~ = 0.738.

Figure 6-12 shows that, at this value of wryCs, |Ar/An| is approximately
0.8. Hence |4;] is 0.8 X 58.8 = 47 at 10,000 cps. By means of Eqg.

Voltage Amplification
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F1g. 6-15.—Theoretical frequency-response characteristies for a typical resistance-coupled
amplifier.

(6-23), r; is found to be 566,000 ohms. At a frequency of 50 cps, wriC,’
is 27 X 50 X 5.66 X 105 X 1078 = 1.78. Figure 6-14 shows that, at
this value of wriC., |A:i/An.| is approximately 0.86. Therefore |4;] is
0.86 X 58.8 = 50.6. Theoretical frequency-response curves for the
tube factors used in this illustrative problem and for four combinations of

circuit constants, including those used in the problem are shown in
Fig. 6-15.
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6-6. Effect of Circuit Constants upon Resistance-capacitancc-
coupled Amplifier Response.—Equation (6-12) may be put into the form

Ap = (6-27)

M

1+ r,(1/ry + 1/79)
which shows that the maximum amplification, the mid-band value,
incrpgases with increase of amplification factor u, coupling resistance ry,
and grid-leak resistance o, and decreases with increase of plate resistance
rp. Examination of Fig. 6-14 and Eq. (6-23) shows that the mid-band
range, throughout which the amplification is independent of frequency,
can be extended at the low-frequency end by increasing r, and C. and,
less effectively, by increasing r; or r,. Examination of Fig. 6-12 and
Eq. (6-13), on the other hand, shows that the mid-band range is extended
in the high-frequency direction by decreasing ri, ra, 7», or (5. For con-
venient reference, these facts are shown in tabular form in Table 6-I,
which lists effects produced by increasing the various tube factors and
circuit constants. Improvement of characteristics, consisting of widen-
ing of the range of uniform amplification or of increase of maximum
amplification, is indicated by a plus sign in this table; a narrowing of the
range of constant amplification or a reduction of maximum amplification
is indicated by a minus sign; O signifies that variation of a given quantity
has no effect upon the amplification in a particular portion of the fre-
quency band. The lowering of the upper limit of uniform amplification
listed in the bottom row of the table results from the increase of Cs, shown
by Eq. (6-3), and so is actually included in the effect tabulated in the
preceding row. '

TaeLk 6-1.—Errect oF TuBE FACcTORS AND CIRcUIT CONSTANTS UPON RESISTANCE-
CAPACITANCE—COUPLED AMPLIFIER RESPONSE

Lower frequency Mid-band Upper frequency
Increase of limit of mid-band amplification, limit of mid-band
amplification An amplification
b 0 + 0
Tp + - -
C. + 0 0
r1 + + -
T2 + + -
C, 0 0 -
A of following stage 0 0 -

The improvement of low-frequency response resulting from increase
of C., and the effect of decrease of r; upon the upper limit of uniform
amplification and upon amplification throughout the whole frequency
range, are clearly shown by Fig. 6-15.



156 APPLICATIONS OF ELECTRON TUBES [CraP. 6

The value of C; for any stage of an amplifier can be readily determined
experimentally by the aid of Fig. 6-12 [or Eq. (6-18)], the tube of the
following stage being used as a vacuum-tube voltmeter to indicate the
output voltage! (see page 597). The voltmeter tube is first biased fo
cutoff. The input to the stage under test is then applied and adjusted
to give a convenient small value of plate current of the voltmeter tube
at some frequency within the mid-band range. The frequency is then
raised until the input voltage must be increased in some convenient
ratio at constant output voltage, as indicated by the current of the volt-
meter tube. The value of wriC: corresponding to the voltage ratio may
be read from Fig. 6-12; and, since the frequency is known and r, may be
computed, C; may be found. A convenient input voltage ratio is 1.41,
for which wr,C, is unity. A separate vacuum-tube voltmeter may be
used in place of the following tube if correction is made for the voltmeter
capacitance and conductance.

6-7. Practical Considerations in the Design of Resistance-capaci-
tance—coupled Audio Amplifiers.2—A study of Table 6-1 reveals that the
design of a practical multistage resistance-capacitance—coupled amplifier
must involve the compromise between high amplifieation and uniform
amplification. Increasing the amplification by increasing the resistance
of 71 or ry results in a lowering of the high-frequency limit of uniform
amplification., Furthermore, in a multistage amplifier, increase of the
amplification of each stage affects the high-frequency response of the
preceding stage adversely because of increase of effective input capaci-
tance. For these reasons it is usually better to increase the amplification
by increasing the number of stages rather than by raising the amplifica-
tion of each stage. The adverse effect of reduction of r. upon the
response at low frequency can be compensated by an increase of C.. A
practical limit to the maximum size of C. may exist because of increase
of leakage with condenser size, which tends to raise the direct grid voltage
of the following tube; and because of the internal inductance of certain
types of condensers, which may resonate with the capacitance at a
frequency within the mid-band or high-frequency range. The effect of
condenser inductance upon the frequency response may be prevented by
shunting the large condenser with a small one.

Another point that must be taken into consideration in the choice
of the coupling resistor of a resistance-coupled amplifier is the effect of the
large direct voltage drop in the coupling resistor. This is even more
objectionable than it is in a single-stage amplifier or in a direct-coupled
amplifier because the a-c resistance of the coupling circuit is less than the
d-c resistance, as explained on page 101. It can be seen from Fig. 6-16

1 SgrLEY, 8. W, and KimBaLL, C. N,, RCA Rer., 2, 171 (1937).

2 See also Sec. 6-38.
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that too large a value of plate coupling resistance puts the operating
point O in such a location that comparatively small grid excitation extends
the path of operation into a region of high amplitude distortion and may
even cause the plate current to be cut off during the negative peaks of grid
excitation voltage. The operating point ', obtained with a smaller
coupling resistance r; or higher B-supply voltage, allows the application
of higher exciting voltage without overloading.

It is ordinarily not practicable to use plate coupling resistance in
excess of either 500,000 ohms or five times the plate res1stance Necessity
for uniform response at high frequency may
require the use of considerably lower values.
The allowable plate supply voltage is limited
because of danger of damage to the tube,
particularly during the warming-up period
of the ecathode, before the flow of plate
current reduces the plate voltage below the . Fie. 6-16—Plate diagram
supply voltage. rI"he maximum operating ig; pli:ls:st;zgCsi'ocv?ill’lz"}ilz*:‘f;
plate voltage specified by tube manufac- plate supply voltage results in
turers is usually approximately half the value high nonlinear distortion.
that the tube can safely stand. With pentodes, the distortion resulting
from the low operating plate voltage in resistance-coupled amplifiers
can be reduced by lowering the screen voltage. This lowers the plate
current and thus raises the plate voltage. As a rule, the screen voltage
should be approximately one-fifth of the plate supply voltage.

There is also usually a limit to the size of the grid-leak resistance that
can be used. With oxide-coated cathodes it is practically impossible to
prevent small amounts of barium or strontium from being deposited on
the control grid during manufacture or use of the tube. The tempera-
ture of the control grid may become sufficiently high to allow some
emission to take place. The emitted electrons are drawn to the cathode
and plate, both of which are at higher potential than the grid. The
resulting current through the grid resistor is in the direction to make the
-grid voltage less negative. This causes the plate current to increase and
thus raises the plate temperature and, as the result of heat radiated from
the plate, that of the grid. Furthermore, if the grid voltage rises suffi-
ciently so that the grid is positive during a portion of the cycle, electrons
will be drawn from the cathode to the grid. The impact of these electrons
upon the grid also contributes to the rise of grid temperature and may
at the same time cause secondary emission from the grid. If the num-
ber of électrons leaving the grid as the result of primary and secondary
emission exceeds the number entering the grid, the grid potential rises
farther. The action tends to become cumulative, particularly if second-
ary emission from the grid is large, and the plate and grid temperatures
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may become so high as to result in damage to the tube. The action is
complicated by ionization of residual gas in the tube, which allows
positive-ion current to flow when the grid is negative and increases elec-
tron current to the grid when the grid is positive. The direction of the
positive-ion current is such as to cause the grid potential to rise. Posi-
tive-ion current may, therefore, contribute to the initial rise of grid
voltage. Cumulative rise of grid voltage and plate current may be
prevented by making the resistance of the grid resistor low enough so
that the initial rise in grid potential caused by grid emission and positive-
_ion current is small. The maximum grid-circuit resistance that can be
safely used with most tubes having oxide-coated cathodes is 4 to 1
megohm. For tubes in which the operating plate current is large, such
as those designed to deliver large power output, the allowable grid-circuit
resistance may be considerably lower, especially if fixed bias is used.
Self-bias tends to prevent the cumulative increase of plate current and
thus allows the use of higher resistance than is safe with fixed bias. The
maximum allowable resistance is usually specified in the tube-operating
data provided by the tube manufacturer.

The transient response is often an important consideration in the
design of a resistance-capacitance—coupled amplifier, particularly when
it is necessary to amplify voltage pulses without distortion. If a very
large coupling condenser. is used in order to make amplification possible
at very low frequencies, the time taken for the condenser to charge and
discharge may be so great that the duration of the transient set up by
the sudden application of steady excitation or of a voltage pulse may be
excessive. Too large a value of the product C.r; also results in another
undesirable effect. Any temporary disturbance of high amplitude may
cause one or more of the grids to swing positive, causing a flow of electrons
to these grids that leaves the sides of the condensers adjacent to the grids
negatively charged. This makes the negative grid voltage greater than
the operating value and may even bias one or more grids beyond cutoff
and thus reduce the amplification to zero. If the product Cors is large,
the time taken for the charge to leak off through the grid resistors may
be so long that the amplifier is inoperative for an appreciable time.

6-8. Design Procedure for Resistance-capacitance—coupled Voltage
Amplifiers.—Since circuit constants suitable for use with different
types of tubes in resistance-capacitance—coupled amplifiers are specified
by tube manufacturers,® it is seldom necessary to design special circuits.
An understanding of the correct design procedure is, however, valuable.

The high-frequency amplification of a given stage depends upon the
~ effective input capacitance Cy of the following stage, which depends in
turn upon the voltage amplification of the latter. For this reason it is

1 See, for instance, the RCA Tube Manual.
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most convenient to design the last stage of the amplifier first and to
proceed stage by stage toward the input stage. Although the reduction
of amplification that can be tolerated at the limits of the desired frequency
band depends upan the purpose for which the amplifier is to be used,
the design can usually be considered to be good if the ratios [A5/A | -and
|4,/ A,,] for the entire amplifier do not fall below 0.9. Since the values
of these ratios for the entire amplifier are equal to the products of the
corresponding ratios for the individual stages, the minimum allowable
ratios for the individual stages increase with the number of stages.

The following is a satisfactory procedure in the design of a multistage
voltage amplifier:

.1. Choose a tube for each stage whose amplification factor exceeds the desired
voltage amplification of the stage. Because the grid swing of the last stage of a
multistage voltage amplifier may be large, it is often good practice to use in the .
last stage a tube requiring a higher grid bias than that of the preceding stages,
i.e., one having a relatively low amplification factor. (The allowable grid swing
is usually about % to § volt less than the grid bias.)

2. Choose the grid coupling resistance r» of each stage so that it does not
exceed the maximum value specified by the manufacturer for the following tube.

3. Choose the plate coupling resistances r1. These should not as a rule exceed
in value either the grid coupling resistances, five times the plate resistances, or
500,000 ohms. v

4. By means of Eq. (6-12), determine the voltage amplification of each stage
in the mid-band range. For tubes with high plate resistance, this approximates
the product of g.. and the resistance of 7; and 7, in parallel. The over-all amplifi-
cation in the mid-band range should then be found and compared with the
desired over-all amplification.

5. By means of Fig. 6-12 or Eq. (6-18), find the ratio lA;,/A,,.| for the
final stage at the upper limit of the desired frequency range. The effective
capacitance across the output of the last stage (including the plate-cathode
" capacitance) should be used for Cs. If the [A;./A,,.[ is too low at this frequency,
the .output load resistance should be reduced and the amplification recomputed
in the mid-band range and at the upper limit of the desired frequency range.

6. If capacitance coupling is used in the output, the coupling condenser C,
should be chosen to give the required amplification at the low-frequency limit of
the desired frequency range, as determined from Fig. 6-14 or Eq. (6-26).

7. Using the amplification of the final stage in Eq. (6-3), find the value of C,
for the next-to-the-last stage. Although Cs may be found at the upper limit of
the frequency band, the design will be conservative if the mid-band amplification
of the last stage is used in evaluating C. The slightly larger value of C'; found in
this manner will correct in part for the failure to take into account distributed
cireuit capacitances. '

8. Apply steps (5), (6), and (7) to the next-to-the-last stage and, in succession,
to the preceding stages, using in each stage the value of C'; found from the mid-
band amplification and interelectrode capacitances of the stage that follows it.
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It should be noted that the values of .gm, v, and u that are used in
computing the amplification are those at the operating point. They can
be determined most readily graphically. The operating point is found
from the intersection of the static operating line with the static plate
characteristic corresponding to the grid bias. The stagic load line must,
of course, correspond to a resistance equal to the sum of all d-c resist-
ances between the plate supply and the plate. When the amplifier is
being designed on the basis of fixed supply voltage, the voltage needed
for bias must be taken into account. As the required value of bias is
not known until the operating point has been chosen, a tentative estimate
must be made of the manner in which the total voltage is divided between
the plate supply voltage and the grid bias. If the required bias turns
out to differ materially from the estimated value, a second, more accurate,
estimate may be made.

As tetrode and pentode plate characteristics are usually published
for only one screen voltage, it may be necessary to make experimental
determinations of characteristics at other screen voltages. With pen-
todes, the procedure can be simplified considerably by making use of the
fact that, since secondary emission effects are negligible, the potential
distribution between the cathode and the plate and the distribution of
space current between the various electrodes are not altered when all
electrode voltages are changed in the same proportion. Plate character-
istics obtained at zero suppressor voltage and at one value of screen
voltage can be used at another value of screen voltage if the plate and
control-grid voltage scales are changed in the same ratio as the two
values of screen voltage, and the proper change is made in the current
scale.l The factor by which the current, scale must be multiplied can
be determined from a curve of plate current vs. plate voltage correspond-
ing to zero control-grid and suppressor voltage and to a fixed ratio of plate
voltage to screen voltage, say 2 to 1. The conversion factor for the
current scale is equal to the ratio of the plate currents at points on this
curve corresponding to the original and the new screen voltages.

When grid current is allowed to flow in a resistance-coupled amplifier,
a part of the current that would otherwise flow through the grid coupling
resistor flows through the tube during the portion of the cyecle in which
grid current flows. The resulting reduction in IR drop across the grid
resistor tends to flatten the positive crests of alternating grid voltage
and thus causes nonlinear distortion (see Fig. 5-2).

Ordinarily the grid swing of a voltage amplifier is so small that the
nonlinear distortion is well within the allowable value. When the grid
swing is large, however, it may be advisable to check the final stage for
harmonic content. By application of the graphical methods outlined

Lt RCA Laboratory Series, No. UL-7.
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in Chap. 4 it is possible to determine the grid bias that will give the
greatest allowable grid swing without exceeding the allowable distortion.
In making such a determination and in finding the maximum crest
output voltage graphically, it must be borne in mind that grid current
may start flowing when the grid is 4 to § volt negative. Grid current
therefore limits the allowable grid swing to values that are smaller than
the grid bias. This is of particular importance in amplifiers using
high-mu tubes, for which the grid bias is small. The maximum crest
output voltage may be appreciably less than A E. (see Probs. 6-5 and 6-6).

6-9. Effect of Plate Supply Filter and of Self-biasing Impedance.—In
order to reduce the operating plate voltage of one or more stages of an
amplifier or in order to prevent undesirable effects resulting from the
interaction of two or more stages, it is sometimes necessary to use a
filter of the type illustrated by the heavy lines of Fig. 6-47 in series with
the plate coupling resistor. This will be discussed in Sec. 6-38. Increase
of reactance of the filter condenser causes the effective coupling impedance
of the stage to rise with decrease of frequency and thus tends to result
in an increase of amplification at low frequency. The low-frequency
response may also be affected by variation of elf-biasing impedance with
frequency. The increase of reactance of the condenser shunting the
cathode resistor tends to cause the voltage amplification to fall at low
frequency as the result of degeneration (see Secs. 6-29 and 6-36). The
effect is complicated by the application of the alternating voltage across
the biasing impedance not only to the control grid but also to the screen
grid. The low ratio of screen-plate transconductance to grid-plate
transconductance ordinarily justifies neglecting the effect of the alter-
nating voltage applied to the screen. In an accurate analysis the
effects of the filter and biasing impedances must be taken into con-
sideration by making use of a complete equivalent circuit that includes
these impedances. )

Usually sufficient accuracy is obtained under the assumption that
the effects of the filter and the biasing impedance upon the relative
amplification and phase shift at low frequency are independent of each
other and of the effect of the coupling condenser C.,. The resultant
relative amplification is then the product of the relative amplifications
indicated by the three equivalent circuits in which the biasing impedance
and the filter impedance, the biasing impedance and the coupling con-
denser reactance, and the filter impedance and the coupling condenser
reactance, respectively, are assumed to be zero. The resultant phase
shift is the sum of the phase shifts given by these three simplified circuits. -
By using the parallel combination of r, and r; for z; in Fig. 4-30b, the
student may show that the relative amplification and phase shift resulting
from only the biasing impedance is given by the equation
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A _mt 4 (B 2k + 2m? + (b £ 1)° /tm_1 km (6.28)

An : m? 4+ (& + 1)2 m+k+1
where
k= Rcc(:u' + 1)
Tp + 7'17'2/(7'1 + 7‘2) .
m = Rccwccc

and R, and C,. are the biasing resistance and capacitance. The student
may also find it of interest to derive an expression for the relative ampli-
fication at low frequency when only the plate-supply filter is considered,
the biasing impedance and coupling condenser reactance being assumed
to be zero.

Equation (6-28) makes possible the determination of the size of the
bias by-pass condenser that will prevent the amplification from falling
below a given value at a given frequency. If the relative amplification
at 50 ops, for instance, is to be not less than 0.8, and Fig. 6-14 shows the
coupling condenser to reduce the relative amplification to 0.95 at this
frequency, then the valug of A;/A. given by Eq. (6-28) must exceed
0.8/0.95 = 0.843 at this frequency. The corresponding value of by-pass
capacitance may be found from the equation or from curves derived from
it at various values of k.

A third factor that may influence the amplification is impedance
in the screen circuit, which causes the screen voltage to vary with screen
current. This is particularly important in amplifiers using tetrodes,
the sereen current of which varies greatly with plate voltage. For this
reason it is advisable to use with tetrodes a voltage divider of low resist~
ance, rather than a voltage-dropping resistor, in reducing the screen
voltage below the plate supply voltage. A voltage-dropping resistor
may be used with pentodes. In either case, ample by-pass capacitance
should be provided in order to reduce the effective impedance to a low
value at the lowest frequency to be amplified.

6-10. Compensated Amplifiers.’—Drooping of the frequency-response
curve of a resistance-capacitance—coupled amplifier at the lower end
of the frequency range can be prevented by shunting a portion of the
coupling resistor ry with a condenser, as shown in Fig. 6-17a. This causes
the coupling impedance to rise at low frequency and thus compensate
for the loss of gain resulting from the voltage-dividing action of the

1Lane, H. M., Proc. I.R.E., 26, 722 (1932); Roeinson, G. D., Proc. I.R.E., 21, 833
(1933); Brarosary, J., Television and Short-wave World (London), 5, 95 (1936);
WaLKER, L. E. Q., Television and Short-wave World, 9, 305 (1936); SeeLEY, 8. W., and
Kmeawn, C. N, RCA Rev., 2, 171 (1937); Nacy, P., Television and Short-wave World,
16, 160, 220 (1937); FrEEMAN, R. L., and Scuantz, J. D., Electronics, August, 1937,
p. 22; Everest, F. A., Electronics, January, 1938, p. 16, May, 1938, p. 24.
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coupling condenser and grid leak. In this manner low-frequency
amplification can even be made to exceed the mid-band value. With
the circuit of Fig. 6-17b the amplification can be made to increase at
high frequency relative to the mid-band amplification at the expense -
of mid-band and low-frequency amplification. A similar effect is
obtained by the ude of low by-pass capacitance across the cathode self-
biasing resistor.

The high-frequency response of a resistance-coupled amplifier can
be greatly improved by the use of inductance in series with the plate

3 g

Fic. 6-17a. Fic. 6-17b.

|

|

Fra. 6-17¢.

Fig. 6-17.—a. Use of capacitance across a portion of the coupling resistance to improve
low-frequency response. b. Use of resistance shunted by capacitance in series with the
plates to improve high-frequency response. ¢. Use of inductance in series with the plate
coupling resistance to improve high-frequency response.

fe L1}
A

coupling resistance, as shown in Fig. 6-17¢. The inductance L is chosen
so that it resonates with the effective input capacitance of the following
tube in the vicinity of the frequency at which the amplification would
* otherwise start to fall appreciably. In this manner the high-frequeney
limit of the range of uniform response can be raised considerably and,
if desired, the high load impedance resulting from parallel resonance
can be made to produce a high-frequency peak in the response curve.
It follows from the discussion in Sec. 6-6 that, in order to ensure uniform
response up to very high frequency, the ratio of 7, and r, to z: must be
large in amplifiers using high-mu tubes.? Under this assumption, the
student may derive the following relations for the mid-band and high-

Ly, > > 2; because r, is large in high-mu tubes and 2 must be relatively small in
order to ensure adequate amplification at high frequencies. r, must be large in order
to ensure adequate amplification at low frequencies without' excessively large C..
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frequency amplification and phase shift of the compensated amplifier

of Fig. 6-17¢ (see Prob. 6-8).
Am = —gnr1 (6-29)

Vefe-mzee(@)])

Ap = Ap— L, Y w2 Jy (6-30)
o\
| <‘> * [K(zs;> - 1]
where .
’ 3

y = tant [(1 — K) ;“’- + K>® (—j—) ] (6-31)

1
Wy = ;TC; (6—32)

L
= 50 (6-33)

o, is defined by Eq. (6-32) as the frequency at which the reactarce
of the shunting capacitance C; is equal to the coupling resistance ry. -
Curves of |A,/A.| and of v for several values of K are shown in Fig. 6-18
as a function of w/w,. The great improvement resulting from the use of
compensating inductance is evident from a comparison of the curves
for K = 0.41 or 0.5 with those for K = 0, corresponding to an uncom-
pensated amplifier. It can be seen from Eq. (6-32) that the frequency
wy, beyond which the amplification falls rapidly, can be increased at a -
given value of C; only by decreasing r;, which also reduces the mid-band -
amplification. There is a limit, therefore, to the frequency range over
which the amplifier can be made to have uniform response.

The compensating circuits of Figs. 6-17a¢ and 6-17¢ are used in
amplifiers for cathode-ray oscilloscopeg and in “video” amplifiers for
television, in which uniform amplification is essential over a frequency
band extending from low audio frequencies well into the radio-frequency
range. .

6-11. The Cathode-follower Amplifier.—The amplification of a
stage of a resistance-coupled amplifier begins to fall off appreciably in
the high-frequency range at a frequency at which the reactance of the
input capacitance of the following stage becomes less than about three
times 7, the effective output impedance of ‘the given stage, defined by
Eq. (6-13). Increasing the amplification of a given stage by increasing
1 and r therefore has two objectionable effects in an ordinary multistage
resistance-coupled amplifier. The high amplification increases the
effective input capacitance of the stage in question and thus affects
the high-frequency response of the preceding stage adversely; and the-
high value of the coupling resistances allows the input impedance of the
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folloWing stage to.fall below 3r, at a comparatively low frequency and
thus affects the high-frequency response of the given stage adversely.
These adverse effects can be prevented by making the effective output
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Fig. 6-18.—Generic curves of high-frequency relative amplification and relative phase

shift at five values of K = —— for an inductance-compensated resistance-capacitance-
r12C

12C"
coupled amplifier.
impedance of the preceding stage low by the use of low coupling resist-
ances, and by making the effective input capacitance of the following
stage low by making its amplification small [see Eq. (6-3)] by the use of

Fig. 6-19a.—Basic circuit of the cathode- Fic. 6-19b.~—Equivalent plate circuit of the
follower amplifier. cathode-follower amplifier.

low load impedance. Although the low-gain stages that precede and

follow the high-gain stage may contribute little or nothing to the over-all

amplification, they make possible higher uniform amplification over a
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given wide frequency band than can be attained in the conventional
multistage amplifier. Unfortunately, however, the use of low resistances
in the plate circuits of the stages that precede and follow the high-gain
stage causes the curvature of the transfer characteristics of these stages
to be high and thus results in high nonlinear distortion. This difficulty
can be avoided by using in these stages the cathode-follower amplifier
shown in basic form in Fig. 6-19¢.! In this amplifier the plate load
resistor is adjacent to the cathode and also forms a portion of the grid
circuit, so that the output voltage, in addition to the input voltage, is
impressed upon the grid circuit. Although the cathode-follower amplifier
has a voltage amplification that is less than unity, it has low effective
input capacitance, high input impedance, low output terminal imped-
ance, and low nonlinear distortion. '

6-11A. Voltage Amplification of the Cathode-follower Amplifier.—It
can be seen from Fig. 6-19a that the grid-plate capacitance of the tube
shunts the input and therefore does not affect the voltage amplification.
The plate-cathode capacitance Cp: shunts the load (cathode) resistor r.
The grid-cathode capacitance C,; shunts the load resistor through the
input voltage. Since the voltage across r opposes V, in the grid circuit,
C,x can be replaced by a smaller equivalent capacitance in parallel with r
in determining the voltage amplification. In many practical circuits the
output voltage is of the order of 0.9V, and this equivalent capacitance is
therefore of the order of only 0.1C,;. For values of r that are usually
used, the effect of the interelectrode and circuit capacitances upon the
voltage amplification is ordinarily negligible at frequencies below about
1 megacycle. At higher frequencies the effect of the capacitances can be
taken into account by shunting r in the equivalent circuit by €, and by
the approximate equivalent value of Uy or by using the exact equivalent
circuit, in which C,; is shown in its actual position. In the equiva-
lent plate circuit of Fig. 6-19b 2z, is assumed to include C,x and the
equivalent of C,;, as well as any additional external load, coupling, or
wiring impedances that may shunt r.

Solution of the equivalent circuit shows that the voltage amplification
is

MZp /
A= rp + (1l + ) (6-34)

Curves of A vs. rp/7, derived from Eq. (6-34) for nonreactive load at

1 PrEisMAN, A., RCA Rev., 2, 430 (1938); LockuAarT, C., Television and Short-wave
World, 13, 492 (1940); Winniams, E., Wireless World, 47, 176 (1941); HannEgy, E. A,
Wireless World, 48, 164 (1942); Norprica, C. ¥., Radio, August, 1942, p. 28; Lock-
"ART, C. E., Electronic Engineering (London), 156, 287 (December, 1942), 16, 375
(February, 1943), 16, 21 (June, 1943); Ricuater, W., Electronics, November, 1943,
p. 112; Smariro, D. L., Proc. I.R.E., 32, 263 (1944).
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several values of p are shown in Fig. 6-20a. For values of u and r, found
in ordinary tubes, A is of the order of 0.9 or higher when r; is equal to
10,000 ohms.

Figure 6-21 shows a resistance-capacitance—coupled cathode-follower

‘ amplifier stage. Cisthe sum of theeffective

B+ input capacitance of the following stage and

the effective outpit capacitance of the given

stage (approximately Cpw + 0.1C;x). The

voltage amplification at frequencies in and

Vg above the mid-band range can readily be

I oo Tcz found from Eq. (6-34) if it is noted that the

> load is the parallel combination of ry, e,

B- and C; In the mid-band range the effeet

Fig. 6-21.—Resistance- of (y is negligible and z; is the resistance of

sapacita ’;ﬁpucé’;pslfgge'catmde' r1 and 73 in parallel. The mid-band ampli-

: fication can therefore be determined from

Fig. 6-20a by using ryry/(r1 + 72) for ..  The amplification at frequencies
* above the mid-band range is

_ , Gm _ gn .
A U F U F il T T A gal; O34
where
' = 18/ (gmrn + 1) (6-34B)

and 7y is defined by Eq. (6-13).

Equation (6-344) differs from Eq. (6-15) only in that ;' replaces 7.
Hence the relative amplification and the relative phase shift at fre-
quencies above the mid-band range can be determined from Eqgs. (6-16)
and (6-17) or the curves of Fig. 6-12 if r,’ i1s used in place of r,. It
follows that, at any value of Ax/An, wra’Cy for a cathode-follower stage
is equal to wriCy for a conventional stage. Since r4' is normally much
smaller than 7, the produet of the effective capacitance C; and the upper
limiting frequency of uniform response is much greater for a cathode-
follower stage than for a conventional stage. A considerably higher
frequency limit may therefore be attained with a cathode-follower
stage, even when the stage is followed by a high-gain stage having a
larger value of effective input capacitance. If, for example, Cy = 250
puf, r1 = 10,000 ohms, r, = 100,000 ohms, and the tube is a 6J5 operated
at normal voltages, the response of a ecathode-follower stage is flat to
approximately 500 ke. For the same value of C,, 50 ke represents a
good value for the approximate upper limit of mid-band amplification
of a conventional stage.

The relative amplification and relative phase shift of the resistance-
capacitance—coupled cathode-follower amplifier at frequencies below the
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mid-band range can be found from KEgs. (6-24) and (6-25) or from
Fig. 6-14. :

6-11B. Effective Input Capacitance of the Cathode-follower Amplifier.
Examination of Fig. 6-19a shows that the interelectrode-capacitance cur-
rent flowing through the source of V, is made up of a component that
flows through C,, and a component that flows through C,;. The former
component is equal to V jwC,, The latter component is caused to flow
by the vector sum of ¥, and the voltage across r, which is equal in magni-
tude to AV, and is opposite in phase to V,. Hence this component of
current is equal to V,(1 — A)jwC,, and the total current through the
source 18 jwV,[Cop + (1 — A)Cu]. The effective input capacitance is

Ci=Cupp+ (1 — A)Cpi (6-35)

When 2, is zero, 4 is also zero and C; has its maximum value, Cyp + Cyy.
As z is increased, A approaches 1 in magnitude. For nonreactive load,
A is real, and C; approaches its minimum value, C,,. In many practical
cathode-follower circuits 4 approximates 0.9 and C; has the approximate
value Cyp + 0.1Cz. Comparison of Egs. (6-35) and (4-13) shows that
the effective input capacitance of a cathode-follower stage is very much
lower than that of an ordinary amplifier stage. The grid-plate capaci-
tance of voltage-amplifier pentodes is of the order of 0.005 uuf and the
grid-cathode capacitance-of the order of 6 uuf. Hence very low effec-
tive input capacitances may be obtained with such tubes.

6-11C. Effective Output Terminal Impedance of the Cathode-follower
Amplifier—The effective output terminal impedance or admittance can
be determined by finding the current that flows as the result of applica-
tion of an alternating voltage V to
the output terminals, as shown in
Fig. 6-22a4. Under the assumption
that the circuit is linear, 7.e., that
the equivalent plate circuit is valid,
any current flowing in the plate cir-
cuit as the result of application of
additional exciting voltage to the (@ O
grid circuit is independent of the cur- ;% Oif;&:gﬁgﬁ;lffng;a‘f;: T
rent that flows as the result of V. -cathodefollower amplifier. (a) Actual cir-
The gri d-excitation volt age may cuit; (b) equivalent plate circuit.
therefore.be assumed to be zero and the grid circuit to contain only the
internal impedance z, of the source of grid-excitation voltage.

It can be seen from Fig. 6-22¢ that the output terminals are shunted
not only by the plate-cathode path of the tube, but also by r, by C,, by
the series combination of C,, and z., and by any external load or coupling
circuits connected between the terminals. If the output admittance of
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the tube itself is known, it may be added to the admittances of any or
all of the other paths to find the resultant admittance. The effective
admittance of the tube alone is seen from the equivalent circuit of
Fig. 6-22b to be

(V + pEy)

L _
Y, = S/ (6-36)
The alternating grid voltage E, is equal to the impressed voltage V less
the voltage drop through z, resulting from the flow of current through the
grid-cathode capacitance C,;.  Since the capacitance of C,p is of the
order of 4 puf, its reactance is about 40,000 ohms at 1 megacycle. If z,is
nonreactive and less than about 10,000 ohms in magnitude, the alter-
nating grid voltage E, exceeds 0.97V at frequencies below this value.
Little error then results from assuming that E, is equal to V, and Eq.
(6-36) becomes
Y, = 14w (6-37)
Tp
The reduction of E, resulting from impedance drop in 2z, at high fre-
quencies when z. is large reduces Y, below the value given by Eq. (6-37).
This effect is, however, usually sntall or entirely absent.
Equation (6-37) shows that the output terminal admittance of the

tube is somewhat greater than the transconductance. Actual values of

gn are large enough so that the output terminal impedance Z,, i.e., the -
reciprocal of Y, may be smaller than 170 ohms with single tubes and does .
not exceed 1000 obms under the assumptions made in the derivation of
Eq. (6-37). In many applications the admittance of the load and of the
capacitances that shunt the output terminals are so small in comparison
with the tube admittance Y, that they have little effect upon the resultant
admittance. FEquation (6-37) then gives a close approximation to the
over-all admittance. The interelectrode capacitances and cathofe-to- =
ground wiring capacitance may begin to have an appreciable effect upon
the resultant output admittance at frequencies above a few megacycles.

6-11D. Cathode-follower Amplifier Circuits and Applications.—
Figure 6-23 shows two practical cathode-follower circuits in which
the grid bias can be adjusted to the correct value when r exceeds the
value required to give the correct grid bias. The resistance r’ should be
large in comparison with the reactance of C at the lowest frequency to be
amplified. Circuit (@) is superior to circuit () when high input imped-
ance is of primary importance. The proper bias can also be obtained by
connecting the lower input terminal to a tap on a voltage divider across.
the voltage supply.

An amplifier ‘incorporating cathode-follower stages is shown in Fig.
6-24. The low effective input capacitance of the cathode-follower stage
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T; prevents falling off of amplification and large shift in phase of the
output of the preceding high-gain stage 7', at high frequencies. The low
effective output impedance of the cathode-follower stage T; prevents
the input capacitance of the following high-gain stage T4 from causing the
amplification to fall off at high frequencies. The combined use of the
cathode-follower stages and inductance in the plate circuits of the high-
gain stages makes possible uniform amplification throughout a frequency

C
S
Input >
(a) (b

Fra. 6-23.—Cathode-follower amplifiers with bias adjustment.

range extending from low audio frequency well into the radio-frequency
range. :
The use of the cathode-follower stage T'; in the amplifier of Fig. 6-24
_illustrates another important application of the cathode-follower ampli-
fier. If the input were connected directly to the grid of the high-gain
stage T, the high effective input capacitance of this stage might react
unfavorably upon the souree of the input voltage at high frequencies.
Although the input stage 7, actually reduces the over-all amplification
slightly, its high input impedance is a distinet advantage in many appli-

o—

SR

Fra. 6-24.—Four-stage amplifier incorporating cathode-follower input and coupling stages.

cations, as in cathode-ray oscilloscopes (see Sec. 15-21), which must meet
. the requirement that negligible current be drawn from the source of input

- voltage. A second advantage of the cathode-follower input stage may
result from its ability to handle large input voltages without overloading.
- This is so because the alternating grid voltage is equal to the difference
between the impressed voltage and the voltage across r, which is almost
as great as the impressed voltage. A cathode-follower stage is also used
to advantage as the last stage of an amplifier when the output voltage
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must be made independent of external impedance connected across
the output terminals of the amplifier. Since Z, may readily be made as
low as a few hundred ohms, the output voltage will be practically unaf-
fected by impedances of the order of several thousand ohms or more
shunted across the output.

The high input impedance and low output impedance of a cathode-
follower stage also make possible its use in place of an impedance-match-
ing transformer in matching a high-impedance line or network to a
low-impedance line or network. The input impedance can be made to
have any desired value within a wide range by means of impedance shunt-
ing the input terminals. The output terminal impedance can be made to
bave the desired value by proper choice of the tube and by adjusting the
transconductance by means of the grid bias. The advantage of the
cathode-follower amplifier over an impedance-matching transformer is
that it is unaffected by changes of frequency over a very wide range of
frequency. It will be shown in Sec. 6-11E that a disadvantage of the
cathode-follower amplifier in impedance matching is that relatively little
power or current can be developed in the load without excessive amplitude
distortion.

The fact that the output voltage of a cathode-follower stage is in phase
with the input voltage, rather than in phase opposition® as in the ordinary
type of resistance-capacitance—coupled stage, is occasionally useful.

6-11E. Design of Cathode-follower Amplifiers.—The cathode-follower
amplifier is a form of inverse-feedback amplifier, which will be discussed
in detail in Secs. 6-29 to 6-37. It will be shown in Secs. 6-30 to 6-32 that
distortion may be low in inverse-feedback amplifiers. The curves of
Fig. 6-20b show the ratio of the distortion factor of a cathode-follower
amplifier to that of an ordinary single-stage amplifier having the same
tube and load. The curves show that this ratio is low for high values
of amplification factor. It should be borne in mind, however, that
high-mu tubes have high plate resistance. Since low load impedance is
desirable in order to minimize the effect of interelectrode capacitances at
high frequencies, the use of a high-mu tube may result in a low ratio of
load impedance to plate resistance, which is favorable to high nonlinear
distortion. For this reason it may be desirable in high-frequency circuits
to use tubes having only medium values of amplification factor and
relatively low plate resistance, such as the 6J5. ,

In order to avoid excessive distortion as the result of grid-circuit
overloading (see Sec. 5-3), the grid swing must be kept less than the bias.
The ratio of the crest input voltage to the grid swing is given by the
equation '

1 Both voltages are measured relative to the common terminal (lower terminals
in Fig. 6-19a).



SEc. 6-11E] VOLTAGE AND CURRENT AMPLIFIERS 173
Vem _ (14 k + uk) .
B~ FFT (6-38)

where k¥ = r3/rp. The maximum allowable value of E,. is E., which is
roughly equal to Ep(k + 1)/u(k + 2) (see Eq. 7-19). Hence

14+ kp+1) , 14+ k+]1)
Max. Vym = B+ 1 E = ) Ey,
Curves of Max. Vm/Es, vs. 15/r, are shown in Fig. (6-20c) for various
values of . Tigure 6-20c shows that large values of input voltage can be
used if u is low and ry/7, is high. Since, as already pointed out, low r; is
desirable, high r;/r, requires low r,, which is also obtained in low-mu
tubes. The 6J5 tube, used with a 10,000-ohm load resistance, can handle
a crest input voltage equal to approximately 0.4E;,. It can be seen from
Fig. 6-20¢ that use of a tube with higher u, such as the 65F5, gives some
decrease in allowable input voltage. The higher mu tube has the dis-
advantage, moreover, of requiring a much larger load resistance.

It was pointed out in Sec. 6-11B that very low values of effective
input capacitance can be obtained in a cathode-follower amplifier by using
a voltage-amplifier pentode. The low allowable input voltage of such a
tube may, however, offset the advantage of low input capacitance.
Equation (6-37) shows that low output impedance is obtained with tubes
having high transconductance.

In choosing r, it should be borne in mind that a low value is desirable
in order to minimize the effect of tube capacitances and in order to
prevent large direct voltage drop in the resistance. A high value is
desirable, on the other hand, in order to make possible high excitation
without excessive nonlinear distortion and in order to make the amplifi-
cation nearly unity. The best value in a given amplifier will depend
upon which of these factors is the most important in the application for
" which the amplifier is designéd. A value of approximately 10,000 ohms
is- satisfactory in many applications, and there is usually little or no
advantage in the use of larger values.

When a cathode-follower amplifier is used in impedance matching,
the load resistor r is necessary only if the external load does not provide
a path for the direct plate current. The external load is then matched
when its admittance is equal to the resultant admittance of the tube and r.
Often, however, r is unnecessary, or the effective output impedance of
the tube is so small in comparison with r that the external load is nearly
matched when its admittance is equal to the tube admittance, as given
by Eq. (6-37). Then : ‘

(6-39)

== < (6-394)
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where z; is the impedance of the external load. The dashed lines in
I'igs. 6-20a, b, and ¢ show values that satisfy this relation when the load
is nonreactive. It can be seen from Fig. 6-20c that, except at very low p,
the ratio of load resistance to plate resistance and the allowable input
voltage are both very low. Figure 6-20b shows that the reduction of
nonlinear distortion resulting from inverse feedback is also small. Non-
linear distortion may, therefore, be excessive unless the input amplitude
is much smaller than the value found from Eq. (6-39) or Fig. 6-20c.

Although the crest input voltage that may be impressed without grid
overloading may be made of the order of one-fourth the plate supply
voltage by the use of a high-transconductance; low-mu tube, such as the
2A3, the high nonlinear distortion resulting from low ratio of load imped-
ance to plate resistance may still be large unless the input amplitude is
small in comparison with this value. This may present a problem if the
source cannot be shunted with a voltage divider. The problem may
sometimes be solved by the use of two cathode-follower stages in suc-
cession.” The first stage uses a tube that can handle a large input voltage,
such as the 6J5. The second stage, which uses a high-transconductance
tube, is matched to the load, the input voltage to this stage being adjusted
to a sufficiently low value by means of an adjustable tap on the load
resistor of the first stage. The low allowable grid excitation of a cathode-
follower matching stage imposes a limitation upon the power and current
that can be delivered to the load. This disadvantage is not avoided by
the use of the two-stage circuit, since the first stage merely makes possible
the reduction of excitation of the matching stage without the use of a
voltage divider across the input source.

6-11F. Filter-type Wide-band 'Amplifiers.—Another type of wide-
band amplifier that has proved very useful in television is the filter-type
amplifier, in which complex band-pass filters are used to couplestages.
The analysis and design of such amphﬁers is beyond the scope of this
book.?

6-12. Transformer-coupled Audio Amplifier. Preliminary Analysis.
The analysis and design of the transformer-coupled audio-frequency
amplifier are complicated by the action of distributed winding capaci-
tance, which reduces the amplification at high frequency because it
shunts the output, and may increase it over some portion of the frequency
range as the result of resonance with leakage inductance. Before
analyzing this type of amplifier rigorously, it is instructive to make a
qualitative study of its behavior at low, intermediate, and high audio
frequencies. '

1 See, for instance, H. A. WHEELER, Proc. I.R.L., 27, 429 (1939). This reference
contains a bibliography of 21 items.
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1. Amplification at Low and Intermediate Frequencies.—Below a few
hundred cycles the reactance of the distributed
capacitance of the windings is so high (approxi-
mately 10 ohms) that its effect may be neglected.
In Class Al amplification the admittance of the
following tube is also negligible. The secondary U
of the transformer may therefore be considered -  Fre. 6-25—Simplified

. . . equivalent plate: circuit of
to be unloaded. The equivalent circuit, neglect- . a_transformer-coupled au-
ing the small core losses, is that of Fig. 6-25. dio-frequency stage at low

. . . . and mid-band frequencies.
21, the primary impedance, is equal to 71 + jwL;, ,
where L, is the total primary inductance. The magnitude of the veltage
induced across the primary is

/J,E g 1wL 1 wL 1

B = = uk e 6-40
i a7 AV (r1 + 1) + wLy? (6-40)

The magnitude of the secondary voltage is
(Bof = nlEy = ——TBn (6-41)

ri+rp
\/1 + < le >
where n is the ratio of secondary to primary turns. ' The magnitude of the
- voltage amplification of the stage is

| 4] = A
| LIy G B
| =)
As w is lncreased IAI increases, approaching the hxmtmg value ny. The
: curve relating low-frequency amplification
with frequency is of the same form as the
upper curve of Fig. 6-4 (the scale of ordi-
nates being multiplied by #n). The fre-

quency at which IAI approaches the value
nu goes down as the ratio L;/(r, + ri) is

(6-42)

Fig. 6-26,—Simplified e.quiva- . 3 .
lent plate circuit of a transformer- increased and may be below 100 cps in a

coupled audio-frequency stage at well-designed amplifier. Equation (6-42)

high frequency. shows that the loss of amplification at low

frequency is the result of falling of the primary reactance with frequency.-

2. Amplification at High Frequency.—When the frequency becomes
so high that the distributed capacitance cannot be neglected, the circuit
approximates that of Fig. 6-26, in which C, represents an equivalent
capacitance replacing the primary, secondary, and interwinding capaci-
tances of the transformer and the input capacitance of the following tube;
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L, is the total equivalent leakage inductance; and r, is the total equivalent
winding and plate resistance, all quantities being referred to the second-
ary. The voltage applied to the grid of the following tube is that across
the condenser. The magnitude of the voltage amplification is

Egl o ) ny

Al = 1B = 6-43

4 Bl ©Cor/r2 + (oL, — 1/wC,)? (6-43)
This has a maximum value at approximately the frequency that makes
the reactive term under the radical zero. The voltage amplification at
resonance is therefore approximately

Ar = Lo pm , (6-44)
Cc Tev - PN
By proper design it is possible to make the factor v/L./C./r. approxi-
mately equal to unity, so that there is little rise in amplification because
of resonance, and the amplification is substantially constant up to
10,000 cps or higher.
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Fia. 6-27.—Frequency-response curve of a transformer-coupled audio-frequency amplifier.

Equation (6-43) shows that A falls above resonance frequency. Both
the factor wC,, outside of the radical, and the factor wL., under the
radical, inerease with frequency, so that the amplification eventually falls
to zero. Physically, the increase of wC, is associated with the shunting
effect of the distributed capacitance, and the increase of wL, with the loss
in voltage in leakage reactance. Figure 6-27 shows the frequency-
response curve of a typical transformer-coupled amplifier.

6-13. Transformer-coupled Audio Amplifier. Rigorous Analysis.—
Figure 6-28 is an equivalent circuit that closely represents a stage
of transformer-coupled amplification. The assumptions are made that
the distributed capacitances of the primary and secondary and between
primary and secondary may be replaced by lumped capacitances C,,
C;, and Ci. 7, is an equivalent resistance to take account of the
hysteresis and eddy-current core losses. 7, and r; are the primary and
secondary resistances.. L; and L, are the total primary and secondary
inductances, and M is the mutual inductance between ‘windings. 'Since
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the purpose of the following discussion is primarily to make a qualitative
analysis that will point out the principal characteristics of a typical
amplifier and how they are influenced by ecircuit and tube constants, it
will be permissible to make certain simplifying assumptions that would
not be valid if exact results were required. An excellent complete analy-
sis based upon an equivalent circuit that shows the primary and secondary
leakage inductances has been made by Koehler.! For a complete anal-

Fia. 6-28.—Complete equivalent plate circuit for a stage of a transformer-coupled audio-
frequency amplifier.

ysis and a discussion of design problems, the reader should refer to )
Koehler’s paper. ’

The primary distributed capacitance C; and the plate-to~cathode
capacitance C,, may be neglected in an approximate analysis, since the
impedance corresponding to C; + Cp: is much higher than other imped-
ances in parallel with it. C;, may be replaced by an equivalent capaci-
tance Cy' in parallel with C,. (Below resonance primary and secondary
terminal voltages are approximately in phase or 180 degrees out of phase,
and their amplitude ratio is n. Under this condition the value of C5’
that will cause the same secondary cur-
rent as Cyz is Cio(n + 1)/n. In the
vicinity of resonance the phase of the
secondary terminal voltage shifts, and
the magnitude becomes greater, so that pre T r
Cy changes.) Y,» may be neglected in Fro. 6-20 —Simplified equiva-
comparison with the very much higher lent plate circuit for a stage of
admittance of the distributed capacitance, Z;’Z;Z;°;$;fl}fc‘;‘$fd audio-fre-
and C, and Cy' replaced by a single equiva-
lent capacitance C,. r; and r, may be replaced by a single resistance r,’.
7re is high enough so that it may be neglected in an approximate analysis.
With these simplifications the circuit of Fig. 6-28 may be replaced by the
less complicated equivalent circuit of Fig. 6-29.

The following equations are obtained from the network of Fig. 6-29:

Ilzl + IzjwM = MEgl (6-45)
Loz + IjoM = 0 (6-46)

1 KoeHLER, GLENN, Proc. [.R.E., 16,1742 (1928).
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7 1
9
A= Ev_i ~ .J‘;’IC*’ (6-47)

where

z=ri+joly and  zy =71+ (sz - w—é-) (6-48)

The solution of Eqgs. (6-45) to (6-47) yields the relation

My

A =7 0621(22 + M2w2/21)

(6-49)
or
My

A =7 Ce22(21 + M2w2/22)

(6-50)

Since the polarity of the secondary voltage depends upon the relative
directions of winding, the minus sign in Egs. (6-49) and (6-50) may be
dropped.

The coefficient of coupling k is defined by the equation

M
NV ILnLsy

If the leakage inductance is small or proportional to the number of turns,

L=l (6-52)

n?

k= (6-51)

Substituting Eqs. (6-48), (6-51), and (6-52) in Eq. (6-49) gives
Lﬂ’L[JJC

L L 1 k2L, Low? |
Ce(h +J~0L1) [12 ] (sz wCe> + T—*——l, +ij1]

A=

(6-53)

1. Response at Low Frequency.—At frequencies below 200 or 300 cps
the term 1/wC, is so much larger than the other terms of the second factor
of the denominator of Eq. (6-53) that the other terms may be neglected
and Eq. (6-53) simplified to

nku (6-54)

For a typical well-designed audio transformer, & is about 0.998, so that
Eq. (6-54) may be further simplified to

ij 1

S m A

(6-55)
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As the frequency is increased from a low value, A, increases, approach-
ing the limiting value nu, and the phase of the output voltage approaches
that of the excitation voltage. This limiting value may be attained at a
frequency of 100 cps or less and maintained up to several thousand cycles
or more. Asin the analysis of resistance-capacitance—coupled amplifiers,
it will be called the mid-band amplification and will be represented by the
symbol A . '

Am = 1 (6-56)
The substitution of Eq. (6-56) in Eq. (6-55) gives
Al ijl wL
A, ¥ jeln 6-57
Am r. 4+ JwL]_ '\/7'1“ + (wL1)2 ZQ ( )
where
- tap—t Y !
¢ = tan oL (6-58)

¢ is the angle of the phase shift of the output voltage relative to the mid-
band phase of the output voltage. (In the mid-band frequency range,

“ElLO
o [TT] | .
<(—‘0.8 — Phase shift /,Zmp//'ﬁ?:a//on 80
=0 ~Z] 7 "
£07 s 70 &
Lg 0.6 N4 60 :’C)-a
Ag ’ A 150 %5
& 05 // \\\ g_a:
—5.04 L 1 400 o
£ ~ oy
<03 . —q 30 28
S0
50! | e LA
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& Op; 02 03040507 10 20 5 4 5 1 10°
. wl,
retr

Fia. 6-30.—Generic curves of relative amplification and relative phase shift for transformer-
coupled audio-frequency amplifiers at low frequency.

the output voltage is either in phase with or 180 degrees out of phase

with the input voltage.) The magnitude of the ratio of the low-frequency

amplification to the mid-band amplification is

Al le
- | = ———————— = COS8 6-59
Am '\/1"1/2 + (wL1)2 ¢ ( )

Figure 6-30 shows curves of IA,/A I and ¢ vs. wLi/ry’ derived from
Eqgs. (6-59) and (6-58).

At first thought, a maximum value of A m1ght be expected at or near
the natural resonant frequency of the secondary. That this is not true
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results from the close coupling between primary and secondary. - The
value of A at the natural frequency of the secondary can be found by
substituting »? = 1/L,C, in Eq. (6-50) and combining it with Eqgs. (6-51)
‘and (6-52). This gives

A== e = (6-60)
N*Cerirs . e T2
i, TEYINLG R

The values of resistance, indugtance, and distributed capacitance of
audio transformers are such that the first and third terms of Eq. (6-60)
are negligible in comparison with %, so that A = nu/k. Since k is prac-
tically unity, 4 is approximately equal to ny, the mid-band amplification.

2. Response of Transformer-coupled Amplifier at High Frequency.—At
frequencies above 1000 or 2000 cps, wL; is so much larger than ' that

(r1')? may be neglected in comparison with w?L,%. With this approxima- -

tion, Eq. (6-53) may be put into the form

_ ' nuk
T jwCe{re + ki + jlwLe(1 — k%) — 1/wC.]}

The factor (1 — k?) is called the leakage factor. When the leakage
inductance is small or proportional to the number of turns,

(1 — k9)Ly = L, + n2L, = L, (6-62)*

As (6-61)

L, and L, are the secondary and primary leakage inductances, and L,
is the total equivalent leakage inductance, referred to the secondary.
Since k is very nearly unity, the total equivalent resistance of the wind-
ings and the tube, referred to the secondary, is

To ki) Xy ntry =r ) =1, (6-63)

1 This may be shown by assuming the total primary and secondary inductances to
be made up of inductances Ly’ and Ly, having perfect coupling (unity .coupling
coeflicient), and leakage inductances L, and L,, having zero coupling.

. _ _ M2 _ _ M2
(1 — 1)Ly = (1 L—ILZ) Ly =Ly~ -

1 !
g, - Lk (since_M‘L - 1)

L. L7
LyLy
—_ ! —— _
=L+ Lo - A
L,L, Ly
= L.’ — S ok B Y 2
- Ly + L, (L~ L1’+Lp)‘ Lot Ly gt

If the leakage inductance is small, L, may be neglected in comparison with L,’.
Furthermore, if the leakage inductance is small or is proportional to the number of
turns, L.'/L,’ = n? and so '

(1 — k9L = L, + nL,
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Hence Eq. (6-61) may be written

o

A = SO F L = 1/aC0]

(6-64)

Equation (6-64), which is equivalent to Eq. (6-43), has a maximum
value near the frequency wo = 1/4/L.C., at which the equivalent leakage
inductance L, resonates with the equivalent distributed capacitance

C.. Equation (6-64) may be put into the form

A _ A 1

Am - 7"/7* - w 1 @ 2 (6-65)
Cied (oY 4
where
k1[G
Qo = Te | 7% \/C8 (6-66)

Equation (6-65) gives the vector ratio of high-frequency amplification
to mid-band amplification ny, as a function of the ratio of the angular
frequency to the resonant angular frequency wo. Curves of magnitude
of amplification and of phase shift relative to the mid-band values as
determined from Eq. (6-65) for three values of €, are shown in Fig. 6-31.%

Subject to the approximations that have been made in the analysis,
the amplification and phase shift of a transformer-coupled audio amplifier
are completely specified by Eqgs. (6-56), (6-58), (6-59), and (6-65), or by
the curves of Figs. 6-30 and 6-31. The numerical values of the quantities
that appear in these equations can be readily determined by laboratory
measurement,.

The response of a self-biased transformer-coupled amplifier is influ-
enced at low frequency by the self-biasing impedance. The effect is
complicated by the possibility of resonance between the primary induc-
tance and the capacitance of the by-pass condenser. The student will
find it instructive to derive curves of relative amplification and relative
phase shift at low frequency by analyzing the equivalent circuit obtained
by inserting the parallel combination of R.. and C. in the equivalent
circuit of Fig. 6-25. It should be noted that the alternating voltage
appearing across R, is impressed upon the grid.

Sometimes it is advantageous to apply the plate supply voltage
through a choke and to couple the transformer primary through a con-
denser. This prevents direct current from passing through the primary
and thus makes possible the use of smaller transformers. Because the
transformer may then be connected directly to the cathode, instead of to
the positive side of the B supply, the alternating plate current need not

! TErMaN, F. E., Electronics, June, 1937, p. 34.
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pass through the. biasing resistor, and loss of amplification may be
avoided. Resonance between the transformer primary inductance and
the coupling condenser capacitance may increase the amplification
at low frequency. The low effective load impedance at resonance, how-
ever, results in relatively high nonlinear distortion (see Sec. 3-25). In
order to minimize capacitance from plate to ground, the coupling con-
denser should be placed in the cathode lead of the transformer primary.

2.2
2-0 (
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___E_l.8 / X’Qo 2 ,QEZ'W:':E':' 180
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Fig. 6-31.—Generic curves of relative amplification and relative phase shift for transformer-

wol,

1
\/LeCe, @ Te

coupled audio-frequency amplifiers at high frequency. wo =

The response of transformer-coupled:amplifiers can be altered by
shunting the secondary of one or more transformers with resistance or
capacitance. : ‘ '

6-14. Transformer Design.—The correct designing of an audio-
frequency coupling transformer is not a simple matter, as a compromise
must be made between conflicting requirements. Eguation (6-59) and
the curve of Fig. 6-30 show that for satisfactory response at low audio
frequencies the primary inductance must be high. FEven with high-
permeability cores this requires the use of a large number of turns. A
high resonance frequency ws, beyond which amplification falls rapidly,
calls for low leakage inductance and small distributed capacitance. The
leakage inductance and distributed capacitance can be minimized by
proper methods of winding and careful choice of shape and arrangement
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of coils,! but with any type of winding the increase of distributed capaci-
tance with number of turns affects the high-frequency response adversely.
Since a high transformation ratio requires either a small number of
primary turns or a large number of secondary turns, or both, it follows
that the increase in voltage amplification which results from the use of a
high transformation ratio can be obtained only at the expense of poor
response at low or high frequency, or both. In early receivers for broad-
cast reception, high amplification was obtained by the use of audio
‘transformers with small primaries. As a result, these receivers were
noted for their lack of bass tones. Well-designed modern transformers
for Class A voltage amplifiers do not ordinarily use transformation ratios
higher than 8 to 1. Equation (6-65) and the curves of Fig. 6-31 show
that the shape of the resonance peak can be controlled by choice of the
ratio

A
n2(rp + 1) + 72 T n2(r, + 1) + e C.

Since this ratio contains r,, the height and sharpness of the resonance
peak are affected by the plate resistance. For this reason and because
high plate resistance is unfavorable to good response at both low and
high frequencies, it is important to use a~f transformers with the types
of tubes for which they are designed, or with tubes having similar
characteristics. .

6-15. Comparison of Resistance-capacitance and Transformer-
coupled Audio Amplifiers.—The fact that uniform amplification in excess
of the amplification factor of the tube can be obtained with transformer
coupling if the plate resistance is not too high made the use of trans-
former coupling decidedly advantageous before the development of tubes
with high amplification factors. Unfortunately, however, high amplifi-
cation factor is accompanied by high plate resistance, and so high-mu
tubes like the type 6SJ7 pentode cannot be satisfactorily used with
transformer coupling. The response is poor at low frequency because
of the low ratio of primary reactance to plate resistance; and at high fre-
quency because of the low value of r—le \/éze A voltage amplification of

e

50 represents about the highest that can be obtained with transformer
coupling without sacrifice of response at low or high frequency. With
resistance-capacitance coupling, even though the stage amplification is
much lower than the amplification factor of the tube, the high amplifica-
tion factors of tubes like the 6SJ7 make it possible to obtain an amplifica-
tion of 100 or more-per stage. Because likelihood of oscillation makes it
difficult to use more than two transformer-coupled stages on a common

1 KoEHLER, loc. cit.
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voltage supply, higher amplification at audio frequencies can as a rule
be obtained with resistance-capacitance coupling than with transformer
coupling. Resistance-capacitance coupling is considerably cheaper than
transformer coupling, weighs less, and requires less space. Because of
the lower direct voltage drop in the plate circuit, and because voltage
induced in the transformer inductance allows the instantaneous plate
voltage to exceed the B-supply voltage (see Figs. 4-15 to 4-18), higher
voltage output may be obtained with a given plate supply voltage with
transformer output than with resistance output. Transformer coupling
to the load may be necessary in the output stage when the load impedance
is so low as to cause excessive nonlinear distortion without impedance
matching (see Sec. 7-21).

6-16. Inductance-capacitance Coupling.—Inductance-capacitance
coupling has the advantage over resistance-capacitance coupling of lower
. direct voltage drop in the plate load. Because there is only one winding,
it is possible to obtain somewhat higher inductance than in the primary
of a transformer. Although this higher inductance improves the low-
frequency response over that of a transformer-coupled amplifier, it is still
too low to prevent the amplification from falling off at low frequency with
high—amplification-factor tubes. The high-frequency response is also
somewhat better than in transformer-coupled amplifiers because of the
lower distributed capacitance of the single winding. These advantages
are offset by the fact that the voltage is not stepped up as it may be by
a transformer. Inductance-capacitance coupling is now seldom used.
It may be analyzed by the methods that have been used in this chapter.

6-17. Choice of Tubes for Audio-frequency Voltage Amplifiers.
Equations (6-1), (6-12), and (6-56) show that the maximum amplification
obtainable with a voltage amplifier is proportional to the amplification
factor of the tube. For this reason the amplification factor may in
general be considered to be the “figure of merit” of a triode used in an
audio-frequency voltage amplifier. Other factors such as plate resistance
and plate current are also of importance in choosing the tubes for a voltage
amplifier. It was shown in preceding sections that plate resistance
reduces the attainable gain of direct- or resistance-capacitance—coupled
amplifiers and causes frequency distortion in transformer-coupled ampli-
fiers. High plate current causes high direct voltage drop in the coupling
resistor of direct- or resistance-capacitance—coupled amplifiers and thus
necessitates the use of higher plate supply voltage. It tends to cause
nonlinear and frequency distortion in transformer-coupled amplifiers
because of core saturation. It also increases the power consumption in
the plate circuit.

Higher voltage amplification is in general attainable with pentodes
than with triodes in resistance-coupled amplifiers, but nonlinear distor-
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tion may be greater and, because of higher plate resistance, it is more
difficult to design for uniform response over a wide band. Since the

7172
riof 7y I the

transconductance may be considered to be the figure of merit of pentodes
in resistance-coupled voltage amplifiers. As pointed out in Sec. 6-15, the
high plate resistance of pentodes makes them unsuitable for use in
transformer-coupled a-f amplifiers.

6-18. Control of Amplification of Audio-frequency Amplifiers.—The
most common method of controlling the amplification of audio-frequency
voltage amplifiers is by means of a voltage divider that varies the excita-
tion voltage of one of the tubes. In transformer-coupled amplifiers the
voltage divider is shunted across the secondary of the input. transformer,
as in Fig. 6-32a; in resistance-coupled amplifiers it may serve as the grid
coupling resistance, as in Fig. 6-32b. In the transformer-coupled circuit,

£ gy 3 il

Fra. 6-32.—Methods of varying the amplification of transformer- and resistance-coupled
audio-frequency amplifiers.

amplification attainable with pentodes approximates

(b)

the resistance of the voltage divider should be high in order to prevent
appreciable loading of the transformer. Potentiometers of 500,000 chms
resistance or higher are commonly used. In order to keep the grid swing
of all stages as low as possible and thus to minimize nonlinear distortion,
the amplification control is usually used in the grid circuit of the first
stage. Occasionally, however, the amplitude control is used in a later
stage so as to reduce noise caused by the slider of the voltage divider.
Because the voltage amplification of resistance-coupled amplifiers
using pentodes or other high-plate-resistance tubes is nearly proportional
t0 gm, the amplification of such amplifiers can be readily controlled by
varying the transconductance by means of thegrid bias. Inordertomake
it possible to reduce the transconductance to a low value without danger
of having the grid swing beyond cutoff, the signal is applied to a remote-
cutoff grid (see Fig. 3-7). Although the gain-control voltage may be
applied to the same grid as the signal, less control voltage is required if
it is applied to an additional sharp cutoff grid. It may be applied
simultaneously to both grids. The 6L7 type of tube is suitable for this
purpose. This type of control has the advantage that it may be accom-
plished by means of a rheostat or potentiometer that is located at a dis-
tance from the amplifier and is by-passed by a condenser at the amplifier.
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If two tubes controlled in this manner and excited by separate signal

voltages use a common plate load resistance, a gradual transition
may be made from one signal to the other by raising one control voltage
and lowering the other.

6-19. Volume Compression and Expansion.—The wide range of
power level of speech creates a problem in transoceanic radio
telephony. If the amplification is adjusted so that the loudest sound
will fully modulate the transmitter, the fainter sounds may not be
distinguishable above static and other interfering noises. This difficulty
can be overcome by automatically increasing the amplification of the
weaker signals in order to reduce the signal amplitude range and raise the
average level. At the receiving end the process must be reversed by
automatically raising the amplification with signal amplitude, so that
the range of power level of the output is proportional to the power-level
range of the original sounds.

A similar problem is encountered in the recording of phonograph
records. The range of sound level that can be recorded is much smaller
than that which is necessary for the faithful reproduction of orchestral
music (for which the power ratio corresponding to the weakest and
strongest sounds is very great). If the recorded sound is too faint, needle
scratch is objectionable. If it is too loud, on the other hand, there is
danger that the needle may cut from one groove to the next. The ampli-
tude range must, therefore, be reduced in the recording amplifiers and
should, preferably, be increased by the reproducing amplifier.

These results can be accomplished by means of automatic gain control
of audio-frequency amplifiers. The a-f output is applied to a detector,
the output of which controls the bias of the amplifier grids. Whether
- the amplitude range is increased or decreased depends upon whether the
direct voltage output of the detector is applied to the grids in such a
manner as to increase or to decrease the amplification with increase of
amplifier output. A typical “volume expander” circuit is shown in
Fig. 6-33. Since the voltage amplification of a resistance-coupled ampli-
fier with small ratio of load to plate resistance is proportional to trans-
conductance [see Eqgs. (6-1) and (6-12)], increase of grid bias reduces
the amplification. To prevent excessive amplitude distortion when the
transconductance is reduced to a low value by high negative bias, the
signal ‘is applied to a remote-cutoff grid. Need for large gain-control
voltage is avoided by applying the gain-control voltage to an additional

1 Maraes, R. C., and - Wriear, 8. B., Elec. Eng., b3, 860 (1934); BALLANTINE,
8., Proc. I.R.E., 22, 612 (1934); Sowsrsy, A. L. M., Wireless World, 34, 150 (1934);
Radio Eng., November, 1934, p. 7, Tuomas, T. 8. E., Wireless Eng., 12, 493 (1935);
Sinnert, C. M., Electronics, November, 1935, p. 14; Hatrman, L. B., Jr., Electronics,
- June, 1936, p. 15; RCA Application Note 53.
'
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sharp-cutoff grid. This is made possible by the use of the 6L7 type of
tube. '

6-20. Tone Control.l—Differences in the acoustical properties of
different rooms, nonuniform response of loud-speakers, individual pref-
erences, and the fact that the sensitivity of the ear falls off at low and
high frequencies often make it desirable or necessary to change the fre-
quency characteristics of audio-frequency -amplifiers. Minor changes
in the characteristic of an amplifier can be obtained by the use of simple
filters. One commonly used filter consists of a condenser in series with
a variable resistance, shunted across some point of the amplifier, usually
between grid and cathode of one of the tubes. Decrease of resistance
cuts down the response at the higher frequencies. Sometimes tone:

oI

Imeg,

oluf
1
I

$Volume
Irput i’ control

>
3
—

Fxpansion
Zonfm/

Imeg.

1]]]-——

H6

~Resistance-capacitance~
coupled amplifier

X

F1a. 6-33.—Circuit diagram of a volume expander.

control is combined with the manual gain control in such a manner that
the amplification is reduced more at the middle of the audio range than
at the upper and lower ends. This tends to correct for the apparent
loss of low and high tones at low sound level caused by the nonuniform
response of the ear. Some amplifiers are provided with separate tone
controls for the low and high frequencies and, in more elaborate systems,
separate amplifiers and loud-speakers may be used to cover two or more
portions of the entire a-f range. Considerable flexibility of tone econtrol
may be attained in this manner.

6-21. Resistance-coupled Radio-frequency Amplifiers.—The analysis
that has been made of resistance-capacitance—coupled amplifiers is
valid at radio frequencies if the frequencies are not so high that the

“time of transit of electrons from cathode to plate must be taken into
consideration.?

* ScrogaiE, M. G., Wireless Eng., 9, 3 (1932); Hazeltine Service Corp., Radio
Eng., June, 1935, p. 7; CoLeBROOK, F. M., Wireless Eng., 10, 4 (1933) (with bibliog-

raphy of seven items); CALLENDER, M. V., Proc. I.R.E., 20, 1427 (1032).
?LLewsLLyN, F. B, Proc. I.R.E., 21, 1532 (1933); 23, 112 (1935).
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Tuned Radio-frequency Amplifiers.—Transformer-coupled r-f ampli-
fiers are commonly of two types: doubly tuned and singly tuned. In
doubly tuned amplifiers, tuning capacitance is used in parallel with both
the primary and the secondary of the transformer, as shown in Fig. 5-9.
In singly tuned amplifiers, only the secondary is shunted by tuning
capacitance, as shown in Fig. 5-10. Radio-frequency transformers are
‘now made either with air cores or with special low-loss iron cores. The
primary and secondary are coupled loosely enough so that the capacitance
between primary and secondary is negligible.

6-22. Doubly Tuned Radio-frequency Amplifier.—The equivalent
circuit of the doubly tuned amplifier, at frequencies below those at which
time of transit of electrons must be considered, is shown in Fig. 6-34a.1

JwCy (b)

Fia. 6-34.—(a) Equivalent plate circuit for doubly tuned r-f amplifier; (b) Approximate
equivalent circuit applicable to tetrodes and pentodes.

Solution of the network equations for this equivalent circuit gives the

following expression for voltage amplification:

MG
(1 + joCry) (2129 + 02M?) + jzeo/wC,

n Whlch Z1=nr + ijl + 1/](.001 and 29 = Pg + ijz + 1/30302 For
reasons that will be explained, screen-grid tubes or pentodes are far
superior to triodes in tuned radio-frequency amplifiers. In practice the
reactarice of the primary condenser in the vicinity of the frequency for
which the amplifier is designed is so much smaller than the plate resistance
of a tetrode or pentode that little error results if 1/r, is neglected in com-
parison with jwC in Eq. (6-67). Equation (6-67) then simplifies to

_iaaMfeCC)
2122 + M20? 4 2o/r,0C1?

The form of Eq. (6-68) is too complicated to yield readily to an
analysis to determine the manner in which A varies with frequency.
With typical circuit constants and plate resistance, however, the third
term in the denominator is sufficiently small in comparison with the sum

A= (6-67)

(6-68)

17, includes an equivalent resistance to take into account the effective input
conductance of the following tube, and C includes the effective input capacitance of
the following tube.
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of the other two terms so that it may be neglected. It is most convenient,
therefore, first to neglect this term and later to determine under what
conditions and in what manner the result should be modified in order to
take its effect into account. KEquation (6-68) may then be simplied to

4 — dGnM/oCCy)

2122 + M2%w? (6-69)

A general indication of the form of the curve of 4 vs. w can be obtained
by considering the special case, often met in practice, in which the primary
and secondary inductances, capacitances, and resistances are equal.
Then z; = 23 = r + j(wL — 1/wC), and Eq. (6-69) becomes

i |
2 .
A= : o€ ——— (670)
[]w(L-f—M) +m+r][]w(L—M)+m+r]

The effect of w in the numerator being neglected, 4 will have a maximum
at approximately the two frequencies A
that make the reactance zero in the : |
two factors of the denominator of
Eq. (6-70). The curve of A ws.

frequency will, therefore, in general coupling
have two peaks, as shown by curve ~~b-Critical
. . . coupling
a in Fig. 6-35, whose separation
increases with M.
-\ —C—-Loose

The amplification given by the
approximate equation (6-69) is the
same as that of the equivalent circuit
of Fig. 6-34b, which is, therefore, an

coupling

approximate equivalent circuit of %

the doubly tuned amplifier used Frequency

with tetrodes and pentOdeS. Since F1a. 6-35.——Frequency-response curves

the complete analysis of this circuit for doubly tuned transformer-coupled r-f
: amplifier.

and of Eq. (6-68) is fairly long and
involved, it will not be given. The student will find it instructive to
refer to some of the excellent analyses that have been published.?

The results of such analyses show the following important facts:

1. If the primary and secondary resonancefrequencies have the
same value fo, the two frequencies corresponding to the peaks of the
response curve have the approximate values

! See, for instance, W. L. Everrrr, ¢ Communication Engineering,” p. 496, McGraw-

Hill Book Company, Inc., New York, 2d ed., 1937; E. A, GuiLLEMIN, “ Communication
Networks,” Vol. I, p. 323, John Wiley & Sons, Inc., New York, 1931.
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=ff1+3 [pa_ T2 (671
] fo( 21,6 MOQLIL) e

2. When wo®M? > rirs, the height of the peaks does not change
as the value of M is changed by varying the coupling, other parameters
being held constant.

3. The ratio h of the height of the peaks to that of the intervening
trough is related to the circuit parameters by the equation

_— 2AM2
ERVIEER RS w/""’Tlr‘zm SO (6-72)

Tire

in which k& is the coefficient of coupling, \/M?/L,Ls.

4. h is unity when wo?M? = ryry, indicating that the height of the
peaks is equal to that of the trough. At this eritical coupling, therefore,
the two peaks merge into one.

The peak voltage amplification at critical coupling, which is the same
as that corresponding to the two peaks of the response eurve above critical
coupling, is found from Eq. (6-69) to be

L, L '
A= m 1 2 = n L1 Le .
3 \/T1C1 rCs 2 \/Q1Q2 ¢, C, (6-73)
where
Ql = wOLl and Q2 = 309.2__
1 Te

@ and €., which may be shown to be the ratio of the energy stored per
cycle to the energy dissipated per cycle in the primary and secondary
circuits, respectively, are a measure of the efficiency of the resonant
circuits.

5. The height of the single peak falls, and the peak becomes sharper,
as the coupling is decreased below the critical value.

‘Typical curves of A vs. w for coupling greater than, equal to, and
less than the critical value are shown in Fig. 6-35.

The importance of the third term in the denominator of Eq. (6-68)
can be determined by analyzing a praectical case. Laboratory measure-
ments of a typical air-core 450-kc transformer gave the following approxi-
mate values

L, = L2 = 2 X 102 henry

ry = ro = 150 ohms at 450 ke
C, = C = 60 X 1072 farad
1
= ———— = 289 X 10¢rad/s
. V'L:Cy /se0
G, = ‘_'".‘LLJ = 38

T1
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For a 6K7 r-f pentode, r, is approximately 1 megohm. With these -
values the sum of the first and second terms of the denominator at
critical coupling is 45 X 10* (ohms)? at the secondary.resonance fre-
quency, and the third term approximately 5 X 10® (ohms)2 In this
example comparatively little error results from dropping the third term.
Coils of better design, however, may have values of @ of 100 or more,
and with different operating voltages, or a different type of tube, the
plate resistance may be reduced appreciably. The third term may then
be of the same order of magnitude as the other two terms of the denomina-
tor, so that it cannot be neglected.

The third term in the denominator of Eq. (6-68) is a minimum
at the secondary resonance frequency, which, in transformers with
similar primary and secondary constants, corresponds to the frequency
of the trough of the resonance curve. This term, therefore, tends to
raise the trough of the curve. It also increases the critical coupling
above the value M = /ryrs/w, indicated by the analysis in which this
term is neglected.

The doubly tuned amplifier with coupling slightly in excess of the
critical value amplifies very nearly uniformly over the range of fre-
quencies lying between the two peaks, and the amplification falls rapidly
outside of this range. For this reason this type of amplifier is often
called a band-pass amplifier. The response curve can be made to approxi-
mate square-top form more nearly by using a closely coupled doubly
tuned stage in conjunction with a singly tuned stage or a loosely coupled
doubly tuned stage.! A square-topped response curve is desirable in
amplifiers used for radio reception, which should amplify uniformly at all
frequencies contained in the modulated wave and cut off sharply at
lower and higher frequencies.

Advantage may also be taken of the change in Wldth of the frequency
band of a doubly tuned amplifier with change in coupling. It is evident
that for a value of coupling corresponding to curve a of Fig. 6-35 the
frequency band over which amplification is essentially constant is
considerably wider than for coupling corresponding to curve b. Adjust-
able coupling thus makes possible the choice of a narrow band for high
selectivity in the reception of a weak modulated carrier wave in the
presence of a strong carrier wave in an adjacent frequency channel or of a
wide band for high quality in the reception of a strong modulated wave.
This change in selectivity may be accomplished automatically by the
use of vacuum-tube coupling in addition to inductive coupling.?

Subject to the assumptions made in its derivation, Eq. (6-68) shows
that the amplification of a doubly tuned amplifier is proportional to the
transconductance of the tube.

1 LoH, Ho-SHoN, Proc. I.R.E. 26, 469 (1938).
2 Maver, H. F., Electronics, December, 1936, p. 32.
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6-23. Singly Tuned Amplifier.—For the sake of analysis, the trans-
former-coupled circuit with tuned secondary may be considered as a
special form of the doubly tuned ecircuit. It is convenient for this
purpose to write Eq. (6-67) in the form

uM/C,
(1 + ijlrp)[(ijl + 7'1)22 + w2M2] + Tple
In practice the primary of the transformer is sufficiently small so that

both its reactance and resistance are negligible in comparison with r,.
If this is assumed to be true and C, is made zero, Eq. (6-74) reduces to

uM/C’z
2orp + w2M?

A=—

(6-74)

A= — (6-75)

Differentiation of Eq. (6-75) with respect to M at constant w shows
that A has a maximum value at a given frequency when w?M? = z,r,.
The value of coupling at which this relation is satisfied is termed optimum
coupling. Differentiation of Eq. (6-75) with respect to » at constant M
shows that 4 is a maximum for a given value of M at approximately
the secondary resonance frequency. At this frequency, which is deter-
mined by the relation we® = 1/LsC,, the secondary reactance is zero,
and the criterion for optimum coupling reduces to wy?M? = ryr,. Sub-
stitution of wo = /1/L:Cs, 22 = 73, and weM? = ryr, in Eq. (6-75)
gives for the optimum amplification at resonance

. mls f L,
Optimum A = — } %072 = — 3/ ugnQ \/C_’: (6-76)

It is evident from Eq. (6-76) that for high voltage amplification a radio-
frequency amplifier with tuned secondary should use a tube with both
high amplification factor and high transconductance, that the @ of the
secondary should be high, and that the ratio of secondary inductance to
capacitance should be high.

The curve of amplification as a function of frequency is of the same
form as the curve of admittance vs. frequency of a simple series circuit
containing inductance, capacitance, and resistance. The sharpness of
the resonance peak increases with decrease of M and w, and with increase
of Ly/ry and 7,

Dividing Eq. (6-73) by Eq. (6-76) shows (subject to the approxima-
tions made in the development of these equations) that the ratio of the
optimum amplification of the doubly tuned amplifier to that of the singly
tuned amplifier is equal to /L,/r;r,C;. For typical transformers used
with r-f pentodes this ratio is somewhat less than unity. In fixed-fre-
quency amplifiers, however, the advantage of the sharpness of the
response curve of the doubly tuned amplifier, which may be made to
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approximate rectangular form, more than offsets the disadvantage of the
slightly lower amplification. In applications in which the frequency of
the input changes, on the other hand, the greater simplicity of tuning
of the singly tuned amplifier is an advantage.

It is evident from Eqs. (6-73) and (6-76) that high voltage amplifica-
tion necessitates the use of low effective transformer resistances (high-Q
coils) and high L/C ratio. The skin effect, radiation loss, dielectric
loss, and tube input. conductance resulting from electron transit time
cause the effective a-c resistances r; and r, to increase with frequency.
Distributed winding capacitances, circuit capacitances, and tube capaci-
tances limit the extent to which C; and €; can be reduced and thus
necessitate decreasing the L/C ratios as the resonant frequency of the
amplifier is increased. The attainable voltage amplification of tuned
r-f amplifiers therefore decreases as the frequency is increased. The
decrease of amplification is accompanied by decrease of selectivity.
These facts are very important in the design of r-f amplifiers and are
one of the reasons why amplification in modern radio receivers is accom-
plished mainly at frequencies lower than those of the received signals.

6-24. Choice of Tubes for Tuned Radio-frequency Amplifiers.—
Tetrodes and pentodes are used practically universally in tuned r-f
amplifiers, in preference to triodes. The advantages of tetrodes and
pentodes are threefold. The high values of amplification factor and
transconductance result in high voltage amplification; the low grid-to-
plate capacitance reduces the tendency of the amplifiers to oscillate
as the result of the feeding back of amplified voltage to the input; and
the lower effective input capacitance lowers the frequency limit of
amplification and reduces the attainable amplification.and sharpness of
tuning at very high frequencies.

By the use of coils having a high ratio of inductance to resistance,
the amplification of each stage of a tuned r-f amplifier using high-trans-
conductance tubes can be made much greater than the amplification
factor of the tube.

Control of Amplification.—The dependence of voltage amplification
of tuned r-f amplifiers upon transconduetance of the tube makes possible
the variation of amplification by means of operating voltages. Usually
the most effective method, particularly when the gain is controlled.
automatically by means of tubes, is to vary the grid bias of the amplifier
tubes. Automatic control of amplification is d1scussed in- Secs 6-19
and 9-26.

6-26. Distortion in Radio-frequency Amphﬁers —Curvature of the
transfer characteristic of tubes used in rf amplifiers results in several -
types of distortion in the amplification of modulated voltages, most of
which are caused by intermodulation of the various frequency components
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in the impressed modulated voltage or in two modulated voltages simul-
taneously impressed upon the amplifier.! In the reception of radio
signals this produces such undesirable effects as nonlinear distortion of
“the audio-frequency output, superposition of the a-f modulation of an
undesired station in an adjacent channel upon the desired a-f output
of the station to which the receiver is tuned, and the reception of stations
lying outside of the tuning range of the receiver when the receiver is
tuned to the sum or difference of their frequencies. Another objection-
able effect is increased hum in the output of a-c-operated receivers as
the result of intermodulation between the desired input signal and 60-
or 120-cycle voltages not completely removed from the output of the power
supply and therefore impressed upon the amplifier grids. These various
types of intermodulation may be shown to be associated with the second-
and higher-order terms of the series expansion for alternating plate
current.

In tuned r-f amplifiers using tubes with high plate resistance, such as
tetrodes and pentodes, the load impedance at resonance may be small in-
comparison with the plate resistance of the tube. Under this condition
the series expansion for alternating plate current reduces to

. 1 92 1 9% '
1p=—-g+2‘al;’g+3,a 2 eS + - (6-77)

This shows clearly that the various types of distortion which oceur in
tuned r-f amplifiers increase with input amplitude and with curvature
of the static transfer characteristics. In automatic control of amplifica-
tion, the output is maintained constant by increasing the bias with input
(Sec. 9-26). At -high input the operating point is then close to cutoff.
Curvature is high in this region, and there is even danger of reducing the
plate current to zero durihg part of the cycle. Hence distortion may
be excessive at high inputs. It may be reduced by the use of variable-mu
tubes. The transfer characteristics of variable-mu tubes (see Seec. 3-7)
approach the voltage axis so gradually that, even though the operating
bias is made high in order to reduce the transconductance and hence the
voltage amplification, high excitation amplitude may be used without
danger that the current will be reduced to zero. At low bias, on the
other hand, the transconduectance has the high value necessary for the
amplification of weak signals. Some tubes, of which the 6L7 is an
example, have both a remote-cutoff grid, to which the signal is applied,
and a sharp-cutoff grid, which may be used to control the amplification.

6-26. Current Amplification.—Figure 6-36 shows a single-stage cur-
rent amplifier. The current amplification is

t Harris, SYLvan, Proc. I.R.E., 18, 350 (1930); BarranTiNg, STUART, and Sxow,
H. A, Proc. I.R.E., 18, 2102 (1930).
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L_ uf, 1_ _w (6-78)

The current amplification increases as 2z, is decreased, approaching the
limiting value gm2. The current sensitivity is u/(r, + %), which
approaches the value ¢, as z; is decreased. 'This indicates the importance
of transconductance in tubes used for current amplification. In a
multistage current amplifier, all but the last
- stage are voltage amplifiers and require tubes
with high amplification factor to give high
over-all current sensitivity. Special tubes and ,
circuits: for the amplification and measurement Fic. 6-36.—Single-stage
of small currents are described in See. 15-11. © current amplifier.
' Current amplifiers are useful in the operation of relays' and electro-
magnetic oscillographs.2  One common application is in the amplification
of the current of phototubes used to control relays. Circuits for this
purpose are analyzed in Chap. 13. Another application of current
amplifiers is in the regulation of generator voltage.® A typical circuit
is shown in basic form in Fig. 6-37, in which 7', is a voltage amplifier,
T, is a current amplifier, and T's is a glow tube that reduces the voltage
applied to the grid of 7'; from the positive terminal of the generator and
thus lowers the required biasing battery voltage (see Sec. 12-4). The

Glow
tube T,

@ W& 120-V output
4 N

\
\ 4

Fxcit AN
Exciter Maoin
generotor

|'Pz-5‘ov.

Fic. 6-37.—Vacuum-tube voltage regulator for d-c generator.

action is as follows: Reduction of terminal voltage makes the grid of T';
more negative and so makes that of T, less negative. The resulting
increase of plate current of T'» raises the field current of the exciter, which

1 GEORGE, E. E., Electronics, August, 1937, p. 19; DubpLEY, B., Electronics, May,
1938, p. 18; MuerTER, M. W., Elecironics, December, 1933, p. 336.

2 Jacksown, W., Wireless Eng., 11, 64 (1934); Rreicr, H. J., and Marviy, G. 8,,
Rev. Sci. Instruments, 2, 814 (1931); Wavrporr, S. K., J. Franklin Inst., 213, 605
(1932).

3Van peR Bur, H. J., “The Thermionic Vacuum Tube and Its Applications,”
p. 371, McGraw-Hill Book Company, Inc., New York, 1920; Verman, L. C., and
Reicw, H. J., Proc. I.R.E., 17,2075 (1929); VErRMaN, L. C., and RicaarDs, L. A, Rev.
Sci. Instruments, 1, 581 (1930).
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in turn raises the excitation of the main generator and restores the termi-
nal voltage to nearly its original value. Obviously the exciter may be
eliminated if the current of T'; is sufficient to excite the generator directly.
T1may also be eliminated if very high constancy of voltage is not required.
By the addition of a rectifier, the circuit may be adapted to alternator
regulation. ,

6-27. Shielding.—The high amplification obtained in radio-frequency
amplifiers and in audio-frequency amplifiers using tetrodes or pentodes
usually necessitates the complete shielding of the individual stages in
multistage amplifiers to prevent oscillation. It may also be necessary
to shield input leads to the amplifier to prevent the picking up of stray
fields and to prevent oscillation as the result of feedback from the output
to the input. '

6-28. Limit of Amplification.—Amplification is usually limited by a
tendency of the amplifier to oscillate as the result of the feeding back
of some of the output voltage to the input. This can be minimized by
shielding, by careful placing of apparatus, and by the use of chokes and
by-pass condensers and of more than one power supply. By means of
successive amplifiers operated from separate power supplies, very high
gain or power output can be obtained. Because of inherent fluctuations
of currents in amplifiers, however, there is a lower limit to the input
voltage or current that can be amplified to a given output level. Current
and voltage fluctuations in an amplifier are called noise. Noise results
from a number of causes, among which are the shot effect, ionization,
secondary emission, vibration of tube elements, imperfect contacts,
fluctuations of resistance of old or damaged batteries, incomplete filtering
of power supplies, variation of resistance of circuit elements, and random
motion of electrons through high resistances (thermal agitation). The
shot effect (see Sec. 2-14) can be kept to a minimum by operating tubes
well above temperature saturation. Ionization and secondary emission,
which have been greatly reduced in modern tubes, can be eliminated
when necessary by the use of very low voltages. ‘‘Microphonic’’ effects
resulting from the vibration of tube elements have been largely eliminated
in modern tubes by improving the methods of mounting and supporting
the ‘elements. Current fluctuations produced by the random motion
of electrons in resistances are in some respects similar to those produced
by the shot effect. The r-m-s output voltage of an amplifier resulting
from the random motion of electrons in a resistance is given by the

formula
F23
B =2\kT [ Elalgs (6-79)

in which % is Boltzmann’s constant (1.38 X 10~% erg/degree); T is the
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absolute temperature in degrees K; R is the resistive component of the
impedance in which the disturbance arises, measured at the frequency f;
[AI is the magnitude of the voltage amplification between the resistance
and the output at the frequency f; and f; and f, are the lower and upper
frequencies at which the amplification may be assumed to have fallen to
zero. It is evident from Eq. (6-79) that, in order to minimize noise, it is
advisable to make the frequency range of the amplifier only wide enough
to.cover the desired band.

6-29. Inverse Feedback Amplifiers.—Much improvement in the
operating characteristics of an amplifier may be obtained by feeding a
portion of the output voltage back to the input. This process is called
feedback. If it is accomplished in such a manner that the voltage fed
back subtracts from the impressed voltage and thus reduces the alternat-
ing grid voltage, the output voltage is reduced and feedback is said to
be inverse. Since the voltage fed back is greatest at frequencies at which
the amplification is highest, the reduction in output voltage for a given
input voltage is greatest at these frequencies. Inverse feedback there-
fore tends to reduce frequency distortion. The voltage fed back also
contains nonlinear distortion-and noise components which are amplified
by the amplifier and cancel a portion of the nonlinear distortion and

~noise components in the output. Hence, inverse feedback also reduces
nonlinear distortion and noise generated in the amplifier. Other equally
important improvements result from the use of inverse feedback. The
benefits may be summarized as follows:

1. Reduction of nonlinear distortion.

2. Reduction of frequency distortion.

3. Reduction of phase distortion.

4. Reduction of noise.

5. Increase of stability (reduction of variation of amplification or of current
or power sensitivity with operating voltages and tube age).

In Fig. 6-38, which represents a feedback amplifier in general form,
A is the amplification of the amplifier without feedback and 8 is the feed-
back-network attenuation, or ratio of the feedback voltage to the total
output voltage. Both A and 8 are in general complex quantities. The
product AB, which is called the feedback factor, is assumed to be positive if
the vector sum of the impressed voltage and the feedback voltage is larger
than the impressed voltage.

The total output voltage e, consists of two parts: that resulting from
the applied input e;, and that resulting from the feedback input fe,. The

L Nyquist, H., Bell System Tech. J., 11, 126 (1932); BacearLy, W., Wireless Eng.,
10, 413 (1933); Brack, H. 8., Elec. Eng., 63, 114 (1934); Bell Laboratories Record, 12,

290 (1934). For additional references see the supplementary bibliography at the end
of this chapter.
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first is made up of the fundamental output e; = Ae;, harmonic and inter-
modulation components ¢, and noise e,. The second contains three
corresponding components, plus new harmonic and intermodulation
components that are generated from the original distortion which is fed
back. These secondary distortion components are ordinarily so small
that they may be neglected. The amplitude distortion e, is usually
generated mainly in the final stage, and its amplitude may be assumed
o egtepten to be a function of the amplitude of the
Bes /‘mPZ'f/ef ABeo }e° fundamental output voltage e;.
; The manner in which the noise output
’fﬁf&iﬁk . I is affected by feedback depends upon the
point in the amplifier at which it is intro-
Fic. 6-38.—Schematic diagram of duced. Hence the analysis of the effect of
feedback amplifier. feedback upon noise can best be considered
independently of nonlinear distortion. This is made possible by the
fact that noise is in general independent of signal amplitude. If the
noise output is disregarded, the output voltage is

e = er + en + ABe, (6-80)
_ 73 + € _ Aei (43
“=T-Ag " 1—Ag "1= 48 (6-81)

Without feedback the output voltage would be ¢; -+ es.

Equation (6-81) shows that, for a given applied input voltage e,
feedback changes both the fundamental and the harmonic components
of the output voltage by the factor 1/(1 — AB).

The gain of an amplifier is increased, and feedback is said to be
positive, or regenerative, when |1 - ABI < 1. The gain is decreased, and
feedback is said to be negative, inverse, or degenerative when |1 — AB| > 1.
When |1 — AB| = 1, the gain is unaffected by feedback.?

6-30. Reduction of Nonlinear Distortion by Inverse Feedback.—Sup-
pose that a voltage e/ is applied to the amplifier without feedback.
This results in an output (noise neglected)

60’ = 6f’ + e;.' = Aei, + eh" ' . (6-82)

To produce the same fundamental output with feedback requires an
input voltage e; = (1 — AB)es/. For this input, the output with feed-
back, as given by Eq. (6-81), is

1 The student should note specially that the criterion for determining whether
feedback is positive or negative is the magnitude of 1 — Ag relative to unity, and not
the magnitude or phase angle of the feedback factor Ag. The feedback is, in fact,
negative when Ag is positive and real, if its magnitude exceeds 2. This will be dis-
cussed in connection with polar diagrams (Sec. 6-34). )
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Al — AB)ed
€ = 1= 4p +

€n

1— 48

= efl —I— T{‘ILA—B‘ (6-83)
But since harmonic generation is a function of the amplitude of the funda-
mental output, which is the same for both amplifiers, e, = ¢,". Therefore,

’ e’ '
€ = ¢ + 1= 4B (6-84)
This shows that, for the same fundamental output, the harmoniec and
intermodulation output are changed in the ratio 1/(1 — AB) by the use
of feedback. If |1 — AB| > 1, the nonlinear distortion ‘is reduced.
Thus nonlinear distortion is reduced by negative feedback.

Feedback does not reduce distortion resulting from the flow of grid
current in the input stage of an amplifier when the grid is driven positive.!
Since the grid-current distortion is a funetion of the alternating grid volt-
age ey, and the distortion and the signal are both amplified in the ratio 4
between the input grid and the output, the amplified distortion is a funec-
tion of the signal output and is unaffected by feedback if the signal output
remains constant. Feedback does, however, reduce grid-current distor-
tion set up in stages other than the first, the reduction being greatest for
distortion set up in the output stage.

6-31. Reduction of Frequency Distortion by Inverse Feedback.—
Equation (6-81) gives the voltage amplification or ratio of the funda-
mental output to the input of a feedback amplifier as

;e A

A = e = 1_ 48 (6-85)
It can be seen from Eq. (6-85) that for very small values of the denomina-
tor, such as may be obtained with positive feedback, a small change in
the denominator, resulting from variation of 4, may produce a very large
change in e,/e;. As AB is increased beyond the value 2 or 3, however,
the importance of 1 diminishes in comparison with AB, particularly if
the imaginary component of A8 is large in comparison with the real
component. The ratio e,/e; approaches the limiting value —1/8, which
is independent of A. Frequency distortion may, therefore, be reduced
by the use of negative feedback.

It .
|A8] >> 1, . (6-86)
Eq. (6-85) simplifies to
rof_ L
4r="= 5 (6-87)

Equation (6-87) has three important implications:
t See pp. 125-126.
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1. If [AB| > > 1, the gain is inversely proportional to 8, which means
that the frequency-response characteristic of the feedback amplifier with
high feedback factor is the inverse of the response characteristic of the
feedback network. By proper design of the feedback network the
amplifier may be made to have any desired frequency response. In
particular, it is possible to correct for nonuniform response of any network
preceding or following a feedback amplifier by using an identical network
as the feedback network of the amplifier. The design of this identical
network is usually much simpler than the design of a network having
inverse characteristics. Furthermore, if feedback is obtained through
a resistive network, 8 is independent of frequency, and the relative phase
shift and dependence of gain upon frequency may be made negligible.

2. If |AB] > > 1, amplification is independent of the load impedance
in the output of the amplifier, provided that the load does not form a part
of the feedback network.. When 8 is made dependent upon load imped-
ance, the amplification can be caused to vary in a desired manner w1th
load impedance.

3. If |AB| > > 1, the amplification is independent of A and, there-
fore, of tube factors. The amplification is unaffected by variations of
battery voltage or aging of tubes. Hence the gain stability of an ampli-
fier is improved by feedback if the feedback factor is large.

Equation (6-87) also holds under the more general condition that

|1 — AB| = |A8] (6-88)

of which Eq. (6-86) is a special form. If AB is written in the form
a - jb, Eq. (6-88) is satisfied if

VI = b
a

Va? + b? (6-89)
3 ' (6-90)
Thus the amplification with feedback may also be made to depend only
on 8 by making the real component of the complex feedback factor equal
to 4. Since AB changes with frequency, this condition can in general be
satisfied at only one frequency and from a practical point of view is,
therefore, of only incidental interest.

6-32. Reduction of Phase Shift by Inverse Feedback.—Reduction of
amplifier phase shift by inverse feedback may be readily shown for the
case in which g is a. real quantity, 7.e., when there is no phase shift in the
feedback network. Let

s

A=a+jb=14l/8 (6-91)

in which |A| is the magnitude of the voltage amplification and 6 is the
phase angle of the output voltage of the amplifier, relatlve to the input
voltage, without feedback
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6 = tan—lg (6-92)
and
(4] = v/a* + b? (6-93)
The amplification with feedback is
. C, . ,
o = B A a+jb _ a— (a®+ )8+ b (6-94)

B~ 1—A48 1—(a+jb)8 ~(I— ap) + b3

in which E, and E; are the output and input voltages, respectively, of the
feedback amplifier. The phase angle of the output voltage relative to
the input voltage, with feedback, is
B bla
a — (a*+ b»)B 1 — AB /1 + b%/a?
tan 6
= tan—! = (6-95
1 — AB /1 + tan? @ (6-93)

a = tan—!

When the feedback is negative, 7.e., when |1 — AB| > 1, |AB| must be
either negative or greater than 2. Examination of Eq. (6-95) shows that
ais then less than 6. Hence the phase shift of the output voltage relative
to the input voltage is reduced by inverse feedback. A similar analysis
may be made for the more general case in which 8 is complex.

6-33. Reduction of Noise by Feedback.—An analysis similar to that
which was made for the effect of feedback upon nonlinear distortion shows
that if the output is kept constant by increasing the input, A being kept
constant, the effect of inverse feedback is to reduce the noise-to-signal
ratio of the output by the factor 1/(1 — AB), regardless of the point at
which the noise is introduced. If the output is maintained constant by
increasing the voltage amplification A of the amplifier, on the other hand,
rather than by increasing the input voltage, the noise-to-signal ratio is
reduced in the ratio 1/(1 — AB) only when the change of A is made in the
portion of the amplifier preceding the point at which the noise is intro-
duced. It is unaffected by feedback if the change in A is made in the
portion of the amplifier that follows the point at which the noise is intro-
duced. At constant excitation and constant output, therefore, negative
feedback is effective in reducing hum resulting from poor filtering of the
power supply of the final stage, but has little or no effect upon noise-to-
signal ratio of hum or other noises originating in early stages, such as
those caused by thermal agitation and microphonic effects.

6-33A. Effect of Inverse Feedback upon Allowable Input Voltage.—
Examination of Fig. 6-38 shows that the ratio of the impressed voltage
to the alternating grid voltage of a feedback amplifier is (1 — AB). The
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voltage that can be impressed without overloading the amplifier is there-
fore increased in the ratio (1 — AB) by inverse feedback. It has already
been pointed out that the impressed voltage must be inereased in this ratio
in order to produce the same output as without feedback. -

6-34. Polar Diagram.—Black has shown that much important
information regarding the performance of a feedback amplifier ecan be
determined from a polar diagram of AS drawn for all frequencies from
0to «.! AB may be expressed in the form a + jb, or in the equivalent
polar form |48|/6, where

|Aﬁl = m and g = tan™—! 2
In a multistage amplifier

AB = [B||A|[Asf|As] - - - AL - - - [0+ 01+ 0654 - -
0" ._+_. . e .
where I (6-96)
B = as + jbs = [Bl/8s
An = an + jbu = [A4]/6a

The polar diagram may be constructed by plotting the imaginary part b,
of AB, against the real part a, or by plotting | 48|, the length of the radius
vector against the polar angle 6. [AB| is the product of the magnitude
of B and the magnitudes of the gains of individual stages, and @ is the
sum of the phase angle of 8 and those of the individual stages of the
amplifier.

For ordinary forms of resistance- and transformer-coupled amplifiers
the magnitudes of the stage amplifications and the corresponding phase
angles can be determined from Figs. 6-12, 6-14, 6-30, and 6-31 or the
equations from which they are derived. Consider, for instance, the
transformer-coupled amplifier of Fig. 6-40b, in which the feedback
network is a simple resistance voltage divider. Assume that the mid-
band amplification is 30 and that r; = r,/. Theng = r;/(r; + r;/) = 0.5
and in the mid-band range |48 = 30 X 0.5 = 15. Since the voltage
fed back is opposite in phase to the impressed voltage, § = 180 degrees.
Below the mid-band range, corresponding values of |48 and 6 are
found from Fig. 6-30. Thus, when L;/(r, 4+ 1) is 0.3, |41/4,| = 0.3
and the phase shift relative to the mid-band phase is 73 degrees leading.
Hence [A8| =30 X 0.3 X 0.5 = 4.5 and 6 = 180 — 73 = 253 degrees.
Above the mid-band range Fig. 6-31 is used in a similar manner. Thus,
if Qois 1.0, |41/A.| is 1.1 when w/we is 0.5, and the corresponding phase
angle relative to the mid-band value is 33 degrees lagging. Therefore

! BLACK, loc. cit.
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|4B8] = 30 X 1.1 X 0.5 = 16.5and § = 180 — 33 = 147 degrees. Other
corresponding values of |AB| and 6 are found in a similar manner.
Typical polar diagrams are shown in Fig. 6-39. Diagram a is that
for the resistance-capacitance—coupled stage obtained when 2, in Fig.
6-40a is a resistance., Diagram b is for the transformer-coupled stage
of  Fig. 6-40b, and diagrams ¢ and d are for the two-stage feedback
amplifier of Fig. 6-41b. In these diagrams the phase angle is indicated
relative to the position of the input voltage vector. The circuits of
Tigs. 6-40 and 6-41 are such that the feedback voltage at mid-band

Midband jb
frequency
)

Frequency Frequercy
increase increase
@ b (b) b

’.i 0] Lag Frequency .
f increase ,,/:JO

o]
Lea R/

Fig. 6- 39 —Polar diagrams for (a) the circuit of Fig. 6-40a with nonreactive load, (b) the
circuit of Fig. 6-40b, and (¢) and (d) the circuit of Fig. 6-41b.

(c)

frequencies is opposite in phase to the applied voltage. The feed-
back vector is, therefore, negative at these frequencies and is drawn
to the left of the origin. It should be noted that equal arc lengths or
angles of the polar curve do not necessarily represent equal frequency
ranges. The vector will, for instance, remain fixed in magnitude and
direction throughout any frequency range for which the amplification
of the amplifier and the attenuation of the feedback network are constant.
By means of a simple vector diagram, or from the relation

VI =ar+=1
the student may show that the locus of all values of A8 for which
- 11— 48] =

is a circle of unit radius on the polar diagram, having its center at the
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point 1, jO. From the definitions of degenerative and regenerative
feedback 1t follows that for all frequencies at which AS terminates
within this circle the amplifier is regenerative, and for all values of
frequency for which AB terminates outside of this circle the amplifier is
degenerative. Figure 6-39b, for example, shows that the amplifier of
Fig. 6-40b is regenerative at frequencies higher than that corresponding
to point P; it is degenerative at lower frequencies, and is unaffected by
feedback at.the frequency corresponding to P. The beneficial effects
of the feedback are obtained only in the frequency range in which the
feedback is degenerative.

6-356. Oscillation.—Equation (6-85) shows that the amphﬁcatlon
of a feedback gmplifier is infinite if 48 = 1 + jO. Under this condi-
tion, oscillation takes place. Nyquist has shown! that this is not.the
only condition under which the amplifier will oscillate but that oscillation
will oceur if the polar diagram formed by plotting AB and its conjugate
encloses the point 1, j0.. An inspection of Fig. 6-39 shows that such a
polar diagram cannot enclose the point 1, jO, if the absolute value of A8
is less than unity when the feedback voltage is in phase with the input
voltage (8 = 0). This requirement can be met with ease in several
common types of amplifiers. Practical negative-feedback amplifiers are
designed so that the feedback voltage is opposite in phase to the input
voltage at the middle of the frequency band, where the response curve is
flat. Oscillation will not occur if the phase shift of the feedback voltage,
relative to its phase at the middle of the band, at no time reaches 180
degrees, or if the absolute value of AB falls below unity before the relative
phase shift reaches 180 degrees. Figures 6-12, 6-14, 6-30, and 6-31
show that the high values of relative phase shift oceur at frequencies
for which A is small, so that it is possible to prevent oscillation in one-,
two- or three-stage resistance-coupled inverse-feedback amplifiers and in
single-stage transformer-coupled inverse-feedback amplifiers.

6-36. Practical Inverse Feedback Circuits.—Since the over-all
amplification of a feedback amplifier is A/(1 — AB), reduction of dis-
tortion and noise and increase of supply-voltage stability are obtained
with less sacrifice of over-all amplification if the feedback factor Ag is
increased by increasing A, rather than by increasing 8. For this reason
the advantages of inverse feedback increase with amplification per stage
and with the number of stages. Because very high stage gain can be
realized with tetrodes and pentodes, they are almost always used in at
least the voltage amplifying stages of a multistage feedback amplifier.
In the diagrams of Figs. 6-40, 6-41, and 6-42, all tubes are shown as
triodes in order to eliminate those portions of the circuits not actually
involved in feedback. Tetrodes and pentodes merely require additional

1 Nyquist, loc. cit. '
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fixed grid voltages. The condensers shunting the self-biasing resistors
are assumed to be sufficiently large so that negligible feedback is pro-
duced by the resistors that they shunt.

Figure 6-40a shows one of the two basic types of single-stage negative
feedback circuits. For the special case in which 2y is a resistance, the
polar diagram, shown in Fig. 6-39¢, is readily drawn by the use of Figs.
6-12 and 6-14. This diagram does not intersect a circle of unit radius
drawn about the point 1, jO, and does not enclose this point. This
type of amplifier is, therefore, always degenerative and cannot oscillate.
If 2z, contains inductive reactance, the relative phase shift approaches:
180 degrees lead at low frequency, and the diagram is in the fourth

(c) (d)

F1a. 6-40.—Single-stage single-sided inverse-feedback amplifiers.

quadrant at low frequency. The diagram does not enclose the point 1,
j0, but at low frequency is within the unit circle about this point. The
amplifier is therefore regenerative at low frequency but does not oscillate.
The impedance 2, in Fig. 6-40¢ may be the primary of an output trans-
former. The feedback voltage may also be taken from the secondary
of the transformer, as in Fig. 6-40b. No isolating condenser need then
be used. The polar diagram for this circuit, derived by the use of
Figs. 6-30 and 6-31, is that of Fig. 6-39b. This diagram shows that the
circuit is regenerative at high and low frequencies, where the gain has
fallen to low values, but that oscillation does not take place.

The second type of single-stage circuit, shown in Fig. 6-40c, makes
use of the bias resistor to provide feedback voltage. B8 = r;/z and
A = —pz/(rp + 25 + 77).  The polar diagram may be derived from these
expressions for 8 and A. The feedback factor can be increased above that
obtainable with the biasing resistor alone by use of the modified circuits
of Figs. 6:40d and 6-40e.
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Figure 6-41a shows the basic inverse feedback circuit that is ordi-
narily used in a two-stage resistance-capacitance—coupled amplifier,
The feedback voltage must be applied to the first tube in a different
manner from that of Fig. 6-40a because of the added phase shift which
takes place in the second stage. At frequencies for which the reactance
of the condenser C; is negligible, 8 = —r;/(r; + r//). Figure 6-41b shows
a modification of Fig. 6-41a in which the use of an output transformer
makes the coupling condenser unnecessary. Polar diagrams for this
amplifier are shown in Figs. 6-39¢ and 6-39d. Diagram c is for the case
in which gain of the resistance-coupled stage begins to fall off at about
the resonance frequency of the transformer stage. Diagram d is for the
cage in which the gain of the resistance-coupled stage is uniform to
frequencies at which the amplification of the transformer stage-has

-
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F1a. 6-41.—Two-stage single-sided mverse-feedback amplifiers.

fallen to a low value. Both amplifiers are regenerative at low and high
frequencies, but only the former will oscillate.

In a three-stage resistance-capacitance—coupled amplifier the relative
phase shift approaches 270 degrees at very low and very high frequency.
To prevent oscillation when inverse feedback is used, it is necessary to
ensure that at the extremes of the frequency band, where the phase shift
is high, the amplification has fallen sufficiently so that |48| < 1. This
may be accomplished by designing one stage to have nearly uniform
amplification, and hence small phase shift, up to and beyond the fre-
quency limits at which the amplification of the other two stages falls to
such a low value that [48]| < 1.! Because the phase shift in a trans-
former-coupled stage may approach 180 degrees at high frequency unless
the transformer secondary is loaded, it is not feasible to use inverse
feedback in multistage transformer-coupled amplifiers unless low shuntmg
resistances are used across the secondaries.!

Figure 6-42 shows two methods by which negative feedback may be
applied to a push-pull stage. Circuit a corrects for loss of gain at low
frequency caused by falling primary reactance' but does not correct for a

1 TerMmAN, F. E., Electronics, January, 1937, p. 12.
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falling high-frequency characteristic caused by distributed capacitance of
the secondary of the output transformer. Circuit b corrects for both,
but some difficulty may be experienced in obtaining sufficient feedback
voltage with a low-impedance secondary load such as a loud-speaker voice
coil. The use of feedback on only one side of a push-pull amplifier should
be avoided, and less distortion is obtained in push-pull amplifiers with
transformer output when the feedback is between points at which the
amplifier is single sided.!

The circuits of Figs. 6-40a, 6-40b, 6-41, 6-42¢, and 6-42b give all the
benefits that have been discussed and in addition result in increased
damping of transient oscillations of a loud-speaker,® used as the load.
Solution of equivalent plate circuits for these circuits, when the load
impedance is replaced by a generator of zero internal resistance and
voltage E, shows that the effective internal impedance between the output

(o) ’ ()

Fia. 6-42.—Single-stage push-pull inverse-feedback amplifiers.

terminals of the amplifier is changed by the factor 1/(1 — AB) by feed-
back. Negative feedback therefore reduces the effective resistance
shunting the loud-speaker and thereby increases the speaker damping.

In the circuits of Figs. 6-40c, 6-40d, and 6-40¢, 8 varies with load
impedance, and therefore feedback does not correct for frequency dis-
crimination caused by variation of load impedance. These circuits do,
however, reduce harmonic distortion and hum, and increase the gain
stability. Solution of the equivalent plate circuits for the circuits of
Figs. 6-40¢, 6-40d, and 6-40¢ with a generator in place of the load shows
that the effective terminal impedance is r, + (1 + A). The increase
of effective resistance shunting the loud-speaker reduces the damping
with these circuits.

Ample improvement in amplifier characteristics and performance is
usually attained with a negative-feedback factor equal to 3 or 4 (approxi-
mately 10 to 12 db) in the mid-band frequency range. For an amplifier
designed for carrier telephone service, Black reported distortion energy

! Dav, J. R, and RusseLy, J. B., Electronics, April, 1937, p. 16.

?DREYER, J. F., Jr., Electronics, April, 1936, p. 18; July, 1936, p. 30; MarTiN, L.,
Radio Eng., May, 1937, p. 13.
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75 db below signal energy, as compared with 35 db without feedback, and
gain stability better than 0.0007 db per volt change of plate voltage.
Figure 6-43 shows frequency-response curves of an amplifier with and
without feedback. A Class B amplifier with inverse feedback, and dis-
tortion curves for this amplifier, are shown in Figs. 8-28 and 8-29.

e e ey
/i’es1ls7‘a/7ce /ia/a' / /7 \

55 1 So5 N
Y —1) =/0|DB Seo / L.Ap=0
fan]
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Fic. 6-43.—Frequency-response curves showing the reduction of frequency distortion that
results from inverse feedback.

Figure 6-44 shows a push-pull direct-coupled amplifier in which inverse
feedback is used to stabilize against changes of supply voltage and tube
characteristics, to reduce distortion, and to afford a simple means of
controlling amplification.! The feedback is controlled by means of the
variable resistance B;. The potentiometer P and variable resistance R,

10meg
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Fic. 6-44.—Push-pull direct-coupled amplifier with inverse feedback.

are coarse and fine balancing controls. The amplification of this ampli-
fier ranges from 10° to 10® and the response curve is flat up to 10,000 cps.

6-37. Use of Inverse Feedback to Obtain High Selectivity.—Ampli~
fiers having very high selectivity may be obtained by the use of inverse
feedback by taking the feedback voltage from the output of the amplifier

1 Goopwiw, C. W., Yale J. Biol. and Med., 14, 101 (1941).
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through some form of resonance bridge, such as those discussed in Sec.
15-16.t The output of the bridge is zero at resonance but increases
rapidly as the frequency departs from the resonance value. The ampli-
fication is therefore high at resonance and falls rapidly on either side of
resonance. A typical circuit is shown in Fig. 6-45.2 In this circuit,
the effective @, which is a measure of the selectivity of the circuit, is
Q.[1 + ARs/(Rs + Rs)], in which @, is the Q of the tuned arm of the
bridge and A is the voltage amplification of the amplifier without feed-
back. Values of effective @ ranging from 2000 to 5000 may be readily
realized with this circuit at audio and low radio frequencies. By means
of the potentiometer P the selectivity may be varied without changing
the amplification at resonance. The circuit of Fig. 6-45 and similar

Input coupled

m amplifier —"l

Fie. 6-45.—The use of inverse feedback to obtain high selectivity.

Selectivity
! control
.
o———— Resistance- Re R L

circuits are used in oscillators (see Sec. 10-39), wave analyzers (see Sec.
15-38), and other instruments. '

6-38. Use of By-pass Condensers.—The presence of impedance in
the voltage supply of a multistage amplifier or in a common lead between
the voltage supply and the plates or other electrodes may result in
objectionable feedback or even oscillation.? An example of a circuit
in which a resistance common to several stages may lead to oscillation
is given by Fig. 6-46. The resistance r may be that of a worn battery, a
poorly designed power supply, or of a voltage-dropping resistor. The
arrows indicate the directions of the instantaneous alternating plate
currents of the three tubes resulting from an instantaneous applied
voltage that swings the grid voltage of the first tube in the positive
direction. Because of amplification, 7,1 + 7,5 exceeds 7,,, and so the
drop through r is in the direction shown. This voltage drop is added
to that caused by the flow of 7,; through the plate resistor of the first
stage, and the alternating voltage applied to the grid of the second tube
is greater than it would be if r were zero. A number of other similar
feedback effects take place between stages because of r, but these are of
smaller magnitude. If r is large and the gain of the amplifier high, the

t AugusTapnT, U. 8. Patent 2106785; Scort, H. H., Proc. I.R.E., 26, 226 (1938);
TerMaN, F. E., Buss, R. R., HewrerT, W. R, and Carny, F. C,, Proc. I.R.E., 27,
649 (1939).

? TerMAN, Buss, HewreTT, and Camivy, thid.

3ANDERSON, J. E., Proc. I.R.E., 15,195 (1927) Tawmm, R., E.T.Z., b7, 631 (1930).
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feedback may be sufficiently great to cause oscillation. This may be
prevented by shunting » with a condenser C, whose reactance is small
throughout the amplification range. Because wound paper condensers
have appreciable inductance, large condensers of this type should be
shunted by small condensers that are effective at radio frequencies.

A common source of feedback in audio-frequency amplifiers is
B-supply regulation. Because of variation of voltage drop through the

Fre. 6-46.—Circuit diagram showing the manner in which common plate supply
impedance causes regeneration in a multistage resistance-coupled amplifier with an odd
number of stages.
rectifier tubes and filter, the terminal voltage of a B-supply varies with
the current drain. This type of feedback causes low-frequency oscilla-
tion, aptly termed moforboating. Feedback resulting from B-supply
regulation can be reduced by using in each stage a decoupling filter con~
sisting of a resistance and a condenser, as shown by the heavy lines of
Fig. 6-47.! Better filtering may be obtained, particularly in radio-
' frequency amplifiers, by the use of

‘ chokes instead of resistors. Chokes

m m%: have the additional advantage of not

_ reducing the operating plate voltage

[ greatly. Better methods of prevent-

ing motorboating are to make the

- gain of the amplifier small enopgh at

Fia. 6-47.—Plate decoupling filters very low freql,lenc.y so that this low-

(heavy lines). frequency oscillation cannot occur,?

or to use inverse feedback. When

voltage-dropping resistors must be used to reduce the electrode voltages

of the tubes of a number of stages, it is in general advisable to use indi-
vidual resistors and by-pass condensers for the different tubes.

The tendency toward motorboating is-much less in push-pull ampli-
fiers than in single-sided amplifiers, since voltage drops in voltage-supply
impedances are normally in phase opposition for currents of the two sides

! BacgaLLy, W., Wireless Eng., 11, 179 (1934); Cocxing, W. T., Wireless World,

29, 322, (1931). See also p. 132.
2 RCA Application Note 67.

AAA
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of the amplifier. There is, however, the possibility that voltage from the
output may be fed back to the input in such a manner that the grid
voltages of the two input tubes are in phase. The two tubes in each
stage respond to this type of excitation as though they were in parallel,
instead of in push-pull, and so motorboating may result.! This difficulty
is prevented by the use of inverse feedback. It is of interest to note that
the feedback control in the circuit of Fig. 6-44 is such that it does not
reduce the inverse feedback insofar as action of the tubes in parallel is
concerned.

6-39. Use of Vacuum Tubes as Variable-impedance Elements.>—
Vacuum tubes may be used in obtaining an impedance the magnitude
and phase angle of which may be readily
varied. Inductive reactance may be produced
by circuits containing only capacitances and
resistances, and capacitive reactance by circuits
containing only inductances and resistances.
Negative effective resistance may also be Sr
readily produced. » |

Figure 6-48 shows one type of impedance- A -
conversion circuit. In this circuit the alternat- ¥ie. 6-48.—Reactance-tube
ing plate voltage is the voltage across C and r, areuit.
whereas the alternating grid voltage is that across r. Since the voltage
across r leads that across the series combination of C and r, and the grid
voltage has more effect upon the plate current than does the plate
voltage, the plate current leads the plate voltage. The tube therefore
acts as an impedance having a capacitive component. Solution of the
equivalent plate circuit shows that, between the input terminals 4 and
B, the circuit acts like a parallel combination of capacitive reactance z.
and resistance r, of values (see Prob. 4-3).3

_ 1p(r?e?C? + 1)

(6-97)

T T T )
_ rp(r2w?C? + 1)
e =102 C3 (1 + p) + rpre?C? + 1 (6-98)
The effective capacitance between A and B is
C=—C Gt 1) (6-99)
¢ T o0 1 I

1 GoopwiN, loc. cit.

*Travis, C., Proc. I.R.E., 23, 1125 (1935); Suearrer, C. F., Proc. I.R.E., 28,
66 (1940); Re1cH, H. J., Proc. I.R.E., 80, 288 (1942); BruneTTI, C., and GREENOUGH,
L., Proc. I.R.E., 30, 542 (1942). See also Secs. 10-23 and 10-24 and Probs. 4-3 to 4-5.

3 Expressions may, of course, also be derived for equivalent series resistance and
reactance.
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Ordinarily g. is so much greater than unity that the second term in the
parentheses may be neglected. (', then has its maximum value when
r = 1/wC and the maximum value of effective capacitance is

= gn -
Max. C, = % (6-100)

The corresponding value of effective shunting resistance is

r. at max. C, = 2 (6-101)

gm

Since the transconductance depends upon the grid bias, the effective
capacitance can be changed by means of the grid bias.

(a}

 Fia. 6-49.—Variants of the reactance-tube circuit of Fig. 6-48.

Equation (6-100) indicates that large effective capacitance necessi-
tates the use of tubes with high transconductance. Equation (6-101)
shows, however, that the effective shunting resistance varies inversely
with transconductance. It follows that the use of a high-transconduct-
ance tube in order to obtain high effective capacitance results in low
effective shunting resistance, which may be undesirable in some applica-
tions of the circuit.

If rg,, and p are large in comparison with unity, the effective conduct-
ance is zero (the effective shunting resistance is infinite) when the grid
voltage is approximately 90 degrees out of phase with the plate voltage.
This phase relationship can be attained in the circuit of Fig. 6-48 only
by making rwC zero. The grid voltage and, therefore, C, are then also
zero. Figure 6-49 shows two circuits in which the required phase relation
can be attained without reducing the alternating grid voltage to such
an extent that the effective capacitance is foo small to be useful. Circuit
a incorporates a transformer of such turn ratio and coupling that the
application of the voltage E to the plate circuit results in the applica-
tion of a voltage kE to the grid circuit, in phase opposition to the voltage
applied to the plate circuit.! Solution of the equivalent plate circuit

1 SHEAFFER, loc. cit.
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shows that, under the assumptions that rg, >>k + 1 and that the
primary impedance of the transformer is infinite, the effective input
conductance is zero when

ku—1

2 — -
(rCw) ST (6-102)
If ku is considerably larger than unity, the effective input resistance is
infinite when (rCw)? is equal to k, i.e., when the resistance r is equal to
/T times the reactance of the condenser C. This is also the approximate
criterion for maximum effective capacitance, which is given by the relation

Max. C, = Lﬁg—"‘ (6-103)

Comparison of Eqgs. (6-100) and (6-103) shows that, when k exceeds
1, the circuit of Fig. 6-49a gives greater maximum effective capacitance
than the circuit of Fig. 6-48. The fact that the effective resistance
shunting this maximum effective capacitance is theoretically infinite
may be a great advantage in some applications of the circuit of Fig. 6-49.
Because the primary impedance of the transformer is not infinite, r. can-
not be made infinite in practice. It may, however, be made large. The
type of transformer used in this circuit depends upon the frequency at
which the eircuit is to be used. An audio interstage coupling transformer
may be used at audio frequencies, and singly or doubly tuned transformers
at radio frequencies.

In the circuit of Fig. 6-49b the proper phase relation between the grid
and plate voltages is achieved by the use of a two-stage resistance-
capacitance coupling network. Analysis of this circuit shows that, when
7¢m is large in comparison with unity, the effective admittance between
A and B is given by Eq. (6-117). If u equals or exceeds 15, the effective
conductance can be made zero by proper choice of rwC. For values of u
equal to 20 and 100, respectively, the conductance is zero when roC is
equal to 0.53 and 0.96, and the corresponding values of effective capacit-
ance C, are 0.147¢g,./w and 0.32g,,/w. At large values of p the effective
capacitance approaches the limiting value ¢,/3w. It should be noted
that increasing the value of u decreases the amplitude of the voltage that
can be impressed upon the circuit without overloading. A power pentode
such as the 6F'6, which combines relatively high values of u, g, and allow-
able grid swing, is a good tube for this eircuit.

Although the tubes in Figs. 6-47 and 6-48 are shown as triodes, the
plate and grid may be replaced by any two electrodes of a multielectrode
tube if the control electrode is maintained sufficiently negative to prevent
the flow of electrons to it. In particular, the plate and grid of Fig. 6-48
may be replaced by the screen and suppressor, respectively, of a pentode,
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the plate and first grid voltages being maintained constant, as shown in
Tig. 6-50. Appropriate changes of symbols then transform Egs. (6-97)
and (6-98) into (see Prob. 4-4)

. = — 742(r’C%e* + 1)
¢ Cw(#zsf + ng)
7,2(r?C%w? + 1)
r?C%* (1 + pos) + rporw?C? + 1

(6-104)

re = (6-105)
in which r,, is the screen resistance, and u.; is the screen-suppressor mu-
factor. Because an increase of negative suppressor
voltage reduces the number of electrons that go to
the plate, the screen current increases with a nega-
Ab tive increment of suppressor voltage. pes is there-

fore negative. Since the magnitude of uy; is greater
‘ﬂ?j. than unity, r. may be negative; and since l,u23l7' may

Fre. 6.50—Pen. be greater than 7., the numerica_l value of z, may
tode reactance-tube be positive, 7.e., the effective reactance between A
cireuit. and B may be inductive. The circuit thus acts like
a negative resistance in parallel with (or in series with) an inductance.!

Expressions for z, and r. may be readily derived for circuits in which
the capacitance is replaced by an inductance and for those in which the
position of the condenser or inductance is interchanged with that of the
resistance.? )

A second type of circuit that may be used in changing the phase angle
or magnitude of an impedance is shown in Fig. 6-51. By the use of
inverse feedback and of low load impedance in the final stage of the
amplifier, the voltage amplification 4

is made independent of r and C MWWy i:}
throughout the frequency range in —

. . . . A o Volt LF b4
which the circuit is to be used. The e+ orage emphmer Ao
output voltage AE is then in phase ~ Amplification=A
with or in phase opposition to the B o= "
impressed voltage E. A’is assumed to

be positive when the relative polarities e 6'51'““%1‘3)1;112553;96 reactance-:
of the instantaneous input and output ' '

voltages are as indicated by the signsin Fig. 6-51." Under the assumption-
that the input impedance of the amplifier is infinite, the current resulting
from the application of the voltage E is

 Actually the cireuit acts like an induetance only in that the current lags the volt-
age. Since the instantaneous value of the reactive voltage between 4 and B is pro-
portional to the integral of the current, rather than to the rate of change of current,
it is more correct to say that the circuit acts like a negative capacitance.
‘2 REICH, loc. cit.
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E — AE .
and between the points A and B the circuit acts like a parallel combina-
tion of reactance z, and resistance r, of values

e 41
Le = v m (6—107)
_ rw?Cr 41
ry = O — A) (6-108)
or like a series combination of reactance z.” and resistance r.” of values
o) = Y (6-109)
¢ (1 — A)wC
7 r -
e =14 (6-110)

If the amplifier contains an odd number of stages, the output voltage
is in phase opposition to the input voltage (both being measured relative
to the common terminals) and the numerical value of A is negative in Eqgs.
(6-107) and (6-108). The effective resistance is then positive and the
reactance capacitive. The equivalent capacitance is

1 — A)C

Co = iam0r 41

(6-111)

At a given value of C, C, has its maximum value when r is zero. The
effective resistance shunting C. is then infinite and the effective capacitance
is

Max. C, = (1 — A)C (6-112)

It is evident that very large values of effective capacitance can be
obtained with this circuit if A is large. Since A may be varied by means
of the bias of one or more grids of a stage to which inverse feedback is
not applied, the value of the effective capacitance may be readily varied.
The input voltage £ must, of course, be maintained low enough to prevent
overloading of the amplifier.

If the amplifier of Fig. 6-51 contains an even number of stages, the
numerical value of 4 is positive in Eqs. (6-107) to (6-110) and the circuit
acts like an inductive reactance! in parallel with (or in series with) a
negative resistance, the value of which may be made low by the use of a
high-gain amplifier. If the condenser C in the circuit of Fig. 6-51 is
replaced by an inductance, the circuit acts like an effective capacitance
in parallel with (or in series with) a resistance.

1 8ee footnote 1, p. 214.
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Figure 6-52 shows another circuit by means of which the magnitude
or phase angle of an impedance may be varied with the aid of a vacuum
tube. Applications of this circuit are limited for the
following reasons: It does not give an inductive react-
ance when z is capacitive, it cannot be used to produce a
negative resistance, the effective capacitance is always
less than the capacitance of z, and the effe¢tive shunting
resistance cannot be made infinite,

Fiac. 6-52.—
Series reactance- Problems
tube circuit.

6-1. Show that the voltage amplification of a single-stage
amplifier with nonreactive load r and self-biasing resistor R.. without a by-pass con-
denser (see Fig. 4-30a) is

_ _ BTH
A= T G ¥R (6-113)

J2

vy

[

T16. 6-53.—Diagram for Prob. 6-2.

6-2. a. Draw the equivalent circuits for the amplifier of Fig. 6-53.

b. Neglecting interelectrode capacitances, derive a general expression for the
voltage amplification of each stage.

¢. Ty and T, are type 6J5 tubes, operated at a plate supply voltage of 250 volts
and a bias of —6 volts, and the circuit elements have the following values:

r1 = 50,000 ohms . = 0.005 uf
rs = 250,000 ohms ro = 50,000 ohms

Find the gain in decibels of each stage and of the amplifier at 60, 100, and 1000 cps.
Check by means of Fig. 6-14.

d. Repeat (c), substituting type 6SJ7 tubes for type 6J5. TUse the values 4 = 1500
and r, = 1.5 megohms.

_e. Discuss the suitability of these amplifiers for use at frequencies between 50 and
3000 cps.

f. Determine the size of the cathode resistors necessary to provide the required
bias when type 6J5 tubes are used.

6-3. Design a two-stage resistance-capacitance—coupled voltage amplifier using
6SF5 tubes, which will give the highest voltage amplification consistent with uniform
response in the range from 100 to 10,000 cps. The output of the amplifier is to be
applied to the deflecting plates of a cathode-ray oscillograph. The capacitance of
these plates and their leads is 5 puf.
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6-4. a. Plot a frequency-response curve for the amplifier of Prob. 6-2, using type
6J5 tubes and the circuit constants listed in part (¢) and taking interelectrode capaci-
tances into account. The output of the second stage is shunted by a 4-uuf capacitance.
Cgk = C“, = 3.4 [.Lp,f; Cpk = 3.6 ;.Lpf.

b. What should be done in order to reduce frequency distortion in this amplifier?

6-6. By graphical methods determine the maximum crest fundamental voltage
output and the voltage amplification of a type 6J5 triode in class Al operation under
the following operating conditions:

Ey, = 250 volts
E, = —6 volts
ry = Ry = 100,000 ohms

I

I

The harmonic content must not exceed 5 per cent. Grid current starts flowing at
e, = —0.5 volt.

6-6. a. By graphical methods determine the maximum crest fundamental voltage
output and the voltage amplification of a type 6SF5 triode in class Al operation under
the following operating conditions:

Ey, = 300 volts
E. = —1.5 volts
re = Ry = 500,000 ohms

The harmonic content must not exceed 5 per cent. Grid current starts flowing at
e. = —0.75 volt.
b. Repeat (a) for a 6SF5 tube in the first stage of the circuit of Fig. 6-52.

Ey, = 300 volts r1 = 500,000 ohms
E, = —1.5 volts re = 1,000,000 ochms
£ = 1000 cps C. = 0.01 uf

6-7. a. By graphical methods find the voltage amplification of a type 6SF5 triode
for the following operating conditions:

Ebb
Ec

b. Find rp and p at the operating point and find A by the use of Eq. (6-1).
¢. Find the required resistance of the self-biasing resistor.
d. By means of Eq. (6-113) of Prob. 6-1 find the voltage amplification when the
self-biasing resistor is used without a by-pass condenser.
6-8. a. Assuming that 7, > > ri + jwL, show that the high-frequency ampli-
fication of the circuit of Fig. 6-17¢ is
[}

A p(r1 + joL)

250 volts 75 = Rs = 1 megohm
- —1.5 volts Eym = 1 volt

i

I

"= Jalars(r  gob) 4 15 F 1 F ol (6-114)
b. Bhow that if r, > > r1 + jwL, Eq. (6-114) reduces to
Ay = LY +J°~’L 3 (6_115)

gm JwCar1 — w?LCy + 1

¢. Transform Eq. (6-115) into Eq. (6-30).
6-9. An auc}io-frequency interstage coupling transformer has the following
constants:
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Primary inductanee Ly. .................... ... .... 25 henrys
¥quivalent leakage inductance, referred to the secondary,

Lo 2 henrys
Equivalent distributed capacitance, referred to the

secondary, Co. ... i 80 uuf
Primary resistance 71. .. .. ... . i 850 ohmsg
Secondary resistance ra......... ... 0. 10,000 ohms
Turnratio 7. ....... ... 3

a. This transformer is used to couple a type 6J5 tube to a type 2A3 tube. The
operating voltages of the 6J5 are Ky, = 250 volts and E. = —8 volts. Construct a
frequency-response curve for the first tube and transformer.

b. Show that excessive frequency distortion results when the type 6J5 tube is
replaced by a type 6SJ7 tube used as a pentode.

6-10. a. For the transformer whose constants are given on page 190 determine
the coefficient of coupling that will give a 10-ke separation of resonance peaks with a
type 6SK7 tube.

b. Find the voltage amplification corresponding to the peaks and to the trough
of the response curve when the control-grid voltage is — 3 volts.

6-11. Design a two-stage amplifier for use with an electromagnetic oscillograph
that requires a crest alternating current of 50 ma for full deflection. Resistance of the
element is 5 ohms. In order to make possible the study of transients at very low
frequency, the response should be uniform down to zero frequency. Full deflection
must be obtained with an input voltage that does not exceed 1 volt, and amplitude
distortion must not exceed 5 per cent. Specify all circuit constants and voltages.

6-12. The terminal voltage of a 120-volt d-c generator is regulated by applying the
voltage to the input of a two-stage amplifier in such a manner that decrease of terminal
voltage increases the field excitation and thus raises the voltage. The action is as
follows: If the terminal voltage tends to fall by 1.05 volts with increase of load, the
amplifier increases the field current sufficiently to raise the induced voltage by 1 volt,
so that the net change in terminal voltage is only 0.05 volt. The average field current
is 50 ma. In the normal range of field current a 1-ma change results in a 0.1-volt
change of induced voltage.

a. Choose a suitable tube to control the 50-ma field current.

Field resistance = 2000 ohms.

b. Determine the change of grid voltage of this tube that is necessary in order to
raise the induced voltage by 1 volt.

¢. Choose a first-stage amplifier circuit and tube such that the 0.05-volt drop in
terminal voltage will give the necessary change in the grid voltage of the second tube.

d. Draw a circuit diagram, specifying all circuit constants, tube operatlng voltages,
and supply voltages.

6-13. Construct a polar diagram for the circuit of Fig. 6-41a used with the follow-
ing tubes and circuit constants:

T, 6J7 © 71 = 500,000 ohms Cr = 0.1 uf
T, 6F6 (pentode) re = 1 megohm ry = 100,000 ohms
2z = rp = 7000 ohms C, = 0.01 xf rs/ = 1000 ohms

6-14. The amplifier shown in Fig. 6-54 “motorboats’” (oscillates at a frequency
of 2 or 3 ¢ps) when used with a B-supply of poor regulation. The motorboating stops
when the switch § is opened but not when the first tube is removed. “Explain.

I

I
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56 56— VTS |
s | o
< < ' Load
i T

S HH
- +
Fig. 6-54.—Diagram for problem 6-14.

6-15. Design a voltage amplifier incorporating cathode-follower stages and having
a voltage gain of 85 db from 100 ¢ps to 500 ke and an effective input capacitance not
to exceed 3 uuf.

6-16. a. Show that the alternating grid voltage in the circuit of Fig. 6-49b is

_ a* — a? 4 3ja®

E, Toat +Ta? + 1

v (6-116)

where ¢ = roC.

b. Show that, if the product rg. is sufficiently large in comparison with unity so
that the effect of the coupling eircuit upon the effective admittance is negligible, the
effective admittance between 4 and B is

y _ (Dt + (7 — wa + 1 + e
¢ (a* + 7a? + L)rp

(6-117)

¢. Plot a curve of a vs. u for values of a that make the effective conductance zero.
d. Plot a curve of effective capacitance C. vs. x when a is chosen so that the effec-
tive conductance is zero.
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CHAPTER 7
CLASS A AND CLASS AB1 POWER AMPLIFIERS

7-1. Methods of Analysis of Power Amplifiers.—The amplitude of
the alternating plate current of power-amplifier tubes under rated con-
ditions of operation is so great that nonlinear distortion is not negligible.
A rigorous analysis based upon the series expansion for plate current
should, therefore, take into account the second- and higher-order terms.
By considering only the first term of the series, however, it is possible to
derive a number of approximate relations, which, although they do not
yield accurate numerical results, are useful in making a qualitative study
of the effects of various circuit and tube factors upon the performance of
Class A power amplifiers. An examination of Eqs. (3-41) and (3-57)
shows that the second- and higher-order terms of the series expansion
are absent only when r, and p are constant. Neglecting the second- and
higher-order terms of the series expansion is therefore equivalent to
assuming the static plate characteristics to be linear, parallel, and equi-
distant. Much of this chapter will be devoted to the derivation of useful
approximate relations based upon the first term of the series expansion
and upon ideal static plate characteristics of constant slope and spacing.
Considerable error may result from the application of these formulas to
numerical problems. For this reason graphical analyses or, preferably,
laboratory measurements must be made when accurate results are-
essential or when it is necessary to determine nonlinear distortion.

As explained in Chap. 4, graphical analyses become very complicated
when load reactance is taken into consideration. Although loud-speakers
and other ordinary loads are not nonreactive, the assumption is usually
made that the reactive component of load impedance may be neglected
and the path of operation drawn as a straight line of negative slope equal
to the reciprocal of the effective a-c load resistance. This assumption is
justified because it leads to results which, although not accurate, are of
great value in the analysis and design of amplifiers and which could
otherwise be obtained only with great difficulty. Beyond Eq. (7-9), the
treatment presented in this chapter is based upon nonreactive load
impedance. For methods that take reactance into consideration, the
student will find it profitable to refer to the literature on this subject.!

1 GrEEN, E., Wireless Eng., 8, 402, 469 (1926); ARDENNE, vON, M., Proc. I.R.E.,
16, 193 (1928); Barcray, W. A., Wireless Eng., 5, 660 (1928); Wurreneap, C. C,,
222
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7-2. Power Relations in Vacuum-tube Plate Circuits.—Although
the vacuum tube is replaced by an equivalent generator in series with the
plate resistance in analyses based upon the equivalent plate circuit,
power in an actual plate circuit can come from only one source, the B
supply. The power supplied to the plate circuit by the source of direct
plate voltage is

r .
Tﬁ 1:1, dt = Ebblba (7-1)

T
P; = L / Eyie dt = E’bbl
T Jo
where T is the period of the fundamental component of plate current.
This input power is converted into a-¢ and d-¢ power developed in the
load and into plate dissipation (heat) in the tube. This fact may be
stated in the form of the equation )

P,;=Pp+Po+Iba2Rb (7'2)

in which P, is the plate dissipation, P, is the a-c¢ output power developed
in the load, and I;,2Rs is the d-¢ power developed in the load.
Equation (7-2) may be rewritten in the form

P, = P; — P, — I’y (7-3)

which states that the plate is not called upon to dissipate the portion of
the input power that appears as output. If the input power remains
essentially constant, the plate dissipation must rise as the output power
is decreased by decreasing the excitation voltage. This is true in Class A
amplifiers, in which the average plate current I, under excitation does
not differ greatly from the quiescent plate current Ir,. Plate dissipation
in Class A operation is thus a maximum when the excitation voltage is
zero. At zero excitation, Iy, becomes I, and P;, as given by Eq. (7-1),
becomes Ewli,. Equation (7-3) then becomes

Max. Class A Pp = IboEbb - Ibosz = Ibo<Ebb - IboRb) (7-4)
By means of Eq. (3-30), Eq. (7-4) may be transformed into
Max. Class A P, = I, Ep (7-5)

In Class A amplification, therefore, the plate dissipation will always be
within the allowable value if the zero-excitation plate dissipation I,E;,
does not exceed the rated maximum plate dissipation. In Class B and
Class C operation, on the other hand, the power input falls more rapidly

Wireless Eng., 10, 78 (1933); SocHTING, F., Wireless Eng. (abstr.), 10, 165 (1933);
Preisman, A., RCA Rev., 2, 124, 240 (1937) (with bibliography); JonkEr, J. L. H.,
Wrireless Eng., 16, 274, 344, (1939); FAIRWEATHER, A., and WiLLiams, F. C., Wireless
Eng., 16, 57 (1939). PresMAN, A., “Graphiecal Construction for Vacuum Tube
Circuits,” McGraw-Hill Book Company, Inc., New York, 1943.
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than the power output as the excitation is reduced, becoming zero at
zero excitation, and so the full-excitation plate dissipation must not exceed
the allowable plate dissipation. As explained in Chap. 2, the energy
lost in plate dissipation first appears as kinetic energy of the electrons,
which is in turn converted into heat when the electrons strike the plate.
The allowable dissipation depends upon the maximum temperature that
the plate can acquire without giving off absorbed gas or emitting electrons.
When not definitely specified, the maximum allowable plate dissipation of
small receiving tubes may be assumed to equal the product of the maxi-
mum values of rated operating plate current and plate voltage.

7-3. Plate-circuit Efficiency.—Plate-circuit efficiency is defined as the
ratio of the fundamental a-c power output to the power input of the plate
circuit

Mo = ”P‘_ (7-6)
Plate-circuit efficiency is important for two reasons. First, increase of
plate-circuit efficiency may result in reduction of first cost of an amplifier
and associated power supply. Since the allowable plate dissipation is
related to tube size, the required size of tube tends to decrease with
increased plate efficiency. Increased efficiency reduces the required
capacity of the B supply. Secondly, economy of operation increases with
plate-circuit efficiency, both because of reduction of power input to the
plate circuit, and because of possible reduction of cathode heating power
as the result of reduced tube size. KEconomy of operation is of particular
importance in battery-operated amplifiers and in very large a-c—operated
amplifiers.

In a power amplifier, the load is usually coupled to the plate by means
of an output transformer or a choke-condenser filter. Since the primary
resistance of a well-designed output transformer or the resistance of an
output choke is only a few hundred ohms, the d-c power I;,2R; developed
in the load, which serves no useful purpose, is ordinarily negligible. The
output transformer or filter, therefore, not only prevents any objection-
able effects that might result from the flow of direct current through the
load, but also increases the plate-circuit efficiency.

It is readily proved that the maximum theoretical efficiency of Class
A amplifiers with transformer-coupled nonreactive load is 50 per cent
when the distortion is negligible. In Fig. 7-1 is shown the path of opera-
tion of a Class A amplifier with transformer-coupled nonreactive load.
Since the discussion is not limited to any special type of tube, no static
characteristics are shown. If the distortion is negligible, the waves of
plate current and voltage are sinusoidal, and the power output is 31 smFE pm.
Since distortion is assumed negligible, I+ is equal to Ip,. If the d-c
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resistance of the plate circuit is negligible, Ey is equal to E,,.. The power
input, as given by Eq. (7-1), is Is.Ey. Equation (7-6) gives the plate-
circuit efficiency as I pmEpm/2Iv0Er.  As the path of operation is extended,
I,. and E,, increase. Their maximum .
values are obtained when the path extends = ‘P
to the current axis in one direction and the
voltage axis in the other. Then the plate
current is just reduced to zero at the negative
peak of excitation voltage, and the plate
voltage is reduced to zero at the positive
peak of excitation voltage. Under this con-
dition of operation I,m = Iy, and Eym = Ey,.
The plate-circuit efficiency is then 4, or 50
per cent. Actual Class A efficiencies are
less than 50 per cent (see Secs. 7-10 and
7-15). Class B and C efficiencies may exceed 50 per cent.

7-4. Power Output.—If only the first term of the series expansion
for plate current is considered and V, is zero the r-m-s plate current is

Ito

Fie. 7-1.—Generalized Class A
path of operation.

_ pE, _
I P Tp + % (7 7)
The approximate power output is
) 2B,
= [ 2 — __ MDeTe _
P, Ip Ty (Tp T Tb)2 I 2 (7 8)
Equation (7-8) may be written in the form
Py = guuEyt —— 008 6 (7-9)

m?+ 2m cos § + 1

where cos 8 = /|| and m = r,/|a|. Equation (7-9) indicates that
tubes used to deliver power should have a high product of amplification
factor by transconductance. It also shows that the power output
depends upon the load power factor and upon the ratio of the load imped-
ance to the plate resistance and is proportional to the square of the
excitation voltage. As would be expected, the power output at a load
impedance of given magnitude is greatest for nonreactive load, for which
cos 9 = 1.

Differentiation of Eq. (7-9) with respect to m, all other quantities
being held constant, shows that the power output is a maximum at a
fixed value of grid swing when 2z, = r,. From the definition of power
sensitivity it follows that this is the criterion for maximum power sensi-
tivity. It should be noted that this criterion for maximum power output
holds only when the grid swing is constant and sufficiently small so that .
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nonlinear distortion is negligible. In most applications of power ampli-
fiers the grid swing is large enough so that nonlinear distortion is not
negligible. It will be shown that the grid swing must then be varied with
load resistance in order to obtain the greatest output consistent with
allowable distortion, and that the best value of load impedance is not
equal to the plate resistance.

7-6. Optimum Power Output.—Optimum power output is defined
broadly as the greatest power output that can be obtained at a given
operating plate voltage, subject to limiting restrictions on operation.
The load resistance that gives optimum power is called optimum load
resistance. Restrictions on operation that must be taken into considera-
tion in the determination of optimum power and optimum load resistance
include allowable nonlinear distortion, allowable grid current, available
grid-circuit input power, and grid and plate dissipation.

7-6. Class A Power Amplifiers.—The flow of grid current involves a
number of difficulties, which will be discussed in detail in Chap. 8. In
Class A amplifiers the objectionable effects of the flow of grid current
more than offset the advantages resulting from the increase in excitation
voltage that may be obtained by allowing the grid to swing positive. For
this reason Class A2 operation is seldom used. It will not be discussed
further.

In Class Al amplifiers the operating restrictions are that nonlinear
distortion and plate dissipation must not exceed the allowable values and
that grid current must not flow. Since the nonlinear distortion at a
given grid swing depends upon the load resistance and the location of the
operating point, the maximum excitation voltage that can be used at a
given operating plate voltage, without exceeding the allowable nonlinear
distortion, varies with load resistance and with grid bias. Under the
‘assumption that grid current starts flowing at zero grid voltage,’ the grid
swing must not exceed the grid bias. The limiting grid swing at a given
operating plate voltage and load resistance is greatest when the grid
bias is adjusted so that the nonlinear distortion is equal to the allowable
value when the grid swing is equal to the grid bias. This value of grid
swing will be called full grid swing, and the corresponding power output
Sfull power output.

Determination of optimum Class A power output and load resistance
is complicated by the dependence of nonlinear distortion upon load
resistance. As the load resistance is varied, the grid bias and excitation
voltage must be adjusted so as to maintain full grid swing. Optimum

1 As pointed out in Secs. 3-4 and 6-8, grid current may start flowing when the
grid is slightly negative. Because the voltage at which grid current starts flowing is
small in comparison with the bias of power tubes, the error involved in this assump-
tion is ordinarily small.
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Class Al power output is defined as the greatest power output that can
be obtained when the grid bias and excitation voltage are adjusted so
that the harmonic content has a specified value, grid current does not
flow, and-allowable plate dissipation is not exceeded.® Usually 5 per
cent is accepted as maximum allowable harmonic content.?

7-7. Triode Class Al Power
Amplifiers.—The harmonic content
of the alternating plate current of +
single-sided triode Class A amplifiers
is almost entirely second harmonic.
That the grid bias and excitation
voltage of a Class Al triode power
amplifier must be varied with load *
resistance in order to maintain full Plate Voltage
power output can therefore be shown Fie. 7-2—Triode plate diagram for Class
by means of Eq. (4-37), which gives Al operation.
the percentage second harmonic when the third and higher harmonies
are negligible.

late Curren

Imux + Imin - 2Ibt
2(Imex — Irum)

Percentage Hy = X 100 (4-37)

In Fig. 7-2 the ratio of the positive to the negative swing of plate current
is '

a . Imax - Ibt
B_ - Ibt - Imin (7-10)
Combining Eqgs. (4-37) and (7-10) gives
g -1
Percentage H, = 100 (7-11)

Equation (7-11) shows that the second-harmonic distortion increases
with the ratio a/b. The shape of triode characteristics is such that the
ratio a/b, and hence the second-harmonic distortion, increases as the
operating point is lowered at constant load resistance and decreases as
the load line is made less steep by increasing the load resistance with a
fixed operating point. ' ,

As the load resistance is increased at a given value of plate supply
voltage, the operating point can be lowered and the grid swing increased
without exceeding the allowable distortion. This can be explained by

* Thus optimum P, is the maximum full P, obtained as r is varied.
? Massa, FRANK, Proc. I.R.E., 21, 682 (1933).
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reference to Ifig. 7-3, in which, for simplicity, shift of the operating point
with change of excitation is neglected. Let MAN be the original load line,
for which the distortion has the limiting value. Then let the load
resistance be increased so that the new path of operation is M”N".
Because the static characteristics of a triode are nearly parallel, the
ratio a/b is more nearly equal to unity for the new load line, and so the
amplitude distortion is less than the allowable value. The operating
point may, therefore, be lowered to O’ by increasing the negative grid
bias to the value E., giving a lower path of operation M'N’, for which
nonlinear distortion is equal to the
limiting value. This has two bene-
ficial effects. (1) The increase of bias
increases the allowable grid swing from
the value E. to the new value E.” and
thus raises the power output obtained
with the new resistance over the value

. . obtained with the new resistance and
shovFv;g.g t7};§ ne’c[‘;;;%; <§I?:ry?;zg£?:; original bias. (2) The reduction of
and grid swing with load resistance.  gperating plate current decreases the
plate dissipation and increases the plate-circuit efficiency.

7-8. Theoretical Value of Optimum Load and Optimum Power
Output of Class Al Triode with Transformer-coupled Resistance Load
and Specified Plate Supply Voltage.’—Several investigators have derived
expressions for optimum load resistance and optimum power output based
upon empirical equations for plate current. Because no single simple
equation accurately expresses the plate current throughout the range of
operation, most of these derivations have proved to be of little practical
value. More useful approximate expressions have been derived under
the assumption that the static characteristics are linear throughout the
operating range. Although accurate determinations can be made only
by experimental or graphical methods, these expressions are often of
considerable value in making rough computations and in predicting the
general effect of various parameters upon the performance of power
amplifiers.

In the determination of optimum operating conditions it is possible
either that the operating plate voltage is specified at a fixed value, or
that it may be adjusted to the optimum value consistent with allowable
plate dissipation and distortion. In the design of amplifiers using
relatively small tubes, the operating plate voltage is usually fixed. This
case will be analyzed first.

1 Since condenser-choke coupling, illustrated in Fig. 5-17, is equivalent to coupling
through a transformer having unity turn ratio, Sec. 7-8 and subsequent sections also
apply to condenser-choke—coupled load.
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The allowable plate dissipation determines the maximum operating
plate current that can be used at a given.operating plate voltage and must,
therefore, be taken into consideration in determining the optimum load
resistance, bias, and power output. Often, however, the allowable
dissipation is high enough so that the operating point and load resistance
are determined entirely by the considerations of amplitude distortion,
flow of grid current, and power output. It is convenient, therefore, first
to assume that the allowable plate dissipation is so high that it does not
affect the choice of operating point, and then to see in what manner the
procedure must be modified if the allowable dissipation limits the plate
current to a value less than that determined on the basis of harmonic
content, flow of grid current, and power output.

b Epb &0
________ 4
“Eho=Epp 7
Imax [—————— Ee
max
2E
. E I ¢
Tyo——— g — -
bo i T lEpm
“fom L/ DX
A% !
Imin [— —— 4‘_‘"" N
] | | eb
Ew Emin Ernax

Fi¢. 7-4—Idealized triode plate diagram used in determining theoretical optimum load
resistance and grid bias at fixed Ep,.

One of the most frequently used rules for the choice of load resistance
in triode power amplifiers with transformer-coupled load was first given
by W. J. Brown.! Brown’s derivation is based upon the assumptions
that the operating plate voltage is fixed and equal to the plate supply
voltage, that the minimum plate current Inmw. is not varied with load
resistance, that the plate characteristics are straight, equidistant, parallel
lines, and that the allowable plate dissipation is large enough so that it
does not affect the choice of operating point.2 The following derivation
is a modification of that of Brown.

Assuming that the plate characteristics are straight, equidistant,
parallel lines is equivalent to assuming that the plate resistance and

! Brown, W. J., Proc. Phys. Soc. London, 36, 218 (1924) See also NoTTINGHAM,
W. B., Proc. I.R.E., 29, 620 (1941).

2 Smce the tube characterlstlcs are assumed to be hnear, the static and dynamic
operating points coincide.
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amplification factor are constant. The plate current is therefore given
by the first term of the series expansion.

uE,

I —
o Tp + 75

(7-12)

At full grid swing, the grid swing is equal to the bias. Therefore, at full
grid swing,

_ kE. :
Ipm - Tp + "'b (7 13)
Inspection of Fig. 7-4 shows that
E.r
Emux - Ebo = Epm = — Ipmrb = - 775—“!‘%17 (7-14:)

Points W and N have the same value of 7 but differ in grid voltage by
2E.. For the assumed ideal characteristics, p is constant, and

de, _ Acy
de,  Ae,
at constant 7,. Hence,
Aeb . )
e= Ry at const. % (7-15)
Emax' - Ew
Ema,x = Ew - 2ﬂEc (7—17)

Substituting Eq. (7-17) in Eq. (7-14) gives

2r
By — Bo = — pE. (2 — — 2 >=— g2 -
b # ( o+ 1 K e+ Tp (7-18)
Eyw, —E, rn+r,

E, = — . -
M s + 27, (7 19)
Substitution of Eq. (7-19) in Eq. (7-13) gives
‘ _ Ebo - Ew
Ipm _ _7'1) + 2Tp (7"20)

The power output at full grid swing is

FHH Po = %Ipmzrb = %(Ebo — (7-21)

2 s
E.) (ro + 2r,)?

The power output is a maximum with respect to 7, when dP,/dr, = 0.
Differentiation of Eq. (7-21) with respect to r; shows that this is true when
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the load resistance is equal to twice the plate resistance. Therefore

Optimum 7, = 2r, (7-22)
Substitution of Eq. (7-22) in Eq. (7-19) gives the optimum bias,
| Optimum E, = — % Ei—;ﬂ (7-23)

Since I does not actually remain constant as r, is varied but may be
decreased with increase of 3, it is of interest also to derive an expression
for E, under the assumption that the ratio of I, t0 J.m remains constant
as 7y is varied, which is roughly true. Such a derivation yields the fol-
lowing equations:

o, (7-24)

3k —1 Eu
4k i

Optimum r, =

Optimum E, = — (7-25)

where & = Inas/Inin.

Examination of plate diagrams of triode power tubes shows that
under standard operating conditions K, the plate voltage corresponding
t0 I and zero grid voltage, never differs greatly from Es,/10 for 5 per
cent H,, and that ../l ranges from approximately 5 to 15. For
these values, Eq. (7-23) calls for a bias of —0.675(F;,/u), and Eq. (7-25)
a bias of from —0.7(Ey./u) to —0.73(Ey./u). Values that are checked
experimentally within 5 per cent are given by the following equation,
which is intermediate between Eqs. (7-23) and (7-25):

B, = —0.7 e
i

(7-26)

The value of optimum load resistance given by Eq. (7-24) does not
ordinarily differ greatly from that given by Eq. (7-22). Since both
equations are approximations, therefore, it.is usually preferable to use
the simpler equation (7-22), even though Eq. (7-24) may approximate
more closely the experimentally determined value. ;

Substituting Eq. (7-22) in Eq. (7-9) and letting z, = 0 gives

P, = SugnEs* ' (7-27)

But for optimum Class Al amplification the grid swing is approximately
equal to E, so that E, =2 0.707E, and

Optimum P, = §ug,E? (7-28)

From the definition of power sensitivity it follows that the theoretical
power sensitivity corresponding to optimum load resistance is

P. 8. at optimum load = Zug.. (7-29)
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In spite of the fact that the characteristics of triodes do not satisfy
the hypotheses made in the foregoing analysis, Eqs. (7-21) and (7-22)
are roughly verified by laboratory measurements. A curve of power
output as a function of r/r, as determined from Eq. (7-21) is shown in
Fig. 7-5. Experimentally determined curves of power output as a
function of r,/r, for a type 45 triode at three values of second-harmonic
distortion are shown in Fig. 7-6. The similarity between the theoretical
and the experimental curves is apparent. Furthermore, Fig. 7-6 shows
that optimum load for the 45 tube at 5 per cent second harmonic is very
nearly twice the a-c¢ plate resistance at the operating point. It may be
shown by graphical studies based on ideal static characteristic curves
which follow simple power laws that curvature of the characteristics tends
to reduce the optimum value of 7, and that increase of I tends to

w b
a I s>
&© N s LB ~
% 1.0 ~ 08 3, RN
8 o — — w0E 5 =6l
- ! a —NME=6%!___ |
2 a6 P = I N /AR w1
& L ,20.3 S 1.2 / 6=4%
o« 0.
° o o Type 45
2 02 1o 3 M VA Ebo=240V |
5 0 oa & 1o ' L
« 0 2 4 6 8 10 0 1 2 3 4
b/ TP "b/Tp
Fia. 7-5.—Theoretical curves of full power Fia. 7-6.—Experimentally deter-~
output and of plate-circuit efficiency for anideal mined curves of full power output of
triode in Class Al operation. type 45 triode in Class Al operation.

increase optimum r,. The close agreement between Fig. 7-5 and Eq.
(7-22) is probably explained by compensation of these two effects. The
agreement is not so close with other types of triodes, practical values of
3/7, Tanging from 2 to 3 for optimum output at 5 per cent second harmonie.

At first thought, Eq. (7-22) may be surprising in view of Maxwell’s
rule that maximum transfer of power from a generator to a load takes
place when the load impedance is equal to the generator impedance.
This rule assumes, however, that the voltage of the generator is not
varied as the load impedance is varied, whereas in the derivation of
Eq. (7-22) the exciting voltage was assumed to vary with load imped-
ance in such a manner that the grid swing had the largest value consistent
with allowable distortion and with the restriction on grid current. In
Sec. 7-4 it was shown that the maximum output at fixed grid swing, or
maximum power sensitivity, is obtained when the load impedance is a
resistance equal to the plate resistance.

Optimum Pure Resistance Load.—An analysis similar to that used
in the derivation of Eq. (7-22) shows that, if the load is a resistance
inserted directly in the plate circuit, the optimum load resistance for a
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Class Al triode amplifier is equal to the plate resistance. Because of
loss of direet voltage and power in the load, this type of load is seldom
used. - ;

7-9. Optimum Power Output in Terms of Qperating Plate Voltage.—
At optimum load resistance, Eq. (7-21) reduces to

Optimum P, = (Ebolgr w)? {7-30)
¥4
2
o 0,05 Loo’ (7-31)
Tp

Although the numerical values of optimum power indicated by Eq.
(7-31) are usually not greatly in error, its principal value lies in the
fact that it indicates the manner in which optimum power output of
triodes depends upon plate supply voltage and plate resistance. It is
evident from Eq. (7-31) that, in order to give high power output at a
given plate supply voltage, a triode should have low plate resistance.
Variation of plate resistance by changing the grid structure and electyode
spacing of a triode is accompanied by a roughly proportional change in
amplification factor. Triodes with low plate resistance therefore have
low amplification factor and a low product of transconductance by
amplification factor. For this reason it is difficult to obtain both high
power output and high power sensitivity [see Eq. (7-29)] with triodes.

7-10. Theoretical Plate-circuit Efficiency.—Accurate determinations
of plate-circuit efficiency, like those of power output, must Fe made by
graphical methods or laboratory measurements. It is profitable,
however, to determine the largest value of plate-circuit efficiency that
could be obtained with idealized linear triode characteristics. To
simplify the derivation, I,.: will be assumed to be zero. .

With linear characteristics, I, = Ito, and Eq. (7-1) becomes

P; = Ewlye (7-32)

Because the primary resistance of well-designed output transformers
is small, Ey, may be replaced by Es,.

P; = FEyolp, ‘ ) (7-33)

Figure 7-4 shows that, if I.. is zero, Iy, is equal in magnitude to I,
and E, is zero. Then from Eq. (7-20),

— Eba
Ibo - s +'2rp (7'34)
Substituting Eq. (7-34) in Eq. (7-33) gives
2
Fr, (7-35)

P = T + 2rp
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But if E, is zero, Eq. (7-21) becomes

. %—Ebofzrb
Po= tt oy 739

The plate-circuit efficiency for ideal linear triode characteristics is

P 0 T ’
M = '1?1 = 2(rs + 2rp) (7-37)
- The ideal theoretical plate-circuit efficiency, as determined from
Eq. (7-37), is plotted in Fig. 7-5 as a funection of r,/r,. ., It can be seen
from Eq. (7-37) or Fig. 7-5 that the plate-circuit efficiency of triodes in
Class Al amplification increases with load resistance! and that the
maximum possible ideal value of 50 per cent is obtained with infinite
load, at which the power output is zero. At optimum load the plate-
circuit efficiency for ideal linear characteristics is 25 per cent. The
facts that the static plate characteristics are not linear and that In
and E, are not zero reduce actual values of plate-circuit efficiency of
"Class Al triode power amplifiers at optimum load to values that range
from about 20 to 23 per cent.

7-11. Limitation of Power Output by Plate Dissipation.—At a
given value of operating plate voltage the use of optimum load deter-
mined by Eq. (7-22) and the corresponding optimum grid bias specified
by Eq. (7-26) may give such a high value of static operating plate current
that the zero-excitation plate dissipation exceeds the allowable dis-
sipation. The zero-excitation plate dissipation may be reduced to the
allowable value by reducing the operating plate voltage, the load resist-
ance being maintained constant at approximately twice the plate resist-
ance. This results in little change in plate-circuit efficiency. The
zero-excitation plate dissipation may also be reduced to the allowable
value by increasing the load resistance and grid bias, as explained in Sec.
7-7, and thus reducing the plate current. Equation (7-37) shows that the
plate-circuit efficiency increases with increase of load resistance. This
means that reduction of plate dissipation by increase of load resistance
and grid bias is accompanied by less reduction in power output than
when it is effected by decrease of operating plate voltage. For this
reason, power triodes in Class Al amplification, when operated at high
plate voltage, are often used with an a-c load resistance that is con-
siderably higher than twice the plate resistance. When the power output
is limited by plate dissipation, the operating plate current for a given
operating voltage is determined from the allowable plate dissipation, and

1 Since the negative grid bias is increased with 7, Iy, and hence P; decrease with
increase of re. ‘
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the load resistance is chosen to have the lowest value consistent with
allowable distortion. . ’

7-12. Graphical Determination of Power-tiriode Operating Conditions
and Performance at a Specified Operating Plate Voltage.—The work
of determining a triode load line corresponding to a given harmonic
content can be greatly simplified by the use of the so-called power-output
rule, first described by K. S. Weaver.! This device is based upon the fact
that for a given second-harmonic content and negligible third and higher
harmonies, the lengths of the portions of '

. ip
the load line lying above and below the
operating point have a fixed ratio. This R e =0
is readily proved by reference to Fig. SR ¢
7-2. By similar triangles, ¥
Q@ Ec
C a 7z
a = 5 (7-38) In—7 ¢ /T 2E,
)
Combining Eq. (7-38) with Eq. (7-11) f : Vv
gives 3}) =b
c _ 28 +1 ’
d 1-— 28, (7 39) Fig. 7-7—Method of wusing

. power-output rule in drawing the
where 8, is the ratio of the second- load line corresponding to optimum

harmonic amplitude to the fundamental %%
amplitude. For the commonly accepted value of 5 per cent second
harmonie, Eq. (7-39) becomes
S =1.22 (7-40)
d

The power-output rule has two uniform scales which are marked
off in opposite directions from a common origin. The length of the
divisions of one of these scales is arbitrary, and the length of those of
the other is 1.22 times as great. The load line corresponding to 5 per
cent second harmonic at full grid swing is found by placing the origin
of the rule on the operating point and turning the rule so that the inter-
sections of the edge of the rule with the static characteristics for e, = 0
and e, = 2K, give equal readings on the two scales, as shown in Fig. 7-7.
The power output is determined from the load line in the usual manner.
With the aid of Eq. (7-39) it is a simple matter to construet rules for any
percentage second harmonie.

Since the operating conditions specified in manufacturers’ tube
manuals are satisfactory for most ordinary applications of power tubes,

t Weaver, K. S, QST, November, 1929, p. 14. See also GREENWOOD, W.,

Wireless Eng., 8, 429 (1931); EspLEy, D. C. and FARREN, L. 1., Wireless Eng., 11, 183
(1934), Radio Eng., September, 1934, p. 20.



236 APPLICATIONS OF ELECTRON TUBES [Crap. 7

it is not often necessary to make determinations of triode operating
points and performance. When it is desired to operate a power triode
at a specified operating plate voltage that differs from values listed in
tube manuals, the following procedure may be used:

1. Estimate the approximate location of the operating point and determine
graphically the value of u at this point.

2. By means of Eq. (7-26), determine the optimum grid bias.

3. Using the plate current corresponding to the given operating plate voltage
and the optimum grid bias, determine the plate dissipation. If the plate dissipa-
tion is within the allowable value, the operating point is the point corresponding
to these voltages. "If the plate dissipation exceeds the allowable value, however,
the operating point is that determined by the operating plate voltage and the
maximum allowable operating plate current, which is equal to the allowable plate
dissipation divided by the operating plate voltage. The magnitude of the grid
bias corresponding to the operating point then exceeds the value determined by
means of Eq. (7-26). It is ordinarily permissible to make an adjustment up to
b5 per cent or so in the value of the grid bias in order to use a value for which a
plate characteristic curve is available.

4. Using a power-output rule, draw a dynamic load line corresponding to
5 per cent second harmonic content (or other allowable value) through the
operating point. If a power-output rule is not at hand, the load line may be
drawn corresponding to a load resistance equal to twice the plate resistance, and
the harmonic content determined graphically by means of Eq. (4-37). If the
harmonic content differs considerably from the allowable value, the 1oad line
should be redrawn and again checked.

5. The dynamic operating point may be located and the true dynamic load
line drawn. Ordinarily this added work is not justified by the small increase in
accuracy of the results.

6. Determine the power output graphlcally by the method explained in Sec.
4-21. The power output may be checked roughly by the use  of Eqs. (7-28) and
(7-31).

7. Find the power input to the plate circuit by means of Eq. (7-1) or (7-2).
Find the plate circuit efficiency by dividing the graphically determined power
output by the power input.

7-13. Determination of Optimum Operating Conditions for a Power
Triode with Unspecified Operating Plate Voltage.—It is sometimes neces-
sary to determine the optimum load, bias, and performance of a power
triode when the allowable plate dissipation and harmonic content are
specified, but the operating plate voltage is not specified. The theoretical
expression for optimum load resistance may be derived by expressing
E, in terms of r, in Eq. (7-21) and setting the derivative of P, with
respect to 75 equal to zero. The resulting expression is, however, very
complicated. The following analysis is much simpler:!

1 NOTTINGHAM, loc. cit.
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Equation (7-21) may be written in the form
Po = (Iyy — L)y ' (7-41)

For opfinium P,, dP,/dry, = 0. Therefore, since I, is constant,

dT b 27‘5

Iom = Ity — I and, when the plate dissipation is equal fo the maximum
allowable value Ppm, Ppm = Ebols,. Hence, at maximum plate dissipa-
tion, Eq. (7-20) may be written in the form

dly _ _ Too = Iun (742)

(Too = Tusa)(rs + 2r) = Huy — 1;:'" (7-43)

Differentiation of Eq. (7-43) with respect to r, gives
dIbo P pm dIbo

Lo — Lia + (ms + 2r,,) =73 dn (7-44)

Substitution of Eq. (7-42) in Eq. (7-44) gives
75 = 2r, + %;'2'—‘ (7-45)

Substitution of Eq. (7-45) in Eq. (7-43) gives
Pom IMI“"“ — 41 (Tos — Tuw) — F (@49

Equation (7-46) relates the operating plate current I, with the known
values of Pym, i, 7p, and E, at optimum load. In using Eq. (7-46) it
is necessary to assume a reasonable value of Inm and to determine from
the plate characteristics a value of r, that holds approximately within
the operating range. The left-hand and right-hand sides of FEq. (7-46)
are then plotted against I+,. - The intersection of the two resulting curves
gives the optimum value of I3, corresponding to the given value of Py,
and the assumed values of I, and r,. 7, may then be found from Eq.
(7-45).  Ey, = Pyw/Is. E. may be found from Eq. (7-19). It is advis-
able to check r, at the resulting operating point against the assumed
value, and to check the graphically determined harmonic content against
the allowable value. If either the plate resistance or the harmonic con-
tent differs appreciably from the assumed value, the procedure may be
repeated, using new values of r, and I, After the dynamic. load line
has been constructed, the power output and plate-mrcult efficiency are
found in the usual manner.!

1 An alternative, often easier, method of determining optimum operating con-

ditions at unspecified plate voltage is to apply the procedure of See. 7-12 at various
plate voltages and plot a curve of P, vs. Ey,.
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7-14. Conversion Equations for Power Triodes.—Under the assump-
tion that the plate current of triodes varies as the 3 power of the plate
voltage, conversion equations can be derived by means of which it is
possible to make rapid approximate determinations of operating current,
grid bias voltage, plate factors, and power output at any operating plate
voltage when the values are known at one value of operating plate
voltage. The plate current is approximated by the equation

B = Aey (7-47)

The plate resistance is found by differentiating Eq. (7-47) with respect
to e, and evaluating at the operating point.

Ty = 3% By, (7-48)
The transconductance is
Gn = r—“p = ud B (7-49)
The . power output is
P, 1%;: = % By ' (7-50)

The grid bias is given by Eq. (7 26).
From Eqs. (7- 26) and (7-47) to (7-50) the following relatlons are
readily found:

Iba, _ (Ebol>% Ecl - Ebo, Po, (Ebo> .

Lo \En E.  E, P, \Ep )
Ti/ _ (Ebo)}é gm' . (Ebo>
.Tp B bo, E - Eba

E;,) and E;, are any two values of operating plate voltage. In
spite of the fact that triode characteristics do not obey a §-power law
and that Eqs. (7-26) and (7-30), which are used in deriving Eq. (7-50),
are based upon linear characteristics, Eqs. (7-51) are sufficiently accurate
to be useful when E,,” and E;, do not differ too greatly. Curves based
upon Eqs. (7-51) are shown on page 677.

7-16. Class A Tetrode and Pentode Power Amplifiers.—In Sec. 7-9
it was pointed out that in triodes the low plate resistance required for
high power output cannot be attained without correspondingly low.
amplification factor, which results in low power sensitivity. This’

difficulty is avoided by the use of tetrodes or pentodes. Because of the
greater ease of preventing with pentodes the undesirable shape of plate

(7-51)
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characteristics resulting from secondary emission, tetrodes are used com-
paratively little in power amplifiers. Much of the following discussion
of power pentodes also applies, however, to power tetrodes.

Pentodes have two advantages over triodes in Class Al power ampli-
fication: They have higher plate-circuit efficiency and power output and
they have higher power sensitivity. The higher plate-circuit efficiency
of pentodes is associated with the shape of the characteristics, which is
such as to allow the path of operation to extend more nearly to zero plate
voltage, as required for the ideal maximum efficiency of 50 per cent.
Physically, the higher efficiency of pentodes is explained by the effect of
the positive screen voltage, which reduces the plate voltage necessary to
produce a given plate current and thus allows a greater percentage of the
plate supply voltage to appear across the load.

of

2eof A<

0 100 200 300 400
Plate Volts, ey,

Fia. 7-8. ——-Comparlson of plate diagrams of the type 45 power triode and the type 2A5
power pentode.

It is instructive to compare in Fig. 7-8 the plate diagram of thetype
45 triode with that of the type 2A5 power pentode, which has the same
values of static operating plate voltage and current. The plate voltage
of the pentode is reduced to a much lower value at the peak of plate
current, and the area of the rectangle enclosing the path of operation of
the pentode is considerably larger than that enclosing the path of opera-
tion of the triode. Inasmuch as these areas are to a first approximation
proportional to the power output, and the input plate power is the same
for both, the 2A5 power output and plate-circuit efficiency are greater
than those of the 45. (This analysis neglects shift of the dynamic
operating points.) Efficiencies of about 35 per cent are readily obtalnable
with pentodes. :

The higher power sensitivity of pentodes is possible because, with a
given transconductance, pentodes can be. designed with much higher
amplification factors than triodes (see Secs. 3-10 and 3-11). In pentodes
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the high amplification factor results mainly from the shielding action of
the sereen and suppressor grids.  Although these grids shield the cathode
effectively from the plate, the positive screen-grid voltage produces a
high positive field at the cathode, so that a comparatively high negative
control-grid voltage is necessary in order to reduce the plate current to
zero. The introduction of the screen and suppressor grids thus increases
the amplification factor without reducing the full grid swing. Equation
(7-9) shows that the combination of high amplification factor and high
transconductance is necessary for high power sensitivity and that, if high
amplification factor and high transconductance can be obtained without
reduction of full grid swing, high power sensitivity will be obtained with-
out sacrifice of power output.

7-16. Power Output, Distortion, and Optimum Load of Class A
Pentode Power Amplifiers.—The shape of the characteristics of pentodes
is such that it is not possible to derive simple theoretical equations for

optimum load resistance, optimum

P . ;
: 2 Dpower, and optimum bias, as was
2 I5F 5 __-1°S done for triodes. For this reason
! 10IN/%H2 === |, % the correct operating conditions
£ Vs % H £ must be determined entirely by
[} /el [} .
€ 5 % He-s {1 g graphical methods or by laboratory
5 o Toviz S measurement. :
= 05 0,05 0.'l0’ O.i5 0 Figure 7-9 illustrates typical
rp/Tp curves of power output and har-

Fia. 7-9.—Typical curves of power out- Imonic content as a function of load
put and harmonic content of a power pegistance for a suppressor pentode
pentode. . A N A

in single-sided Class Al operation.
The exact shapes of these curves and the relative positions of
their maxima or minima are dependent upon the type of tube
and upon operating voltages. The large percentage of second
harmonic at low load impedance is associated with the crowding
together of the plate characteristics at low plate current, which flattens
the negative peak of alternating plate current, as shown by Fig. 4-16.
At high load impedance, on the other hand, the large percentage of second
harmonic results from the crowding together of the characteristics at
low plate voltage, which flattens the positive peak of alternating plate
current, as shown by Fig. 4-18. 'The second harmonic is zero at approxi-
mately the load resistance for which the positive and negative swings of
plate current are equal. It is possible to design and operate a pentode
so that the load for maximum power also gives minimum second harmonic,
but this is in general not true. The form of the static plate characteristics
is such that the minimum value of total harmonic content usually ranges
from 6 to 10 per cent at full grid swing.



Skc. 7-17] CLASS A AND CLASS AB1 POWER AMPLIFIERS 241

Since the load for maximum power output is, in general, different
from that for minimum distortion, choice of the load must involve a
compromise between large power output and small distortion. Because
of the relatively high minimum distortion, distortion is ordinarily the
determining factor, and the most suitable load does not differ greatly
from that corresponding to zero second harmoniec. It should be noted
that the triode—optimum-load relation r, = 2r, does not hold for pentodes,
optimum power output being obtained for load resistances ranging from
about r,/4 to r,/8. Considerable reduction in harmonic content can be
achieved by using two tubes in push-pull and choosing a load resistance
lower than that corresponding to zero second harmonic. The even
harmonies are eliminated by the push-pull connection. By reduction
of load impedance, the third harmonic may then be cut down to 5 per eent
or less without excessive loss of power output (see Sec. 7-31). Further
reduction of distortion may be achieved by the use of inverse feedback.

7-17. Disadvantages and Problems of Pentode Power Amplification.
Nonlinear distortion is considerably more objectionable in suppressor
pentodes than in triodes. 'This results not only from the greater distor-
tion factor, but also from the presence of large percentages of third and
higher harmonics, as well as second. Associated with the large per-
centage of odd harmonies is variation of power sensitivity with signal
amplitude because of contributions to the fundamental output by the
third and other odd terms of the plate-current series. The shape of
pentode static plate characteristics is such that the coefficient of the
third term of the series expansion for alternating plate current is negative.
The fundamental component of plate current associated with the third
term of the series expansion is therefore opposite in phase to that associ-
ated with the first term and reduces the total fundamental plate current.
Since the contribution of the third term increases with the cube of the
excitation voltage, whereas that of the first term increases only with the
first power of the excitation voltage, this type of distortion tends to build
up the amplitude of the weaker components of the output, relative to the
stronger, and so affects the fidelity of reproduction. Figure 7-10 com-
pares the variation of power sensitivity of triodes and pentodes.! The
effective input capacitance of power pentodes is in general greater than
that of comparable power triodes and thus causes greater frequency
distortion in the preceding stage.

The variation of loud-speaker impedance with frequency is more
objectionable with pentodes than with triodes. Because of the large
variation of harmonic content with load impedance it is difficult to keep
the harmonic content low over a wide range of frequency. Furthermore,
the load resistance required 'to keep the nonlinear distortion within

1 GLESSNER, J. M., Proc. I.R.E,, 19, 1391 (1931).
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allowable limits is usually considerably less than that which gives maxi-

mum power output, and so the power output and power sensitivity vary

appreciably with load, as may be seen from Fig. 7-9. The effective tube

resistance shunting the loud-speaker is also considerably higher with

pentodes than with triodes. For this reason the loud-speaker is damped

less with pentodes, and ‘““booming” caused by loud-speaker resonance
' may be objectionable.

8 : As pointed out in Chap. 6,
z. these different types of distortion
2 0z \ can be greatly reduced by the use
2 4 of negative feedback. The distor-
@ oi N tion resulting from the variation of
‘3:> 1124 _ speaker impedance can also be
2 25 ~ reduced by shunting the primary of
g 0Og 25" ' 7E ibp the output transformer with a

Per gen* ofslf‘)ull Grid Swing series combination of capacitance
_ Fre. 7-10.—Variation of power sensi- and resistance.! Curve a of Fig.
:;Z:g of triodes and pentodes with grid w_y1 o} ows the variation of imped-
ance of a loud-speaker with fre-
quency. Curve b shows the improvement obtained by shunting the
primary of the output transformer with a 5000-ohm resistor in series
with a 0.1-uf condenser. The reduction of pentode distortion by the use
of push-pull Class A and Class AB circuits will be discussed later in this
chapter and in Chap. 8.
As the result of higher amplification, the degenerative effect of a self-
biasing resistor is greater in pentodes than in triodes. For this reason a
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Fia. 7-11.—Variation of effective impedance of a loud-speaker, (a¢) without shunting net-
work, and (b) with resistance-capacitance shunt.
larger by-pass condenser is required to prevent degeneration. Inasmuch
as degeneration reduces nonlinear and frequency distortion, there is an
advantage in omitting the by-pass condenser, but it is more advantageous
to use a form of inverse feedback which also reduces the effective resist-
ance shunting the loud-speaker (see page'207).
! TuLavuskas, L., Electronics, 8, 142 (1931).
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7-18. Effect of Operating Plate Voltage upon Pentode Power Output.
Power pentodes are designed to operate with a screen voltage equal to
the plate voltage. The derivation of Egs. (7-51) is based upon assump-
tions that do not hold in connection with pentodes. Nevertheless, when
the screen voltage is made equal to the operating plate voltage, these
equations and the curves based upon them (see page 677) appear to hold
with sufficient accuracy for values of Es, in the approximate range from
1E4, to 2E, to make them of value in approximate determinations. This
is probably explained, in part at least, by the facts that the plate current
is determined largely by the screen voltage, that the plate current vs.:
screen voltage characteristics are similar in form to triode plate charac-
teristics, and that the potential distribution between cathode and anode
is unaltered when all electrode voltages are changed in proportion.

7-19. Beam Power Tubes as Class A1 Amplifiers.—The characteristic
curves of a typical beam power tube, the 616, were shown in Fig. 3-16.
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Fia, 7-12.—Power output and distortion curves for the type 6L6 beam power pentode in
Class Al operation.

The shape of these characteristics is such that at a given operating plate
voltage even greater power output without excessive nonlinear distortion
can be obtained than with suppressor pentodes. The static charac-
teristic curves are more nearly straight and parallel at low plate voltages
than those of suppressor pentodes. TFigure 7-12 shows curves of power
output and distortion against load resistance for a single 616 under
typical operating voltages with grid swing equal to the grid bias. In
order to reduce nonlinear distortion, beam power tubes are usually
used in push-pull circuits (see Sec. 7-31). Inverse feedback may also be
used to advantage.

7-20. Screen Dissipation of Tetrodes and Beam Pentodes.—The large
increase of sereen current of power tetrodes and beam pentodes as the
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plate voltage swings to low values necessitates precautions to ensure
that the allowable screen dissipation is not exceeded. The dynamic
screen-current curve may be constructed in a manner analogous to that
illustrated in Fig. 4-28 for control-grid current. The screen dissipation
under excitation may then be found by taking the product of the direct
screen voltage and the average screen current, determined graphically
from the dynamic screen-current characteristic. For the degree of
accuracy ordinarily required in the determination of screen dissipation
the average screen current may be found by the use of Eq. (4-29), I
being the screen current corresponding to the control-grid and plate
voltages at the positive crest of exciting voltage, I being replaced by
the quiescent value of screen current, and I, being zero.

Because of the reduction of minimum plate voltage with increase of
load, the maximum and average screen currents increase with plate load
resistance. Screen dissipation thus limits the maximum load resistance
that can be used. It is important to note that the load should never be
removed from the secondary of the output transformer of a tetrode or
beam pentode, as the resulting increase of effective load impedance may
result in damage to the tube because of excessive screen dissipation. For
the same reason the plate voltage of tetrodes and pentodes should not
be removed without also removing the
screen voltage.

7-21. Turn Ratio of Output Trans-
former.—The loud-speaker or other device
that is to be operated by the power output
of a vacuum tube may have an impedance
that differs materially from the desired
optimum value. In order to correct for
this difference, the turn ratio of the output transformer must be such
that the effective primary impedance of the loaded transformer will be
equal to the required load impedance.

In determining the input impedance of a loaded transformer, leakage
inductance can be taken into account by assuming that the 1nductances
are made up of portions L; and Ls, having perfect coupling (unity coeffi-
cient of coupling), and portions L,’ and L,’, having zero coupling. The
equivalent circuit, neglecting core losses, is shown in Fig. 7-13, in which
r1 and r represent the primary and secondary winding resistances. Solu-
tion of the network equations for this circuit gives for the effective input
impedance

F1g. 7-13.—Equivalent circuit of a-
loaded transformer.

M2p?
T2 + ijz + ij2' + z

2 = & =T +jw(L1 +L1’) +

T (7-52)

where 2 is the impedance of the secondary load.
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Since the coefficient of coupling between L; and L. is assumed to be
unity, M? = L,L,. If the leakage inductance is small or is proportional
"to the number of turns, then L, = n2L,, where n is the ratio of secondary
to primary turns; and so M? = L,%/n2 Substituting this relation in
Eq. (7-52) transforms it into

. L220)2"
P ’ .
2 Ty + Jw(L1 + Ll) + (1‘2 +ij2 T ijzl + z)n2 (7 53)
Equation (7-53) may be written in the form
L . . r_ ijz . COLsz + jw2L2L2' + szz _
=t Joln +jold = i e T ey o (01

In a properly designed transformer the total secondary winding reactance
is so large in comparison with the secondary winding resistance, leakage
reactance, and the load impedance, that only the term jwL: need be
considered in the denominator of the last term of Eq. (7-54). Also, since
Li = Ly/ns, the second and fourth terms cancel. Equation (7-54) then
simplifies to
!
a=r+ s+ o (Ll' + %1) +5 (7-55)
If the resistance and leakage reactance of the windings are small in
comparison with the load, which is true at loads for which the transformer
is designed, Eq. (7-55) reduces to :
z

s = —
3 nt

(7-56)

Equation (7-56) shows that the effective input impedance of the
loaded transformer is equal to the impedance of the secondary load
divided by the square of the secondary-to-primary turn ratio. It should
be noted that the validity of this equation rests upon the following
assumptions:

1. Negligible core loss. :

2. Leakage reactance small in comparison with the total winding reactance

3. Winding resistance small in comparison with winding reactance.

4. Load impedance small in comparison with total secondary impedance, but
large in comparison with winding resistances and leakage reactances.

These conditions are satisfied in output transformers and other
impedance-matching transformers. The turn ratio of the output trans-
former should, therefore, be equal to the square root of the ratio of the
effective impedance of the loud-speaker or other load, to the optimum
load resistance. Thus, if the load resistance is 20 ohms and optimum
load for the given power tube is 2000 ohms, the output transformer should
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have a 10 to 1 step-down ratio. Since the impedance and effective
resistance of a loud-speaker or other load vary with frequency, it is
customary in the field of communication to specify impedances at 1000
cps and to match impedances at this frequency. The resulting mis-
matching at frequencies above and below this value causes frequency
distortion which can be prevented by the use of impedance equalizing
networks, similar to that discussed on page 242, or by inverse feedback.

If the primary and secondary winding resistances are not negligible,
the first two terms of Eq. (7-55) cannot be dropped and it is necessary
to use the more complete expression

._r1+7'2+7‘

+ _7 (7-57)

7-22. Push-pull Power Amplifiers."—In a push-pull amplifier with
transformer—coupled output the instantaneous plate voltage of each
tube varies not only with its own
plate eurrent but, because of coupling
through the primary of the trans-
former, with the plate current of the
other tube. The dynamic transfer
characteristic of each tube is different,

Frg. 7-14.—Push-pull amplifier with therefore, from the dynamic transfer
resistance load coupled through a trans-  characteristic obtained with only one
former having unity turn ratio. tube. For this reason the graphical
analysis of the operation of push-pull power amplifiers is not so simple
as that of single-sided amplifiers. The following treatment is essentially
that developed by B. J. Thompson.?

If the output transformer is assumed to have zero Wmdmg resistance
and leakage reactance and if the small magnetizing current is neg-
lected, the primary and secondary ampere turns are always equal in
magnitude and opposite in sign, and the voltage induced across a given
number of turns is proportional to the number of turns. The analysis
of output transformers given in Sec. 7-21 shows, furthermore, that if the
secondary load applied to such an ideal transformer is nonreactive, the
voltage across the primary is in phase with the primary current and
proportional to it. Well-designed output transformers approximate
these ideal conditions very closely.

Figure 7-14 shows the circuit of a push-pull power amplifier with
transformer-coupled resistance load r.. In order to simplify the analysis,

“‘the secondary of the output transformer will be considered to have the

1 The student should review Sec. 5-10.
2 THOMPSON, B. J., Proc. I.R.E., 12, 591 (1933).
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same, number of turns N as each half of the primary. The effect of
change of transformation ratio will be considered later.

Because the plate currents in the two halves of the primary flow
in opposite directions, the net instantaneous primary ampere turns
are the difference between the ampere turns of the two halves Ni, — N4'.
Since the leakage inductance is assumed to be zero and the circuit to be
symmetrical, this difference must equal N4, the instantaneous value
of the secondary ampere turns. The instantaneous secondary current
is therefore

T = Gy — 4 (7-58)
The secondary voltage is
€r = V’L',J"b = (’Lb - ’I:bl)T‘b (7—59)

But since each half of the primary has the same number of turns as
the secondary and there is no flux leakage, the voltage induced across
each half of the primary is also (% — %')r. If 4 is greater than %',
the direction of these voltages is such as to lower the plate voltage of
tube 1 below Ey and to raise the plate voltage of tube 2. Because the
primary is assumed to have zero resistance, the operating plate voltage
E,, is equal to Ew and the instantaneous plate voltages of the two tubes
are

e = Eyo — (6 — )1s

e’ = Epo 4 (6 — ')1s (7-60)

7-23. Composite Characteristics.—Equations (7-58) to (7-60) show
that the instantaneous load current, voltage, and power, as well as the
tube plate voltages, depend upon the instantaneous values of the differ-
ence between the plate currents of the two tubes and upon the load
resistance. It is to be expected, therefore, that a plate diagram involving
the plate-current difference should be of value in the analysis of push-pull
amplifiers. Since a necessary condition for the complete suppression of
even harmonics is that the amplifier shall be in all respects sym-
metrical, an increase of instantaneous grid voltage of either tube is
accompanied by an equal decrease of instantaneous grid voltage of the
other tube. For an instantaneous value of alternating grid voltage e,,
one grid has a total instantaneous voltage ¢, = E. + ¢,, and the other
e, = E, — e, The sum of the instantaneous grid voltages of the two
tubes is e. + e/ = 2E.. Therefore the diagram should show the varia-
tion of ¢ and e’ with ¢ — 4’ under the condition that the sum of the
grid voltages of the two tubes is always 2E,.. Furthermore, since, as
shown by, Egs. (7-60), the changes of plate voltage of the two tubes
relative to Ey, are equal and opposite, the diagram should be formed in
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such a manner that an increase of plate voltage of one tube corresponds
to an equal decrease of plate voltage of the other tube.

The method of constructing such a diagram is shown in Fig. 7-15a.
The plate characteristics for tube 2 are plotted below those for tube 1,
with a common voltage axis, but with voltage and current scales that
increase in opposite directions. The relative position of the two sets of
characteristics is such that the operating points O and O’ of the two tubes
lie in the same vertical line, and a common point on the voltage axis
indicates Ey, for both tubes. Then curves of % — % vs. ey are plotted
for pairs of characteristics such that e. 4 ¢ = 2E.. Figure 7-15a
shows the method of doing this for the pair of characteristics correspond-
ing to e, = E. + ¢, and e, = E, — ¢, Any point X on this composite

iy
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Fia. 7-15.—Methods of constructing composite plate characteristics.

characteristic is located by making the vertical distance PX equal to the
distance PU minus the distance PW. - If 4’ exceeds %, PU minus PW
is negative and X lies below the voltage axis. It is not actually necessary
to use the second set of plate characteristiés in order to construct the
composite characteristics. If preferred, a single family of characteristics
may be used, as shown in Fig. 7-15b. At various values of Aes, the
distance P’'W, corresponding to the plate voltage Es + Ae, and the grid
voltage E, — Ae, is subtracted from the distance PU corresponding
to the plate voltage Ei — Ae, and the grid voltage E, — Ae.. Although
triode characteristics are shown in Fig. 7-15a¢ and pentode characteristics
in Fig. 7-15b, either method of construction may be used for any type of
tube, the procedures being independent of differences in the shapes
of the characteristics.

The composite characteristics of triodes for values of E, corresponding
to Class A operation are usually nearly straight and parallel. They may
be approximated by locating the point on each plate characteristic of one
tube corresponding to cutoff for the other tube and joining these points
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with a straight line. For high values of bias the composite triode char-
acteristics may be appreciably curved. In Fig. 7-16 are shown the
composite characteristics for type 45 triodes at an operating plate
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Fia. 7-16.—Composite plate characteristics for the type 45 power triode at two values of

grid bias.
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Fiq. 7-17.—Composite plate characteristics for the type 47 power pentode at two values of
grid bias.

voltage of 180 volts, and —50- and —40-volt grid bias. The composite
characteristics of pentodes do not approximate straight lines, as may be
seen from the suppressor- and beam-pentode characteristics of Figs. 7-17
and 7-18.
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It is evident from the method of deriving the composite character-
istics and from Fig. 7-16, that, when the two tubes are alike and the
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Fi6. 7-18.—Composite plate characteristics
for the type 6L6 beam power pentode.

7-24. Load Line.—Let 4 — %/,

circuit is symmetrical, the com-
posite plate diagram is sym-
metrical about ‘the voltage axis.
Furthermore, the load line passes
through only the second and fourth
quadrants. For these reasons,
only the portion of the diagram
lying in the second quadrant need
be constructed. If the tubes are
not identical, the composite plate
diagram is not symmetrical about
the voltage axis, and both the
second and the fourth quadrants
must be used.

e, and e’ be any simultaneous

instantaneous values of current difference and plate voltages assumed

Fia. 7-19.—Composite plate diagram.

during the cycle with a given load 7 and operating plate voltage Epo.
The corresponding point is indicated by X in Fig. 7-19. A straight line
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is drawn through this point and the point @ on the voltage axis cor-
responding to Ei.. The following relations are evident from Fig. 7-19
and Eq. (7-60):

PX =4 — 4 (7-61)
PQ = Ey, — & = (is — &)1 (7-62)
PX -1

Q= n (7-63)

Since % — 1’, e, and ¢’ are any simultaneous instantaneous values
assumed during the cycle, it follows that the straight line through @
having a negative slope equal to 1/r; represents the locus of all cor-
responding values of current difference and plate voltage with' the
given load and operating voltages. Furthermore, Eq. (7-58) shows that
the current difference at any point is also equal to the load current 7,
and Eqs. (7-59) and (7-62) show that P@, the change in voltage relative
to Ey,, 1s equal to the load voltage e..
Therefore the line MQN is also the
locus of all corresponding values of
instantaneous alternating grid voltage
and secondary load current and volt-
age and is called the load line. These
values of load current and voltage are,
of eourse, measured relative to Q.

7-25. Path of Operation of Each
Tube.—Because the instantaneous plate
voltage of each tube is dependent not
only upon its own plate current but
also upon that of the other tube, the
effective load on each tube varies o:p"g;‘g %’n /
throughout the cycle, and the path of “7se?
operation of each tube is curved. The Fia. 7-20.—Triode composite plate
individual paths of operation may be diagram showing the individual paths
obtained by plotting correspondlng of operation of the two tubes.
values of 4, and e, and of 4 and ¢’ determined from the composﬂ:e plate
diagram. The method of constructing individual paths of operation is
illustrated in Fig. 7-20, which shows typical triode paths. It is of
interest to note that the curvature of the path of operation of each tube
is such that the curvature of the dynamic transfer characteristic of each
tube is greater than it would be if the tube were used by itself with
constant load resistance.

T-26. Graphical Determination of Harmonic Content and Power
Output.—A dynamic characteristic of load current vs. alternating grid
voltage may be derived from the composite plate diagram by plotting
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simultaneous values of ¢, and ¢, determined from the intersections of the
load line with the composite characteristics. Figure 4-26 shows such a
characteristic and illustrates its use in determining the wave form of the
load current. The dynamic characteristic may be used for harmonic
analysis of the load current. Since the characteristic is symmetrical,
Eqgs. (4-34), (4-35), or (4-36) may be used. These equations may also
be used to determine the amplitudes of the various components of load
current directly from the composite plate diagram, in the same manner
as for a single tube (all currents being measured relative to the voltage
axis). In Fig. 7-17b, for instance, 3, and ¢; at full grid swing are the
currents corresponding to the intersection of the load line with the
composite characteristics for ¢, = 12 volts and e, = 24 volts, respec-
tively, or 35 ma and 62 ma.” Hence Eqs. (4-34) show that

H, = %(62 + 35) = 64.7 ma,

and H; = (62 — 70) = —2.7 ma.

The fundamental power output may be computed from the graphically
determined valué of H,. If the third and fifth harmonics are small,
however, as is true for Class A triode amplifiers, little error is introduced
by assuming that the amplitude of the fundamental component of
load current is the crest instantaneous load current I,. determined by
the intersection of the load line with the composite characteristic- cor-
responding to the crest value of the instantaneous alternating grid
voltage. At full grid swing this is the current corresponding to the
point M in Fig. 7-19. Then the power output is approximately

Py = §lm’ry = $lrmBrm (7-64)

It can be seen from Fig. 7-20 that the increase of plate current of each
tube when its grid swings in the positive direction is greater than the
decrease when the grid swings in the negative direction. The average
current, therefore, increases with excitation. The average current Iy,
for one tube can be found by applying one of the formulas of Chap. 4
to the path of operation of one tube. (Note that Iy; = Is,.) The power
input to the plate circuit is

- P; = 2Byl = 2Es.0a (7-65)

An approximate expression for power input can be obtained by using
Iy, in place of I,. ,

7-27. Class AB Push-pull Operation.—In push-pull amplifiers
with fixed grid bias there is no abrupt increase of amplitude distortion
when the bias is increased beyond the limiting Class A value, as the
student may show by graphical analysis of composite plate diagrams at
various values of grid bias. When bias is obtained by the use of a
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cathode resistor, however, rectification caused by the interruption of
plate current in each tube during a portion of the cyele in Class AB
operation causes the average plate current to increase at high excitation.
This tends to overbias the grids and raise the nonlinear distortion.
Distortion is also augmented by the lowering of operating plate voltage
if the B-supply regulation is high. The increased distortion is particu-
larly noticeable with triodes. Even with self-biased triodes, however,
the bias may be increased considerably beyond the limiting Class A
value without raising the distortion to excessive values. At a given
operating plate voltage, this increase of bias reduces the operating plate
current and thus decreases the plate dissipation and increases the plate-
circuit efficiency. At a given plate dissipation it allows the use of higher
plate voltage and consequent development of ;
greater power output at higher efficiency. |.
For this reason Class AB bias is usually used [
in push-pull amplifiers, in preference to Class
Al bias.

7-28. Optimum Operation of Class Al and
Class AB1 Push-pull Triode Amplifier.—The’
shape of triode composite characteristics is
such that the harmonic content in'Class Al
and fixed-bias Class AB1 operation is small
except at very low values of load resistance. o,
For this reason the grid swing and power out- ‘b
put are not limited by allowable distortion, Fie. 7-21.—Idealized tri-

! . . . N . ode composite plate diagram
as in single-sided amplifiers. Full grid swing ysed in determining theo-
is equal to the grid bias, and optimum load ::;:‘s’f;n%{e’tlm“m Class A load
resistance for given operating voltages is that )
which gives the greatest power output at full grid swing. :

The theoretical optimum load resistance for triodes in Class Al or
fixed-bias Class AB1 operation at given operating voltages can be deter-
mined from the idealized composite plate diagram of Fig. 7-21. In Fig.
7-21 the composite static plate characteristics are assumed to be straight,
parallel, and equidistant. If r,, is defined as the reciprocal of the slope
of the composite characteristics,

- fom (7-66)

Tpp = o —=1Im
Substituting ¥iq.-(7-66) in Eq. (7-64) gives
P, = 3rpp(In — Im)Irm (7-67)
P, is maximum when dP,/dI,, = 0, or '
I, =21, {7-68)
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and

Erm
Top = A Ty (7-69)

Equation (7-69) states that the optimum load resistance is equal to
the composite plate resistance, the latter being defined as the reciprocal
of the slope of the composite characteristics. Inasmuch as the com-
posite characteristics are not strictly straight and parallel, r,, may be
defined more specifically as the reciprocal of the slope of the composite
characteristic for ¢, = 0 at the point at which it crosses the voltage axis.
This may be stated symbolically by the relation

1 [a(i,, — @)

dey :]% =5 and ¢;=0 (7-70)

Tpp
Optimum power output is obtained when the slope of the load line is
equal in magnitude to the slope of the composite characteristic corre-
sponding to e, = 0 (e, = E,) at their point of intersection.

7-29. Limiting Class Al Triode Operation.'—Because the large
variation of average current with signal amplitude in Class AB ampli-
fication increases the difficulty of maintaining constant operating volt-
ages, it is sometimes of advantage to be able to determine the highest
grid bias that can be used in Class Al push-pull operation. At this bias
the minimum instantaneous plate current of each tube is just equal to
zero when the grid swing is equal to the bias. The theoretical value of
this limiting bias at optimum load can be determined for triodes from
Fig. 7-22 by assuming that the static characteristic corresponding to
zero grid voltage follows a §-power law, which is approximately true for
most power triodes. Under this assumption,

5 =Ae for e, =0 (7-71)
LoD sge for =0 772
Tp deb 2 d 0 Ce ( )

Dividing Eq. (7-71) by Eq. (7-72) gives

Wy = 36 for e. =0 (7-73)
At M, where 4 = I,, and e, = Euum, the composite static plate charac-
teristic joins the static characteristic for tube 1, and the value of r, at

that point is equal to r,,, the reciprocal of the slope of the composite
characteristics. Hence, evaluating Eq. (7-73) at M gives

Irmrpp = %Emin (7-74)

1 The author is indebted to Mr. W. R. Ferris of the RCA laboratbries for the
derivations in this section.
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But, since Emin = Ey — Imry-and, for optimum output, rpp, = 1,
Irmrpp = Ebo - Emm
'Combmmg Egs. (7-74) and (7-75) gives
E - Emm = Emin
and ,
Emin - 0-6Ebo
Erm = Ebo - Emin = 0-4Eba

At N the plate and grid voltages of tube 1 have the values

&p = Ebo + Erm = Ebo + 0-4Ebo = 1.4:Eb0
e, = 2K,

255

(7-75)

(7-76)

(7-77)
(7-78)

(7-79)
(7-80)

Since the plate current of tube 1 is zero at point N under maximum
Class Al bias, a grid voltage equal to twice the grid bias gives cutoff at a

ip ”
. N ©
u
--------- Epg i/ v o
. [T Emin T < B PoA
A | ¥
VARNY/S
!Irm i
! Q |
Y S !
|
|
((,U
\//q' © !\I/
QIZ N <
iy

Fia. 7-22 —Ideahzed compos1te pla’ce diagram of triodes with optimum load resistance and
maximum Class Al bias.

plate voltage 1.4Ew. Therefore the limiting value of E, for push-pull
Class Al operation of triodes is one-half the value that reduces the plate
current to zero at a plate voltage equal to 1.4E,,. Because of variation
of amplification factor, the value determined in this manner is not exactly
equal to the value that results in plate-current cutoff at a plate voltage
of 0.7Ew. The error, however, will usually be less than 5 per cent if the
limiting Class Al blas is determlned from the formula

Ebo

B = 077 (7-81)
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This value of bias gives the highest plate-circuit efficiency that can be
obtained in optimum push-pull Class Al operation of triodes.

Optimum power output and load resistance of triodes at the limiting
value of Class Al bias can be determined without constructing composite
characteristics.. By using Eq. (7-77), it can be seen from Fig. 7-22 that
I., is the plate current of one tube at the plate voltage 0.6E;, and zero
grid voltage. Optimum power output may be found by substituting
this value of I, in the following equation, which is derived by substituting
Eq. (7-78) in Eq. (7-64):

Optimum P, = 0.21,,.F%, (7-82)

Optimum secondary load resistance is équal to the reciprocal of the slope
of a line drawn through the point Ep, on the voltage axis, and the point
e = 0.6E, on the zero-grid-voltage characteristic of one tube. This is

0.4E,,

Optimum r, = T

(7-83)

7-30. Push-pull Class Al Triode Power Output in Terms of Operating
Plate Voltage.—An expression for optimum power output of push-pull
triodes in terms of operating plate voltage can be derived from the plate
diagram of Fig. 7-22.

B, — E, = distance YQ = YS 4+ SQ

= Irmrpp + Irmrb (7_84)
By, - E,
I =20 (7-85)

Substitution of Eq. (7-85) in Eq. (7-64) gives

(Bvo — Ey)*rs
2(rpp + 1)

For optimum power output, 75 = 75y, and for maximum Class A1 bias,
E, = E,, — 0.8E;, = 0.2E,,.

. Byt

Optimum P, == 0.08 —

pp

Full P, = (7-86)

(7-87)

The principal value of Eq. (7-87) lies in the fact that it shows the manner
in which the power output depends upon the operating plate voltage
and upon plate resistance. r,, decreases with increase of steepness of
the static plate characteristics. Therefore, triodes used in Class A push-
pull power amplification should have low plate resistance.

7-31. Suppressor and Beam Power Pentodes in Push-pull Operation.
It can be seen from the composite plate diagrams of Figs. 7-17 and 7-18
that the shape of composite pentode characteristics is not such as to
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allow Eq. (7-69) to be applied. Distortion rapidly becomes prohibitive
as the load resistance is increased beyond the value for which the load
line intersects the composite characteristic for full grid swing at the knee.
The characteristics fall so sharply at plate voltages lower than that
of the knee that the power output also begins to decrease as the load
resistance is increased beyond this value. The load lines shown in Figs.
7-17 and 7-18 represent approximately the limiting load resistances
beyond which the distortion rises sharply and little or no increase in power
output is obtained. '

Comparison of Figs. 7-17 and 7-18 shows clearly that the minimum
plate voltage of the beam power tube can be reduced to a lower percentage
of the operating voltage than that of the suppressor pentode without
producing excessive distortion. This makes for higher plate-cireuit
efficiency and higher output at a given plate dissipation. The composite
characteristics of the beam pentode are also seen to be more evenly
spaced than those of the suppressor pentode, so that distortion can be
made much lower with the beam pentode than with the suppressor
pentode. Two 6L6 tubes in Class Al push-pull operation are capable of
delivering an output of 14.5 watts with a distortion factor of only 2 per
cent and a plate efficiency of 41.5 per cent.

7-32. Summary. Push-pull Operation.—A complete analysis of the
operation of tubes of a given type in a push-pull amplifier with an output
transformer of unity turn ratio between the secondary and each half of
the primary may be made by constructing composite plate diagrams for
various values of operating plate voltages. The amplitudes of the fun-
damental and harmonic components of the load current may be deter-
mined by applying Eqgs. (4-34), (4-35), or (4-36) to the plate diagrams or
to transfer characteristics of load current vs. instantaneous alternating
" grid voltage derived from the plate diagrams.

Optimum load resistance for triodes in Class Al or Class AB1 opera-
tion is that corresponding to a load line whose slope is equal in magnitude
to that of the composite characteristics. For pentodes, optimum Class
Al or Class ABI1 load resistance is approximately that corresponding
to a load line which intersects the composite characteristic corresponding
to positive crest alternating grid voltage just to the right of the knee, the
exact value being influenced by the allowable nonlinear distortion.

Optimum load resistance and power output for triodes with maximum
Class Al bias may be quickly determined without construeting composite
characteristics by substituting in Eqs. (7-82) and (7-83) the plate current
determined from the zero-grid-voltage plate characteristic of one tube
at a plate voltage of 0.6E,.

7-33. Turn Ratio of Output Transformer. Plate-to-plate Load.—
The foregoing analysis was based upon a transformer having unity turn
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ratio between half the primary and the secondary. For any other turn
ratio the load must be transformed into an equivalent load at unity
turn ratio, and this equivalent load must be used in determining the slope
of the load line and the power output. The analysis of Sec. 7-21 shows
that the equivalent unity-turn-ratio load 75 is equal to r/n2, where r is
the actual secondary load and n is the turn ratio of the secondary to each
half of the primary. Usually the optimum value of r, is determined
graphically or experimentally, and r is the known resistance of the loud-
speaker or other load. The transformer turn ratio is then chosen so that

nt = (7-88)

Fl=

It is common practice to specify the optimum plate-to-plate load, rather
than the optimum unity-turn-ratio load. A plate-to-plate load is a load
connected across the primary from plate to plate. Since the total
number of primary turns is 2N, a load connected from plate to plate has
the same effect as though it were connected across a secondary having
2N turns. For such a transformer # is 2, and so -

ry, = ’—il’, (7-89)
where 73 1s the plate-to-plate load. Hence the optimum plate-to-plate
load is four times the optimum unity-turn-ratio load.” For an optimum
plate-to-plate load ry and an actual secondary load r, the turn ratio must
be chosen so that

nt = 3 (7-90)
Tvbp : .
Problems

7-1. Construct a ‘‘power-output rule” for 5 per cent second harmonie.
7-2. a. Neglecting the shift in operating point with excitation, locate the optimum
operating point for a 45 triode operated at a plate voltage of 200 volts.. The load is
nonreactive and is coupled to the tube through a transformer of small primary
resistance. The allowable plate dissipation is 10 watts, and the allowable second--
harmonic content is 5 per cent.

b. Locate the optimum load line.

¢. Determine the optimum power output graphically.

d. From the load line find the optimum load resistance.

e.. Determine the plate resistance at the operating point.

J. Using the values of r, and 7, found in (¢) and (d), find the optimum.power
output by meang of the equivalent plate circuit.

g. Check the optimum power output by means of Eq. (7-21).

h. Find the power input to the plate circuit, and the plate efficiency. Use the’
graphically determined value of power output.

. Find the power sensitivity, using the graphically determined value of optimum
power. -
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j- If the resistance of the load across the secondary of the output transformer is
40 ohms, find the correct transformer ratio.

7-3. Repeat Prob. 7-2, using an operating plate voltage of 300 volts.

7-4. Determine the optimum operating voltages, load, and power output of a type
45 triode at unspecified operating plate voltage, an allowable plate dissipation of 9
watts, and an allowable second-harmonie content of 5 per cent.

7-5. In the diagram of :Fig. 7-23 are shown idealized triode and pentode char-
acteristics for the same operating voltages and currents. Both sets of characteristics
are assumed to be straight, parallel, and equally spaced, and the pentode character-
istics are assumed to be parallel to the-voltage axis to the right of the knees. I is
assumed to be zero for both tubes. " By means of this diagram show that a triode
which operates at the same. plate voltage as a pentode and delivers the same power

iy ec=0  E 2E,
ZIbO___ | // /ec=0

1

|
Tho ; 9 c

1 ' /

W

e
Emin. Ebo ®

Fi1a. 7-23.—Diagram for Prob. 7-5.

output at the same efficiency and power sensitivity would have to have a transcon-
ductance whose value is approximately (2Es, — Emin) /Emin times that of the pentode,

7-6. a. Construct composite characteristics for type 6F6 tubes connected as
triodes, operating at a plate voltage of 250 volts and a grid bias of — 30 volts.

b. Draw theload line for optlmum load, and determine the optimum plate-to-plate
load resistance.

c. Find the percentage H; and percentage H; at full grid swing.

d. Find the power output for two tubes.

e. Find the plate efficiency.

f. Find the required transformer turn ratio if the secondary load is 50 ohms,

g. Plot the path of operation for one tube.
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CHAPTER 8
CLASS B AND CLASS AB2 AMPLIFIERS

The distinguishing feature of Class AB, Class B, and Class C amplifiers
as a group is that plate current in individual tubes does not fiow during
the whole cycle.! Class B and Class C operation were originally used in
radio-frequency amplifiers. Later it was shown that the high power
output and efficiency of Class B operation could also be attained without
excessive distortion in audio-frequency amplifiers.2 More recently Class
B audio power amplifiers have to a great extent been displaced by Class
AB amplifiers using beam power tubes, which give much lower amplitude
distortion and operate at pnly slightly lower efficiency. Class B opera-
tion now finds its principal application in r-f amplifiers; in battery-
operated a-f power amplifiers, where low power consumption is essential;
and in high-power a-f power amplifiers used to supply signal excitation
in linear plate modulation. Class C operation, as explained in Chap. 5,
can be used only in r-f amplifiers.

8-1. Class B Audio-frequency Amplifiers.—Because a tube that is
used in Class B amplification passes
plate current during only approximately
half the cycle, Class B audio amplifiers
must employ two tubes in push-pull in
order to prevent excessive distortion.
The composite plate diagrams discussed
in the preceding chapter are applicable
to the analysis of Class B amplifiers.
Since the static operating plate current
is small, if not actually zero, the com-
posite portions of the plate characteris-
tics take up a relatively small portion of Fia. 8-1.—Composite plate dia-
the whole curves, as shown in Fig. 8-1, Sg’h‘;alyf‘l’;sttrﬁ‘;iezut:?‘;aligifi bias
and only at very small signal voltages
does the path of operation intersect these composite curves.

The advantages of Class B operation over Class A operation in audio-
frequency power amplifiers are the higher plate-circuit. efficiency and the
resulting higher power output that can be attained with tubes of a given

1 The student should review Sec. 5-15.
* BartoN, L. E,| Proc. I.R.E., 19, 1131 (1931); 20, 1035 (1932).
261
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size and with power supplies of a given capacity. The principal disad-
vantage is the much greater nonlinear distortion. Furthermore, full
advantage of the capabilities of Class B amplification is obtained only
when the grid swing is so great that grid current flows during a consider-
able portion of the cycle. The flow of grid current and the associated
expenditure of power in the grid circuit are disadvantages that result
in a number of design problems. These and other desigh problems will
be discussed in detail in Sec. 8-9.

The greatest plate-circuit efficiency is obtained if the grids are actually
biased to cutoff, reducing the static operating plate current and static
plate power dissipation to zero. Under this condition of operation only
one tube at a .time carries current, and the plate-circuit diagram reduces

<G eC
Fia. 8-2.—Composite plate diagram for Fic. 8-3.—Dynamic transfer character-
triodes biased to cutoff. istic corresponding to the plate diagram of
Fig. 8-2.

to that of Fig. 8-2. The dynamic transfer characteristic corresponding
to Fig. 8-2 for the two tubes is of the form shown in Fig. 83. It is
apparent that the relation between plate current and grid voltage is far
from linear and that bad distortion will result. If, on the other hand,
the grid bias is made sufficiently less negative than the cutoff value (as in
Fig. 8-1) so that those portions of the dynamic transfer characteristics
which are approximately straight fall on a common line, as in Fig. 8-4,
then distortion will be greatly reduced.

The resultant dynamic curve of load current »s. alternating grid
voltage for that portion of the eycle during which both tubes pass current
cannot be obtained by adding the currents of the two individual dynamic
characteristics of Fig. 8-4. These dynamic characteristics are drawn
under the assumption that the instantaneous plate voltage of each tube
depends only upon the plate current of that tube, whereas, as shown in
Chap. 7, it depends upon both plate currents. The resultant dotted
portion of the dynamic transfer characteristic in Fig. 8-4 must be derived
by the method explained for push-pull amplifiers in Sec. 7-23. It is
generally slightly S-shaped, as shown in Fig. 8-5. At high excitation this



Sec. 82| CLASS B AND CLASS AB2 AMPLIFIERS 263

curvature is relatively unimportant, but at low excitation it results in
appreciable nonlinear distortion.

L
b b
— 4
g
Fia. 8-4.—Dynamic transfer character- F1e. 8-5—Dynamic transfer character-
istic corresponding to the plate diagram of istic at small values of grid swing. (¢ is
Fig. 8-1. measured relative to E;.)

8-2. Class B Characteristics.—Because the path of operation is not
restricted to the negative grid-voltage region in Class B amplifiers,
problems of Class B amplifier design involve not only the plate charac-
teristics, but also the grid characteristics. In Fig. 8-6 are shown static
curves of 7, and 7, vs. e, for a type 46 tube.! The dynamic transfer charac-
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Fia. 8-6.—Static plate characteristics and plate-grid transfer characteristics for type 46
tube, connected for zero-bias Class B operation (grids tied together).
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teristics and the dynamie grid characteristics, which are shown in Figs.

8-8 and 8-9, may be derived from the static characteristics by methods

outlined in Chaps. 4 and 7. Figure 8-7 shows composite plate charac-

teristics used for deriving the dynamic characteristics at low grid swings.

At higher alternating grid voltage the load lines of Fig. 8-6 determine

directly corresponding values of 4, and e, for the given loads; they also
! The type 46 tube is designed to operate with zero bias in Class B amplifiers.
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determine simultaneous values of e, and e. that can be used in Fig. 8-6
to pick simultaneous values of 7, and e. for the dynamic grid characteris-

Type 46 tube
o Epp=400v.

N
ur

[~
(@]

o

(6]

Plate Current,Milliamps.
o

8
Fra. 8-7.~—Composite plate characteristics at zero bias for type 46 tubes connected for
Class B operation (grids tied together).
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Fic. 8-8.—Dynamic transfer character- Fig. 8-9.—Dynamic grid character-
istics of type 46 tube in zero-bias Class B  istics of type 46 tube in zero-bias Class B
operation. operation.

tics of Fig. 8-9. 'The slope of any load line is the reciprocal of r;, 7.e., of
1r, where 1y 1s the effective plate-to-plate load resistance.!

1 Except at low grid swings, only one tube at a time passes current and so the
effective load per tube is 7, = iru. ’
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The bending over of the dynamic transfer characteristics at high
positive grid voltages results from diversion of electron current from plate
to grid. For a given value of grid voltage, the grid current, and hence
the loss of plate current, are greater the lower the plate voltage. Since
! voltage drop in the load resistance lowers the instantaneous plate voltage,

" the diversion of current from plate to grid is greater for higher load
resistances, and therefore the bending of the dynamic transfer charac-
teristics increases with load resistance. '

8-3. Harmonic Content.—Equations (4-35) or (4-36) or other more
accurate methods of harmonic analysis may be used in determining the
amplitudes of the fundamental and the third- and fifth-harmonic currents.
It should be noted that, although the push-pull circuit prevents the
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F1a. 8-10.—Per cent third harmonic as a Fia. 8-11.—Distortion factor as a func-
function of grid swing. Type 46 tubes in  tion of grid swing. Type 46 tubes in zero-
zero-bias Class B operation. bias Class B operation.

appearance of even harmonics or steady components in the output, the
plate current of each tube contains a large steady component and that
the average plate-supply current is the sum of the average currents of the
two tubes. The high-order harmonic content of the plate-current wave of
each tube is so great that the five- and seven-point methods of graphical
analysis of Chap. 4 do not give accurate values of average plate current.
The average plate current may be found by the use of more accurate
selected-ordinate analyses, or by determining the average ordinate of the
plate-current waves constructed from the plate diagram or dynamic
transfer characteristic.

Figure 8-10 shows curves of per cent third harmonie derived from
the dynamic transfer characteristics of Fig. 8-8 by the use of Eqs. (4-34),
(4-35), or (4-36). As explained in Sec. 4-15, the algebraic sign of the
harmonic amplitude is merely an indication of the phase relation between
the fundamental and the harmonic. When the load current is repre-
sented by Eq. (4-22), the numerical value of H; will in general be negative
if the curvature of the transfer characteristic is predominantly convex
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upward, and positive if the curvature is predominantly concave upward.
‘The reduction of harmonie content with grid swing at grid swings below
30 volts and-reversal to substantial negative values results from the S
curvature of that part of the dynamic transfer characteristic which is
shared by both tubes.

Distortion.—Figure 8-11 shows curves of distortion factor, as defined
by Eq. (4-38), the third and fifth harmonics, only, being considered.

8-4. Power Output.—Accurate determinations of Class B power
output must be made either experimentally or by substituting graphically
determined values of fundamental plate-current amplitude in the relation

P, = 1H%, (for two tubes) (8-1)

in which r;, is the effective load resistance per tube (one-fourth the
effective plate-to-plate load resistance). Figure 8-12 shows curves of

power output of two tubes as a function

%0 of grid swing. These curves were derived

25| by substitution in Eq. (8-1) of values of

20 H, determined by the application of Egs.

£ rp=500042+ (4-35) to the dynamic transfer character-
S5 gggg s istics of Fig. 8-8.

o0 | 25004 000 —] Approximate expressions for power

‘ 1500 output can be derived under the assump-

5t *+1000 tions that the tubes are biased to cutoff,

0 so that Iy, is zero, and that the distortion

h - ]
0- "’Grigoswf’;% i X €9 is negligible. The wave of plate current
F16. 8-12—Power output as a o.f each tube thel} approximates a half
function .of grid swing. Type 46 sine wave of amplitude I,», and the two
tubes in zero-bias Class B operation. tubes combine to give sinusoidal output
as shown in Fig. 5-20. The approximate power output is

Po = 3,y = M pmBlpm  (for two tubes) (8-2)

Since the current wave of each tube is assumed to be a half sine wave and
since the average value of a half sine wave, averaged overthe whole cycle,
is the crest value divided by =, the average plate current of each tube is
Lo
I ba — —7|'— (8‘3)
Substituting Eq. (8-3) in Eq. (8-2) giﬁfes for- the approximate power
output .

P, = 4.941.%r (total power in terms of average
current of one tube) (8-4)
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The value of Eq. (8-4) lies in the ease with which approximate laboratory
measurements of power output of tubes in Class B amplification can.be
made by the use of a d-¢c milliammeter. In Fig. 8-13 is shown a simple
circuit which may be used for this purpose. The power output is half
as great as with two tubes, so the power output in the circuit of Fig. 8-13
is given by

P, = 24712 (for one tube) (8-5)

Equations (8-2) to (8-5) cannot be |
applied with accuracy when the path of Vg
operation extends beyond the knee of the
dynamic transfer characteristic.

8-b. Power Input, Plate Dissipation,

and Plate-circuit Efficiency.—The power Fio. 813 Cirouit for the ap-
input to the plate circuit is proximate measurement of power
: output of tubes in Class B

P; = 2B, 1, (8-6) operation.

where I, is the average plate current of one tube. An approximate
expression for the power input is obtained by substituting Eq. (8-3) in
Eq. (8-6), giving

P; = ;—2'_ Ebepm (8'7)
The approximate plate dissipation is
P, =P — P, = 3I,n (f*ifi” _ E,,m> (8-8)

The approximate plate-circuit efficiency is found by combining Eq. (8-2)
and Eq. (8-7).

_ 7 By _ 0.785E,,
4 bb Ebb

(8-9)

Equation (8-9) shows that the plate-circuit efficiency of an ideal
distortionless Class B amplifier increases with alternating plate-voltage
amplitude and that the maximum theoretical efficiency would be obtained
if the amplitude of the alternating plate voltage were equal to the plate
supply voltage. This would give a value of 78§ per cent. In order to
obtain this maximum efficiency, the tubes would have to be biased to
cutoff, the plate voltage would have to fall to zero at the positive crest
of grid voltage, and the distortion would have to be zero. Although this
condition cannot be attained in practice, practical efficiencies of 60 per
cent or higher are obtained. Because of this high efficiency, plate dissi-
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pation is low, and relatively small tubes can furnish large amounts of
power in Class B amplification.!

8-6. Use of Hyperbolas in the Determination of Approximate Output,
Dissipation, and Efficiency.—For a constant value of power, Eq. (8-2)
represents a rectangular hyperbola. As E,, is measured in a negative
direction relative to Ey, the hyperbola lies in the second quadrant (with
respect to Ey as zero axis) and is asymptotic to the voltage axis and to
the line ¢, "= Ey. The hyperbola for a given power output may be con-
structed by plotting corresponding values of voltage, measured negatively
relative to Ew, and current, whose product is equal to 2P,, as shown in
Fig. 8-14. For a constant value of plate dissipation, Eq. (8-8) also
represents a rectangular hyperbola. I, is infinite when E,»n = 4Ew/x,

) i
| b
|
-— |
[ |
: |
-
3 i
Q i
W |
% !
& ’k-E*I Z, EI=2PP
' eb il 0 i - eb
Plate Voltage  Epb -0274 Epp, Ebb
Fia. 8-14.—Class B power-output hyper- Fia. 8-15.—Class B plate-dissipation hyper-
bola. bola.

showing that the hyperbola is asymptotic to the line E,., = 4Eu/r. As
E .. is measured with respect to Ej, this asymptote lies at a distance
Ewp — (4Ew/7) = —0.274E4 from the origin, and the hyperbola is in the
first quadrant (with respect to the line —0.274Ey as zero axis). The
hyperbola for a given value of plate dissipation may be constructed by
plotting corresponding values of voltage, measured positively relative to
ey = —0.274Ew, and current, whose product is equal to 2P,, as shown in
Fig. 8-15. If a number of these hyperbolas are plotted on the plate
diagram, the approximate values of power output, plate dissipation,
and plate-circuit efficiency can be determined at a glance for any load
resistance and grid swing.? Output and dissipation hyperbolas have been
plotted in the plate diagram of the 46 tube in Fig. 8-16. Comparison of
power output read from this diagram with the more accurate values
plotted in Fig. 8-12 shows that values determined in this manner are

1 At 60 per cent efficiency the ratio of output to dissipation is 1.5; at 22 per cent
efficiency it is approximately 0.28. Therefore, at the same plate voltage and with the
same dissipation, one would expect to obtain roughly five times as much power in
Class B as in Class A amplification.

2 DE LA SAaBLONIERE, C. J., Wireless Eng., 12, 133 (1935).
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within 6 or 7 per cent of the correct values if the path of operation does
not extend into the region where the static characteristics cease to be
approximately parallel. It should be noted that the shape and spacing
of these hyperbolas depend only upon the current and voltage scales.
They are not altered by change in tube characteristics, and change in Ey
merely shifts them. Therefore, if they are plotted on transparent paper
they can be used for any tube and plate supply voltage providing that
the static characteristics are drawn to the same scales.
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F1a. 8-16.—The use of hyperbolas in the approximate graphical determination of Class B
power output and plate dissipation.

8-7. Determination of Optimum Load.'—The manner in which the
load resistance of a Class B amplifier is chosen depends upon the
amount of power available from the preceding stage, which is called the
driver. If the available driver power is greatly in excess of the power
expended in the grid circuit of the Class B tubes, then the grid driving
power need not be taken into consideration, and the load resistance may
be chosen so as to give the greatest power output consistent with allow-
able values of distortion, plate and grid dissipation, and maximum peak
plate current. Thus, if the available grid driving power is unlimited,

! The method of analysis discussed in this section is based upon the families of
f-e» and 7-¢, characteristics. An excellent method of analysis based upon the eye.
characteristics at constant plate current and at constant grid current has been
developed by E. L. Chaffee. At present this method is limited in its application by the
fact that e-e. characteristics are not ordinarily available. Those interested in the
design of Class B and Class C amplifiers should refer to Dr. Chaffee’s article, J.
Applied Physics, 9, 471 (1938). See also R. L. Sarbacher, Electronics, December,
1942, p. 52.
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Figs. 8-8, 8-11, 8-12, and 8-16 show that with a load resistance of 2000
ohms (8000 ohms plate-to-plate) type 46 tubes in Class B amplification
will give an output of approximately 30 watts without exceeding 5 per
cent distortion, the maximum allowable peak plate current of 200 ma,
or the maximum allowable plate dissipation of 10 watts per tube. The
required average grid driving power can be determined by taking one-half
the product of the peak grid voltage by the fundamental component of
grid current found graphically from Fig. 8-9 at the chosen load resistance.

The first cost and economy of operation depend among other things
upon the amount of power that must be supplied by the driver. When
cost and economy of operation are primary considerations, it is sometimes
’ ' necessary to choose the load resistance in
such a manner as to give the highest
power output per milliwatt of driver
power, consistent with allowable distor-
tion, dissipation, and peak plate current.
Because the grid current usually rises
rapidly with positive grid voltage, the
peak grid power may be high even though
the average grid power is small. Peak
0 grid power, therefore, rather than average

30 40 50 60 grid power, is the determining factor.

Grid Swing, Volts Curves of optimum power output, opti-

Fia. 8-17.—DPeak grid power as a . . . L
function of grid swing. Type 46 mum load, distortion, grid swing, plate
tubes in  zero-bias Class B ({igsipation, and efficiency as a function
operation. . .

of peak grid power may be derived from
the grid-current, power-output, distortion, and plate-dissipation curves
of Figs. 89, 8-12, 8-11, and 8-16.

The first step is the construction of curves of peak grid power as a
function of grid swing for different values of load resistance. These
curves, shown in Fig. 8-17, are constructed by taking the products of
simultaneous values of crest grid current and grid voltage read from the
curves of Fig. 8-9 and plotting them against grid swing. Then points
on.the power-output curves of Fig. 8-12 corresponding to various constant
values of peak grid power are found by means of the peak—grid-power
curves of Fig. 8-17 and joined, as shown in Fig. 8-18. Thus, Fig. 8-17
shows that for 1-watt peak grid power, the grid swings for 1000-, 2000-,
3000-, and 5000-ohm loads are 48, 44, 39%, and 33% volts, respectively.
These and intermediate values of grid swing determine the 1-watt peak—
grid-power contour of Fig. 8-18. An alternative procedure is to use
Fig. 8-12 in finding points of the peak—grid-power curves of Fig. 8-17,
corresponding to various constant values of power output, and to join
these points. This gives the constant power-output contours of Fig.

[&X]

N

Peak Grid Power, Watts
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8-19. The maxima of the constant peak-grid-power contours of Fig.
8-18 or the minima of the constant power-output contours of Fig. 8-19
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F1c. 8-18.—Power output as a function of grid swing for various values of load resistance 7

and for various values of peak grid power Pyg.

3.0

~
(o4}

g
=}

o

Peck Grid Power, Watts
o

o
o

0
30 25 40 45 50 55 60 65
Grid Swing,Volts

Fig. 8-19.—Peak grid power as a function of grid swing at constant load resistance r, and at
constant power output Po.

determine simultaneous values of peak grid power, optimum power out-

put, optimum load resistance, and grid swing which may be plotted to

give the optimum-power, optimum-load, and grid-swing curves of Fig.



272 APPLICATIONS OF ELECTRON TUBES [Crap. 8

8-20. (The dashed curve of Fig. 8-18 passes through the maxima.)
These values of grid swing may be used to determine the plate dissipation
from Fig. 8-16, and percentage H; and distortion factor from Figs. 8-10
and 8-11. They may also be used in Fig. 8-9 to find the peak grid resist-
ance, which is defined as the ratio of the peak grid voltage to the peak
grid current.

Portions of the curves of Fig. 8-20 that lie to the right of the dotted
line correspond to plate dissipation in excess of the allowable 20 watts
(for two tubes) and so cannot be used. Figure 8-20 therefore shows that
if it is essential to keep peak grid power to a minimum, the greatest
power output that can be developed with 46 tubes is only 22 watts and is
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Fic. 8-20,—Optimum power output, optimum load resistance, peak grid swing, plate
dissipation, percentage Hs, distortion factor, and peak grid resistance as a function of peak
grid power. Type 46 tube in zero-bias Class B operation.

obtained with a load of about 1600 ohms (6400 ohms plate-to-plate).
It is interesting to note, however, from Figs. 8-18, 8-16, and 8-11 that at
this value of power output an increase of load resistance to 2000 ohms
produces only a very small increase of peak grid power and results in an
appreciable reduction in required grid swing and plate dissipation and
in some reduction in harmonic content. The curves of the 46 tube are,
of course, used only for the purpose of llustrating the method of analysis.
The final curves for other types of tubes differ considerably and con-
clusions drawn from the 46 curves do not necessarily apply to other
types of tubes.

8-8. Approximate Determination of Maximum Power under Specified
Conditions of Operation.—A very simple method is available for the
approximate determination of optimum load resistance under any
specified limiting condition of operation, such as allowable peak grid
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power, peak grid current, grid swing, etc.! It is merely necessary to draw
a curve on the plate diagram giving the locus of simultaneous values of
I,mand E,,, that will give the specified peak grid power, grid current, ete.
The optimum load under the specified condition of operation is that
corresponding to the load line whose slope is equal to minus the slope of
the locus curve at their point of intersection. The proof of this is simple.
In Fig. 8-21 let the curve represent the locus of all simultaneous values
of Ipm and E,, that will satisfy the specified limiting condition of opera-
tion. Under the assumptions that the grid bias is equal to the cutoff
value and that distortion is negligible, the power output is

P, = '%I mepm (8'2)

Under the specified limiting condition, the values of I,, and E,, must
correspond to points on the locus. The power is
a maximum when

dpP,

=0 (8-10)
or
Al pm B
Byn 5=+ Tom = 0 (8-11)

Fia. 8-21.—Class B
al pm I pm (8-12) plate diagram, showing

locus of simultaneous
values of Ipm and Epn,
under specified limiting
condition of operation.

dEyn~  Epm

Since I,» and E,, must correspond to points of
the locus and must also lie on the load line,
I y/dE ,m is the slope of the locus at the point of intersection with
the load line. I,./E,. is the glope of the load line. Therefore the
power output is a maximum when the slope of the locus at the point of
intersection is equal to the negative of the slope of the load line. The
student will find it interesting to check values determined in this manner
with the more accurate determinations that have been discussed.

8-9. Problems of Class B Amplification.——A number of special
problems are encountered in the design and operation of Class B ampli-
fiers. These problems and the methods of solving them follow:

1. The variation of power input to the plate circuit with excitation
amplitude necessitates the use of a power supply of low regulation. If
the plate power is derived from batteries, the internal resistance of the
batteries must be low. If the power is obtained from a rectifier, it is
advisable to include in the power supply a voltage stabilizer of the type
discussed in Seec. 14-13 and shown in Fig. 14-22. 1t is essential to use a
rectifier transformer of low regulation, a low-resistance filter, and mer-

t MacrapyYen, K. A., Wireless Eng., 12, 528 (1935); MouroMTsEFF, 1. E., and
Kozanowski, H. N., Proc. I.R.E., 28, 1224 (1935).
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cury-vapor rectifier tubes. Mercury-vapor rectifiers have a low internal
voltage drop which remains practically constant over a wide range of
current. The characteristics of mercury-vapor tubes and the design of
filters are taken up in Chaps. 12 and 14.

2. The flow of grid current in Class B amplifiers necessitates the use
of a C-voltage supply of low regulation, or of special tubes that can be
operated without biasing voltage. Owing to the variation of average
plate current with grid swing and the fact that the tube is biased nearly
to cutoff, cathode biasing resistors cannot be used without great reduction
of power output and production of excessive distortion.

25000 203A

203 A
, Bras
1| 48 plate
L L vo/fage
/’
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T 40,0002 o T
| T 4 S So00v.- -—-- >+
F1g. 8-22.—Circuit for preventing dis- Fig. 8-23.—Practical form of the circuit of
tortion resulting from C-supply imped- Fig. 8-22.

ance.

Because of curvature of the grid-current characteristics and the flow
of grid current during only a portion of the cycle, C-supply regulation
distorts the alternating grid voltage. The simplest method of over-
~ coming this difficulty is by the use of a voltage stabilizer in the output
of the C supply. A voltage-stabilizer circuit designed particularly for
this type of service is discussed in Sec. 14-13 and shown in Fig. 14-24.
A second method was devised by Rockwell and Platts.! Their basic
circuit is illustrated in Fig. 8-22. 7T and T's are the amplifier tubes, and
T3 and T, are auxiliary compensating tubes. R is the resistance of the
C-supply. Without T'; and 7’4, the flow of grid current through R during
the portion of the cycle in which the grids are positive would cause a
voltage drop through R that would distort the alternating grid voltage.
The grid bias of the auxiliary tubes T; and T4 is adjusted, however, so
that plate current starts flowing in one of these tubes at the same instant

tRockwELL, R. J.,, and Prarrs, G. F., Proc. I.R.E., 24, 553 (1936).
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that grid current starts flowing in the corresponding amplifier tube. By
adjustment of P; and P- the plate current of the auxiliary tubes can be
made to increase in approximately the same manner as the grid current of
the main tubes, so that most of the grid current of the amplifier tubes
flows through the auxiliary tubes, rather than through R, and the dis-

tortion caused by the voltage drop through R is reduced. Figure 8-23
shows a practical form of this circuit. By overcompensating, so that the
negative grid bias decreases as the grid swings positive, it is possible to
reduce the distortion caused by the reduction of plate voltage at the
current peaks because of plate supply regulation. Two sets of auxiliary
tubes may be used, one to compensate for grid-supply regulation, and the
other for plate supply regulation. Rockwell and Platts report 2'per
cent distortion in the circuit of Fig. 8-23 at 90 watts output, as compared
with 5.3 per cent distortion with uncompensated battery bias and 9 per

-cent distortion with uncompensated rectifier
bias.

For relatively small power output a num-
ber of special zero-bias Class B tubes have
been designed. Examples of these are the
46, the 79, the 53, and the 6N7. In order
to obtain the required low value of operating
plate current without grid bias, the tubes Plate Voltage, e,

- must be designed to have high ampliﬁcati9n Fio. 8-24—Curvature of
factors. (This follows from principles dis- path of operation of driver re-
cussed in Chap. 3. High amplification fac- ::‘:z"l’faémm variation of effec-
tor is attained by making the shielding of
the grid so great that little field from the plate penetrates to the
cathode. The field at the cathode, and hence the plate current,
is then small at zero grid voltage.) In the 46 tube the high amplification
factor is obtained by the use of two grids, which are connected together
for Class B operation. By connecting the second grid to the plate this
tube can also be used as a Class A amplifier.

3. Power expended in the grid circuit of the Class B tubes requires
the use of a driver stage capable of supplying, without excessive dis-
- tortion, the necessary peak grid-power and the power lost in the coupling
transformer. Because of variation of grid resistance of the Class B tube,
evidenced by curvature of the grid-current characteristic and by the
fact that grid current flows during only part of the cycle, the effective
load transferred to the driver varies during the cycle. If the coupling
transformer has small leakage reactance, the driver output voltage is
in phase with the Class B grid voltage, and the effective driver load
resistance is a minimum at the ends of the path of operation and a
maximum at the middle. - The path of operation of the driver is curved,

Plate Current,iy
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as shown in Fig. 8-24.1 The curvature of the driver load line tends to
flatten the peaks of driver output voltage and thus adds to the dis-
tortion of the Class B stage resulting from bending over of the dynamic
transfer characteristics. This type of driver distortion is reduced by
increasing the optimum driver power relative to the peak grid power
required by the Class B tubes. For this reason it is always best, when
possible, to use a driver whose power rating is sufficiently high 80 that
it is essentially unloaded.

4. The impedance drop in the grid circuit produced by the effective
grid-circuit impedance causes the instantaneous grid voltage to differ
~ from the instantaneous applied excitation voltage. As the result of
lack of proportionality between grid current and grid voltage, this
distorts the grid voltage. Under certain conditions the distortion caused
by resistance in the grid circuit may cancel a portion of the plate-circuit
distortion, but in general grid-circuit distortion increases the total dis-
tortion. By means of a graphical analysis based upon the grid-current
characteristic, McLean has shown that the presence of inductance in the
grid circuit results in the production of high-order harmonics (ninth
and higher) of appreciable magnitude in the grid voltage.? Emphasizing
of the higher harmonics by the inductance is to be expected, since the
inductive reactance is proportional to the frequency.

McLean’s method of analysis consists of constructing a curve of
grid current vs. electrical degrees of the excitation voltage for sinusoidal
excitation of frequency f and analyzing this curve for harmonics up to
the 15th. The grid-current series,

t, = 21, sin 2xnf,

derived in' this manner, is then substituted in the equation
eq = 1oy + L. dl” (8-13)

in which e, is the distortion voltage, r, is the effective grid-circuit resist-
ance, and L. is the total effective leakage inductance of the coupling
transformer, referred to the secondary. 7. is approximately equal to
n’r,, where n is the secondary-to-primary turn ratio of the coupling
transformer, and r, is the plate resistance of the driver [see Eq. (7-56)].
McLean’s work shows the importance of keeping the leakage reactance
of the driver output transformer as small as possible. Sinee 7, = n?,,

1 At small values of instantaneous alternating grid voltage the load on the driver
is principally the primary reactance of the transformer, which tends to make this part
of the path of operation elliptical. Consequently the path of operation may contain
a loop about the operating point.

2 McLEAN, T., Proc. I.R.E., 24, 487 (1936).
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it is evident that the plate resistance of the driver should be as low as
possible and that a step-down transformation ratio should be used to
reduce the effective grid-circuit resistance. High driver output voltage
(measured across the primary of the transformer) is also advantageous,
since, for a given grid swing of the output tubes, the required value of n
varies directly with the driver output voltage, and therefore r, varies
inversely as the square of this voltage. For thisreason it is desirable to
operate the driver amplifier at as high direct plate voltage as possible.

Some writers have contended that the effect of the varying grid
resistance of Class B tubes can be reduced by shunting the secondary
of the driver transformer with a resistance. McLean proved, however,
that the effective grid-circuit impedance, and hence the distortion, is
always increased by loading the transformer.!

The use of inverse feedback in the driver stage instead of step-down
transformation ratios to reduce the effective grid-circuit resistance
has been suggested.? As pointed out on page 207, the terminal imped-
ance of certain inverse-feedback circuits is reduced by negative feedback
in the ratio 1/(1 — AB). The use of negative feedback has the advantage
that inductance-capacitance coupling can be used in place of trans-
former coupling, thus eliminating the objectionable effect of transformer
leakage inductance.

5. Because of secondary emission effects, the form of the grid-current
characteristic varies greatly in different tubes and with tube age. Second-
ary emission tends to increase with: tube age. For this reason it is
often difficult to match tubes closely.  If secondary emission is so great
that the grid characteristic has a region of negative slope, there is danger .
that oscillation of the dynatron type may take place (Sec. 10-22). This
difficulty may be prevented by shunting the grids with small rectifier
tubes biased so that current starts to flow a,t the beginning of the nega-
tive-resistance region.?

6. Distortion resulting from curvature of that portion of the dynamic
transfer characteristic which is shared by both tubes may be high at
small grid swings. At large grid swings the amplitudes of harmonics
introduced by this curvature are small, and the order of the harmonics
is high. Fortunately, the total distortion may be kept within allowable
limits. This type of small-gignal distortion can be controlled to some
extent by tube design and is less in tubes that require grid bias than in -
zero-bias tubes such as the 46. This can be shown by comparison of the
composite plate characteristics of the two types of tubes. As can be

1 See also L. E. Barton, Proc. I.R.E., 28, 557 (1935).

? BageaLry, W., Wireless Eng., 10, 65 (1933); MacFapyeN, K. A., Wireless Eng.,
12, 642 (1935).

¥ McLEaN, loc. cit.
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seen from Fig. 8-7, the composite characteristics of zero-bias tubes are
" constructed by combining static plate characteristics of positive grid
voltage with those of negative grid voltage. Because of differences of
shape and spacing of the curves for positive and negative grid voltages,
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Fia. 8-25.—~Composite plate characteristics of type 207 tubes at small values of grid swing.
Eyo = 13,500 volts; E. = —600 volts.

the composite characteristics are not straight, parallel, or equidistant,
and so the dynamic transfer characteristic is curved at small-signal
voltages. If the tubes operate with appreciable negative bias, on the
other hand, the composite characteristics that are intersected by the

4 _ load line are constructed by combin-
=z ing pairs of static characteristics,

2 | rp=74004-  both of which are for negative grid
=== voltages, and so the composite char-

r,= 320082 __|  acteristics are more nearly straight,

parallel, equidistant lines. Figure
8-25 shows composite characteristics
of the type 207 tube at an operating
plate voltage of 13,500 volts and a
0 'O%r;ofos%v;ngo\901+s4oo 500 negative bias of 600 volts. Figure

Fia. 8-26.—Curves of, per cent Hs 8-26 shows percentage Hs and dis-
and of distortion factor for type 207 tubes  tortion-factor curves at small grid
in biased Class B operation. ' swings derived from Fig. 8-25. The
maximum small-signal distortion is 3 per cent as compared with 5 per
cent for the type 46 tube.

8-10. Driver Transformer Design.—When a Class B amplifier
is designed on the basis of limited grid driving power, the design of the
coupling transformer between the driver and output stages is con-
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siderably more complicated than when the driver is essentially unloaded.
The limited-grid-power design has been discussed in detail in a bulletin
issued by RCA.! When the driver is essentially unloaded, the ratio of
transformation should be chosen so that grid overloading occurs sim-
ultaneously in the driver and output stages (see Sec. 5-2). The voltage
output of the driver should be high enough so that a step-down trans-
former can be used. Leakage reactance should under all circumstances
be kept as small as possible. At signal amplitudes that are so small
that grid current does not flow in the output stage the secondary of the
transformer is unloaded, and principles of Class A coupling transformer
design apply (see Sec. 6-14). To ensure adequate response at low fre-
quency, the primary inductance must be high. In a step-down trans-
former this requirement is not difficult to attain.

8-11. Class AB2 Operation.—The advantages of Class AB1 operation
of push-pull amplifiers were discussed in Chap. 7. Even greater power
output without excessive nonlinear distortion can be obtained by Class
AB2 operation. The advantages of Class B operation are, in fact,
attained in part in Class AB2 operation without some of the Class B
disadvantages. The power output and plate-circuit efficiency, although .
less than in Class B operation, are considerably higher than in Class A
operation. Small-signal distortion is avoided because the tubes operate
Class A at small-signal voltage. The greatly reduced grid driving power
as compared with that in Class B amplifiers simplifies the design of the
driver stage and results in small grid-circuit distortion. Grid driving
power need not be taken into consideration in the determination of
optimum load.

Self-bias may be used in Class AB2 amplifiers, but the large increase
of average plate current causes the bias to increase with signal voltage
and thus reduce the optimum power output. This is clearly shown by
Fig. 827, in which the power output of two type 45 tubes in Class AB2
push-pull operation is plotted against zero-signal grid bias; for fixed bias
operation and for seli-bias operation.? With self-bias the power output
at 5 per cent distortion decreases with increase of zero-signal bias. It
is therefore inadvisable to use higher bias than necessary to keep the
zero-signal dissipation within the allowable limit. The cathode resistor
must be shunted by an ample by-pass condenser. Increase of average
plate ¢urrent with signal amplitude necessitates the use of a B supply of
low regulation in Class AB2 amplifiers. '

An example of the large output that can be obtained with small tubes
and moderate plate voltage in Class AB2 operation is given by the 616
beam- power tube, which will deliver an output of 60 watts (two tubes)

L RCA Laboratory Series UL-L. .
2 RCA application note 40.
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with 65 per cent plate-circuit efficiency (61 per cent including screen-
circuit losses), and 2 per cent total harmonic, at a plate voltage of 400 and
an average grid driving power of 0.35 watt. In Class AB1 operation the
output is 32 watts at approximately 63 per cent efficiency (58 per cent
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FiG. 8-27.—Power output of two type 45 tubes in push-pull operation as a function of grid
bias.

including screen power, 54 per cent including screen and biasing power,
and 45 per cent including also cathode heating power).

8-12. Negative-feedback Class B and Class AB Amplifiers.—The
distortion in Class B and Class AB amplifiers can be greatly reduced by
the use of inverse feedback. A typical Class B amplifier employing
negative feedback is shown in Fig. 8-28.! - Figure 8-29 shows the great
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Fic. 8-28.—Class B amplifier with inverse feedback.

reduction in harmonic eontent that results from the use of negative feed-
back in a Class B amplifier.

8-13. Class C Ampilification.>—An analysis of the theory and des1gn
of Class C amplifiers is beyond the scope of this book. The plate-circuit

1 Day, J. R,, and Russery, J. B., Electronics, April, 1937, p. 16,
2 See Supplementary Bibliography.
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efficiency of Class C amplifiers is higher than that of Class B amplifiers;
measured efficiency of 85 per cent may be attained in practice. Because
plate current flows during only a portion of the cycle, this type of ampli-
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Fia. 8-29.—Amplitude distortion curves for the amplifier of Fig. 8-28, with and without
feedback.

fier is employed only in radio-frequency amplification, where sharply
tuned resonant circuits may be used to suppress harmonies.

Problems

8-1. a. Construet curves similar to those of Figs. 8-8 to 8-12 for type 53 tubes in
zero-bias Class B operation. From these curves determine the optimum plate-to-
plate load resistance, assuming no limitation on grid driving power.

b. From the i.-e, characteristic corresponding to the load found in (a), determine
the fundamental component of grid current by graphical analysis, and from it find the
average grid driving power required to deliver the full power output.

c. Find the plate-circuit efficiency at optimum output.

8-2. Prove that it is impossible to obtain an output of 40 watts in Class B ampli- .
fication from two tubes that have a rated plate dissipation of 5 watts each.

Supplementary Bibliography
Class B and Class AB Amplification

Serrzer, E. E.: Proc. I.R.E., 17, 985 (1929).

ARDENNE, VON, M.: Hochfrequenztech. u. Elektroacustik, 34, 161 (1929).
Farragr, C. L.: Electronics, June, 1932, p. 196.

Scrogair, M. G.: Wireless World, 33, 2 (1933).

NEuson, J. R.: Proc. I.R.E., 21, 858 (1933).

MacrFapyeN, K. A.: Wireless World, 33, 454 (1933).

Traomas, H. P.: Proc. I.R.E., 21, 1134 (1933).

Sam, A. P. T.: Proc. I.R.E., 21, 1616 (1933).

MiLLER, B. F.: Proc. I.R.E., 23, 496 (1935).

Starrorp, F. R. W.: Wireless Eng., 12, 539 (1935).



282 APPLICATIONS OF ELECTRON TUBES

KoErHLER, G.: Electronics, February, 1936, p. 14.

EveriTtT, W. L.: Proc. I.R.E., 24, 305 (10386).
Electronics, November, 1937, p. 43.

Class C Amplification

Fay, C. E.: Proc. I.R.E., 20, 548 (1932).

OssorN, P. H.: Proc. I.R.E., 20, 813 (1932).

Everrrr, W. L.: Proc. I.R.E., 22, 152 (1934).

TermaN, F. K., and Ferns, J. H.: Proc. I.R.E., 22, 359 (1934).

MiLLEr, B. F.: Proc. I.R.E.: 23, 496 (1935).

MouromtsEFF, I. E., and Kozavowski, H. N.: Proc. I.R.E., 23, 752 (1935).

TermaN, F. E.; and Koakg, W. C.: Proc. I.R.E., 24, 620 (1936).

REED, M.: Wireless Eng., 12, 296 (1935).

Scorr, H. J., and Brack, L. J.: Proc. I.R.E., 26, 449 (1938).

Everrrt, W. L.: “Communication Engineering,” 2d ed., McGraw-Hill Book Com-
pany, Inc., New York, 1937.

Terman, F. E.: “Radio Engineering,” 2d ed., McGraw-Hill Book Company, Inc.,
New York, 1937,

Grascow, R. S.: “Principles of Radio Engineering,” McGraw-Hill Book Company,
Inec., New York, 1936.

EastMaN, A. V.: “Fundamentals of Vacuum Tubes,” 2d ed., McGraw-Hill Book
Company, Inc., New York, 1941,



CHAPTER 9
MODULATION AND DETECTION

Transmission of intelligence through space by means of electromag-
netic radiation eannot be accomplished satisfactorily at audio frequencies.
There are several reasons for this: (1) The radiation efficiency of antennas
is very low at audio frequencies, and so the range is small. (2) Efficient
radiation and reception of electromagnetic waves require the use of
antennas and circuits tuned to the frequencies of the waves. The
antennas required at audio frequencies would be impractical because of
their great lengths, and they would not respond equally well to all fre-
quencies in the audio range. (3) If transmission were effected at audio
frequencies, all transmitters would operate over the same frequency range
and so the programs of various transmitters would be heard simultane-
ously at the receiver. These difficulties are avoided by radiating a
radio-frequency wave, the amplitude, frequency, or phase of which is
varied in accordance with the audio-frequency signals that it is.desired
to transmit. At the receiver, the variations of amplitude, frequency,
or phase of the received wave are reconverted into a-f voltages. The
processes of modulation and detection, whereby radio transmission is
made possible, afford two very important fields of application of vacuum
tubes.

9-1. Modulation.—The process whereby some characteristic, usually
amplitude, frequency, or phase, of a sinusoidally changing voltage, cur-
rent, or other quantity is varied in accordance with the time variations
of another voltage, current, or other quantity, is called modulation. The
term carrier is applied to the quantity the characteristic of which is
varied, and the term modulation (signal) to the quantity in accordance
with which the variation is performed. The carrier frequency is the
frequency of the unmodulated carrier. Usually the modulation fre-
quency is considerably lower than the carrier frequency.

Since the sounds of the human voice and of musical instruments
involve a large number of frequencies produced simultaneously, the form
of the modulating wave is rarely sinusoidal. To simplify theoretical
analyses, however, the assumption is generally made that the modulation
is sinusoidal. It is then necessary to investigate also the effects of the
interaction of two or more components of a complex modulating wave in
the modulation process and in the process of reproducing these compo-
nents from the modulated wave.

283
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It will be shown that both the process of modulation and that of
recovering the original modulation frequencies, which is one form of a
more general process called detection (See. 9-10), involve the generation
of frequencies not present in the impressed excitation. The similarity
of the processes of modulation and detection by vacuum tubes is particu-
larly marked in the case of amplitude modulation. They differ mainly
as to the frequencies impressed upon the circuit and the frequencies
- selected from the output by some form of filter.

The production and detection of amplitude-modulated voltages is
accomplished electronically by means of some form of rectifier, which is
a device that gives unequal changes of current in response to changes of
voltage of equal amplitude but opposite sign. - Rectification is said to be
complete if the change in current in response to a change of voltage of
one sign is zero. Complete rectification may be obtained with a device
that conduets in one direction only. Such a device is said to be a perfect
rectifier. Partial rectification takes place either because of curvature of
the current-voltage characteristic of the rectifier, or because of unequal
resistances to flow of current in the two directions. The high-vacuum
diode is an example of a device that may be used to obtain either complete
or partial rectification. When rectification is accomplished by means
of curvature of the characteristic of a rectifier, the characteristic curve is
usually continuous over the range of operation. When this is true, a
series expansion of current in terms of voltage may be used in the theoreti-
cal analysis of the modulator or detector. When the operating point is
at a point of singularity, however, as must be true with. perfect rectifica-
tion, or if the range of operation becomes so great that it includes a
singular point, then other methods of analysis must be employed. For
this reason it is convenient to consider separately modulation and detec-
tion by characteristic curvature and by complete rectification.

Rectification in which the average current of an electrode is changed
by application of alternating voltage to that electrode is called simple
rectification; rectification in which the average current of an electrode is
changed by the application of alternating voltage to another electrode is
called transrectification.

9-2. Amplitude Modulation.—A quantity y varying sinusoidally with
an amplitude 4, an angular frequency w;, and a phase angle ¢ may be
represented by the equation

y = A sin (et + ¢) (9-1)

Since the phase angle ¢ is constant in amplitude modulation and is
determined by the instant in the carrier cycle at which it is decided to
start observing time, there is no important loss of generality in setting
¢ equal to zero.
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Let the phase angle be zero and the amplitude be varied sinusoidally
at modulation frequency w., between the limits 1 + M and 1 — M, as
indicated by the equation

A = K(1 + M sin o) (9-2)

in which K and M are constants and wn is less than wx. Equation (9-1)
then becomes

y = K(1 + M sin w,f) sin wf (9-3)

Equation (9-3) represents a wave the frequency of which is constant
and the amplitude of which is varied at modulation frequency between the

Unmodulated carrier, y=K sinw,t

(o /\/\/

Modulation wave form, sin we,t

Modulated wave, y=K{1+M sin wpt)sinew, t. M=05

Modulated wave, y=K(1*Msinwp t) sin wt. M=10
' Fia. 9-1.—Amplitude modulation.

limits 1 + M and 1 — M, as shown in Fig. 9-1 for several values of M,
The coefficient M, which is called the modulation factor or degree of
modulation, determines the extent to which the carrier is modulated.
When M is zero, the carrier is unmodulated and its amplitude remains
constant, as shown by curve a of Fig. 9-1. When M lies between zero
and unity, the modulated wave is of the form of curve ¢ of Fig. 9-1.
When M is unity, the amplitude varies between zero and twice the
unmodulated value, as shown by curve d of Fig. 9-1, and modulation is
saild to be complete.
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It should be noted that there is no direct relation between the ampli-
tude of the envelope of the modulated wave ¢ or d and the modulation-
frequency wave b in accordance with which the modulation is performed.
The degree of modulation associated with modulation excitation of given
amplitude depends not only upon the amplitudes of the carrier and modu-~
lation excitations, but also upon the characteristics of the eircuit by
means of which the carrier is modulated. In particular, the modulation
factor is not necessarily unity when the carrier and modulation-excitation
voltages impressed upon a modulator are equal in amplitude. The
wave form and frequency of the envelope are, however, the same as those
of the modulation excitation applied to the modulator unless the modula-
tor introduces distortion in the form of undesired frequency components.

In the simple case that has been discussed, in which the wave is
assumed to be sinusoidally modulated, the modulation factor is equal
to the ratio of the difference between the maximum or minimum ampli-
tude of the modulated wave and the amplitude of the unmodulated
carrier wave to the amplitude of the unmodulated carrier wave. . When
the modulating wave is not sinusoidal, however, the maximum increase
and decrease of amplitude from the unmodulated value may not be equal,
and a more general definition of modulation factor is necessary. The
modulation factor is defined as the maximum departure (positive or
negative) of the envelope of the modulated wave from its unmodulated
value, divided by its unmodulated value. The modulation factor times
100 per cent is called the percentage modulation. Sometimes in the dis-
cussion of an asymmetrically modulated wave it is necessary to dis-
tinguish between the modulation factors corresponding to the minimum
and the maximum amplitudes of the modulated waves. These are called
the snward and outward modulation factors, respectively.

9-3. Side Frequencies in Amplitude Modulation.—By trigonometrical
expansion, Eq. (9-3) may be changed into the form

y = K sin wit — FKM[cos (wr + ww)t — cos (wr — wn)t]  (9-4)

Equation (9-4) shows that an amplitude-modulated wave is made up of
three components having frequencies equal to the carrier frequency, the
carrier frequency plus the modulation frequency, and the carrier fre-
quency minus the modulation frequency. The process of amplitude
modulation therefore involves the generation of sum and difference
frequencies, called the upper side frequency and the lower side frequency,
respectively. When the carrier is modulated by a band of modulation
frequencies, applied individually or simultaneously, the side frequencies
lie in bands, called the upper side band and lower side band. The fre-
quency width of the side bands is the same as that of the modulation-
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frequency band. It is important to note that the modulation frequency
is not in itself present in the modulated wave.

For reasons stated in the introduction to this chapter, carrier fre-
quencies used in transmission by means of electromagnetic radiation
lie in the radio-frequency range. It is entirely possible, however, to
modulate an audio-frequency carrier by means of signals of lower audio
frequency. This is done in carrier telephony over wires.! If telephone
signals were transmitted only at their original audio frequencies, only
one conversation could be transmitted at one time over a pair of wires.
By modulating carrier frequencies with the voice frequencies, however, a
large number of conversations can be transmitted simultaneously.
Suppose, for instance, that the range from 100 to 2500 cps is adequate
for the transmission of intelligible speech. Then the modulation of

Carrier input Modulated output
E,sinw,t gj Ex(I*Msin wmt)glnwkt
R-f by-pass---=
condenser
Modulation input
Ei sin wm't

F16. 9-2,—Van der Bijl modulator.

carriers of 3000, 6000, 9000, 12,000 cps, ete., will result in the production
of upper side bands in the ranges 3100 to 5500, 6100 to 8500, 9100 to
11,500, 12,100 to 14,500 eps, ete. The carrier and lower-side-band
components of the modulated waves can be removed by means of filters.
The upper side bands, together with the original voice band, can then be
transmitted simultaneously without interference. This is known as
single-side-band transmission. At the receiving end the frequencies in
the various channels are separated by band-pass filters and reconverted
to the original 100- to 2500-cycle range by a similar process. In modern
carrier telephony systems carrier frequencies of 20 ke or higher are used.

9-4. Amplitude Modulation by Curvature of Tube Characteristics.—
Amplitude modulation by means of vacuum tubes is based upon inter-
modulation resulting from either curvature of an electrode or transfer
characteristic or from the cutting off of an electrode current. Although,
for reasons that will be explained, modulation by curvature of tube ¢har-
acteristics is now seldom used, the theory is nevertheless of importance.
Figure 9-2 shows the circuit diagram of the van der Bijl modulator; which
makes use of curvature of the transfer characteristic. In this circuit
the carrier and modulation frequencies are impressed upon the grid

1CovpiTTs, E. H., and Brackwery, O. B., J. Am. Inst. Elec. Eng., 40, 205 (1921).
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circuit of a triode or multigrid tube and the modulated voltage is taken
from a parallel-resonant plate circuit, tuned to the carrier frequency.

A graphical explanation of the operation of the van der Bijl modulator
can be given with the aid of a transfer diagram. Figure 9-3 shows that,
when only the carrier excitation is
impressed upon the grid, the ampli-
tude of the carrier-frequency plate
current is much greater for the
smaller grid bias E.’ than for the
larger bias E,’. If the bias is
- /\]\/ varied between these values, the
o Lo amplitude of the carrier component
Lo IGE) :‘Eé Time —- of the plate current also varies.
i l'ﬁ TNEp sinow, The bias is varied in effect at
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Fie. 9-3.—Variation of amplitude of mod.ulation i:requency by Ch,OOSing
carrier-frequency plate current with grid an intermediate value of bias E.
bias. and also applying the modulation
- excitation voltage, as shown in Fig. 9-4. The wave a of plate current
may be separated into the components b and ¢ of Fig. 9-4. Curve b may
be further resolved into a steady component, a modulation-frequency
component, and modulation-harmonic components; curve ¢ into a
varying-amplitude carrier-frequency component (carrier plus side-
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Fia. 9-4.—Amplitude modulation by curvature of the transfer characteristic. Waves (b)
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