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PREFACE

This book is the outgrowth of several courses that were organized by
the author on electron-tube circuits and applications and that covered
many of the important circuits in widespread use during the Second World
War. It seeks to achieve the following: (1) to develop in the student a
clear analytical method in the study of electron-tube circuits; (2) to
present and study the various classes of circuits which find widespread
application; (3) to indicate with examples how one proceeds to combine
circuits of various types to achieve either one or a multiplicity of opera-
tions. It is not intended to include either a comprehensive discussion of
all aspects of any given field or all possible circuits or methods for achiev-
ing a given result. It is hoped that representative circuits have been
included and studied and that the reader may find some suggestions that
will be of assistance to him in a particular development.

The choice of material to be included and the detail of coverage were
the subject of much thought. The principle adopted was to present a
coordinated account of each broad field of application, with the main
emphasis on the operation of many of the significant circuits. No claim
is made to completeness of coverage, nor are the fine points of any given
field discussed in detail. Where general practice has favored a given type
of circuit, the major emphasis is on these.

Approximately one-half the content is of a radio-engineering character,
the remaining material being extensively used in radar, television, pulse
communication, and general electronic control. Sufficient material is
contained for a course in radio-engineering circuits and for one in non-
radio electronic circuits. Sufficient diversity exists for the instructor to
choose topics to satisfy almost any course requirements. It has been
assumed that the student has completed his basic studies in a-c circuit
theory and in basic electronics before undertaking a study of the text.

The order of presentation of the material has been dictated by the
character of the analysis rather than by the application. Because of this,
circuits of diverse application may be found in a given chapter. How-
ever, the book divides itself quite naturally into a number of major
sections. The first part of the volume is devoted to a review of the
fundamental properties of electron tubes and their basic circuit applica-
tions. The next part of the volume includes a discussion of a variety of
amplifiers of the untuned variety. This includes circuits in which the
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vi PREFACE

tube is operated as a linear device and other circuits in which the non-
linear capabilities of the tube are employed. The former include simple
voltage amplifiers, video amplifiers, power amplifiers, and electronic com-
puting circuits. The latter include circuits which utilize the tube as a
switch. The third part of the book contains a discussion of circuits of the
tuned variety and discusses such topics as tuned voltage amplifiers,
tuned power amplifiers, and oscillators. A comprehensive treatment of
power rectifiers, filters, and regulators is followed by a discussion of
amplitude modulation and demodulation and frequency modulation and
detection. The latter part of the text includes a treatment of circuits
that have been largely extended by developments in radar applications
during the course of the war. This discussion is considerably more
detailed and more extensive than has heretofore appeared in any general
text.

An effort has been made to include sufficient analysis of the operation
of the circuits to indicate clearly the operation and the various factors on
which the operation depends. This has a twofold purpose, one of which
is to indicate the procedure that must be adopted in effecting an analysis
and the second of which is to indicate the factors on which the operation
depends. This is considered to be very important, since in some instances
the tube plays a direct part in the operation of the circuit, whereas in
others it may serve simply in the capacity of a switch. However, the
mathematical developments are only a part of the analysis, since the
discussion attempts to introduce the physical aspects of the problem and
then to incorporate the mathematical results into the complete analysis.

A rather regrettable situation will be found to exist in the matter of
notation. This arises from the author’s desire to conform to the Institute
of Radio Engineers standards on vacuum-tube notation. However, such
single-subscript notation in electron-tube circuits is often inadequate, and
double-subscript notation is employed, except for those particular cases
where no confusion is likely to arise. The result is a mixed single-sub-
script and double-subscript system of notation, the single-subscript terms
generally conforming to the IRE notation.

A controversial matter is also to be noted. Throughout the text the
symbols a-c and d-c are used as adjectives. Purists might object that the
word current in a-c current is redundant and that the phrase a-c voltage is
fundamentally meaningless. However, the use of the symbols a-¢ and
d-c as descriptive adjectives is becoming increasingly widespread and does
provide a clear and convenient abbreviation.

A number of problems have been included at the end of each chapter.
These have been formulated in a way that requires an understanding of
the subject matter. As a result, all text assignments may be supple-
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mented by problem assignments. Problems which entail nothing more
difficult than the substitution of numbers into equations have been kept
to a minimum. Wherever possible, the problems are based on practical
data in order to familiarize the student with such practical details.

To provide proper acknowledgment of the source of much of this
material proves to be an impossible task. Much of the material that is
principally of a radio-engineering character has appeared in one form or
another in a wide variety of sources over many years, and the significant
original sources seem to have been generally neglected. The principal
source of many of the circuits which were extended for use in radar
applications was the M.L.T. Radiation Laboratory, of which the author
was a staff member during the war. However, it is known that many of
these circuits were adapted from existing circuits of diverse origin, whereas
some were developed at other laboratories, including British laboratories.
In only a few cases is the identity of the groups who did some of this work
known.

Special mention must be made of the freedom with which the author
drew on his earlier text, ‘“Electronics” (by J. Millman and 8. Seely,
McGraw-Hill Book Company, Inc., New York, 1941). Certain of the
material closely parallels that in the earlier book.

The author wishes to acknowledge many helpful discussions with a
number of his colleagues. He is particularly indebted to Professors
David K. Cheng and Glenn M. Glasford, both for such discussions and for
their assistance in proofreading portions of the text. Thanks are also
due to the General Electric Co. and the RCA Manufacturing Co. for
freely supplying many photographs and tube characteristics.

SAMUEL SEELY
Syracusg, N. Y.
November, 1949
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CHAPTER 1
INTRODUCTION

BEFORE one undertakes a study of circuits that incorporate electron
tubes, it might be well to examine, even superficially, certain of the funda-
mental physical principles which govern the operation of these tubes.
There are two important basic questions that relate to such tubes. One
relates to the actual source of the electrons and their liberation, and the
second relates to the control of the electron beam. A brief discussion of
these matters will be included.

According to modern theory, all matter is electrical in nature. The
atom, which is one of the fundamental building blocks of all matter,
consists of a central core or nucleus which is positively charged and which
carries nearly all the mass of the atom. Enough negatively charged
electrons surround the nucleus so that the atom is electrically neutral in
its normal state. Since all chemical substances consist of groups of these
atoms which are bound to each other, then all matter, whether it is in the
solid, the liquid, or the gaseous state, is a potential source of electrons.
All three states of matter do, in fact, serve as sources of electrons. A
number of different processes serve to effect the release of electrons, those
which are of importance in electron tubes being (1) thermionic emission,
* (2) secondary emission, (3) photoelectric emission, (4) high field emis-
sion, and (5) ionization. These processes will be considered in some detail
in what follows.

With the release of the electrons, a means for their control must be
provided. Such control is effected by means of externally controlled
electric or magnetic fields, or both. These fields perform one or both
of the following functions: (1) control of the number of electrons that
leave the region near the emitter; (2) control of the paths of the electrons
after they leave the emitter. Control method 1 is the more common, and
such a control method is incorporated in almost all electron tubes, except
those of the field-deflected variety. The cathode-ray tube is a very
important example of a field-deflected tube. However, even in this
latter case, a control of type 1 is incorporated to control the electron-tube
current, even though the subsequent motion is controlled by means of an
electric or a magnetic field, or both.

1



2 ELECTRON-TUBE CIRCUITS [Cuar. 1

1-1. Thermionic Emission. Consider matter in the metallic state.
Metals are most generally employed in the form of a wire or ribbon
filament. If such a filament contains electrons and if these are relatively
free to move about in the metal (and this is the case since the application
of a small potential difference between the ends of the wire will result in a
current flow), it might be expected that some electrons might ‘“leak”
out of the metal of their own accord. This does not occur, however.

Consider what happens to an electron as it seeks to escape from a metal.
The escaping, negatively charged electron will induce a positive charge
on the metal. There will then be a force of attraction between the
induced charge and the electron. Unless the escaping electron possesses
sufficient energy to carry it out of the region of influence of this image
force of attraction, it will be returned to the metal. The minimum
amount of energy that is required to release the electron against this
attractive force is known as the work function of the metal. This
requisite minimum amount of energy may be supplied by any one of a
number of different methods. One of the most important methods is to
heat the metal to a high temperature. In this way, some of the thermal
energy supplied to the metal is transferred from the lattice of the heated
metal crystals into kinetic energy of the electrons.

An explicit expression relating the thermionic-emission current density
and the temperature of the metal can be derived."* The expression so
derived has the form

bo
th = AoTze—?' (1—])

where A, is a constant for all metals and has the value of 120 X 104
amp/(m?)(°K2) and by is a constant that is characteristic of the metal.
The quantity b, is related to the work function Ey of the metal by

bo = 11,600Er  °K (1-2)

It has been found experimentally that Eq. (1-1) does represent the form
of the variation of current with temperature for most metals, although
the value obtained for A, may differ materially from the theoretical value
of 120 X 10* amp/(m?)(°K?).

It follows from Eq. (1-1) that metals that have a low work function
will provide copious emission at moderately low temperatures. Unfor-
tunately, however, the low-work-function metals melt in some cases and
boil in others, at the temperatures necessary for appreciable thermionic
emission. The important emitters in present day use are pure tungsten,
thoriated-tungsten, and oxide-coated cathodes. The thermionic-emis-
sion constants of these emitters are contained in Table 1-1.

* Superior numbers refer to references at the end of each chapter.



Sec. 1-1] INTRODUCTION 3

TABLE 1-1

THE IMPORTANT THERMIONIC EMITTERS AND THE THERMIONIC-
EMISSION CONSTANTS

Emitter Ay, amp/(m?)(°K2)| Ew, volts
Tungsten.............. ... .. ...l 60 X 10¢ 4.52
Thoriated-tungsten..................... 3 X 10¢ 2.63
Oxide-coated........................... 0.01 X 10¢ 1

Tungsten is used extensively for thermionic filaments despite its rela-
tively high work function. In fact, this material is particularly impor-
tant because it is virtually the only material that can be used successfully
as the filament in high-voltage tubes. It is used in high-voltage X-ray
tubes, in high-voltage rectifier tubes, and in the large power-amplifier
tubes that are used in radio and communication applications. It has the
disadvantage that the cathode emission effictency, defined as the ratio of
the emission current in milliamperes to the heating power in watts, is
small. Despite this, it can be operated at a sufficiently high temperature,
between 2600 and 2800°K, to provide an adequate emission.

It has been found that the application of a very thin layer of low-work-
function material on filaments of tungsten will materially reduce the
work function of the resulting surface. A thoriated-tungsten filament is
obtained by adding a small amount of thorium oxide to the tungsten
before it is drawn. Such filaments, when properly activated, will yield
an efficient emitter at about 1800°K. It is found desirable to carbonize
such an emitter, since the rate of evaporation of the thorium layer from
the filament is thus reduced by about a factor of 6. Thoriated-tungsten
filaments are limited in application to tubes that operate at intermediate
voltages, say 10,000 volts or less. Higher voltage tubes use pure tungsten
filaments.

The oxide-coated cathode is very efficient (about twenty times as
efficient as tungsten) and provides a high emission current at the rela-
tively low temperature of 1000°K. It consists of a metal sleeve of konal
(an alloy of nickel, cobalt, iron, and titanium) or some other metal, which
is coated with the oxides of barium and strontium. These cathodes are
limited for a number of reasons to use in the lower voltage tubes, say
about 1,000 volts or less. They are used almost exclusively in receiving-
type tubes and provide efficient operation with long life.

Curves showing the relative cathode efficiencies of tungsten, thoriated-
tungsten, and oxide-coated cathodes are illustrated in Fig. 1-1. It will
be seen that tungsten has a considerably lower efficiency than either of
the other two emitters.
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The thermionic emitters in their practical form in electron tubes may
be of the directly heated, or filamentary, type or of the indirectly heated
type, and in the case of gas and vapor tubes the cathode may be of the
heat-shielded type. Typical fila-

22
L 20 mentary cathodes are illustrated in
S8 Fig. 1-2. These filamentary cath-
E:i odes may be of the pure tungsten,

thoriated-tungsten, or oxide-coated
type.

/

/

Cathode efficiency,
ON b o ® O o

Tungsten
0 10 20 30 40 50 .60
Per cent rated filament power
Fi1a. 1-1. Cathode efficiency curves of Fi1c. 1-2. Typical directly
an oxide-coated, a thoriated-tungsten, heated cathodes.
and a pure tungsten filament.

The indirectly heated cathode for use in vacuum tubes is illustrated in
Fig. 1-3. The heater wire is contained in a ceramic insulator which is
enclosed by the metal sleeve on which the oxide coating is placed. A
cathode assembly of this type has such a high heat capacity that its tem-

- (Ui

%

\

i
F16. 1-3. Typical indirectly heated Fic. 1-4. Different types of heat-
cathodes. shlelded cathodes

perature does not change with instantaneous variation in heater current
when alternating current is used.

Heat-shielded cathodes, which can be used only in gas-filled electron
tubes for reasons to be discussed in Chap. 2, are designed in such a way
as to reduce the radiation of heat energy from the cathode. This mate-
rially increases the efficiency of the cathode. Several different types of
heat-shielded cathodes are illustrated in Fig. 1-4.

1-2. Photoelectric Emission. The energy that is required to release
an electron from a metal surface may be supplied by illuminating the
surface with light. There are certain restrictions on the nature of the
surface and the frequency of the impinging light for such electron emission
to take place. That is, electron emission is possible only if the frequency
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of the impinging light exceeds a certain threshold value that depends on
the work function Ey of the surface according to the equation
eEW
c = T3 ’ 1-

=% (1-3)
where e is the charge of the electron and h is Planck’s constant. The
corresponding threshold wave length beyond which photoelectric emission
cannot take place is given by

ch _ 12,400 A

Py

(1-4)
where A is the angstrom unit (10—3
cm). For response over the entire
visible region, 4000 to 8000 A, the
work function of the photosensitive
surface must be less than 1.54 volts.
The essential elements of a photo-
tube are the photosensitive cathode
surface and a collecting electrode, con-
tained in a glass envelope that either
is evacuated or contains an inert gas
at low pressure. A photograph of
such a phototube is shown in Fig. 1-5.
The number of photoelectrons per
square millimeter of area of a photo-
cathode is small, and it is customary
to use photocathodes of large area, as FIG. 1-5.
shown.
The current characteristics of such phototubes for different collecting
potentials between the cathode and the collecting anode, with light
20

A typical phototube.

T —
200 footcandles

S 7
M—

100

Plate current,
microamperes
o ;

o

o

10 20 30 40 50 60 10 80
Plate potential, volts

Fic. 1-6. The volt-ampere characteristics of a type PJ-22 vacuum phototube, with
light intensity as a parameter.

intensity as a parameter, are illustrated. Figure 1-6 shows the curves of
a vacuum phototube with light intensity as a parameter. Note that the
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current reaches near saturation values for very low values of applied
potential.

The presence in the glass envelope of an inert gas, such as neon or argon,
at low pressure materially alters the volt-ampere eurves. A set of char-
acteristic curves for a gas phototube are given in Fig. 1-7. The presence
of the gas in a phototube increases the sensitivity of the phototube, the

20

K

aﬂdles

S

45“"/"){6
30

[ 5
0 10 20 3 40 50 60 70 80
Plate potential,volts

Fic. 1-7. The volt-ampere characteristics of a type PJ-23 gas-filled phototube, with
light intensity as a parameter.

\

Plate current,
microamperes

o

current output for & given light intensity increasing with increased plate
potential, whereas the output remains sensibly constant in the vacuum
phototube.

20
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+« WA
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Fic. 1-8. Photocurrent as a function of illumination for a PJ-22 vacuum phototube,
and a PJ-23 gas-filled cell.

A significant comparison of the output from two phototubes, one of the
vacuum type and the other of the gas-filled type, other characteristics
of the tubes being the same, is contained in Fig. 1-8. Note that the
photocurrent for the vacuum phototube is a linear function of the illumi-
nation, whereas that for the gas-filled cell shows deviations from the
linear at the higher illuminations. However, the greater sensitivity
of the gas-filled cell is clearly evident.

1-3. Secondary Emission. It is possible for a particle, either an
electron or a positive ion, to strike a metallic surface and transfer all or a
part of its kinetic energy in this collision to one or more of the internal
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electrons. If the energy of the incident particle is sufficiently high, some
of the internal electrons may be emitted. Several tubes have been
designed which incorporate secondary-emission surfaces as part of the
device, and highly sensitive phototubes have such auxiliary elements in
them. Frequently the secondary emission that exists is of a deleterious
nature. This matter will be discussed in explaining certain features of
the characteristics of tetrodes.

1-4. High Field Emission. The presence of a very strong electric field
at the surface of a metal will cause electron emission. Ordinarily the
field in the average electron tube is too small to induce such electron
emission. This process has been suggested to account for the electron
emission from a mercury-pool cathode in a mercury rectifier.

1-6. Ionization. The process in which an atom loses an electron is
known as ionization. The atom that has lost the electron is called a
positive ton. The process of ionization may occur in several ways.

Electron Bombardment. Consider a free electron, which might have
been released from the envelope or from any of the electrodes within the
tube by any of the processes discussed above. Suppose that this free
electron has acquired enough energy from an applied field so that upon
collision with a neutral atom, it removes an electron. Following this
action, two electrons and a positive ion exist. Since there are now two
electrons available, both may collide with gas particles and thus induce
further ionization. Such a process as this may become cumulative, with
consequent, large electron release. This process is very important and
accounts for the successful operation of gas- and vapor-filled rectifier
tubes. Itisalso the basis of the gas amplification in gas-filled phototubes.

Photoelectric Emission. If the gas is exposed to light of the proper
frequency, then this radiant energy may be absorbed by the atom, with
resulting electron emission. This process is important in initiating
certain discharges.

Positive-ion Bombardmeni. The collision between a positive ion and a
neutral gas particle may result in electron release, in much the same
manner as by electron bombardment. This process is very inefficient
and is usually insignificant in normal gas tubes.

Thermal Emission. If the temperature of the gas is high enough, some
electrons may become dislodged from the gas particles. However,
the gas temperature in electron tubes is generally low, and this process
is normally unimportant.

REFERENCE

1. Millman, J., and S. Seely, ‘Electronics,” Chap. V, McGraw-Hill Book Company,
Inc., New York, 1941.
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PROBLEMS

1-1. A tungsten filament, 0.0085 in. diameter, 311{¢ in. long, is operated at
2650°K. What is the temperature-limited current? If the temperature is
increased by 50°K, by what percentage does the emission current increase?

1-2. The filament of an FP-400 tungsten-filament tube is 1.25 in. long and
0.005 in. in diameter. If the total emission current is 30 ma, at what temperature
is the filament operating?

1-3. A simple inverted-V oxide-coated cathode is made of tungsten ribbon
0.125 by 0.020 in. and is 1.4 in. long. It is maintained at a temperature of
1100°K. What is the thermionic-emission current?

1-4. An oxide-coated emitter is operating at 1100°K. Calculate the relative
thermionic-emission currents if by has the value 12,000; the value 11,000.

1-5. At what temperature will a thoriated-tungsten filament give as much
current as a tungsten filament of the same dimensions which is maintained at
2650°K?

1-6. At what temperature will an oxide-coated cathode give the same emission
as a thoriated-tungsten filament of the same physical dimensions which is main-
tained at 1750°K?

1-7. Monochromatic light of wave length 5893 A falls on the following surfaces:

a. Cesium, with a work function 1.8 volts.

b. Platinum, with a work function 5.3 volts.

Is photoelectric emission possible in both cases? Explain.

1-8. A PJ-22 vacuum photocell is to be used to sound an alarm when the light
at a given region of a room falls below 40 ft-c or increases above 120 ft-c. What
are the corresponding photocurrents? A collecting potential of 45 volts is used.



CHAPTER 2

CHARACTERISTICS OF ELECTRON TUBES!

CONSIDER an isolated thermionic source situated in a vacuum. This
cathode will emit electrons, most of which have very little energy when
they emerge. Those electrons that first escape will diffuse throughout
the space within the envelope. An equilibrium condition will soon be
reached when, because of the mutual repulsion between electrons, the
free electrons in the space will prevent any additional electrons from
leaving the cathode. The equilibrium state will be reached when the
space charge of the electron cloud produces a strong enough electric field
to prevent any subsequent emission.

The inclusion of a collecting plate near the thermionic cathode will
allow the collection of electrons from the space charge when this plate is
maintained at a positive potential with respect to the cathode; the higher
the potential, the higher the current. Of course, if the thermionic emis-
sion is limited, then the maximum current possible is the temperature-
saturated value.

In addition to such a simple two-element device, which is the diode,
grids may be interposed between the cathode and plate. If a single grid
is interposed, the tube is a triode. If two grids are present, the tube is a
tetrode; three grids yields a pentode, etec. Details of the characteristics
and operation of such devices will be considered in some detail in the
following pages.

THE HIGH-VACUUM DIODE

2-1. The Potential Distribution between the Electrodes. Consider a
simple diode consisting of a plane cathode and a collecting plate, or anode,
which is parallel to it. It is supposed that the cathode can be heated to
any desired temperature and that the potential between the cathode and
anode may be set at any desired value. It is desired to examine the
potential distribution between the tube elements for various cathode
temperatures and fixed anode-cathode applied potential.

Suppose that the temperature of the cathode is high enough to allow
some electrons to be emitted. An electron space-charge cloud will be
formed in the envelope. The density of the electrons and the potential

9



10 ELECTRON-TUBE CIRCUITS [CHap. 2
at any point in the interelectrode space are related by Poisson’s equation

d’E _ »p
iz e (2-1)
where E is the potential in volts, p is the magnitude of the electronic-
charge density, in coulombs per cubic meter, and e = 10~%/36r is the

permittivity of space. A study of
— this expression will yield significant
information.

It is supposed that the electrons
that are emitted from the cathode
have zero initial velocities. Under
these conditions, the general char-
acter of the results will have the
forms illustrated in Fig. 2-1. At the
temperature 7’1, which is too low for
any emission, the potential distribu-
tion is a linear function of the dis-
tance from the cathode to the anode.
This follows from Eq. (2-1), since, for zero-charge density,

@—0 r dE _ nst
ol o d—x-—cos

Y

Cathode
Anode
o?j____-___

l<_

Z

¢ Dt A >,
Fic. 2-1. The potential distribution
between plane-parallel electrodes, for
several values of cathode temperature.

This is the equation of a straight line.

At the higher temperature T';, the charge density p isnot zero. Clearly,
the anode-cathode potential, which is externally controlled, will be
independent of the temperature, and all curves must pass through the
fixed end points. Suppose that the potential distribution is somewhat
as illustrated by the curve marked T.. All curves must be concave
upward, since Eq. (2-1), which may be interpreted as a measure of the
curvature, is positive. A positive curvature means that the change in
slope dE/dx between two adjacent points must be positive. Moreover,
the curvature is greater for larger values of p, corresponding to the higher
temperatures. It is possible to justify that the maximum current that
can be drawn from the diode for a fixed plate voltage and any temperature
is obtained under the condition of zero electric field at the surface of the
cathode. TUnder these optimum conditions

—@:

=0 at z=0 (2-2)

This condition is valid under the assumption of zero initial velocities of
emission of the electrons.
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2-2. Equations of Space Charge. An explicit relation between the
current collected and the potential that is applied between the anode
and cathode is possible. In general, the current density is a measure
of the rate at which the electrons pass through unit area per unit time
in the direction of the field. If v denotes the drift velocity in meters
per second, N is the electron density in electrons per cubic meter, and e
is the electronic charge in coulombs, then the current density in amperes
per square meter is

J = Nev = pv (2-3)
Also, neglecting the initial velocity, the velocity of the electron at any
point in the interelectrode space is related to the potential through which
it has fallen by the following expression, which is based on the conserva-
tion of energy:

Lémy? = eE (2-4)
By combining the foregoing expressions, there results
2 —14
da*F  JE (2-5)

dz®  e(2e/m)%

This is a differential equation in E as a function of z. The solution of it

is given by
_ € e E% 9
= 5054%m 7 2mp/m (2-6)

For electrons, and in terms of the boundary conditions, there results

J =233 X 10~ 6122%
This equation is known as the Langmuir-Childs or three-halves-power
law. It relates the current den-
sity, and so the current, with the
applied potential and the geom-
etry of the tube. It shows that
the space-charge current is inde- \ Termperature
pendent of the temperature and g (- Jimited
the work function of the cathode.
Thus, no matter how many elec-
trons a cathode may be able to €6
supply, the geometry of the tube F1c. 2-2. The volt-ampere charactenstxcs
and the applied potential will de- of a typical diode.
termine the maximum current that can be collected by the anode. If the
electron supply from the cathode is restricted, the current may be less
than the value predicted by Eq. (2-7). The conditions are somewhat as
represented graphically in Fig. 2-2.

amp,/m? (2-7)

‘
6 Space charge
" imited
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For the case of a tube that possesses cylindrical symmetry, a similar

analysis is possible. The results of such a calculation lead to the follow-
ing expression for the current,

3%

I = 14.6 x 10 L B¢

e B

where [ is the active length of the tube and 82 is a quantity that is deter-

mined from the ratio r,/r, the ratio of anode to cathode radius. For

ratios ry/r, of 8 or more, 32 may be taken as unity.

amp (2-8)
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Fic. 2-3. Experimental results to verify the three-halves power law for tubes with
oxide-coated, thoriated tungsten, and pure tungsten filaments.

Attention is called to the fact that the plate current depends upon the
three-halves power of the plate potential both for the plane parallel and
also for a diode possessing cylindrical symmetry. This is a general
relationship, and it is possible to demonstrate that an expression of the
form I, = kE}® applies for any geometry, provided only that the same
restrictions as imposed in the above developments are true. The specific
value of the constant k that exists in this expression cannot be analytically
determined unless the geometry of the system is specified.

The dependence of the current on the potential for any tube may be
determined by plotting the results obtained experimentally on a loga-
rithmic scale. Theoretically one should find, if the expression I, = kE}*

is valid, that
logm Ib = lOglo k + % 10g10 Eb (2'9)

The logarithmic plots for three commercial tubes are shown in Fig. 2-3.
The type 10 tube is a triode and was converted into a diode by connecting
grid and plate together. The other tubes are diodes. It will be observed
that the logarithmic plots are straight lines, although the slopes of these
lines are all slightly less than the theoretical 1.5.

2-3. Rating of Vacuum Diodes. The current and potential ratings of
a diode, i.e., the maximum current that the tube may carry and the maxi-
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mum potential difference that may be applied between anode and cathode,
are influenced by a number of factors.

1. A limit is set to the tube current by the cathode efficiency of the
emitter. Thus, for a given input power to the filament, a maximum cur-
rent is specified.

2. There is a maximum temperature limit to which the glass envelope
of the tube may be safely allowed to rise. This is the temperature to
which the tube was raised during the outgassing process. This is about
400°C for soft glass and about 600°C for pyrex. For higher temperatures,
the gases adsorbed by the glass walls may be liberated. Owing to this
limitation, glass bulbs are seldom used for vacuum tubes of more than
about 1 kw capacity.

3. A very important limitation is set by the temperature to which the
anode may rise. In addition to the fraction of the heat radiated by the
cathode that is intercepted by the anode, the anode is also heated by
the energy carried by the anode current. The instantaneous power
carried by the anode current and supplied to the anode is given by e,
where ¢; is the anode-cathode potential and ¢, is the anode current. The
temperature to which the anode rises will depend upon the area of the
anode and the material of its construction.

The most common metals used for anodes are nickel and iron for
receiving tubes and tantalum, molybdenum, and graphite for transmit-
ting tubes. The surfaces are often roughened or blackened in order to
increase the thermal emissivity. The anodes of many transmitting tubes
may be operated at a cherry-red heat without excessive gas emission.
To allow for forced cooling of the anode, cooling coils may be provided, or
the tube may be immersed in oil. The newer type of transmitting tubes
are frequently provided with radiator fins for forced-air cooling. Several
different types of transmitting tubes are illustrated in Fig. 2-4.

4. The voltage limitation of a high-vacuum diode is also dependent
on the type of its construction. If the filament and anode leads are
brought out side by side through the same glass press, some conduction
may take place between these leads through the glass. This effect is
particularly marked if the glass is hot, and the resulting electrolysis will
cause the glass to deteriorate and eventually to leak. The highest
voltage permissible between adjacent leads in glass depends upon the
spacing and upon the type of glass but is generally kept below 1,000 volts.
Higher voltage tubes are usually provided with filament leads at one end
of the glass envelope, with the anode at the other end.

The glass envelope must be long enough so that flashover on the outside
of the tube will not occur. In a diode as a rectifier, no current will flow
during the time that the anode is negative with respect to the cathode.
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The maximum safe rating of a rectifying diode is known as the peak
inverse voltage rating.

Commerecial vacuum diodes are made which will rectify current at high
voltages, up to 200,000 volts. Such units are used with X-ray equip-
ment, with high-voltage cable-testing equipment, and with the high-

Fic. 2-4. Photographs of two transmitting tubes. (RCA Mfg. Co.)

voltage equipment for nuclear-physics research. The dimensions and
shape of the glass envelope will depend upon the current capacity of the
tube and the type of cooling to be used, oil-cooled tubes being generally
smaller than air-cooled types.

THE TRIODE

2-4, The Grid. The introduction of a third element between the
cathode and plate of the diode by DeForest in 1907 was the start of
the extensive developments involving vacuum tubes. This new elec-
trode, called the control grid, consists of a wire mesh, or screen, which
surrounds the cathode and is situated close to it. The potential applied
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to the grid in such a tube is usually several volts negative relative to the
cathode, whereas the plate is usually maintained several hundred volts
positive with respect to the cathode. Clearly, the electric field resulting
from the potential of the grid tends to maintain a large space-charge
cloud, whereas the field of the plate tends to reduce the space charge.
However, owing to its proximity to the cathode, a given potential on the
grid will exercise a greater effect on the space charge than the same poten-
tial on the plate. This would seem to imply that a strict proportionality
should exist between the relative effectiveness of the grid and plate
potentials on the space charge and that the plate current should be
represented approximately by the equation

. €p %
w="Fkle + ; (2-10)

where ¢, is the plate-cathode potential, e, is the grid-cathode potential,
and the factor p is a measure of the relative grid-plate potential effective-
ness on the tube current. The factor p is known as the amplification
factor of the grid.

The validity of Eq. (2-10), which is simply a natural extension of the
three-halves-power space-charge equation of the diode, has been verified
experimentally for many triodes. No simple, rigorous theoretical deriva-
tion of this equation is possible, even for a triode of relatively simple
geometry. However, the value of the amplification factor u can be
calculated with a fair degree of accuracy from equations that are based
on electrostatic considerations.

By maintaining the grid at some negative potential with respect to the
cathode, it will repel electrons and will, in part, neutralize the attractive
field of the anode, thus reducing the anode current.. If the grid potential
is made positive, the electron .
stream will increase because of the s
combined action of both the grid
and the plate potentials. But,
with a positive potential on the )
grid, some of the space charge will e
be attracted to it, and a current in
the grid will result. The grid
structure must be designed to dis-
sipate the grid power if the grid
potential is to be maintained posi-
tive; otherwise the grid structure
may be seriously damaged. Generally the grid is maintained negative,
although positive-grid triodes for power-amplifier applications are
available,

The variations of the plate and grid currents with variations of grid

Z'b

Current

Grid volts ee
Fre. 2-5. Total space, plate, and grid
current in a triode, as a function of grid
voltage, with fixed plate voltage.
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potential are illustrated in Fig. 2-5. In this diagram, the plate potential
is maintained constant. For sufficiently negative grid potential, cutoff
of the plate current occurs. As the grid potential is made less negative,
the plate current follows a smooth curve, the variation being expressed
analytically by Eq. (2-10). As the grid potential is made positive, grid
current flows, the magnitude of this current increasing rapidly with
increasing grid potential.

2

Fic. 2-6. The plate characteristics of a  IFr1a. 2-7. The transfer characteristics of
triode. a triode.

For positive grid potentials, and with the consequent grid current,
Eq. (2-10) no longer represents the plate eurrent, although it does give a
good representation of the total space current. With increasing grid
potentials, the grid current increases, and the plate current decreases.

2-5. Triode Parameters. In view of Eq. (2-10), the dependence of the
plate current on the plate and the grid potentials may be expressed
functionally by the expression

7 = f(enec) (2-11)

Of course the plate current also depends upon the heater temperature,

but as the heater current is usually maintained at rated value (this is such

as to provide perhaps five to ten times

ec the normal required current), this term

usually does not enter into the functional

relationship. If Eq. (2-11) is plotted on

a three-dimensional system of axes, a

space diagram representing the function

fGsene.) = 0 is obtained. The projec-

, €5 tions of these surfaces on the three co-

Fic. 2-8. The constant-current ordinate planes give three families of

characteristics of a triode. characteristic curves. These curves are
given in Figs. 2-6, 2-7, and 2-8.

The curves of Fig. 2-6 are known as the plate characteristics since they

show the variation of the plate current with plate voltage for various
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values of grid bias. The main effect of making the grid more negative
is to shift the curves to the right, without changing the slopes appreciably.
This is in accord with what would be expected from consideration of
Eq. (2-10).

If the grid potential is made the independent variable, the mutual, or
transfer, characteristics of Fig. 2-7 result. The effect of making the plate
potential less positive is to shift the curves to the right, the slopes again
remaining substantially unchanged.

The simultaneous variation of both the plate and the grid potentials
so that the plate current remains constant gives rise to a third group of
characteristics illustrated in Fig. 2-8. These show the relative effects
of the plate and grid potentials on the plate current of the tube. But
from the discussion of Sec. 2-4 it is the amplification factor that relates
these two effects. Consequently, the amplification factor is defined as
the ratio of the change in plate voltage to the change in grid voltage for a
constant plate current. Mathematically, u is given by the relation

- (% y
b= (ae)“ _ (2-12)

The negative sign takes account of the fact that a decreasing grid poten-
tlal must accompany an increasing plate potential if the plate current is
to remain unchanged.

Consider the variation in the plate current. This is obtained by
expanding Eq. (2-11) in a Taylor’s expansion. But it is here assumed
that the variation is small and that it is adequately represented by the
first two terms of the expansion. Subject to this limitation, the expres-

sion has the form
P (92.1, aib
Alb = (%)Ec Aeb + (gg‘:)Eb Aec (2-13)

This expression indicates simply that changes both in the plate voltage
Ae, and in the grid voltage Ae. will cause changes in the plate current.

The quantity (de,/d%)z, expresses the ratio of an increment of plate
potential to the corresponding increment of plate current, for constant
E.. This ratio has the units of resistance, is known as the plate resistance
of the tube, and is designated by the symbol r,. Clearly, r, is the slope of
the plate characteristics of Fig, 2-6 and has been indicated there.

The quantity (84,/de.)x,, which gives the ratio of an increment of plate
current to the corresponding increment of grid potential for constant
plate potential E,, has units of conductance. It is known as the plate-
grid transconductance or mutual conductance and is designated by the
symbol ¢g.. The mutual conductance g, is the slope of the mutual-, or
transfer-, characteristic curves of Fig. 2-7.
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To summarize, the triode coefficients have the forms

I

0 .
(6—(3") Tp plate resistance
W/ E,

3y
aec Ey

— (Q@) u amplification factor
6ec Iy

(2-14)

Gom mutual conductance

It is easy to show that u is related to r, and g, by the expression
b= Tolm ' (2-15)

This is obtained by setting A7, = 0in Eq.(2-13) and then using the defini-
tions of Eq. (2-14).

The variations of these parameters for a fixed value of plate potential
for the 6C5 tube are shown in Fig. 2-9. It is noticed that the plate
resistance varies over rather wide
limits, being very high at zero
plate current, and approaches a
constant value at the higher plate
currents. The transconductance
varies from a very small value at
zero plate current and tends to-
ward a constant value at the
higher plate currents. The am-
plification factor remains reason-
0 ot 10 . 20 ably constant over a wide range

@ urrent,ma of currents, although it falls off
rapidly at the low currents. The
corresponding values for other
values of E, may differ numerically, but the general variations will be
similar.

High-power triodes are used extensively in transmitters. The grid of
such a tube is driven positive with respect to the cathode during part
of the cycle, and the current is cut off during part of the cycle. The
characteristics of importance of such tubes are the plate curves and the
constant-current curves. The variations over normal operating limits
are as illustrated in Figs. 2-10 and 2-11 for a type 889A tube.

MULTIELECTRODE TUBES

2-6. Tetrodes. In the tetrode a fourth electrode is interposed between
the grid and the plate. This new electrode is known as the screen grid, or
grid 2, in order to distinguish it from the “‘control’ grid of the triode.

Amplification
factor
n
S
1

Plate resistance, kilohms
Transconductance,micromhos

Fig. 2-9. The parameters p, rp, and gm of
a 6C5 triode as a function of plate current.
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AVERAGE PLATE CHARAQTERISTICS
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The constant-current characteristics of the power triode of Fig. 2-10.
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Physically, it almost entirely encloses the plate. Because of its design
and disposition, the screen grid affords very complete electrostatic shield-
ing between the plate and the control grid. This shielding is such that
the grid-plate capacitance is reduced by a factor of about 1,000 or more.
However, the screen mesh does not interfere appreciably with the electron
flow. The reduction of the grid-plate capacitance is a very important
improvement over the triode, and this matter will be considered in some
detail in Chap. 3.

Because of the electrostatic shielding of the plate by the screen, the
potential of the plate has almost no effect in producing an electric field
at the cathode. Since the total space current is determined almost
wholly by the field near the cathode surface, the plate exerts little or no
effect on the total space charge drawn from the cathode. There is,
therefore, a significant difference between the triode and the tetrode. In
a triode, the plate performs two distinct functions, that of controlling the
total space current, and that of collecting the plate current. In a
tetrode, the plate serves only to collect those electrons that have passed
through the screen.

The passive character of the plate makes the tetrode a much better
voltage amplifier than the triode. This follows from the fact that in the
triode with a resistance load an increase in load current is accompanied
by a decreased plate-cathode potential, which results in a decreased space
current. In the tetrode, the decreased plate-cathode potential still
exists, but owing to the secondary role of the plate the space current is
not materially affected.

The disposition of the cathode and the control grid is nearly the same
in both the tetrode and the triode, and therefore the grid-plate trans-
conductance is nearly the same in both tubes. Also, the plate resistance
of the tetrode is considerably higher than that of the triode. This fol-
lows from the fact that the plate voltage has very little effect on the plate
current. Thus, with the high plate resistance and with a g, that is
about the same as for the triode, the tetrode amplification factor is very
high.

2-7. Tetrode Characteristics. In the tetrode with fixed control-grid
and screen-grid potentials, the total space current is practically constant.
Hence, that portion of the space current which is not collected by the
plate must be collected by the screen; where the plate current is large,
the screen current must be small, and vice versa. The general character
of the results is illustrated in Fig. 2-12.

Although the plate potential does not affect the total space current to a
very great extent (although a slight effect is noted in the curve at the
lower plate potentials), it does determine the division of the space current
between plate and screen. At zero plate potential, few of the electrons
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have sufficient energy to reach the anode, and the plate current should be
small. As the plate potential is increased, a rapid rise occurs in the plate
current, with a corresponding reduction of the screen current. When the
plate potential is larger than the screen potential, the plate collects
almost the entire space current and the screen current approaches zero
or a very small value.
An inspection of the curves of Fig. 2-12 shows that the plate current
rises very rapidly with increasing plate potential, but this increase is
) followed by a region of plate-poten-
tial variation in which the plate
current decreases with increasing
plate potential. This region is one
of negative plate resistance, since
an increasing plate potential is ac-
€6 companied by a decreasing plate
F16.2-12. Curves of total space curx:ent, current. The kinks, or folds, in the
tp;:rtsd:“"e"t’ and screen current, in & oryeg are caused by the emission of
‘ electrons from the plate by the
process of secondary emission. This results from the impact of the pri-
mary electrons with the plate. That is, secondary electrons will be
released from the anode, and if this is the electrode with the highest posi-
tive potential, the electrons will be collected by the anode, without any
noticeable effect. If, however, secondary electrons are liberated from the
anode, and if these electrons are collected by some other electrode, then
the anode current will decrease, whereas the current to the collecting elec-
trode will increase. It is this latter situation which exists in the tetrode
when the plate potential is low and the

screen is at a high potential. ‘s Ey-400
When the plate potential is higher than 750

the screen potential, the secondary elec- Eg,-fixed /

trons from the plate are drawn back, with- / $0

out appreciable effect. If under these 700

potential conditions secondary electrons

are liberated from the screen, these will be

collected by the anode. The correspond- €c
ing plate current will be greater than that Fie. 2-13. The transfer char-
in the absence of secondary emission from acteristics of a tetrode, for a fixed
the screen. screen pote{ltlal, and with the
. plate potential as a parameter.
2-8. Transfer Characteristics. Since
the plate of a tetrode has no appreciable influence on the space current, it
is expected that the cathode, the control grid, and the screen grid should
possess characteristics not unlike those of a triode. This is actually the
case, as illustrated in Fig. 2-13. These curves show the effect of varia-
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tions of plate potential on plate current, for fixed E... Because of the
slight influence of the plate, the transfer curves are bunched together.
These curves should be compared with those of the triode in Fig. 2-7,
where the transfer curves are widely separated.

The transfer curves for plate voltages below the screen potential, and
this is the region of operation which is generally avoided in practice,
become separated. In fact, the transfer characteristic for E, = 100
volts actually falls below that for E, = 50 volts. This anomalous
behavior is directly the result of the secondary-emission effects discussed
above.

2-9. Tube Parameters. It is expected, on the basis of the foregoing
discussion, that the plate current may be expressed as a function of the
potential of the various electrodes by an expression of the form

% = f(eb,ec1,602) (2-16)

where e, is the potential of the first, or control, grid, e, is the potential of
the second, or screen, grid, and e, is the potential of the plate, all with
respect to the cathode. This functional relationship is just a natural
extension of that which applies for triodes. In fact, an approximate
explicit form of the dependence is possible. This form, which is an
extension of Eq. (2-10), may be written as

. 161; €co %
B=klea+—+— (2-17)
M1 He
where u; and 2 are the control-grid and screen-grid amplification factors,

respectively.
The variation in the plate current, second- and higher-order terms in the
Taylor expansion being neglected, is given by
. 3ty d1p 3y
= a. A v A c - A c 2—1
Ao (aeb)EehEez @+ (ae01)Eb,Ecz e+ (3%2)55,3;1 e (218)

Generally, the screen potential is maintained constant at some appro-
priate value, and hence Ae;; = 0. The third term in the expansion may
be omitted under these conditions. The partial-differential coefficients
appearing in this expression furnish the: basis for the definitions of the
tube parameters. These are ‘

(g?) =7, plate resistance
b/ Ecy, Ees

( 6ib>
aecl Ep,Ecy

_ (6%) = amplification factor
8ec1 Iy, Eeo

gm  mutual conductance (2-19)

I
=
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The two subscripts associated with each term indicate the parameters
that are maintained constant during the partial differentiation. It can
be shown that here too the relation u = r,g, is valid. Nominal values
for the various parameters that appear in this relationship are », = 10° to
2 X 10% ohms, g» = 500 to 3,000 pmhos, and p = 100 to 1,200.

2-10. Pentodes. Although the insertion of the screen grid between the
control grid and the anode in a triode serves to isolate the plate circuit
from the grid circuit, the range of operation of the tube is limited owing to
the effects of secondary emission. This limitation results from the fact
that, if the plate-potential swing is made too large, the instantaneous
plate potential may extend into the region of rapidly falling plate current,
with a resulting marked distortion in the output.

. L‘b
% Tetrode Ey=400
Pentode £y =50
E'CZ-consfanf / 6
E,-fixed
€ €c

F1c. 2-14. The characteristics of a tube  Fia. 2-15. The transfer curves of a pen-
when connected as a tetrode and as a tode for a fixed screen potential and with
pentode. the plate potcntial as a parameter.

The kinks, or folds, that appear in the plate-characteristic curves and
that limit the range of operation of the tetrode may be removed by
inserting a coarse suppressor-grid structure between the screen grid and
the plate of the tetrode. Tubes that are provided with this extra grid are
known as pentodes. The suppressor grid must be maintained at a lower
potential than the instantaneous potential reached by the plate at any
time in its potential excursions. Usually the suppressor is connected to
the cathode, either externally or internally. Now since both the screen
and the anode are positive with respect to the suppressor grid, secondary
electrons from either electrode will be returned to the emitting electrode.
The main electron stream will not be materially affected by the presence
of the suppressor grid. The effects of the insertion of the suppressor grid
are shown graphically in Fig. 2-14.

The pentode has displaced the tetrode in radio-frequency (r-f) voltage
amplifiers, because it permits a somewhat higher voltage amplification at
moderate values of plate potential. Likewise it permits a greater plate-
voltage excursion without distortion. Tetrodes are used extensively in
high-power tuned amplifiers.

The transfer curves of a pentode are shown in Fig. 2-15. It is noted
that the curves are almost independent of the plate voltage.
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2-11. Remote-cutoff Tubes. If in a pentode the grid-cathode spacing,
the spacing between grid wires, or the diameter of the grid wires is not
uniform slong the entire length of the control-grid structure, the various
portions of the grid will possess different degrees of electrostatic control
over the plate current. That is, one portion of the grid may cause
electron-flow cutoff, whereas an appreciable current might pass through a
more widely spaced section of the grid.
As a result, the plate-current control by
the grid is considerably less effective than
in a conventional pentode. The general
character of the results is illustrated in
Fig. 2-16. Owing to its construction, a
given grid-voltage increment results in
a plate-current change that is a function
of the bias. This means that the mutual =9 16 The transfer curves of a
conductance is a function of the bias. ¢8J7 sharp-cutoff pentode and a
For this reason, these tubes are called 6SK7 remote-cutoff pentode.
variable-mu tubes. They are also known
as remote-cutoff and supercontrol tubes. They have applications in radio
receivers and may be used in f-m transmitters. These applications will
be considered in later chapters.

2-12. Hexodes, Heptodes. A number of special-purpose tubes con-
taining more grid elements than the pentode are used extensively.
These tubes possess a wide variety of characteristics, depending upon the
grids to which fixed potentials are applied and those to which signals
might be applied. These tubes are used extensively as converters in
superheterodyne receivers and find f-m transmitter and other applica-
tions. More will be said about these in the sections having to do with
such applications. ,

2-13. Beam Power Tubes. The suppressor grid is introduced into the
pentode in order to extend the range of operation of these tubes beyond
that of the tetrode. These tubes are quite satisfactory over wide limits,
and the range of operation is limited when the instantaneous plate
potential falls to the rapidly falling plate-current region at low potentials.
This rapid change in plate current for small changes in plate potential
in the region of low plate voltage results from the overeffectiveness of the
suppressor grid at these low plate potentials.

Because of this, the shape of the suppressor grid in some modern
pentodes has been so dimensioned that the effects of secondary emission
are just suppressed or only admitted slightly at the low anode voltages.
This results in an improved plate characteristic and is manifested by a
sharper break in the plate characteristic.

€c
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The pentode or tetrode beam power tube was designed with these

considerations specifically in mind, and the plate characteristics are
illustrated in Fig. 2-17. The essen-

% Beam power tube tial features of the beam power tube
are illustrated in the schematic view
Power penfode - of Fig. 2-18. One feature of the de-

sign of this tube is that each spiral
turn of the screen is aligned with a

es spiral turn of the control grid. This
Fi16.2-17. The plate characteristicof a ~ S€TVES to keep the screen current
heam power tube and a power pentode. Small and hence leaves the plate
current virtually unchanged. Other

features are the flattened cathode, the beam-forming side plates (main-
tained at zero potential), the shape of the plate, the curvature of the

BEAM-
CONE INING =
ELECTRODE

CATHODE ~

F1c. 2-18. Schematic view of the shapes and arrangement of the electrodes in a beam
power tube. (RCA Mjfg. Co.)

grids, and the spacing of the various elements. As a result of these
design characteristics, the electrons flow between the grid wires toward
the plate in sheets, or beams.

The region between the screen and the plate possesses features which
are somewhat analogous to those which exist in the space-charge-limited
diode. That is, there is a flow of charge between two electrodes. How-
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ever, the electrons, when they enter this region do so with an appreciable
velocity. For such a case as this, the considerations of Sec. 2-1 would
have to be modified to take account of the initial velocity. If this is
done, it is found that a potential minimum will exist in the region between
the two electrodes. This potential minimum acts as a virtual suppressor
grid, and any secondary electrons that are emitted from either the plate
or the screen are returned to the emitting electrode.

The actual potential distribution in the screen-plate region will depend
on the instantaneous plate potential and the plate current, for a constant
screen potential. The resulting variable suppressor action proves to be
superior to that possible with a mechanical grid structure, as illustrated.

GAS TUBES

2-14. Electrical Discharge in Gases. There are two important types
of discharge in gases that play roles in electron tubes. One of these is
the glow discharge, and the second is the arc discharge. The glow dis-
charge utilizes a cold cathode and is characterized by a fairly high tube
drop and a low-current-carrying capacity. The voltage drop across the
tube over the operating range is fairly constant and independent of the
current. The arc discharge is characterized by a low voltage drop and a
high current capacity. For an arc tube with a thermionic cathode, the
temperature-limited cathode emission may be drawn with a tube drop
approximately equal to the ionization potential of the gas. For a mer-
cury-pool cathode, extremely high cur-
rent densities exist (of the order of “&
5 ><‘108 amp/m?), with high qurrents A;g;g/’:‘;/’g’"g
possible and a tube drop approximately /
equal to the ionization potential of the

mercury atom. Breakdown
Consider a gas tube which consists of potential
a cold cathode and a collecting anode, /

. . €6
between which is connected asource of . -, o Volt-ampere character-

potential through a current-limiting igic of a glow discharge.
resistor, and an indicating ammeter.
The volt-ampere characteristic of such a tube has the form illustrated in
Fig. 2-19. This curve shows that breakdown occurs at a potential which
is somewhat higher than the maintaining potential but that there is a
region where the tube drop remains substantially constant over an
appreciable range of currents. Visually, the discharge is characterized
by a colored luminous region, the color being a function of the gas present
in the tube.

It is desired to explain the mechanism of operation of these tubes.
Consider, therefore, that a free electron exists within the tube; such an
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electron might have been released by ionization due to collision between
a gas molecule and a cosmic ray or by photoelectric emission. With the
application of the potential between the electrodes, the electron will drift
toward the anode. If the field is large enough, the electron may acquire
enough energy to ionize a molecule when it collides with it. Now two
electrons will be present, the original one and also the electron that has
been liberated by the process of ionization, and a positive ion. The two
electrons and the positive ion will move in the applied field, the electrons
moving toward the anode, and the positive ion toward the cathode. If
the field is large enough, the resulting cumulative ionization may continue
until breakdown occurs. Once breakdown occurs, the potential distribu-
tion within the tube is markedly modified, and most of the region of the
discharge becomes virtually equipotential or force-free, containing as
many positive as negative charges. This is the plasma of the discharge.
Almost the entire potential change occurs in the very narrow region near
the cathode. Normal values for cathode-fall voltage range between
about 59 volts (a potassium surface and helium gas) and 350 volts. The
presence of a low-work-function coating on the cathode will result in a
low cathode fall with any gas. Also, the use of one of the inert gases
(helium, neon, argon, etc.) results in a low cathode fall with any cathode
material. The cathode fall adjusts itself to such a value that each posi-
tive ion, when it falls through this field, will release an electron from the
cathode by secondary emission. The positive ion combines with this
electron and thus becomes neutralized.

Another feature of a normal glow discharge is that the current density
of the cathode remains sensibly constant. Ior higher currents, a greater
portion of the cathode is covered with glow, the area of the glow on the
cathode increasing directly with the magnitude of the current. Once
the cathode is completely covered with glow, any further current through
the tube depends on an excess of secondary emission from the cathode
over that required to neutralize the positive ions. This is accompanied
by a rising cathode fall. This is the ‘“abnormal” glow and is generally
of small practical importance.

The dividing line between an arc and a glow discharge is rather indis-
tinct. The arc discharge allows for the passage of large currents at low
voltage, the current density at the cathode being high. Nevertheless
each discharge has associated with it the cathode fall, the plasma, and
the anode fall (which is of minor significance in both types of discharge).
The discharges differ in respect to the mechanism by which the electrons
are supplied from the cathode. In the glow discharge, as discussed, the
electrons are emitted from the cathode by the process of secondary
emission resulting from positive-ion bombardment of the cathode. In
the arc discharge, the emission of the electrons from the cathode occurs
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through the operation of a supplementary mechanism other than by
positive-ion bombardment. In the thermionic arc, the electrons are
supplied by a cathode that is heated to a high temperature, either by the
discharge or externally by means of an auxiliary heating circuit. The
mechanism for electron release is not fully
understood in the arecs that employ a mercury-
pool cathode or an arc between metal surfaces.
However, in the discharges the primary func-
tion of the gas is to supply a sufficient positive-
ion density to neutralize the electron space
charge. Because of this, the normal potential 5 ™5 54  ®lectrode
drop across an arc tube will be of the order of giructure in 2 VR tube.
the ionization potential of the gas.

2-15. Glow Tube. A glow tube is a cold-cathode gas-discharge tube
which operates in the normal glow-discharge region. The voltage drop
across the tube over the operating range is fairly constant and independent
of the current. When the tube is connected in a circuit, a current-limiting
resistor must be used if serious damage to the tube is to be avoided.

One commercial type of tube consists of a central anode wire which is
coaxial with a cylindrical cathode, as illustrated in Fig. 2-20. The elec-

\\.Starting probe
“Anode

Fie. 2-21. Photographs of several low-capacity glow lamps. (General Electric Co.)

trodes are of nickel, the inner surface of the cathode being oxide-coated.
The cathode fall is sometimes lowered by sputtering some misch metal (an
alloy of cerium, lanthanum, and didymium) on the cathode. The gases
that are commonly used are neon, argon, and helium. The tubes con-
taining neon or helium usually contain a small amount of argon. The
presence of the argon lowers the starting voltage. These tubes are
available with normal output potentials of 75, 90, 105, and 150 volts and
bear the designations VR-75, VR-90, etc. The normal maximum current
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is 30 ma. The starting probe that is attached to the cathode, as illus-
trated in Fig. 2-20, serves to lower the breakdown voltage of the tube.

Glow lamps are also available for pilot, marker, and test-lamp service.
Such tubes are available in several sizes from 145 to 3 watts capacity.
Photographs of these are given in Fig. 2-21.

2-16. Cold-cathode Triodes. A cold-cathode triode, or grid-glow tube,
contains three elements, the cathode, the anode, and a starter, or control,
anode. The control electrode is placed

400 close to the cathode. The spacing
£ of the electrodes is such that a dis-
1300 charge takes place from the cathode
‘%20 0 to the control electrode at a lower po-
3 AN tential than is required for a discharge
2 100 ™~ from the cathode to the anode. Once
£ ] the control gap has been broken down,

however, it is possible for the discharge

0

0 25 50 75 100 125 150 I75 200225 {0 transfer to the main anode. The

Transfer current, pa . .
.. cathode-anode voltage that is required

Fig. 2-22. Transfer characteristic £ hi f . ¢ .
of an RCA OA4G cold-cathode 1OT this transfer to occur 1s a unctu?n
triode. of the transfer current, the current in
the control electrode-cathode circuit.
Such a “transfer,” or ‘“transition,” characteristic is given in Fig. 2-22.
For zero transfer current, which means that the control electrode is not
connected in the circuit, the anode

the transfer current is increased. /
An increased transfer current in- 0.00!
dicates the presence of greater /
ionization. Regardless of the 0.000]
magnitude of the transfer current, TO 20 40 60 80 100 120
however, the anode-cathode volt- emperafure of condensed mercury,°C
age can never fall below the main-
taining voltage for this gap. The
transfer characteristic approaches this sustaining voltage asymptotically.
2-17. Hot-cathode Gas-filled Diodes. These tubes are thermionic
cathode diodes in which there is an inert gas at low pressure or in which
mercury vapor is added. In the latter case a few drops of mercury are
added to the tube after evacuation. The pressure in the tube is then a

voltage is equal to the breakdown £ -0 M
voltage between cathode and € P
anode. It is observed from the ?:j 0.1
curve that the required anode- £ //
cathode voltage falls rapidly as s 0.0l va

:

s

F1g. 2-23. Mercury-vapor pressure as a
function of condensation temperature.
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function of the mercury-vapor condensation temperature. The relation-
ship between the pressure and the temperature is shown in Fig. 2-23.
Under normal operating conditions, the temperature of the tube will be
15 to 20°C above that of the surroundings (ambient temperature).

As already discussed, the sole function of the gas in these tubes is to
provide ions for the neutralization of space charge, thus permitting the
current to be obtained at much lower voltages than are necessary in

e - SaEnag

Fi1c. 2-24. Commercial mercury-vapor diodes of different capacity. (RCA Mfg. Co.)

R &

vacuum tubes. If more than saturation current is demanded by the
circuit, then gas amplification, resulting from positive-ion bombardment,
of the cathode, will occur. Under these circumstances the cathode fall
increases. The tube drop should not be permitted to exceed the dis-
integration voltage of the cathode (about 22 volts for a mercury diode
with either oxide-coated or thoriated-tungsten cathodes); otherwise the
cathode may be seriously damaged by the positive-ion bombardment.

Two typical commercial mercury-vapor-filled diodes areillustrated in
Fig. 2-24.

2-18. High-pressure Gas Diodes. Diodes are available which contain
argon or a mixture of argon and mercury at a pressure of about 5 cm.
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The cathodes in such tubes consist of a short, heavy thoriated-tungsten
or oxide-coated filament and are located close to heavy graphite anodes.
These tubes, which are known as tungar or rectigon tubes, are used exten-
sively in chargers for storage batteries.

The presence of the fairly high pressure gas serves a twofold purpose.
One is to provide the positive ions for reducing the space charge. The
second is to prevent the evaporation of the thorium or the coating from
the filament. This second factor is extremely important since the fila-
ment is operated at higher than normal temperature in order to provide
the large currents from such a simple cathode structure. The high-
pressure gas in such a tube imposes a limitation on these tubes, and they
are limited to low-voltage operation.

2-19. The Thyratron. The thyratron is a three-electrode tube which
comprises the cathode, the anode, and a massive grid structure between
them. The grid structure is so designed as to pro-
vide almost complete electrostatic shielding between
the cathode and the anode. In such a tube as
this, the initiation of the arc is controlled by control-
ling the potential of the grid. The grid usually con-
sists of a cylindrical structure which surrounds both
the anode and the cathode, a baffle or a series of
bafles containing small holes being inserted between
the anode and the cathode. The electrode structure
of such a tube is illustrated in Fig. 2-25. The
shielding by the grid is so complete that the appli-
Fre. 2-25. Theelec- cation of a small grid potential before conduction is
trode structure of a  started is adequate to overcome the field at the
negative control  gathode resulting from the application of a large
thyratron. .

anode potential.

Once the arc has been initiated, the grid loses complete control over the
arc. Grid control is reestablished only when the anode potential is
reduced to a value less than that necessary to maintain the arc. Once
the arc has been extinguished by lowering the plate voltage, the grid once
more becomes the controlling factor which ‘determines when conduction
will again be initiated. That is, if the grid potential is more positive
than that necessary for the controlling action to prevail, conduction will
take place; if more negative, no conduction will occur.. The curve that
relates the grid ignition potential with the potential of the anode for
conduction just to begin is known as the critical grid curve. In fact, a
knowledge of this static curve is all that is required to determine com-
pletely the behavior of a thyratron in a circuit.

Typical starting characteristic curves.of mercury-vapor thyratrons are
given in Fig. 2-26. Two distinct types of characteristics are illustrated,

A Cathode
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viz., those in which the grid potential must always be positive, and those
in which the grid is generally negative, except for very low plate poten-
tials. The physical distinction between these positive and negative
control tubes lies essentially in the more complete shielding by the grid
in positive control tubes.

In the negative control tube where the shielding is far less complete
than in the positive control type, the effect of the plate voltage is clearly

FG-21A Negative control |FG-33 Positive control tube
80050°f100 3Q° tube 80? Sqo 300
2,800 \ \
S
S 600 \
RN
o N
g N\
a ~
0

-0 -8 6 -4 -2 0 2 4 6 8 10 12
D-c grid potential at start of discharge

Fig. 2-26. Critical grid characteristics of a positive and a negative control thyratron
for different temperatures. *

seen; the higher the plate potential, the more negative must the grid
potential be in order to prevent conduction from taking plate. For low
plate potentials, positive grid potentials must be applied before ionization,
and hence conduction, can begin. If the plate potential is reduced still

more, even below the potential neces- 320
sary for ionization, breakdown can still 20
be obtained by making the grid suffi- \\ 240 —
ciently positive. Now, however, the \\ ZOOE
function of the tube may be destroyed, ) 160 E
since the arc may take place between | &
the cathode and the grid, with very N ISZS 5
little current to the plate. The thy- Ndlao &
ratron will be converted into a gas di- \E

ode under these conditions, the plate -40-36 -3 ézs -% -2‘? -16+ -1!2 -8 -4 0 0

; ; id Potentia
e

* istic of an 884 argon-filled thyratron.
It is because of this that alarge current-
limiting resistor is connected in the grid circuit, as it is unwise to draw a
large grid current.

In addition to the mercury-vapor- and gas-filled thyratrons of moder-
ate current capacity, small argon-filled low-current-capacity tubes are
available. The shielding between the cathode and the anode is not so
complete in these tubes as in the higher current units. Also, the critical
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grid curves are independent of temperature, since the number of gas
molecules in the glass envelope remains constant. A typical critical
grid curve for an 884 is given in Fig. 2-27.

2-20. Shield-grid Thyratrons. Before breakdown of the tube occurs,
the current to the grid of a thyratron such as the FG-27A is a few tenths
of a microampere. Although this current is entirely negligible for many
applications, it will cause trouble in circuits that require very high grid

Shield grid potential
q00. 250 -2 -3 -4

\ \
800 A
AR A
S 600

[=]
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3 400 3
FOT ]
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Control.
grid

O-|6 <-8-4 0 4 8 17162
Control grid voltage

Frg. 2-28. Electrode structure of the Fia. 2-29. Control characteristics of an

FG-98 shield-grid thyratron. FG-98 shield-grid thyratron.

impedances. This is especially true in circuits that employ phototubes.
For this reason, a fourth electrode, or shield grid, has been added to the
thyratron. Such a shield-grid thyratron structure is illustrated in Fig.
2-28. The massive cylindrical shield-grid structure encloses the cathode,
control grid, and anode. Owing to the shielding, the grid current is
reduced to a small fraction of its original value, the preignition current
being of the order of 10—* pamp.

The critical grid starting characteristics of such a tube are shown in
Fig. 2-29. It will be observed that these characteristics are functions of
the shield-grid voltage.

2-21. The Ignitron. The ignitron is a mercury-pool cathode diode
which is provided with a third electrode for initiating the discharge
between the cathode and anode. The third electrode, or ignitor rod, is
made of a suitable refractory material (such as silicon carbide, boron
carbide, and carborundum) which projects into the mercury-pool cathode.
Such a tube is illustrated in Fig. 2-30.

With an a-c potential applied between the cathode and the anode of
the pool-cathode diode, the arc would be extinguished once each alternate
half cycle, provided that the arc could be initiated regularly. The appli-
cation of a potential to the ignitor rod at the appropriate point in the
cycle will permit the regular ignition of the are.
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There is a fundamental difference between the control action in a
thyratron and that of the ignitor rod in an ignitron. In thyratrons, the
grid prevents the formation of an arc, whereas the ignitor initiates the
arc. In the former case the electrons already exist in the tube, owing
to the presence of an externally heated cathode, but the grid electrostati-
cally prevents the electrons from flowing to the anode until a critical

-

Y- Anode

| Jgnstor

rod '
[j 4 Cathode
\=

Fic. 2-30. Sketch and photograph of a water-cooled metal ignitron. (General
Electric Co.)

R
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voltage is reached. In the ignitron, the tube is in a nonconducting state
until the ignitor circuit is energized, when conduction is forced.

2-22. Tube Ratings—Current, Voltage, Temperature. Gas- and
vapor-filled tubes are given average rather than rms current ratings.
This rating specifies the maximum current that the tube may carry con-
tinuously without excessive heating of any of the parts. The time over
which the average is to be taken is also specified by the manufacturer.
That the average current is important in such a tube follows from the
fact that the instantaneous power to the plate of the tube is given by the
product of the instantaneous anode current and the instantaneous tube
voltage. Since the voltage is substantially constant and independent of
the tube current, the average power is the product of the tube drop and
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the average tube current. The tubes are also given peak-current ratings,
this rating specifying the maximum current that the tube should be
permitted to reach in each conducting cycle.

Such tubes are also given peak-inverse-voltage ratings. This is the
largest safe instantaneous negative potential that may be applied to the
tube without the possibility of conduction in the inverse direction arising
because of breakdown of the gas in the tube. This potential is also
referred to as the flash-back voltage. The variation of the inverse peak
voltage with temperature for an 866 diode is shown in Fig. 2-31.
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Fic. 2-31. Peak inverse voltage and tube drop of an 806 diode as a function of
temperature.

The maximum peak forward voltage is a quantity that is significant
only for thyratrons. It specifies the largest positive potential that may
be applied to the anode before the grid loses its arc-initiating ability.
That is, for potentials higher than this, a glow discharge may occur
between anode and grid, which will immediately initiate the cathode-
anode arc.

The condensed-mercury temperature limits are specified for the safe
and efficient operation of mercury-vapor tubes. The range usually
extends from about 30 to 80°C. The upper temperature limit is deter-
mined by the allowable peak inverse voltage. The lower limit is set by
the allowable tube drop, which increases with decreasing temperature
and which may cause serious cathode disintegration, as well as a decreased
efficiency.

2-23. Deionization and Ionization Times. The ionization time of a
tube specifies the time required for conduction to be established once the
potentials have been applied. It seldom exceeds 10 pseconds and is
approximately 0.01 useconds for the 884 thyratron.



Sec. 2-23] CHARACTERISTICS OF ELECTRON TUBES 37

The deionization time is a measure of the minimum time that is
required after removal of the anode potential before the grid of a thyratron
again regains control. It represents the time that is required for the
positive ions to diffuse away from the grid and recombine with electrons
to form neutral molecules. The deionization time depends on many
factors, such as gas pressure, electrode spacing, and exposed areas. For
commercial tubes that are operated under rated conditions, it varies
between 100 and 1,000 upseconds. - This is considerably longer than the
ionization time and may offer a serious limitation to the use of such tubes
in many applications.
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PROBLEMS

2-1. Plot I, vs. E, of the 6H6 diode (see Appendix B) on log paper. From this
plot determine the quantities ¥ and n in the expression I, = kEj}.

2-2. The anode current in a type 5U4G diode with 54 volts applied between the
plate and cathode is 200 ma. What is the required potential for a current of
100 ma? The tube operates under space-charge conditions.

2-3. Suppose that the FP-400 tube is operating under rated filament power
input (see Prob. 1-2). The operating temperature is 2700°K; anode diameter
= 0.50 in.

a. Calculate the saturation current.

b. At what potential will the current become temperature saturated?

2-4. Plot I, vs. Ey + uE. on log paper of the 6J5 triode (see Appendix B).
From this curve, find the quantities k¥ and » in the expression I, = k(E, + uE.)".

2-5. The 6J5 triode is operated with E, = 135 volts. Determine and plot
curves of u, g, and 7, as a function of E..

2-6. The rating of a certain triode is given by

I, = 130 X 106 (E, + 0.125E,)158

With E.. = —20 volts, Ey, = 350 volts, find I, 7, gm, u.

2-7. The plate and grid characteristics of a type 851 power triode are given in
Appendix C. Plot I, = I, 4+ I. vs. E, 4+ pE. on log paper, and find the quanti-
ties k and n in the expression I, = k(E, + pE:)*. .

2-8. The current in a 6J5 triode for which u = 20 and which is operating with
E. = —8volts, E, = 250 volts is 8.7 ma. Estimate the current when E, = 200
volts and E, = —6 volts.

2-9. A 6J5 triode for which u = 20 is operating with E, = 250 volts. What
grid voltage is required to reduce the current to zero?

2-10. Evaluate the value of , g, and r, of the 6SJ7 pentode for E, = —3
Fe.o = 100, E, = 150 volts.

2-11. Evaluate the values of p, gm, 7, of the 6SK7 supercontrol pentode for
Eeeo = 100, E, = 250 volts, with E..; = —2 volts; with E.r = —10 volts.

)



38 ELECTRON-TUBE CIRCUITS [Chap. 2

2-12. Plot a curve of g, vs. E., of 2 6SK7 with E.., = 100, E, = 250 volts.

2-13. Use the plate characteristics of the 6SJ7 and the 6SK7 pentodes to
construct mutual characteristics on the same sheet, with E, = 200 volts for each
tube. Determine the maximum and minimum values of g.. for each tube in the
range of your sketch.

2-14. Plot a curve of g vs. E¢; of a 6L7, with E..; = —6, E..o = 150 volts.

2-15. Refer to Sec. 2-7 for a discussion of secondary emission caused by elec-
tron impact. What happens to the secondary electrons that are produced by the
impact of the primary current on the anode in a diode? In a triode?



CHAPTER 3

VACUUM TUBES AS CIRCUIT ELEMENTS

THE analysis of the behavior of a vacuum tube in a circuit may be
accomplished by two different methods, both of which are to be examined
in some detail. In one method, use is made of the static characteristics
of the tube. The second method achieves two forms. In one, the tube
is replaced by a constant-voltage generator, the potential of which
depends upon the input signal and the internal resistance of which
depends on the tube that is used. In the other, the tube is replaced
by a constant-current generator, the magnitude of the current depend-
ing on the input signal, the generator being shunted by a resistance
which is a function of the tube. Owing to the approximations that are
made in the second methods, they are inherently less accurate than the
direct use of the static characteristics. However, these methods allow
a clearer insight into the operation of the circuit. Because of this
feature, the equivalent-circuit methods of analysis are considerably more
important than that involving the tube characteristics. Moreover, it is
possible to estimate the inaccuracies in the method, thus allowing a
complete understanding of the
operation of the circuit.

The introduction of the ——
methods will be made in terms of 2 2.3

. . . 9 g3
the operation of a triode and will | ]
later be extended to the operation
of the other types of tubes. Frc. 3-1. The basic circuit of a triode

3-1. Symbols and Terminology. amplifier.

The simplest triode amplifier is

illustrated in Fig. 3-1. Before proceeding with the analysis, it is neces-
sary to discuss the meaning of the symbols and the general terminology
of vacuum-tube circuits.

The input circuit of the amplifier usually refers to all the elements of
the circuit that exist between the grid and the cathode terminals of the
tube. Similarly, the output, or plate, circuit usually refers to the ele-
ments that are connected between the cathode and the plate terminals.
In the circuit illustrated, the input circuit comprises the input voltage
source e, the grid resistor R,, and the bias battery E... The plate circuit

39

+
; Outout
6\, } voltage

T




40 ELECTRON-TUBE CIRCUITS [CHap. 3

consists of the load resistor R; and the plate supply battery Ej. In
many applications, the input signal e, is a sinusoidally varying potential,
although the wave shape may be nonsinusoidal, and is frequently very
carefully chosen for a particular application.

A variety of potentials, both d-¢ and varying, are involved simul-
taneously in a vacuum-tube circuit, making it necessary that a precise
method of labeling such sources be established. In what follows, lower-
case letters will be used to designate instantaneous values, and capital
letters will denote either d-¢ or rms values of sinusoids. The subscripts
¢ and g will refer to the grid circuit, and the subscripts b and p will refer
to the plate circuit. Examples of the notation follow:

E.. = d-c grid, or C bias

E,, = d-c plate supply, or B supply

E, = rms value of the a-c input excitation voltage if this excitation is

sinusoidal

E, = rms value of the a-c¢ output potential for a sinusoidal output

e, = instantaneous input signal; measured with respect to the input
terminals

e. = instantaneous signal that appears between the grid and cathode
of the tube

e, = instantaneous signal that appears across the output element of
the circuit

e, = instantaneous potential between the plate and cathode of the
tube

i, = instantaneous signal component of plate current; positive in the
direction from the cathode to the plate through the load

7, = instantaneous total plate current; positive in the direction from
the cathode to the plate through the load

I, = average or d-c current in the plate circuit

E, = average or d-c potential from plate to cathode

Figure 3-1 illustrates the reference positive polarities and the reference
direction of current.

As a specific illustration of the notation, suppose that the input signal
voltage to the amplifier of Fig. 3-1 is ~

e, = V2 E, sin wt
Then the instantaneous grid-cathode potential is
€ = Ecc + '\/é Eg Sin wi

Circuits will be discussed in which no such simple relation between grid
driving signal and grid-cathode potential exists, owing to an involved
interconnection of circuit elements among the tube elements.

3-2. Graphical Analysis. Refer to Fig. 3-1, and suppose that the
grid input signal ¢, = 0. Owing to the d-c sources E.. and Eu, it will be
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supposed that there is a current in the plate circuit. This is true only if

the plate supply Ei and the grid supply E.. are properly chosen. The

value of this current may be found graphically. In fact, it is essential

that a graphical solution be used. This follows from the fact that the

plate circuit of Fig. 3-1 yields the .

relation i /’R—b,b
es = By — IR (8-1) Load

lne

£,

cc .

However, this one equation is not
sufficient to determine the current ARV ARy v 'R
corresponding to the potential Ey, ! g ¢
since there are two unknown quan-

tities in the expression, e, and 4.

(2
b
Ep Egp

A second relation between e, and Y16 3-2. The operating point @ is
located at the intersection of the load

i is given by the plate character- line and the plate characteristic for
istics of the triode. Thesimultane- , _ _g

ous solution of Eq. (3-1) and the

plate characteristics will yield the desired current. This is accomplished
by drawing Lq. (3-1) on the plate characteristics, in the manner illus-
trated in Fig. 3-2. The line that passes through the points

5% =0 ev = Ew
. E
’LbZFblb €b=0

is known as the load line. It is obviously independent of the tube char-
acteristics, for it depends only upon elements external to the tube. The
intersection of this line with the curve for e, = E.. is called the operating
or quiescent point (). The grid-bias supply E.. is usually such as to
maintain the grid negative relative to the cathode. The @ current in
the external circuit is I;, and the corresponding plate-cathode potential
iS Eb.
Suppose that the grid-cathode potential is

e = Eoe + /2 E, sin wt

The maximum and minimum values of e, will be E. + /2 E, and
E.. — \/2 E,, respectively. The plate current and the plate voltage
will vary about the values of I, and E;,. The graphical construction of
Fig. 3-3 shows the details of the variations. The values of ¢, and 7 for
any given value of e, are obtained from the intersection of the load line
and the 4,-¢, curve for the specified ¢.. The points a’, b’, ¢/, etc., of the
output current and the points a”’, b”’, ¢, ete., of the output-voltage wave
correspond, respectively, to the points A, B, C, etc., of the input-grid-
signal wave form.
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F1c. 3-3. The output current and voltage wave forms for a given input grid signal.

It is instructive to show the several wave shapes in their proper phase

relation. This is done in Fig.

w?t

wt

wt
Fic. 3-4. The input grid wave
shape, and the corresponding out-
put current and voltage wave
shapes.

3-4. Tt should be noted in particular that
the variations about the quiescent values
have been labeled. The quantities so
labeled are

€y = €c — E..
ep =€ — (3-2)

ip =t — I

These quantities give a measure of the
amplification property of the amplifier,
as it is a direct measure of the a-c output
variations for a given a-c input variation.

The curves of Fig. 3-4 indicate the fol-
lowing very significant results: If the
current 7, is sinusoidal, then 7, and e, are
180 deg out of phase with each other.
Also, the grid driving voltage e, and the
plate current 7, are in phase with each
other. This simply states that, when a
positive-going signal is applied to the grid,
the tube current increases. Moreover,

with an increased current in the plate circuit, the potential of the plate

falls. .
A curve of the intersection

of the load line with the static-characteris-

tic curves, which is a measure of the current 7, as a function of e, for the
specified Ky, and load R;, is important. It is known as the ‘“dynamic”
characteristic of the tube circuit and yields directly the output current
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for a given input signal. The construction is directly related to the con-
struction of Fig. 3-3, and is given in Fig.3-5. The corresponding pointson
both curves are similarly marked.
3-3. Voltage-source Equivalent
%u‘cult of a Triode. Ordinarily one
is interested in the “a-c response”
of the circuit, rather than in ob-
taining the total instantaneous var-
iation of the potentials and
currents. That is, the value of 7,
and of e, for a given ¢, are ordinar-  p c
ily desired. It will be found pos- |
sible to obtain this information by '
an analytic method, without direct wt
recourse to the graphical solution Fig. 3-5. The dynamic curve, and its
. . use in determining the output wave
of the foregoing section. N -
. . . shape for a given input signal.
To this end, again consider cer-
tain of the results of Sec. 2-5. According to Eqs. (2-13) and (2-14), the
variation in current about the quiescent point is given as

{6 3 .
Al = (5(;)& Aey + (a—e—c)h Ae, 3-3)

This may be written as

Dynamic

Aty = Tl Aey + gm Aeg (3—4)
p

But as the changes about the quiescent values are, respectively,

Ay =1 — I = 1,
Ae, =¢. — E.. = ¢ (3-5)

Aey = e — Ep = ¢
then Eq. (3-4) becomes
3 1
=6 + gmey (3-6)
P
or
ep = —pe, + iprp (3'7)

This expression shows that the voltage e, comprises two components;
one is a generated emf which is u times as large as the grid-cathode
voltage, and the second is a voltage across the tube resistance r, resulting
from the current 7, through it.

These results are illustrated graphically in Fig. 3-6. The tube is
replaced by a fictitious generator, with a generated emf pe, and an internal
resistance r,. Confusion sometimes arises because of the failure to
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appreciate fully the polarities and the potentials in the circuit. Iigure
3-6 is redrawn in a manner to stress this matter. This figure, when com-
pared with the original circuit of Fig. 3-1, shows that the equivalent cir-
cuit is substantially like the original circuit, except that the tube, relative
lo the tube pins, is replaced by the equivalent voltage generator peg, the
polarity of which is opposite to that associated with the grid driving
potential e, and an internal resistor r,. Since the equivalent circuits of
Figs. 3-6 and 3-7 give a measure of the variation about the @ point, no
d-c quantities appear in the figure.

2%l

Fic. 3-6. The equivalent circuit of a Frac. 3-7. The circuit of Fig. 3-6 redrawn

triode. in a manner to show the elements that
replace the tube, and the associated po-
tentials.

7%
|

AA

Zp

NAI\
VWAWWWY
S %‘-‘-—v

The equivalent circuit was derived without consideration of the char-
acter of the load. Consequently, it is valid for any type of load. The
only restriction is that the parameters u, r,, and g, must remain sub-
stantially constant over the operating range.

The technique of drawing the equivalent circuit of any tube circuit is a
straightforward process, although care must be exercised in carrying this
process out. To avoid error, the following simple rules will be found
helpful.

1. Draw the actual circuit diagram neatly.

2. Mark the points G, P, and K on this diagram. Locate these points
as the start of the equivalent circuit. Maintain the same relative
position as in the original circuit.

3. Between points P and K include a resistor r, and a generator of
potential ue,, where ey is the grid-cathode potential. The cathode of
this generator is marked +.

4. Omit the tube and all d-c sources from the diagram, but transfer all
circuit elements from the actual circuit to the equivalent circuit without
altering the relative positions of these elements.

The point of special importance is that, quite apart from the points of
application of the input signal, the equivalent fictitious generator must
always be ue,, where e, is the total grid-cathode potential.

Once the equivalent circuit has been drawn, it is no longer necessary to
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refer to the original circuit. Moreover, since the equivalent circuit will
contain only generators and passive circuit elements (resistances, induct-
ances, and capacitances), the usual methods of a-c circuit analysis arc
employed to calculate the desired quantities.

3-4. Measurement of Triode Coefficients. As several specific illus-
trations of the methods of analysis just discussed, the circuits for obtain-

Zearp/rone.s

Fic. 3-8. The Miller bridge and its equivalent circuit, for determining the ampli-
fication factor of a triode under operating conditions.

ing the values of g, 7, and g. of a triode will be analyzed. It should be
recalled that the triode coefficients, first discussed in Sec. 2-5, were shown
to be related to the slope of the static-characteristic curves, according to
Figs. 2-5 to 2-7. However, the accuracy with which these quantities can
be measured in this way is not high. Not only do the methods now to be
discussed yicld results which are made under dynamic conditions, but the
results are usually more accurate.

The amplification factor u is readily determined by means of the circuit
. given in Fig. 3-8. The operations involved in balancing the bridge
consist simply in varying R, and R, until no signal from the oscillator
is heard in the earphones. When this condition prevails, the plate
current J, = 0. Then the potential E, = IR,. By applying Kirch-
hoff’s law to the plate circuit,

—uEp+ IR, =0
or
+pEgp = IR, = ulRy
It follows from this that

u =

S| E

(3-8)

This measurement may be effected for any desired d-c¢ current in the tube
simply by adjusting the grid bias E...

The transconductance g, is measured by means of a bridge circuit that
is a slight modification of Fig. 3-8. The addition of a resistor 25 between
the plate and cathode makes this measurement possible. The schematic
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and equivalent circuits of this bridge network are given in Figs. 3-9.
The measurement is accomplished by adjusting the resistors until no
signal is heard in the earphones.
P
G

2z
SZearphones
3

i

Fra. 3-9. The Miller bridge from determining the transconductance of a triode under
operating conditions.

By applying Kirchhoff’s law to the several meshes there results
I,Rs+ I, — uEy =0
But the potential E is

Egk = IRl
Then
I,(Rs + rp) = plRy (3-9)
Also, it follows that
IRy, — I,R; =0
or
IR, = I,R; (3-10)
The ratio of Eq. (3-9) to Eq. (3-10) is
R3 + Tp _ &
R; “ R,
from which
R,
r, = R3 BR. T 1 (3-11)

Although this bridge may be used to evaluate r,, the result would be
dependent on the measurement of x. If, however, B, is chosen in such a
way that uR,/Rs>> 1, then approximately

. RiRy
TP =u RZ
or
K 2
=L =2 -12
gm Tp R3Rl (3 )

The plate resistance r, of the tube can be measured directly by incor-
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‘porating the plate circuit of the tube as the fourth arm of a Wheatstone
bridge, as shown in Fig. 3-10. When the bridge is balanced,

R,R,
ry = ol

The above circuits do not yield perfect balance owing to the capacitive
effects of the tube, and it is sometimes
necessary to provide a means for bal-
ancing these effects. Basically, how-
ever, the circuits are those given.

3-6. Current-source Equivalent Cir-
cuit. The -current-source equivalent
circuit differs from the voltage-source
equivalent circuit discussed in Sec. 3-3
principally in replacing the tube by a
current generator which supplies a cur- F1c.3-10. A Wheatstone bridge for
rent gne,: in the direction from plate- determining the plate resistance of a
cathode within the tube, and with the triode under operating conditions.
plate resistance r, across the generator terminals. The result, illus-
trated in Fig. 3-11, follows directly from Eq. (3-6),

(3-13)

gnlq = 1p — f‘"‘p (3-14)
P

or in more complete notation

Gmegr = 1p — 2 (3-15)

Equation (3-15) is interpreted to mean that the tube acts as a generator
that supplies a current gme,. This current divides between r, and the

Fic. 3-11. The schematic and current-source equivalent circuit of a simple triode
amplifier.

load current 7,. Note that, if the load impedance is small compared
with the plate resistance, then, clearly, the load current may be considered
to be substantially constant and equal to gmen. It will be shown later
that this condition applies for a pentode.
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3-6. Harmonic Generation in a Tube. The analysis of Sec. 3-3
usually permits an adequate solution of an amplifier circuit when the
limitations of the method are not exceeded or if relatively slight differ-
ences are considered of no importance. There are occasions when it is
desirable to examine critically the effects of the assumptions.

The assumption of linear operation, which is implied in Eq. (3-3) and
which assumed that higher-order terms in the Taylor expansion of the
current 7,(ese;) are negligible, is not always valid. This assumption,
which allowed the graphical solution of Fig. 3-5 to be replaced by the
analytical one of Fig. 3-6, requires that the dynamic characteristic of
the amplifier circuit be linear over the range of operation. Actually, the
dynamic characteristic is not linear in general but contains a slight
curvature. This nonlinear characteristic arises because the 7,-¢;, static
characteristics (see Fig. 3-3) are not equidistant lines for constant
e, intervals over the range of operation. The effect of this nonlinear
dynamic characteristic is a nonsinusoidal output wave shape when the
input wave is sinusoidal. Such an effect is known as nonlinear or ampli-
tude distortion.

It is possible to obtain a measure of the degree of nonlinearity that
results from the existence of the nonlinear dynamic curve. To do this,
it is observed that the dynamic curve with respect to the @ point may be
expressed by a power series of the form

Ip = Qiey + asel + ased + - - - (3-16)

Clearly, if all terms in this series vanish except the first, then the linear
assumptions of the equivalent-circuit concept result. It will be found
that triodes, when operated under normal conditions, may be adequately
expressed by retaining the first two terms in the expansion. When
a triode is operated with such a large signal that the instantaneous
grid-cathode potential becomes positive, or if the triode is operated with
such a bias that the very curved portions of the plate characteristics must
be employed, more than two terms must be retained in the expansion.
Likewise, it is found that the parabolic approximation is not adequate to
represent the dynamic curve of a tetrode or a pentode under normal
operating conditions. If the dynamic curve contains an extreme curva-
ture or if the operation is over an extreme range, it is sometimes found
preferable to devise special methods of analysis. Such special methods
will be used in the analysis of a tuned class C amplifier in Chap. 11.

Suppose that the dynamic curve may be represented as in Eq. (3-16),
and consider that the input wave is a simple cosine function of time, of
the form

e, = E,n, cos wt (3-17)
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By combining this expression with Eq. (3-16) and expanding the higher-
order powers of the cosine that appear in the resulting series, the result
may be shown to have the form

% = I, + By + Bj cos wt + B, cos 2wt + Bz cos 3wt + * - - (3-18)

If it is assumed that the excitation voltage is a sine function of the time
instead of the cosine form chosen, the resulting Fourier series representing

F1c. 3-12. The construction for obtaining the plate-current values to be used in the
five-point schedule for determining the Fourier coefficients.

the output current will be found to contain odd sine components and
even cosine components.

A number of different methods exist for obtaining the coefficients B,,
By, B,, etc. One of the more common methods is best discussed by
reference to Fig. 3-12. It will be assumed for convenience that only five
terms, By, By, By, B3, By, exist in the resulting Fourier series. In order to
evaluate these five coefficients, the values of the current at five different
values of e, are required. The values chosen are I..., I1, Is, 11, and
I..» and correspond, respectively, to the following values of ¢,: the maxi-
mum positive value; one-half the maximum positive value; zero; one-half
the maximum negative value; the maximum negative value.

It is evident from the figure that the currents are those chosen as shown
at the angles

wt =0 % = Imas

wt = % i = I

ol = g =1 (3-19)
wl =7 % = Imin

By combining these results with Eq. (3-18), five equations containing five
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unknowns are obtained. The simultaneous solution of these equations
yields

By = }é (Imnx + 21}5 + 21-% + Tmin) — I

By = Y4 (Jmas + L35 — I35 — Imin)

B = Y4 (Twax — 2@y + Touin) (3-20)
Bs = % (Imu - 2[}5 + 21_% - Imin)

Bs = Yo (Imax — 41y + 615 — 41 15 + Iua)

The percentage of harmonic distortion is defined as

D, = L X 1009  D; = B, X 1009 D, = B, £1009, (3-21)
B, B, B,
where D, (s = 2, 3, 4, . . .) represents the per cent distortion of the
sth harmonic and the total distortion is defined as
D=~D}+D}+ D+ - - (3-22)

For the case where a three-point schedule is sufficient, and, as already
indicated, this would apply for a triode under normal operating conditions,
the analysis yields the expressions

Bl:%(lmx—lmin) }
By = By = Y4 (Imax — 21 + Iin) (3-23)
PROBLEMS

3-1. A 6C5 triode is used in the circuit of Fig. 3-1, the plate characteristics of
which are given in Appendix B.

a. With E,, = 300 volts, E.. = —8 volts, R; = 20*, draw the load line, and
locate the operating point. Plot the dynamic characteristic.

b. If e, = 6 sin 10,000, determine graphically the output current, and plot
the curve as a function of wt.

c. From these curves, determine and plot the instantaneous plate voltage for
the same interval. Check the phase relation between a-¢c components of
grid voltage, plate current, and plate voltage.

/ 8-2. The characteristics of a given triode may be represented by the expression

I, = 8.8 X 103(E, 4+ 16E.)'* ma

It is to be operated at a plate potential E, = 250 volts and a grid-bias voltage
E. = —9 volts.

a. Calculate the plate resistance of the tube.

b. If this tube is used in the circuit of Fig. 3-1 with a load resistor R, = 10%,
determine the plate-supply voltage necessary for the tube to be operating
under the specified conditions.

c. Suppose that the grid driving source applies a voltage e, = 8 sin wt to the
grid. Determine the a-c potential across the load resistor.
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( 8-8. Draw the voltage-source equivalent circuits of the electron-tube circuits
in the accompanying diagram.

‘)
: £
R j: RyS Oulpu?
2 ) : ¥
§ Output @ @ =
Rs 5
i Ry
——t
(c) (d)

3-4. A type 6A3 triode is used in an amplifier circuit to supply power to a
3,000-ohm resistor. In this circuit E.. = —45 volts, Ew = 350 volts. A 45-volt
peak a-c signal is applied to the grid.

a. Plot the dynamic curve of the tube.

b. Assume that only the fundamental and a second harmonic exist in the

output. Determine the magnitudes of each.

c. Plot a curve showing the output current for the sinusoidal input. On the

same sheet, plot the corresponding results from the calculations in part b.

3-6. Itis possible to obtain a five-point schedule for determining the coefficients
By, B,, B, B;, By by almost any sensible choice of angle. Determine the five-
point schedule for determining the coefficients B in terms of Imax, Lo.707, 15, I —0.707,

Imin-



CHAPTER 4

BASIC AMPLIFIER PRINCIPLES

THE classification of an amplifier is usually somewhat involved, owing
to the fact that a complete classification must include information about
the tubes that are used, the conditions of the bias, the character of the
circuit elements connected to the tubes, the function of the circuit, and
the range of operation. Certain of these factors will be discussed here,
but many will be deferred for later discussion.

4-1, Classification of Tubes and Amplifiers. Apart from the wide
variety of vacuum tubes of the diode, triode, tetrode, pentode, beam,
hexode, heptode, and multiunit types and the varied power capacities
of each type, it is possible to classify the tubes according to their principal
applications. Tubes may be classified roughly into five groups, vez.,
voltage-amplifier tubes, power-amplifier tubes, current-amplifier tubes,
general-purpose tubes, and special-purpose tubes.

1. Voltage-amplifier tubes have a relatively high amplification factor
and are used where the primary consideration is one of high voltage gain.
Such tubes usually operate into a high impedance load, either tuned or
untuned.

2. Power-amplifier tubes are those which have relatively low values of
amplification factor and fairly low values of plate resistance. They are
capable of controlling appreciable currents at reasonably high plate
potentials.

3. Current-amplifier tubes are those which are designed to give a large
change of plate current for a small grid potential; ¢.e., they possess a high
transconductance. These tubes may be required to carry fairly large
plate currents. Such tubes find application as both voltage and power
amplifiers, depending on the tube capacity.

4. General-purpose amplifier tubes are those whose characteristics are
intermediate between the voltage- and the power-amplifier tubes. They
must have a reasonably high amplification factor and yet must be able to
supply some power.

5. Special-purpose tubes inciude a wide variety of types. The hexode,
heptode, and multiunit tubes are of this type.

Amplifiers are classified according to their frequency range, the method

of tube operation, and the method of interstage coupling. For example,
52
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they may be classed as direct-coupled amplifiers, audio-frequency (a-f)
amplifiers, video amplifiers, or tuned r-f amplifiers if some indication of
the frequency of operation is desired. Also, the position of the quiescent
point and the extent of the tube characteristic that is being used will

T

l\-ijl Class A ' . Class AB
i . !
| |

eI TN P B .
-] 7

{ E
IEL } Class B :<i E Class C

Fi1c. 4-1. Amplifier classification in terms of the position of the quiescent point of the
tubes. :

determine the method of tube operation. This will specify whether the
tube is being operated in class A, class AB, class B, or class C. These
definitions are illustrated graphically in Fig. 4-1.

1. A class A amplifier is an amplifier in which the grid bias and the a-c
grid potentials are such that plate current flows in the tube at all times.

2. A class AB amplifier is one in which the grid bias and the a-c grid
potentials are such that plate current flows in the tube for appreciably
.more than half but less than the entire electrical cycle.

3. A class B amplifier is one in which the grid bias is approximately
equal to the cutoff value of the tube, so that the plate current is approxi-
mately zero when no exciting grid potential is applied, and such that
plate current flows for approximately one-half of each cycle when an a-c
grid voltage is applied.

4. A class C amplifier is'one in which the grid bias is appreciably
greater than the cutoff value, so that the plate current in each tube is zero
when no a-c grid voltage is applied, and such that plate current flows for
appreciably less than one-half of each cycle when an a-c grid potential is
applied.

To indicate that grid current does not flow during any part of the input
cycle, the suffix 1 is frequently added to the letter or letters of the class
identification. The suffix 2 is added to denote that grid current does
flow during some part of the cycle. For example, the designation class
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AB; indicates that the amplifier operates under class AB conditions and
that no grid current flows during any part of the input cycle.

Voltage amplifiers, whether tuned or untuned, generally operate in
class A. Low-power audio amplifiers may be operated under class A and,
with special connections, under class AB or class B conditions. Tuned r-f
power amplifiers are operated either under class B or under class C condi-
tions. Oscillators usually operate under class C conditions. A detailed
discussion is deferred until the appropriate point in the text. When a
tube is used essentially as a switch, no classification is ordinarily specified.

4-2, Distortion in Amplifiers. The application of a sinusoidal signal
to the grid of an ideal class A amplifier will be accompanied by a sinus-
oidal output wave. Frequently the output wave form is not an exact
replica of the input signal wave form because of distortion that results
either within the tube or from the influence of the associated circuit.
The distortions that may exist either separately or simultaneously are
nonlinear distortion, frequency distortion, and delay distortion. These
are defined as follows:

1. Nonlinear distortion is that form of distortion which occurs when
the ratio of voltage to current is a function of the magnitude of either.

2. Frequency distortion is that form of distortion in which the change
is in the relative magnitudes of the different frequency components of a
wave, provided that the change is not caused by nonlinear distortion.

3. Delay distortion is that form of distortion which occurs when the
phase angle of the transfer impedance with respect to two chosen pairs of
terminals is not linear with frequency within a desired range, the time of
transmission, or delay, varying with frequency in that range.

In accordance with definition 1, nonlinear distortion results when new
frequencies appear in the output which are not present in the input signal.
These new frequencies arise from the existence of a nonlinear dynamic
curve and are discussed in Sec. 3-6.

Frequency distortion arises when the components of different fre-
quency are amplified by different amounts. This distortion is usually
a function of the character of the circuits associated with the amplifier.
If the gain vs. frequency characteristic of the amplifier is not a horizontal
straight line over the range of frequencies under consideration, the circuit
is said to exhibit frequency distortion over this range.

Delay distortion, also called phase-shift distortion, results from the fact
that the phase shift of waves of different frequency in the amplifier is
different. Such distortion is not of importance in amplifiers of the a-f
type, since delay distortion is not perceptible to the ear. It is very
objectionable in systems that depend on wave shape for their operation,
as, for example, in television or facsimile systems. If the phase shift is
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proportional to the frequency, a time delay will occur although no dis-
tortion is introduced. To see this, suppose that the input signal to the
amplifier has the form

€y = Em1 sin (wt + 61) + Em2 sin (2wt + 02) + R (4—1)

If the gain K is constant in magnitude but possesses a phase shift that is
proportional to the frequency, the output will be of the form

€p = KEm1 sin (O)If + 01 + \b) + KEmz sin (2wt + 02 + 21,[/) + ¢t

This output voltage has the same wave shape as the input signal, but a
time delay between these two waves exists. * By writing

w' =t + ¢
then
e, = KE,;sin (wt’ + 01) + KE 3 8in (20t’ + 62) + - -+ (4-2)

This is simply the expression given by Eq. (4-1), except that it is referred
to a new time scale {/. Delay distortion, like frequency distortion, arises
from the frequency characteristics of the circuit associated with the
vacuum tube.

4-3. The Decibel; Power Sensitivity. In many problems where two
power levels are to be compared, it is found very convenient to compare
the relative powers on a logarithmic rather than on a direct scale. The
unit of this logarithmic scale is called the bel. A dectbel, which is abbre-
viated db, is 1{¢ bel. By definition, two power sources are in the ratio
of N bels, according to

Number of bels = logo If;j

or (4-3)

Number of db = 10 log: I[i,j

1t should be emphasized that the bel or the decibel denotes a power ratio.

Consequently the specification of a certain power in decibels is meaning-

less unless a reference level is implied or is explicitly specified. In com-

munication applications it is usual practice to specify 6 mw as the zero

reference level. However, any power may be designated as the zero
reference level in any particular problem.

Suppose that these considerations are applied to a power amplifier,
with P, the output power and P; the input power. This assumes that
_the input circuit to the amplifier absorbs power. If the grid circuit does
not absorb an appreciable power, then the term dectbel gain of the amplifier
means nothing. Under such conditions, it is customary to speak of
“power sensitiity, which is defined as the ratio of the power output to the
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gquare of the input signal voltage. Thus

Power sensitivity = mhos (4-4)

P
£
where P is the power output in watts and E, is the input signal rms volts.

If the input and output impedances are equal resistances, then
P; = E2/R and P, = E?/R, where E; and E are the output and input
potentials. Under this condition, Eq. (4-3) reduces to

Number of db = 20 logo % (4-5)
In general, the input and output resistances are not equal. Despite
this, this expression is adopted as a convenient definition of the decibel
voltage gain of an amplifier. It is essential, however, when the gain of an
amplifier is discussed, that it be clearly stated whether one is referring to
voltage gain or power gain, as these two figures will be different, in general.
Many of the considerations of the foregoing sections are best illustrated
by several examples.

Example 1: Calculate the gain of the amplifier circuit of Fig. 4-2.

F1c. 4-2. Schematic and equivalent circuits of a simple amplifier.

Solution: The equivalent circuit of the amplifier is drawn according to the rules
of Sec. 3-3 and is that of Fig. 4-2b. The application of the Kirchhoff voltage law
to the equivalent circuit yields

IRy + 1) — pEp =0
But the potential difference E, is simply E,. The output current is then
pE,

ID = Rl + p (4—6)
and the corresponding output potential is
_ — —uER; _
By = LR = - (4-7)

The gain, or voltage amplification, of the amplifier is the ratio of the output .
to the input potentials and is
Epr —ufy it

K=2=2p_ =0 . £ 4-
Eg R+, 1 + rp/Re (4-8)
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A plot of this expression as a function of the load resistance is given in Fig. 4-3.
Note that the maximum possible gain is € although this gain cannot be achieved
with finite values of B;. However, the

gain K increases rapidly with R;, and 10 [ 1]
an amplifier with significant gain is 0.8 —
easily achieved. K 06—y
Example 2: A type 6J5 triode for ~ # 04 i
which 4 = 20, 7, = 7,700 ohms is em- 0.2
ployed in an amplifier, the load of 0

h . . 01 2 4 56 1 8 91
which consists of an inductance for 3 Ri/rp 0

which R, = 1,000 ohms and L =1
henry. Calculate the gain and phase
shift of the amplifier at w = 2,000
rad/sec and @ = 10,000 rad/sec. Draw the complete voltage sinor* diagram of
the system. The input signal is 6 volts rms.
Solution: The schematic and equivalent circuits are shown in the accompanying
- diagram. At w = 2,000 rad/sec,

Fic. 4-3. The gain of the amplifier of
Fig. 4-2 as a function of load resistance.

120 + 5O

L = 750+ (1,000 1 ;2,000) —

13.1 —j301 ma

The output potential is

B = —(1,000 + j2,000)(13.1 — j3.01) X 10-3
= —(19.1 4 j23.2) = 30.1/—129.5°

The gain is given by
E, 30.1/—-129.5°

Egk 6/_9
= 5.01/-129.5°

Ip The voltage sinor diagram has the form
shown in the sketch. At w = 10,000

rad/sec,

120 + jO

I> = 77606 (1,000 + jio,000) = 094 — 683 ma

* A number of different terms have been used to describe the rotating line segment,
the projection of which generates a sinusoid. The term sinor is used in this text.
Other terms that appear in the literature are: vector, complex vector, complezor, and
phasor.
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The output voltage is
Eu = — (1,000 + §10,000)(5.94 — j6.83) X 10-3
= —(74.2 + j52.6)
= 90.8/—144.7

The gain is given by

90.8/ —144.7°
K= —S0 — = 151/-1447

The voltage sinor diagram has the form of the accompanying diagram.

The results are tabulated for convenience. An examination of the results indi-
cates the presence of frequency distortion, since the gain at @ = 2,000 rad/sec is
different from that at w = 10,000 rad/sec. Also, phase-shift distortion exists in
this amplifier.

w Gain and phase | Voltage db gain

2,000 | 5.01/—129.5° 14 db
10,000 | 15.1/—144.7° 23.6 db

4-4. Interelectrode Capacitances in a Triode. It was assumed in
the foregoing discussions that, with a negative bias on the grid, the grid
driving-source current was negligible. This is generally true if one
examines only the current intercepted by the grid because of its location
within the region of the electron stream. Actually though, owing to the
physical proximity of the elements of the tube, interelectrode capacitances
between pairs of elements exist. These capacitances are important in
the behavior of the circuit, as charging currents do exist.

Owing to the capacitance that exists between the plate and the grid, it
is not true that the grid circuit is completely independent of the plate
circuit. Since the capacitance between plate and grid is small, the
approximation that the plate circuit is independent of the grid circuit is
valid at the lower frequencies. However, at the higher frequencies,
interelectrode capacitances may seriously affect the operation.

A more complete schematic diagram and its equivalent circuit are given
in Fig. 4-4. 1In this circuit, C,, denotes the capacitance between the grid
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and the plate, Cy is the grid-cathode capacitance, and C, is the capaci-
tance between the plate and the cathode. The solution for the gain of this
circuit is readily effected with the aid of the Millman theorem (see Appen-
dix A). The point O’ in Eq. (A-1) corresponds to the plate terminal P,
and the point O is the cathode terminal K. Four branches must be con-
sidered between these points: the load impedance with zero potential; the

G -y, P

[=9

Fic. 4-4. Schematic an
electrode capacitances.

equivalent circuits of an amplifier, including the inter-

capacitor C, with zero potential; the potential rise uE, in series with r,;
the potential E, in series with C;. The capacitor C; which exists across
the input E, does not appear in the equation. This latter follows from
the fact that the exact circuit connections between points 0, 1, 2, and 3
of Fig. A-1 need not be specified. The result is

—uE,Y, + E,Y;
Y, +Yi+ Y+ 75

where Y, = 1/r, is the admittance corresponding to r,
Y, = jwC, is the admittance corresponding to C2
Y; = jwC; is the admittance corresponding to C;
Y, = 1/Z,is the admittance corresponding to Z;
E,. = potential difference between P and K, or the voltage across
the load impedance
The vector voltage gain is given by

E, =

(4-9)

[

K — output voltage _ Epr _ Ep

" ‘input voltage @ E,. E,
and may be written in the form
K - Y3 - gm
Yp + Yl + Y2 + Y3

In this expression, use has been made of the fact that g, = u/r,.

In this analysis, a number of factors have been neglected. It has been
assumed that no conduction or leakage currents exist between tube
terminals. Such leakage current will depend upon many variable fac-
tors—the spacing between electrodes, the material of the base, the condi-
tions of the surface of the glass and the tube base, and perhaps the surface

(4-10)
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leakage between connecting wires. Ordinarily the error is small in
neglecting the effects of this surface leakage. If this assumption is not
true, the effect can be taken into account by writing for each interelec-
trode admittance g, + jwC, instead of jwC,, where g, takes account of the
leakage current and also dielectric losses. Interwiring and stray capaci-
tances must be taken into account. This may be done by considering
them to be in parallel with (1, Cs, and Cs.

The error made in the calculation of the gain by neglecting the inter-
electrode capacitances is very small over the a-f spectrum. These
interelectrode capacitances are usually 10 uuf or less, which corresponds
to an admittance of less than 2 umhos at 20,000 cps. This is to be com-
pared with the mutual conductance of the tube of, say, 1,500 umhos at
the normal operating point. Likewise Y2 4 Y; is usually negligible
compared with Y, + Y;. Under these conditions, the expression for the
gain [Eq. (4-10)] reduces to Eq. (4-8).

4-5. Input Admittance of a Triode. Owing to the presence of the
interelectrode capacitances, the grid circuit is no longer isolated from the
plate circuit. In fact, with a positive-going signal on the grid and with
the consequent negative-going potential on the plate, an appreciable
change of potential appears across the capacitance C;,, with a consequent
appreciable current flow. Also, the potential change across the capaci-
tance C,; is accompanied by a current flow. Clearly, therefore, the input
signal source must supply these currents. To calculate this current, it is
noted from the diagram that

I, =E)Y,
and . )
I;=E,,Y;=(E, — Exn)Y;
But from the fact that
E,. = KE,, = KE,
then the total input current is
L=1L+1I,=[Y1+ (1 — K)YilE,
The input admittance, given by the ratio Y; = I.,/E,, ig

Vi=Y:i+ (1 — K)Ysﬁ (4-11)
Gt ‘

If Y, is to be zero, evidently both Y and Y, must be zero, since K cannot,

in general, be 1 /_O deg. Thus, for the system to possess a negligible input

admittance over a wide range of frequencies, the grid-cathode and the
grid-plate capacitances must be negligible.
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Consider a triode with a pure resistance load. At the lower frequencies,
the gain is given by the simple expression [Eq. (4-8)]

_ _—HR
_ R+ 7y
In this case, Eq. (4-11) becomes
Yi = ju [C1 + (1 + “—R’> 03] (4-12)
B+ rp

Thus the input admittance is that from a capacitor between grid and

cathode of magnitude
J

pR

C;=Cy 4 (1 + BT rp) (s (4-13)
Owing to the magnitude of the gain, the input capaci-
tance is considerably higher than any of the interelec-
trode capacitances. The presence of this capacitance
will be found to affect the operation of the amplifier.
For the general case when the gain of the amplifier
K is a complex quantity, the input admittance will consist of two terms,
a resistive and a reactive term. For the case of an inductive load, the

gain K may be written in the form (see Sec. 4-3, Example 2)

K = —(k + jk») (4-14)

Fic. 4-5. The
equivalent input
circuit of a triode.

and Eq. (4-11) becomes
Y= —wCsks + jolCr + (1 + ki)C4 (4-15)

This expression indicates that the equivalent input circuit comprises a
resistance (which is negative in this particular case, although it will be
positive for a capacitive load) in parallel with a capacitance C;, as shown
in Fig. 4-5. The equivalent elements have the form

1
Ri=~ (4-16)

and the capacitor

Ci=Ci+ 1+ k1)Cs (4-17)

As indicated in the above development, it is possible for the term % to
be negative (with an inductive load). Under these circumstances the
effective input resistance will be negative. Physically, this means that
power is being fed back from the output circuit into the grid circuit
through the coupling provided by the grid-plate capacitance. If this
feedback reaches an extreme stage, the amplifier will oscillate. These



62 ELECTRON-TUBE CIRCUITS [CHAP. 4

feed-back effects in an amplifier will be examined in some detail in Sec.
5-8.

4-6. Input Admittance of a Tetrode. The basic equivalent circuit of
the tetrode is essentially that of the triode, even though a screen grid
exists in the tetrode. A schematic diagram of a simple amplifier circuit
employing a tetrode is given in Fig. 4-6. In drawing the equivalent
circuit, the rules given in Sec. 3-3 have been appropriately extended and

Bro

Fic. 4-6. Schematic and equivalent circuits of a tetrode in an amplifier circuit.

employed. This requires the introduction of a point S, the screen ter-
minal, in addition to the points K, G, and P.

Notice that the screen potential is maintained at a fixed d-¢ potential
with respect to cathode and is at zero potential in so far as a-c variations
about the Q point is concerned. As indicated in the figure, this effectively
places a short circuit across Ci, and puts Cy and Cy, in parallel. This

G P parallel combination is denoted C:.
‘ The capacitance C,, now appears from

+ I J plate to cathode and is effectively in par-
@g == _ =C, Zl allel with Cp. This parallel combina-
- 4B ¥  tion is denoted C. Also, from the
+ discussion in Seec. 2-6, the shielding

g

F1a. 4-7. The ideal equivalent cir-
cuit of a tetrode amplifier.

action of the screen is such that the
capacitance Cp, between grid and plate
is very small. If this capacitance is as-
sumed to be negligible, and it is less than 0.001 ppuf in the average voltage
tetrode, then Fig. 4-6b may be redrawn in the form shown in Fig. 4-7. In
this figure, the capacitances have the values

Cl = Cgk + Cgs }
Cy = Cp + Cor (4-18)
The input admittance of the tube is then

Y.; = ijl (4-19)

The mere substitution of a tetrode for a triode may not result in a very
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marked improvement in the amplifier response. This follows from the
fact that the stray and wiring capacitances external to the tube may allow
significant grid-plate coupling. It is necessary that care be exercised in
order that plate and grid circuits be shielded or widely separated from
each other in order to utilize the inherent possibilities of the tube.

4-7. Input Admittance of a Pentode. The discussion in Sec. 2-6
showed that, even though the tetrode had a significantly smaller grid-
plate capacitance than the triode, the presence of the screen grid was
accompanied by the effects of secondary emission from the plate when
the instantaneous plate potential fell below the screen potential. As

G
+
147
T/‘Ey/c' s
F1c. 4-8. The equivalent circuit of a F16. 4-9. The current source equivalent
pentode amplifier. circuit of the pentode amplifier.

discussed, the effect of this is overcome by the insertion of a suppressor
grid between the screen grid and the plate. LY
When used in a circuit as a voltage amplifier, the pentode is connected
in the circuit exactly like the tetrode with the addition that the suppressor
grid is connected to the cathode. By drawing the complete equivalent
circuit of the pentode amplifier, by appropriately extending the rules of
Sec. 3-3, and by including all tube capacitances, it is easy to show that the
equivalent circuit reduces to that shown in Fig. 4-8. In this diagram

Cl = Cgk + Cas }

Ca = Cpt + Cpo 4 Cys (4-20)

where C,; is the plate-grid No. 3 capacitance.

The plate load impedance Z; is frequently much smaller than the plate
resistance of the tube, and it is convenient to use the current-source
equivalent circuit representation of the tube, as shown. For the range
of frequencies over which the input and output capacitances C; and C,
are negligible, and with r,>> Z; the total generator current passes
through Z;. Under these circumstances the output potential is

Ep = —gnli,Z)
and the gain is given by the simple form

K = —g.2; (4-21)
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If the assumed conditions are not valid, then the gain becomes
K= —guZ (4-22)

where Z is the combined parallel impedance in the output circuit.

4-8. Voltage Sources for Amplifiers. A number of different potential
sources are required in an amplifier. These are the following: the
filament, or A, supply; the plate, or B, supply Ew; the grid-bias, or C,
supply E.; the screen supply E... These potentials are supplied in
different ways.

The Filament, or A, Supply. The most common method of heating the
cathodes of indirectly heated tubes is from a low-voltage winding on a
transformer which operates from the a-c supply lines. Storage batteries
may be used if d-c heating is necessary, but this is ordinarily not necessary
except in special applications. Special low-drain tubes are available for
use in portable radio sets and are fed from dry batteries.

The Plate, or B, Supply Ew. Most equipments involving the use of
electron tubes are operated from the a-c¢ supply mains, and the d-c plate
supply is then secured by means of a rectifier and filter unit (see Chaps.
13 and 14 for details). For applications with severe requirements on
regulation or low ripple, the power supply must be electronically regu-

lated. For low-drain requirements, dry batteries may
be used.
The Grid, or C, Supply E.. The grid circuit of
most, amplifiers ordinarily requires very little current,
Ry Cx and hence low-power dry batteries may be used.
In most cases, however, self-bias is used (although this

G- . is restricted to class A and class AB amplifiers). Self-
f:g;‘nnsg iilfflzzgi bias is achieved by including a resistor Ry in the cath-
ode resistor. ode of the amplifier tube and shunting this resistor

with a capacitor Ci, the reactance of which is small
compared with Rj over the operating frequency range. The quiescent
current I, flows through this resistor, and the potential difference provides
the grid bias. The correct self-biasing resistor By = E../I,.

The capacitor Cx serves to by-pass any a-c components in the plate
current, so that no a-c component appears across the resistor Rx. If such
an a-¢ component, or varying bias, does exist, then clearly there is a
reaction between the plate circuit and the input circuit. Such a ‘‘feed-
back”’ effect will receive detailed consideration in Sec. 5-7. If this effect
is to be avoided, large-capacitance condensers may be required, particu-
larly if the frequency is low. High-capacitance low-voltage electrolytic
capacitors are available for this specific service and are quite small
physically.

Fic. 4-10. Ob-
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The Screen Supply E..o. The screen supply is ordinarily obtained from
the plate-supply source. In most cases the screen potential is lower
than the plate supply, and it is usual practice to connect the screen to the
plate supply through a resistor. The resistor is chosen of such a size
that the potential drop across it due to the screen current will set the
screen at the desired potential. A capacitor is then connected from the
screen to the cathode so as to maintain this potential constant and inde-
pendent of B-supply variations or variations in the screen current.

Decoup//'ng‘s; |
ﬁ7f8F < 2 S
- 3 3
L 3 b3
2 3 3
R,

—t7 )

Rg:

WWW

0O
—l
%L

Fig. 4-11. Resistance-capacitance coupled amplifier, with self-bias, decoupling
filters, and screen dropping resistors.

It is customary to use a common B supply for all tubes of a given
amplifier circuit. Because of this, the possibility for interactions among
the stages through this common plate supply does exist and might be
troublesome unless the effective output impedance of the power-supply
unit is very small. It is necessary in some applications to include RC
combinations known as decoupling filters so as to avoid this interaction.

A typical resistance-capacitance coupled-amplifier circuit which is
provided with self-bias, decoupling filters, and screen dropping resistors
is illustrated in Fig. 4-11.

PROBLEMS

4-1. Two waves, one of amplitude 10 volts and frequency 1,000 cps, the second
of amplitude 5 volts and frequency 3,000 cps, are applied to the input of a certain
network. The two waves are so phased that they both pass through zero in the
positive-going direction together.

a. Sketch the resulting input voltage.

b. Suppose that the fundamental component suffers a phase delay of 10 deg
on the fundamental scale and that the third-harmonic component suffers a
50-deg delay on the third-harmonic scale, although neither amplitude is
effected. Sketch the output wave.

v 4-2. a. The output potential of a given amplifier is 18 volts, when theinput
voltage is 0.2 volt at 5,000 cps. What is the decibel voltage gain of the amplifier?
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b. The output voltage is 7 volts when the input voltage is 0.2 volt at 18,000 eps.
By how many decibels is the response of the amplifier at 18 ke below that at 5 ke?
4-3. Prepare a table giving the power sensitivity of the following tubes (assume
that the output power and the grid excitation are those specified in the tube
manual): 6A3, 6F6, 6V6, 616, 6AGT.
.~ 4-4. An a-c excitation potential of 5 volts rms at a frequency of 2,000 cps is
applied to a 6J5 tube for which p = 20, r, = 7,700 ohms. The load is a pure
resistance of 15,000 ohms. Calculate the following:

a. The a-c current in the plate circuit.
b. The a-c output voltage.

c. The gain of the amplifier.

d. The a-c¢ power in the load resistor.

4-5. Repeat Prob. 4-4 if the load is an inductive reactance of 15,000 ohms.
. 4-6." A type 6SF5 high-mu triode is operated as a simple amplifier under speci-
fied conditions at 30,000 cps. The important factors are

u = 100 7, = 66,000 ohms Cop = 2.4 puf Cor = 4.0 upf
Cpr = 3.6 uuf

a. Calculate the input capacitance and the input resistance of the tube alone
when the load is a resistor R, = 100%.
b. Repeat when the load impedance is of the form 60,000 -} 760,000 ohms.

4-7. A type 6J5 triode is operated as a simple amplifier under specified condi-
tions at 22,000 cps. The important factors are

uw=20 r, = 7,700 ohms Cop = 3.4 puf Cor = 3.4 uuf
Cpr = 3.6 puf

a. Calculate the input capacitance and the input resistance of the tube when
the load is a resistor R, = 20%.
b. Repeat when the load is an impedance of the form 10,000 - 510,000.

4-8. A type 6J5 tube is operated in the circuit of the accompanying diagram.
Calculate the output voltage. (See Prob. 4-7 for the important factors of the
tube.)

Bsin 2x10%

4-9. Show that Fig. 4-8 does represent the complete equivalent circuit of the
pentode.

4-10. A type 63J7 pentode is operated as a simple amplifier under specified
conditions.



BASIC AMPLIFIER PRINCIPLES 67

a. When connected as a pentode, with R, = 25%, the important factors are

gn = 1,575 umhos r, = 0.7 megohms Cyp = 0.005 puf Ciopus = 6.0 ppuf
Coutpu! =170 f‘#f

Calculate the input capacitance of the amplifier.
b. When this tube is reconnected as a triode, the factors become

pu=19 7, = 8,000 ohms Cyp = 2.8 puf Cyp = 3.4 puf Cpr = 11 ppf

Calculate the Input capacitance with R, = 25% and compare with the results

of part b.
<7411, A 6ACT pentode is to be used as a class A amplifier with E, = 250 volts.
p
Determine the value of the self-biasing cathode resistor to set E.. = —2 volts;

the screen dropping resistor to set E.. at 150 volts if E,, = 350.



CHAPTER 5

UNTUNED VOLTAGE AMPLIFIERS

IT 1s frequently necessary to achieve a higher gain in an amplifier than
is possible with a single stage. Amplifier stages may be cascaded to
achieve this higher gain, the output voltage from one stage serving as the
input voltage to the next stage. Ordinarily, however, two or three stages
in cascade serving a common function is about the limit for stable opera-

Fic. 5-1. Schematic diagram of a two-stage RC coupled amplifier.

tion, although six- and nine-stage amplifiers are common in radar-receiver
practice. Extreme caution is required in the design of such multistage
amplifiers.

To calculate the over-all gain and frequency response of such a multi-
stage amplified, the equivalent circuit of the amplifier must be drawn.
_ The rules for accomplishing this are given in Sec. 3-3. The resultant
equivalent network is then analyzed as a conventional problem in a-c
circuit analysis. :

A variety of coupling networks between the cascaded stages are
possible, and a few have become very common, either by virtue of their
simplicity or because of some especially desirable characteristic. A
number of the more common types will be considered in some detail.

b-1. Resistance-Capacitance (RC) Coupled Amplifier. The resist-
ance-capacitance (EC) coupled amplifier, illustrated in Fig. 5-1, is one
of the more common and more important amplifier circuits. This ampli-
fier circuit is used when a sensibly constant amplification over a wide
range of frequencies is desired. By the use of tubes with high amplifica-
tion factors, it is possible to achieve a gain of 50 or more per stage. It
will be found that high-gain triodes possess certain inherent disadvan-
tages, and it is frequently desirable to use pentodes instead. If pentodes

68
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are used, the screen potential must remain constant; otherwise the follow-
ing analysis will no longer be valid.

The capacitors C, Cs, and C; in this schematic diagram are known as
coupling or blocking capacitors and serve to prevent any d-¢ potentials
that are present in one stage from appearing in another stage. That is,
capacitor C; serves to prevent any d-c¢ potential in the input from
appearing across the grid resistor R,; and thus changing the d-c operating
level of the amplifier. Capacitor C, serves a similar function in coupling
stage 1 to stage 2. The value of the coupling capacitors is determined
primarily by the 1-f amplification. They ordinarily range from about

0.001 to 0.1 uf for conventional a-f stages. The resistor E,, which is

G R % G B9
iy
+ < P S R, .2 P,
@ 3 = - 3R, %S = - R, 32
ST Sk =S T 2
- 7S 7 12 ng
%oy [Coy
+ TrEox + [#obg)
K

Fi1c. 5-2. The equivalent circuit of the RC amplifier of Fig. 5-1.

known as the grid resistor, furnishes a path by which the grid-bias supply
is applied to the grid. It also serves as a leak path through which any
electrons that may be collected by the grid from the electron stream
within the tube may be returned to the cathode. If such a leak path
were not provided, the grid would acquire a negative potential with the
collection of the electrons, thus influencing the operation of the tube. A
negative bias-supply potential is ordinarily used, and the grid current is
usually very small. This permits the use of relatively large resistors for
R, say from 50* to 2¥. Large values of B, are desirable in achieving a
wide frequency response. The load resistor R; is determined principally
by the gain and the frequency band width that is desired.

The equivalent circuit of the amplifier of Fig. 5-1 is shown in Fig. 5-2.
This circuit is valid for triodes, tetrodes, or pentodes provided that the
screen potential of the latter two is maintained constant. In this circuit
E, denotes the a-c input voltage applied to the grid of the first stage.
This potential appears across the parallel combination consisting of the
resistor R, in parallel with the input impedance to the amplifier. The
input impedance of the stage is considered to be a resistor (and assumed
positive) in parallel with the input capacitance. However, it is supposed
that the impedance of the driving source is low and that the loading
by the total input impedance of the first stage does not affect the input
potential. The output circuit of the first stage consists of the load
resistor, the coupling capacitor C,, and the total input impedance of the
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second stage. This is denoted as R, and C, for the total resistive and
capacitive components. The output of the amplifier is the potential
difference across the output impedance, which is denoted by the symbol
Z. This impedance cannot be specified more completely until the nature
of the output circuit is known.

The coupling between the grid and the plate of the tubes through the
interelectrode capacitances can be neglected over a wide frequency range
with pentodes and over the a-f range with triodes. Consequently each
‘stage may be considered as independent of the following stage, but the
output of one stage is the input to the next stage. As a result, it follows
that since

K. = E,ox _ output voltage of 1st stage
'~ E,x input voltage to Ist stage

E,s _ output voltage of 2d stage  output voltage of 2d stage

K. = E,n input voltage to 2d stage = output voltage of st stage

then the resultant over-all gain is

E,s: _ output voltage of 2d stage
E,ie input voltage to 1st stage

K:

It follows from these expressions that
K = KK, (5-1)

By taking twenty times the logarithm of the magnitude of this expres-
sion,
. 20 logio K = 20 logio K; + 20 logio K2 (5-2)

It follows from this that the total decibel voltage gain of the multistage

c amplifier is the sum of the decibel

o | 8 . C2 voltage gains of the separate stages.
This fact is independent of the type
of interstage coupling.

Tp

~ Ry Rg$  C97F 5.2, Analysis of RC Coupled

Amplifier. A typical stage of the

RC coupled amplifier is considered

in detail. This stage might repre-

sent any of the amplifier chain, ex-

cept perhaps the output stage.

Representative subscripts have been omitted. The circuit is given in
Fig. 5-3.

This circuit may be analyzed with the aid of the Millman theorem. A

direct application of the results of this theorem between the points G

A

+ /,L'E g

K

Fic. 5-3. A typical stage of an RC
coupled amplifier.
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and K yields the expression

EplkYC
Yo+ Y + Yo

where Y¢ = juC, Y, = 1/R,, and Y¢, = jwC,. An application of this
theorem between the points P; and K yields the following expression,

_ﬂE’gYp + EngYU
Yp + Yl + YC

where Y, = 1/rp, and Y; = 1/R;. By combining Eqs. (5-3) with (5-4)
and solving for the gain K = E, x/E,, there results

—;I.Ych
Yo+ Yo+ Ye)(Yo + Vi) + Ye(Yir + Y

This is the complete expression for the voltage gain of such an amplifier
stage. If the constants of the circuit
are known, the gain and phase-shift
characteristics as a function of fre-
quency may be calculated. However,
by making suitable approximations, it
is possible to study the behavior of the
circuit for various limiting conditions
of frequency.

Intermediate Frequencies. The intermediate frequencies, or mid-fre-
quencies, are those for whicl{Yc is. large \and( Y, is small. Subject to
these conditions, the equivalent-circuit of Fig. 5-3 reduces to that shown
in Fig. 5-4. For the range of frequencies over which this equivalent cir-
cuit is valid, the expression for the gain reduces to

—uY,
Yp + Yl + YRg

This expression for the gain is independent of the frequency, since no

reactive elements appear in the circuit.

Since each of the elements is resistive,

the phase angle between input and out-

R, Ry put voltages is constant and equal to
180 deg.

Ego = (5-3)

Epu = (5-4)

Y K= (5-5)

p
- R, Rg

+

Fic. 5-4. The mid-frequency equiv-
alent circuit of the RC amplifier.

K = Ko = (5-6)

n4
N\

AAAAAA.
VVVVY

v

+ | L-F Region. At the low frequencies

F1e. 5-5. The l-f equivalent circuit the effect of C, is negligible, and Y,

of the RC amplifier. may be made zero. The effect of the

coupling capacitor C becomes very im-

nportant. The equivalent circuit under these conditions has the form

-shown in Fig. 5-5. The general expression for the gain [(5-5)] reduces to
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' —[l.Ych

N K=K, = Yo(Yp+ Y1+ Yr) + Ya(Y,+ Y))

(5-7)

It is found convenient to examine the I-f gain relative to the mid-frequency
gain. The ratio K,/K, becomes

K, _ 1
K~ Va0, +7) S
'Yc(Yp + Y+ Ysg)
T'his may be written in the simple form, for any frequency f
K. . o
uint 5-9
K~ 1= 3G/ (5-9)
where
Y (Y, + 1) (5-10)

=¥, F Vi T Ya) /
If the load is a pure resistance, then f is a real number and the magni-
tude of the relative gain becomes

K,
K,

1
SN E— 5-11)
V1i+ (f/)? ( ‘
This shows that the parameter f; represents the frequency at which the
gain falls to 1/4/2, or 70.7 per cent of its mid-frequency value. This
frequency is usually referred to as the I-f cutoff frequency of the amplifier.
The relative phase angle 6, is given by

tan 6, = 'f—;.l ‘ (5-12)
This approaches 90 deg as the frequency approaches zero.

It should be noted that the I-f cutoff value [(5-10)] depends, among
other terms, on the size of the coupling capacitor C. Since the value of
C appears in the denominator of the expression for f), then for a decreased
I-f cutoff, larger values of C must be chosen. Of course, the gain must
ultimately fall to zero at zero frequency.

There are several practical limitations to the size of the coupling capaci-
. tor that may be used. The capacitor must be of high quality so that
any leakage current will be small. Otherwise a conduction path from
the plate of one stage to the grid of the next stage may exist. But good-
quality capacitors in sizes larger than 0.1 pf are physically large and are
relatively expensive. Also, if the coupling capacitor is large, a phenome-
non known as blocking may result. This arises when the time constant
CR, is much larger than the period of the highest frequency to be VpakSsed
by the amplifier. Thus if an appreciable charge flows into the capacitor
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with the application of the input signal and if this cannot leak off quickly
enough, a charge will build up. This may bias the tube highly negatively,
perhaps even beyond cutoff. The amplifier then becomes inoperative
until the capacitor discharges. This condition is sometimes desirable
in special electron-tube circuits, and will be the subject of a detailed dis-
cussion in Chap. 7. However, it is a condition that must be avoided in
_ an amplifier that is to reproduce the input signal in an amplified form.

The grid resistor R, must be made high to keep the gain high, since
R, of one stage represents a loading across the plate resistor E; of the
previous stage. The upper limit to this
value is set by the grid current. Ordi-
narily the grid current is small, par- p
ticularly when the grid bias is negative.
But if the grid resistor is made too high, \J«&g
and several megohms.ls th? usual‘hmxt, Fic. 5-6. The h-f equivalent circuit
the voltage across this resistor will act .

: - - of the RC amplifier.

as a spurious bias on the tube. While
special low-grid-current tubes are available, these are designed for
special operations and would not ordinarily be used in conventional

Ry Rg TCq

_ clircuits.

H-F Region. At the high frequencies, the admittance of C is very
large, and the admittance of C, becomes important. The equivalent
circuit corresponding to these conditions becomes that shown in Fig. 5-6.
The general expression for the gain reduces to

—uY,

K=K=yTv7 Yz + Yo (5-13)
The gain ratio K,/K, becomes
I%? = . 1Y (5-14)
0 1+ Cy
Yp + Yl + YR,

This expression may be written in a form similar to Eq. (5-9) for the 1-f
case. It becomes

K, 1 3

K~ 1535077 (5-15)
where

fo= Yot Vit Ve +2:10:_ Y, / (5-16)

In this expression C, denotes the total capacitance from grid to cathode
and comprises the input capacitance of the following stage, the output
wviring, and the output tube capacitance.




74 ELECTRON-TUBE CIRCUITS [CHAP. 5

If the load is a pure resistance, then fs is a real number and the magni-
tude of the relative gain becomes

K| _ \/_R,

Kol = NTF (77 ©17)
It follows from this that f, represents that frequency at which the h-f
gain falls to 1/4/2, or 70.7 per cent, of its mid-frequency value. This
frequency is usually referred to as the h-f cutoff of the amplifier. The

relative phase angle 6, is given by

tan 8, = — L (5-18)
fa
This angle approaches —90 deg as the frequency becomes very large
compared with fs.

Note from Eq. (5-16) that the h-f cutoff value depends on the value of
C,, among other factors. Since the value of €, appears in the denomina-

tor of the expression, then clearly a high h-f cutoff requires a small value
of C,. Moreover, since the input capacitance of a pentode is appreciably
less than that of a triode, the pentode possesses inherently better possi-
bilities for a broad frequency response than does the triode. It will be
found in Sec. 6-5, in the discussion of the cathode-follower amplifier,
that triodes with cathode-follower coupling stages also possess broad-band
capabilities, although this is accomplished at the expense of a tube.
Note above that the h-f cutoff is improved by the use of large Y ,, Y7, and
Yx,, which implies the use of small values of resistance and a tube with a
_small plate resistance. T

201 38 1.0
£ 8
= £ !
gnso go.s | |
= | N
“0le o ! L r

1 £2

Fic. 5-7. A typical frequency response and phase characteristic of an RC' coupled
amplifier. :

5-3. Universal Amplification Curves for RC Amplifiers.! The fore-
going analysis shows that the gain of an RC coupled amplifier is sub-
stantially constant over a range of frequencies and falls off at both the
high and the low frequencies. A typical frequency-response curve has
the form sketched in Fig. 5-7.

Since the relative gain and the relative phase-shift characteristics
depend only upon the two parameters f; and fs, it is possible to construct
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curves which are applicable to any such amplifier. Such universal curves
are given in Fig. 5-8.

The frequency-response characteristics of any RC coupled amplifier
can easily be obtained with the aid of these curves. The first step in the
aﬁalysis is to calculate the values of the parameters f; and f, from Egs.

1.0 =7 I

90 \ 1T

80 08 ‘\ Pa 1 Phase S8

0. t &
[7:]
L60 S06 1 l 1
c I |
650 > /
© = L1 \,
240 S04 - i
o L % | 111
30 « P )

20 02 % J

10 L N _Gain

0 0 R

0. 02 03 05 10 2 3 5 10 20 30 50 100
Frequency ratio f/f or f/f;

F1a. 5-8. Universal gain and phase-shift curves for an RC coupled amplifier.

(5-10) and (5-16). Then the values of the relative gain and the relative
phase angle are obtained from the curves for a number of values of the
ratio f1/f and f/f.. These are plotted as a function of f. It must be
remembered in using Fig. 5-8 that the ordinate is K,/K, or §; when the
abscissais f1/f. Also, the ordinate is Ko/K, or 6; when the abscissa is f/f.

Cz CJ
i¢ —
1
[}
I

Ly By, L. Outout
=Eu, =E,, i
I T i} 1%
ECC_l ECCZ

Fig. 5-9. Schematic diagram of an inductance-capacitance coupled amplifier.

6-4. Impedance-Capacitance (LC) Coupled Amplifier. The circuit of
the impedance-capacitance coupled amplifier differs from that of the
resistance-capacitance coupled amplifier only in the use of an inductance
plate load instead of a plate resistor. The schematic diagram of the
amplifier is given in Fig. 5-9. The use of an inductance instead of a
resistance in the plate circuit makes possible the use of a smaller plate-
supply voltage for a particular tube operating condition, since the d-c
resistance of the inductor is small and the d-c voltage drop across this
inductor is also small.
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The equivalent circuit of one stage of this amplifier is given in Fig.
5-10. Observe that this circuit differs from the corresponding equivalent
circuit of Fig. 5-3 only in the plate-circuit impedance. Consequently

the analysis leading to Eq. (5-5) is

,c,' valid in the present case provided
. - " that the plate-circuit admittance is
Tp L ﬂg interpreted to be
s :I#:cl, Ry ==Cy Vi = juCs 4 1 (5-19) ‘
(s, __4 R. + jwL

‘ Here C. is the distributed winding

FIG: 5-10. The equivalent circuit of a capacitance, which has been assumed

;ﬁ"??éer stage of an LC coupled 4, opunt the inductance, and R is
paher. the resistance of the inductor.

The frequency-response characteristic of this amplifier may be examined
in the same way as that for the RC system. The analysis shows that the
response 1s generally similar to that for the RC amplifier, except that the
sensibly flat region is narrower, although the mid-frequency gain is
somewhat higher. The gain drops off more rapidly than for the RC

Input % % \ % Output
| L L i
t T ! T T | T v

Fic. 5-11. Schematic diagram of a transformer-coupled amplifier.

amplifier at the low frequencies owing to the low reactance of L in addition
to the high reactance of C. The gain drops off more rapidly than for the
both €y and C,. The mid-frequency gain is higher than for the RC
amplifier provided that the impedance of the inductor at these frequencies
is higher than the resistance of the plate load of the RC amplifier.

The LC coupled amplifier is seldom used as a voltage amplifier owing
to the narrow frequency band and the cost of the inductor. This type
of coupling, which is also referred to as shunt- or parallel-feed coupling, is
frequently used in power amplifiers. T

5-b. Transformer-coupled Amplifiers. The circuit of a transformer-
coupled amplifier is given in Fig. 5-11. The transformer as a coupling
device possesses several desirable features. Owing to the step-up
character of the transformer, a total amplification per stage greater
than the u of the tube can be achieved. Also, the d-c¢ isolation provided
by the transformer automatically removes the requirement for a blocking
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capacitor. High-quality interstage transformers generally have voltage
ratios of 1:3 or less. Higher transformation ratios usually are accom-
+ panied by distributed winding capacitances and by interwinding capaci-
_tances that are excessive. The effects of these capacitances will be
considered below.

The equivalent circuit of a typical transformer-coupled stage is given
in Fig. 5-12.
* Mid-frequency Response. An approximate expression for the gain per
stage may readily be found if it is assumed that the transformer is ideal.

|LCM
LAY

(c) ' (6)
Fic. 5-12. The equivalent circuit of a typical transformer-coupled stage.

An ideal transformer is one for which unity coupling exists between
primary and secondary windings and in which the losses and stray
capacitances are negligible. If it is assumed that the secondary of
the transformer, which feeds the grid of the following stage, is essen-
tially open-circuited, then the plate-circuit impedance is infinite.
Consequently the full effective voltage uE, of the stage appears across the
transformer primary. The corresponding output voltage at the second-
ary terminals is nuE,, where n is the transformation ratio of the trans-
former. The gain of the stage is then simply

K = Ko = nu (5-20)

a constant, independent of the frequency.

L-F Region. The foregoing considerations are only approximate, owing
to the character of the assumptions
that were made. To examine the
response at the lower frequencies,

£, the effective distributed winding
capacitances and leakage induc-
tances may be neglected. The
Fic. 5-13. The 1 equivalent circuit of a corresponding equivalent circuit
transformer-coupled amplifier. has the form shown in Fig. 5-13.
The resistance of the primary
winding is denoted as R;, and its inductance is L;. Similarly, R, and L,
represent the secondary resistance and inductance, respectively.

+
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It is evident from this diagram that the primary current is
- _kE,
Tp + Rl + ijl

The potential difference across the primary inductance is

—uE,

T + R1
1 — 2T In

&
But the potential that appears across the secondary winding Ey is n
times as large as Eq.:.  The secondary voltage may be in phase or 180 deg
out of phase with E.;. and depends upon the relative winding direction

of the primary and secondary windings. The gain of the transformer-
coupled stage is then

K,

I,

Eak =

(5-21)

_ B
E,

nu ’
= + -22
- 1 — Tp + Rx (5 )
J le

The ratio of I-f to mid-frequency gain is then

SR ! (5-23)

Ko - s Tp+R1
i)

which may be written in the form

K, 1
K~ T T=00 (5-24)
where
R
o=t (5-25)

Observe that the gain ratio has the same general form as for the RC
coupled amplifier. Now the gain drops off at the lower frequencies
because the reactance of the primary winding decreases and no longer
will be large compared with the total resistance of the primary circuit
Tp + R 1.

Equation (5-25) contains an explanation why high-gain tubes, which
inherently possess high plate resistances, are not employed in transformer-
. coupled amplifiers. If such high-gain tubes were used, then the I-f
" response would be very poor. If an attempt were made to improve the
I-f response by designing the transformer to have a very high primary
inductance, the associated distributed capacitances would become exces-
sive. The alternative method of obtaining high primary inductance
through the use of core material of very high permeability has led to the
development of high-permeability alloys such as permalloy and hiperm.

H-F Region. At the high frequencies the shunting effects of the
primary and secondary windings may be neglected. However; the effects
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of the leakage inductances, and also the interwinding and distributed
capacitances, are important. The circuit of Fig. 5-12 appears in Fig.
5-14a with the transformer replaced by its T-equivalent, and referred to
the primary. At the high frequencies the circuit reduces to that of
Fig. 5-14b, in which the winding, interwinding, interelectrode, and stray
wiring capacitances are lumped into an equivalent capacitance C' across
the primary of the transformer.

(ax) &)
F1c. 5-14. The complete and approximate h-f equivalent circuit of a transformer-
coupled stage.

The total effective shunting capacitance is related to the several com-
ponents by the approximate expression

C = [(1 £ n)*C + n*Ce] + n°C, (5-26)

The + sign depends on the relative disposition and connection of the
primary and secondary coils. When properly connected, the minus
sign usually applies. To justify this expression, examine Fig. 5-14a. If
the voltage across the input terminals is E;, and that across the output
terminals is E,, the difference of potential across Cp is

Ecm = E1 i E2 = El(]. i n)
where n = Ny/N1. The energy stored in this capacitance per cycle is
_ CnE:  Cn P,
W=—"===2" (1% n)k
The equivalent capacitance across the primary terminals which will store
the same energy per cycle will be (1 + n)2C,. The other capacitances in
the secondary are reflected into the primary as n*(C; + C,). The total
shunting capacitance is that given in Eq. (5-26).
An analysis of the approximate equivalent circuit yields for the gain
of the amplifier the expression
inuX
K, = + it
TSR+ = Xo)
where R = r, + Ry + Ro/n?; L = L] + L;/n% X, = oL; Xc¢ = 1/uC.
The primary leakage inductance is L;, and the secondary leakage induct-
ance is L;. The gain ratio may be written in the form
Ki _ X
K, TR+ (XL — Xo)

(5-27)

(5-28)




80 ELECTRON-TUBE CIRCUITS [CHaP. 5

The magnitude of the gain ratio is

K,
K,

= Xe (5-29)

VR + (X, — X¢)?

At the lower end of the region of frequencies where this analysis is
valid, X is small and X¢ is large, so that the gain ratio approaches unity,
as it should. At the higher frequencies, X¢ is small, X, is large, and the
gain falls to zero. Notice, however, that the secondary circuit may pass
through a maximum, owing to a resonance condition that exists. The
maximum is found to occur when '

_2X* + R .
Xe =""9%,

Usually R will be much smaller than X, and the maximum occurs when
X = X,, the condition for series resonance. But as the frequency at

which this resonance occurs is
1

VIC

then the corresponding value of the gain is

£ _ 11
<—ITO>max - O-’OCR o R '\/; (5-30)

A typical frequency-response curve, the dependence on the primary
inductance L), and the total leakage inductance L are illustrated in
Fig. 5-15.

wo =

: - Zero
|

Low

L £
Fra. 5-15. A typical frequency-response characteristic of a transformer-coupled
amplifier,

The peaking of the transformer-coupled-amplifier frequency-response
curve may be suppressed to a considerable extent by several methods.
The simplest way consists in shunting the secondary of the transformer
with an appropriately chosen resistance. This reduces the height of the
resonant peak, although it also causes the mid-frequency gain to be less
than ng.  Another method for improving the response characteristic is
in the design of the transformer. In modern transformers the shunt
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capacitance is decreased by decreasing the contributing factors. The use
of a grounded shield between windings reduces the interwinding capaci-
tance. The design of the windings reduces the distributing capacitances.
Further, the leakage inductance is reduced, so that the peaking will occur
at frequencies beyond the normal operating range of the amplifier. This
reduction has been accomplished both by proper design of the windings
and by use of suitable high-permeability-core materials. Also, the use
of a high-resistance secondary winding tends to suppress the resonant
peak. A high-resistance primary winding is to be avoided owing to the
adverse effect on the 1-f response. High-quality transformers are avail-
able that are flat with 1 db over a range of frequencies from approximately
20 to 10,000 cps. The peaking may also be reduced materially through
the use of inverse feedback in the amplifier, as will be shown below.

Transformers are seldom used as interstage coupling devices merely to
obtain higher gain. This follows because the use of a pentode in an RC
coupled amplifier will ordinarily provide a higher gain than is possible
with a triode with a step-up transformer. Furthermore, the RC coupled
stage requires less space and makes use of relatively inexpensive equip-
ment. The principal uses of transformers are as the coupling stage
between the driver and a push-pull amplifier, so as to provide the required
two voltages that are 180 deg apart in phase (although this application is
largely being supplanted by tube circuits), and also as the output trans-
former in a power amplifier. Here the principal function is one of imped-
ance matching and permits the matching of low impedance loads to
high-internal-resistance tubes. These applications will be discussed in
some detail in Chap. 9.

6-6. Feedback in Amplifiers.2 When a part of the output signal is
combined with the input signal, feedback is said to exist. If the net
effect of the feedback is to increase the effective input signal, the feedback
is called positive, direct, or regenerative. If the resultant input signal is
reduced by the feed-back voltage, the feedback is called negative, inverse,
or degenerative.

-~ The application of negative feedback to an amplifier results in a number
~ of characteristics that are highly desirable in the amplifier. It tends to
! flatten the frequency-response characteristic and td“¢xtend the range of
uniform response. * It materially reduces nonlinear and phase distortion.
- Mt improves the stability of the amplifier, making the gain less dependent
on __t‘khgégperatingyoltagesv or on variations of the tube characteristics.
Also, it-tends to make the gain less dependent on the load, so that load
variations do not seriously influence the operating characteristics of the
amplifier. The use of feed-back networks of special design will provide
selective attenuation, thus permitting a frequency response of desired
~characteristics.
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The application of positive feedback has the opposite effects. Thus
positive feedback tends to sharpen the frequency-response curve and to
decrease the range of uniform response. This permits an increased gain
and selectivity. Positive feedback in an amplifier is critical of adjust-
ment. Too much regenerative feedback in any system may result in
oscillation. Ordinarily, negative feedback is more common than positive
feedback in amplifiers.

The action of a feed-back path depends upon the frequency of opera-
tion. That is, the feedback may remain regenerative or degenerative

G

t—x——71  Amplifier X
Ey! Egk! nominal garn \Eps (0utou?)
- L KA Yy
K J:q
[~ Feedback network
BEpk, | reedback fraction
Y B

Fig. 5-16. The principle of feedback in amplifiers.

throughout the range of operation of the circuit, although the magnitude
and phase angle of the feed-back signal may vary with frequency. It is
also possible for the feedback to be positive over a certain range of fre-
quencies and negative over another range.

The principle of feedback is illustrated in the schematic diagram of
Fig. 5-16. For simplicity, series injection is shown at the input, but
other forms of network coupling may be employed. In the diagram
shown, a voltage E, is applied to the input terminals of the amplifier,
with the polarity as shown. Suppose that the resultant voltage at the
output terminals is E ;. Suppose that a fraction 8 of this output is fed
back in series with the input signal in such a way that the resultant signal
that appears between the grid-cathode terminals has the form

Eg = E; + BEn (5-31)
But since the nominal gain of the amplifier is, by definition,

K = output potential E,
" input potential between grid and cathode  Ej

=

then
E,. = KE, (5-32)

By combining this with Eq. (5-31), there results
B = KE; + KBE
from which it follows that
' KE,

Ep = 745 (5-33)
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But the resultant gain of the amplifier including the effects of feedback is
defined as

output potential
input-signal potential

r =

By
E
Therefore it follows that

K

KT - 1 _\Kﬂ

(5-34)

This equation expresses the resultant gain of the amplifier with feedback
in terms of the nominal gain K of the amplifier without feedback, and the
feed-back fraction 8. It should be noted that the three quantities K, K,
and 8, which appear in this equation, may be complex quantities.

Suppose that the feedback is negative and that the feed-back factor
Kp is made large compared with unity. The resultant gain equation
(5-34) becomes

K o= X = (5-35)

1
B
This means that when | K3 | >> 1, the actual amplification with negative
feedback is a function of the characteristics of the feed-back network
only. In particular, if 8 is independent of frequency, then the over-all
gain will be independent of the frequency. This permits a substantial
reduction of the frequency and phase distortion of the amplifier. In
fact, by the proper choice of feed-back network, it is possible to achieve
almost any desired frequency characteristic.

Note that if K> 1, then K, = K/KB < K, so that the over-all gain
of the amplifier with inverse feedback is less than the nominal gain
without feedback. This is the price that must be paid to secure the
advantages of negative feedback. This is not a serious price to pay,
since the loss in gain can be overcome by the use of additional tubes.

Clearly, if KB is greater than unity, then Eq. (56-35) shows that the
over-all gain will not change with tube replacements or with variations
in battery potentials, since 8 is independent of the tube. Even if Eq.
(5-35) is not completely valid, a substantial improvement results in
general stability. This follows from the fact that a change in the nominal
gain dK for whatever reason results in a change dK, in the resultant gain
by an amount

K
KB

| K “[1-K8| K| &0

where |1 — KB | represents the magnitude of the quantity 1 — KB.
This equation is the logarithmic derivative of Eq. (5-34). In this expres-
sion, dK,/K, gives the fractional change in K,, and dK/K gives the
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fractional change in K. If, for example, the quantity | 1 — K3 | = 5in
a particular feed-back amplifier, then the variation in any parameter that
might cause a 5 per cent change in the nominal gain will result in a change
of only 1 per cent in the resultant gain of the amplifier.

One effect was omitted in the above considerations. It was implicitly
assumed that the dynamic curve was linear and that the output voltage
was of the same wave shape as the input. If an appreciable nonlinear
distortion exists, then the output contains harmonic components in
addition to the signal of fundamental frequency. Suppose, for simplicity,
that only a second-harmonic component B is generated within the tube
when a large signal voltage is impressed on the input. Because of the
feedback, the second-harmonic component Bj that appears in the output
is different from that generated within the tube. To find the relationship
that exists between Bj; and B., the procedure parallels that for the gain
considerations. Thus, for a second harmonic Bj; in the output, a fraction
8Bj is supplied to the input. As a result, the output actually must con-
tain two components of second-harmonic frequency, the component B,
that is generated within the tube and the component K8B, that arises
from the signal that is fed back to the input. This requires that

KBB; + B, = B;
or

’r B2
B = =5 (5-37)

Note that since both K and 8 are functions of the frequency, in general,
the appropriate values that appear in this equation must be evaluated at
the second-harmonic frequency.

It should be pointed out that this derivation has assumed that the
harmonic distortion generated within the tube depends only upon the
grid swing of the fundamental signal voltage. The small amount of
additional distortion that might arise because a fraction of the second-
harmonic component is returned to the input has been neglected. Ordi-
narily this procedure will lead to little error, although a more exact calcula-
tion taking these successive effects into account is readily possible.3

Another feature of Eq. (5-37) should be noted. According to this
expression, if | 1 — KB | = 10, then the second-harmonic distortion with
feedback is only one-tenth its value without feedback. This is the situa-
tion when the total output-voltage swing is the same in each case; other-
wise the harmonic generation within the tube could not be directly
compared. This requires that the signal, when feedback is applied,
must be | I — K@ | times that in the absence of feedback. As a practical
consideration, since appreciable nonlinear distortion is generated only
when the signal voltage is large, then the full benefit of the feed-back
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amplifier in reducing nonlinear distortion is obtained by applying nega-
tive feedback to the large-signal stages.

5-7. Feed-back Circuits. The voltage fed back from the output of the
amplifier may be proportional either to the voltage across the load or to
the current through the load. In the first case the feedback is called

T

5
;

AAM
VWV

Fic. 5-17. ‘Circuits-employing current feedback.

voltage feedback; in the second case, current feedback. In either case, the
feedback may be positive or negative, depending upon the connection.
An amplifier may possess any combination of voltage and current
feedback.

Two examples of amplifiers with current feedback are shown in Fig.
5-17. In the circuit of Fig. 5-17a, the feedback is effected through the
resistor in the cathode of the amplifier and is frequently referred to as
cathode degeneration. In the circuit of Fig. 5-17b, the feedback is
effected through a resistor in the load circuit, the total feed-back potential
depending on the feed-back resistor R;.

The feed-back fraction is of the same form in both circuits and is
Ry/Z in the first circuit and R;/Z in the second circuit. To find the
expressions for the gain, it is noted that the equivalent circuit for both
circuits have the same form, as shown in Fig. 5-18.

G pP
@ %

Fig. 5-18. The equivalent circuits corresponding to the current-feed-back circuits of
Figs. 5-17.

Two methods of analysis exist. One method effects the solution by
direct application of the general principles of electron-tube circuit analy-
sis. The second method makes use of the feed-back considerations
implied by the general equation of the feed-back amplifier [Eq. (5-34)].
The solution by both methods will be given.

According to the general principles of electron-tube circuit analysis,
the output potential is readily found. Thus the current is given by

#Eok

[ = _ BEak
Tp+Rk+Zz

(6-38)
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But the potential E, is given by

‘v P E,,k = —IR, + Ea (5-39)
Combining these two expressions gives
E
I= el 4
o (DR T 7 (5-40)
The output potential E, is then
—uZ,E
Ep=—1Z, = leal 41
P T4 (w+ DR + Z, (5-41)
and the gain becomes
K, = — - (5-42)

o+ (v + DR + Z

To apply the feed-back method, it is noted that the feed-back frac-
tion is

—_ Rk
=7z | (5-43)
Also, the current is
_ #Egk .
I_rp+Rk+Zl (5-44)
so that the nominal gain K is
_Eu _ —uZ
K N Eyk N Tp + Rk + Zl (5_45)
The resultant gain is then
—uZ
K. = K _ rp + Z1 + Ry _ —uZy
" 1—- KB 1 _ R —uZ, mp + (0 + R, + Z,
Zl Tp + Rk '+' Zl
(5-46)

which is the same as above.

Refer to Eq. (5-40) for the current in the plate circuit. This may be
interpreted to show that the effect
of the negative feedback is to in-
crease the effective internal resist-
ance of the tube from r, without
feedback to the value

|| |
if
Fre. 5-19. Circuit employing voltage rp+ (b + DR
feedback.

This means, of course, that, if the
effective internal impedance of the tube is high compared with the imped-
ance of the external load, the current is effectively independent of variation
of load impedance.

A circuit for achieving voltage feedback is given in Fig. 5-19. In this
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circuit, the resistor combination R; + R. which shunts the output is
made large compared with the load impedance Z;. The capacitor C
has a reactance that is negligible compared with R, 4- R. at the fre-
quencies to be employed. Its sole purpose is to block the d-c potential
from the plate circuit from appearing in the grid circuit.

To obtain an expression for the resultant gain of the amplifier, the feed-
back method will be employed. By neglecting the shunting effect of the

-~ feed-back resistor on the load impedance, it follows that the nominal gain

of the amplifier is given by

—uZ
= 5-47
" Zz (5-47)
Also .
R,
= 5-48
ﬁ Rl + R2 ( )
Then the resultant gain with feedback is
K —uZy
K = 5-49
1—KB 1o+ Zi + Bus (5-49)
This expression may be transformed to the form
4
- W7 .
K, = T 7 (5-50)
where
’r_ M ’ Tp (5-51)

KT m T TE e

This is the gain that would be obtained from a tube whose amplification
factor is u/, whose plate resistance is r),, and which feeds an external load
Z;. These results show that the effective amplification factor of the tube
is reduced in the same ratio as the

plate resistance of the tube. This q'(c
feature will permit an impedance z, B
match between a tube with a high |

plate resistance and a low imped- g Ry ?Ebb £,

ance load. This is accomplished,
O,f course, at ,the expense Of, effec- F1a. 5-20. Circuit employing compound
tively converting the tube into a (. qpack.

triode, with low u and low r,.

The combination of current and voltage feedback in an amplifier is
frequently called compound or bridge feedback. The circuit of such an
amplifier is given in Fig. 5-20. The feed-back fraction is readily found
to be

I
"

, R
B = "t R2 =B+ B (5-52)



88 ELECTRON-TUBE CIRCUITS [CraP. 5

As in the analysis of Fig. 5-19, it is assumed that the resistance combina-
tion R, + R:>> Z; and that the reactance of the capacitor is negligible
over the frequency range of operation. The resultant gain of the ampli-

fier has the form
—pZ

K, = -5
¥ G T DR+ 0+ 0% (5-53)
This may be written in the form
K = 2 (5-54)
r 7‘;’ F Zl
where
. #// — s
1+ upy
5-55
o= rn+ (o 4+ DRy ( )
? L+ ubs

The effect of the feedback is seen to reflect itself as a change in effective u
and r, of the tube.. Moreover, owing to the form of the expression for
7'y, this quantity may be made greater than, equal to, or less than its
value without feedback.

! T

- It = ~ i

- N 2 :
i < t 5 ¥ 2 ‘/ #

& 3K By s § M

< > B i

i 3T Cx, 23 ICk, ‘3R, |

z Y

Fie. 5-21. A two-stage RC coupled amplifier with current feedback in the first
stage and voltage feedback between stages. }

Feedback can be effected over several stages and need not be confined
to a stage-by-stage practice. A two-stage RC coupled amplifier employ-
ing current degeneration in the first stage through resistor 2, and voltage
feedback between stages is illustrated in Fig. 5-21. A careful considera-
tion of the application of the potentials will show that both types of
feedback are negative.

6-8. Effect of Feedback on the Output Impedance of an Amplifier.
The discussion in the foregoing sections has shown that the application of
negative feedback in an amplifier is accompanied by an equivalent tube
resistance which varies according to the type of feedback that is employed.
As a consequence of this, the output terminal impedance of the amplifier
iikewise depends on the type of feedback that is employed.
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A general relationship between the output terminal impedance without
feedback and that with feedback is possible. To find this, suppose that
the input terminals are shorted, and that a generator is applied to the
output terminals. The ratio of the applied potential to the current is
the output impedance. Consider Fig. 5-22, which is Fig. 5-16, a circuit
with voltage feedback, which has been modified for the determination of
output impedance. Note that a voltage appears in the input through the
feedback network even though the input terminals are shorted.

If the applied voltage to the output terminals is E,, a voltage SE,
will appear at the input terminals to the tube. The equivalent voltage
that appears in the output or plate circuit is KfE,. The nominal output
impedance of the amplifier is

designated Z;. The current in 4 N =,
the output circuit is seen to be ,91%'0 Kﬂb;,<> ° ¢Eo
E() — KﬁEo
I'=""7r—
0 | Feedback
d factor B
The effecti tput impedance is
¢ effective output impeda Fia. 5-22. The modifications of the gen-
E, Z(’) eral feed-back ecircuit for calculating the

Zy = To = 1-’:?6 (5-56) output impedance of the amplifier.
This expression shows that the output impedance is reduced by the same
factor as the voltage gain, when voltage feedback is applied.
A calculation for a circuit provided with current feedback yields the
expression (see PEO,F’;L’?:”)
Z = 7 ( KZJ'/Z)

"~ KZ,/7,) &7

where Z; is the feedback impedance, and Z, is the load impedance. In
general, for current feedback, Z, is greater than Z;. For compound
feedback, the output impedance will depend on the relative fraction of
voltage and current feedback, and may be higher or lower than that
without feedback.

6-9. Feedback and Stability. A great deal of information about
" the stability of an amplifier can be obtained from an analysis of the
factor 1 — KB that appears in the general gain expression [Eq. (5—3@)
This is best analyzed through the use of the polar plot of the expres-
sion KB. Since KB is a function of the frequency, points in the
complex plane are obtained for the values of KB corresponding to all
values of f from 0 to «. The locus of all of these points forms a closed
- curve.

As a particular example, suppose that the locus of K8 in the complex
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plane is drawn for the amplifier illustrated in Fig. 5-19. To do this, the
complete expression for the nominal gain, including the effect of the feed-
back circuit, must be written, rather than the simple form given in Eq.
(5-46). Also, the value of 8 must include the effects of the blocking

L2
Mydd/e 1
range of = -
frequencres Kp 2 (1 70)

/s
/
/
4

F1c. 5-23. The locus in the complex plane of Kg for the circuit of Fig. 5-19.

capacitor C. Certain of the features of the response are known. At the
mid-frequencies, the gain is substantially constant and has a phase of
180 deg. For the low and high frequencies, the gain falls to zero, and
the phase approaches +90 deg. At the I-f and h-f
cutoff values, the phase is +135 deg. It may be
AP shown that the general locus of K@ for all frequencies
isacircle. The result is shown in Fig. 5-23. A vector
drawn from the polar locus to the point (+41,50) is
1 — KB. For this particular circuit its magnitude is
greater than unity for all frequencies, and it has its
maximum magnitude at the middle range of frequen-
cies. Moreover, since the resultant gain varies
inversely with 1 — KB, then the effect of the feedback is to cause a
general flattening of the frequency-response characteristic.

The criterion for positive and negative feedback is evident on the com-
plex plane. First note that the quantity |1 — KB8| = 1 represents a
circle of unit radius with its center at the point (1,50), as illustrated.
Clearly, if for a given amplifier |1 — K8 | > 1, then the feedback is
negative, with an over-all reduction of gain. Likewise;if |1 — K8 | < 1,
there is an over-all increase in gain, and the feedback is positive. These
considerations show that, if KB extends outside of the unit circle for any
frequency, then the feedback is positive at that frequency. If K@ lies
within the unit circle, then the feedback is negative. If KB passes
through the point (1,70) then 1 — KB = 0, and, as will later be shown, the
amplifier becomes an oscillator. A more general analysis by Nyquist*?
has shown that the amplifier will oscillate if the curve of KB encloses the
point (1,j0) and is stable if the curve does not enclose this point.

Fic. 5-24. A plot
of |1 — KBl =1in
the complex plane.
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Clearly, therefore, if the magnitude of KB is less than unity when its
phase angle is zero, no oscillations are possible.

As a specific example for discussion, suppose that the plot of a given
amplifier is that illustrated in Fig.
5-25. The feedback is negative for

this amplifier in the frequency range 1
from O to fi. Positive feedback ex- Frequency / Kp J,fé ‘
ists in the frequency range from f; to ,/ - ( 7 Jo y
. Note, however, that, since the 4-b ’

locus of KB does not enclose the
point (1,70), then, according to the
Nyquist criterion, oscillations will
not occur.

F1:. 5-25. The polar plot of an amplifier.
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PROBLEMS

6-1. The important constants of one of a chain of RC-coupled-amplifier stages
employing pentodes (see Fig. 5-3) are

R =75 1,=10° g.=1600 umhos C =001 pf Cu =11 puf
Cpe = Suuf R, = 500%

a. Calculate the mid-frequency gain and the upper and lower cutoff frequencies.
b. Between what frequencies is the amplifier-stage phase 180 + 15 deg?

5-2. The frequency response of a three-stage cascaded RC amplifier employing
pentodes is to be constant within 0.5 db up to 18 ke. Calculate the h-f cutoff of
each stage.

6-3. The LC coupled amplifier of Fig. 5-9 uses a triode. The important factors
are

r, = 10% gn = 2,000 umhos R, = 108 C = 0.01 pf L = 40~
Distributed capacitance = 200 uuf

Determine the upper and lower cutoff frequencies and the maximum gain.
65-4. A transformer-coupled amplifier is to be constant within 3 db over the
frequency range from 100 to 8,400 cps.

a. Specify the required values of primary inductance, leakage inductance
(reduced to unity-turns ratio), and frequency of secondary resonance. The
tube is a 6J5 with r, = 7,700 ohms. Neglect the winding resistance in the
calculations.

b. If the turns ratio is 3 and the total input and wiring capacitance of the next
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tube is 25 uuf, what is the permissible equivalent capacitance across the
secondary of the transformer?

§-6. An amplifier has a gain 3,000@. When negative feedback is applied, the
gain is reduced to 2,000@. Determine the feed-back network.

5-6. An amplifier without feedback gives an output of 46 volts with 8 per cent
second-harmonic distortion when the input is 0.16 volt.

a. If 1 per cent of the output is fed back into the input in a degenerative circuit,
what is the output voltage?

b. If an output of 46 volts with 1 per cent second-harmonic distortion is per-
missible, what is the input voltage?

5-7. Given the amplifier stage with cathode degeneration shown in the accom-
panying diagram,

Ry
Ebb = 250 VOltS Rz = ].00’=
gm = 1,200 umhos u=170

R, = 1#

a. What should be the value of Ry to give an over-all gain of 8?
b. What is the value of E.., and the largest value of ¢, to yield an output without
distortion?

5-8. Plot the gain as a function of frequency of the simple amplifier shown in
the accompanying figure. Also plot on the same sheet the gain of the stage when
fixed bias is used.

=2000mbos

= Ot

5-9. 'The first stage of the circuit of Fig. 5-21 uses a 6SJ7 pentode with
Eb = 250 VOltﬁS Eccl = -3 Ecc2 = 100 Ib =3 ma

The second stage is a 6C5, with Ey = 250, Ecci = —8, I, = 8 ma.
The other factors are
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Ru = 100" Rg = 250" R[g = 25" C = 0.04ﬂf Ckl = 10 [l.f
Cro = 2.5 uf Ci=01pf R, = 200Q R, = 150*

a. Specify the values of Ri, Ris, Ews.

b. Draw the complete mid-frequency equivalent circuit.

c. The total shunting capacitance across R, is 80 uuf. Calculate and plot a
gain—frequency-response curve over the range from 20 to 50,000 cps.

d. Repeat (c) if Ry = 0, Ry = 150%.

5-10. Given the two-stage circuit which is provided with negative voltage
feedback. The tubes have r, = 106 ohms, g. = 1,200 pmhos.

J0n

a. Calculate the output impedance.
b. Calculate the impedance between points AA.

6-11. Given a simple pentode amplifier stage as illustrated, the screen by-pass
being omitted. Derive an expression for the gain of the amplifier stage. Assume

|
g
that I, is independent of E., and that u., of the screen grid relative to control
grid is the same relative to plate and to screen currents.

65-12. Calculate the gain of the inverse feed-back pair.* Assume that the tubes
are identical and that B,>> R,.

* Mezger, (i. R., Electronics, 17, 126 (April, 1944).
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5-13. Given a three-stage RC coupled amplifier, each stage of which has an I-f
cutoff of 20 cps, an h-f cutoff of 84 ke, and a gain of 220. Plot the locus of the
complex voltage amplification.

6-14. The locus of the complex voltage amplification of a certain amplifier is
illustrated. If 1 per cent negative feedback is applied, determine the value of the

K-11500/155°
£=5700

K=8700
: ==f1000
£ /00M= /00

gain K at the frequencies 100, 10 ke, 40 ke. Assume that 8 is independent of fre-
quency and that the voltage fed back is in phase with the output voltage.

5-15. Calculate the effective input impedance at 10 ke of the circuit in the
accompanying figure. Each tube has the value g» = 2,000 umhos, 7, = 10%,
Neglect all tube and wiring capacitances.

J0%

T

5-16. Calculate the effective input impedance of the circuit in the accompany-
ing diagram,

G = 1500umbros
3 =66k

5-17. The general current feedback circuit, as viewed from the output ter-
minals for output impedance measurements, isillustrated. Analyze this circuit,
and verify Eq. (5-57).

-G ~
Amplifrer I $2, E,

U
9y N W
Z¢

5-18. Apply Eq. (5-57) to Fig. 5-17. Show that the results so obtained yield
the expected results.




CHAPTER 6
UNTUNED VOLTAGE AMPLIFIERS—Continued

THE untuned voltage amplifiers that are discussed in the foregoing
chapter possess flat frequency-response characteristics over a range of
frequencies. Frequently, however, the region of uniform amplification
must be wider than is possible with the simple circuits. For example,
radar receivers may require a uniform response from 2 to 8 megacycles,

Rgl

i i

Fic. 6-1. A shunt-peak video amplificr stage.

depending upon the service, although the 1-f response in these is not too
critical. Television receivers require a sensibly uniform amplification
sover the range from about 30 cps to 4.5 megacycles. These broad-band
amplifiers may be accomplished by compensating the simple amplifier
at both the I-f and the h-f ends of the frequency scale; by the use of tubes
as coupling devices, these being connected ordinarily as cathode followers;
or by the use of circuits operating with certain of the elements which
normally cause the droop in the frequency-response characteristic elim-
inated from the circuit.

6-1. Compensated Broad-band Amplifiers. It is possible to compen-
sate for the drooping of the frequency-response characteristic of a resist-
ance-capacitance coupled amplifier at both the h-f and the 1-f ends of the
curve. Several methods exist for accomplishing this result, and these
will be considered below in some detail. However, it is advisable to
examine roughly what occurs in these several methods of compensation
before undertaking a complete analysis.

__In the shunt-peaked method of h-f compensation, an inductance is

inserted in series with the plate resistance. The circuit has the form

illustrated in Fig. 6-1. The inductance L, is chosen of such a value that"

it-resonates with the effective input capacitance of the following tube in-

the neighborhood of the frequency at which the response would otherwise"
95
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begin to fall appreciably. In this way, the h-f end of the response curve
can be appreciably extended. The choice of the value of L, is critical;
otherwise a peak in the response curve may occur. Such overcompensa-
tion must be avoided in most applications.

The 1-f end of the response curve may be improved by the use of a
capacitor across a_portion of the loa.d resmtor as illustrated in Fig. 6-2.

Rgr3

—AAA

F1a. 6-2. L-F compensation by use of a capacitor across a portion of the load.

In this method, the load resistance is effectively R; at the high frequencies,
owing to the shunting action of the capacitance C. across E,. At the low
frequencies, the shunting effect of C, is negligible, and the load resistance
is effectively R; + R,. The increased gain of the stage resulting from
the increased effective load impedance thus compensates for the loss of
gain resulting from the voltage-di-
vider action of the coupling ca-

GI F_’I N I/ 76_'2 . . .
- X pacitor and the grid resistor. In
+ I 2, g this case, as for the h-f compensa~
_ Rg tion, care must be exercised in the
- choice of circuit constants.
E g pr z rants
#Eqk ¢ 6-2. H-F Compensation. To

Fig. 6-3. The equivalent circuit of an study the gain characteristics of

RC amplifier with an inductance in series an amplifier that is provided with

with the plate resistor for h-f compensa- a shunt compensating circuit, the

tion, equivalent circuit of Fig. 6-1 is
drawn.

As the series inductance L. is small (20 to 50 xh), its presence does not
in any way affect the I-f or mid-frequency gains of the amplifier. Con-
sequently for this amplifier, Eq. (5-6) for the mid-frequency gain and
Eqgs. (56-11) and (5-12) for the 1-f gain are still valid. These expressions
are rewritten here for convenience.

—uY,
K=y Ylfz + Y )
E____1 /tan—! f1/f5 -
Ko N1+ (/pr——
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Broad-band amplifiers usually employ pentodes with relatively small

plate-load resistances. Because of this, the discussion here will be con-
fined to amplifiers of this type. For
pentodes

6 - B
> Ry ~ z
RS R} (62 * ¢ _|_
and the equivalent circuit of Fig. 6-3 o Cy
reduces to the form of Fig. 6-4. It lnggk ‘

follows directly from this that the Fio. 6-4. The approximate equivalent

mid-frequency gain is circuit of Fig. 6-3 at the mid- and high-
Ky = —g.Ry (6-3) frequencies.

Gz

and the h-f gain becomes

_ _I»‘Yzz - —0m .
K=y, 7V 3 Ve ¥ 7 T Vs - (6-4)

The h~f- to mid-frequency-gain ratio is

K, 1
K~ RV ¥ Vo) (6-5)

But the half-power frequency without compensation is, from Eq. (5-16),
_Y, + Vit Ve . 1

fe W0, %RC, (6-6)
Also, it is convenient to define the quantity @ as
Q= Rz%; = ‘“;BLIC (6-7)
Equation (6-5) may then be written in the form
K, 1
K~ 1 g (6-8)

TH j/wn@ T I/
This expression is expanded, thus,

K, 1 + j(w/w2)@s

Ko [T — (0/@2)?Qa] + j(w/we)
which may be written as

K, _ 1 + (w/w2) Q3 I w/ws
K, \/[1 ~(w/on Q@ T+ (w/m)?/ tan™ 2 & — tan T T e,

(6-9)

~ The significance of this equation is best understood by examining curves
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of gain and phase shift for various values of @2 A set of gain curves is
given in Fig. 6-5.

It is ordinarily desired that the voltage gain be practically constant up
to a certain designated high frequency. An inspection of Fig. 6-5 shows
that this is best achieved by choosing @, to have a value approximately

| ]
1.4
1.9 A 0;15I — X
]
.0 (M £ A\
QIQ — 9420 TN \\
£ 08 o N\
S
(3]
2 06
: \\X\
0.4 ™\
0.2 \\§§\—
Y 02 03 040506 08 10 7 3 4 56 810

w/w,
F1c. 6-5. Dimensionless relative gain curves for the shunt-compensated amplifier.
(Adapted from Bedford and Fredendall.?)

0.45. Actually the optimum value for @, is 0.414, under which condltlons
dK /df = d*K/df* = 0 at f,, which ylelds the maximum flatness. From
Eqs. (6-6) and (6-7), this requires approximately that

e 1
{ R, = C,
i Wo
5 B (6-10)
ol =
w2 2

That is, approximately constant gain is achieved when the load resistance
is approximately equal to the reactance of the effective shunt capacitance
and when the inductive reactance is equal approximately to one-half the
load resistance at that frequency.

In order to preserve the wave form of the signal in an amplifier, not
only must the relative amplitudes of the various frequency components
be maintained, but also their phase relations must be held constant.
If this is not so, then phase distortion results. The phase shift through
the amplifier is contained in Eq. (6-9), which is
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) . - ﬂ__

o = 180 + [tan -60_2Q2 tan™! 1 — (w/ws)? Q2]

_ (6-11)
¢ = 180 — tan™! — [1—Q2+(wQ2>]=180_0

Evidently, for the wave form to be preserved, either the phase shift of
the various components through the amplifier must be zero, or else the
phase of all the frequency components must be changed by the same
amount in time and the relative phase relations among the harmonics in

0.16 et

0<°¢
0.14 — O\
2, NN\
o2 ™ A\

I

il y
0.10 ] \
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0.08
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\

\
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7
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FiG. 6-6. Dimensionless curves of #/w as a function of w/w, for shunt-compensated
amplifiers.

the wave form must be preserved. Clearly, a criterion for zero phase
distortion is that 8/w be a constant. A plot of 6ws/2rw vs. w/ws is con-
tained in Fig. 6-6.

Figure 6-6 shows a family of dimensionless curves which apply to any
amplifier. With w/ws: and @, given, the phase shift at any frequency is
readily determined. It will be observed that the curve for Q. = 0.34
shows the least variation of 6/w and so introduces the least phase distor-
tion or time delay. On the other hand, the curve for @, = 0.414 shows
the least variation in gain. In general, therefore, it would appear that
the value of Q. should lie in the range from 0.34 to 0.41. Frequently a
value of @ of 0.5 is used, for the following reasons.

The curve for @, = 0.5 yields a relatively uniform amplification over
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as wide a frequency range as for any value of @2 For this case, the
- relative gain increases by about 3 per cent (=0.3 db) at w/w, = 0.70.
This is frequently a tolerable increase if only a few stages are used.
* Moreover, the time-delay errors of the individual stages are additive and
would be tolerable in many applications. If many stages are to be used,
then the situation changes. For example, a 10-stage amplifier designed
with @, = 0.50 would have a 3-db (41 per cent) bump in the gain curve,

A —
il [ T3Tli]
(a)-Shunt (d)-Series m-derived '
i T S 2| %
(b)- Series (e)-Shunt m-derived
(c)- Series-sh;m{'. ' . (f)- 25echon consfan‘(' Ic

Frae. 6-7. Various h-f-compensating coupling circuits. (D. L. Jaffee, Electronics,
April, 1942.)

with a corresponding serious time-delay error. Such characteristics
might not be tolerable, and a value of @, of 0.41 would then be used.

Clearly, therefore, the acceptable value of @, will be determined by
the maximum allowable variation in gain and the tolerable time-delay
error. If one can tolerate the resulting variation in gain, then a given
number of stages with Qo' = 0.50 will provide a given gain with a broader
band width than is possible with @, = 0.41. This means that the require-
ment for maximum flatness sacrifices band width for a more uniform
amplification curve and less time-delay or phase distortion.

It should perhaps be emphasized that the inclusion of an inductance
as a compensating network has resulted in a rather remarkable improve-
ment in response. That such a simple correcting network does not
provide both optimum gain and constant-phase characteristics for the
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same ¢onditions should not be surprising or unexpected. More elaborate
h-f compensating networks that provide better gain characteristics have
been devised. A number of these are illustrated in Fig. 6-7.

The transient response of these more elaborate networks is generally
inferior to that of the simple shunt-peaking compensation.! This
results from the fact that the amplification and phase-shift characteristics
do not deteriorate so rapidly in the shunt-peaked circuit as in other h-f
compensating systems having the G, B

same h-f limit. Consequently the ' 1y
apparent advantage of these cir-
. e + EoS Ry
cuits is largely eliminated. R
6-3. L-F Compensation. A _ y Ce 7
#Egk 3
+

circuit that compensates for the Re
droop in the low-frequency re-

sponse characteristics of an RC Fic. 6-8. The equivalent circuit of an 1-{-
amplifier is given in Fig. 6-2. A compensated RC amplifier.

physical explanation of the operation of the 1-f compensating network is
given on page 96. An analytical study is to be made of the performance
of this circuit, in order to obtain a more complete description of its
behavior. .

The equivalent circuit, given in Fig. 6-8, is to be analyzed. Use is
again made of the fact that pentodes are generally used in video amplifiers,
whence 7, is greater than the combined output load impedance Z. Also
in general, the grid resistor of the following stage R, is large compared
with the load resistor R;.

The mid-frequency gain assumes that the reactances of C, and C are
small compared with R; and R,, respectively. The gain expression is
then simply

\

Ky = —g.R: (6-12)

The low-frequency gain is readily obtained from an examination of
Fig. 6-8. The expression is
Ky = —gn7 —To

1
Ro+]—-0—)6,

(6-13)

where Z is the total effective impedance of the output network at the
low frequencies. By inserting the known value of Z in Eq. (6-13), and
combining with Eq. (6-12), there results

K, R, 1 1 ‘1
R +

(6-14)

L + JuC,

c
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or
K _ 1 1
K, 1 JwCR, 1
- R, T TTj.0k, T 7uCE,
Ry + jwC.R.R,
or
K, R; + jwC.R.R; + JjwCR; 1 4+ jwCR,
R+ R, + joC:RB; * 1+ juCR, jwCR,
which is
K, _ 1
K~ T (BT JeCRE (1T aCR, (6-13)
R, + R, + jwC.R.R, JwCR,
But ordinarily the ratio R;/R, < 1, and Eq. (6-15) becomes
' K, 1 ’
K- R 1FjeCE 1¥j.CE, (6-16)
R, + R. . R.R, JwCR,
! + ]ch Rc + Rl
Three time constants appear in this expression, viz.,
R.R;
RcCc CcR + R RUC
By choosing the parameters such that
_ R.R;
X CR, = C, R IR, (6-17)
then Eq. (6-16) becomes
Ky _ 1
K, Ry 1+ jwC.R.1+ juCR,
R;+ R.1 + juCR, jwCR,
which is
? L = ! T (6-18)
0 .
(1 + juCeRy) ij 7R TR,
This may be written in the form
B _ 1 Jtan~! Xo/R. (6-19)

Ko T+ (Xo/Ro?

It is noted that this choice of parameters yields exactly the same form
for the I-f response for the compensated case as that of the uncompensated
amplifier, except that the I-f response is now controlled by the time con-
stant R.C. rather than by the output time constant R,C.

6-4. The Cathode Follower.? The foregoing sections show that, to
achieve a uniform frequency response of an RC amplifier over a wide
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frequency band, it is necessary that the effective output impedance of
each stage be low and the effective input capacitance be small. The small
effective input capacitance can be attained by the use of pentodes.
However, the output impedance of a pentode is high unless the load
resistance is small, in which case distortion may result. Considerable

C.
G % K
A
+E> cg"&: ? AP A+ Gk
A 9 + Zg
HEGEN
P
(a) 1(6)

F1e. 6-9. The basic circuit (a) and the equivalent plate circuit (b) of the cathode
follower. )

improvement results from the use of two or more high-gain stages, prefer-
ably using pentodes, which are coupled by a triode which is connected to
provide a low input capacitance and a low output impedance. Although
such a coupling tube may contribute nothing to the over-all gain of the
system, it does make possible a uniform amplification over a wider fre-
quency range than with the conventional coupled amplifier. The use
of a cathode follower as the coupling stage is particularly suitable because
it possesses a low effective input capacitance, high input impedance, low
output impedance, and low nonlinear distortion. Such a stage does
possess a gain that is less than unity, although this is not a serious
limitation.

The basic circuit and the corresponding equivalent circuit of the
cathode follower are given in Figs. 6-9. To find an expression for the
gain of the amplifier, it is noted that

E K = _EUYC"" _ #EgkYp . —_YcﬂkE(]P - “EDkYP
? YCak + Yp + chk+c/k + sz chk + Yp + YC’;;):-}-C]); ‘|" Yz.
(6-20)
But it follows that
Egk = Egp + Epk
and Eq. (6-20) becomes
E,, = —JjwCoBop — pYo(Esp "{‘ Epki (6-21)
Jo(Cor + Cor + Cp) + -+ &
Tp k
Solving for the gain K, which is given by
K=z (6-22)

g7
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there results
(ijquk + u)Zy
K =- 6-23
JorsZi(Cor + Cor + Cpi) + 15 + (0 + 1)Zy (6-23)
For those values of Z; which are normally used, the effect of the inter-
electrode and wiring capacitances on the voltage amplification is negligible
for frequencies below about 1 megacycle. Equation (6-23) reduces, for
these lower frequencies, to )

K =

#Zk
rp+ (0 + 1)Z -

Examination of this expression shows that the gain K approaches the
limiting value n/(u + 1) as the ratio of Z,/r,approachesinfinity. Forthe
values of Z; and r, found in normal cases, K is of the order of 0.9.

The limits of linear operation of the cathode follower are determined by
the grid current and cutoff characteristics of the tube. These limits can
be obtained readily. It is assumed:that the voltage E,. = E,, — Eip
has the limits zero (for zero grid current) and E, (at cutoff). If the
region of a-c operation is so chosen that the operating point is midway
between these limits and also that the grid-cathode signal reaches these
limits at the peaks, then the maximum output is given by

Ekp,nmx — K
Eyk.max 1 - K

(6-24)

But
EO - 0
E jmax =
ok 242
and
gy o
m
then
Eppmae = 2o _K B B (6-25)

2v2l— K 2\/§<1+;—”> 2\/§<1+TZ_”)
k. k

The value of E, to be used in this expression will be dependent on the
- character of theload. For example, if
the load is inductive, then E, will be
a value less than E,, owing to the

elliptical load curve.
¢ 6-6. The Cathode-follower Ampli-
fier. When used as a coupling ampli-
fier between stages, the cathode-fol-
Fie. 6-10. An RC coupled cathode- lOWer circuit becomes essentially that
follower stage. illustrated in Fig. 6-10. In this cir-

Ry By :‘r Cy

7
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cuit, C, is the sum of the effective output capacitance of the cathode fol-
lower and the effective input capacitance of the next stage.-

The gain of this amplifier will be examined for the various frequency
ranges. These follow directly from
Eq. (6-24) with the proper interpreta-
tion of Z;.

Mid-frequency Gain. The inter-
electrode capacitances are negligible
over the mid-frequency band, whence %Rk %Rg
C, may be neglected. Also the cou-
pling capacitor C is assumed sufhi-
ciently large so that its reactance is
negligible. The resulting circuit becomes that of Fig. 6-11. The mid-
frequency gain becomes

<

Fic. 6-11. The mid-frequency cath-
ode-follower circuit.

- pZi H :
= = 7 '2
R o Ry P I oy 24 (6-26)
where
1 1 1
-Z-,,:— m + _R—,, (6'27)

H-F Gain. At the h-f end of the response curve, the coupling capacitor
may be omitted, although the effect of C, becomes important. The
equivalent circuit has the form shown
in Fig. 6-12. The gain equation [Eq.

(6-24)] now becomes

' K, = i ~ (6-28
R R c-L : (!‘+1)+(TP/Zk) (/ )
* g g T where
.. 1 1 1
Fia. 6-12. The h-f circuit of the - = — Y
cathode follower. lec, k + R, T chg (6_29)
The gain ratio K,/K, becomes
5_2 — 1
K, 1+ .7.‘*’007'1'
(v + 1) + (r/Z3)
which is
K, 1 1
— = e = . 0
K~ T¥jarC, ~ TF307 (6-30)
where )
7 Tp 1
p—t 7 = ——,—- - 1
I s v/ M Ll = op (6-31)

It should be noted that this expression has substantially the same form
as Eq. (5-15) for the conventional RC circuit. However, since the prod-
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uct 1,0y for the cathode follower is much smaller than r,C, of the RC
amplifier, then the upper frequency limit of uniform response is much
greater for the cathode follower than for the conventional RC stage.
Because of this, it is possible to achieve a high h-f limit even when the
cathode follower is followed by a stage

having a high input capacitance.

This means that a rather wide fre-

c quency response is possible under

» 2 these conditions even with a following
& g triode stage.

. L-F Gain. At the low frequencies,
Fi1c. 6-13. The 1-f circuit of the cath-
] . C, may be neglected, and the effect of
ode-follower amplifier. ’ .
the coupling capacitor becomes very
important. Equation (6-24) appropriately modified becomes

R

K, = £ ; - 6-32
'S GF D F G2 By F (15400 (6-32)
This expression may be written in the form
- I JoCR,
- ) SN/ S b .
Z, R,(1+ juCR,)
where use has been made of the fact that
11 11 1
TR, 1 A Ratmcry
77 jwC
The gain ratio becomes
K: _ 1 JjoCR, Tp
K™ i ™ 1+ijRg[(“+1)+7,;]
g Z, R, + juCR,)
which reduces to the form
K, _ 1 _ 1
Ky, 1—-jQ/0CRy) 1 —3(f1/f)

where

R R, 1 (6-35)

e ) o/ Ry v = 208,

Tt D)+ (/7))

This expression has substantially the same form as Eq. (5-9) for the 1-f
gain of the RC amplifier except that it may be shown that under typical
operating conditions the value of f; is much lower for the cathode follower.
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6-6. Input Capacitance and Output Impedance of the Cathode Fol-
lower. To find an expression for the input capacitance of the cathode
follower, refer to Fig. 6-9b. It is seen that the current flowing through
the source comprises two components. One of these is the current
through the capacitance C,, and is

I = juCopEgp (6-36)
The second is the current through the capacitance C,. This is

I, = joCuBg (6-37)
But as E;x = E,p + E,x and K = Ey,/E,,, then

I, = juCu(l — K)E,, (6-38)
The total current is ’
I =1+ I = jolCopBop + (1 = K)CuiE,p)]
and the effective input capacitance is
Ci=Cop+ (1 — K)Coi (6-39)

Since in many circuits K is approximately 0.9, then C; has the approxi-
mate value
Ci=Cop+01C, (6-40)

A comparison of this expression with the corresponding form given by
Eq. (4-13) shows a roughly similar dependence on the tube capacitances,
although the numerical value for the cathode follower is considerably
smaller than for the conventional
amplifier stage.

The effective output imped- Cg/c
ance can be determined by find- P/C Cﬂ: 2
ing the current that flows as a : - "Z/é Lok
result of the application of an a-¢
potential to the output terminals ~

of F lg: 6__9' The grid exciting Frc. 6-14. The equivalent output cir-
potential is made zero, and the cuit of the cathode follower,
grid generator is replaced by its
internal impedance—according to the superposition theorem. The
equivalent circuit may than be drawn in the form of Fig. 6-14. The
effective output admittance of the tube alone is
_ 1 Epk + Il-Egk E pk
Yo = B Tp + 1 1
‘ ?0: Yt] + YCw

(6-41)
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But from the diagram it is seen that

Z cp _ 1 :
Eak = 1 C Epk = ———YT_ Epk (6 42)

¥, 7o, T 2o LI o ol

Ordinarily Z; is a resistor which is 10* or less, and the reactances of Cy
and C,, are approximately 20* at 1 megacycle (for capacitances of 10 upf).
Under most conditions Eq. (6-42) becomes

E, = E.

and the output admittance reduces to the approximate form

y, = Lt (6-43)

Tp

This expression shows that the output terminal admittance of the tube
is somewhat greater than the transconductance of the tube. But for.the
actual values of transconductance of available tubes, the output terminal

Fic. 6-15. A general feed-back circuit, and its equivalent circuit.

impedance Z, may be less than 150 ohms and would seldom exceed
1,000 ohms with single tubes, under the assumptions made in the deriva-
tion of Eq. (6-43). In many applications the impedance of the coupled
load is much larger than the output impedance of the tube and so will
have very little effect on the resultant output impedance. A double-
cathode-follower circuit has been devised which has a greatly reduced
output impedance.?

6-7. The Anode Follower. A circuit which possesses roughly the same
properties as the cathode follower but which also provides for phase
inversion is called an anode follower. This may be a desirable property
in certain applications. The circuit of such an anode follower is given
in Fig. 6-15. Actually, the circuit of Fig. 6-15 is that of a general feed-
back circuit and will be shown in Chap. 8 to have many applications.
It is a simple amplifier which is provided with voltage feedback through
_ the impedance Z;.

An analysis of the equivalent circuit is readily carried out. An appli-
cation of the Millman network theorem between the points K and @ yields
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’ EuY, 4+ E.Y;

E, = ——_ "2/ 4
ko Yl + Y/ F Yg (6 4)
When applied between K and P, the network theorem yields
EwY;+ uEaY, _ Ew(Y; — gn)
E., = ol s gkl p _ o\" f 4
kp Y+ Y, + 7, Y, +Y,+7Y, (6-45)
By combining these expressions, there results
Ekp Yf — gm EkIYl + Ekaf (6—46)

Yf+Y +Y1Y1+Y + Y;
By solving for the gam the result is

K, = _ B _ Vi(Yy — gm)
Fu Y+ Y, + Y)Y+ Y+ Y, — V(Y — gn)

which may be written in the form
Yi(Y; — gm)
T F AT )+ L+ Y+ ga)
To obtain an expression for the output impedance of this general feed-
back circuit, the procedure followed

is substantially that used in Sec. 6-6. — %
In the present case, the equivalent
circuit for this calculation becomes E:

as shown in Fig. 6-16. The output
admittance is given by

K, (6-47)

!""“‘*éb ——

Y, = _I_ _ I, +1, (6-48 Fie. 6-16. The equlvalent circuit for
L 7 Eo calculating the output impedance of the
feed-back circuit of Fig. 6-15.
This may be written in the form

Yo = [_w + Ea(Y, + Yo]

Ep Tp

which is

1 nl

Y, = jo (Yi+ Yo+ gn)Ep + Y,Enl (6-49)

P

But from the diagram
_ Yy i
K e e (6-20)

and the expression for the output admittance becomes

~ NtVotonm :
Yo=Y, + 7Y, (Yl i G Yg) (6-51)
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An expression for the input impedance is readily obtained. It follows
directly from the circuit that

E10+ Eak+ Ekl =0

The input admittance is given by A
1 Eq\
Y,' = 5 = Y 1 L 2

En ‘( En) (6-52)

But by Eqs. (6-44) and (6-47)

_EuY,+ K,Eu.Y; Y.+ K.Y,

Ei, = N F Y, Y, - Ey; Y.F Y, +7, (6-53)
Then
n+mn)
Yi=Vv, (1 - T Bty
‘O_n+n+n
which may be written in the form
A
= ___Y‘__ - )
Y. = VT Y, F Y/[Y’ + (1 — K,)Y/] (6-54)

If it is supposed that a pentode is used in the circuit, and with the fol-
“ lowing choice of circuit elements,

Y,~ 108

gm ~ 2,000 X 10—
Y1 = Y/ =2 X 10-¢ for R1 = R/ = 0.5%
Y, =02 x 108 for R, = 5

the several important results are as follows:
1. The expression for the gain [Eq. (6-47)]

- Ylgm 1

b ovvitye  “Treme ' O
2. The output impedance, given by Eq. (6-51), reduces to
%i% (6-56)
3. The input impedance becomes, approximately,
nﬁngnﬁn (6-57)

A comparison of these results with those for a cathode follower is
interesting. This comparison is contained in Table 6-1. It is observed
that the gains of the two circuits are both approximately unity; the
cathode-follower output impedance is approximately one-half that of the
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anode follower; the input impedance of the cathode follower may be
considerably higher than that of the anode follower.

TABLE 6-1
COMPARISON OF THE CATHODE AND ANODE FOLLOWER
Gain ) Output ] Input
impedance | impedance
Anode follower........................ - 1 3 2 R,
1 G
ngl
1 1
Cathode follower....................... + — — R,
1 G
ngk

6-8. Direct-coupled Amplifier.* It is possible to build a type of
cascaded amplifier without reactive elements and, in principle at least,
secure a very broad band amplifier. The voltage gain of such an amplifier
does not depend on the frequency, at least to a first approximation, except
for the effect of tube and wiring capacitances at the higher frequencies.
It might appear that such amplifiers would find very widespread use
because of these desirable charac-
teristics. However, such ampli-
fiers do possess certain disadvan- L
tages, and their use is limited,

though they find extensive use in 6 P, T G P T
applications as d-¢ amplifiers and o ,.p

as amplifiers for very slowly vary- @ - Ry, - 2y,
ing inputs. - £ A

.A bat';tery-coup led. casca:de-a,m- Fi16. 6-17. Basic battery-coupled ampli-
plifier circuit of basic design, to- fer circuit.

gether with the equivalent plate
circuit for small changes in voltage and current, is shown in Fig. 6-17.
The gain of such an amplifier stage is readily found to be ¢
—pR,
K = A (6-58)
It will be observed that the circuits are quite like the RC coupled
amplifier except that the coupling (blocking) capacitors are absent.
Because of the fact that the grid of one stage is directly connected to the
plate circuit of the previous stage, it is necessary to include d-c sources
in the various critical points in the circuit in order that the quiescent condi-
tions be those of class A operation.
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The battery-coupled amplifier has the outstanding feature that it will
amplify a steady component in the input voltage, but it suffers from three
main disadvantages. The first is the cost of the relatively high voltage
grid-bias batteries. These are required when a common plate and a
common filament supply are used. In an alternative arrangement,
indirectly heated cathodes having different potentials are used, thus
obviating the necessity for large grid-bias voltages. However, separate
plate supplies are required in this case.

Ry

Re,

F1c. 6-18. A resistance-coupled amplifier.

The second disadvantage of the direct-coupled amplifier is the inherent
instability associated with the direct coupling. The characteristics of
the tubes in the circuit change slightly with time; the battery voltages,
or the a-c line-operated rectified power supplies, likewise change with time.
Since such changes are amplified, the d-c¢ amplifier is not feasible unless
precautions can be taken which tend to overcome this instability. For
this reason, balanced circuits and cir-

g 2 cuits with degenerative feedback are
N 5 R, u.sed, since they tend to minimize this
@ - R ——y, difficulty.

- (e ! R, é; The third disadvantage arises from
+ 4 the capacitance between the grid-bias

I'1e. 6-19. The equivalent circuit
of a typical stage of the resistance-

batteries and the cathodes. This, plus
the interelectrode capacitances, stray

wiring capacitance, and stray induct-
ance, influences the transient-response
time and materially affects the rapidity with which the amplifier output
responds to rapid changes of input voltage. In consequence, even though
the amplifier is direct-coupled, precautions must be taken to ensure a
broad h-f response in order to provide a short response time.

It is possible to build a direct-coupled amplifier that uses a positive
plate supply, a negative bias supply, and resistance coupling networks.
This overcomes disadvantage 1. The circuit of such an amplifier is
illustrated in Fig. 6-18. The equivalent circuit of a typical stage of this
amplifier is given in Fig. 6-19. The gain of such an amplifier is readily

coupled amplifier of Fig. 6-18.
’
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found to be
Rg2 Rll(Rcl + Rg?)
K — _ Ra+RaRu+Ra+t Ry
RBu(Ra + Rgo)

TP + _Rll + Rcr+ Ry?

For an appreciable voltage gain, the parallel combination of R; and

(6-59)

“Re1 + R,e should be large compared with r,, and R,. should be large

compared with R.;. This will necessitate the use of a large bias voltage.

Direct-coupled amplifiers are used extensively as the amplifier in a cir-
cuit, the grid exciting source of which has a very high internal resistance
or which is capable of supplying only a very small current. In this case,
the grid current must be very small. In particular, the grid current is
significant when the grid-cathode resistance of the tube, though high,

(8)-Equivalent plate circuit
F1a. 6-20. Schematic and equivalent plate circuit of the difference amplifier.

might not be large in comparison with the resistance of the circuit that
supplies the grid signal voltage. Special electrometer tubes in which the
grid current is of the order of 105 amp are available for such applica-
tions. The grid current of the typical negative-grid tube is of the order
of 10~8 amp with normal rated voltages applied to the tube electrodes.
With the electrode voltages at very low values, the grid current may be
reduced as low as 10~'2 amp. More will be said about the applications
of such amplifiers in Chap. 22.

/ 6-9. The Difference Amplifier. A two-tube amplifier which is used

extensively as a d-c amplifier is illustrated in Fig. 6-20. This circuit
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overcomes disadvantage 1 of the previous section and permits the use of
common battery supplies for all stages. Also, the amplifier possesses
some very desirable features and as a result finds applications in various
services. The analysis below will indicate the reason for the descriptive
name of this amplifier circuit.

To analyze the operation of the circuit, Kirchhoff’s law is applied
around each circuit. This yields the equations

hmu+r}+Ro+zmk=gmm}

LR, + Iy(Riz + v» + Rx) = uEya (6-60)

But the potential difference between grid and cathode of each tube is
related to the circuit parameters by the equations

Eq = e — (Il + 12)Rk
Egzk = €z — (Il + I2)Rk (6-61)
By combining these expressions with Eqgs. (6-60) there result

IRy + 1o+ Ri) + I:Re = pler — (It + I2)R4]
LRy + I(Ris + 75 + Ri) = ples — (I1 4 I)R4)

which may be written in the form

Mm+u+@+U&HJM+D&=Mﬂ (6-62)
In(p 4+ DR, 4 I[Rie 4+ 7p + (0 + 1)Ri] = ue,

A solution of this set of equations for the currents yields, for I,

+u [(Ri}{—p + Rk) e — Rke2]
I, = L (6-63)

(R + :plERl” + ) + Ri(Ru + Rz + 2rp)

and, for the current I,

—p [Rkel - (R“: lr” + Rk) 62]
I, b (6-64)

(B + 1) (Riz + 15) + Ri(Ry + Riz + 2rp)

pt+1
It follows from these that the output potentials are, respectively,
R
—uRy [( ”j_- lrp + Rk) €1 — Rke2]
en = —IL1Rn = K , (6-65)

(B + ) (Ria + 1)

1 + Ri(Ru + Riz + 2rp)
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+uRi, [Rkel - (R“ tr + Rk) 62]

+1
B+ ) B2 £ 1) | po(Ry + Ria + 2r,)
p+1

Under ordinary conditions of operation of tubes, the ratio (E; + r,)/
(¢ + 1) K R;. Under these conditions Eqgs. (6-65) and (6-66) reduce to

and

er = — IR = (6-66)

- ,_:“L__ _ "
€1 = Ru+ R + 2, (ex — e2) (6-67)
_ +uR _
€02 = Rll Rl2 27‘p (61 62) (6—68)

It will be observed from these equations that the output voltages are
given in terms of an amplified difference between the two input potentials.

Special cases of these equations are extremely important. Four such
cases will be examined: (a) when the plate resistors are equal; (b) when
one plate resistor is zero; (¢) when one grid is grounded and one plate
resistor is zero; (d) when the plate resistors are equal, with one grid
grounded. ,

Equal Plate Resistors. In this case, it is supposed that the plate resis-
tors are the same, Ry = R;2 = R;. Equations (6-67) and (6-68) reduce to

—uRy

€1 = 2(—R+_m (el - 62) (6'69)
eor = 2(; ‘f’r ~ (o1 = ) (6-70)

These expressions show that the two output potentials are of equal mag-
nitude but of opposite polarity. Also, appreciable amplification is pro-
vided by the circuit. Note also that the difference between the two
output voltages is '
—uR;
R+ r

Although this expression was obtained from expressions that are only
approximate, this result s actually exact. That this is so may be verified
by using Eqgs. (6-65) and (6-66) directly, and not the approximate forms,
Eqgs. (6-67) and (6-68).

Evidently, the difference amplifier may be used to indicate the exact
point of balance between two d-c potentials. In fact, such a balancing
circuit, with a center-reading voltmeter connected between the plates of
the two tubes, is frequently drawn as a bridge circuit in the manner
illustrated in Fig. 6-21. In this circuit, when there is no input signal and
when the tubes are properly matched, the indieating center-reading volt-

€01 — €02 =

(e1 — €3) (6-71)
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meter is at zero. When a signal is applied, an amplified signal results, a
measure of the signal strength being indicated on the voltmeter.

FiG. 6-21. A difference amplifier in conventional form, and also drawn in a manner to
indicate the equivalent bridge character of the circuit.

One Plate Resistor Zero. Suppose that the plate resistor B;; = 0. It
follows from Eqgs. (6-67) and (6-68) that

601=0

€2 = 5o (61 - 82) (6-72)
Tp

This circuit yields an amplified
output that is the difference be-
tween the signals to the two grids.
If only a single output signal is
required, the present connection
provides slightly higher gain than
the connection of Fig. 6-21, with-
out the output from a single
plate.

One Grid Grounded, One Plate
Resistor Zero. In this case, it will be supposed that es = 0, and Ry, = 0.
Under these conditions, Egs. (6-67)
and (6-68) reduce to

Fic. 6-22. The difference amplifier with
one plate resistor at zero.

€01 = 0
o __sRi_ (673
0z = Rz + 2Tp !

With this arrangement, an ampli-

fied output voltage eq results for an . ‘ .

inputsignale;. Ineffect, therefore, Fie. 6-23. The difference amplifier con-

two tubes are used to perform the nected to provide a single output from a
. . . single input.

same function as a single tube in a

conventional type of circuit. As discussed above, however, it is now

e -=-,® = ~e
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possible to use a common set of voltage supplies. A typical circuit show-
ing a cascade amplifier of difference amplifiers is given in Fig. 6-24.

Fic. 6-24. A multistage d-¢ amplifier employing difference amplifiers.

Equal Plate Resistors, One Grid Grounded. In this case, the two plate
resistors are equal, and one grid is grounded. Consequently, this circuit
produces two potentials from a single input voltage, and from Egs. (6-67)
and (6-68) the results are

601=2(T—}i'?-l;—)'61

L 6-74

. YR (6-74)
€o2 =

2R + 1) &

This circuit is known as a cathode-coupled paraphase amplifier and is used
extensively to provide push-pull signals from a single source of potential.
It is used to provide a virtually bal-
anced set of push-pull potentials for
the deflection plates of a cathode-ray
oscilloscope and is also used as the
driver of a push-pull power amplifier.

An examination of the complete ex-
pressions, Egs. (6-67) and (6-68), will
show that the output potentials are
exactly balanced only if Ry = «.
Ordinarily the amount of unbalance
i1s not serious, but if completely bal-
anced voltages are required, the self-balancing paraphase inverter (see
Sec. 9-11) may be used.

1

)

]

1
€

]

1

H

]
Fic. 6-25. A cathode-coupled para-
phase amplifier.
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PROBLEMS

6-1. A 6AC7 tube is used as one of a chain in a video amplifier that is shunt-
compensated at the high frequencies and is also l-f-compensated. The circuit
of this amplifier is shown in the accompanying diagram. Calculate the value of

Sk

INY

[

AN
<————-°Q -=--

L. that will yield the same gain at the upper frequency f, as at the mid-band.
Assuming the stray wiring capacitances to be 20 uuf, the tube capacitances of the
6AC7are C,p, = 0.015 uuf, Cpr = 5 puf, Cor = 11 puf. Calculate also f; under the
optimum conditions for the l-f compensation.

. 6-2. A video amplifier stage is constructed using a 6AC7. An experimental

test shows that the voltage amplification drops to 0.707 of the mid-frequency gain
at f; = 1 megacycle with R; = 6*.

a. For what value of R; will the h-f cutoff value be 3 megacycles?

b. What value of L. is required for flattest gain under conditions of (a)?
¢. What value of L. is required for “ compromise” gain?

d. What is the mid-frequency gain?

e. What is the phase’angle for flattest gain when f = 0.8f,?

6-3. A video amplifier using 6AC7 tubes is to provide an over-all gain of
20,000 with a 3-megacycle over-all band width. If the total stage shunt capaci-
tance is 25 uuf and with g» = 9,000 pmhos

_ a. Calculate the number of stages required, for @, = 0.414.
b. If 6SJ7 tubes are used (g» = 1,600 umhos), how many stages are required?

6-4. A five-stage shunt-peaked video amplifier is to be built.
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a. If the amplification must not rise more than 1 db above the mid-frequency
gain, estimate the value of @, to be used. All stages are identical.

b. If the time delay at the h-f cutoff point is to be within 10 per cent of the
midfrequency value, what range of @, is permissible?

6-5. Calculate and plot as a function of frequency on semilog paper the gain,
output impedance, and input impedance of the cathode-follower amplifier of
Fig. 6-10 at the following values of w: 250, 2,500, 25,000, 250,000, 2.5 X 108,

-5 X 10¢rad/sec. Choose a 6J5 tube for which

r, = 7,700 u =20 Cop = 3.4 puf Cox = 3.4 uuf Cor = 3.6 uuf
Also choose
R, = 10% R, = 200* C = 0.01 uf C, = 40 puf

6-6. What must be the value of R, in Fig. 6-9if Z, = 300 ohms at 1,000 cps?
A 6J5 tube is used.

6-7. Given the cathode-follower circuit with the grid resistor R, tied from grid
to cathode, as shown in the accompanying figure. Derive an expression for the

input impedance and the output impedance of this circuit, neglecting the tube
capacitances.
6-8. In the circuit shown in the accompanying diagram, determine

a. Positive signal which will drive e. to zero.

b. Negative signal to drive the tube to cutoff.

c. Mid-frequency gain.

d. Input admittance when C,, = 3.4 uuf, C,. = 4 puf.

250
wu=20
6J5 rp=7700.a
k3 > ((Ceeo
500 2 sok "
3100k
S20% 7

6-9. Repeat (c) and (d) of Prob. 6-8 when the tube is changed to a 6AC7,
assuming that the tube operates in its linear region,
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/ 6-10. A video amplifier is coupled to a cathode follower, as shown in the figure.

—r

Y|
7

The frequency-response curve of this amplifier is also sketched. Assume that
the transconductance ¢, = 9,000 pmhos.

30

0.1 1.0 10 100 1000
Frequency, cps x 103

a. Calculate the approximate value of the coupling capacitor between the two
stages.
b. Calculate the approximate value of the total shunt capacitance.

6-11. The essentials of a double cathode follower? are illustrated.

R

e-—--(ab————-—

—AAN—
fe—--~ o‘b-—

a. Show that the expression for the gain is

K = #2 +#rp/Rl
W4+e+D)+ @+ 2,/
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b. Show that the output admittance is

1+#(u-i—l)
yo— £l T1EnR,
0 7‘,+Rz T

= Ugm

6-12. Repeat Prob. 6-11 for the double cathode follower in the diagram.

6-13. Show that the h-f cutoff of the anode-follower amplifier is approximately
one-half that of the cathode follower. Show also that the I-f cutoff is approxi-
mately the same as that of the cathode-follower amplifier, for Z; = R, in Circuit
Fig. 6-10.

6-14. Refer to Fig. 6-18 showing a resistance-coupled amplifier. The circuit
constants are

Ry = 250* R,; = 500% R., = 500%

If I,; = 0.5 ma, Ey, = 300 volts, what must be the value of E.. if E. of T2 is to
be —8 volts?

6-15. Calculate the gain of the series balanced d-c amplifier shown in the
diagram.

6-16. Calculate the input admittance and the output impedance of the differ-

ence amplifier when connected as shown in Fig. 6-23. Neglect tube and wiring
capacitances.
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6-17. Obtain an expression for the output voltages of the cathode-coupled
two-tube circuit shown in the figure, and compare with Egs. (6-67) and (6-68).

), 6-18. The circuit of a grounded-grid amplifier is shown. (Batteries have been
~  omitted for convenience.) Determine the following:

a. The gain.
b. Input impedance.
¢. Ratio of output to input power if Z, and Z; are resistors.

6-19. Repeat the calculations of Prob. 6-18 for the inverted amplifier of the
accompanying figure.

T
Zg @ Zy E:'p
5

, t

2




CHAPTER 7
SPECIAL AMPLIFIER CIRCUITS

A WIDE variety of special amplifier circuits have been devised. Among
those to be studied are limiting and clipping amplifiers, peaking circuits,
and clamping circuits.

7-1. Limiting and Clipping Amplifiers. In addition to the various
amplifiers that are intended to reproduce a given wave form with a
minimum of distortion, there are other forms of circuits which are designed
to alter the wave shape of an input wave in some predetermined manner.

’geb

ST L, A‘_,_

II
\\ /

'~

Fic. 7-1. A series diode used to limit negative signals.

Limiting or clipping circuits are designed to remove by electronic means
one or the other extremity of an input wave.

A limiter is used when it is desired to square off the extremities of an
applied signal. For example, it is used as one stage in a chain to obtain a
substantially rectangular wave form from a sine-wave signal. A limiter
may also be used to eliminate either the positive or the negative portion
of a wave. Such circuits also find application in f-m receivers to limit
to a constant value the amplitude of the signal that is applied to the detec-
tion system. This application is discussed in Sec. 17-14.

Limiting and eclipping may be accomplished with the aid of diodes,
triodes, or multielectrode tubes. For triodes and multielectrode tubes,
the limiting may be accomplished either in the grid or in the plate circuits.
The general features of a number of such limiting circuits will be examined
below.

Series-diode Limiting. The circuit of the series-diode limiter is given
in Fig. 7-1. It will be observed that this circuit is precisely that of a
diode as used in a rectifier circuit. Since the tube conducts only when
the plate is at a positive potential with respect to the cathode, then only
the positive portion of the applied wave will pass through the tube, the
negative portion of the wave being eliminated. By neglecting the rela-
tively small drop across the tube during conduction, the output wave

123
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form is simply the positive portion of the applied wave form. If the
diode connections are reversed, then the positive portion of the wave
will be eliminated and only the negative portion of the wave will pass
through to the output. )
[" The series-diode circuits possess the feature that they tend to isolate
the driving circuit from the following circuit and thus prevent feedback.
Shunt-diode Lemiting. A diode may be connected in shunt across the
load for limiting action. In such cases, the diode may be looked upon
as an infinite impedance for polarities opposite to that necessary for
conduction and as a virtual short circuit for the polarity in the conducting
direction. The diode is then acting as a switch which will short-circuit
a given load for a certain polarity and amplitude of the a})plied potential.

S

R X I/

Fic. 7-2. A shunt-diode positive limiting circuit.

The connections of a shunt diode for limiting the positive signals at
approximately ground potential are shown in Fig. 7-2.  With the cathode
maintained at ground potential, the diode conducts throughout the entire
positive half cycle. During the portion of the cycle when the diode is
conducting, the current passes through the series resistor . With R
large compared with the.drop across the tube, practically the entire input
voltage is developed across R, and the output voltage is only the small
drop across the diode. On the negative portion of the input voltage, the
diode does not conduct, and the voltage that appears across the output
is then determined by the resistor R and the resistance of the load.

If the connections to the diode are reversed, with the anode held at
ground potential, the tube will conduct only when the input potential is
negative with respect to ground. As a result, the negative potential will
appear across the series resistor, except for the small tube drop, which
may ordinarily be neglected.

An input voltage can be limited to any desired positive or negative
value by maintaining the proper diode electrode at the desired potential.
Two circuits for limiting about a desired potential are shown in Figs. 7-3.

In the circuit of Fig. 7-3a for positive limiting, it is observed that the
cathode is maintained at a fixed potential £ above the input. As a
result, the diode does not conduct until the positive potential on the
anode exceeds E, when the action becomes exactly like that of Fig. 7-2.
The input voltage during the conducting portion of the cycle is lost in
the series resistor R.
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The operation of the circuit of Fig. 7-3b is essentially like that of Fig.
7-3a except that conduction of the diode occurs when the cathode falls
below the value —E. The input portion of the voltage during conduc-
tion appears across the resistor E.

VWWWA—

R ' -
T4

(a)- Positive limiting

R GEE i j
= E \ /_E;_
;; T 5 N

(6)-Negative limiting
Fic. 7-3. Positive and negative limiting above and below ground.

Sertes-Shunt Limiting. Somewhat improved limiting action is possible
by combining both the series and shunt limiting circuits into a single cir-
cuit. The possible combinations are illustrated in Fig. 7-4. In the
form shown, the circuits limit completely all signals of a given polarity.
Of course, if biasing potentials are applied, as in Fig. 7-3, the limiting
point would be placed at the discrete level determined by the bjas volt-

age F. ‘
(a) (%)

F1c. 7-4. Double-diode limiters for removing (a) all positive-going potentials; (b)
all negative-going potentials.

This circuit, as for the simple series-diode limiting circuits, isolates the
driving circuit from the following circuit and thus prevents feedback
through the circuit.

Double-diode Limiting. 1t is possible to limit both amplitude extremi-
ties of a wave form at any desired levels by placing two diodes in the
circuit, one of which acts to limit the positive peaks, and the other of
which acts to limit the negative peaks. The circuit for such double-
diode operation is given in Fig. 7-5. In this circuit the diode 7’1 conducts
whenever the input voltage exceeds the positive value E;. The diode T2
conducts when the input voltages falls more negative than the potential
—E..
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Grid-circust Limating. Limiting in the grid circuit of a triode, tetrode,
or pentode is possible in exactly the same way as in the plate-cathode
circuit of the diode circuit of Fig. 7-2. The series resistor R in the grid

7\
f A
Yy 1 \
Fy
i X
E = = £ /) %2
YT T— \_/

F1G. 7-5. Double-diode limiting circuit.

circuit is large compared with the grid-cathode resistance when the grid
is drawing current. The circuit is given in Fig. 7-6.

Fig. 7-6. Grid-circuit limiter.

If a bias voltage is used, as in Fig. 7-7, limiting occurs about the
bias level, precisely as in the manner of the circuit of Fig. 7-3a. It is

~Eee
F1c. 7-7. Grid-circuit limiting about a fixed potential level.

possible to use self-bias instead of fixed bias for setting the potential level
about -which the positive portion of the wave is limited. The basic cir-
cuit of such a limiter is given in Fig. 7-8.

Saturation Limiting. Limiting action

may also be obtained in the plate circuit

of an amplifier by employing a large load

resistor in conjunction with a low value

;J_ of plate voltage. Such limiting arises
. T fr.'om the fact tha?, with a highly positive
Fic. 78. A self-biased gridcir. S50l on the grid, the maximum tube
cuit limiter. current is limited because of the low

plate potential Ep. The minimum
output potential is Ew, — Es.  Since thesc limits, for small E,;, are reached
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with small signals, clipping occurs for values greater than these limits.
These results are made evident by an examination of the plate charac-
teristics of the tube as illustrated in Fig. 7-9. The circuit and the results
using a pentode for saturation limiting as employed in a receiver for f-m
signals are given in Sec. 17-14.

Fi1c. 7-9. Saturation limiting in a triode.

Cutoff Limiting. If a tube is operated in the class B region by setting
the bias so that the current in the tube is nominally near cutoff, then the
application of a sine-wave grid signal will give rise to an output current
that possesses features not unlike the current from a diode rectifier.
This results from the fact that a small negative potential will drive the

1 1t
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F1e. 7-10. Cutoff limiting in a strongly biased amplifier.

tube beyond cutoff and that no current will flow for any potential below
this value. The operation is made evident by an examination of the
dynamic characteristic of the tube as illustrated in Fig. 7-10.
Combination of Limiting Actions. A combination of grid limiting and
cutoff limiting may be employed in an amplifier to produce a substantially
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square wave from a sine wave or other comparable wave shape. The
action is illustrated in Fig. 7-11. During the positive portion of the
swing, the grid-circuit limiting is effective; the plate current reaches its

€c

L‘b

€ l \Cutoft limiting
| 6rd | |
Viadidl

Fic. 7-11. Formation of a square wave by grid-circuit and cutoff limiting.
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maximum, and the output potential reaches its minimum. During the

negative portion of the grid swing, the tube is cut off, whence the plate

4 current falls to zero and the plate
potential is at its maximum.

A combination of saturation lim-

iting and cutoff limiting in a tube

is called an overdriven amplifier.

%
€c

i The operation is substantially like
that of the circuit with grid-circuit
. limiting, except that the grid cir-

Fig. 7-12. Formation of a square wave el e e . .
by saturation and cutoff limiting. The cu_lt limits .by VlI:tue of the h}gh
overdriven amplifier. grid potential, which causes a high
grid current and hence a small grid-

cathode resistance. The operation is illustrated in Fig. 7-12.

J7-2. Peaking Circuits. Electronic control systems frequently require
the accurate synchronization of one event or a multiplicity of events rela-
tive to each other. Often this synchronization is accomplished by
generating triggering pulses in the proper time sequence and having each
triggering pulse initiate the operation of some portion of the total circuit
in the proper order. As a rule these triggering pulses should be of short
duration and should have an extremely sharp leading edge. Such pulses
can be generated in specially designed pulse-forming circuits, and a
number of these will be examined in Chap. 19. It is also possible to
produce them in a peaking circuit. Su<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>