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PREFACE

The authors present herewith a textbook for use in a beginning course in
electronics for electrical-engineering students. Most of the material
used was first published in planograph form and has been used as a text
at Purdue University for the past two years. It has been revised and
brought up to date as use in the classroom and the advice of critics have
indicated that improvements could be made.

The usual course in technical schools consists of two or three class
periods and one laboratory period each week throughout the school year.
Sufficient material is included for such a program. It has been the
authors’ experience that the average student enrolling in such a course has
the following status: He is a junior and has already had courses in general
physics, mathematics through calculus, and direct-current circuits. Heis
starting courses in alternating-current circuits, electrical measurements,
and possibly differential equations, as well as electronics. The student
plans to enter one of various fields—communications, electronic control,
servomechanisms, power machinery, power transmission, business,
graduate study. What he will actually do after graduation is often
something else. In any event electronics will be useful knowledge for one
engaged in nearly any branch of electrical engineering and in many
allied fields. The material in this book presents the fundamental ideas
of electronics in both a theoretical and a practical fashion to provide a good
foundation for further study, as well as useful knowledge for a terminal
course.

The first four chapters provide material for a brief study of the physics
of vacuum tubes, not covered in the usual previous physics courses.
They also serve to delay the study of circuits until the student has gained
some knowledge of a-c circuits elsewhere. Chapter 5 presents a very
elementary description of the circuits and actions of certain very common
electronic devices. It also acquaints the student with some common
electronic nomenclature. The authors have found it fills a very real need
—t0 provide a background for those students who have not picked it up in
their experience. Even with very rapid coverage it should be valuable.

Chapter 6 presents the usual methods employed in electronic-circuit
analyses, analytic and graphical. Great stress is laid on the use of the
linear-equivalent-circuit theorem. Also considerable attention is paid to
graphical methods with nonlinear circuits. Only elementary aspects of
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this fascinating subject are presented because of the limitations of time
and space.

Although in theory a student should have well in hand all the tools he
has studied, as a practical matter the authors feel that a brief restate-
ment or treatment of certain ideas often helps enough to pay for its
inclusion in a volume designed principally as a textbook. Hence the
short treatments of such subjects as network theorems and Fourier
analysis are included. The practical use of this material begins at once
in the following chapter, although for some of it the delay is great enough,
as in the case of power-series expansion of plate current, so that the stu-
dent will wish to refer back to the discussion again. At any rate he
knows where to find the material.

The chapters following the sixth present a selection of the various
aspects of electronics which can reasonably be included in a beginning
course. No claim is made that all the interesting and useful developments
in the field are discussed or even mentioned.

In the numerous cases in which a mathematical development is
attempted, the authors have endeavored to provide, first, a facile word
explanation for the behavior. Then follows the sensing of current and
voltage symbols, the writing of circuit equations, the solution of these,
the simplifying assumptions and rearrangement needed to place the
solution in a usable form (which often involves the drawing of a simplified
equivalent circuit), and the final interpretation of the results. Numerous
worked-out examples are provided to help in understanding. The
authors feel that much practice is needed in these matters for students
who plan to continue in fields allied to electronics.

The authors have freely consulted periodicals and engineering texts by
many writers. They wish to acknowledge the valuable criticism and
encouragement given by their colleagues. KEspecially do they appreciate
the assistance of their former colleague, Dr. K. J. Hammerle. In addi-
tion, thanks are due the unknown ecritics engaged by the publisher.
They have made many valuable suggestions.

George E. Happell
Wilfred M. Hesselberth
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CHAPTER 1

ELECTRON BALLISTICS

1-1. Introduction. The science of electronics can be considered as
beginning with the discovery of the * Edison effect.”” In 1883 Thomas A.
Edison was endeavoring to determine why his incandescent lamps were
burning out at the positive end of the filament. (Only direct current was
used at the time, as alternating current did not come into common use
until a much later date.) In the course of his experiments he sealed a
second electrode into some of his experimental lamps and found that, if
this second electrode was connected through a galvanometer to the pos-
itive end of the filament, current would flow. When the electrode was
connected to the negative end of the filament, no current would flow.
This effect was the first actual proof that current was the flow of negative
charge. Edison, however, was unable to explain it, and since he had more
urgent work at hand, he did not continue the investigation.

In 1897 Sir J. J. Thomson of the Cavendish Laboratories definitely
established the existence of the electron and explained the Edison effect
on this basis. He proved that the electron was a negatively charged par-
ticle and that it was the motion of this particle under the influence of elec-
tric fields that constituted current flow. He also established the fact that
the ratio of charge to mass of the electron was constant for all electrons.

In 1910 Dr. Robert Millikan measured the electrostatic charge on the
electron and found it to be constant for all electrons. This result, com-
bined with Thomson’s determination of the charge-to-mass ratio, allowed
the mass of the electron to be calculated. It also proved that all electrons
are identical.

Sir J. A. Fleming, another Englishman, was the first to put the Edison
effect to work. In 1904 he patented the first electronic tube, which was
called the Fleming valve. This was a simple diode used as a rectifier.
However, since alternating current was not in common use at that time,
the tube was of little practical value.

Probably the greatest early contribution to the electronic art was made
in 1906 by Dr. Lee De Forest, who added a third element, which he called
a grid, to the diode. By use of this grid he was able to control relatively
large electron currents in the anode circuit by means of varying potentials
applied to the grid and with the expenditure of very little power in the
grid circuit. Since that time many improvementshave been made, so that

1



2 ENGINEERING ELECTRONICS

today we have not only diodes and triodes, but also tetrodes, pentodes,
heptodes, and others, each type being named in accordance with the total
number of electrodes it possesses. The electronic tube is no longer a lab-
oratory plaything but has advanced to the stage where it is the basis of an
entire industry which is rapidly increasing in magnitude.

New and very promising additions to the electronic art have recently
become prominent with the development of such devices as improved
crystal diodes, thermistors, transistors, and magnetic amplifiers. These
devices may some day become as important to the engineer as the vacuum
tube is today.

1-2. The Electron. In the late nineteenth century the atom was
thought to be the smallest indivisible particle of matter. Today it is
known that the atom is made up of a relatively large mass, called the
nucleus, about which electrons are revolving in orbits. The electrons
have negative charges, and the nucleus has a positive charge. The total
positive charge on the nucleus is equal to the sum of the negative charges
of all the electrons revolving about that nucleus.

Millikan’s experiments proved that the electron is the smallest indivis-
ible unit of electric charge. It exhibits the properties of a particle or
corpuscle as well as those of a wave motion. In some instances it is neces-
sary to use the wave properties to explain experimental results. At other
times it acts as if it were a charged particle.

In considering the electron as a particle it is usually imagined to be
spherical in shape. This concept may not be true, since as yet no experi-
ment has been devised which will give us a picture of the electron. The
charge of the electron has been measured as 1.60 X 10~° coulomb. The
charge-to-mass ratio for an electron at rest has been determined as 1.76 X
10! coulombs per kg. From these two figures the rest mass can be cal-
culated and is found to be 9.11 X 103 kg, When in motion the mass of
the electron increases with increase in velocity. It has been shown that
me, = m,/\/1 — (v*/c?), where m, is the rest mass of the electron, » is the
velocity of the electron, and ¢ is the speed of light. However, for a veloc-
ity as great as one-fifth the speed of light, the error in using the rest mass
is only 2 per cent. For most applications in this book, this error is
negligible. The diameter.nf the electron has been computed as about
3.8 X 107 m,

1-3. Other Charged Particles.’* The nucleus of the atom is made up
of one or more protons and in some cases one or more neutrons and pos-
itrons. The proton has a charge numerically equal to that of the electron
but is positive in polarity. The mass of the proton is 1849 times the mass
of the electron. An atom of hydrogen, which is the simplest atom found,

* Superior numbers are used to refer to supplementary reference material listed at
the end of the chapter.



ELECTRON BALLISTICS 3

is made up of one proton for a nucleus and one electron revolving in an
orbit about it. The neutron has a mass about 0.08 per cent larger than
that of the proton but has no electrical charge. The positron, or “pos-
itive electron,” has a positive charge numerically equal to the charge of
the electron, and it also has the same mass as the electron. It occurs very
rarely in the free state and then only as the result of atomic disintegration.

Particles having the mass of a molecule but a charge numerically equal
to a multiple of that of the electron are known as ions. If an atom in a
molecule has lost one or more electrons, the net charge is positive and the
particle is known as a positive ion. If the molecule has an extra electron
attached to it, it is known as a negative ion. In electronics these par-
ticles are usually encountered in gaseous conduction although they do
oceur in high-vacuum tubes since it is impossible to remove all molecules
of gas from a tube. Ions are usually formed by collisions between elec-
trons and molecules—a collision may remove an electron from its orbit
about the nucleus to form a positive ion and a free electron.

1-4. Units.? The rationalized mks system has become fairly common
in the engineering field, and since it has some distinet advantages, it will
be used in this book. This, of course, means that all electrical quantities
will be expressed in the common or practical units—amperes, volts, cou-
lombs, watts, ohms, and so forth. In the case of the mechanical units the
use of mass in kilograms and distance in meters results in a new unit of
force. It has been named the newton and is equal to 10° dynes. It was
necessary to invent this new unit in order to be able to use Newton’s sec-
ond law, f = ma, and have mass in kilograms and acceleration in meters
per second per second. Energy is measured in joules, which again is the
practical unit.

1-5. Properties of Charged Bodies. Electrons obey the same phys-
ical laws as do any other bodies. For instance, Newton’s second law
states that the rate of change of momentum of a body is proportional to
the applied force and occurs in the same direction as the force acts.
Mathematically this can be stated as

_ d(mv)

but if the mass is constant, this becomes
dv
f=m 7 = ma (1-2)

Gravitational force acts on the electron just as it does on largerbodies.
In this case the acceleration will be the same as it is for all bodies falling in
free space close to the earth, 32 ft per sec? which is equal to 9.8 m per
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sec?. This is not a very high rate of acceleration. The force acting on
the electron can be calculated and is found to be

f,=ma=29.11 X 10*! kg X 9.8 m per sec? = 89.3 X 10! newton (1-3)

In addition to being acted upon by gravity the electron is affected by
neighboring charged bodies. Like charges repel, and unlike charges
attract. Coulomb’s law states that the force between two charged bodies
varies as the product of their charges and inversely as the square of the
distance between them, i.e.,

QIQZ

f = 47r€0d2 (1_4)

where ¢ is the permittivity of free space. In the egs system 4we, is equal
to unity, but in the mks system 4we, is equal to 1/(9 X 10°%) farads per m.

If the force between two electrons spaced 1 em apart in a vacuum is
calculated from Coulomb’s law, it is found to be

(16 X 1071
Te = {170 X 109] X (0.01)

This is a very small force when compared with forces with which we
commonly work. But when compared with that due to gravity, it is
seen that it is a very large force, the ratio being

Jo _ 23 X107
s 893 X 107%

In other words, the force between two electrons 1 cm apart, which is an
extremely large distance when working with electrons, is 257,000 times
as great as the force due to gravity. Therefore the effects of gravity will
be neglected in the remainder of this book.

1-6. The Electric Field.** In order to understand the action of elec-
trons in electronic tubes it is necessary to have some concept of an elec-
tric field. The presence of an electric field in space can be detected by
bringing a charged body into that region and noting whether there is any
force exerted on the body. If a field is present, it is due to other charged
bodies and hence a force is exerted on the test body. All definitions are
set up on the idea of using a test charge which is positive in polarity.
Therefore, if the positive test charge has a force exerted on it, it seems
logical that the strength of the field be specified as having the same
direction as the force. However, this method of measuring the field
strength has one objection—the force exerted on the test charge is depend-
ent upon the magnitude of the test charge. Hence field strength, or field
intensity, is defined as a vector equal in magnitude to the force per unit
test charge (positive) and having the same direction as the force. Unit
charge in the mks system may be defined as that amount of charge which,

= 2.3 X 10~% newton (1-5)

= 2.57 X 10° (1-6)
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if placed 1 m from a like charge in free space, repels it with a force of
9 X 10° newtons. This unit of charge is called a coulomb. &isused asa
symbol* for field intensity, and

&=~ a-7

A complete knowledge of an electric field involves the determination of
the magnitude and direction of the field-intensity veetor for all points in
the space. If one supposes a small positive test charge to be placed at
an infinite number of points in an electric field and a small arrow drawn
indicating the direction of the force at each point, it may be noted that
these arrows tend to line up and form continuous curves. This is the
same process that one would use in drawing flux lines in a magnetic field
using a small compass. Thus the direction of the field-intensity vector
can be mapped, and it remains only to specify the magnitude of the field
at all points. A special but important type of field is one in which the
force, or field-intensity, lines are all parallel straight lines and in which the
force is constant at all points. Such a field is called uniform and can
exist in only a limited region of space. Generally the lines are curved,
and the magnitude of the field intensity varies from point to point. If
charge is measured in coulombs and force in newtons, the field intensity
is in newtons per coulomb. Later it will be shown that field intensity
can be expressed also as volts per meter.

1-7. Potential. Since an electric field is due to electric charges, the
lines of force representing electric flux must begin on a charge of one
polarity and terminate on a charge of the opposite polarity. If a test
charge is moved around a closed loop in an electric field, the total work
done in moving the charge is zero. When the charged body is moved
against the force of the field, work is done on the body by the external
force and it gains potential energy. When the body is moved in the same
direction as the force due to the field, the body loses potential energy.
The movement of a charged body perpendicular to the field direction
involves no work. If a charged body moves from a position of high
potential energy to one of lower potential energy, the work done, if com-
puted in terms of the field force, will take a positive sign and hence is
often alluded to as the work done by the field. Conversely, the work
done in raising the potential energy of a charged body in the field, when
computed from the force of the field, takes a negative sign. The work
that must be done in moving a test charge from one point to a point of
higher potential energy can all be regained by allowing the body to return
to the first point.

* In this text the boldface letter has either of two meanings. As in the present
case, it indicates that such a letter represents a vector quantity. Later, it will be
used to designate that the letter represents a complex number.
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The difference in electric potential between two points is defined as the
negative of the work done by the field in moving a unit positive test charge
from one point to the other. Therefore, if the unit positive test charge is
moved between two points, against the force of the field, and unit work is
done, there is a unit potential difference between the two points, with the
second one being at a higher potential than the first. In the mks system
this potential difference is called 1 volt.

1-8. Equipotential Surfaces. In order better to understand what
happens to charged bodies in an electric field, the field between two
infinitely long parallel cylinders will be studied. The two cylinders will
be given charges by means of a battery as shown by Fig. 1-1, which also
shows a cross section of the two cylinders taken at right angles to their
axes.

E,
il

F1a. 1-1. Plotting equipotential lines between two parallel cylinders.

If a unit positive test charge is moved from the surface of cylinder A
toward cylinder B, a point C can be found where unit work has been done
on the test charge against the force of the field. But since the potential
difference is defined as the negative of the work done by the field on a unit
positive test charge, point C is at a higher potential than the surface of
cylinder A. In the mks system point C has a potential of +1 volt with
respect to A. If the test charge is moved along any other path, a point
D can also be found which has a potential of 41 volt with respect to A.
In fact, by following different paths an infinite number of points can be
found which have a potential of 41 volt with respect to A. If all of these
points are joined by a line, the result is an equipotential line, the cross
section of an equipotential surface. The potential difference between
any two points on an equipotential surface is zero; therefore, if a test
charge is moved along an equipotential surface, no work is done. The
same process can be followed to plot the 2-volt, the 3-volt, and other
equipotentials for the two cylinders. The zero equipotential is the
surface of cylinder A, and the 10-volt equipotential is the surface of
cylinder B.
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It has been found that if two electrodes are immersed in a slightly
conducting solution, the equipotential lines due to the conduction of
- current through the solution are the same as those in free space where
no current is flowing. Figure 1-2 shows the schematic diagram of the
apparatus for making such a plot. A 1000-cps voltage is used instead
of a direct voltage to avoid polarizing the solution and also to allow
a pair of headphones to be used to indicate balance. The electrodes are
made of metal and placed in a nonconducting tray filled with a thin layer
of conducting solution. If the electrodes are made of copper, then
the solution can be a dilute solution of copper sulfate; thus battery action
will be avoided. The bottom of the tray has coordinate lines marked
on it, or if it is made of glass, the
tray can be placed on a piece of
coordinate paper. The 1000-cps
signal is applied to the two elec-
trodes and to a potentiometer as
shown. The slider of the potenti-
ometer is moved until the voltmeter %
reads the potential of the equipo-
tential line that is to be plotted.
The probe is then immersed in the
solution and moved around until a
point is found where no 1000-cps
tone is heard in the headphones.
The potential of the probe is then
the same as the potential of the
slider on the potentiometer, which in
turn has the potential (with respect to A) indicated by the voltmeter.
The coordinates of the point are then recorded. This same procedure
is repeated as many times as necessary to draw the equipotential line.
The slider on the potentiometer is then changed to the potential of the
next line and the procedure repeated until all equipotentials are plotted.
Figure 1-3 shows the plot of the equipotential lines between two parallel
cylinders, taken by means of an electrolytic tank.

1-9. Potential Gradient. When a unit positive charge is moved
between two points in an electric field, the negative of the work done by
that field is a measure of the potential difference between these points.
Hence in Fig. 1-4 if the unit charge is moved a distance As, the work done
by the field is given by

Asoluts

2

1000-cycle generator

Fie. 1-2. Diagram of a potential-plot-
ting tank.

AW = f, As (1-8)

where f, is the average value of the force in the space interval As. Since
we are using a unit charge, we may rewrite Eq. (1-7) as
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8
fa = & (1-9)
If we represent potential by the symbol E, then for a unit charge
AE = —AW (1-10)
and we may combine Egs. (1-8) to (1-10) to obtain
AE = —8,As (1-11)
or
AE
83 = — E (1—12)
O04FE O6F
OSE
03F O7E
08F

F1a. 1-3. The potential field between two parallel cylinders.

Fia, 14,
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where &, is the average field intensity along the increment of path As. In
order to find the field intensity at a point, As should be made to approach
zero. Equation (1-12) then yields

& = lim <— AE) T (1-13)

ao \  As ~ds

Thus from the definitions it has been shown that field intensity is equal to
the negative of the rate of change of potential with position.

The space derivative in Eq. (1-13) is known as a directional derivative
since its value depends upon the direction of ds. If ds is taken along an
equipotential, the value of dE/ds equals zero since dE is zero. However,
if ds is taken in any other direction, dE/ds is not zero. The direction
along which it is a maximum is that of the shortest path which joins two
equipotential lines. This is the value of dE/ds known as the gradient
of E, abbreviated as grad E, and it is a vector quantity.

From the above discussion it can be seen that the field intensity at a
point is a vector equal in magnitude to the potential gradient at that
point and having a direction the same as the direction of the shortest
path. This may be expressed as

&= —grad E (1-14)

Since the field-intensity vector is always along the direction of the
gradient and since the gradient is along the shortest path between two
equipotential lines, the flux Jines must be at right angles to the equi-
potential lines.

1-10. Experimental Determination of Flux Pattern.® A picture of
the electric field between two cylinders can be obtained by using a rather
deep glass jar, such as a large battery jar, and placing in it two metallic
cylinders standing on end. Kerosene is then poured in to a depth of
about 2 in. By means of a long-stemmed funnel carbon tetrachloride
is poured into the bottom of the jar under the kerosene. If care is taken,
the kerosene, having a lower specific gravity than the carbon tetra-
chloride, will float on top. There will be a sharp surface of separation
between the two liquids. Enough carbon tetrachloride is poured into
the jar so that this surface is at least 1 in. off the bottom of the jar. Next
silk fibers are cut into about 1{g-in. lengths and dropped into the jar.
The silk fibers have a density such that they sink to the surface of
separation and remain there, pointing in random directions. The two
cylinders are then connected through a switch to a transformer furnishing
several thousand volts. The setup is then left undisturbed for several
minutes in order that the small fibers may come to rest. The switch is
then closed. The fibers, which carry electric flux with greater ease than
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do the solutions, tend to line up along the flux lines. The flux pattern
can then be noted or photographed if a record is desired. The pattern
stays for only a short period of time since the fibers soon become charged
and are pulled over to one electrode or the other. Figure 1-5 shows a

Fig. 1-5. Flux pattern between two parallel cylinders.

photograph of such a flux pattern, while Fig. 1-6 shows the same field with
the equipotential lines of Fig. 1-3 drawn to the same scale and super-
imposed on the flux pattern. Here it may be noted that the two families
of curves cross each other at right angles, except at the right edge where
the field is somewhat distorted by the walls of the container.

F1a. 1-6. Flux and potential field between two parallel cylinders.

1-11. The Behavior of an Electron in an Electric Field. With this
elementary background a study of the motion of charged particles in an
electric field may be begun. Newton’s second law was expressed mathe-
matically in Eq. (1-2) as f = m dv/dt = ma. If it is desired to study the
motion of an electron in an electric field, m becomes equal to the mass
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of an electron, m, = 9.11 X 103! kg, while f is the force due to the
electric field and @ is the charge on an electron, Q. = —1.60 X 10-19
coulomb (the charge on the electron is negative). Thus

grad £ (1-15)

If the electric field is due to two infinitely large parallel plates con-
nected to a battery, the field between
the plates is uniform. This means y
that the flux lines are straight parallel
lines perpendicular to the plates and
that the equipotential surfaces are <z
planes parallel to the plates and o
equally spaced. Therefore the poten-
tial gradient is constant at all points _ d
in the field and is equal to E/d, where
E, is the emf of the battery and d is |
the distance between the plates. Fig- l l I | +
ure 1-7 shows the circuit and a plot
of the potential of all points as a
function of the perpendicular distance ‘ (@)
between the two plates.

Equation (1-15) involves no coordi-
nate system. If axes are chosen so
that the origin is at the negative plate
and the X axis is as shown, then the
force and hence the motion are along
the flux lines (unless the electron had '
an initial velocity due to some other :
force). The forces parallel to the Y © x Distance
and Z axes equal zero since they are (b_) o
parallel to the equipotential planes. tFIG' 1-7. ﬁofe“ltw‘l (ilsgmbutm“ be-
Equation (1-15) may be rewritten as ween paratiel plane piates.

d’z Q. By

e (1-16)

*’H

Potential diff. c'-H

i
i
|

x—>

If an electron is released with zero velocity at the surface of the negative
plate when ¢ = 0, then its instantaneous velocity can be calculated by
integrating Eq. (1-16),

e [QDy . _OE

o = t+ Oy (1-17)
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but since the initial velocity is zero, C; = 0 and therefore

dfl?_ __QeEb _
=7 = Uy = Eﬂ_t (118)

If this is integrated, it becomes

_1Q.E
2m, d

2+ C, (1-19)

The electron was released at the negative plate at time { = 0, and there-

fore C; = 0. Hence

_1Q. B,
2m,. d

(1-20)

If it is desired to calculate the velocity of an electron after it has
traveled a distance z, this can be done by solving Eq. (1-18) for ¢ and
substituting this expression into Eq. (1-20). Then solving for v, yields

v, = \/— 2 % (l—jlf z) (1-21)

If the curve of Fig. 1-7 is examined, it is seen that the potential of any
point can be expressed in terms of the battery voltage and the distance
x; thus

E, = (1-22)

—d— x
which is the same as the part of Eq. (1-21) enclosed in parentheses. Thus
the velocity at any point is seen to be proportional to the square root
of the potential difference through which the electron falls.

If the transit time of the electron is desired, then z is set equal to d and
Eq. (1-20) yields
s
Qe Eb

= .]—2 (1-23)

I z is set equal to d, Eq. (1-21) gives the velocity of the electron
when it reaches the positive plate:

vy = \/—2 % E, (1-24)

It is shown in Prob. 1-4b that the result in (1-24) can be derived from
energy relations which do not involve a knowledge of the character of the
electric field. Hence, whether the field is uniform or not, the gain in
velocity of an electron depends only on the total change in potential.
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1-12. An Electron with an Initial Velocity in a Uniform Electric Field.
In Fig. 1-8, if an electron is released at a distance «, from the negative
plate, with a velocity v,,

dx Q. E
E=“Ef““ (1-25)

and Eq. (1-19) takes the form

- 105

= 5 ™. d tZ + ?)ot + To (1-26)

In all the previous discussions the voltage between the plates was

supplied by a battery and hence was held constant. The question now
arises as to what is the effect of a variable voltage on the motion of an

*o

>y,

d
Ey,
- ’4_

|

Fia. 1-8. Action of a uniform electric field on an electron with an initial velocity.

electron. Let us represent this voltage by e, using lower case to indicate
that it varies with time. Since the instantaneous value of the potential
gradient changes, the acceleration likewise changes with time. Expressed
mathematically, this becomes

¢z _ _ Qe

= md (1-27)

Since e, is dependent upon ¢, the integral of the right member of Eq. (1-27)
is different from that found for constant E;. As an example, assume that
e is zero when ¢ = 0 and rises uniformly from 0 to 100 volts in 1 X 10—
sec. Then the equation for e, becomes

e = 10% (1-28)
Substituting e, from Eq. (1-28) into Eq. (1-27) yields

Pz _ Q.10

dr ~  me d (1-29)
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and hence
ds _ _1Q.10°

@ T ImdPTO (1-30)

However, if dx/df = v, when ¢ = 0, then Eq. (1-30) becomes

dr _ 1Q.10% , }
Ft— §E7t+vo (131)
and
8
z = —%%%twfuowcz (1-32)

But if in addition 2 = z, when ¢ = 0, then Eq. (1-32) becomes

1Q,10°

—_ 3 =
= —Fm at + vt + o (1-33)

We should always remember that Q. is a negative quantity since the
charge on the electron is negative; hence Eqs. (1-31) and (1-33) render
positive quantities if the potential gradient is positive.

The equations derived in Arts. 1-11 and 1-12 for the behavior of an
electron in an electric field can be extended to the case of any charged
particle by appropriate substitutions of charge and mass values.

1-13. Moving Electrons in a Magnetic Field.” A current-carrying
conductor in a magnetic field has a force exerted on it if the directions of
current flow and of the magnetic flux are not parallel. This is because of
the interaction between the external magnetic field and the magnetic field
set up by the current.

If the conductor is at right angles to the magnetic-flux lines, then the
force on the conductor can be written as

f = Bil (1-34)

where [ is the length, in meters, of the conductor in the magnetic field,
B is the flux density in webers per square meter, ¢ is the current, in
amperes, flowing in the conductor, and f is the force in newtons. How-
ever, if the directions of current flow and of the flux lines make an angle
6 with each other as shown in Fig. 1-9, the flux-density vector can be
resolved into two components, B, in the same direction as the current
flow and B, at right angles to the direction of current flow. There is no
interaction between B, and the flux due to the current flow. But B, pro-
duces a force on the conductor. This force is at right angles to the plane
of B and the conductor. It is up out of the plane of the paper, and its
magnitude is equal to

f. = Byl (1-35)
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But sinece B, = B sin 8, Eq. (1-35) can be written
J: = Bil sin 8 (1-36)

The force per unit length of conductor is then

f. = Bisin 6 (1-37)

Since current flow is actually the motion of electrons, the force on the
conductor is really a force on the electrons in it, which are moving in a
direction opposite to that conventionally assigned to current flow.

If the electrons in a conductor are moving with a velocity », then in 1 sec
all the electrons in a length of conductor equal to » m pass a certain refer-
ence point. If the conductor has n charged particles (or n electrons) per
y

By

- B

le— @

]

)
>l x
By &

Fia. 1-9.

unit length of path, then in 1 sec nv electrons pass the reference point.
Since the charge on the electron is @, coulombs and current is the rate of
flow of charge, the current can be expressed as

1= Qaw (1-38)
and therefore Eq. (1-37) may take a form
fi = BQmw sin 8 (1-39)
and the force per electron is
f, = BQw sin 0 {1-40)

If an electron with constant velocity is projected into a magnetic field,
with the direction of motion at right angles to the flux lines, the value of
6 is 90° and Eq. (1-40) becomes

f. = BQo (1-41)

This force is always at right angles to the direction of motion and hence
will not change the speed of the electron. The path which results will be
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curved. The acceleration caused by the force is, from kinematics, equal
to v?/r, where r is the radius of curvature of the path. From Newton’s
second law, f = ma,

2
BQaw = m;” (1-42)
or
mg
r = B0, (1-43)

From this it can be seen that the path of an electron moving in a uniform
magnetic field which is at right angles to the direction of motion must be
circular since the radius is constant.

+ + + + + + +

+
+

+
+

+
+

+

F1a. 1-10. Tube for measuring the charge-to-mass ratio for electrons.

The above discussion suggests one method of measuring the charge-to-
mass ratio of an electron by means of a moving electron in a magnetic
field. A beam of electrons is projected at a known velocity into a uniform
magnetic field in a special semitoroidal tube as shown in Fig. 1-10. The
velocity of the electrons can be calculated from the relationship

_ |_oQ.
v—\/ 2 e B (1-44)

which is the velocity of the electrons as they leave the electron gun. In
the drawing their direction of motion would normally be toward the top
of the page, but because of the action of the magnetic field, which is shown
as flux lines into the plane of the paper, the path will be curved. By
proper adjustment of the voltage E, and of the strength of the magnetic
field, which is produced by means of large electromagnets, the electrons
can be made to follow a circular path such that they strike the electrode
A, This will be indicated by a current in the galvanometer ¢, The dis-
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tance between the center of the gun and the pickup electrode determines
the radius of eurvature. The flux density B can be determined by means
of a fluxmeter or by calculations. From Egs. (1-43) and (1-44)

. 2F
%e - -2 (1-45)

1-14. Magnetic Focusing of an Electron Beam. If an electron with
an initial velocity v, is projected into a magnetic field so that the direction
of its motion is not at right angles to
the flux lines, then the force on the
electron is given by L7 ot )

fe = BQw, sin 6 (1-46)

tions of motion and of the magnetic-

. . (2]
flux lines. The velocity vector can \
then be resolved into two components,
one of which is parallel to the flux
and the other at right angles to the

flux as shown in Fig. 1-11. The magnitude of the velocity vector
parallel to the flux is given by

1

|

!

1

|

where 6 is the angle between the direc- !
|

!

!

Fig. 1-11,

v, = Vg COS 6 (1-47)

and results in zero force on the electron. The magnitude of the velocity
vector at right angles to the flux is given by

v, = vy sin 6 (1-48)

and results In a force on the electron such that the electron travels in a
circular path having a radius

_ mgy sin 8 ;

"= g0, (1-49)
But at the same time that the electron is moving in a circular path per-
pendicular to the flux, it is also moving parallel to the flux at a constant
velocity given by Eq. (1-47). The result of these two motions is a helical
path with constant pitch. The peripheral velocity for the circular motion
is given by Eq. (1-48); therefore the angular velocity is

v sin 6

W= (1-50)

Substituting r from Eq. (1-49) into Eq. (1-50) yields
_ QB

me

w

(1-51)
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The time T for one complete revolution of the circular motion is available
from
T sin 0 = 2xr (1-52)
or
27r

: (1-53)
vg sin 8

hence upon substituting r from Eq. (1-49) into Eq. (1-53) we obtain

™m
= : 1-54
T =2 B, (1-54)
If L is the piteh of the helix,
L = Tv, = Tvocos 68 = 2r m, o cOS 0 (1-55)
: B Q.

A magnetic field is sometimes used to focus an electron beam in a
cathode-ray tube. Such a field is known as a magnetostatic electron

B
(@) (v)

L.ong lens

/Focu5/'ny coil

>——

(c)

Short lens
F1e. 1-12. Focusing action of magnetic fields.

lens and takes the form of either a long lens or a short lens. The magnetic
field in the long lens extends over the whole length of the electron path.
Figure 1-12a shows how a divergent beam of electrons, produced by an
electron gun, is focused by a long lens. The electrons in the divergent
beam follow helical paths because of the magnetic field along the axis of
the tube. The projections of the paths of the electrons, on a plane per-
pendicular to the direction of motion, are circles which pass through the
axis of the tube shown in Fig. 1-12b. The time of revolution for each
electron is independent of the angle of divergence of the beam. This is

shown by Eq. (1-54). If the angle of divergence is small, then cos 8 is
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essentially equal to unity and Eq. (1-47) indicates that all electrons will
have approximately the same translational velocity. Therefore at the
end of one revolution they will all be in the same relative positions as
when they entered the magnetic field. By adjusting the magnitude of
the magnetic field, which is produced by a long solenoid, the electrons can
be made to go through one or more complete revolutions during their
flight down the tube, thus focusing the aperture of the gun on the end of
the tube or on another electrode, as shown in the figure.

In the short form of the magnetostatic lens the focusing field may be
produced by a short coil (or a permanent magnet) surrounding the tube.
The axis of the coil is concentric with the axis of the tube as shown in
Fig. 1-12¢. The magnetic field produced by the coil, which is short com-
pared with the length of the electron path, causes the electrons to follow
helical paths while passing through it. The strength of the magnetic
field is adjusted so that the electrons leave the field with radial compo-
nents of velocity of such magnitude that they are focused into a small
spot at the terminus of the paths. This is the form of lens most com-
monly used to focus television-picture tubes.

1-15. The Cathode-ray Tube®—Electrostatic Focusing. One of the
simplest applications of electron ballistics to electronic tubes is found in
the cathode-ray tube. Here low-velocity electrons are accelerated by
means of an electric field. While they are being accelerated, they are also
being focused into a very narrow beam. They may then pass between
electrodes called deflecting plates, where their direction of motion is
changed by a voltage applied between the plates. The electrons then are
allowed to travel the length of the tube. When they strike the end of the
tube and are stopped suddenly, they give up their kinetic energy. The
end of the tube is coated with a substance called a phosphor. This mate-
rial has the property of being able to convert the energy of the electron
into light energy. Where the electrons strike the end of the tube, a
bright spot of light appears.

Thus it can be seen that the most important parts of the cathode-ray
tube are those which produce, accelerate, and focus the electron beam, the
deflection system, and the phosphor or screen. The elements which pro-
duce, accelerate, and focus the electrons constitute the electron gun.
Figure 1-13 is a sketch of the cross section of a very simple cathode-ray
tube. The electron gun has a cathode K which when heated produces or
emits electrons. These electrons are emitted in a direction normal to the
surface of the cathode, but because of the force of repulsion between elec-
trons they have a tendency to spread, or fan out. The grid G is a cylinder
with a cap over one end. In the center of the cap is a very small hole, or
aperture. This aperture permits passage of only that portion of the beam
which is moving approximately parallel to the axis of the tube. The
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potential of @ can be made more or less negative, and thus it controls the
rate of flow of electrons passing through the grid. While passing between
the grid and the first anode A,, the electrons are accelerated and also
focused into a convergent beam. After passing through a crossover, or
focal, point, the beam again becomes divergent but soon after enters the
space between the first anode 4, and the second anode A.. Here again it
experiences a force, an acceleration, and a focusing action. But by this
time the velocity of the electrons has become so great that they do not
go through another crossover point until they reach the screen. Hence
the spot of light on the screen should be very small. Figure 1-13 shows
the focusing action of the cylindrical electrodes used in this simple gun.

Fluorescent screen

Conducting film

Fia. 1-13. Construction of a cathode-ray tube having electrostatic focusing and
deflection.

The reason why an electric field can be used to focus an electron beam
will be better understood if Fig. 1-14 is studied. This sketch shows three
equipotential lines between the first and the second anodes. They are
symmetrical about the x axis. If an electron traveling along the z axis
arrives at point P with a velocity i, it has a force

f,= —Q. grad £ (1-56)

exerted on it by the electric field. grad K in this case has a direction
along the x axis, and its magnitude may be variable between P and @.
The result is that the electron is accelerated and arrives at point ¢ with a
velocity which is greater in magnitude but still directed along the z axis.

However, if an electron arrives at the equipotential E; and is not travel-
ing in a direction which is normal to the equipotential, then the direction
of motion of the electron will be changed. If the electron reaches point
R with a velocity vs, it has a force exerted on it by the field equal to

fr= —~Q,grad (1-57)
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Since grad E always has a direction normal to the equipotential, at R it
has a direction shown in the figure. The resultant motion of the electron
is due to the force fo in Eq. (1-57) and to the initial velocity »: of the
electron. The path therefore is somewhere between the direction of f,
and that of v, and is bent in toward the axis of the tube. The amount of

Fig. 1-14. Focusing action of the electric field in an electron lens.

w
é oslos\os |
o7 (o3 jes]a7] 69
0 volt \
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: / ot

F1a. 1-15. Potential field of a two-cylinder electrostatic lens.

bending depends upon the magnitude and direction of both the field inten-
sity at each point on the path and the velocity of the electron.

Making the proper choice of electrodes for an electron gun depends
largely upon experience gained in laboratory experimentation. The field
for any symmetrical electrode configuration can be determined by plot-
ting the equipotential lines using an electrolytic tank in a manner similar
to that explained in Art. 1-8. Figure 1-15 shows such a plot. Here it
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may be noted that the equipotentials are shaped to cause a convergent
beam until the electrons reach the plane between the two cylinders.
There they enter a portion of the field that tends to cause the beam to
diverge. However, because of the larger radii of curvature of the equi-
potential surfaces together with the higher velocities of the electrons in
their convergent paths, the divergent effect of the new portion of the field
is relatively weak. With proper adjustment of electrode potentials the
paths of the electrons can be made somewhat divergent, approximately
parallel, or convergent, as desired.

-

Electron gun 51

—d 5

E_. >0 F ) ) e
oo L
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-

Fia. 1-16.

1-16. The Deflection of the Electron Beam in a Cathode-ray Tube.
As an electron beam passes through the field of the electron gun, it is
accelerated and leaves the gun with a velocity

v = (| —2 elle (1-58)
Mg

where E, is the potential of the second anode relative to the cathode.

The electrons then travel along the z axis with this constant velocity until

they strike the end of the tube at point P in Fig. 1-16, unless they enter
another field which causes further acceleration.

If the latter field is due to two flat plates parallel to the axis of the tube

-and with a voltage E; between them, then the acceleration is at right

angles to the z axis and the beam of electrons travels in a curved path

as shown in Fig. 1-16. The acceleration of the beam is given by its

components

— d2y _ Qe Ed

a, = W = — E—d‘— (1-59)

a; =0 (1-60)
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Equation (1-60) holds since there is no field parallel to the = axis in this
region. Integrating Eq. (1-59) gives

dy Q. E

E:vy:—"—le—ft—f—i)o (1—61)
but v = 0 since the electrons have no component of velocity parallel to
the y axis when they enter the space between the plates. Omitting v,
and integrating (1-61) yields

_ 9 Bay,

Yy = 2me d + Yo (1'62)

But yo = 0 when the electron enters the field since it is traveling along the
T axis.
Integrating Eq. (1-58), the equation for the motion in the z direction

can be written as
x=,[—2Q—;fi't+xo (1-63)

If the origin is set so that £ = 0 when the electron just enters the field
between the plates, then zo = 0 when ¢ = 0. It follows that

x x
=2 % (1-64)
V2 A/ ~2(Q.E./m.)
Combining Egs. (1-62) and (1-63) to eliminate ¢ yields
1E
Y=z —E—d x? (1-65)

and since d, E,, and E, all are constant, (1-65) is the equation of a parab-
ola, which holds only as long as the electrons are between the two plates
and are being accelerated by the field between them. As the electrons
leave the field between the plates, they continue in straight lines. The
angle their direction makes with respect to the horizontal is given by
V4 /
tan § = vi’ (1-66)

z

where v,4 is the y velocity of the electrons at the instant they leave
the field. In order to calculate this velocity, the time required for the
electrons to travel the length of the plates must be known, and this can
be calculated from Eq. (1-64) by letting « = La,

Lq

td B ’\/'_2Q0Ea/me

(1-67)
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Substituting #; into Eq. (1-61) results in

QE Ly
= 1-68
R RV NN (-8

Substituting from Eq. (1-58) and (1-68) into Eq. (1-66) gives

1 E;Lg X
tan 6 = L. d (1-69)
If the path of the electrons after leaving the plates is extended back as a
straight line until it intersects the z axis, it does so at the point () where

x = Li/2. 'This can be proved as follows.

= _ Y =
tan § = jp— (1-70)
From Eq. (1-62)
1Q.E
Ya = — 57% ik (1-71)

Substituting ¢; from Eq. (1-67) into Eq. (1-71) yields
- B L
Ya=4m,d

Substituting from Eq. (1-72) into Eq. (1-70) and equating the result to
tan 6§ given by Eq. (1-69),

(1-72)

_EiLe 1 1E.L
tan b = 4 Lo~z 2E.d (1-73)
gives, when solved for zq,
L
To = —i“i (1-74)

Thus the projection of the straight-line portion of the path of the electrons
always intersects the = axis at the center of the region between the plates.
Since this is true, it is no longer necessary to use the expression for the
parabolic path, Eq. (1-65), in order to calculate the deflection of the
electrons. Instead, the path is taken to be along the axis of the tube
until the electrons reach the point €, where they make a sharp turn at an
angle # with the tube axis. They then travel along a straight line until
they strike the screen.

The deflection sensitivity of a cathode-ray tube is the ratio of the deflec-
tion D of the beam at the screen to the voltage causing that deflection.
From similar triangles we may write

= Jw (1-75)

tan 0 = —
Vg

S
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and from this and Eq. (1-69),

D  E;L;

L~ 2Ed (1-76)
Solving for the deflection sensitivity,

D L, ‘

T, = 2E4d (1-77)

Thus we see that the deflection sensitivity is a function of the tube geom-
etry and of the accelerating voltage. In order to have a high sensitivity
the plates should be as long and as close together as possible. Since the
beam should not strike the plates, the length and the spacing between
them are limited by the maximum angle 6 required for the beam to reach
the edge of the screen. Also for high sensitivity the length of the tube
from the center of the deflecting plates to the screen should be as long as
practicable.

It should be noted that all the discussion up to this point has been for a
constant voltage on the deflecting plates. However, if the voltage is
approximately constant for the time that it takes an electron to travel the
length of the plates, then these same relationships hold for each electron.
Therefore, a varying voltage may be applied to the deflecting plates, and
if the variation in voltage is small during the time the electron is between
the plates, then that instantaneous value of voltage determines the
amount of deflection at the screen. KEquation (1-77) then gives

L,L,

D =gp g

(1-78)
If e = Ey. sin wf and if the time of 1 cycle of the sinusoidal voltage is
large compared with the time it takes an electron to pass between the
plates, then the deflection at the screen is proportional to the instantane-
ous values of the deflecting voltage and hence is sinusoidal.

The important fact that the electric field extends, or fringes, beyond the
edges of the deflecting plates has been neglected in the derivation. Actu-
ally the deflection sensitivity is greater than the above equations predict.
Empirical relationships have been developed to account for this effect of
fringing. For the case of the parallel plates it is found that the length of
the plates should be considered as the actual length plus an amount equal
to the distance between the plates, or

Li=L;+d (1-79)
Equation (1-78) then becomes

p - Ll

2E . d

€q (1-80)
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Actually a cathode-ray tube with electrostatic deflection has two sets
of deflecting plates, one in front of the other and with their planes at right
angles as shown in Fig. 1-13. Thus one set of plates deflects the beam in
one direction, while the other set deflects it in a perpendicular direction.
If the tube is oriented so that one set of plates deflects along the horizon-

tal, or z, axis, then the other set

deflects along the y, or vertical,
axis. Now if the first set, or hori-
wt  zontal plates, can be made to move

the spot across the screen at a con-
stant rate and the second set to
move it vertically at a sinusoidal
rate, the spot should trace a sine
wave on the face or screen of the
tube. This can be effected by
causing the horizontal-plate poten-
tial to vary linearly with time by
means of a saw-tooth wave such as
shown in Fig. 1-17. At the same
time the voltage applied to the ver-
tical deflecting plates is sinusoidal.
If the time for 1 cycle of the saw-
tooth is the same as the time for 1 cycle of the sinusoidal wave, then 1
cycle of the sine wave will appear on the screen of the tube. If the time
of 1 cycle of the saw-tooth is equal to the time of 2 cycles of the sine wave,
2 cycles will appear on the screen.

The saw-tooth waveshape necessary for the linear-time axis can be
generated by means of an electronic circuit known as a sweep, or saw-
tooth, generator. The voltage output of this circuit is usually so small
that the saw-tooth wave must be amplified before it is applied to the
deflecting plates. Likewise the voltage which is applied to the vertical
plates may also be amplified if it is not large enough to deflect sufficiently
the beam in the cathode-ray tube.

Thus it can be seen that the cathode-ray tube with its necessary
circuits, such as rectifiers, sweep generators, and amplifiers, can be used
for studying or examining the operation of a-c circuits. Such a device
is known as a cathode-ray oscilloscope.
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Fic. 1-17. Sinusoidal and saw-tooth wave-
forms,
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PROBLEMS AND QUESTIONS

1. A uniform tungsten wire is sealed in vacuo and a direct voltage applied as shown
in Fig. 1-18. (a) Sufficient current is passed through the wire to warm it but not to
cause electrons to be emitted. Isone end of the wire warmer than the other, and if so,
why? (b) The battery voltage is raised until the tungsten wire emits electrons.
Should the switch be in position 1 or 2 to cause a deflection of the milliammeter?
(c) Should the positive terminal of the milliammeter be down or up in the diagram?
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Fi1a. 1-18. Fia. 1-19.

2. Three particles, each with a negative charge of 1 microcoulomb, are located at
points a, b, and ¢ (Fig. 1-19). (a) Determine the magnitude of the resultant force on
the particle at (c). (b) Determine the direction of this force, using a horizontal
reference.

8. A free electron is in a uniform electric field whose strength is 10,000 newtons
per coulomb. If the electron is initially at rest, what is its velocity at the end of
0.002 usec?

4. In Fig. 1-20 an electron traveling from left to right reaches hole 4 (very small)
with a veloeity vo = 7 X 106 m per sec. Determine its velocity » when it passes
through hole B (also very small) by two methods: (a) Begin with the relation f = ma,
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and write all steps to a final formula for v in terms of vy, E,, and the charge-to-mass
ratio. (b) Use the first and third members of the equality (KE)p — (KE)4 =
—(Us — Us) = —Q(Ep — E4), where KE is kinetic energy and U is potential
energy, to obtain an expression for v at position B.

t(—?cm I

—_——— G —————x

£y =1000 v
=
Fia. 1-20.

B. Two parallel plane plates, A and B, are 1 em apart. An electron is at rest very
close to plate A. At time ¢ = 0, the voltage on plate B is made 1 volt positive rela-
tive to plate A by means of a square-wave generator. The 100-Mc-voltage wave-
form thereafter is shown in Fig. 1-21. (a) Determine the velocity and the distance
traveled at the end of 14 cycle. (b) Repeat for 1 eycle. (¢) Does the electron ever
reach plate B?

€ e
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Fre. 1-21. Fiq. 1-22.

6. The square-wave generator in Prob. 5 is replaced by a pulse generator which
supplies to plate B the waveform of voltage shown in Fig. 1-22. (a) How far has
the electron traveled at the end of 1 X 1078sec? (b) What is its velocity? (c) How
long will it take the electron to reach plate B?

7. The generator in Prob. 5 is replaced by a sine-wave generator for which e, = Eym
sin wi. Derive expressions for the velocity of and the distance traveled by the
electron.

8. An electron initially at rest is first accelerated by an electric field caused by a
potential difference of 1000 volts between two parallel plates 0.1 m apart. The
second plate has a small hole through which the electron passes into a space free of
electric field. This space does have, however, a uniform magnetic field of 0.5 weber
per m? perpendicular to the direction of motion of the electron at the instant of enter-
ing this space. (a) Determine the speed of the electron while in the magnetic field.
(b) Determine the radius of the circular path traveled by the electron. (¢) Calculate
the time required for the electron to complete a semicircle.

9. Why does a beam of electrons have a tendency to spread?

10. At a given time two electrons are very close together and have the same speed.
One has a velocity parallel to a uniform magnetic field, while the other makes a small
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angle with the field. Both electrons will eventually hit a screen in the tube. (a) Can
a screen distance be computed so the electrons will hit the same spot? (b) Will the
electrons hit at the same time? Explain.

11. Refer to Fig. 1-16. If the distance from the center of the deflecting plates to
the screen is 30 em, the length of the deflecting plates is 2.5 em, the distance between
them is 0.7 ¢m, and the second-anode voltage is 2000 volts, caleulate (a) the velocity
of the electron along the axis of the tube, (b) the time required for the electron to pass
between the deflecting plates, (¢) the deflection sensitivity of the tube, (d) the magni-
tude of the deflection at the screen (the deflection voltage being constant and equal to
100 volts), and (e) the corrected deflection for this tube if fringing of the field about
the deflecting plates is to be considered.

12. An electron with energy of 1000 electron volts enters the field between the two
large parallel plates shown in Fig. 1-23. The motion is initially perpendicular to the
field, and the point of entrance is halfway between the plates. Determine the distance
A at which the electron strikes the upper plate (neglect field fringing).
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13. In Prob. 12 what direction and strength of magnetic field are required to pre-
vent deflection of the electron while between the plates?

14. In order to distinguish between two isotopes of helium having atomic weights
3 and 4, respectively, ions of each are introduced through hole X (Fig. 1-24) and
accelerated to pass through hole Y. At Y they enter a magnetic field which is parallel
to the plates. B = 0.1 weber per m2 Determine the distance d between the marks
produced on a photographic film lying on the right-hand plate.

15. The anode of an X-ray tube is at 100,000 volts relative to the cathode. (a)
What energy in joules will an electron have which starts from rest at the cathode and
travels to the anode? (b) If the anode current is 5 ma, what power must be dissipated
by the anode? Neglect the energy possessed by the X rays.



CHAPTER 2

EMISSION

2-1. Introduction. In the previous chapter the effects of electric and
magnetic fields on the motions of electrons were discussed in some detail.
These constitute a very important phase of electronics, but free electrons
in space must be produced by one or more of the following processes:

Thermionic emission
High-field emission
Secondary emission

. Photoelectric emission
. Tonization of gases
Radioactivity

S o 00 0

The first five of these will be studied in turn, but this chapter deals only
with the first three in detail and photoelectric emission very briefly.
Tonization of gases will be discussed in Chap. 13, Conduction through
Gases. Radioactivity does not assume great importance in our study.

2-2, Structure of the Atom.! If a periodic chart of the atoms is
examined, it will be noted that there are over 90 different elements
appearing in nature. Each element has a different atomic weight and its
own chemical properties. If the atoms of the various elements could be
magnified until they become visible, it would be seen that all atoms of any
element are almost identical. Each would resemble a miniature solar
system consisting of a large central body called a nucleus and one or more
electrons revolving in elliptical paths, or orbits, about it. Furthermore,
it would be noted that the electrons travel in certain distinet orbits at
definite but different energy levels. The more energy an electron has,
the larger the radius of its orbit. Also an electron never goes from one
energy level to another without either absorbing or giving up energy.
In the lowest level, which is closest to the nucleus, there is room for 2
electrons; in the next higher level there is room for 8 electrons, for 18 in
the next, etc. Each level is able to accommodate a certain maximum
number and no more. In a normal atom each level is filled to capacity
before any electrons appear in the next higher level. Thus in the normal
atom all electrons are revolving in orbits as close to the nucleus as they
can get, with the low-energy, or tightly bound, electrons close to the

30
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nucleus and the high-energy, or loosely bound, electrons farther from the
nucleus. These loosely bound, or high-energy, electrons are the ones in
which we are interested since they are the ones which will become the free
electrons necessary for the flow of current in a conduector or for the
emission of electrons in a vacuum tube.

2-3. The Nucleus. A few facts concerning the nucleus might well be
reviewed at this time. The nucleus, as stated in Chap. 1, is a very heavy
body when compared with an electron. The mass of the hydrogen
nucleus is 1849 times that of an electron. The nucleus includes one
or more protons and in some cases one or more neutrons and positrons.
The net charge on the nucleus is positive and equal in magnitude to the
total charge on the electrons associated with it. This results in forces
of attraction between the nucleus and the electrons. These are part of
the forces which hold the electrons in their orbits about the nucleus.

2-4, Free Electrons in a Metal. When the structure of any metal is
studied, it is found to be an aggregate of crystals of various sizes. A
crystal in turn is found to consist of an orderly or geometrical arrangement
of atoms in three-dimensional space, these atoms being held in position
by interatomic forces. Fach atom is composed of a positive nucleus
surrounded by orbital electrons, as explained in the previous article.
Thus when the atoms are brought into some sort of regular pattern, as
they are in a crystal, the outermost electrons in any atom will be acted
upon not, only by their parent nucleus but by neighboring nuclei as well.
In fact some of the orbits may actually overlap, and the forces on the
electron due to the two positive nuclel cancel each other. The electron
is then no longer bound to a nucleus and hence is free to be acted upon
by any other force or field which may be present. If now a voltage sets
up an electric field in the metal, the electrons will move or drift toward
the point of more positive potential. It is this motion or drift of electrons
which constitutes current flow in a metal.

When an electron becomes free, it has a certain amount of energy asso-
ciated with it. In fact, if the energies of all free electrons in a certain
metal at zero degrees Kelvin (0°K = —273°C) could be measured, it
would be found that they possess kinetic energies ranging from very
small values up to a definite maximum value which would depend upon
the properties of the metal. There would be no electrons possessing
energies greater than this amount no matter how many samples of the
metal were examined. If the metal were heated, it would be found that
the energies of the free electrons would be increased. At ordinary room
temperatures these free electrons could move about in the metal but
very few would be able to escape from the body of the metal.

2-5. Electron Escape from a Metal. The reasons why an electron has
difficulty in escaping from the surface of a metal can probably best be
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shown by investigating the forces between a positive nucleus and an
electron as the electron is moved farther and farther away from the
nucleus.

Consider a single electron in the field of an isolated nucleus. The
nucleus has a positive charge and the electron a negative one; hence there
is a foree of attraction between them in accordance with Coulomb’s law,*

_ (2Q)0.
/= 4regr? (2-1)
where f = force of attraction

Z = atomic number of the atom, which equals the number of
electrons surrounding the nucleus
Q. = charge on the electron
—Q.Z = positive charge on the nucleus
r = distance between the electron and the nucleus
€ = permittivity of free space, 1/(36r X 10°) in the mks system
Figure 2-1 shows the force on the electron as a function of the distance
r from the nucleus. From this figure and from Eq. (2-1) it can be seen
that the force attracting the electron
to the nucleus does not equal zero until
the distance r is equal to infinity.
Therefore, if an electron is to escape
the attractive force of a positive nu-
cleus, it must be given enough kinetic
energy to carry it to infinity.
Now let us assume that, on account
Distonce from nuclevs of the energy it z?lready possesses, an
Fra. 2-1. Force on an electron in the ele.ctron arrives with zero velocity at a
vicinity of an isolated nucleus. point located a distance r from a nu-
cleus. It is desired to calculate the
added energy required by this electron in order to free it. This can be
done by calculating the amount of work done against the force, given by
Eq. (2-1), while moving the electron to infinity.

W = /mfdr = /w 4% dr = 29 (2-2)

4regr? 4Arregr

Force —D

This relationship is shown in graphical form in Fig. 2-2. It will be useful
later.

When electrons escape from their orbits within a metal, they can do so
because the attractive forces of adjacent nuclei cancel the forces holding

* Coulomb’s law holds only for values of r which are many times greater than
atomic radii. Hence the discussion following Eq. (2-1) is valid only for relatively
large distances between nucleus and electron,
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them in their orbits. However, in the case of electrons trying to escape
from the surface of the metal, there are no adjacent nucleil on the outside
of the metal to cancel the forces of attraction between the electrons and
the nuclei of the metal. Therefore, if an electron arrives at the surface
of a metal with a given amount of energy, it will try to leave the surface
but will be pulled back in unless it has enough kinetic energy to carry
it to infinity. This is analogous to throwing a ball up into the air. It
will always return unless you can give it enough energy to carry it out
past the gravitational field, which would mean out to infinity unless other
heavenly bodies interfere. At room temperature few electrons possess
sufficient energy to escape from the binding forces at the surface of a

We

Escape energy

Y n Distance from nucleus r

F1c. 2-2. Energy required by an electron to escape the force attracting it to an iso-
lated nucleus.

metal. But as the metal is heated the energies of the free electrons are
increased, until finally at a very high temperature many of the electrons
will have enough energy to escape from the surface. We then have what
is known as thermionic emission.

2-6. The Work Function. An analysis of the energies involved in the
escape of electrons from the surface of a metal is considerably more
complicated than that discussed in the preceding article for the escape
of one electron from an isolated nucleus. For a simplified qualitative
explanation, however, let us assume that the graph of Fig. 2-2is applicable
to the problem of electron escape from the surface of a metal.

Let us denote by W5 the energy required for the escape of an electron
which arrives with zero velocity at the surface of a metal. Also let us
indicate by W, the maximum energy, at 0°K, possessed by any electron
arriving at the surface of a metal and moving in a direction normal to it.
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The added energy required for the escape of the latter is called the work
function W, of the metal. Thus

Ww = WB _ Wm (2-3)

W. is therefore the minimum energy that must be supplied to the elec-
trons in a material at 0°K in order to give them enough energy to over-
come the boundary forces trying to hold them within the surface of the
material. Note that this definition specifies the minimum energy.
This means the energy which must be supplied to the highest-energy
electrons which exist in the material at 0°K.

2-7. The Electron-volt as a Unit of Energy. The ordinary unit of
energy in the mks system is the joule, but the work function is usually
expressed in electron-volts. If an electron falls through a potential
difference of 1 volt, it acquires an energy given by

—Q.F =16 X107 X 1 = 1.6 X 107 joule (2-4)

The energy gained is proportional to the voltage through which an elec-
tron falls. Therefore energy can be expressed in terms of voltage. If an
electron has fallen through a potential difference of 1 volt, we say that it
has 1 electron-volt of energy instead of saying that it has 1.6 X 10~
joule of energy.

If the minimum energy W, required for the escape of an electron is
equivalent to that acquired by the electron in falling through ¢, volts,
then

Wo = —¢0. joules (2-5)

where ¢, is the work function expressed in electron-volts.

2-8. Contact Difference in Potential. When two dissimilar metals are
put in good electrical contact, a potential difference will be found to exist
between them. This potential difference is known as the contact
potential difference and is numerically equal to the difference between
the work functions of the two metals when expressed in electron-volts.
It is due to the fact that electrons can pass from the material of low
work function to that of the high work function more easily than in the
reverse direction. The high-work-function material then becomes
negatively charged, and electrons find it increasingly difficult to pass from
the low- to the high-work-function material. The charge builds up until
the net transfer of charge is zero, and at this point the high-work-function
material has a negative potential relative to the other material. As a
rule the contact potential difference is not large enough to cause serious
trouble in electronic tubes, but occasionally the effect must be considered
in explaining their action, particularly when the element is sensitive to
small changes of voltage as is the grid in a triode,
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2-9. Thermionic Emission. When any solid is heated, an inecrease in
the random motion of free electrons is one of the results. These electrons
are moving in all directions in the material, and therefore some of them
arrive at the surface with components of velocity normal to it. As the
temperature is increased, they arrive with higher and higher velocities
until a temperature may finally be reached where they have enough
energy to free themselves from the boundary forces. This phenomenon
is known as thermionic emission.

An equation relating the temperature of a solid to the emission current
has been derived both theoretically and experimentally. It is

J, = AT?%evr (2-6)

and is known as Richardson’s equation.* J, is the emission-current
density and is determined by the rate of escape of the electrons. A4 is a
constant that is determined by the physical characteristics of the material
and is most easily determined by experimental means. On the other
hand, b, which is also a constant, can be determined theoretically and
is found to be 0
Ww —¢e e
b= - = h 2-7)
where £ is Boltzmann’s constant and is equal to 1.38 X 10~2% joule per °K.
When numerical values are substituted for the constant quantities in
Eq- (2'7):
b = 11,605¢. (2-8)

where ¢. is the work function expressed in electron volts. Thus we see
that the emission current obtainable from a given material is partially
determined by the work function. The best emitters have low work
functions.

Of equal and often greater importance than a low work function is the
ability of a material to be heated to a high temperature without damage.
Temperature, expressed in degrees Kelvin, appears both as 72 and in the
exponent of e in Eq. (2-6). Thus a high enough value of T will offset the
disadvantage of a high value of ¢.. Unfortunately all metals have
melting points, some being so low that melting occurs before an efficient
emission point is reached. Even though a material has a high melting
point, it cannot be operated at a temperature anywhere near that value
or it will begin to evaporate. The melting point of tungsten is 3643°K;
yet a tungsten filament is operated at only about 2600°K. At tem-
peratures above this the rate of evaporation becomes so high that the
life of the filament is very short. '

* Also known as Dushman’s equation. Richardson and Dushman independently
derived this form of the equation.
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Another important characteristic of an emitter is that it must be
mechanically strong at the temperature necessary for efficient operation.
Otherwise it will break when the tube is subjected to mechanical shock
or sustained vibrations.

2-10. Measurement of Thermionic Emission. To determine the
emission constants for any particular metal, a tube with special con-

struction is necessary. Figure 2-3

F shows such a tube in which F is a
filament along the axis of the
cylindrical plate, or anode A. All
filaments are cooled at the ends
(A ,ﬁ because of the lead wires, which
)/H @ are of large diameter in order that
_/ they will remain cool. Since the
emission constants must be deter-
mined for a filament of uniform
temperature, the emission from the
E, cooled euds of the filament should
=tililiifr not be measured. Therefore two
guard rings are connected as shown.

Emission from only that part of the
filament with uniform temperature
is measured, and any end effects due to variation in temperature or
electric field are eliminated. The entire structure is mounted on a stem,
sealed into a bulb, and evacuated. The temperature of the filament can
be measured by means of an optical pyrometer sighted on it through
the hole H. The emitted electrons are drawn to the anode by the field
set up by the voltage FK;,, which is made large enough to attract all
those emitted. The emitted current I, is measured by the milliammeter
and is called the saturation current. From the measured values of I,
and the dimensions of the filament, the current density J, may be found
for any particular value of temperature 7. In order to find the values
of A and b from these data, it is most convenient first to write Richard-
son’s equation in the following form:

WL

Guard -rings

By
[t
Fra. 2-3. Tube for determining the
emission characteristics of a filament.

Js
T = Ae¥T | (2-9)
Then write Eq. (2-9) in logarithmic form,
Jo _ 1
log h = 0.434b 7 + log A (2-10)

the logarithms being to base 10. When the data are plotted on rec-
tangular-coordinate paper using log (J./7?) as the ordinate and 1/7
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as the abscissa, the result is a straight line with a slope of —0.434b and an
intercept on the axis of the ordinates equal to log A. Such a graph is
shown in Fig. 2-4, where the constants for three very common types of
emitters have been determined.
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F1a. 2-4. Determination of constants in Richardson’s equation.

Another method of depicting the emitting properties of thermionic
cathodes is based on the Stefan-Boltzmann law of radiated power,
which is

P = KeT* (2-11)

where P = power per unit area radiated by the body
T = temperature, °K
e; = radiation emissivity, which depends upon the material and to
some extent on the operating temperature
K = Stefan-Boltzmann constant, (5.673 + 0.004) X 10~% watt per
m? per °K*

If Richardson’s equation and the Stefan-Boltzmann law of radiated
power are combined, we can obtain an expression for the logarithm of
current dengity in terms of the power radiated. This was done by
Davisson, who devised a cross-section paper* in which he used a curvi-
linear axis in such a way that, when J, is plotted as a function of P, the
result is a straight line for any given emitter. Figure 2-5 shows such
a plot for the same emitters used in Fig. 2-4.

-~

* Manufactured and sold by the Keuffel and Esser Company,
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F1c. 2-5. Emission-current density as a function of the heating power for three types
of emitters. The curves are plotted on ‘‘power-emission” paper.

This type of plot has the advantage that measurements of emission
at a few low values of power may be made when the emission current
from the cathode and the heating of the anode are small. The curves
may then be extrapolated to give the emission at higher values of power
where such prolonged operation might be injurious to the tube.

In telling how well an automobile performs we usually express the
efficiency, not in per cent, but in miles per gallon of gasoline, Likewise in
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electronics we express the emission efficiency in terms of emission current
per watt input to the filament. Thus to get emission efficiency from the
power-emission chart, we have merely to divide the ordinate by the
abscissa at any point.

2-11. Thermionic Emission from Tungsten.? Tungsten is about the
only pure metal used as an emitter. Its melting point is given as 3643°K,
and the emission current can be calculated for any temperature by means
of Richardson’s equation, where A is equal to 60.2 amp per cm? per °K?2
and b is equal to 52,400°K. The curves in Figs. 2-4 and 2-5 give the
emission characteristics in different ways. In practice, when tungsten
is used as a cathode, it takes the form of a wire bent in the shape of a
hairpin or a spiral, and it is heated by passing a current through it. The
practical life of a tungsten filament has been found to end when the cross-
sectional area has decreased by 10 per cent, because burnouts occur soon
thereafter. The higher the temperature of the filament, the greater the
emission efficiency and the shorter the life. A study which includes
economic considerations indicates that the temperature of the filament
should be such that the cross-sectional area decreases 10 per cent in 1000
to 2000 hr.

Operating temperatures for tungsten filaments range from 2400 to
2600°K, with a corresponding range of emission efficiencies of 2 to 10 ma
per watt. Compared with other commercial emitters tungsten has a very
low emission efficiency. But it does have the advantage of being elec-
trically rugged and will withstand positive-ion bombardment when
extremely high voltages are applied to the tube. Mechanically it is
fragile because it is very brittle. It is used chiefly in tubes where the
plate voltages are to be above about 2500 volts, finding its greatest use in
high-voltage rectifiers, power tubes, and X-ray tubes.

2-12. Thoriated-tungsten Filaments.®* If during the manufacturing
process about 1 per cent thorium oxide is added to the tungsten wire, then
by proper heat-treatment we can form a thoriated-tungsten filament.
This type of filament seems to be simply a tungsten wire on the surface of
which has been formed a monatomic layer of pure thorium. However,
the melting point of thorium is 2118°K, while that of tungsten is 3643°K.
Since the layer of thorium must be maintained, this type of filament can
be operated at only 1900°K compared with 2500°K for pure tungsten.
Even so, because of its lower work function, the emission efficiency is very
much higher than that for tungsten.

To form an activated thoriated-tungsten filament, the wire containing
thorium oxide is formed or bent into the desired shape and mounted in
the tube. Then during the evacuation process the filament is first heated
to 2800°K for about 1 min. This reduces part of the thorium oxide to
metallic thorium and oxygen, the latter being removed by means of the



40 ENGINEERING ELECTRONICS

pumps exhausting the tube. The thorium thus formed is distributed
through the entire cross section of the tungsten. Next the filament is
operated at about 2100°K for approximately 15 min. At this tempera-
ture the thorium will diffuse from the interior of the filament toward the
surface, where some of it will be evaporated and deposited on other
elements or the walls of the tube. This evaporation is not desirable but
is necessary in order to drive the thorium out to the surface. The evap-
oration occurs at a lower rate than the diffusion of the thorium to the sur-
face, and as a result the filament gradually attains a thin and perhaps
monatomic layer of thorium. The filament temperature is then reduced
to about 1900°K, which is the operating temperature. It has been found
that a layer of tungsten carbide on the surface of the filament lowers the
rate of evaporation of thorium and makes possible operation at higher
temperature with resultant increase in emission efficiency. Because of
many variables the emission efficiency may range all the way from 50 to
100 ma per watt.

This type of emitter, like tungsten, is brittle. But unlike tungsten it
cannot withstand much positive-ion bombardment. No matter how well
a tube is exhausted, there is always some gas remaining. Hence there
are some positive ions (molecules which have lost one or more electrons)
present. These ions, being positive in polarity, are attracted to the fil-
ament. If the potential difference between plate or anode and filament
is high enough, the positive ions will arrive at the filament with enough
velocity to bombard and physically knock the thorium off the surface of
the wire. Thoriated-tungsten filaments are used only in tubes where the
plate voltage never exceeds 3000 to 4000 volts. Since they have emission
efficiencies of 50 to 100 ma per watt, which is about 10 times that of pure
tungsten, they are preferred in low-voltage transmitting tubes.

The life of the thoriated-tungsten filament depends on the amount of
free thorium present in the filament. At the operating temperature there
is a gradual evaporation of thorium from the surface and also a gradual
diffusion of thorium from the interior to the surface. When all the free
thorium has been driven out of the tungsten and evaporated off the sur-
face, it will then act as a pure-tungsten-filament with its characteristic low
emigssion efficiency, which at the operating temperature of a thoriated
filament is extremely low.

2-13. Oxide-coated Emitters.* The Wehnelt, or oxide-coated, cathode
was discovered in 1904 when Wehnelt found that if a platinum ribbon was
coated with the oxides of certain rare earths a very efficient emitter was
the result. However, no commercial use was made of this emitter until
battery tubes came into common use in the early twenties.

The present-day oxide-coated cathode consists of a layer of rare-earth
oxides coated on a core metal which may be nickel, konel, or a platinum



EMISSION 41

alloy. The oxides are usually rather unstable in air; so the coatings are
sprayed on in the form of finely ground barium and strontium carbonates
in a thin collodion lacquer. After drying, the cathodes are mounted in
the tube, which is then put on the vacuum system and evacuated. Dur-
ing the pumping process the cathode is usually heated to about 1500°K
for a short time. At this high temperature the carbonates break down
into the oxides plus carbon dioxide, which is removed by the pumps.
Because of the very low work function these cathodes can be operated at
about 1000°K, at which temperature they have very high emission effi-
ciencies and long lives. The emission efficiency is on the order of 100 to
1000 ma per watt of heating power.

The greatest advantage of the oxide-coated cathode over other emitters
is that it can be either a filament type or an indirectly heated cathode.
In the filamentary type of cathode a ribbon or wire of the core metal is
coated with the emitting material. Then a current is passed through it,
which heats the oxide coating up to emitting temperature.

In the indirectly heated cathode the emitting material is usually
sprayed onto a cylinder made of the core metal, usually nickel. Into this
cylinder is inserted a heater, which may be made of tungsten wire coated
with a porcelainlike cement insulating the heater from the cathode sleeve.
We thus have an indirectly heated cathode in which the emitting surface
is equipotential and which also isolates the emitter from the cyeclic poten-
tial variations if alternating heating current is used. Figure 2-6 shows
photographs of several types of directly and indirectly heated cathodes
used in high-vacuum receiving tubes.

Principal disadvantages of the oxide-coated cathodes include the fact
that the tubes cannot be evacuated to such a high degree as can tubes
using other types of emitters. This is probably due to the incomplete
breakdown of the carbonates into oxides. Therefore during use there is
a further gradual breakdown of these materials. Also the oxide-coated
cathodes are susceptible to positive-ion bombardment and hence are not
ordinarily used in tubes in which the plate voltage exceeds 500 to 1000
volts. These two facts limit the uses of the oxide-coated cathodes chiefly
to radio receiving tubes and, as we shall find later, gas-filled tubes.
However, this is not a hard and fast rule. Cathode-ray tubes have oxide-
coated indirectly heated cathodes, and here the anode voltage is of the
order of 1500 to 2000 volts and in some cases may be as high as 27,000
volts. Oxide-coated cathodes may also be used in larger sizes of audio-
frequency (a-f) power-amplifier tubes, but here the plate voltage does not
usually exceed 1000 volts.

2-14. Schottky Effect. According to the discussion thus far, the total
emission current from any emitter is given by Richardson’s equation

J. = AT%wT (2-6)
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Fig. 2-6. Indirectly and directly heated cathodes used in high-vacuum receiving
tubes.
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which indicates that the emission current from any filament is independ-
ent of the anode voltage. In other words, no matter what voltage is
applied to the anode, the total emission current should be constant at any
given temperature. THowever, if tests are made on actual filaments, for
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Fi16.2-7. Atypical volt-ampere characteristic for a diode, showing the Schottky effect.

instance pure tungsten, a curve such as shown in Fig. 2-7 will be the
result. The current for voltages between O and A is limited by space
charge, which will be discussed in the next chapter. In the region beyond
A the current should be a constant, given by Richardson’s equation.
Instead, we have a current which
gradually increases with plate volt- & T
age. This phenomenon is known o
as the Schottky effect and is caused
by additional energy which is sup-
plied to the electrons from some
source other than that used to heat
the emitter. The potential differ-
ence between plate and cathode
sets up an electric field which exerts
a force on the cathode surface.
This force is in such a direction as
to help free electrons that other-
wise would never escape from the
boundary forces. Figure 2-8 shows ¢
the various forces acting on an elec-

tron as a function of the distance FIe. 2-8. Forces on an electron near an
from the surface. The net force at emitting surface which is in an electric
point Biszero. To the left of point field.

B it isin such a direction as to oppose the escape of an electron, and to the
right it aids in the removal.. Thus in order to be free an electron needs to
have only enough energy to carry it beyond point B instead of to infinity.
Since this force depends upon the magnitude of the plate voltage E,, the
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position of point B also depends upon E;. As the value of Ej; increases,
point B approaches the surface; hence lower-energy electrons can escape,
and J, increases.

2-15. High-field Emission. If the potential difference between two
electrodes in a high-vacuum tube is made increasingly larger, a point will
finally be reached where electrons are emitted from the negative electrode
even though it may be at 0°I. The field intensity required is of the
order of magnitude of 10'% volts per m. This effect is known as high-field
emission, and it differs from thermionic emission only in the way in which
electrons are given the energy to escape the boundary forces. In therm-
ionic emission they are given this energy by heating, while in high-field
emission they are given the energy by the attractive force due to the
external field.

High-field emission is found to be independent of the temperature of
the emitter and follows the law

Js = aglER (2-12)

It

where J, = current density
a = a constant
& = field intensity at the surface of the negative electrode
B = a constant determined mainly by the work function of the
material
Note that the current is independent of the temperature and depends only
on the constants of the material and on the field intensity.

The field between a point and a plate or between a cylinder and a fine
concentric wire may reach extremely high values with the application of
a high voltage, particularly if the spacing is small. Thus in the design of
high-voltage tubes, the shapes of the electrodes as well as the spacing
must be considered in order to keep the potential gradient below a value
at which field emission may result.

This type of emission is sometimes employed in certain kinds of cold-
cathode devices and possibly may be the source of electrons in mercury
arcs. Currents due to high-field emission may reach values of the order
of thousands of amperes per square centimeter. These high currents
undoubtedly would damage a tube unless it were designed to pass them.

2-16. Secondary Emission. It has been shown earlier in this chapter
that when an electron acquires a certain amount of energy with velocity
normal to and outward from the surface of the material, it will be emitted.
Energy can be given to the electron by heating the material—this is
thermionic emission. Energy given to the electron by an external field
exerting a force on it may lead to high-field emission. Or energy may be
given to the electron by the impact of another body, and this may cause
secondary emission.
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In traversing the interelectrode space in a vacuum tube, electrons may
acquire a considerable amount of kinetic energy. Eventually they must
strike an electrode or the walls of the tube and give up their energies.
This may cause heating of the bombarded material; or if the impacts are
with other electrons within the surface of the material, secondary emission
may occur. Now, if there is an electrode within the tube which is at a
higher potential than the bombarded material, the secondary electrons
will be attracted to it and a current will flow.

Figure 2-9 shows a tube where the secondary-emission current can be
measured. The electron gun, which is the source of the bombarding, or
primary, electrons, gives them a velocity in such a direction that they
strike the anode A:;. Upon impact, a primary electron may give up its
energy to one or more electrons within the surface of A, causing them to
be emitted. They are then attracted to acollector anode A5, which is 30 to

Secondary
electrons

Primary
ﬂ electrons

7

A, (material
under test)

Fra. 2-9. Tube for measuring secondary-emission effects.

50 volts positive with respect to As. The meters shown in the circuitindi-
cate the magnitudes and directions of the various currents which flow.
The primary current can be obtained from areading of the milliammeter in
the cathode circuit. The secondary current can be read from the meterin
the collector-anode (A43) circuit. The current flowing in the second-anode
circuit is the difference between the primary and the secondary currents.
Since it is customary to signify as positive a current which flows from the
external circuit to the electrode and thence across the vacuum, the pri-
mary current in the second-anode circuit is positive and the secondary
current is negative. Thus the second-anode current may be positive,
negative, or zero depending upon the relative number of primary and
secondary electrons. If the number of primaries exceeds the number of
secondaries, the current is positive, while if the secondaries exceed the
primaries, it is negative. Note that the secondary-emission current is
positive in the collector-anode (4s) circuit.

If several such tubes are constructed which are identical in all respects
except that each uses a different material for the surface of A,, it is found
that the ratio of secondary to primary current increases with decreasing
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work function of the material. It is also found that the ratio is dependent
upon the potential of A,. In fact this ratio may reach a value as high as
10 upon using very low work-function materials and the proper voltages.

Figure 2-10 shows how the secondary-emission ratio varies with the
value of the voltage applied to A,, which is also known as the accelerating
voltage. From these curves we see that, when the accelerating voltage
is low, the current to the second anode is positive since the ratio I./1, is
less than unity. As the voltage is increased the secondary-to-primary
ratio increases and may reach a value greater than unity. This means
that there are more secondaries than primaries, and hence the current to

20
t.5 L Nickel ’*\_v Tungsten
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Fia. 2-10. Secondary-emission characteristics for three common materials used in
vacuum tubes. [From J. H. O. Harries, Secondary Electron Radiation, Electronics,
17, 100-108, 180 (September, 1944), by permission.]

the second anode reverses and becomes negative. At low accelerating
voltages the bombarding electrons have very little energy and hence can
knock out only a few of the higher-energy electrons in the surface. As
the accelerating voltage is increased, the bombarding electrons arrive at
the surface with more energy and hence remove more electrons. Finally
a point is reached where the bombarding electrons arrive with such high
velocity that they simply bury themselves deep in the material of the
anode. Hence the secondary-emission ratio begins to fall off.
Secondary emission can occur, not only from conducting materials, but
from insulators as well. It can take place if a stream of electrons strikes
the wall of a glass tube with high enough velocity. It may even cause
physical damage to the tube due to the heating of the bombarded surface.
If the electrons arrive at the glass with sufficient energy to cause a

secondary-to-primary ratio greater than unity, the wall is left with a net
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positive charge. The secondary electrons are attracted to the anode
since it is the point of highest potential. The positive charge on the glass
accelerates the primary electrons, which means that they arrive at the
glass with still higher velocity. This in turn means that the secondary-
to-primary ratio becomes larger, and hence more secondaries are emitted
and the glass becomes even more positive. The effect is accumulative
and may build up until the glass becomes so hot that it melts, allowing air
to rush in and destroy the vacuum. In commercial tubes the electrodes
are usually designed so that they shield the glass from the electron stream
and thus prevent this type of damage.

2-17. Photoelectric Emission. The fourth process for obtaining free
electrons from a solid body is known as photoelectric emission. As the
name implies, light is used to give electrons enough added energy to free
themselves from the boundary forces.

The law of conservation of energy states that energy cannot be de-
stroyed. ‘Therefore when light, which is a form of energy, falls on the
surface of a solid, it is either absorbed by the surface or reflected by it. A
portion of the energy absorbed will be supplied to some of the electrons
which are free within the body but unable to escape without external
assistance. If the work function of the surface is low enough, the elec-
trons now have sufficient energy to free themselves from these boundary
forces and photoelectric emission occurs. If an external electric field is
present, a current flows which is proportional to the amount of light fall-
ing on the surface.

A more complete discussion of photoelectriec emission will be found in a
later chapter.
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PROBLEMS AND QUESTIONS

1. Of the processes which can produce free electrons in the space of an electronic
tube, which supply these electrons directly from the emitter?

2. Are the higher-energy electrons in an atom close to or far away from the nucleus?

3. Explain why there are free electrons in a metal.
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4. A pure-tungsten wire 5 cm long and 0.0127 em in diameter is operated at
2500°K temperature. A is 60.2 amp per ¢cm? per °K?, and b is 52,400°K. Find the
total saturation current for the wire.

b. (a) An electron moves from a point of zero potential to one having a potential
of 4100 volts. How much kinetic energy, expressed in electron-volts, does it gain?
(b) A double-charged positive ion replaces the electron in part a. How many elec-
tron-volts of potential energy are now gained?

6. With Egs. (2-6) and (2-11) known, find an expression for saturation-current
density for a tube in terms of filament power per unit area and filament and other con-
stants [the constants in Eqs. (2-6) and (2-11) are assumed known].

7. Can a large-diameter filament be operated at a higher temperature than one
with a smaller diameter and yet have the same length of life? Explain.

8. State the approximate emission efficiencies and the chief applications of each
of the three types of emitters.

9. Explain the difference between the Schottky effect and high-field emission.

10. In a diode what happens to the secondary electrons driven off the plate?



CHAPTER 3

THE HIGH-VACUUM DIODE

3-1. Space Charge. Chapter 1 dealt with the effects of uniform elec-
tric fields on the motion of single electrons. This method is applicable
to situations in which there are relatively few electrons present, such as
in a cathode-ray tube. But in the great majority of electronic tubes we
seldom have electrons in such small numbers that we can ignoretheeffects
of neighboring electrons. For instance, if a tube is passing a current of
1 ma, there are approximately 6.25 X 10 electrons traveling from the
cathode to the anode each second. This means that at any instant
there must be billions of electrons present in the interelectrode space,
each carrying a charge of 1.60 X 10~*° coulomb and each exerting a force
on neighboring electrons. Thus we see that the field through which an
electron must pass in its flight from cathode to anode is due not only to
the potential difference between the electrodes but also to the charges car-
ried by all the electrons in the interelectrode space. The field can no
longer be considered uniform, and hence the forces on and the accelera-
tion of an electron depend upon its position in the field.

The only reason why it is possible for the plate voltage to control the
magnitude of the current flowing through a tube is this effect of the space
charge. Without space charge the saturation current of the filament
would always flow. This current depends only on the material and the
temperature of the emitter and not upon the plate voltage of the tube.
Thus the only way in which we could control the current would be by
changing the temperature of the cathode.

3-2. The Diode. The thermionic diode is the simplest electronic tube
which can be constructed, and its action is the easiest to understand. It
consists of either a filamentary or an indireetly heated cathode, and an
anode or plate, which usually surrounds the cathode. Figure 3-1 shows
two radio-receiver-type diodes. On the right is a type 80 tube which
is really two diodes in a single envelope. The two filaments are con-
nected in series, and the two plate leads, or connections, are brought out
separately. In this figure one of the plates has been removed and is
lying beside the tube, in order to show the filament. On the left is a
type 5V4, which is also a double diode. Here again the plate has been
removed in order to show the indirectly heated cathode.

49
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All of the smaller diodes, such as those used in radios, have oxide-coated

cathodes.

This is simply because of the desirable high emission efficiency

of the oxide-coated cathode and because the positive-ion bombardment is

not serious at the low applied voltages.

F1a. 3-1. Radio-receiver-type diodes.

Large rectifiers, such as are used

in transmitters, may use thoriated-tungsten or pure-tungsten filaments,
the choice depending on the voltages applied to the plates.

3-3. Experimental Determination of the Current in a Diode.

Fi1g. 3-2. Circuit for determining the
characteristics of a diode.

on the temperature of the emitter.

If a
diode with a pure-tungsten fila-
ment is connected as shown in Fig.
3-2 and data are taken for curves
of plate current vs. plate voltage,
for various filament temperatures,
curves such as those shown in Fig.
3-3 will be the result. Here it can
be seen that at low voltages the
plate current is independent of the
temperature of the filament but is
dependent on the plate voltage.
At higher voltages the plate current
becomes independent of the plate
voltage but does become dependent
Each curve may be divided

into three regions. From A to B current flows even though the plate
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is at a negative or zero potential. This is because some of the elec-
trons are emitted with enough energy to carry them over to the plate
even though the field is in such a direction as to oppose this motion.
From B to C the plate current increases with plate voltage but is less than
the total emission current for the filament as calculated from Richardson’s
equation. The region from 4 to C is known as the space-charge-limited
region and is the portion which we shall study in this chapter. From C
to D all the electrons emitted are pulled over to the plate as fast as they
are emitted. This means that there is very little space charge present
between the electrodes, and hence the current can be approximated from
Richardson’s equation.

Actually, when the voltage is increased above the values at C required
for saturation, the current increases very slowly. This is the Schottky

Plate current Z,

4 0 Plate voltage £,

F1a. 3-3. Characteristics for a high-vacuum diode.

effect and is due to the external field helping lower-energy electrons to free
themselves from the forces tending to hold them in the cathode. Pure
tungsten shows this Schottky effect very nicely, but thoriated-tungsten
and oxide-coated cathodes show too much increase in plate current, with
increasing plate voltage, after saturation supposedly has been reached.
In fact these two materials show very little tendency to saturate.

3-4. Potential Distribution in a Diode with Parallel Plane Electrodes.
For the sake of simplicity all of our derivation and most of our discussion
in this section will be on a diode with parallel, plane, infinitely large elec-
trodes. This eliminates the effects of fringing at the edges of the elec-
trodes and also allows us to work with an electric field which is relatively
simple to describe mathematically.

If a tube were built with large parallel plane electrodes and with the
negative electrode arranged so that it could be heated to such a tempera-
ture that it would emit large numbers of electrons, some very interesting
data could be obtained. Suppose we pretend that such a tube has been
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constructed and theorize on its properties. A schematic diagram for the
tube and cireuit is shown in Fig. 3-4, where the means of heating the
cathode has been omitted. Now if the plate potential is held constant
at some value, say 100 volts, and the temperature of the cathode is
increased, a point finally is reached where we have a measurable plate
current flowing. If, with this small current flowing, we vary the value
of Ey, we find that it has very little effect on the plate current as long as
the voltage is greater than a certain value. This simply means that there
are so few electrons in the interelectrode space near the cathode that the
plate current is determined solely by the emission of the cathode. If
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Fig. 3-4. Diode with parallel plane Frg. 3-5. Potential-distribution curves for
electrodes. a high-vacuum diode with parallel plane
electrodes.

under these conditions the potentials of all points on a line normal to and
between the two electrodes are plotted as a function of the distance of the
point from the cathode, an approximately straight line, such as shown by
curve a in Fig. 3-5, is the result. This shows that the potential gradient
or slope is constant at all points and hence there is a uniform field.

If the temperature of the cathode is now increased to a value T's, we
may notice that the plate current increases but also that the plate voltage
has some effect on the magnitude of the plate current. If once more the
potentials of all points on the line normal to the electrodes are plotted on
the same set of axes as before, curve b of Fig. 3-5 is the result. Here we
see that the potential for any given point, except for the end points, is less
than it was when the temperature of the cathode was lower. The reason
for this is that at the lower temperature T’y there are so few electrons in



THE HIGH-VACUUM DIODE 53

the interelectrode space that they have very little effect on the field con-
figuration. Now at the higher temperature there are many more elec-
trons in the space, and since the plates set up a field such as to attract the
electrons toward the plate, while all the electrons carry a charge of such
polarity as to repel other electrons as they are emitted, the net result is a
lower potential at all intermediate points. At this time it might be well
to recall that the force on an electron is equal to the charge on the electron
multiplied by the negative of the potential gradient. If we once more
examine curve b of Fig. 3-5, we see that the potential gradient near the
cathode is less than for the condition of no space charge (curve a). How-
ever, close to the anode the gradient of curve b is greater than the gradient
of curve a, which means that the force on an electron is greater than with
no space charge present. This seems logical because there are more elec-
trons between a given electron (close to the plate) and the cathode than
there are between the electron and the plate. Therefore the net force of
repulsion near the plate is in such a direction as to assist the field set up
by the electrodes.

If the temperature of the cathode is raised to a value T3, we find that
the potential distribution is similar to that shown in curve ¢ of Fig. 3-5.
Here we note that the potential gradient is zero at the surface of the
cathode. This means that the force of attraction to the plate on an
electron at the cathode surface is just canceled by the forces of repulsion
of the electrons in the interelectrode space. Therefore, an electron
emitted with zero velocity arrives at the surface of the emitter with zero
force exerted on it and probably returns to the cathode. When an
electron in the interelectrode space arrives at the plate, the potential
distribution shifts to a position somewhat like that of curve b. The
resulting gradient near the cathode surface now allows another electron to
escape to the interelectrode space. This now shifts the distribution
temporarily back to curve ¢. We then have what is known as space-
charge-limited conditions.

If the potential distribution in an actual diode could be plotted, it
probably would be found to be more like curve d of Fig. 3-5. Here the
potential actually becomes negative and goes through a minimum a short
distance from the cathode.. This is because of the initial velocity with
which electrons are emitted. Referring to curve ¢, suppose an electron
is emitted with a finite velocity from the surface of the cathode. Initially
there would be no force on it, since the gradient is zero; but it would pass
out into interelectrode space, where the force on it would be in a direction
to pull it toward the plate. Another electron emitted just behind the
first, however, would find a small force of repulsion trying to make it
return to the cathode. This is because that extra electron in the inter-
electrode space makes the space charge large enough so that it more than
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cancels the field due to the electrodes. Therefore, the field at the surface
of the cathode is slightly negative, and the potential minimum moves
a short distance out. Sinee millions of electrons are actually emitted
simultaneously, this effect is vastly magnified and the minimum-potential
point takes a position as shown in curve d. Unless emitted electrons have
enough velocity to carry them out past this minimum, they will be
returned to the cathode. Thus only the higher-velocity electrons can get
across the space. The current will be less than the saturation value
since it is limited by space charge. As the potential of the plate is
changed, the number of electrons in the interelectrode space will vary.
Curve e shows the possible potential distribution if B is increased. The
point of zero gradient moves to the left, and the negative gradient near
the cathode is decreased. Hence more electrons escape into the inter-
electrode space. Thus different values of space-charge-limited currents
result. It is this effect which we shall now study and for which we shall
derive mathematical relationships. But first it might be well to review
some of the fundamentals of electric fields.

3-b. Gauss’ Theorem.! In the mks system we write Coulomb’s law
for two point charges in a vacuum as

= N

f - 47('607'2 (3-1)
where f is the force (in newtons) between the two charges ¢; and g¢.
(in coulombs), r is the distance between them (in meters), and ¢ is the
permittivity of free space.

The region in the neighborhood of a electrie charge is said to contain an
electric field, and in order to measure the intensity of that field at a point,
we measure the force per unit charge on a small positive test charge
placed at the point. Hence from Eq. (3-1), the field intensity at a point
a distance r from a charge ¢ is given by

- —q -,
& 47!'607'2 (3 2)
When more than one charged body is present, the intensity can be
found by determining the vector sum of the intensities due to each indi-
vidual charge; thus

—

_ ¢ )
B = ) gl -3)

n

Plotting an electric field was discussed in Art. 1-6. If we let one line
of flux per unit area represent one unit of field intensity, a flux pattern will

indicate the strength as well as the direction of the field at any point.
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Referring to Eq. (3-2), we see that the field intensity varies as the
reciprocal of the square of the distance from a charge ¢. If now we
enclose this charge by any surface, all the flux emanating from the charge
passes through the surface. Therefore, if we circurscribe a sphere of
radius r about the charge, the total flux emanating from the charge can be
calculated by multiplying the field intensity, which is numerically equal
to the flux density, by the area of the sphere. Thus from Eq. (3-2) we get

Total flux = &4xr? = eg (3-4)
0
This is a mathematical expression of Gauss’ theorem, which states that
the total flux emanating from an electric charge in a medium is equal to
the magnitude of that charge divided by the permittivity of the medium.
3-6. The Space-charge Equation.? A mathematical expression which
gives the relationship between space-charge-limited current and the plate
voltage of a diode was derived independently by Child in 1911 and by
Langmuir in 1913. This relationship is now known as the Child-Lang-
muir equation or the three-halves-power law.
In order to derive this relationship for the simplest possible electrode
configuration, the following assumptions are made:

1. The electrodes are infinite, parallel, plane, equipotential surfaces.

2. The zero-potential electrode, or cathode, is heated to a high enough
temperature so that the supply of emitted electrons is greater than the
demand.

3. The electrons start from rest at the surface of the cathode.

4. The anode is maintained at a constant positive potential Xj.

5. Only electrons are present in the space between electrodes.

If the two electrodes are placed so that the = axis of the coordinate
system is normal to the two surfaces as shown in Fig. 3-6, the field can
be represented by a vector whose direction is from right to left as shown.
If no charge is present in the interelectrode space, the field is uniform.
However, if there is a cloud of electrons between the plates, the field will
be due not only to the potential difference between the electrodes but also
to the charges on all the electrons. The field is no longer uniform but is
still from right to left. The y and 2z components of the field equal zero
since the electrodes are assumed to be infinite in extent. = Assume a small
element of volume Az, Ay, Az. The field-intensity vector varies in mag-
nitude at different points between the electrodes.

According to the definition of flux density, the total flux entering the
small volume through the right face equals the field intensity multiplied
by the area of the face. Hence

Flux entering = & Ay Az (3-5)
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The flux leaving the left face is given by
Flux leaving = (8 + g—z Ax) Ay Az (3-6)

where d&/dx is the rate of change of field intensity with distance. The
difference in flux entering and leaving the small volume is found by sub-
tracting Eq. (3-5) from Eq. (3-6).

Difference in flux = g; Ax Ay Az (37

This difference must be due to flux emanating from the charge enclosed
by the surface of the small element of volume.

Y

dy

Ax

Eb
—= (il

F1a. 3-6. Electrode configuration and the element of volume used in the development
of Poisson’s equation.

Since Gauss’ theorem states that the total flux emanating from an
enclosed charge is equal to the magnitude of the total charge divided by
the permittivity of the medium, we may write

Flux from enclosed charge = 2 Az Ay Az (3-8)
0

€
where p Ax Ay Az is the total enclosed charge, p being the charge density.
Now since the difference in flux given by Eq. (3-7) is due to the
enclosed charge, we may equate the right members of Egs. (3-7) and (3-8),
obtaining the relation

(3-9)

&.]&.
8iMm
I
P EN
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It was previously proven that the field intensity is equal to the negative
of the potential gradient, or

dL

6=- (3-10)
and hence

dg d’E .

&= T d (3-11)
Substituting this into Eq. (3-9) yields

d’E P

W . 3-12)

This is known as Poisson’s equation in one dimension.

What we are trying to do is to find a relationship between anode voltage
and the space current in the tube. Therefore, if we can find a relationship
between charge density and current, Eq. (3-12) should lead to the desired
result.

If the velocity of the electrons is designated by v, the density J; of the
current flowing between two electrodes can be written as

Jy = —pv (3-13)

The negative sign is used because the direction of positive current flow
is taken from anode to cathode and p is negative, while » is positive since
it is from left to right in the direction of the positive x axis.

If we solve Eq. (3-13) for p and substitute the result in Eq. (3-12), we
have

- = — (3-14)
Now, since the velocity of an electron in the electric field is given by

p= 2% (3-15)

Me

we may substitute into Eq. (3-14) and obtain the relation

@CE _Jy [=me ;
e eo\/zQe B (3-16)

A first integration is achieved by multiplying both members of Eq. (3-16)
by 2(dE/dz) dz and then integrating.

dEdE , Jb\[—Tn,,/ s A 17
2/%de—2:o 2Qe E dxdili (3 )
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The current density J, appears outside the integral because it is constant
for all values of z. If it were variable, the rate of flow of charge would
be different at different points in the tube; this would mean a building up

. d [(dE\? dE d’E daE ,
of charge. Now if we note that iz (%> =2 iF and 7 dx = dE,

then we can write Eq. (3-17) in the form

d (dE / -
/(T:p(d?) = 2 — 2Qe /E € dE (3"18)
dE\’ 'J,, [-m

The boundary conditions are such that when z is zero the potential £
is likewise zero, and since for space-charge-limited current the electrons
at the surface of the cathode must have zero force exerted on them, the
potential gradient at the surface is likewise zero. Thus C; is found to

be zero. Hence
dE _ . [T —mN\* .,
%—2\/:0(2%) E (3-20)

In Eq. (3-20) the variables may be separated and the result integrated,

_ ¥
/E—%dE 2\/{j:(2é’“> /da; (3-21)

4 T [ —m.\"
gE%:Q\/”(QQ> z+ C, (3-22)

But since E is zero when x equals zero, C; is also zero. Solving Eq. (3-22)
for J, yields

or

whence

4eq E* .
Jgpy= ———% amp per unit area (3-23)

9 \/ _me/2Qe x2

Substituting numerical values for the constants,

2.33 X 10-°E%*

Jb =
x?

amp per unit area (3-24)
Since this equation holds for all values of z, it holds for z equal to d, the
distance between cathode and plate, where E is equal to E,. Therefore,

2.33 X 10-¢ .
Jy = ”_%(Z—O— B amp per unit area (3-25)
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For a given area A of the plate we may write

2.33 X 10—
= —%— AE#  amp (3-26)

I
In this equation all quantities are constant except the plate voltage and
the plate current. In other words the plate current is proportional to
the three-halves power of the plate voltage, or

-

I, = kEy”* (3-27)

where k = [(2.33 X 10-%)/d?*A. This is the Child-Langmuir law for
parallel plane electrodes.
A similar relationship may be derived for the case where the anode and
cathode are concentric cylinders. The result of such a derivation* is
I, = 14.68 X 10‘6£E—b%
re [
where [, is the plate current, E, is the plate potential in volts, r, is the
radius of the anode, L is the length of the cathode or of the anode, which-
ever is the shorter, 8% is a number depending on the ratio r./rx, and r; is
the radius of the cathode. Table 3-1 gives the values of 82 for various
values of ro/7..  If 7o is large compared with ri, it may be seen that 82 may
often be taken equal to unity without introducing appreciable error.

amp (3-28)

TABLE 3-1
VALUES* OF gt FOR VARIOUS VALUES OF r./r
ra/Tk B? ra/Tk B2 ra/Tk B*
1.0 0.000 3.0 0.517 7.0 0.887
1.5 0.119 4.0 0.667 8.0 0.925
2.0 0.279 5.0 0.767 9.0 0.955
2.5 0.412 6.0 0.836 10.0 0.978

* Data are from I. Langmuir, Currents Limited by Space Charge between Coaxial
Cylinders, Phys. Rev., 22, 353 (1923), Table III, with permission.

Fquation (3-28) shows that in this case, also, the plate current is pro-
portional to the three-halves power of the plate voltage. In fact it can
be shown that no matter what the shape of the electrodes, the three-
halves power holds, the only difference being the constant of proportional-
ity, which is determined by the geometry of the electrodes.

3-7. Experimental Proof of the Child-Langmuir Equation. In the
above proof it was assumed that the cathode is an equipotential surface

* 1. Langmuir and K. T. Compton: Electrical Discharges in Gases, Part II, Funda-
mental Phenomena in Electrical Discharges, Rev. Mod. Phys., 8, 245-248 (1931).
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and that the electrons have zero velocity at the surface of the cathode.
In actual practice these conditions are seldom fulfilled. The cathode can-
not be an equipotential surface unless it is the indirectly heated type,
while most rectifiers are of the filamentary type. Neither are the elec-
trons emitted with zero velocity.

If the assumption is made that a diode follows a power law, but not
necessarily with the three-halves exponent, we can write

Ib = kEb" (3-29)
If this is written in logarithmic form, we have

log I, = log k + n log E, (3-30)

This is the equation for a straight line if log I, is plotted as the ordinate
and log E, as the abscissa in a rectangular-coordinate system.

The constants & and = for an actual tube may be evaluated as follows:
The circuit of Fig. 3-7 is used, and values of I as a function of E, are
obtained while E,; is held constant. Note that the negative end of the
plate battery is connected to a
center tap on the filament battery.
This is done in order to counteract

or minimize the effects of the po-
CI’D tential gradient along the filament.
The data thus taken are plotted, as
shown in Fig. 3-8, and a straight
line is obtained. If the locus is
extrapolated to the point where
log E;, = 0, this value of I is equal
S to k. The slope of the line equals
F1e. 3-7. Circuit used to evaluate the Phe constant n, and its value will be
constants of the Child-Langmuir equa- I the neighborhood of 1.5. If,
tion, while taking the above-mentioned
data, E, is set equal to zero, it
will be noted that an appreciable current still flows in the plate circuit.
This current is due to the initial velocity of the electrons, contact poten-
tial, and the effects of the potential gradient along the filament. This,
of course, introduces factors which we have not accounted for in our
derivation. If an indirectly heated cathode is used, then these factors
are reduced to two in number.

3-8. Power Loss in the Diode. FEach electron arriving at the plate in
a diode has an energy which, neglecting the initial or emission velocity,
is given by

oy

W = —Q.E, joules (3-31)
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When this electron is stopped by impact with the plate, its kinetic energy
1s converted into heat. If n electrons arrive at the plate in a time ¢, then
the power delivered to the plate is given by

w —QnkE
P = - = _Qt——b watts (3-32)
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F1a. 3-8. Curve used to determine the coeflicients in the Child-Langmuir equation.

The term (—Q.n)/t is the rate of flow of charge and therefore is the cw
rent I flowing; hence Eq. (3-32) may be written

P =Lk, watts (3-33)

Thus in any tube part of the power which the plate must be able to
dissipate can be calculated by Eq. (3-33). In addition the anode absorbs
some of the heat radiated from the filament. All this power must be
removed largely by radiation; hence the anode or plate material should
be a good radiator. In a receiving tube the plate is usually made of
nickel, and in order to improve the heat-radiating ability it is sometimes
coated with carbon black. This plate must be held to temperatures
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below the point where it shows any color, otherwise it may release some
occluded gas and thus spoil the vacuum. In low-power radiation-
cooled transmitting tubes the plates may be made of tantalum, molyb-
denum, or graphite. Tantalum has the distinct advantage of being able
to absorb gases when heated to a red heat; in other words, it acts as a
getter. Although it is a relatively poor radiator, it does have a very
high melting point and can be operated safely at a red heat; thus it acts
as a getter without evaporation of the plate material. Molybdenum
can be operated at a high temperature and is a better radiator than

F1a. 3-9. Large transmitting tubes. (Courtesy of RCA.)

tantalum, but it does not absorb gas. Graphite is the best radiator and
can likewise be operated at a high temperature, but it does have a
tendency to have considerable amounts of occluded gas, which must
be removed by high-temperature treatment while the tube is being
exhausted.

High-power transmitting tubes are cooled either by forced air or by
circulating water. The plate is made of copper, which also serves as part
of the envelope of the tube. These tubes have ratings of 5 to 1000 kw.
If air-cooled, the copper anode has cooling fins through which air is
blown. If water-cooled, the anode is immersed in a water jacket through
which the cooling water is circulated. Figure 3-9 shows a photograph
of an air-cooled tube and a water-cooled tube with the water jacket
removed.



THE HIGH-VACUUM DIODE 63

3-9. Diode Ratings. As just explained, a diode is limited in its plate-
current and voltage ratings by the ability of the plate to dissipate heat.
This energy radiated from the plate must pass through the glass bulb,
where a certain portion is absorbed, thus heating the glass. So our
envelope also limits the ratings and must have a large enough area to be
able to reradiate this heat without the temperature reaching the point
where gases are driven off. Because of this, tubes with ratings above
1 kw are never enclosed in glass envelopes but are made with either
forced-air or water cooling.

When used to rectify high voltages, the maximum plate voltage may be
limited by flashover across the surface of the glass. For this reason the
plate and filament leads are brought out at opposite ends of the envelope.
These tubes can be made to withstand thousands of volts, while a receiv-
ing type of rectifier with all leads brought out the same end will withstand
a maximum of only 500 to 1000 volts.

When used in rectifier circuits, the polarity of the plate voltage reverses
each cycle and the tube must be able to withstand an inverse peak volt-
age (a voltage which makes the plate negative with respect to the fila-
ment) of one to two times the crest value of the alternating voltage it is
rectifying. Therefore tubes are usually given a peak-inverse-voltage
rating.

To summarize, the current and voltage ratings of diodes are deter-
mined by the following:

1. The plate current, limited by the emission ability of the filament
with rated filament voltage applied.

2. The heat-dissipating ability of the plate.

3. The heat-dissipating properties of the envelope.

4. The peak inverse voltage the tube will withstand.

5. Flashover voltage between lead wires.

3-10. Characteristic Curves for a Diode. If the values of plate cur-
rent vs. plate voltage are plotted for a diode with rated filament voltage,
a curve similar to Fig. 3-10 is the result. This is known as a static plate
characteristic. The resistance of the diode for direct current varies from
point to point on the curve. It is the reciprocal of the slope of the
straight line drawn from the origin to the point and is given by

R, =+ (3-34)

The slope of the static characteristic itself is given by

_aly _ }
Slope = ’d—E—b = (Op (3 35)

which has the dimensions of a conductance and is known as the plate
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conductance. The reciprocal of g, s known as the dynamic plate
resistance and is denoted by the symbol ry.

dE,
= — 3-3
Tp dal, (3-36)
It should be noted that this factor also is different for different points
on the curve. The dynamic plate resistance is useful for expressing
approximate relationships between small voltage and current changes.
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F1c. 3-10. Plate characteristic of a type 6H6 diode.

If a diode is connected in the series circuit of Fig. 3-11 with a load
resistor K., and an alternating-voltage source, d-¢ power can be obtained
from the alternating source. The sinusoidal voltage v, does not appear
across the tube. Rather it is this voltage minus the I& drop in the
load which appears across the tube.

To study the action in this circuit, it is desirable to draw another curve
showing the relationship between the values of voltage applied to the
circuit and the current through the circuit. This curve is known as a
dynamic characteristic and is obtained by adding to the abscissa values
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Fic. 3-11. A diode with a resistance load in an a-c circuit.

//
w0 /A
Ny
s/
NV
g f
&/ /

330 é/’L
5 &
1 s
- ey
= QV\;/ \00
E ‘
< o/
N'on ,/ 9‘\«‘6
- 0
= / 0
< // / ,60 /
3 / $ l th
f_) ,f 0000
S0 / A R,\ l - w
* 7 /ooo o

4
A
0 10 20 30
Power supply voltage B,

Fic. 3-12. Dvnamic plate characteristics for a type 6H6 diode with various load
resistors,




66 ENGINEERING ELECTRONICS

of the static curve an amount that is equal to the IR drop in the load
at each value of I;. A family of dynamic characteristics is drawn in
Fig. 3-12 for various values of the load resistance K. The variable
supply voltage is E. Note that the slope of any dynamic curve is less
than that of the static one and this difference is more pronounced with
increasing load resistance. Likewise the curve becomes straighter with
increased load resistance. This is because we are adding a linear element

Tyoridy

2n 3n

Eyy or v, ond wi

1 ©
=
R

|
———— e

oA
VB

g
P

F1e. 3-13. Graphical method of determining the plate current in a diode when an
alternating voltage is applied.

to the circuit containing a nonlinear one, and the larger Ry is, the more
it influences the shape of the characteristic.

Assume that the dynamie characteristic of a tube connected as in
Fig. 3-11 is given by the curve in Fig. 3-13. If an alternating voltage v,
is applied, the resulting waveform of the current through the diode and
the load R. can be found graphically from the dynamiec characteristic.
The alternating-voltage wave is plotted on the curve by using the same
voltage scale but adding an axis for time, which is increasing in the
negative-y direction. A time scale is also added to the horizontal axis.
Thus the instantaneous values of plate current can be found for any
value of wf. Note that the plate current does not consist of exact half
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sinusoids since the dynamic characteristic is not a straight line. How-
ever, 1f it is almost straight, the plate current can then be assumed to
have the shape of a half sinusoid without appreciable error. Further
study of this rectifying operation will be made in later chapters.
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PROBLEMS AND QUESTIONS

1. The anode of a diode with parallel plane electrodes has a potential of E; volts
above that of the cathode. Sketch the potential distribution for each of the following
cases: (a) The plate current is zero. (b) There are few electrons in the interelectrode
space. (c¢) The plate current is space-charge-limited, and electrons are emitted from
the cathode with zero velocity. (d) The plate current is space-charge-limited, and
the electrons are emitted from the cathode with appreciable velocity. In each of the
foregoing cases does an electron just emitted from the cathode have a net force
exerted on it if the potential distribution is as deseribed?

2. Two charges @ and @ are enclosed by a glass sphere of 1 m diameter. @, is
43 X 10~% coulomb, and @, is —2 X 10723 coulomb. (a) Calculate the total flux
emanating from the sphere. (b) Calculate the average flux density at the surface of
the sphere.

3. One mathematical step in the derivation of the Child-Langmuir law is the solu-
tion of an equation of the form d?y/dz? = y=*. If both y and dy/dz are zero when z
is zero, find z as a function of y.

4. A diode is operated at such a cathode temperature that the plate currents for
the voltages considered in the problem are determined by the Child-Langmuir law.
At a plate voltage of 50 volts the current is 20 ma. Find the plate current if the plate
voltage is raised to 125 volts.

6. The plate current of a certain diode is known to obey the relation I, = KE
It is found that when E, = 100 volts, I, = 10 ma. Also when E; = 10 volts, I, = 0.3
ma. Find the coefficient K and the exponent n.

6. Suppose the space between the plates of Fig. 3-6 contains no charges of any
kind. If the voltage E» is 1000 volts and the separation is 0.1 m, find the following:
(a) the potential gradient, (b) the field strength, (¢) d2E/dz% Does the value in (c¢)
satisfy Poisson’s equation?

7. (a) Use Egs. (3-24) and (3-25) for the case of the parallel plane electrodes, and
determine the equation for the potential at any point in the interelectrode space. (b)
Ford = 1 cm and B, = 100 volts, plot the potential distribution curve, and compute
Ji. () Repeat (b) if B, is made 150 volts,

8. A free electron, just off the surface of the cathode in a thermionic diode, has
zero velocity. (a) Calculate the energy, in joules, of the electron when it strikes the
plate, which has a potential of +250 volts with respect to the cathode. (b) If the



68 ENGINEERING ELECTRONICS

plate current is 250 ma, calculate the number of electrons striking the plate each
second. (c) Caleulate the power supplied to the plate by the bombarding electrons.

9. State the merits and demerits of tantalum, of molybdenum, and of carbon as
anode materials.

10. Name five factors which determine the current and voltage ratings of a diode.

11. Use Fig. 3-10 to determine the value of R, for a 6H6 type tube when E, = 12
volts and [, = 15 ma.

12. Caleculate the dynamic plate resistance of a 6H6 tube at the operating point of
Prob. 11,

18. State the meanings of the terms “static characteristic’’ and “dynamic charac-~
teristic.”

14. A 200-ohm resistor is inserted in series with a plate lead of a 6H6 tube. If the
cathode is normally heated and Ey = 20 volts, determine I;.

16. Draw the dynamic characteristic for a 6H6 diode which has a 400-ohm resistor
in the plate lead.

16. A certain diode has a pure-tungsten filament in a straight piece 5 cm long and
0.0127 em in diameter. The operating temperature is 2500°K. The anode is a
cylinder 1 ¢m in diameter, 6 em long, and concentric with the filament. What plate
current flows if the anode is 100 volts positive relative to the filament?



CHAPTER 4

THE VACUUM TRIODE AND OTHER
MULTIELEMENT TUBES

4-1. De Forest’s Triode. The triode was first developed by Lee De
Forest in 1906. His first tube, which was quite different from present-
day tubes, consisted of two plane parallel plates between which was
located an incandescent filament. By making one of the plane electrodes
(which we shall call the plate, or anode) positive with respect to the
filament, he had what amounted to a space-charge-limited diode. How-
ever, when he made the other plane electrode (which we shall call a grid)
negative with respect to the filament, the emitted electrons were repelled
toward, as well as attracted to, the anode. By varying the magnitude
of the potential on the grid he could increase or decrease the amount of
repulsion and thus control the anode current. Since the grid had nega-
tive polarity, no current flowed in its circuit and control of anode current
was obtained with the expenditure of no power in the grid circuit. This
control, however, was very limited, and in order to improve it, he soon
tried the control electrode in the form of a ladderlike arrangement, or
grid, between the filament and the plate. By changing the negative
potential applied to this grid he found that he had much better control
over the plate current, with the expenditure of little or no power in the
grid circuit. This is the tube that has developed into our present-day
triode.

4-2. Triode Construction. Today’s triode usually consists of a fila-
mentary or an indirectly heated cathode surrounded by a helical grid
wound with fine nickel wire. This grid in turn is surrounded by a plate,
which may be cylindrical in shape. In some cases the plate, instead of
being circular in cross section, may be elliptical or rectangular.

Figure 4-1 shows photographs of the parts going into the construction
of two present-day triodes. Note that while both filamentary and
indirectly heated cathodes are shown, most tubes now are the indirectly
heated type. The envelope may be either glass or metal. Some types
of tubes are made in both the glass and metal versions, while others are
made only in glass or in metal. The electrical properties of a glass tube
are approximately the same as those for a metal tube of the same type.
There are some differences in the capacitances between electrodes and in
the shielding from external fields.

69
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Fi1g. 4-1. Photographs showing the construction of two types of triodes.

4-3. The Function of the Grid. In the preceding chapter it was shown
that the plate current in a diode is dependent on the potential distribu-
tion, which in turn is determined by the amount and distribution of the
space charge in the interelectrode space. If the initial velocity of the
emitted electrons is assumed to be zero, the spacing between parallel
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plane electrodes to be d, and the plate voltage to be Ej, the potential
distribution will be as shown by curve (1) in Fig. 4-2. The value of
cathode current (equal to the plate current in this case) may be called I;.
If the plate voltage is increased to E;, the potential distribution will be
as shown by curve (2) and the cathode current will increase to a new
value I7.

Now suppose it to be possible to insert a third parallel plane electrode
at a distance d' from the cathode. If its potential is made E., the poten-
tial distribution between it and the cathode is the same as in curve (1)
and Eq. (3-24) shows that the cath-
ode current will again be I;. In E,
ordertoincreasethe cathode current I
to I/, the third-electrode voltage AE, i
need be raised to only E. as shown. _L E, '
Note that less change is needed for
third-electrodevoltagethanfor plate (2)
voltage to obtain the same change
in cathode current.

|
|
|
|
|
|
|
]
|
and eventually arrive at the plate. | | x

Ifthe third electrode is perforated, EZ S 1
wecallitagrid. Now, manyofthe 4E |E. /)
electrons will pass through the holes l
This follows because the potential a’ d

gradient between the gl‘id and Fia. 4-2. Potential distribution in a
the plate is everywhere positive. diode for two values of plate voltage.
Although the potential distribu- Electrons have zero initial velocity.
tion now depends upon both grid and plate potentials, a change in value
of cathode current is still more dependent upon changes in grid potential
than upon changes in plate potential.

To avoid grid current, it is usually advisable to operate the grid at a
negative potential, in which case the plate current is the same as the
cathode current. The potential distribution in a triode is shown in
Fig. 4-3. Because of the distortion of the field caused by the irregular
geometry of the grid, it is impossible to show the potential distribution
by means of a single curve. Let us assume the grid structure to consist
of parallel bars. Then the upper curve represents the distribution along
a line midway between two grid wires, while the lower curve represents
the distribution aleng a line through the center of a grid wire. These
are the two extremes of potential distribution, and all others must lie
between them. Note that the field close to the cathode is quite similar
to the field close to the cathode in a diode. If the plate voltage of the
triode is decreased, the potential-distribution curve will be lowered and
the plate current will decrease. The dotted curves in Fig. 4-3a show this
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condition. The solid curves of Fig. 4-3b are for the same conditions as
are the solid curves of Fig. 4-3a. The dotted curves of Fig. 4-3b show
the effect of a more negative grid on the potential distribution. The grid
potential has been so adjusted that the potential distribution in the
vicinity of the cathode is the same as for the dotted curves of Fig. 4-3a.
Hence approximately the same plate current will flow. Note that in
Tig. 4-3a a change of AE, volts was necessary to cause a given plate-
current change. In Fig. 4-30 a change of only AE, volts was needed to
cause the same change in plate current. Hence the grid is more effective
in controlling plate current, and at the same time, since it is negative
with respect to all other electrodes, it draws no current.

Path for curve (2)
Path for curve (1),
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Fi1c. 4-3. Potential distributions in a triode with a negative grid.

In an actual tube the electrons are not emitted with zero velocity, and
hence a potential minimum is established as it is in the diode. The
potential distribution will then be more as shown in Fig. 4-3¢c. Only
those electrons with sufficient energy to carry them out past the point of
minimum potential will make up the plate current. Hence our theory
would have to be slightly modified to account for this effect.

Let us call the relative effectiveness of changes in the grid and plate
potentials on the plate current the amplification factor and designate it
by the symbol g. If a change of AE, volts on the grid causes a certain
change in the plate current, then a change AE, = u AE, volts on the
plate would be necessary to cause the same change in current. The
plate current depends on both voltages and may be expressed by the
functional relation

I = f(&,E) 1)
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Since for the purposes of this discussion the grid is assumed to be nega-
tive, one might expect to find no current flowing in the grid circuit.
However, the grid does have an appreciable physical size, and some
electrons will have high enough velocities so that they will penetrate the
negative field of the grid and cause a small current to flow. For most
applications this current is so small that it can be neglected. There may
be positive ions present in the actual tube, which will also cause grid-
current flow. Some tubes are so designed that they operate with positive
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Fic. 4-4. Plate characteristics of a 6J5 triode.

grids and hence draw considerable grid current. However, at the
present time our interests lie with the tubes with negative grids and
having no appreciable grid current.

4-4. Triode Characteristics. Since in general a vacuum tube is a non-
linear device, the most convenient method of expressing its operating
characteristics is by means of a number of graphs. The plate current I,
for a vacuum triode is a function of two independent variables, the plate
voltage E, and the grid voltage E.. Therefore the function cannot be
plotted as a single curve but must be represented either by a space model
or by families of curves called static characteristics.

One of these families is shown in Fig. 4-4 and is known as the plate-
current plate-voltage characteristics, or simply the plate characteristics.
Here the grid voltage is a parameter. Note that the curve shapes are
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all similar, but each curve is spaced from its neighbor by approximately
equal horizontal distances. This is the family which is usually drawn
in the tube manuals, and from it the plate current can be determined for
any combination of electrode voltages.

A second family of curves is known as the transfer, or mutual, charac-
teristics, and a typical set is shown in Fig. 4-5. It is named transfer, or
mutual, characteristics because it gives the relationship between plate
current and grid voltage for constant plate voltage. This family may
appear at first glance to be more useful than the plate family in predicting

the operation of a particular tube.

This is not necessarily the case since

/ —[ it does not lend itself so readily to

the study of the tube in an actual

J circuit. Again all the curves are of

about the same shape but spaced

from their neighbors by an approxi-

mately constant horizontal distance.

They are not straight lines over

their entire length but are nearly

so over a limited region. If, in the

use of this tube, we so adjust our

voltages that we never go beyond

/ / this straight portion, we can treat

/ / 2 the tube as alinear device and make

/ / / a simple analytical analysis of the

A NS/ operation of the circuit. For this

-2 =20 45 -0 -5 Y type of analysis we need to know

Gridvolts B, the tube coefficients, which will be

Fia. 4.1—5. Transfer characteristics of a discussed later. If in our o t

6J5 triode. : peration

of the tube we do go beyond the

linear region, the plate current is no longer related to the grid voltage by

a constant of proportionality and the device usually is no longer treated
analytically but is analyzed graphically.

The third family of curves may be obtained if the plate current is held
constant by the simultaneous variations of the grid and plate voltages.
Such a family is plotted in Fig. 4-6 and is known as the constant-current
characteristics. This family does not give us any additional information
over that shown by the other two families. It may, however, occa-
sionally be used for the analysis of transmitting-tube operation.

4-6. Triode Coefficients. In order thoroughly to understand the
actions of thermionic triodes, we must consider two conditions of opera-
tion. The first is the static condition and involves only constant voltages
and currents. The second, and probably the more important, is the
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dynamic condition. Here the currents and voltages are varying about a
certain reference point which we shall call the operating point. The
chief use of the static condition is to locate this operating point and thus
allow calculations for the dynamic condition.

Up to this point the properties of vacuum tubes have been considered
under conditions of constant applied voltages and currents, i.e., the first
condition named above. Following customary procedure, upper-case
letters have been employed as symbols for these quantities, both in
graphs and in equations. Now it is time to begin the study of tube
action under the second-named condition, which allows some of these
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F16. 4-6. Constant-current curves for a 6J5 triode.

quantities to be variable with time. Following the same standards of
practice, lower-case letters should be used. However, the graphs and
equations obtained under the former condition are useful in this new
study and hence some confusion in usage of symbols is likely to prevail.

Equation (4-1) stated a relationship between plate current, plate
voltage, and grid voltage. Since it is not essential that the quantities
involved be constants, we may rewrite the relation in the form

& = f(e,ec) (4-2)

This equation has a very limited usefulness, when in this form, and hence
it would be desirable to find some expression which would give the actual
relationship among these three variables. This can be done by means
of a rather difficult mathematical derivation, which is beyond the scope
of this book, the result being

% = k(ey + pe)” (4-3)
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where k is a constant determined by the geometry of the tube, u is the
amplification factor, and n has a value of approximately 1.5. Note the
similarity between this and the statement of the Child-Langmuir law
for a diode [Eq. (3-27)].

Figure 4-4 is the plate family of characteristics for a 6J5 tube. Since
the data for each of these curves were taken for a constant value of e, and
since u remains approximately constant for all curves (see Fig. 4-8), the
shape of each curve is determined only by ¥ and n. An examination of
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Fic. 4-7. Determination of the constants in the Child-Langmuir equation, which has
been modified for the triode.

the family shows that all have almost identical shapes, which indicates
that k& and n must be constant for that particular tube.

Experimental evidence to prove that Eq. (4-3) gives the relationship
between the three variables is not difficult to obtain. If we first write
Eq. (4-3) in logarithmie form, we have

log 7 = log k + n log (es + pe.) (4-4)

which is a straight-line graph when plotted with log ¢, as the ordinate and
log (es + ne.) as the abscissa. If we now take values of e, ., and 4, from
the curves of Fig. 4-4 and plot log % vs. log (e, + ue.), a single straight
line is obtained as shown in Fig, 4-7. In order to do this, it was necessary
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to know the value of g, which for this particular tube is approximately 20.
The calculation of this amplification factor u will be taken up in a later
section. We can now determine the values of »n and k for the triode, just
as we did in the case of the diode. For this particular tube they are
found to be n = 1.44 and &k = 0.015. Having evaluated these two
factors, we may write

%5 = 0.015(e; + 20e,)!-44 (4-5)

which is the formula that gives the approximate relationship between
the three variables in a 6J5 triode. Of course this relation also applies
for the case of constant voltages and current.

Equation (4-3) gives us the general expression for the plate current in
any triode. But even this rather simple mathematical expression
becomes too complicated to use in predicting the operation of a particular
tube under a given set of operating conditions. It is therefore desirable
to express the properties of triodes in the form of three coefficients which
give the rate of change of one variable with respect to a second variable
while the third is held constant. These are known as the tube coefficients
and are closely related to the slopes of the three families of characteristics.

The amplification factor has already been mentioned and may be
defined mathematically as

_ dep _ d@b

a@,_- dec 15 constant

p = (4-6)

the partial derivative being used to imply that the plate current 4 is held
constant. In this definition it would also be proper to use upper-case
symbols. The coefficient may be interpreted as being the negative of
the slope of the constant-current characteristics (Fig. 4-6). Since the
slope of any of these curves is negative, a negative sign is used before the
derivative to give a more desirable positive value to the coefficient.

The dynamic plate resistance r,(= 1/g,) has already been discussed
for the diode, and everything said about it in that discussion holds for the
triode. It is the reciprocal of the slope of the plate characteristic at a
given operating point and can be expressed mathematically as

_ dep _ des
az}, dlb ec constant

Tp (4-7)
From an examination of the plate-family characteristics shown in Fig.
4-4 it can be seen that the slope, and hence the plate resistance, will vary
over a considerable range of values depending on where the operating
point is chosen.

The third tube coefficient is the mutual conductance, or the transcon-
ductance, either name being acceptable. As the name implies, it is a
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coefficient which is mutual to, or determined by, two electrodes in the
tube. There are other mutual conductances which could be defined, but
to us, unless other electrodes are specified, the term will always mean the
plate-current grid-voltage mutual conductance. Its symbol is g, and it
is defined by

9% _ di

gm = 27> =27
de, de. |e, constant

(4-8)

It is equal to the slope of the transfer characteristic at the operating point,
and its value is usually given in micromhos.
The relationship between these three coefficients can be shown by
taking the total differential of 7, [Eq. (4-2)]; thus
9y %

dlb = 'a—eb deb + a—ec de,; (4-9)

An examination of this equation shows that Eqs. (4-7) and (4-8) furnish
substitutions for the partial derivatives; thus

dis = L dey + g de. (4-10)
Tp

Now if we take the special case where the plate current is held constant,
diy becomes equal to zero and Eq. (4-10) yields

. deb

de. |i constant

= Gulp (4-11)

Here the left term is, from Eq. (4-6), the amplification factor u. Hence
Eq. (4-11) becomes
M= ngp (4—12)

The three tube coefficients, amplification factor u, dynamic plate resist-
ance 7,, and mutual conductance g, determine the tube’s operation at a
given operating point. Since the slopes of the plate characteristics and
of the transfer characteristics vary considerably, the coefficients r, and
g~ likewise vary over quite a range of values. On the other hand the
slope of the constant-current curves is almost the same for the whole
family, and therefore u is practically constant for all operating points.
Figure 4-8 shows the variations in the three tube coefficients for various
operating points for a 6J5 triode.

4-6. Calculation of Tube Coefficients. The three tube coeflicients
may be easily calculated from any one of the three families of character-
istics. The results will be only approximate, but accurate enough for
most calculations in which we wish to use them. Since the plate family
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is the one most commonly available, we 'shall use this in our discussion,
Figure 4-9 gives the plate family for a type 6J5 medium-u triode.
Amplification Factor. If we were using the constant-current char-
acteristics, the definition of u could be used directly to determine its value.
However, in this case it is not possible to apply the definition exactly.
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F1a. 4-8. Curves showing the dependence of g, gn, and r, on the operating point of a
6J5 triode.

An approximate determination can be made by using the relation

_ Aeb
Ae,

~ (4-13)
% constant
Aeb, Aec small

% constant

Let us now choose an operating point. If the values of any two of the
three variables are specified, then the value of the third can be obtained
from the plate family. For instance, if we choose the point Ky, = 250
volts and E,, = —8 volts, then from the curves we find that [y, = 9 ma.
The additional subscript o has been appended to indicate an operating-
point value (also called a bias value). Now if the plate voltage is kept
constant and the grid voltage changed to —10 volts, the plate current
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will drop t0 4.2 ma. In order to bring the plate current back to 9 ma, the
plate voltage must be increased to 290 volts. Likewise, if the grid volt-
age is reduced to —6 volts, the plate voltage must be decreased to 210
volts to maintain the plate current constant. Thus when the grid voltage
is changed from —6 volts to —10 volts, or Ae, = —4 volts, the plate
voltage must change from 210 volts to 290 volts, or Ae, = 80 volts, if no
change in plate current is allowed. From Eq. (4-13) we may write p =
—(290 — 210)/(—~4) = 20. The advantage of straddling the operating
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Fia. 4-9. Curves showing the graphical determination of the tube coefficients at a
given operating point for a 6J5 tube.

point in this determination is that a better average value is obtained.
The value obtained by this method may be checked by referring to that
tabulated in a tube manual for the same operating point.

Dynamic Plate Resisiance. The dynamic plate resistance can be deter-
mined directly from the definition as the reciprocal of the slope of the
plate characteristic at the operating point. Drawing a tangent line in
Fig. 4-9, we obtain data which yield

TP - alb B A_Zb tangent-line values B m = 7750 ohms

The tube-manual value for this coefficient is 7700 ohms, which is a satis-

factory check,
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The Mutual Conductance. Here again we may refer back to the
definition in order to write an approximate expression for the mutual
conductance.

07 R Aty ATy
Gm = 5= = lim ~ (4-14)
€c A ( A€ Aeé. | constant
Aec— 0 eb constant A, Aec small

From the plate family we see that, with the plate voltage held constant
at 250 volts, a change in the grid voltage from —10 volts to —6 volts
results in a plate-current increase from 4.2 ma to 14.5 ma. Hence
gn = (0.0145 — 0.0042)/4 = 2575 micromhos. This is an average value
obtained in the region of the operating point. In order to check the
values of the coefficients, let us use the relation u = g.r,; 2575 X 106 X
7750 = 20, which checks the value of u which was obtained before.

4-7. Dynamic Transfer Charac-
teristics. Up to now we have dis-
cussed transfer characteristics from
the viewpoint of variable grid volt-
age and constant plate voltage.
This means that, unless Ey is
varied, there cannot be a load
impedance in the plate circuit of
the tube. In order to use a tube
as an amplifier, it is necessary to
have a voltage output, which can be
obtained by placing a load resistor
in the plate circuit. The voltage
drop across this resistor is the volt-
age output. As a result the plate voltage will not be constant, since it is
equal to the battery voltage Ey minus the drop across the load resistor.
It is then seen that 1t might be desirable to have a transfer characteristic
for the tube with a load R, in the plate circuit and with a fixed value of Fy.

If a load resistor is put in the plate circuit of the tube as shown in Fig.
4-10 and data are taken to plot a transfer characteristic with Ej held
constant, the resulting curve differs considerably from the static curve.
The new curve is known as the dynamic transfer characteristic. It
actually is the characteristic of the tube and its load resistor together,
while the static curve is the characteristic of the tube alone.

Figure 4-11 shows a static transfer characteristic (B; = 0) for a 6J5
tube. It also shows dynamic characteristics for E equal to 250 volts
and load resistors of 10,000, 50,000, and 100,000 ohms. Note that as
the magnitude of the load resistor increases the characteristic tends to
become more linear. This seems reasonable because we have effectively
a linear and a nonlinear element in the same series circuit, and the larger

Ry

H H Ey
=i

Fic. 4-10. Circuit used to determine the
dynamic transfer characteristics of a
triode.
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the linear element becomes, the more the circuit should have over-all
linearity.

Use of the dynamic transfer characteristic allows one to make a graph-
ical determination of the waveform of the plate current in a triode for a
given waveform of the grid-signal voltage v,. From the circuit diagram
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F1a. 4-11. Dynamic transfer characteristics for a 6J5 tube.

of Fig. 4-12a we can write
€ = Ecc + Uy (4_15)

If v, is sinusoidal and V.. is used to designate the maximum value of the
signal voltage, we can also write

vy = Vym sin wl (4-16)
and
e. = E.. + Vi sin wt (4-17)

Referring to Fig. 4-12b, we see that v, can be plotted on the e, axis with
the time axis running vertically at e, = E... By projection on a dynamic
characteristic drawn for particular Ey and R, values, the waveform of the
plate current can be plotted along a time axis running horizontally at
% = Iy (The dynamic curve in the figure is for a 6J5 tube with Ey, 250
volts and Ky, 50,000 ohms.) This waveform may or may not be similar
40 the waveform of the signal voltage vy, depending on whether the operat-
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ing portion of the dynamic curve is linear or not. If E, in the example
had been chosen more negative, it is possible that the lower portion of the
current waveform would have been a poor reproduction of the signal-
voltage waveform.

The dynamic curve predicts the performance of a tube for particular
values of By and R;. If either of the latter is changed, a new dynamic
characteristic must be plotted.
This is a rather laborious process if
many such curves have to be
drawn. As a result, although the
dynamie characteristic can be used
o S in iif: ie;icplanaticin or :;s a starting

o &, , i)ob an analysis of a vacuum-

(a) ube problem, it is seldom used for

the design and calculation of practi-
cal amplifier circuits.
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F1a. 4-12, F1G. 4-13. Interelectrode capacitances
in a triode.

4-8. Shortcomings of the Triode. In the evolution of the triode from
its first crude beginning to its present-day form, it soon became apparent
that this type of tube was handicapped by its relatively low amplification
factor. Triodes are commonly used in voltage amplifiers, and, as will be
shown later, the maximum theoretical gain of an amplifier is given by the
amplification factor of the tube. Thus it can be readily understood why
tubes with high value of u might be desirable. It has usually been found
impractical to use triodes with u greater than 100. They can be built,
but their operation in the usual amplifier circuits is far from satisfactory.

If we examine the schematic diagram of a triode as pictured in Fig. 4-13,
we see that three interelectrode capacitances are shown. These capac-
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itances are actually within the tube itself and are determined by the
physical sizes and spacings of the electrodes, lead wires, and base pins.
While they may all be important at times, the only one of interest to us at
present is the grid-to-plate capacitance C,,, which acts as a link or cou-
pling between the grid and the plate circuits. If the tube is used as an
alternating-voltage amplifier, the varying voltages in the grid and plate
eircuits cause an alternating current to flow through C,, into the grid cir-
cuit. The magnitude of this current is proportional to the size of C,,.
This feeding of energy from the plate circuit of the tube to the grid circuit
is called feedback. TUnder some circumstances it can cause the circuit to
oscillate. The frequency of the oscillations is largely determined by the
inductance and capacitance of the circuit. Obviously we should not
allow a circuit to act as a generator of an alternating voltage while trying
to use it as an amplifier.

Triodes with a high value of y show much more tendency to oscillate
than do those with low values of x. This can be readily understood. If

an amplifier has a high gain, a

small alternating voltage in the

grid circuit causes a large alternat-
Ji ing voltage in the plate circuit.
This in turn causes arelatively large
current to be fed back to the grid.
On the other hand an amplifier with
low gain has a smaller alternating
voltage in the plate circuit, and hence a smaller current flows back to the
grid.

Thus we see that in order to prevent oscillations in amplifiers, we have
our choice of several alternatives. We can use tubes with low values of g,
or we can find some means of reducing the interelectrode capacitance C,,.
A third method would be purposely to feed current back to the grid circuit
in such a manner as to be 180° out of phase with that fed back through C,,
and sufficient to cancel its effect. This is known as neutralization, and it
is often resorted to when triodes are used at radio frequencies.

4-9. The Tetrode. About twenty years after De Forest invented the
triode, Dr. A, W. Hull decided to try to reduce the undesirable interelec-
trode capacitance Cy, by introducing a fourth element, which he called a
screen grid, between the control grid and the plate. He found that, if this
grid was held at a positive fixed potential with respect to the cathode but
at cathode potential for alternating voltages, the effective capacitance
between the control grid and plate was greatly reduced and the tube char-
acteristics changed. In order to have the screen grid with the correct
potentials, this electrode can be connected as shown in Fig. 4-14, where

C 1s a large bypass eapacitor connecting the screen grid to the cathode.

Ecc? i

Fia. 4-14.
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This capacitor is large enough so that it has negligible reactance at the
frequency of any voltage that is to be applied to the control grid of the
tube. Since the screen grid is at zero alternating potential with respect

to the cathode, it acts somewhat as a
grounded plane between the plate and
the control grid, thus reducing their mu-
tual capacitance. If the screen grid had
been a solid sheet of metal completely
surrounding the plate, the capacitance
between the control grid and plate would
have been zero. Obviously this could
not be used since it would stop the flow
of electrons to the plate. Actually the
screen grid is in the form of a helix
surrounding the control grid, and it
reduces Cj1, to a very small value,
Figure 4-15 shows some of the inter-

Coip

(:qlk

Fig. 4-15. Interelectrode capaci-
tances in a tetrode.

electrode capacitances in a tetrode, and while the screen grid causes more
interelectrode capacitances to exist, it has reduced the value of Cq,.

TFig. 4-16. Photograph showing the construction of a type 32 tetrode.

In addition to a second grid some tetrodes have a shield which sur-
rounds the plate and is connected to the sereen grid. The purpose of this
shield is to reduce the capacitance between the anode and other parts of
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the circuit external to the tube. Figure 4-16 shows the elements of a
type 32 tube. Note that the control-grid lead is brought out the top of
the envelope. This is done to reduce the capacitance between the grid
lead and the other leads and elements in the tube. Receiving-type

6SJ7 .0 Volf
Tetrode connection Ea°’

E.o= 100 volts

L L i i {
0 100 200 300 400 500 Ey (volts)
Fic. 4-17. Plate characteristics of a type 68J7, tetrode connected.

tetrodes are seldom used in present-day circuits, and hence the 32 is a dis-
continued type.

4-10. Tetrode Characteristics. Since the plate current in a tetrode is
dependent on three electrode voltages E.1, E.,, and &, a four-dimensional
model would be necessary com-
pletely to represent its characteris-
tics. Or, as an alternative, several
two-dimensional families of curves
Ey=E2  may be plotted, each family having

one of the variables held constant

E,<E., and another used as a parameter.
The most common diagram of this

typeis the plate family with £, held

‘ £s=0  constant and E, the parameter.
v _ Distancez—~  Quch a family is shown in Fig. 4-17.

B Tl dsbon 2 ¢ T onde t el the shapes o
) these curves, let us first examine the

potential distribution in a tetrode as pictured in Fig. 4-18. Here it is seen
that, in the region between the cathode and the screen grid, the potential
distribution is almost identical to that in a triode and that the magnitude
of the plate voltage has practically no effect on the shape of the electric

P
Eb >Ec‘2

k

Potentiagl—
—— —— o — i o s . G e -(s
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field in this region. This is a logical conclusion since, in shielding the
control grid from the plate by means of the sereen grid, the cathode region
is also shielded from the action of the plate. If the screen grid is main-
tained at a constant positive potential, the relationship between E,, and
the cathode current (I, = I.s + I;) will be similar to that for a triode.
This can be shown by plotting a transfer characteristic of cathode current
vs. control-grid voltage for a tetrode. This has been done in Fig. 4-19
for various values of E,.. When the electrons making up the cathode or
total space current arrive at the

plane of the screen grid, a portion (njw—ka)
of them strike this grid, resulting T TYPE 6507 120
A etrode connection
in I.;. However, the structure of s connected tog, 8
the screen grid is such that the E,= 100 voits ]
wires are of small diameter and 16
the spacing between them rather
large, which results in most of the 4
electrons passing through into the 2
space between the screen grid and A
the plate. What happens to them 0
there is determined by the rela- 8
tive potentials of the plate and the
screen. 6
Once more referring to Fig. 4-17, 4
thefamily of plate characteristicsfor
a tetrode, we shall now discuss the 2
shapes of the various portions of the - T—

I I
Ey 6 5 -4 -3 -2 -1 Q0
{volts)
Fig. 4-19. Transfer characteristics for a
tetrode—cathode current vs. grid voltage.

curves. Taking any one of the fam-
ily of curves shown, say for K., =0,
we note that when E; = 0 the plate
current is very small. Any current
which flows under these conditions is caused by initial velocity of the elec-
trons and by confact potential difference. If the electrons had started
out with zero velocity at the cathode, they would have been accelerated
by the positive potential on gs. When they arrived at the plane of go,
they would have reached a maximum velocity depending on the mag-
nitude of E... If they missed the grid wires and passed into the space
between g; and p, they would have been decelerated by the field, which
has a negative-potential gradient, represented by curve 1 in Fig. 4-18.
These electrons would arrive at the surface of the plate with zero velocity
and would then reverse direction and be accelerated back toward the
screen grid. They might once more miss the wires of the screen grid, pass
through, come to a stop, and then again reverse direction of motion. In
fact, they might oscillate about this grid a few times before striking it and
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causing screen-grid current. Electrons, however, do not all leave the
cathode with zero initial velocity. Therefore some of them will arrive at
the plate with enough energy so that they will penetrate the surface,
causing plate current to flow. As the plate voltage is increased, the
deceleration of the electrons in the region between the second grid and the
plate becomes less. Hence more of them will strike the plate, causing an
increased plate current. A value of plate voltage finally will be reached -
where electrons arrive at the plate with sufficient energy to cause second-
ary emission.

According to convention, the plate current due to the secondary elec-
trons is a negative current. The net plate current is the algebraic sum
of the primary and secondary currents. As the potential of the plate
is increased, the primary electrons bombard the plate with higher veloc-
ities and hence cause more secondary current, while the primary current
remains approximately constant. As a result the plate current decreases
with increasing plate voltage as shown in the region ab of Fig. 4-17. The
slope of this portion of the curve is negative, which means that the
dynamic plate resistance is likewise negative. Tetrodes usually are not
operated on this part of the curve, which is known as the dynatron region.
There are, however, a few special circuits where this negative-resistance
characteristic is desirable. One such circuit is the dynatron oscillator.

As the plate voltage is further increased, until it approaches E.,., fewer
electrons are attracted to the screen grid. This results in an increased
plate current (see region be of Fig. 4-17). When the plate voltage
becomes greater than that of the screen grid, as shown by curve 4 of Fig.
4-18, all the secondary electrons return to the plate. Since, as explained
earlier, the plate voltage has very little control over the plate current and
since, at these higher plate voltages, the secondary current neither adds
to nor subtracts from the plate current, the plate characteristic should be
flat or slowly rising with increasing E,. This proves to be the case, as is
shown by the portion of the curve to the right of ¢ in Fig. 4-17.

When examining the plate characteristic of a tetrode, the student
often comes to the conclusion that the flat portion of the characteristic is
due to the limitation of emission current from the cathode. This is not
the case. The cathode in a tetrode is capable of emitting much more cur-
rent than the plate and screen grid are able to take care of without over-
heating. This can be proved by increasing the screen-grid voltage, which
will result in an increased space current. The emission current is inde-
pendent of the electrode voltages and is determined only by the tempera-
ture of the cathode [Richardson’s equation (2-6)]. In this discussion the
temperature of the cathode is held constant; yet the space current
increases with screen-grid voltage. This is shown by the transfer char-
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acteristics in Fig. 4-19. Therefore, we cannot have reached saturation
current for the emitter, and the flat part of the plate characteristic must
represent the effect of control of plate current by the plate voltage. This
is the usual useful operating region for the tube.

4-11. Tube Coefficients for the Tetrode. From an examination of the
plate family we can reach the conclusion that, since the slope of the char-
acteristics is very small in the operating region, the dynamic plate resist-
ance 1s very high. Measurements of this parameter for small tetrodes
show that it has values of a few hundred thousand ohms to more than a
megohm. This is much higher than values of r, for a triode, which in
most cases is less than 100,000 ohms. Likewise, we can conclude that,
since the control-grid voltage has considerable effect on the plate current
while the plate voltage has very little effect, the u of the tube is quite high.
Measurements show that it may be as high as 1000. Since the action of
the control grid is similar to the action of the control grid of a triode, the
mutual conductances of both types should be of the same order of magni-
tude. Measurements on tetrodes yield a value on the order of 2000
micromhos.

4-12. Shortcomings of the Tetrode. The tetrode has one distinct
shortcoming, and that is that the operating region is limited at the low-
plate-voltage end by secondary-emission effect. The first attempt to
eliminate this difficulty was to use carbonized plates (a graphite coating
on nickel). Carbon, having a higher work function than nickel, had the
effect of reducing the secondary emission. Although some improvement
resulted from this treatment, other methods gave better results. The
most successful of these involved the addition of a third grid, called a
suppressor grid. This development was made about 1930.

4-13. The Pentode. Because of their more desirable characteristics,
pentodes and beam power tubes have almost completely superseded
tetrodes in present-day low-power circuits. This is because of the elim-
ination of the secondary-emission effects which occur when the plate volt-
age is less than the screen-grid voltage.

The pentode has three grids. The first, or control, grid, which is
closest to the cathode, serves the same purpose as the control grid in a
triode or tetrode. The second, or screen, grid is the same as the screen
grid in a tetrode. The third, or suppressor, grid is usually connected to
the cathode and thus sets up a field between itself and the plate such that
secondary electrons return to the plate. This action can probably best
be seen by referring to Fig. 4-20, which shows the potential distributions
in a pentode when the three grid voltages are held constant and the plate
voltage is varied. The suppressor grid is connected to the cathode and is
therefore at zero potential. Note that, in the region between the sup-
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pressor grid and the plate, the potential gradient is always positive, even
for small values of E;. This means that all electrons in this region will
be acted upon by forces which move them toward the plate.

A question which is often raised is how and why do the electrons get
into the space between the plate and suppressor grid if the latter is a cath-
ode potential. This is easily ansered by assuming that electrons are
emitted from the cathode with zero or a small initial velocity and then
examining the effects of the various parts of the field between the cathode
and the plate.

The portion of the field between the cathode and the screen grid is
almost the same as the field between the cathode and the plate in a triode.

k 4 % 9 ?
| ] = =&y > Eca
; i [
_ ! | |
2 n I - By =By
] t I
S I |
a | |
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|
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+ I
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| ] Distance z —>

Fi1a. 4-20. Potential distribution in a pentode.

Therefore the control-grid voltage is able to influence the space current
just as it does in a triode. On arrival at the plane of g, most of the elee-
trons pass between the grid wires and enter the field between g, and g;.
The potential gradient of this field is negative, which means that the
electrons are slowed down. They arrive at the point of zero-potential
gradient with a velocity at least as great as the velocity with which they
left the cathode. This velocity carries them into the space between the
suppressor grid and the plate. They are then accelerated toward the
plate if E, has a value greater than zero. If the plate voltage is high
enough, secondary electrons will be emitted from the plate but the poten-
tial gradient of the field is such as to force them back from whence they
came. Thus the secondary-emission effect is eliminated.

Figure 4-21 shows the plate characteristic of a 6SJ7 tube (normally a
pentode) operated as a tetrode by connecting the screen grid and the sup-
pressor grid together. Note that this results in a typical tetrode char-
acteristic. When the tube is connected normally (as a pentode), the dip

is eliminated and the flat portion extends down to lower values of .
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4-14. The Static Characteristics of a Pentode. A family of static
plate characteristics can be plotted for a pentode by using a procedure
somewhat similar to that used for a triode. The only difference is that
the screen grid and the suppressor grid must be maintained at constant
potentials with respect to the cathode. Such a family for a 68J7 tube is

Iy r TYPE 6S47
{ma) E., = 100 volts
8 .

(8) Ep =—3 volts

r /7) E. =3 volts

4 -
(a)- connected as a pentode
> (8) = connected as a tetrode
0 100 200 300 400 Eb (volts)

Fra. 4-21. Plate characteristics of a 63J7, connected (a) as a pentode, (b) as a tetrode.
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<4 ,/
2 ~3
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: /// 1}
T
=5
[ I
[o] 100 200 300 400 500

Plate voltage
Fr1a. 4-22. Family of plate characteristics for a 68J7 pentode.

shown in Fig. 4-22. The screen voltage in this instance was held con-
stant at a value of 100 volts, and the suppressor grid was connected to the
cathode. Note that, as in the tetrode, the plate voltage has very little
effect on the plate current in the operating region of the tube. In fact,
the plate voltage has even less effect than in a tetrode. This is because
of the additional shielding by the suppressor grid. If we plot a family of
static transfer characteristics for a pentode, using values of E; in the
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operating range as a parameter and with E,; held constant, it will be seen
that the family consists practically of a single curve. Such a family is
shown in Fig. 4-23.

4-15. Dynamic Transfer Characteristics for a Pentode. If a given
load is inserted in the plate circuit of a pentode, as shown in Fig. 4-24, an
infinite number of transfer characteristics can be plotted. This is
because of the two parameters, screen-grid voltage and suppressor-grid
voltage. However, since the suppressor grid is usually connected to the
cathode in most circuits, we shall not
consider it as a parameter during the
remainder of this discussion. .
9 Let us first examine the effects of
varying the load resistor Ry, while
holding E., and Ejy, constant. Such
a family is pictured in Fig. 4-25.

TYPE 6547 110
E =100 v

Ey =300 v
200 v
100 v

[02]
Plate current (milliamperes)

19
14
13
q12
4 I A ¢
. . s . = l +
-6 -5 -4 -3 -2 - 0 il
Grid volits £,
F1a. 4-23. Transfer characteristics for  Fra. 4-24. Circuit for obtaining dynamic
a 68J7 pentode. transfer characteristics,

Note how the straight portion of the curves decreases in length with
increasing values of R;. This seems to indicate that as the load resist-
ance in a pentode amplifier is increased, the magnitude of the grid swing
(peak-to-peak value of grid signal) must be decreased if we wish to keep
the distortion of the plate-current waveshape down to a reasonable value.
For example, the swing for the b curve might be from —2.5 to —4.5 volts,
while for the ¢ curve the limits might be from —3.5 to —4.5 volts.

A second set of dynamic transfer characteristics for the 6SJ7 pentode
appears in Fig. 4-26. In this instance the load resistance is held constant,
and the screen-grid voltage is the parameter. Two load-resistance values
are used. For the lower resistance value (R. = 25,000 ohms) the curves
are somewhat similar to the static characteristics in general appearance.
Note that in the negative control-grid region a much higher range of plate-



THE VACUUM TRIODE 93

current values can be obtained if the screen voltage is made high. This
shows the importance of high screen voltage for power-amplifier opera-
tion. For the higher load-resistance value (R, = 100,000 ohms) the
character of the curves is quite different. The curves all have similar
shapes, and they flatten out at the same value of plate current. These
latter curves are useful for voltage-amplifier operation. Curves for lower
screen voltages have somewhat longer straight portions, but the mag-
nitude of sereen voltage used is not

very critical. %
4-16. Tube Coefficients for a 6SJ7 -(]rgo)

Pentode. Referring to the family of By = 300 votts

plate characteristics for a 6SJ7 tube, ffo (I)OO volts °

shown in Fig. 4-22, we see that the - RL\LOS 1s

slope of the curves in the operating (b) = Ry=50 K (@)

region is very small. Therefore the fc) = K= 100K 17

. . (d) - R, = 200K
dynamic plate resistance must be very )~ #y= 200

high. It is even higher than for a
tetrode. For most pentodes it is of
the order of 1 to 2 megohms.

Since the control grid in a pentode
has about the same effect on space
current that it has in a triode, we
would expect the mutual conductances
to be of about the same order of
magnitude. By referring to a tube
manual we can easily check that this s (volts)
is true. The value of g, is usually Fra. 4-25. Dynamic transfer charac-
found to be in the range of 1500 to teristics for a 68J7 pentode.

3000 micromhos.

The amplification factor for a pentode is not given in a tube manual.
However, by means of a vacuum-tube bridge this tube coefficient can be
measured and may be found to be as high as 2000 or more. One should
not be misled by this large value of u. It was previously stated that the
gain of an amplifier could approach the value of g as a limit. Theoret-
ically this is true, but practically it is impossible to attain gains much
greater than 250, even though the tube may have a p of 2000. One
reason for this is that as soon as we use larger load impedances in order to
increase the gain, the power-supply voltage becomes so large as to be
impractical. We must therefore be satisfied with less gain than the tube
is capable of giving.

It might be well to mention in passing that there are other tube coefi-
cients, besides those mentioned above, which are sometimes useful. For
instance, the screen grid and plate have a mutual conductance, which is

6 5 4 3 2 1 o0
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defined as g,2, = 97/e.5. Likewise the screen grid has an amplification
factor, which may be defined as py2, = —3de,/des. There are other coeffi-
cients, but since they are seldom used, no more will be said about them
here.

4-17. Remote-cutoff Tubes. So far the only pentode discussed has
been the type similar to the 68J7, which is a sharp-cutoff tube. It has
been named this because there is a rather definite low value of grid voltage
which makes the tube cut off. This characteristic is shown in Fig. 4-27,
where curve a is a static transfer characteristic for a 63J7. Curve b is
for a 6SK7, a remote-cutoff type. Note that for the latter the curve

1 1

{ 2 3
E,y (volts)

Fia. 4-26. Dynamic transfer characteristics of a 6SJ7 pentode for various screen
voltages.

becomes almost asymptotic to the zero-current axis and that the cutoff
voltage is at some indefinite remote point. This type is also called var-
iable-u because of the variation of the amplification factor at various
operating points on the characteristic curve.

The remote-cutoff, or variable-u, characteristic is obtained by designing
the tube with a variable-pitch grid winding. In the 6SK7 the grid wires
are fairly close together at the top and bottom of the grid but are spaced
farther apart near the center. Such a construction allows the grid to stop
the flow of current through the upper and lower portions at a certain low
negative voltage while current still flows through the center portion. At
some higher negative grid voltage the center portion will cut off. The
result is a transfer characteristic like that shown in the figure.

4-18. Tube Classification by Use. Tubes may be classified according
to the type of service they are to perform. One such method of grouping

them is either as voltage amplifiers or as power amplifiers,
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Voltage amplifiers are intended for use with high impedance loads in the
plate circuit and hence are designed for small values of plate current.
They are therefore constructed with small cathodes, grids, and plates.
They may be in either glass or metal envelopes and can sometimes be
obtained in both versions. The metal tube has the advantage of better
shielding from external fields and of slightly lower interelectrode capac-

(@) 6547~ SHARP - CUT - OFF PENTODE 1'e
Ey =250 volts
Eeo= 100 volts
E.4 =0 volts 1
(b) 6SK7 - REMOTE -CUT- OFF PENTODE §
Ey =250 volts 412 &
E.y7 100 volts ' E
Ee3 =0 volts =
-10E
£

1
o
Plate current

[l I
=15 -10 -5 0
Control-grid voltage E,

Fig. 4-27. Transfer characteristics for a sharp-cutoff pentode and a remote-cutoff
pentode.

itances. Voltage-amplifier tetrodes and pentodes have been made in
both sharp- and remote-cutoff types.

Power tubes, on the other hand, are necessarily high-current tubes. .
They are usually used after one or more stages of voltage amplifica-
tion and supply relatively large amounts of power to low-impedance
loads. They must have large cathodes capable of supplying the currents
demanded of them. The currents to the plate and to the screen grid are
therefore large, compared with the currents in a voltage-amplifier tube,
and hence these elements must be designed with large physical size to
dissipate considerable power.

Figure 4-28 is a photograph of the elements from various types of tubes.
The control grids from the 6SJ7 and 6SK7 have been enlarged in order to
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show the difference in the winding of the wires. The heavier construction
of the types 6F6 and 6K6, which are power tubes, may be noted.

4-19. Beam Power Tubes. The beam power tube is sometimes called
a tetrode although it has the characteristics of a pentode. The difference
between it and a true pentode is in the manner in which suppression of
secondary electrons is accomplished.

The prineipal limitation of the power output of the pentode tube is due
to the curvature of the lower end of the I vs. E; curves at low plate volt-

F1e. 4-28. Elements of voltage and of power pentodes.

ages. This curvature causes distortion of the output signal. In order
to keep these curves straight over a greater length, the beam power tube
was developed. This type of tube accomplished the suppression of sec-
ondary electrons by causing the formation of a dense cloud of electrons
between the screen grid and the plate, this space charge establishing a field
such that it counteracts the action of the screen grid on the secondary
electrons.

In order to produce this effect, the cathode must be physically large so

that it is capable of emitting copious numbers of electrons. It is also



THE VACUUM TRIODE 97

flattened so that it is somewhat oval in shape instead of circular. This
causes the electrons to be emitted in a somewhat broad beam. In addi-
tion, beam-forming plates, which are shown in Fig. 4-29, are outside of the
screen grid and connected to the cathode. These further focus the beam
into one of high charge density. This cloud of electrons is so dense that
a powerful space charge is set up in the g.p interelectrode region and acts
in such a manner as to repel secondary electrons back to the plate.
Since the space current passed by a beam power tube must necessarily
be high in order to accomplish suppressor action, the screen would inter-

Fia. 4-29. Internal structure of a beam power tube. (Courtesy RCA.)

cept large numbers of electrons if precautions were not taken to prevent
this by winding the screen grid with the same pitch as the control grid.
When the tube is assembled, care is taken to see that the screen-grid wires
are in line with the control-grid wires. Thus when plate current is
flowing, the screen-grid wires lie in the shadow of the control-grid wires,
and they therefore intercept few electrons, and so the screen-grid current
is low.

The plate family of characteristics for a type 6L.6 beam power tube is
shown in Fig. 4-30. Here it can be seen that the curves are fairly straight
until they come to the knee, where they fall off very rapidly.

4-20. Miscellaneous Types of High-vacuum Tubes. There are many
other types of high-vacuum tubes, some of which are somewhat similar
to those already described and others quite different.

A combination of diodes, triodes, and pentodes may be enclosed by a
single envelope, and while it may be considered as a single tube, it acts as
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several tubes. The different plates may all use a common cathode, or
each may have a separate cathode. An example of a duodiode triode is
the 68Q7. This tube has a single cathode with two small anodes for the
diodes mounted below the triode section. Naturally this tube can be
used only in circuits where it is possible to have the cathodes for the three
sections common. There are also duodiode pentodes, twin triodes, twin
pentodes, diode-triode pentodes, and many other combinations. Some
of the triode sections are low-u and some are high-u. An examination of
a tube manual will soon acquaint the student with these various types.

L
(ma)
400 6L6
Beam - power amplifier
+15 Epq = 250 voits
3001 + 10
+5
200 Egl =0 volt
-5
-/0
100 =
-20
-25
~ —— -30
! T 11 1 Il ! ]
(o8 100 200 300 400 500 600 700 Ep(volts)

F1a. 4-30. Plate characteristics of a beam power tube.

There are many other types of tubes such as acorn tubes, lighthouse
tubes, magnetrons, klystrons, ete., which are used at very high frequen-
cies, but which we shall not describe or discuss, since they are beyond the
scope of this book. There are also miniature and subminiature types,
which are principally small versions of the ones we have already studied.
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PROBLEMS AND QUESTIONS
Characteristic curves for several types of tubes are contained in Appendix A.

1. A hypothetical triode has parallel plane electrodes. The distance from cathode
to grid is 1 em, from grid to anode 2 em, Relative to the cathode the grid voltage is
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—10 volts, the anode voltage 4100 volts. Sketch approximate graphs of the poten-
tial distributions in the interelectrode space (a) with normally hot cathode and along
a line intersecting a grid wire, (b) with normally hot cathode and along a line passing
midway between the grid wires. (¢) Repeat (b) but with the plate potential raised to
150 volts. (d) Repeat (a) but with the grid voltage changed to a value which makes
the potential distribution near the cathode approximately the same as in (¢). Com-
pare the plate currents in parts (¢) and (d).

2. Name three families of tube-characteristic curves which might be useful in the
study of electronic circuits. )

3. Name and give the mathematical symbols and definitions for the three tube
coeflicients for a triode. Also write the mathematical relationship between these
three coefficients.

4. The plate current in a certain triode is 20 ma when E, = 200 volts and E,
= —20 volts. If u is approximately constant and equal to 9, what should be the
approximate plate current if B, = 300 volts and E, = —30 volts?

6. Determine the approximate values of k and n in Eq. (4-3) for a triode-con-
nected 68J7 so as to make this equation useful for performance calculations in the
region near E, = 275 volts, E. = —4 volts. Use [, in milliamperes.

6. Use the plate characteristics for a 6J5 to draw a static transfer characteristic
for E, = 125 volts.

7. From the plate characteristics for a 6J5 tube graphically determine the approxi-
mate numerical values of g, 75, and g¢,, independently of each other, for E, = —6
volts, By = 160 volts. Use the relation g = r,g. to check these answers.

8. (a) Use Fig. 4-5 to determine the approximate value of ux for E, = 150 volts,
I, = 4 ma. (b) Repeat for E, = 350 volts, [, = 4 ma. (c¢) Repeat for E, = 250
volts, Iy = 9 ma.

9. Use Fig. 4-5 to determine the approximate value of g. for K, = 250 volts,
Ib = 0 ma.

10. Use Fig. 4-5 to find the approximate values of y, gn, and r, for E, = 200 volts,
Ib = 5 ma.

11. Use Fig. 4-6 to determine the approximate values of u, g, and r, for E, = 200
volts, Iy = 5 ma.

12. Draw the dynamic transfer characteristic for a 6J5 tube for Ey = 200 volts
and Ry = 10,000 ohms. The following procedure is suggested: First assume a plate-
current value. From this the voltage drop in Ky can be calculated, and hence the
voltage from cathode to plate can be found. The plate voltage and current deter-
mine a point on the plate characteristics, and hence E, is determined. This procedure
repeated several times gives the dynamic transfer characteristic.

18. What are the two principal shortcomings of a triode?

14, A certain tetrode has E.; = —10 volts, E..» = 150 volts. Sketch the approx-
imate potential-distribution curves for a straight-line path which intersects the
wires of the control and of the screen grids, for the following conditions. ILabel
each with identifying letters. (a) Ew = 300 volts, (b) Ew = 150 volts, (¢) Ew =0
volt. Is the potential distribution near the cathode greatly different in the three
cases?

16. Data for a tetrode type 24A can be found in a tube manual. (e) If the plate
and screen voltages are held constant at 250 and 90 volts, respectively, by approxi-
mately how much will the plate current increase if the control-grid voltage is increased
from —3.0 to —2.9 volts? (b) If the control-grid and screen-grid voltages are main-
tained constant at —3.0 and 90 volts, respectively, by approximately how much will
the plate current increase if the plate voltage is increased from 250 to 300 volts?
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16. For a type 24A tube C,, = 0.007 puf, and Cin = Couix + Chrge = 5.3 uuf.
E, =2 /l" volts at 796 ke. Since the tube amplifies 100 times, E, = 200/180° volts,
where E, is the alternating output voltage. Calculate the current I, (in micro-
amperes) which flows through the tube capacitances. See Fig. 4-31.

IZJ—" .

Fic. 4-31.

17. In a certain pentode with plane electrodes the values of the bias voltages are
E, = 200 volts, E;zs = 0 volt, E;; = 100 volts, E.; = —2 volts. The potential dis-
tribution along a certain path is shown in Fig. 4-32. Many electrons leave the cathode
with zero velocity. Determine the speed of one of these when it reaches (a) the plane
of g1, (b) the plane of g, (¢) the plane of g;, (d) the plate.
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Fia. 4-32.

18. What three methods might be used to avoid oscillations in an amplifier?

19. Use the plate characteristics for a 6SJ7 tube. Ec. = 100 volts, E.; = 0 volt.
Draw the static transfer characteristics for £, = 50 volts and for E, = 300 volts.

20. Use Fig. 4-22 to determine the approximate value of g for E, = 200 volts,
E, = —3 volts. Can these curves be used to determine the values of r, and u?

21. Draw the dynamic transfer characteristic for a 6SJ7 tube with E;;, = 200 volts,
E.; = 100 volts, E..; = 0 volt, R, = 25,000 ohms. Use the procedure suggested in
Prob. 12. Can you suggest a better method?

22. In the manufacture of a type 6SJ7 tube some of the wires of the control grid are
bent apart because of rough handling. What happens to the tube characteristies?



CHAPTER 5

SOME APPLICATIONS OF VACUUM TUBES

5-1. Radio Communication. Now that we have some notion of how
an electronic tube works, let us begin to find out how to make it use-
ful. Its usefulness depends upon its characteristics, and it must be
incorporated into an electrical cireuit which will properly exploit these
properties.

Let us begin with an application with which most readers have some
acquaintance, communication by radio, for example. Since sound waves
in air lose their energy rapidly as the distance from the source increases,
and since noise is likely to be at an interfering energy level, direct vocal
communication can be held over only short distances. If a microphone
is used to convert sound energy at the source into electrical energy, wires
may be employed to convey some of this energy to a distant receiver
which reconverts to sound energy again. This transfer of electrical
energy is attained by the electric and magnetic fields surrounding the
telephone wires. It might be attempted to dispense with these wires and
to create a widespread electromagnetic field at the transmitter, varying
at the sound frequency. This could be done by using an antenna. A
similar antenna at the receiver could be used to extract some energy from
the varying field. However, it is found that this scheme works for very
short distances only. Investigation shows that for the successful radia-
tion of energy, the antenna should have certain dimensions approaching
a quarter wavelength of the electromagnetic radiation. For a reasonable
antenna size this requires the frequency of the signal to be quite high, say
50,000 cps or more. Since the human voice has far too low a frequency
content to meet this requirement, some frequency-changing device is
needed. Also another frequency changer (detector) is necessary at the
receiver to get the audible voice frequency again.

If the sinusoidal waveform for a current is examined, it is conceivable
that two changes can be made in it. First, the amplitude can be varied,
and, second, the spacing between waves can be changed. Figure 5-1
shows a radio-frequency-current waveform before (@ to b) and after (& to
¢) it has been amplitude-modulated at an audio frequency, while Fig. 5-2
shows the same radio-frequency current when it is angle-modulated. It
can be proved mathematically that either of these types of variation or
modulation results in the formation of new frequencies which differ from

101
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both the original radio frequency (carrier) and the audio frequency and
lie in & band which includes the carrier.

For the case of Fig. 5-1 notice that the audio-frequency (a-f) waveform
(assumed sinusoidal here) may be plainly discerned in the envelope of the
upper extremities of the modulated radio-frequency (r-f) waveform. If
the amplitude of the audio signal is increased, the distance between peak
and trough of the envelope increases further. Thus amplitude modula-
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F1c. 5-1. Amplitude-modulated wave.
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Fia. 5-2. Angle-modulated wave.

tion can convey in a high-frequency (h-f) waveform both pitch and inten-
sity of a signal to be transmitted.

In Fig. 5-2 the unmodulated r-f-carrier waveform is shown from @ to b.
From & to ¢ the frequency is varying but is higher than that of the carrier,
while from ¢ to d the frequency is lower. The frequency thus varies
higher and lower than the carrier at the rate of the audio signal. The
audio amplitude determines the extent of the frequency variation. Thus
this system too is capable of conveying both pitch and intensity of an
audio signal.

6-2. A-M Transmitter System. Figure 5-3 shows a so-called block
diagram of one amplitude-modulation (a-m) transmitter system. The
microphone produces electrical energy of frequency and amplitude corre-
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sponding to those of the sound-pressure waves. Many types of micro-
phones have been devised. A carbon microphone is simple, gives more
a-c electrical energy than the energy contained in the intercepted portion
of the sound wave, and is used in ordinary telephone work. Its reproduc-
tion lacks the faithfulness desirable in radio practice. Other types
include condenser, moving coil, ribbon, and erystal. They do not employ
electron tubes and need not be discussed here except to say that they pro-
duce an output voltage more or less closely corresponding to the sound-
pressure wave. The output voltage is never more than a fraction of a
volt and always needs to be amplified by a voltage amplifier, often to a
value as high as hundreds of volts. This latter voltage is applied to an
amplifier designed to deliver a heavy current at a high voltage. This

Sound wave
- Modulator —
))) ~—a>1 Microphone > ﬁrfn;?i‘;?f: (A~f power = _—‘Z?-f
amplifier) energy
[ ' Modulated
& v - er odulate
60cps | Dsup%olre!s r—f power
l —> amplifier
A7 Y ¥
R-f R~f voltage R-f power |__|
generator “1 amplifier amplifier

F1a. 5-3. An a-m transmitting system.

amplifier is called a power amplifier. As the frequencies are still those of
the audio signal, this power is fed into a frequency changer.

The r-f generator usually is a vacuum-tube type of oscillator, a device
which changes d-c energy into a-c energy at almost any frequency desired.
The output voltage being rather small, an r-f voltage amplifier raises its
value and at the same time serves as a buffer to prevent the action of the
r-f power amplifier which follows from affecting the action of the oscilla-
tor, which might otherwise vary the frequency of its output. The r-f
power amplifier is needed because the frequency-changing device used
here requires r-f power input as well as a-f power input. The two fre-
quencies are mixed in the modulated r-f power amplifier, which must be
nonlinear so that different frequencies will be produced. A large h-f cur-
rent having a waveform represented very simply in Fig. 5-1b to ¢ now
flows into the antenna, where a magnetic field and an accompanying
electric field with corresponding variations are formed. This electro-
magnetic energy is radiated in directions depending upon the antenna
configuration, and we shall suppose that some of it is intercepted by the
antenna system of the receiver,
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5-3. An A-M Receiver System. The voltage induced in the receiving
antenna by the desired electromagnetic wave is often extremely small.
If it considerably exceeds that induced from noise sources (atmospheric
static, neon signs, automobile ignition, etc.) and from other transmitters
in the same frequency range, it can be made to deliver satisfactorily the
signal contained in its modulation.

The receiver system shown in block-diagram form in Fig. 5-4 has the
induced antenna voltage applied to the input of an r-f filter, which can be
adjusted to reject to some extent all signals having their energies outside
the desired frequency band. A tunable L-C circuit is commonly used for
this. Next, an r-f amplifier raises the voltage to a higher level, more
desirable for operating the mixer (frequency changer), and at the same
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Fic. 5-4. Block diagram of a radio receiver.

time further filters out the undesired signals. The type of frequency
changer used here mixes the modulated r-f signal with an r-f signal from a
local oscillator to give a new modulated r-f (called intermediate-fre-
quency) signal lying in a different band, where it will be further amplified
and filtered by the intermediate-frequency (i-f) amplifier., The advan-
tage of this system lies in the fact that all desired signals will be changed
from their original r-f bands to the same i band, and it is possible to
design the amplifier handling this fixed band of frequencies to do the
amplifying and filtering much better than if it were to be an adjustable
one.

The modulated signal in the i-f band is now perhaps as great as 10 volts
rms and under favorable conditions is almost wholly free of any interfer-
ence. lts waveform envelope may be imagined to be that of Fig. 5-1.
Now we want to get a voltage having the waveform of the upper envelope,
without the r-f variations. The demodulator, or detector, is used for this
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purpose. Then an a-f voltage amplifier raises the voltage to a level suffi-
cient to operate the power amplifier, which in turn drives a loudspeaker.

In both the transmitter system and in the receiver, batteries or power
supplies are necessary for operating the tubes. Sometimes rotating
machines are used to convert alternating current to direct current, but
more often rectifiers and filters are employed.

b-4. Background Material. Let us investigate a few devices, includ-
ing some introduced in connection with a-m systems. These devices
have a great many applications, even outside the communications field.
The study of vacuum-tube circuits is somewhat complicated because they
contain d-c supplies and, in addition, generators which supply either
periodic or nonperiodic variable voltages. Although the cireuits external
to the tube may be approximately linear, the tube itself has a nonlinear
characteristic in general and the total currents which flow usually do not
have the same waveforms as do the applied voltages. However, problems
of design and analysis we are leaving for later chapters. Here we wish to
get acquainted in a general way with some vacuum-tube circuits. Thus
we hope to gain a desirable background for the discussions which follow.

In all types of vacuum tubes the tube characteristics determine the
applications to which the tube can be put. For example, the most useful
property of a diode is its unilateral conductivity. Anode current flows
when this element is positive relative to the cathode; no current flows
when the voltage is reversed. For a friode two properties are most
important. First, if the operation is conducted in what is called a linear
region, where the plate-current vs. grid-voltage characteristic curve is
approximately straight, then alternating voltages applied between cath-
ode and grid produce an anode current with the variable component of
approximately the same waveform as the alternating grid voltage. This
property is useful in amplifiers. Second, if {he operation is conducted ina
nonlinear region, where the characteristic of plate current vs. grid voltage
is sharply curved, the tube becomes a distorter. Distortion can prove
quite useful: it makes possible detection, modulation, frequency changing,
limiting, and many other processes. In the circuits which follow, the
appearance of the cireuit does not always indicate what it will do, as the
region of tube operation is also quite important.

No attempt is made in this chapter to give elaborate details of how a
circuit works. In many cases waveforms are drawn to indicate what the
circuit does. Arrangements for heating the cathodes are omitted from
the diagrams in all cases.

5-5. The Diode Rectifier. The diode is most often used as a rectifier
or as a detector. Tigure 5-5 shows a simple half-wave rectifier circuit.
The anode- or plate-current waveform shown is representative if the load
is a resistor. The usual load, however, would be a storage battery under



106 ENGINEERING ELECTRONICS

charge or some other electrochemical device where a current having a
positive average value is needed and a pulsating waveform is not objec-
tionable. For use as a supply of direct current from an a-c source, a
filter is needed, and Fig. 5-6 shows a rectifier with a filter. The inductor
L permits direct current to pass freely, but it offers high impedance to the
varying ‘“ripple” components.
The large capacitors C, on the
other hand, offer low impedance
. to alternating current and tend
) to eliminate it from the load
% current. The load current thus
: gl Load becomes direct current equal to
the average value of the tube
] anode current. The load in this
e~ ‘ “case is often the tubes of a radio,
-QUQUA WAUAWAN which is thus enabled to operate
from an a-c power line without the
use of batteries.

5-6. The Diode Detector. The diode is much used as a detector of
a-m radio signals. Figure 5-7 shows a circuit diagram for such a detector.
The a-m r-f waveform is shown for ¢;.. The envelope of the peaks of the
r-f waves represents the a-f intelligence carried by the wave. Note that
the circuit is very similar to that of the rectifier of Fig. 5-6. However,
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Fia. 5-5. A half-wave rectifier.

Fia. 5-6. A half-wave rectifier with a filter.

in this case the transformer coil is part of a tuned circuit, which causes a
comparatively high voltage to be built up between ground and the anode
of the tube for signals corresponding to the tuned frequency and a low
voltage for signals differing in frequency from the tuned frequency by
more than a small amount. Thus it acts as a filter for high-frequency
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voltages, allowing only the modulated signal of the desired frequency
band to be acted upon by the detector circuit. When e;,, makes the anode
positive relative to the cathode, the tube conducts with a comparatively
low voltage drop and the capacitor C rapidly charges to nearly the peak
value of the secondary voltage. When the voltage e;, decreases from its
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F1c. 5-8. A current amplifier.

peak value, the charge appears to be trapped on C, since the tube is now
nonconducting, but €' can discharge through R, which it does slowly, B
being large in ohmic value. If R and C are properly chosen, the voltage
across C rises and falls as the upper envelope of e, rises and falls; but R
must not discharge C fast enough to allow the output voltage e, to follow
the rapid r-f variations in the e;, waveform. Thus ¢ is a voltage of the
same waveshape as that of the original audio signal used to obtain the
modulated wave e,
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B6-7. The Triode Current Amplifier. If a current is too feeble to
actuate a certain indicating instrument, it is often expedient to amplify
the current rather than to obtain a more sensifive instrument. Figure
5-8 shows a form of current amplifier. The batteries furnish bias to the
grid and to the plate in order to place operation of the tube in a desired
linear region. The small current 7,, which is to be measured, flows
through R,, producing a variable voltage which alternately increases and
decreases the cathode-to-grid potential. The anode current therefore
also rises and falls, but the variations are much larger than those of ¢;. If
it is desirable that only the variable component of 7, pass through the
load, a filter may be used. Its action should be clear from the explana-
tion, given in Art. 5-5, of the functions of the inductor and of the capacitor.

5-8. The Triode Voltage Amplifier. The direct voltages E.. and Ey
in Fig. 5-9 place the tube operation in the linear portion of the tube char-
acteristics. Signal voltagev, varies
the cathode~to-grid potential about
the value set by E.., thus raising
and lowering the plate current from
its no-signal, or quiescent, value.
This varying current causes a vari-
able voltage drop in Rj; as the grid
potential rises, the plate potential
falls. The direct component of the
voltage between cathode and plate
is prevented from reaching the out-
put by means of a blocking capaci-
Fia. 5-9. A triode voltage amplifier with tor €. The scales for Yg and ¢, in
fixed grid bias. Fig. 5-9 are not the same, since the

magnitude of e, may be up to 50 or
more times as great as that of v, This ratio is called the voltage gain, or
the amplification. The gain usually increases as the value of Ry is made
higher, but the practical size of B is limited by the voltage Ey, available.

6-9. Two-stage Voltage Amplifier with Resistance-Capacitance Cou-
pling between Stages. The voltage gain of the resistance-capacitance-
coupled (R-C-coupled) amplifier diagramed in Fig. 5-10 is the product of
the gains of the individual stages and therefore may be as high as 2500 or
more. The capacitor € is called a blocking, or coupling, capacitor. It
prevents the high direct plate potential of tube 1 from improperly biasing
the grid of tube 2, while permitting the variable plate voltage to be
impressed on the grid. In order properly to bias the latter grid, a d-c
path between cathode and grid must exist, and hence R, is inserted to
provide this path. The ohmic value of R, must be quite high since €, and
E; form a voltage divider, and as large a portion of the output voltage of
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tube 1 as practicable should be applied to the grid of tube 2. Note that
a common Ey supply for the two tubes is used, this being the general
practice.

b-10. Two-Stage A-F Voltage Amplifier with Transformer Coupling
and Cathode Bias. In the circuit of Fig. 5-11 the interstage iron-core
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F1a. 5-10. A two-stage R-C-coupled amplifier.

Fia. 5-11. A two-stage transformer-coupled amplifier with cathode bias.

transformer apparently has three advantages over an E-C type of inter-
stage coupler. First, it provides a very high impedance load in the plate
circuit of tube 1, which, as we shall see later, results in this tube having a
gain almost equal to its x. Second, it causes very little loss in direct
voltage, and therefore a high value of Eu is not needed. Third, the
transformer may have a step-up turns ratio, which results in some addi-
tional voltage gain. Towever, these advantages over k-C coupling are
offset to some extent by the following facts: The transformer is susceptible
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to stray magnetic fields which may cause hum in the output. Also the
transformer costs more, it is heavier, its frequency-gain characteristic is
usually not so good, and it usually must be used with a low- or medium-p
tube, while the R-C-coupled stage may use a high-p tube. In practice the
R-C-coupled amplifier is much more common.

In the circuit of Fig. 5-11, voltage for the grid bias is provided by the
anode power supply. If the negative side of Ey is grounded, as is usually
the case, the fall in potential across R, due to direct plate-current flow,
maintains the cathode at some desired positive voltage (bias) above
ground. Thus the grid, which is at the same direct potential as is ground,
is negative relative to the cathode when the signal is zero. The capacitor

C;, serves to bypass the alternating
5
l—o components of the plate f}urrent anfi
] prevents B, from becoming an addi-
tional a-c load in the plate circuit of
the tube. Cathode bias is a very
common arrangement, which can be
used instead of fixed bias in any of
the circuits of Figs. 5-8 to 5-10.
= FEyy, 5-11. The Pentode Voltage
Amplifier with Resistance Load.

R

—4 The pentode amplifier of Fig. 5-12

vg e, Operates in a manner similar to that
PN /\ of thetriode. The No. 3 grid usually
~~—~ \/ operates with zero bias, ¢.¢.,it istied

tothecathode. TheNo.2, orscreen,
grid usually has a positive bias of
about 100 volts when the plate-supply voltage Ky, is as high as 300 volts.
R; is a voltage-dropping resistor used to allow Ey to furnish the screen-
grid bias. To prevent B; from becoming a screen-grid a-c load, it is
bypassed to the cathode by a eapacitor Cy. It will be recalled from Chap.
4 that, when the screen grid is maintained at a suitable fixed positive
potential relative to the cathode, u and r, are high and also ¢.. is reason-
ably high. Thus the gain is high, values up to 250 being readily obtain-
able. The amplifier in this form is useful mostly for operation over a
moderately wide band of frequencies, for example, the range of audible
frequencies.

5-12. The Pentode Voltage Amplifier with Tuned Load. For amplify-
ing r-f voltages the gain of circuits like that of Fig. 5-12 is too low. This
is because unavoidable capacitance between circuit elements connected
to the top of R, and ground tends to short R, at high frequencies. This
effect can be compensated for to some extent. This is done when the
wide band extends into the r-f range. However, it is often desirable to

Fi16. 5-12. A pentode voltage amplifier.
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amplify only a narrow band of radio frequencies. The arrangement of
Fig. 5-13 then works very well. The input and output tuned cireuits act
to give high grid and output voltages at the tuned frequency and to dis-
criminate against signals of other frequencies. By properly designing the
tuned circuits, very high voltage gain is obtainable. If a triode is sub-
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F1a. 5-13. An r-f amplifier.

stituted for the pentode, the circuit will probably oscillate because of the
energy feedback from the plate to the grid. This may be avoided if
neutralization of some kind is used. However, pentodes are nearly
always employed.

6-13. The Power Amplifier. The circuit shown in Fig. 5-14 resembles
that of the first stage of the triode
voltage amplifier of Fig. 5-11. How-
ever, the interests of the designer
differ. In Fig. 5-11 high voltage out-
put Is wanted, along with small dis-
tortion, and both are obtained by using
a high-impedance plate load. In
this case, however, the interest is in
power output, and the load arrangement of the voltage amplifier gives
high voltage, little current, and little power. A properly chosen load of
moderate size would give less voltage, more current, and more power.
Since R is seldom the correct value of load for the tube, a transformer is
used, making the load (N1/N.)2R, which becomes the correct value if the
transformer turns ratio is correct. For large power output the grid must
be driven with a high voltage and a tube chosen which has a large cathode

Fic. 5-14. A triode power amplifier,
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for ample emission and a large anode to dissipate safely considerable
power. Distortion is a problem to be dealt with and has abearingon the
choice of load.

Instead of the triode, a pentode or beam power tube may be used if
desired. The load must then be very carefully chosen if high distortion
is to be avoided. Also a screen-grid voltage supply must be provided.
This is usually the same as the anode supply, since more power output can
be obtained with this arrangement. Hence usually no voltage-dropping
resistor is used. Although the pentode power amplifier operates with
less alternating grid voltage than does a triode and is more efficient, it
possesses some drawbacks, which will be discussed later in more detail.

The iron-core transformer, shown in Fig. 5-14, for a-f use, may be
replaced by a tuned air-core transformer (see ¥ig. 5-13) if radio frequen-~
cies are to be handled. As might be expected, the design and adjustment
of this transformer are not the same for the power amplifier as for the
voltage amplifier.

6-14. Classes of Vacuum-~tube Amplifier Operation. The plate-circuit
efficiency of an amplifier is defined as the ratio of the a-¢ power delivered
to the load to the d-¢ power furnished by the plate power supply. Any
change in circuit adjustment or mode of operation which increases the
a-c power or decreases the d-¢ power will tend to increase the efficiency.
Increasing the alternating voltage applied to the grid has the effect of
increasing the a-c power output, whereas it may increase the d-c power
input only slightly. It seems desirable then to apply voltages of high
amplitude to the grid of a power tube. In fact the alternating voltage
applied to the grid may be made so great in amplitude that the grid
becomes positive relative to the cathode during part of the cycle and pos-
sibly swings beyond plate-current cutoff during another part of the cycle.
This sort of operation can result in very high efficiency, but the output-
current or -voltage waveform is often considerably misshapen compared
with that of the grid voltage under smaller-drive conditions. For if the
grid becomes positive, grid current flows and any impedance in the grid
circuit causes a voltage drop; this results in a decrease in the voltage reach-
ing the grid of the tube. As this occurs only on the positive peaks, there
is a tendency to flatten off this portion of the waveform of the grid volt-
age and hence of the corresponding portion of the output-current and
-voltage waveforms. When the grid voltage swings negatively beyond
plate-current cutoff, the lower portion of the plate-current waveform is of
course flattened. One sees then that high-efficiency operation often
brings with it considerable distortion, and one must make a choice as to
which is more important or take measures to eliminate the distortion.

Since this matter often comes up for discussion, it is usual to classify the
various modes of operation. If plate current flows during all of the cycle,
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the operation is called class A. If it flows considerably more than half
but less than all of the cycle, it is called class AB. Class B means that
current flows for approximately a half eyele and class C for less than a
half cycle. Under ordinary circumstances the efficiency increases with
the classification in the order named, but so does the distortion.

In addition to these classifications, subscripts 1 and 2 are often used.
Class 1 means that during the eycle grid current never flows sufficiently to
affect the waveform of the grid voltage. This limits the grid-voltage
swing in the positive direction to a degree depending upon the amount of
impedance in the grid circuit. With power amplifiers it is usually con-
sidered that zero is the limit of the grid-voltage swing. In the case of the
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Fra. 5-15. Graphs of grid voltage and of plate current for two classes of operation.
The broken-line curves are portions of sine waves drawn for comparison.

first stage of a voltage amplifier a safe limit is about 1 volt less than that,
1.e., a grid swing to —1 volt. Operation in which the grid voltage exceeds
this limit is referred to by numeral 2. For example, class AB. operation
means that the grid draws current during part of the cycle and that the
plate current flows less than all but more than half the cycle. Figure 5-15
shows typical graphs of grid voltage and of plate current for class Al
and for class AB, operation.

Most voltage amplifiers are intended to deliver a voltage much higher
than the input voltage and of the same waveform. Efficiency is of no
importance, and therefore class A, operation is always employed. Audio-
frequency power amplifiers are class A, if operated single-sided, 7.e., with
only one tube in each stage. However, when the operation is push-pull
(see Art. 5-16) class A;, AB,, AB;, By, or B, may be employed since the
double-tube arrangement patches up the waveform of the output current
and voltage. For r-f operation over a narrow band, filters may be used to
eliminate some of the distortion-frequeney components, and the classes
giving higher efficiencies are sometimes usable.
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5-15. A Phase Inverter. Using a single-voltage source a phase inverter
is employed to furnish an output of two numerically equal voltages 180°
out of phase (relative to ground). The second stage in the circuit of Fig.
5-11 can be changed to a phase inverter if a ground connection to the
transformer secondary is made to mid-tap c.

One R-C type of phase inverter is diagramed in Fig. 5-16. Tube 1 and
its circuit constitute an ordinary amplifier. Suppose an alternating volt-
age of 1 volt peak is fed to its grid and that the gain is 15. Then ¢y, is 15
volts peak value and 180° out of phase with vy, as shown in the diagram.
The tap at z is situated at one-fifteenth of the resistance value from the
ground end of the resistor, and hence the voltage at z is 1 volt below
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F1a. 5-16. A phase inverter.

ground when ¢, is 1 volt above ground. This voltage at z is applied to the
grid of tube 2, which likewise amplifies to produce ez, with 15 volts peak
value and with 180° phase shift. Thus e, and e, are both 15 volts and
180° out of phase with each other. Tube 2, which reversed the phase of
e2, relative 1o ey, 1s called an inverter tube. Sometimes the whole circuit
of two tubes is called a phase splitter.

5-16. A Push-Pull Power Amplifier. A push-pull power amplifier
such as that of Fig. 5-17a is.a type of balanced amplifier which has two
main features. (1) It needs to be preceded by a phase inverter or another
balanced amplifier. (2) To obtain maximum benefit from the arrange-
ment, it always uses a transformer in the plate circuits. The principal
advantages of the push-pull amplifier are twofold. (1) Each tube may be
operated under conditions which result in high efficiency but which would
produce great distortion with a single~-tube circuit. (2) The plate-circuit
transformer combines the two tube currents in such a way that the sec-
ondary load receives a current or voltage with very little distortion (no
even harmonics).
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The sketches of Fig. 5-17b show first the waveforms of the voltages
applied to the two grids. Next are the current waveforms, evincing very
great second-harmonic distortion. However, the current 7; flowing in the
secondary has a waveform bearing an excellent resemblance to that
of Vig.

5-17. An Amplifier with a Cathode Load. If an impedance is placed
between cathode and ground, it is in the cathode-to-grid eircuit as well
as the cathode-to-plate circuit. This placement is described as being in

y Ulg 029
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TR ,

(a) (6)
Fig. 5-17. (a) A push-pull amplifier. (b) Waveforms,

the cathode circuit. A variable plate current passing through the
cathode-circuit impedance causes a voltage drop which becomes a part
of the variable grid voltage. Because of this action, amplifiers with
cathode-circuit impedances have rather special properties. An example
of this type of circuit is one with its load in the cathode circuit.

A commonly used type of amplifier with a cathode load is shown in
Fig. 5-18. By using a power tube and a transformer-coupled load this
could be used also as a power amplifier. The principal features of this
type of amplifier are as follows: (1) The input impedance of the grid cir-
cuit is very high. (2) The output impedance (looking back from the out-
put terminals) is very low. (3) The distortion, even for large input sig-
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nals, is very low. (4) The gain is less than unity. (5) There is no phase
shift between input and output. The circuit is known as a cathode fol-
lower because of the fact that the potential of the cathode follows that of
the grid.

5-18. A Feedback Oscillator. An oscillator is an electronic-tube cir-
cuit used for changing a direct voltage into an alternating one. Its
mechanical analogue is the clock with its weights, pendulum, escapement,
and gear train. A pendulum, once set in motion by being given a small

B!
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b

Fr1c. 5-18. A cathode-follower voltage amplifier.

displacement, swings in an approximately simple-harmonic manner, but
the amplitude of swing decreases gradually because of friction and windage.
The escapement applies a force to the pendulum in synchronized pulses,
and thus the swing continues with constant amplitude. Figure 5-19
shows an L-C parallel circuit which receives a pulse of unidirectional cur-
rent every time the switch is momentarily closed and opened again.
Following each pulse, the current 7, which circulates through the coil
and capacitor combination (tank), is alternating with a frequency depend-

ing upon L, C, and the circuit resist-

Sw i ance, and this current diminishes in

+ m amplitude each cycle because of loss
= C == % 7 of energy. However, if the switch
T- is closed in proper timing with the
oscillations in the tank, an approxi-

mately sinusoidal current of con-
stant amplitude can be maintained.

Figure 5-20 shows one form of feedback oscillator. L; and 'y con-
stitute the tank circuit. Any random impulse in the tube causes a change
in the plate current. This causes a small sinusoidal current to circulate
in the tank, and a voltage is induced in L,. The two coils are so wound
and placed that when the upper end of L, is positive, the lower end of L,
is also positive (observe the two dots). Hence, the cathode-to-grid volt-
age is positive when the cathode-to-plate voltage is negative. This grid
voltage results in a plate voltage which is amplified and reversed in phase.
Hence, the original impulse, now strengthened in amplitude, excites a

Fra. 5-19. A parallel-resonant circuit.
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larger tank current, which in turn induces a larger grid voltage, and so on,
until a condition of equilibrium is finally reached. At this point, the tank
current is sinusoidal and large, as is also the grid voltage.

5-19. A Class C Amplifier. The idea expressed in the explanation of
the feedback oscillator can be employed to make a very efficient con-
trolled power converter. Instead of deriving a grid signal from the out-

)

F1a. 5-20. A feedback oscillator.
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Fra. 5-21. A class C r-f power amplifier.

put tank, it may be obtained as the output of another amplifier. Thus, in
effect, the opening and closing of the switch in Fig. 5-19 is externally con-
trolled. The energy fed to the tank comes from the plate power supply.
If the closing and opening of the switch occurs at a time in the cycle when
the voltage across the tank is near its maximum, the voltage across the
switch is a minimum and less energy is lost in arcing at the contacts.
Turning from the analogue back to the tube, the efficiency of power con-
version is high if the plate current flows in short, heavy spurts, timed
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when the plate voltage is low. To achieve this operation the plate-supply
voltage is made high and the grid-bias voltage set far beyond cutoff. A
very high grid drive is employed, which causes a large plate current to
flow for perhaps one-third of a cycle. If the plate tank is tuned to agree
with the frequency of the grid signal, the tank responds to the excitation
with a very large circulating current of approximately sinusoidal wave-
form. A practical class C amplifier circuit and waveforms of voltages
and currents important in its operation are shown in Fig. 5-21. The con-
nection from the lower end of the output transformer back to the grid is
provided to give neutralization and thus to prevent the amplifier from
acting as an oscillator.

Since the class C amplifier needs a tuned-plate load in order to give a
sinusoidal output from a sinusoidal input voltage, it is useless for audio
frequencies. It is employed to amplify only unmodulated, key-inter-
rupted, or f-m r-f voltages. It can also be used in the production of a-m

signals.
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PROBLEMS AND QUESTIONS

1. (a) Sketch an a-m wave where the audio signal is small and of constant ampli-
tude and frequency. (b) Repeat (a) for the same conditions except that the fre-
quency of the audio signal is doubled. (c) Repeat (a) for the same condition except
that the amplitude of the audio signal is doubled.

2. Which determines the extent of the frequency variation in an angle-modulated
wave, the audio signal’s amplitude or its frequency ?

8. Why is a system of filters or tunable L-C circuits needed in a radio receiver?

4. Most broadcast (a-m) receivers use diodes to perform two functions. Name
them, '

6. A diode detector circuit and its input-voltage waveform are shown in Fig. 5-7.
(2) C and R are proper sizes for correct detector action. Sketch one cyele of the volt-
age across K. (b) C and R are made much too small for proper detector action.
Sketch the waveform of the voltage across B. (¢) C and R are made much too large
for proper detector action. Sketch the waveform of voltage across R,

6. A current amplifier uses the circuit of Fig. 5-8. R, = 200,000 ohms, g = 2000
micromhos. The resistance of the a-¢c milliammeter is negligible so that the plate volt-
age of the tube remains constant. If I; = 5ua rms, determine the reading of the a-c
milliammeter. Hint: See Art. 4-6. :

7. Instead of having no load resistor as in the case of Prob. 6, a plate load of
100,000 ohms is used in series with the a-c milliammeter. (¢) Why does the method
of that problem not give the meter reading in this case? (b) If the voltage amplifica-
tion 1s 15, what is the reading of the meter?
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8. Which of the following tubes are quite suitable for use preceding an iron-core
interstage transformer: 6J5, 68F5, 68J7?

9. () In Fig. 5-12 state the purpose of each of the following circuit elements: Ry,
Ci, Co, Ro, Ry. (b)) Why is the suppressor grid connected to the cathode instead of the
screen grid? (¢) What is the purpose of the capacitor C?

10. Which of the blocks in Fig. 5-4 could utilize the device diagramed in Fig. 5-13?

11. For Fig. 5-3, pick circuits from this chapter which could perform the function
named in each box. The microphone and the modulated r-f amplifier may be omitted.

12. In Fig. 5-14 the load on the secondary of the output transformer (ratio Ni/N,
= 10) is 10 ohms. What a-c load does the tube see in its plate circuit?

13. The dynamic characteristic for a certain triode power tube is shown in Fig. 5-22.
The grid-current characteristic is also shown. The grid bias E., is —30 volts. The
load is Rz = 2500 ohms. (a) The grid

signal is sinusoidal and 20 volts peak /
value. Draw the grid-voltage and plate- 100
current waveforms., (b) Determine the Eyy=300v iy, ic
average plate current Ip,. (¢) Deter- Ry = 25000 . {ma)
mine the effective value I, of the si- 2

nusoidal alternating plate current as

0.707 times its peak value. (d) Compute S0
the power Py furnished by the plate

power supply as Ewlp.. (e) Compute

the a-c power P, supplied to the load as te
I,2R;. (f) Compute the plate-circuit

i ! [l
efficiency np as Po./Pw. (¢) Repeat the  ¢,{volts) -80 -60 -40 -20 O +20
above computations for a grid signal of 25 Fic. 5-22
volts peak value. (k) Does a larger value ’ ’
of grid signal result in higher efficiency in this example? (z) What class is the oper-
ation in each of the above cases? (j) The grid signal is changed to 40 volts peak
value. E., = —30 volts as before. What is now the class of operation? (k) The
bias is changed to E., = —80 volts, and a signal of 100 volts peak value is used.
What is the class of operation? Why do you think the efficiency might be higher
than in any of the above cases?

14. In the cathode follower of Fig. 5-18, if the grid is made 1 volt more positive
than normal relative to the cathode, a test
©A  reveals that ¢, is 15 volts higher than before.
R What value of v, is required to cause this to
€0 happen and what is the amplification e,/v,?
15. In Fig. 5-23 the operation is class 1.
B (u) When ¢, = 1 volt, a test reveals that
the voltage from C to 4 is 16 volts. What
R €9, value of v, is being applied? (&) If v, is
made 4.5 volts, what are the values of
o ¢, and es,? (¢) In case () what is the
Fia. 5-23. phase angle between e, and e;,? What is
meant by this phase angle?

16. (a) For the circuit of Fig. 5-17 sketch the waveform of the current through the
plate power supply. What ig the frequency of this current in terms of that of vy,?

(b) Graphically subtract 75 from ... What waveform does the result resemble?




CHAPTER 6

CONCEPTS USEFUL IN
VACUUM-TUBE-CIRCUIT ANALYSIS

6-1. Introduction. FElectronic apparatus already constructed may be
tested in the laboratory for performance. The information obtained is
useful in designing new equipment, but often insufficient data are taken
to determine what the performance would be if some circuit details were
changed. Hence, it is desirable that one be able to make on paper an
analysis of the operation of & circuit, as this often most readily determines
the approximate influence of any circuit component. Furthermore, a
simple mathematical or graphical

- analysis of a circuit is often

cheaper and more quickly made
T than a laboratory test.
€ [Zgleb Any mathematical method of

analysis requires symbols for the
quantities involved. Many sets
of symbols are in current use,
- and some confusion results from
this multiplicity. The symbols*
of this book are based upon stand-
ards of the Institute of Radio Engineers (IRE). To facilitate under-
standing, not, all of them will be tabulated at once, but some will be
introduced gradually as the study continues.

6-2. The Triode with a Plate Load. A rather general representation
for the circuit of this type is shown in Fig. 6-1. Symbols for quantities
of principal immediate interest are shown. The head end of the arrow,
used in connection with an algebraic symbol for voltage, indicates its
positive sense. As an example, if », = 5 sin wt, v, 1s positive for values of
wi between 0 and . During this interval the voltage v, makes the grid
more positive than the bias value, .. v, is negative for values of
wt between  and 2, and the situation is now reversed from that indicated
by the sense arrow. Without the sense arrow one would not know
whether a positive value of v, means the grid potential is above or below
the bias value. Closed-head arrows are used to indicate positive

Fig. 6-1. A triode with a plate load.

* A table of symbols will be fourd in Appendix C.
120
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sense of current. If at some moment 7, is negative, then the conventional
current 1s flowing in a direction opposite to that of the arrow. Note that
most of the voltage symbols mean rise in potential in a direction from the
cathode to some other electrode. The symbol ¢; is an exception, as it
should agree with the convention of Ohm’s law, e, = %R, which states
that the fall in potential in the direction of conventional current flow
through a resistor is in phase with the current as well as being propor-
tional to its instantaneous magnitude.

Definitions:

Ey; is the effective value of heater or filament supply voltage.
Ey is the direet voltage supplied to the plate circuit.
E.. is the direct voltage supplied to the grid ecircuit.

Ew and E,. are commonly supplied by either batteries or electronic
devices. In either case they may be represented by battery symbols.
Usually the internal impedances are so small that they can be neglected.

v, is the instantaneous value of signal voltage introduced into the
grid circuit.

In general v with a suitable subseript is used to represent an applied signal
voltage.

e. 1s the instantaneous total value of cathode-to-grid voltage rise.

e is the instantaneous total value of cathode-to-plate voltage rise.

e, 1s the instantaneous total value of voltage drop across Z, in the
direction of positive sense of 2.

1. 1s the instantaneous total grid current.

13 1s the instantaneous total plate current.

Z 1, represents the series equivalent of all B, L, and C elements in the
plate circuit external to the tube.

Z. represents the series equivalent of all B, L, and C elements in the
external grid circuit.

From the circuit of Fig. 6-1 it is apparent that

€ = Ecc + Vg (6_])
€ Ebb — €L (6-2)

i

6-3. Quiescent Operation of the Triode Circuit. When E;;, E,, and
E,. are active in the circuit of Fig. 6-1 but v, is zero for a considerable
length of time, the operation is said to be quiescent.
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Definitions:

E,, is the quiescent value of e,.
E,, 1s the quiescent value of es.
E ., 1s the quiescent value of e;.
I, is the quiescent value of 2.
1., is the quiescent value of <.

The ¢, vs. e, curves for a typical triode are shown in Fig. 6-2. With no
signal applied in the grid circuit, v, is zero, and E.. and Ey together with

i
(ma)
A
15 Q
'{' & i' R I(\’
‘ linE *
- f ©
i 10 v
@
f'.) r
S
N
Q »

Ibo-“g F————f——f~— |

1

!

{

[ J | —t 1
{00 200 ' 300 400 ¢, (volits)
Eyy =L,
' Eyp '

Fia. 6-2. Plate diagram for a triode.

Z.and Z; determine the tube operation. The quiescent grid voltage may
be obtained from the equation

Eco = Ecc _ IcoRc (6-3)

In this case R, is the d-c resistance of Z,. For the usual case, E.. is neg-
ative so that I, is zero, and the quiescent grid voltage or bias K, equals
E,... The quiescent value of plate voltage is given by the equation

Ebo = Ebb b ELo = Ebb - IboRdc (6’4)

where R, is the d-c resistance in the plate circuit of the tube. The locus
of Ey,, I, is obtained by plotting Eq. (6-4), using the axes of ¢, and 75 in
Fig. 6-2. Tt is readily determined that this straight-line locus always
crosses the e, axis at Ky, and this point together with any other point may
be used to fix the line. This locus is called the static- or d-c-load line.
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For any value of direct current through the tube and plate circuit, it
shows the voltage furnished by E, the part of this voltage used by the
load R4, and the remaining part left as the drop across the tube. The
quiescent operating point @ lies on the line, and if E., is known, @ is fixed.

6-4. Signal Voltages. In many industrial electronic circuits the wave-
shape of the voltage applied to the grid is sinusoidal. In some others it
is unidirectional and slowly changing. In communications circuits a sig-
nal of steady character, such as a

sinusoid or uniformly and regularly ‘Z‘
interrupted constant voltage, trans-
nits no intelligence; therefore the 7y,
waveforms used are irregular and
usually do not repeat in cycles. By
In radar and in television circuits ==
the signal voltages are often in the () "
form of pulses. 165 ('}
These various waveforms require Ry, S50KN )
different techniques for making a £y ’//?_Qo

study of circuit behavior, The
commonest method, which works
well for cyclic signals, is that of (o)
using a Fourier analysis (see Art. P‘K"é’“";\g:
6-16) of the signal waveform and

applying each sinusoidal frequency
component to the circuit. This
method will be used throughout
most of this book. Usually a
single-frequency signal is assumed,
bu,t %t must be remembered that Fi1e. 6-3. Some common plate-load ar-
this is often but one of the many r4pements.

that are applied simultaneously.

Signals are sometimes applied to the plate circuit or, in multielement
tubes, to other grids besides the first. In such cases it is important to
learn how to handle this aspect of the analysis. In most cases, however,
it is assumed that the only signal applied is that to the first grid.

In actual cases, rapidly varying signals usually have zero average value.
Even if a d-c component is present, it is often blocked from reaching the
grid by a series capacitor or by a transformer. In cases where it is not
blocked from the grid circuit, the d-¢c component is often considered to be
part of the grid bias for the tube, and only the remaining alternating part
is considered as the signal.

6-56. The Grid-bias Line and the Dynamic-load Line for Resistive
Loads. Let us now consider some details about Z,. Figure 6-3 shows

32K TGk oy 32 3000

(c}
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some examples of common load arrangements. In Fig. 6-3a the d-c plate
load is B and the d-c-load line may be drawn in the manner described in
Art. 6-2 and shown in Fig. 6-2. The load for alternating current is Ry,
the same as for direct current. As the grid voltage changes, if the locus
of points of instantaneous operation is plotted from the relation &, = Ky
— 3R, it is easily seen that the a-c-load line is identical with the d-c-load
line [see Eq. (6-4)].

In the circuit of Fig. 6-3b numerical values have been assigned in order
to make the explanation clearer. Let us assume C and Cy to be so large

i PLATE CHARACTERISTICS
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F1a. 6-4. Plate diagram for the circuit of Fig. 6-3b.

that their chmic values to the sinusoidal current are negligibly small.
The d~c¢ plate load is therefore Ry, = Ry + R = 50,000 4 2000 = 52,000
ohms. The static-load line is drawn in Fig. 6-4. To do this, two points
are located, one at e, = 300 volts on the 4, = 0 axis and another point,
say for e, = 100 volts. This means that the voltage drop in R, of
300 — 100 = 200 volts, is caused by 4, = 200/52,000 = 3.85 ma. The
quiescent operation point @ is on this line, but since the cathode bias
caused by plate-current flow through Ry is unknown, @ cannot be located
immediately.

Next, we may draw a grid-bias line showing how the bias varies with
plate current. For zerc grid bias 4 = 0 is required. For E, = ~2
volts, Iy, = 2/2000 = 1 ma. For K, = —4volts, I}, = 2 ma, and so on.
These points determine a locus (not usually straight) upon which @,
determined by E., and Iy, must be situated. @ is therefore at the inter-
section as shown.
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The varying part of the plate current follows a path for which E; and
R, in parallel constitute virtually all the impedance, if C and C} are very
large. The a-c load is therefore 33,300 ohms. Little error is occasioned
by assuming that the a-c-load line passes through @, and a second point
may be determined for drawing it. When 4 = I;, = 2.9 ma, a voltage
drop in the a-c load of 0.0029 X 33,300 = 96.5 volts results, which means
that the line intersects the e, axis at e, = Ey, + 96.5 = 150 4 96.5 =
246.5 volts.

In the circuit of Fig. 6-3¢, Rs. = R if the output transformer has neg-
ligible primary d-c resistance. The d-c-load line and the bias line are
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Epy
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Fia. 6-5. Plate diagram for the circuit of Fig. 6-3c.

shown in Fig. 6-5. The a-c load is (N1/N3)? X 10 = 202 X 10 = 4000
ohms because of the transformer and the 10-ohm secondary load, plus
1000 ohms because the R; resistor is not bypassed by a large capacitor.
The load line for R.. = 5000 ohms is shown. Assuming that it passes
through the @ point, its intersection on the e, axis may be computed as
being 0.030 X 5000 = 150 volts greater than Ey,.

It should be noted that, whenever the a-c load exceeds the d-c load, the
plate diagram will resemble Fig. 6-5; an a-c load smaller than the d-c load
results in a diagram similar to that of Fig. 6-4. The grid-bias line is use-
ful only when Ry is known and the bias is not. The d-c-load line is useful
when the @ point is not known. It usually serves no useful purpose after
Q has been determined as the dynamic operation does not follow it.
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6-6. The Case of a Reactive Load. The load in the plate circuit of a
vacuum tube need not be a pure resistance and often is not. As an
example, consider the triode of Fig. 6-6 with an inductive load. With no
signal applied, the plate current I, is steady, and the inductive reactance
has no effect. The d-c load exter-
nal to the tube itself is therefore 5000
ohms. A load line for this value is
constructed and labeled ‘‘d-c-load

5000ngXy line” in Fig. 6-7. The quiescent

T 37y 300v, operating point is now located at ).

o il With a signal applied to the grid

circuit the plate current varies, and
Kirchhoff’s equation for the plate circuit becomes

500003 R,

Fic. 6-6. A triode with an inductive load.

diy

eb=Ebb'—eL=Ebb—ibRL-LE

(6-5)
This relation between 4 and e, constrained by the load, when plotted will
give the path of operation of the tube. The equation has a term involv-
ing the time rate of change of 7, and therefore this term is dependent upon
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Fic. 6-7. Plate diagram for the circuit of Fig. 6-6.

the rate of variation of the grid voltage. Thus the load line, or path of
operation, has a shape dependent upon the grid signal and the shape and
spacing of the plate characteristics of the tube and cannot readily be
plotted. 1If, for the sake of completing the discussion, one is willing to
approximate by considering the tube characteristics as parallel, straight,
and equidistant lines, so that no distortion appears in the plate current,
then a sinusoidal grid drive results in a sinusoidal current,

ip = {pm COS wl (6-6)
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where 7, is the variable part of % (see definition 4 under Art. 6-7), and
Gy = Tyo + Lpm cOS wl (6-7)
Therefore, upon substitution in Eq. (6-5),

es = By — IpoRr — Rilpn cos wt + wLl,, sin ot

or
e = By — Ipm vV Ri? + L2 cos (wi + 6) (6-8)
where
wl,
§ = arctan R (6-9)

Equations (6-7) and (6-8) constitute the parametric equations of an
ellipse, wt being the parameter. The locus may be drawn by assuming
values of wf and plotting the points obtained. For this example let us
assume the drive to be sufficient to make I,, = 16 ma and that I, = 24
ma and Ej, = 180 volts, for the tube and ecircuit values used. Then
wt = 0 yields 65 = Epo ~ By and 4 = I3 + Ipm, or e = 180 — 0.016
X 5000 = 100 volts and 4 = 24 + 16 = 40 ma. In like manner, wt =
90° yields e, = 260 volts, 3 = 24 ma; wi = 180° gives ¢, = 260 volts, and
%, = 8 ma; wt = 270° corresponds to ¢, = 100 volts, %, = 24 ma. The
elliptical locus is drawn in Fig. 6-7. It can be shown that the points on
the ellipse corresponding to maximum and minimum values of current
(4 and B) are the intersections with the ellipse of a load line correspond-
ing to the resistive part of the load. This is noticeably true in this case
and 1s also generally true.

There should now be a realization of the shape of the path of operation
and of the direction of instantaneous-operating-point travel along the
path for an inductive load, but little can be gained by using this method.
Since no distortion was assumed, the circuit can be much more easily
solved by application of the linear-equivalent-plate-circuit theorem to be
developed later. 1If actual tube characteristics are used, the path is no
longer elliptical nor is its shape readily determined. Hereafter, if the
graphical method using load lines is attempted, the load must be at least
approximately a pure resistance.

6-7. Variations of Plate Current and Plate Voltage Resulting from a
Grid Signal.

Definitions:

¢, or Ae, is the variable part of e..
¢, OT Aey is the variable part of es.
e, or Ae;, is the variable part of e;.
ip or Aty is the variable part of 4.
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The positive sense of each of these quantities is assumed the same as that
of the total quantity of which it is a part. Thus ¢, is positive when it
increases the potential of the grid above that of the cathode.

When the grid is made more positive than the bias value, the plate
current increases, resulting in greater voltage drop in the load. This
causes the difference in potential between the plate and the cathode to
decrease. The action is shown graphically in Fig. 6-8, using the plate
diagram for a triode with a resistance load. In drawing this diagram it
has been assumed that the 7, vs. e curves for different grid voltages are
equally spaced in the region cut by the load line. If this is true, a sinus-
oidal grid voltage ¢, will result in a sinusoidal waveshape for both ¢, and e,.

Load line
=)
Eiof _
-
5 Lo A%
< !
o 3 {
2 5 "0 Q | =
e r of ¢ |
o Q) ’v'(o) }
%
s N
| ,\Q ;/
i) : | |
¢ 100 200 | 300 400
e | Plate voltage (volts)
(e €3 i 2
E, !

0

}
Fic. 6-8. Plate diagram for a triode amplifier with current and voltage waveforms.

It is often desirable to refer to sinusoidal voltages and currents by their
effective (rms) values, which are expressed by the symbols V,, E,, E,, I,,
and E,, each corresponding to the same lower-case letter. In expressing
mathematical relationships between sinusoidal quantities the notation of
complex numbers is convenient. For example, the complex algebralc
symbol for V, 1s V,. This symbol carries its own magnitude and phase
angle. Thus the polar expression for a sinusoidal v, is V, = V,/6, and
similarly for the other quantities. -

Under the idealized conditions of Fig. 6-8, where no grid current flows
and no distortion of waveform occurs, the following relations may be seen
to hold:

e.= E,+ ¢ (6-10)
€ = Ebo + €p <6'11)
ey = ELo + e, (6'12>

B = Iy + 1, (6-13)
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6-8. The Dynamic Characteristic. Under most conditions of oper-
ation, application of a signal to the grid produces a plate current of dis-
torted waveshape and a new set of symbols is needed.

Definstions:

E.. (grid bias) is the average value of e, with signal applied.
Es. is the average value of e with signal applied.

Iy, is the average value of 4, with signal applied.

Average values may be read on a d’Arsonval type of instrument.

i
wi

Fra. 6-9. Dynamic transfer characteristics of a triode amplifier with waveforms of
current and voltage.

If corresponding values of 4, and e, occurring on the a-c-load line for a
triode, are plotted on rectangular 4, and e, axes, a so-called dynamic trans-
fer characteristic results (see also Art. 4-7). For example, the dynamic
transfer characteristic corresponding to the plate diagram of Fig. 6-8 is
shown in Fig. 6-9. If the points of intersection of the characteristic
curves with the load line in Fig. 6-8 are equally spaced, the dynamic char-
acteristic 1s a straight line. Figure 6-9 also pictures clearly the steady
and variable components of grid voltage and of plate current.

If the spacing of the points on the load line mentioned in the preceding
paragraph is not uniform, the plate diagram has the appearance as in
Fig. 6-10 and the dynamic transfer characteristic resembles the example
shown in Fig. 6-11. If a sinusoidal grid signal is applied, the waveform
of 4, is distorted and, because the load is resistive, that of e suffers a
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F1g. 6-10. Plate diagram of a triode with fixed grid bias and nonlinear operation
(exaggerated).

Fi1q. 6-11, A dynamic transfer characteristic for a triode with fixed grid bias, for linear
and for nonlinear operation.
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similar distortion. As a consequence, the positions of the load line and
of the dynamic characteristic shift. To show this, we need to study both
figures. As a preliminary step, let it be assumed that a small sinusoidal
grid voltage ¢, is applied (shown in Fig. 6-11 only). A small alternating
plate current ¢, flows, sinusoidal in form, so that the total plate current
averages Is,. 'The grid-voltage swings are still centered at Q.

Now allow the grid swing to increase in size (e]). The resulting plate-
current waveform (i) is drawn, together with the average value I,
which in this case exceeds I4,. Since the d-c-load line is the locus of aver-
age values of e, and @, the point A representing (Eys,Jpq) lies on the d-c-
load line (see Fig. 6-10). Also, since the load is resistive, i, and e, have
the same waveshapes (inverted), and whenever 7, passes through its aver-
age value Is, the plate voltage e, passes through its average value Es, at
the same instant. Hence (Eys,13a) is a point on the dynamic-load, or a-c-
load, line also. In other words, as the grid drive is increased, the a-c-load
line moves upward (in this case) so that it always passes through A. The
new line is drawn broken in Fig. 6-10, as is the corresponding dynamic
transfer characteristic in Fig. 6-11. If the bias is fixed, the grid voltage
still swings about E, = —30 volts as an axis (called the time axis) and
the variational values of 4, (or ¢,) should be measured from the correspond-
ing time-axis values obtaining at T, whenever it is desired to relate values
of ey, 7, and e. at the same instant.

Definitions:

E; is the time-axis value of e,.
By 1s the time-axis value of e,.
Iy 1s the time-axis value of 7.

Strictly speaking then,

¢, 1s the variable part of e, measured from Ej..
1, 1s the variable part of % measured from 7.

These values are related as follows:

e = Ky + €p (6'14)
= ITu+ 1, (6-15)

T is the point determined by E.:, Ey, In.. It is on the actual a-c-load line
and the dynamic transfer characteristic.

The dynamic operating point T’ does not usually coincide with the static
operating point § because of the nonsymmetrical waveforms of plate cur-
rent and voltage produced by nonlinear distortion. This is sometimes
referred to as the effeet of plate-circuit rectification.

For triodes the nonlinear distortion is not very severe under single-tube
class A operation, and the shift of operating point is usually small. It is
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therefore common procedure to assume 7' to be @, which makes i, = [, +
1. Similar relations hold for ¢, and e,.

For other classes of triode operation and for power pentodes in any
class, the distortion is often rather severe, and for most accurate results
the procedure for determining T outlined in Art. 6-18 or some other equiv-
alent one should be followed.

6-9. Circuit Theorems.? In addition to the laboratory method for
determining circuit behavior, numerous theorems have been developed
which are helpful in determining the performance of a circuit or in design-
ing one. The student already has some familiarity with some of them;
others are new. The topics listed here will be discussed in some detail in
the articles which follow. These are (1) Ohm’s law, (2) Thévenin’s the-
orem and Norton’s theorem, (3) the equivalent-

+ I ‘ linear-plate-circuit theorem, (4) the harmonic

s P § analysis of a periodiec function, (5) graphical

- harmonic analysis of plate current, and (6) the
_ series expansion for plate current.

6-10. Ohm’s Law. It is assumed that the
student already has considerable familiarity
with Ohm’s law. However, a brief restatement of certain facts may be
desirable.

For a d-¢ circuit, E = IR. E is the voltage drop across the resistor in
the direction of conventional current flow (see Fig. 6-12). If the value
of R is independent of the magnitudes of &7 and I, the resistor is said to be
linear. (For linearity it is assumed that the effect is the same for either
polarity of the applied voltage.)

If the voltage and current vary with time, we may write e = ¢R.
Since inductance or capacitance in the circuit also causes a difference in
potential, it is desirable to incorporate the effects of L di/dt and (1/C) [z dt
into Ohm’s law. This can be done if we assume L and € also to be linear
elements (the value is independent of e or £) and the waveform of ¢ to be
sinusoidal. Reecalling that E and I are complex numbers, in algebraic,
polar, trigonometric, or exponential form, which represent the effective
values and the phases of the voltage and the current, respectively, we can
write E = jIX, and E = —jIX as satisfactory solutions to the problem
of obtaining the more desirable forms. The student should remember
that X, = 2#fL and X, = 1/2xfC.

If an alternating voltage is applied to a complex network of R, L, and C
linear elements, the ratio E/I can be expressed as a complex number which
is denoted by Z. The value of Z can be computed by using the R, jX,,
and —jX representations for the components and combining them in the
same manner as for a similar network composed entirely of resistors. The
angle of Z will be found never to exceed 90° in magnitude. Thus it can

F1a. 6-12.
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be stated that the instantaneous potential drop across a linear network
containing no generators is in the direction of the instantaneous current
flow at least half the time. One result is that although the instantaneous
value of the power, fed from the source of applied voltage to a linear net-
work containing some resistance, may be sometimes positive and some-
times negative, yet its average value is positive.

Although the chief applications for Ohm’s law are in connection with
networks containing linear elements R, L, and C only, it offers possibilities
for investigating the character of any network between two terminals
(see Fig. 6-13). A voltage E is assumed
to be applied to the box terminals —_
with arbitrary positive sense. Posi- T Z

E

tive sense for I is taken to agree with
that for E, as though the box were a
load. By writing Kirchhoff’s circuit
equations around various loops of Fic. 6-13.
the network and using other available
theorems, suppose we obtain Z from the relation Z = E/I. For example,
suppose Z = 3 + j4 ohms. Then the network is the equivalent of 3
ohms resistance in series with 4 ohms inductive reactance at the frequency
of the voltage used. However, suppose Z is determined as —3 + j4 =
5/127° ohms. Thus, in its original a-c meaning, Ohm’s law has failed
since 8 > 90°. However, a new interpretation may be gained by refer-
ence to Fig. 6-14 if one solves for the power delivered to the box. P = EI
cos 8 = EI cos 127° = —0.6EI. In words, power has been delivered
from the box rather than toit. Thus the box must contain the equivalent
of a generator.
7% With E and I properly sensed, if Ohm’s
o law yields Z with an angle numerically less
than 90° or with R positive, the network
absorbs average power. If, on the other hand,
I the angle of Z numerically exceeds 90°, or if R
Fic. 6-14. is negative, the network contains the equiva-
lent of a generator.
6-11. Thévenin’s Theorem and Norton’s Theorem. Thévenin’s
theorem is useful for converting any linear network with two terminals into
an equivalent series circuit. Thévenin’s theorem may be used as follows:
1. Referring to Fig. 6-15a, remove the load, either actually in the lab-
oratory or on paper.
2. Determine the open-circuit voltage E,, between the terminals.
3. Remove all generators from the network, replacing them by their
internal impedances. Measure the complex impedance between the net-
work terminals, Call this Z,,.

E
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4. Draw Thévenin’s equivalent series circuit as in Fig. 6-15b. The gen-
erator voltage is E,;, and the impedance in series Wlth it is Z..

5. Reconnect the load impedance.
The current through the load and the power delivered to the load are the
same as though the original circuit were used.

The proof of Thévenin’s theorem is easily obtained from Fig. 6-16,
which is the same as Fig. 6-15a except that an additional series generator
with voltage E,, has been inserted

AAAA —t—0 with sense as shown. The impedance
Q000 elements in the circuit, being linear,
— Z"‘IE Zrad| are unaffected by the magnitude of
@ @ o ! the currents, and hence each genera-

&) tor produces a current independent of
a
Eoc

— -~
z,, I | AAAA x°-—®—|
2000, —> s

Z lood

TEOC I ®—[(_® Z 1000
%) - x0
F1g. 6-15. (@) Linear bilateral net- Fia. 6-16. Diagram for proving Thévenin’s

work., (b) Thévenin’s equivalent cir- theorem.
cuit.

the action of any other generator. (This independence of action is known
as the superposition theorem.)
The current I, produced by the newly introduced generator alone, is

) O

I, = — 2
! Zoc + Zlond

(6-16)
If we tentatively assume that the total current I, equals zero, then the
voltage between network terminals zz is Eo., with the result that the total
voltage drop around the loop through Z,., is zero. This justifies the
assumption that I, = 0, since there can be only one value of total current.
The current I, produced by the generator of the original network, is
I, — I,, and hence

E,.

I - + Zoc + Zlond

(6-17)
This is the same as the current I determined by the circuit of Fig. 6-15b.
Hence we may use Fig. 6-15b to replace Fig. 6-15a.

Norton’s theorem is easily obtained from that of Thévenin. In Fig.
6~15b consider a short circuit applied across the load impedance.

Eac = Iaczoc (6—18)
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With the short circuit removed

E
] = —% .
Zoe T Zoms (6-19)
Substituting to eliminate E,. yields
Z
I= % 1. _
L T Zona ! (6-20)

Equation (6-20) is indistinguishable from that obtained from Fig. 6-17,
which features a constant-current generator delivering a current I,. to
Z,, in parallel with Zy,... If Z,,.4 is varied, I,, remains constant but I
varies.

The concept of a generator which delivers the same current regardless
of the magnitude of the load may worry us a little. Let us use Ohm’s law
to determine its emf and internal impedance Z,,. Making Z,.. in Fig.
6-17 equal to zero yields I,, = emf/Z.. With Z,,. infinite, I,, =
emf/(Z. + Z,). Hence emf/Z,,, = emf/(Z + Z,.). Since Z, # 0,
the only manner of satisfying these relations is to claim that Z,,, = « and
emf = . Therefore in drawing Norton’s equivalent circuit, it is well
to omit the drawing of the generator and to show only the arrow indicat-
ing the positive sense of L.

Norton’s equivalent circuit for any linear network may be obtained as
follows:

1. Short the load, and determine the magnitude and phase of the short-
circuit current. (Caution: This is
safe procedure on paper but may be I::’ r
dangerous in the laboratory with low-
impedance circuits.) Label a current
arrow with this magnitude. B , J ‘

2. Remove the short and the
load, and determine the open-circuit
impedance in the same manner as for Thévenin’s theorem. Use this
impedance as a shunt as shown in Fig. 6-17.

3. Reconnect the load.

Both Thévenin’s and Norton’s theorems give the same results when
their application is legitimate. Many vacuum-tube ecircuits do not
behave in a linear manner, and discretion must be exercised.

'6-12. The Equivalent-plate-circuit Theorem. In Chap. 4 it was
shown how g, gm, and 7, for a triode may be determined from the % vs. e
family of curves. If these curves in some region are approximately
straight and parallel, then 7, is almost constant. If they are also about
equally spaced, then g, and u are almost constant. These conditions
can usually be assumed to exist over at least a small region, and if the
tube is constrained to operate in this region, the operation is said to be

Zoc z food

Fic.6-17. Norton’sequivalent circuit.
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linear. In other words, if 4 = f(ese.) were sketched in three dimensions,
an approximate plane surface in the operating region would result and the
operation of the tube follows this plane relationship.

In many cases of vacuum-tube-circuit analysis the variations in plate
current and voltage caused by a grid signal are of greater importance than
the steady or quiescent values. If the operation of the circuit is linear,
these variational quantities can be readily computed by the use of the
equivalent-plate-circuit theorem. 'This theorem states the effect in the
plate circuit of a signal voltage applied in the grid circuit. We shall now
develop this theorem.

Allow ¢, and ¢, to vary independently, and from the total differential of
the calculus obtain

by ~ diy = g—z—z A + —g—z’-’ Ae, (6-21)
or in the special symbols of this book (and dropping the approximation
symbol)

1

ip = Pl T gmé, (6-22)
P
or
Iy = €p 1 e (6-23)
Recalling that
€y = Ebb — €L (6—2)
and
e = Ep, + (23 (6—11)
er = B, + e (6-12)
we obtain
Ew ¢, =Ep — Eio — & (6-24)
Since
Ebo = Ebb - ELO (6—4)
it follows that
ep = —¢ (6-25)

which is more or less obvious. Hence Eq. (6-23) may be changed to the
form
uey — & — 10, = 0 (6-26)

Equation (6-26) represents the action in a vacuum-tube plate circuit,
such as that shown in Fig. 6-18, because of the action of grid-circuit signal
vg.  We note the following points:

1. Only the part of v, which reaches the grid, namely, e, is effective.
e, s p times as effective, per volt, in the plate circuit as is e..

2. Only varying components of current and voltage occur in the equa-
tion. Therefore the equation is useless for determining direct currents
and voltages, '
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3. Any kind of passive load may be used, and e, is the voltage drop
across it.

4. The ordinary nonelectronic circuit of Fig. 6-19 has the same loop
equation,

It follows that the circuit of Fig. 6-19 is useful as an approximate sub-
stitute for the actual tube circuit, and in so far as p and 7, remain con-
stant, it is a good substitute for computing variational quantities.

P
. —
2 . ip
g %
Zy tlez
p
&
(e
Fyp £
Fra. 6-18. A triode circuit. Fi1a. 6-19. Linear equivalent circuit for

the network of Fig. 6-18.

If the load consists of linear elements equivalent to R, L, and C in
series, then

e. = 1,R + L%’ + %/zp dt (6-27)

If this be substituted into Eq. (6-26), then the value of i, can be deter-
mined if the other quantities are known. If ¢, is sinusoidal, a great saving
in labor results by the use of effec-
tive values of currents and voltages ;
as shown in Fig. 6-20. Since Ip

|-

™
E. =17, (6-28)
Eq. (6-26) changes to the form
wE, — LZ, —Lr,=0 (6-29) %

... Fia. 6-20. Thévenin’s equivalent circuit
The complex-number symbols indi-  for sinusoidal voltages.

cate that each carries its own magni-

tude and phase angle. Since ¢, = —e, from Eq. (6-25), the symbol for
¢, may be shown in Fig. 6-19 and its effective-value counterpart in Fig.
6-20.

For many purposes it is convenient to think of certain points of these
circuits as corresponding to actual elements in Fig. 6-18. Thus symbols
k and p may be added to represent cathode and plate, respectively. The
grid circuit may be added, if desired, as shown in Fig. 6-21. This series

Ep
e
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circuit is often called Thévenin’s or the constant-voltage equivalent plate
circuit.
If the load in Fig. 6-21 is shorted,

L =*E_,E, (6-30)
rp

Since the open-circuit impedance is r,, it follows that Norton’s equivalent
circuit has the form shown in Fig. 6-22. In some applications it is more

P
g p
o —
I
E Z E
r 7, \lE r P | Zr ||E:
e, » . 2 e 5
e
9mEyg
A - P

Fic. 6-21. Equivalent plate and grid Fira. 6-22. Norton’s equivalent circuit.
circuits.

convenient than the constant-voltage-generator or Thévenin’s circuit.
Both circuits give the same answers in solving a problem.

An amended form of the plate-circuit theorem, in which signals are
applied in both the grid and the plate circuits, is given in Prob. 9 at the
end of this chapter.

6-13. The Equivalent Plate Circuit for the Pentode and Other Multi-
grid Tubes. Figure 6-23 shows a pentode connected in a simple circuit

€
€c3 b

Tvg_ + 2 —@Tuﬂ ] +
i1} 1013

Eeet -Ebb
Fic. 6-23. A pentode circuit.

with a plate load. Most of the symbols adopted for triodes are useful
here, with minor changes. Voltages applied to grid 1 may take a sub-
seript 1 if necessary to avoid confusion. Those applied to other grids
always take subscripts according to their numbers. As examples:
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E» is the direct voltage applied between cathode and grid 2.

e 1s the total instantaneous voltage rise from cathode to grid 3 (in this
case e.3 equals zero).

vg2 is the instantaneous voltage introduced into the grid 2 circuit from
some other circuit.

Other symbols which are formed in the same fashion should be readily
recognized.

For many applications of the pentode, v,; is zero, E.., is positive, and
e 1s zero. The impedance Z., can be made practically zero. A signal
Vg1 causes variation of currents 4., and ¢, but there being no impedance in
the second-grid circuit, the value of e.; does not vary. Thus, although
the bias voltages E.i, E.s, Es, and Ey, determine the operating point, the
only elements with varying voltages relative to the cathode are the No. 1
grid and the plate, the same as for a triode. Under these circumstances
and when the operation is linear, the equivalent plate circuit for a pen-
tode is identical with that of the triode. If a signal is applied to another
grid also, say the screen (and again
only if the operation is linear), it is
necessary only to insert in the
series equivalent circuit another
generator with voltage label ugs,6,2,
where pg2, = —dey/de.

6-14. An Example of the Con-
struction of an Equivalent Plate Fia. 6-24. A pentode circuit.
Circuit. A somewhat complex pen-
tode circuit is shown in Fig. 6-24. Assume in this circuit that C, Cj,
and Cy are all very large, so that at the signal frequency their reactances
are negligibly small. The quiescent operating point is determined by the
characteristics of the tube, the voltage Ew, and the values of the resistors
Ri, Ra, and Ry,. Assume that the values of p and r, have been determined
at this operating point, which lies in a linear region.

1. The part of the equivalent circuit which represents the tube between
p and k can be made by drawing a resistor for r, and a generator for each
alternating voltage applied to a grid. Each generator is labeled with its
emf uE, with the positive-sense sign toward k. The sense signs are
chosen in this way so that I, may be assumed with positive sense in the
same direction as was 7, in the actual tube circuit. The u and E, sub-
scripts are determined by the grid being used.

2. If a signal voltage V, has been introduced into the plate circuit (none
has in this example), insert in the series plate circuit a generator labeled
and representing V,, with positive sense in the same direction in thecir-
cuit- as that of uE,.

3. Omit all direct supply voltages and currents, and delete resistors
used to regulate the d-c values if they are not part of an a-c path,
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4. Complete the series plate circuit by inserting the load impedance.

5. It is generally convenient to choose a point g to which the compo-
nents comprising the grid circuit can be connected. This includes V,,
which should have positive sense toward the grid g. Likewise draw con-
nections for other grids if signals are applied to them.

6. Draw arrows, as convenient, to represent positive sense of currents.
These directions are arbitrary except in the case of I,, which has been
standardized in preceding articles.

7. Rearrange the circuit in any convenient fashion.

8. E, is the voltage rise from % to

g P .
-— g. By any convenient path deter-
ro Ip mine E, in terms of other voltages
P R, ;
@TV" £, Ry currents, and ‘imp‘edances. ‘
: l HEg ] 9. Write circuit-loop equations
and node equations using Kirchhoff’s
k

laws. Sufficient equations should
be obtained to solve for any quanti-
ties desired.

Following these steps for the cir-
cult of Fig. 6-24 results in the equivalent circuit shown in Fig. 6-25 and
these equations:

From step 8:

I"16. 6-25. Thévenin’s equivalent for the
circuit of Fig. 6-24.

Eg = "'I2R2 + Vﬂ
From step 9:
pE, ~ LRy — Ly, =0
I1Rb _ 12(R1 + Rz) = 0
L+ =1

If V, is known, then there are four equations in four unknowns Iy, I,, I,
and E,. Any of these may now be determined.

6-15. Limitations on the Linear-equivalent-circuit Method of Analysis.
The foregoing method of setting up an equivalent circuit for studying
the performance of a vacuum-tube circuit is certainly one way of solving
a problem which at first appeared to be quite involved, v4z., the perform-
ance of a nounlinear device like a vacuum tube combined with linear-
impedance elements. But of course the truth is that the vacuum tube
has been treated as though it were linear, which it often is not. How-
ever, if the tube’s grid voltage varies only slightly, say a volt or so from the
quiescent value, the equivalent-circuit device works very well. For some-
what greater grid drive the device still is valuable in making estimates.
For large variations in grid potential a better method of analysis is needed.

It will be found later that voltage amplifiers nsually have low enough
grid drive so that the equivalent-circuit method gives results which are
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quite near those obtained in the laboratory, provided all effects are taken
into account and the values of u and r, are known. This latter require-
ment is somewhat of a catch, for, except for a few operating points, the
values of these tube parameters are rarely found in a tube manual. Of
course they may be measured on a vacuum-tube bridge if one is available,
determined by some other laboratory device, or calculated from a set of
characteristic curves. For power amplifiers the grid drive is usually too
great for the linear-equivalent-circuit method to be used for any purpose
other than an estimate of results.

6-16. Fourier Analysis of a Periodic Function.? Voltages,currents,
and other quantities for which the waveform repeats can be separated
into sinusoidal components by the Fourier method. For example, if f(¢)
represents such a periodic quantity, we can write

f@&) = By + By cos wt + By cos 2wt + - - - -+ B, cos nwt + ¢ - -
+Alsinwt+Agsin2wt—|— < e —'—Ansinnwt_l_ . . (6_31)

This is an infinite series. If the B and A coeflicients progressively
decrease in value to a sufficient degree, the series may converge and repre-
sent f(t). This occurs in practical cases of voltages and currents. If the
convergence is rapid enough, the first few cosine and sine terms may afford
a satisfactory approximation to the function f(¢).

If the function is known, the values of the B’s and A’s can be deter-
mined. ¥or example, we can find B, by multiplying both members of
Eq. (6-31) by dwt and integrating from 0 to 2x. Since the algebraic area
under a sine or cosine wave over any number of complete cycles is zero,
we obtain

1 2w
Bo = o [] £(0) deot (6-32)

In other words, B, is the average value of f(¢) over one cycle.

Any coefficient B, can be obtained by multiplying both members of
Eq. (6-31) by cos nwt det and integrating between the limits 0 and 2w.
All integrals on the right equal zero except the one involving B, and thus
we determine the value

27
B, = —2~/ (&) cos nwt dwt (6-33)
2r 0

By multiplying both members of Eq. (6-31) by sin nwt dwt and proceeding
as above, we obtain
27
A, = —2—/ f(&) sin not dwt (6-34)
27 Jo

If the waveform of f(f) has symmetry about the { = 0 axis, all 4, values
will be zero. Hence in choosing the position of the origin, it often pays
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to try to arrange this symmetry. A waveform with symmetry about the
origin itself has all B, values equal to zero.

6-17. Graphical Harmonic Analysis of Plate Current.* Figures 6-10
and 6-11 show that when a sinusoidal waveform of voltage is applied to
the grid, the waveform of the plate current or of the plate voltage may be
nonsinusoidal. It is often desirable to make a graphical analysis of a
nonsinusoidal waveform to determine its components. The analysis
depends upon being able to pick numerical values from a drawing of the
waveform or from a path of opera-
g tion (load line) on the tube charac-
8O Femox teristics. Since the path of opera-
tion is easily drawn only in the case
of resistive loads, it will be assumed
in these analyses that the loads are
of this character. Figure 6-26
shows a current waveform similar
to that of Fig. 6-11, along with the
graph of grid voltage e, = E,. cos
wt, which will serve as a timing
wave. Anarbitraryscaleof current
has been adopted. The position of
Fre. 6-26. Waveform of plate current the 4, axis is arbitrary, and in this
re.sulting m nonlinear distortion in a case it is chosen to give symmetry
triode amplifier. . . . .

about this axis. A Fourier analysis
can then be made in terms of cosines only and will take the form of

1, = Bq + Bi cos wt 4+ B, cos 2wt + B; cos 3wt + - - - (6-35)

iy

60

wi

where the B’s are undetermined constants with current labels. Inspec-
tion of the waveform of Fig. 6-11 shows B,, which is the average-current
value, to be somewhat more than the 7" value. Since the waveform of 4
more or less resembles that of e, the value of B, relative to B, Bjs, etc.,
must be considerable. But because of the fact that the waveform is
higher than its fundamental value on both the upper and lower lobes, the
second-harmonic term is important. In general it will be found that the
third-harmonic term is small for triode amplifiers operated class A;. As
a convenient approximation therefore, this analysis will be made by
assuming a simplified form:

B = Toa + Ippm cO8 wt + I,m cos 20t (6-36)

This identity contains three undetermined current values, which can be
evaluated by properly choosing three points on the path of operation or
on the 7 waveform, the former being in general more convenient of
application. For greatest accuracy these points should be taken at the
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peak values of the component waves, and it seems fairly obvious that two
of these occur at wt = 0 and x. As it is also of some advantage to choose
points at equal grid-voltage intervals, wt = x/2 is taken as the third value.
The following pairs of values are thus obtained: wt = 0, ¢, = %, ; wt =
/2, G = Iy; wt =7, % = f,,,. Substituting these in order into the
identity (6-36) yields

Z.bmax = Iba + Ile + ngm (6"37)
Ibt = Iba - Ipzm (6’38)
Uin = Loa = Lopm + Lppm (6-39)

These equations when solved give

— ibmax + Z‘bmin + 2117‘

I ba 4 (6'40)
I pom = zbﬂ‘%_zbﬂil‘ (6- 41)
Ipzm — ibmax + ilZnin - 211’2 — (ibmax - Ib‘) ; (Ibt - ibmin) (6-42)

The second form of Eq. (6-42) provides an easy graphical test for
second-harmonic distortion. %,, — I and I — %, are vertically
measured distances along an 7, axis, but their ratio is the same as for
corresponding distances measured along the load line. Thus, considering
the two parts of the load line (Fig. 6-10) above and below the T point and
extending to the limits of operation, it is the difference in their lengths
which measures distortion. If they are equal, the second-harmonic dis-
tortion is zero.

Subtracting I, from both members of Eq. (6-40) gives

R A (6-43)

Since Iy. — I is the d-¢ or zero-frequency component of the varying
part of the plate current ¢,, it is often denoted as I,,,, 'We may then state

a convenient relation
Iy = Iom (6-44)

Equation (6-44) offers a laboratory method for approximately determin-
ing the second-harmonic component of the plate current for a triode.
Since for a triode with fixed bias I; = I,, approximately, the difference
between the no-signal value and the signal value of direct plate current
is I,,. This is the peak value of the second-harmonic component of the
plate current.

Although the assumption of Eq. (6-36) led to formulas for current, it is
possible to begin with a similar assumption for plate voltage and obtain
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thereby formulas similar to (6-40) to (6-42) and (6-44) with current values
changed to the corresponding voltage ones.

As an example of the use of these formulas, values may be obtained
from the drawing of Fig. 6-26. Here 4,,, = 80 ma, [,; = 30 ma, 4, =
2 ma. Then [,. = (80 — 2)/2 = 39 ma, the peak value of 7,, and
I, = Ipm = (80 + 2 — 2 X 30)/4 = 5.5 ma, the peak value of 7,, and
also the average value of 7,. The percentage of second-harmonic distor-
tion is 100 /I pm = 100 X 5.5/39 = 14.1 per cent. In Fig. 6-27 the
components of 3, have been sketched, and their sum yields approximately
the same waveform as that of Fig. 6-26. If more harmonics had been
calculated the resemblance would have been closer, but the simple for-

mulas of (6-40) to (6-42) are easily
applied and are adequate for most
cases of single-sided triode ampli-

fiers operated class A;.
When triodes are used in ampli-
/ fiers in which, for the sake of higher.
efficiency, the operation is of a class
other than A4, or is push-pull, or in
other circuits wherenonlinear opera-
s on wt tion is deliberately chosen in order
to cause some useful effect, the
formulas developed above are gener-
ally inadequate. This is also frue
for pentode and beam-tube power
Fia. @—27. Composition of plate current amplifiers, even with class A; opera-
from its components. tion. Formulas have been devel-
oped in a similar manner to that above and using a considerable number of
points. Properly chosen, these give an adequate determination of the
components of any cyclic waveform occurring in a vacuum-tube

cireuit.

The general development of these formulas is outside the scope of this
book, but as there is need for a set of them for use with certain applica-
tions, one additional group will be developed. As the distortion in the
cases of pentode and beam-tube class A; amplifiers is small beyond the
fourth harmonic, a useful set of formulas can be obtained by assuming

-40F

B = Ita + I pm €08 0t + Ipm c08 20t 4 [, c08 Bwt + Ipm cOS 4wt
(6-45)

and a timing wave of grid voltage, ¢, = E,» cos wf, as before. Since the
points where the peaks of the harmonies oceur are not generally known,
it is simpler to choose points at equal grid-voltage separation, as these can
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often be made to lie on characteristic curves. TFor the required five
points let us use

wb = 0, % = Ty, corresponding to e, = +Ey, or e, = E, + E,

T . . .
wb = 3 0= b corresponding to

1
e, = + 5 Eymore = E,; + —;—Em
wt = g, % = [, corresponding to ¢, = 0 or e, = B, (6-46)
2 . . .
wl = ér; i = 35, corresponding to e; = — %E’Dm or
€, = Ect - %‘Egm
wl =, Iy = Tpp, corresponding to e, = —E,. or e, = KB, — H,,
Substituting into Eq. (6-45) gives, respectively,
ibmax = Iba + lpl"'f + I:U'Lm + [Pam + I?am (6_47)
T = Toa + 0.50pym — 0.5 pym — Lpgn — 0.51 (6-48)
Ibt = [ba b Ipzm + Ip,m (6_49>
iy = Toa — 0.50pm — 050 pm + [ppn — 0.5, m (6-50)
Win = Loa = Lpm + Iogn — Ipgn + Lpm (6-51)
These equations when solved yield
] 29y + 2045 + o
Ibu, — Womax + 1y -E 21 Lomin (6_52)
Z‘max+i{2—i— —Z'nlxin [~
Lo = b_ié?_ﬁ_i, (6-53)
7:ma.x + ?’.min - 2I
Ly = 2mex T _ (6-54)
Toax — 2035 + 2015 — Toppin
Iy = L___}é__ﬁ__br_b, (6-55)
I _ ibmnx - 4il/é + 61[)6 - 41’—‘/& + ibm'm (6 56)
pym T T T T T T T Ty T T T T T T T -

12

The meaning of the symbols in these equations is given in (6-45) and
(6-46). As in the case of the simpler formulas (6-40) to (6-42), each of
these formulas above has a voltage paraphrase. The method of har-
monic analysis by using a finite number of terms of a Fourier’s series is
limited in its application to specific problems, since it is essentially
numerical in its nature. For investigation of the general behavior of a
circuit it is quite useless.
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6-18. Determination of the T Point.>® While rules have been devised
for graphically determining the T point, it is sufficient to offer the method
of repeated approximations. This method is outlined by the following
procedure:

1. Use the plate characteristics for the tube. After drawing the d-c-
load line and the bias line, if needed, the @ point is determined. Using
this as the first approximate T point, draw the a~c-load line. Using the
known grid drive, calculate the average plate current Iy, {see formula
(6-40) or (6-52)]. Plot this approximate 4 point on the d-c load line.

2. If the tube operates with fixed bias, the new T point is on the e, =
B, curve. If, however, cathode bias is used, draw a horizontal line
through A to intersect the grid-bias line, thus determining the new bias
value E,. Sketch in the curve of 1, vs. ¢, for ¢. = E... The new T point
is on this curve.

3. Through A draw a line parallel to the original a-c-load line. This
is the new a-c-load line, and its intersection with the characteristic curve
for ¢. = K., (or E. for cathode bias) is the second approximation to the
T point.

4. The value obtained for I, by the procedure of (1) is probably incor-~
rect, as it was assumed that ¢ determined the time axis for this calcula-
tion. Therefore, using the new 7 point obtained in step 3, one should
recalculate I, and determine improved values for A’, E./, and T'. This
procedure may be repeated to obtain A", E.', and T", and so on, until
two successive sets of values are practically alike.

5. The process can often be shortened by guessing the A value, graph-
ically finding 7, and determining A’. If A and A’ agree, the guess is
correct.

6-19. Series Expansion of Plate Current.® For the determination of
the general behavior of a circuit a method involving symbols for the cir-
cuit parameters is needed. The linear-equivalent-cireuit theorem is one
of these, but its application is limited to cases of linear operation, as was
discussed in Art. 6-15. The student of calculus, familiar with infinite
series, can probably readily perceive that the total differential of Eq.
(6-21) used in the derivation of this theorem represents the results of
using only the terms involving first derivatives in the Taylor-series expan-
sion of the plate current. Under conditions which make the linear-
equivalent-circuit theorem give very poor approximations it is possible
to obtain much better results if a few more terms of the series expansion
are used. Since the algebra involved in the derivation of a usable form
of the series is rather complicated, it seems best to omit it from this book
and to give only the beginning and the results of the process.

We may begin by assuming % = f(e,e.) to be the equation of a family
of characteristic curves for a vacuum tube operated with negative grid in
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a circuit with a plate load. ~Also we may assume that the variable plate
current can be expanded into an infinite series of the form

Ty = e + ase® + ae® + - - - (6-57)
where

e =6+ % (6-58)

and the a’s are unknown coeflicients involving the tube and circuit param-

‘eters. v, represents a signal voltage introduced into the plate circuit.
For this simplified case it must furthermore be stated that the load is a
pure resistance R, and that u is a constant; otherwise the a’s depend upon
frequency, and e has a more complicated form. After considerable
manipulation the following values of the a’s are determined:

u

ay = m (6—59)
- —u'rp, 91 ~
% = 9(r, + R1)? e (6-60)
P [(27 —R)("—’22—r(r +R)%] (6-61)
57 60, + Rp)® ? "\ des e jL dep?

In these formulas the values of u, r,, and the derivatives are to be deter-
mined at the operating point I'. The value of dr,/de, may be found by
first plotting vs. ¢, the values of r, obtained along the tube’s plate-
characteristic curve through 7, with e, held constant at the E.. value.
Then dr,/de, is the slope of this curve at the T point. Similarly the sec-
ond derivative can be determined by plotting vs. e, values of dr,/de,
obtained at several points on the curve plotted above. The second
derivative desired is the slope of this curve at the point corresponding to
T. The accuracy obtainable by this process, of course, rapidly diminishes
as the order of the derivative rises. The usefulness of the series expan-
sion appears in problems of general circuit analysis rather than in numer-
ical ones.

A more general form of the series expansion in which the value of y is
not assumed to be constant, and in which the load may be reactive, has
been made, but the discussion or inclusion of this form is outside the
scope of this book. More complications resulting from grid-current flow
through a grid-circuit impedance or from the application of varying volt-
ages to more elements than the control grid and the plate of a multigrid
tube can be conceived, and some of these have been treated elsewhere.®*
In the case of the pentode, under ordinary conditions of operation, the
screen and the suppressor are at constant direct potential, and therefore
the series derived for the triode suffices.
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6-20. Distortion in Vacuum-tube Circuits. It is usually, though not
always, desirable that the waveform of output current or voltage from a
vacuum-tube circuit be a faithful reproduction of that of the input volt-
age. In previous articles it is shown that the nonlinear behavior of a
vacuum tube results in the formation of harmonics in the plate current
which were not present in the grid voltage. This is called harmonic or
nonlinear distortion and is & form of amplitude distortion because its
amount depends upon the amplitude of the grid voltage. It occurs
whenever the parameters of a cireuit are not constant with changing
electrode voltages. This effect occurs not only in vacuum tubes but also
in a similar way in devices having magnetic cores, because of nonlinearity
of the B-H characteristic, and also in ares, in electric lamps, varistors,
and many other devices. Often the effect is useful; sometimes it is to be
avoided.

Other important types of distortion occur in circuits where inductors
or capacitors are used, either deliberately or inadvertently as in the wiring
or between elements of the tube. The first of these is called frequency
distortion and is the variation in amplitude of the output current or volt-
age as the frequency only of the input voltage is varied. Since most sig-
nals applied to the grid of a tube contain many frequency components,
there will be a change in waveform between input and output because of
this type of distortion. The effect can be minimized by proper choice of
circuit elements and almost eliminated by using only resistors as circuit
components. At high frequencies the ever-present tube and residual wir-
ing capacitances still affect the circuit, of course, and at ultrahigh fre-
quencies transit time for electrons in the tube causes frequency distortion.
Also at high frequencies even a short length of wire has considerable
inductive reactance.

Whenever the phase of the output voltage or current is shifted relative
to the phase of the input voltage, there is said to be a time delay in the
circuit. In order to keep the time delay independent of frequency, it is
necessary that the phase shift be proportional to frequency (see Art.7-18).
If this is not so, then phase distortion results. This type of distortion,
while not of great importance in ordinary a-f apparatus, is very undesir-
able in television circuits and in amplifiers of electronic switches and
cathode-ray oscilloscopes. It usually occurs simultaneously with the
amplitude-frequency distortion mentioned above.

A fourth form of distortion is called intermodulation distortion. It is
related to the harmonic-production process and results from the same
cause, v7z., the nonlinear character of the circuit or tube. It is the pro-
duction of frequencies in the output which are the sum and differences of
the signal frequencies and their harmonics. This effect occurs whenever
two or more frequencies are present in the input voltage and the tube
obeys a nonlinear law.
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An example will suffice to explain this action. Suppose a tube obeys a
quadratic law so that ¢, may be expressed as the first two terms of the
series expansion of Eq. (6-57): i, = ai¢ + ase?. The tube is used in a
simple amplifier circuit, and the voltage applied to the grid is e, = 4
gin 100¢ + 6 sin 250¢.  Since v, = 0, ¢ has the value ¢, and therefore the
variable plate current is 7, = a:(4 sin 100¢ + 6 sin 250¢) + as(4 sin 100¢
+ 6 sin 250t)2, where a1 and a. are constants which depend upon tube and
circuit parameters. We may expand to obtain

ip = ai(4 sin 100¢ + 6 sin 250f) + a.(16 sin? 100¢ 4 48 sin 100¢ sin 250¢
+ 36 sin? 250¢) = a,(4 sin 100¢ 4 6 sin 250f) + a(8 — 8 cos 200¢
— 24 cos 350t 4 24 cos 150¢ 4 18 — 18 cos 500t) = 26a-
-+ 4a, sin 100¢ + 6a, sin 250t — 8ay cos 200t — 18a, cos 500¢
— 24a, cos 350 + 24a, cos 150¢

The term 26a, represents I,,, the approximate increase in direct current
caused by the application of the signal to the grid. 4a, sin 100¢ and
6a1 sin 250¢ are the fundamental components, having the same frequen-
cies as the input voltage. 8as cos 200¢ and 18a, cos 500¢ are the second-
harmonic-distortion terms in the output. 24a. cos 350¢ and 24a. cos 150¢
are intermodulation products. It will be observed that their angular fre-
quencies are the sum and the difference, respectively, of the input fre-
quencies. Both the harmonic and the intermodulation produects con-
tain the coefficient a., which is given a meaning by Eq. (6-60):

4y = TKTn Oy
27 2(r, + R1)* de,

The coefficient a; and the distortion products can be made small if dr,,/des
is small, 7.e., if the characteristic curve for ¢, = E,, is nearly straight near
T. This can be controlled by choice of the operating point. Also it is
seen that distortion is reduced if R, is made large compared with 7.

In the amplification of sound, harmonic distortion, while detracting
from the fidelity of reproduction, does not result in the production of very
objectionable sounds, whereas the intermodulation products may detract
considerably from the pleasure of hearing. Since both types of
distortion occur together, any measure taken to lessen one will also
decrease the other. It should also be noted that since this intermodula-
tion process can produce frequencies nonharmonically related to those
originally present in the signal, it will prove to be a very valuable onein
some applications.
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PROBLEMS AND QUESTIONS
Characteristic curves for several types of tubes are contained in Appendix A.

1. See Fig. 6-28. (a) Draw the d-c-load line. (b) Determine o, Iyo, Eo. (€}
Draw the a-c-load line.

¢ large 5000 turns
50*furﬂ$
= %
ov $250 v
0 o ,L
Fic. 6-28, Fia. 6-29.

2. See Fig. 6-29. Agsume the transformer winding resistances are zero. (a)
Draw the d-c-load line, and locate . (b) Draw the a-c-load line.
3. See Fig. 6-30. Draw the d-c-load line, the bias line, and the a-c-load line.

4. In Prob. 2 assume ¢, = 8 sin wt and the T point is Q. Tabulate the values of %
and of e; for values of wt at 30° intervals, 0 to 360°. Plot the waveforms of e,, 4, and
¢ on the same set of coordinate axes.
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6. Two boxes containing storage batteries and series resistors are connected ag
shown in Fig. 6-31. The d-c ammeter and voltmeter have their polarities indicated.
Both meters read upseale. Which box supplies power, and which receives power?

ik ]

(2)
Box A + N - Box B

FiG. 6-31.

6. One of the two boxes in Fig. 6-32a is an a-c generator. The other is a load.
R is a very small resistance (compared with the load) used to obtain a voltage in phase
with the current. The electronic switch is used to show simultaneously on the
cathode-ray oscilloscope the waveforms and phase relations for the two voltages
applied between the @ and A and the G and B terminals of the switch. The picture
on the cathode-ray oscilloscope screen is shown in Fig. 6-32b. Which of the boxes is
the load?

Box X BoxY
do B z A
A " d \/
Switch
Qut
oG G CRO
(2) @

Fig. 6-32.

7. Bee Fig. 6-33. (a) Solve for the current I, using Thévenin’s theorem. (b) Use
Norton’s theorem to find 1.

41 6.1 01
7
+ +
-? {0v v

Fia. 6-33. F1g. 6-34.

8. Compute the galvanometer current in the Wheatstone-bridge circuit of Fig.
6-34. Hini: Consider A and B as terminals and the 200-ohm galvanometer as the
Joad. Use Thévenin’s theorem.
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9. A certain vacuum-tube circuit is similar to that of Fig. 6-18 except that the
plate circuit contains in addition a generator of voltage v, with positive sense toward
the plate. Determine (a) the revised form of Eq. (6-29), (b) the revised form of
Eq. (6-30).

10. For the tube of Fig. 6-35 ¢ = 20, r, = 10,000 ohms. The gridsignalisE, = 0.1
4+ 70 volts at a frequency of 1000 cps. (a) Draw Thévenin’s equivalent plate

oA

Fia. 6-35.

circuit labeled with Zz, r,, E,, uE,, I, E,, E; and applicable sense markings. () Com-
pute the values of I, E;, and E,.

11. Draw Norton’s equivalent plate circuit for the amplifier of Prob. 10. Label
with Zyz, 74, guEy, Ei, E,, L, and applicable sense markings, Solve for E, if E, = 0.1

++ 70 volts.
12. In Fig. 6-36, 4 = 20, r, = 10,000 ohms, K, = 5000 ohms, K = 1000 ohms,

(a) Draw Thévenin’s equivalent plate circuit. () Solve for I, if !_r, = 0.5 + jO volts.

(c)
Frg. 6-20. Fiaq, 6-37.
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13. Tor each circuit in Fig. 6-37, u = 20, r, = 10,000 ohms, V, = 2/0° volts,
V = 1/0°volt, and operation is linear, For each circuit (a) draw and label Thévenin’s
equivalent plate circuit, (b) determine I, (¢) determine the impedance Z seen by the
generator V (consider the generator V, shorted when computing this impedance).

14. The plate current for a certain diode consists of a succession of half sinusoids,
as shown in Fig. 6-38. Determine the first four terms of the Fourier series for this
waveform (a) if the origin is at A, (b) if the origin is at B. Hint: Replace ot by wt’
—90° in the series for (a).

[bm

k—n ﬂ' T 2n 3w
Fia. 6-38. Fic. 6-39.

15. Figure 6-39 shows the waveform for the current from a full-wave rectifier as a
succession of half sinusoids. Determine the first four terms of its Fourier-scries
expansion.

16. Determine the numerical values of Ine, Iy, Ip, and I, and the per cent of
second-harmonic distortion for the 6J5 tube and circuit used in Probs. 2 and 4.

17. Determine the per cent of third-harmonie distortion for the circuit and opera-
tion of Prob. 4. Compared with the second-harmonic distortion determined in
Prob. 16, is the amount of third-harmonic distortion appreciable?

18. Figure 6-40 shows the waveform for a certain plate current. Find the numerical
values of Lu, Tva, Loy Lipr, Lpg 804 Ipy.

A C large
l ¢ ©
(ma) Y 1T
5 7[ 333KN
23.8K1
—
- \\i/l ng 8v =400v
© ¢ o—-——lll O

Fia. 6-40. Fi1a. 6-41.

19. In Fig. 6-41, v, = 8 sin wi. Find the dynamic operating point 7. Does the
7 point shift greatly from the @ point in this case? '

20. 1n the operating region for a certain triode the plate characteristics are straight,
and p is constant. Signals are applied to both grid and plate circuits. The plate
load is a pure resistance. (a) Write the Taylor-series expansion for the plate current
ip. (b) Draw an equivalent circuit using the results of (a). Label all elements. (c)
u =20, r, = 10,000 ohms, and R = 90,000 ohms. ¢, = 2 cos 2r X 10%, and

» = 80 cos 2r X 1000¢ (volts). Find the value of e, = iRy, and determine the fre-
quencies present in e,

21. In the operating region for a certain triode the plate characteristics are prac-
tically parabolic so that 4 = 2 X 107%e; + 20¢:)2 amp (e, and e, are in volts),
By, = 200 volts, E,: = —8 volts, Rz = 93,750 ohms. (a) Find g, 5, and orp/de; at
T. (b) Write the Taylor-series expansion (¢ and e? terms) for 5. (¢) If ¢, = 2 cos
2r X 10% and v, = 80 cos 2r X 1000t (volts), what is the expression for ¢, What
frequencies are present in e,?
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22. Two triodes are connected in cascade. Each tube operates in somewhat non-
linear fashion and produces distortion in its output. Suppose this action causes the
grid voltage for the second tube to be ¢, = 6 cos wt — 0.2 cos 2wt volts. For the
second tube agsume Ry = 12,000 ohms, E,; = 156 volts, E. = —6 volts and the
equation of the plate family to be 7% = 1.39 X 107%(es + 20¢.)!-* amp (¢s and ¢, in
volts). Determine (a) the equation for 7, in terms of ¢, (b) the equation for 7, in
terms of wt. (c) Isolate the terms representing generated second harmonic from those
representing amplified second harmonic, and show that these tend to cancel. (d)
Note the intermodulation-distortion terms.

23. The circuit of Fig, 6-42 can be used for measuring p for a vacuum tube. R,
is adjusted until the 1000-cps tone cannot be heard in the phones. (a) Draw the
linear equivalent circuit. (b) Find p in terms of B, and R..

Phones =

1000 cps
Fia. 6-42.



CHAPTER 7

VOLTAGE AMPLIFIERS

7-1. Classification of Voltage Amplifiers. The voltage produced by a
pickup, an antenna, or one of many other devices is often so feeble that
considerable amplification is necessary before it becomes great enough to
drive the grid of a power tube or to operate some terminating device.
Hence voltage amplifiers are of great importance. 'The tube used may
be quite small, either a triode or a pentode, and usually its most important
qualification should be a high value of u. Since the purpose of a voltage
amplifier is to reproduce the input waveform in magnified size and with
no more distortion than necessary, class A; operation is always used.
This results in low harmonic distortion, and usually the linear equivalent
circuit is quite satisfactory for determining the performance, although
the method of Art. 6-16 may be employed if the amount of harmonic dis-
tortion must be found. Amplitude-frequency and phase-frequency dis-
tortion both become quite troublesome in many voltage-amplifier circuits.
This distortion occurs because elements in the tube and circuit have
impedance values which vary with frequency.

Other further classification of voltage amplifiers is often desirable. A
chemical-reaction-control process may produce a feeble direct voltage
which varies very slowly with time. To amplify this voltage a direct-
coupled amplifier is useful. This amplifier often will perform also on
low- as well as higher-frequency alternating signals. Audio-frequency
amplifiers must perform for frequencies over a quite wide range, the
extreme case being, say, from 20 to 20,000 cps. Such an amplifier, for
which the bandwidth is about twice the mean frequency value, is called
a broad-band amplifier. An amplifier may operate in this same range
but over only a narrow band, say around 1000 cps; its operation would be
classified as narrow band. In cathode-ray oscilloscopes amplifiers are
needed which have a range of a few cycles per second to 100,000 cps or
higher. These are called wide-band or video-frequency amplifiers, the
latter name sometimes being used because the same general type is
employed in television, where a range from about 30 cps upward to
beyond 4 Mc is needed. For the amplification of radio frequencies, it is
usually desirable to have selective action to cause high amplification of
wanted signals and rejection of unwanted ones. This calls for some
variety of filtering device, tuned loads generally being employed. These

155
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r-f amplifiers have high amplification over only a very narrow range and
hence are narrow-band amplifiers. For example, the r-f amplifier in a
broadcast radio receiver may be adjusted to receive a station with a car-
rier at 890 k¢ and sidebands extending from 885 to 895 ke. The ratio of
bandwidth to mean frequency is only 19%4g¢, or 0.0112. Some amplifiers
of this kind operate on a fixed band and are called intermediate-frequency
(i-f) amplifiers. The center of this band may be placed as low as 75 ke
or as high as several megacycles. For a-m broadcast use, the ordinary
value is 456 ke. For f-m broadcast receivers, 4.3 and 10.7 Me are in com-
mon use at the present time.

7-2. A Simple Single-stage Amplifier with a Plate Load. A simple
amplifier with the signal applied between the grid and ground and with a
load in the plate-to-ground circuit appears
in diagram form in Fig. 7-1. The tube, of
course, may be a pentode instead of the
triode shown. The desirable output may
be voltage, current, or power. In ampli-
fiers with a-c signals applied, usually only
E,, = the alternating component of the output is
I‘ of interest. In this case the output voltage

© E, is considered to be E, rather than F,.
Frc. ;_1. A grounded-cathode The positive sense of E, is preferable to
grid-driven plate-loaded ampli- that of E, bfacause E, s0 often serves as V,
fer. for a following stage, and the senses then

agree without any change in sign.

Before continuing it might be well to mention that the signal voltage
can be applied to other circuits instead of between the No. 1 grid and
ground, and also the useful output may be taken from the circuit of an
element other than the plate. Some of these other possible arrangements
will be discussed later, as they have some interesting and desirable
features. -

Returning to the discussion of the circuit of Fig. 7-1, an approximate
analysis may be made, using the equivalent linear circuit. This method
gives quite reliable results provided the quiescent operating point has
been chosen in a linear region of the tube characteristics, so that if the
grid-driving voltage is small, the tube parameters do not vary appreciably
from their quiescent values. Figure 7-2 shows two forms of the equiv-
alent circuit for low frequencies.

The voltage amplification A of an amplifier is defined as the ratio of the
output voltage to the input voltage. TFor the circuit of Fig. 7-2a

_ I-‘Vq
L= %7 (7-1)
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and
V,Z
E, = = — HV¥ebr -
E, r» + Zyg (7-2)
Hence
Eo IJ'ZL
A=_0 = _ _#Er _
v, T, + Zyg (7-3)
This can be written also as
. .
A=K D22 _  Im_ _ 7 _
oty T Zn Ya  Omoeh @4

where Y, and Z,; in this case combine r, in parallel with Z;. Formula
(7-4), which also follows directly from the eircuit of Fig. 7-2b, is an impor-
tant one which is useful for many

forms of amplifiers which are classi- g F
fied under the title of Fig. 7-1. . I I

7-3. The Single-stage Amplifier )
at Higher Frequencies. Asthe fre-
quency of the signal V is increased, @T Vo : (:ZL EoE
the amplification decreases from the
value for low frequencies. This is
because of the effect in the circuit —o
of various capacitances, whose & (a)
reactances decrease with frequency.
This effect will now be studied. °
Figure 7-3a shows the equivalent , Ip
circuit for this amplifier at higher
frequencies, not including those Z
which are very high where lead §rp [’] Eo
inductances and the transit time of

the electron in the tube become gmEg=gnmVy
—_—_

important. Cgu, Cyp, and C, are A —o
interelectrode capacitances for a (6) Zsh

triode. For a given tube their g 7.2 Low-frequency equivalent cir-
values may be ascertained from cuits.

a tube manual. For a pentode,

C, should be replaced by C,,, which is the lumped value of C, i +
C,102 + C,1g3, since the screen and suppressor are at the same alternating
potential as the cathode. Likewise C,; must be replaced by C.., repre-
senting Cp + Coap + Cysp.  Otherwise the circuits are alike for both
triodes and pentodes. C, represents the capacitance to ground of the
wiring and circuit elements which are at the alternating potential of the
plate. Tor class A; operation there is no appreciable grid conduction
current through the tube, and therefore I, is mostly displacement current

=Y
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through C,; and Cy,. Since V, represents the voltage delivered by the
source to the position shown, usually it is not necessary to concern our-
selves with the effect of I, and Z., the impedance of the source.* This
effect is mostly the concern of the device preceding our amplifier, which
must furnish the voltage V,.

The circuit of Fig. 7-3a appears fairly complicated in this form, and so it
may be changed to Norton’s form. A short placed across zz gives a

I G
I, 9 %p

A !
lzl I1
\/

, (a)
g . P
! 1€ -
_L Cor Z
ZL. T Cgk T'P <2
: -0
(5) k

L
b Joon Joon
V.'] (gm= ng) .
_—
¢ —4 _ . . -0

(c)
Fia. 7-3. (a) High-frequency equivalent circuit. (b) Open-circuit impedance to the
left of zz. (¢) Norton’s form of (a).

short-circuit current of uV,/r, — Y, V,, flowing with positive sense
upward in the shorting wire. Y,, is the admittance of C,,. With short
and load removed, the open-circuit impedance looking toward the input
from xz is shown in Fig. 7-3b. If Z, has a high value (the output imped-
ance of a pentode is an example), the open-circuit impedance is r, in par-

* In some circuits self-generated oscillations may occur, dependent upon the char-

acters of Z; and of Z;. For an example refer to the tuned-plate tuned-grid oscillator
described in Art, 11-4,
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allel with an impedance which is approximately that of a capacitor some-
what smaller than Cy,. If Z. has alow value (as in the case of the output
impedance of a medium-u triode), r, is practically shunted by C,,. To
estimate the maximum effect, C,, may be used as a shunt on r, as shown in
Fig. 7-3c. 1In applications, some judgment should be employed as to
whether this maximum or a lesser quantity is the correct value. .

Let Za(= 1/Y.) represent the entire impedance shunted across the
output. Then

Eo=E, = —Vi(gn — Ygp)Zus (7-5)

and

A)\igh = _(gm - ng)zsh (7-6)

Some idea of the importance of the term Y, in the factor g, — Y,, may
be gained by computing values for a 6J5 tube at 10 Mc. Here, approx-
imate values are g, = 2600 micromhos, C;, = 3.4 puf. Hence gn — Y,5
= 2600 X 10~% — j2r X 107 X 3.4 X 10~12 = (2600 — j214) X 10~% mho
= 2610 X 10-%/—5° mho. . For a pentode 63J7 under the usual condi-
tions, approximate values are g. = 1650 micromhos, C,, = 0.005 uuf;
hence ¢g.. — Y,, = 1650 X 10~% — j2r X 107 X 0.005 X 10~ = (1650
—340.31)10~¢ mho ~ 1650 X 10~%/0°mho. From this discussion it is seen
that even for a triode the term Y,, may often be omitted except perhaps
for frequencies considerably exceeding 10Mec. Thus formula (7-6) sim-
plifies to

Ahigh = _gmzsh = - gmh‘ (7_7)

which is the same form as for low frequencies. However, here Z,, for a
triode includes Z;, 75, Cp, Cyu, and C,, in parallel. In the case of pen-
todes Zs becomes Zy, r,, Cou, and C,, in parallel, since C,, is very small.
As the frequency of the signal increases, the reactances of these capaci-
tances decrease, Z, changes in value, and hence A decreases in magnitude
and shifts its phase angle. '

7-4. The Output Impedance of a Simple Amplifier. For various rea-
sons it is sometimes important to determine the output impedance of an
amplifier. The output impedance of a voltage-producing device is
defined here as the rate of change of output voltage with respect to output
current. These changes are produced by a change in load. ' For the sim-
ple Thévenin’s circuit of Fig. 7-4a we can write E + E, — 1Z,, = 0, and
if E and Z,, are constants, dE,/dI = Z,.. Thus the output impedance in
this case is equal to the open-circuit impedance used with Thévenin’s
equivalent circuit. There are other ways by which it can be determined,
but in many cases this method is the easiest.
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For the simple amplifier of Fig. 7-1, a value of the output impedance
can be readily obtained by finding Thévenin’s equivalent of Fig. 7-3c.
This is shown in Fig. 7-4b. It follows that Z,,, is equal to Z,;. It should
be noted that this value is not the only one which can be named. For
example, if the terminals for viewing Z,,, are moved to the left of Z,, then
Z... will not include Z,. Hence a
knowledge of the terminal position
is necessary when one makes a
@l& Load||E, computation of Z,,.

7-5. The Input Impedance to a
I Simple Amplifier. The impedance

() looking into the input of an ampli-
, fier is not infinite. If the operation
Z, o is class 2, thereis conduction current

between grid and cathode during
part of the cycle of grid voltage, and
@T Vg (gm=Yop ) Zon <2 even for a class 1 amplifier there is
some displacement current through
0 the interelectrode capacitances,
particularly at high frequencies.
The resulting input impedance will
be an additional shunt on any
amplifier or other device used to furnish the input signal. Becauseitisa
shunt load, it is usual to determine the input admittance Y,, defined as
I,/V, (see Fig. 7-3a) rather than a value of Z,.
The input admittance Y, of the simple amplifier can be determined by
referring to Fig. 7-3a.

(b)
Fia. 7-4. Circuits for the determination
of the output impedance.

Y, =% - Ilj L (7-8)
g g

I = (V; — Eo)juCyp = (Vg — AV,)jwCp (7-9)
and

I, = VjwCy (7-10)
Therefore

I, = Vyju[Ca + (1 — A)Cy,] (7-11)
and

Y, = j“’[oyk + Q0 - A)Cﬂp] (7-12)

For a pentode Cy is replaced by Ci,. For most pentodes C,, is so small
in value that (1 — A)C,, is negligible compared with C,; hence for a
pentode

Y, = joCi (7-13)
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In Eq. (7-12), A is in general a complex number so that Y, will have both
real and imaginary components. Thus

Y, =G, — jB,* (7-14)

Two examples may be helpful.

1. Suppose A = A /_18_92, as for an amplifier with Z,, a pure resistance.
ThenY, = jo[Cu + (1 + A)Cy,] andG, =0,B, = —w[Cp + (1 + 4A)C,,)].
The quantity Cpx + (1 + A)C,, is the input capacitance C,. For a tri-
ode the contribution of C,, is much more than that of Cy.

2. Suppose A = A/225° = A(—0.707 — j0.707), as for an amplifier

with inductive Z,,. Then

Y, = jolCor + (1 + 0.7074 + jO.7074)C,,] = —w0.707AC,,
+ jw[cgk + (1 + 0.707A)Cap]

Hence G, = —w0.707AC,, and C; = Cyp + (1 + 0.7074)C,,.

It is seen that, for purely resistive Z, G, is zero and, for inductive Z,
G, may be negative. It may be determined by trial that if Z, is capac-
itive, G, is positive. From the explanation of Art. 6-10, a negative value
of G, means that energy is being fed into the grid circuit from the plate
circuit. At high frequencies, G,, which increases with frequency, may
become quite large. In parallel with other resistors in the plate eircuit of
the preceding tube the total G may become negative. In that case the
second tube will supply some of its own grid excitation and oscillations
will occur for some values of Z..

7-6. Amplification, Decibels, Gain. The voltage amplification A of
an amplifier has been defined as the ratio of the output voltage to the
input voltage. The amplification produced by a single stage is often not
enough to raise the output voltage to the required level. In such a case
the output of the first stage is fed into a second stage, and hence if neces-
sary to a third stage, and so on, until the output level is satisfactory.
The result is a cascade, or multistage, amplifier. = If the input to the first
stage is called Vy,, the output of this stage becomes the input Vs, for the
second. Note that the numerical subscript preceding the letter subseript
refers to the number of the stage and not to the number of the grid. Then
for the first stage the definition for amplification becomes

Vs

A == -
= (7-15)

Vi, and V5, are both complex quantities, and it follows that A, is also a
complex quantity. Itssize 4,is, of course, themagnitude of the amplifica-
tion; its angle 61, is the angle by which Vy, leads Vi,.  This phase shift is

* This definition of admittance is from ASA Definitions of Electrical Terms.
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due partly to the action of elements in the circuit, but mostly to the choice
of the sense of E, rather than that of E, as the sense for output voltage
E..

For two stages E, = Vy,A,, and Vi, = VAy; therefore E, = Vi, ,AA,,
and A = E,/Vy, = A1A,. Thus the amplification of a cascade amplifier
is the product of the amplifications

F=— B . — of the individual stages.
g R E, Ry,  When several stages are used, it
lo o is often convenient to use a method

based upon that employed with
communication networks for com-
puting the loss or gain in power (see Fig. 7-5). Tor this purpose the
decibel (db) is defined:

No. db gain = 10 log, }B)? (7-16)
1

Fia. 7-5. A four-terminal network.

the factor 10 being employed since the bel is too large a unit for convenient
use. If the input and load impedances are R, and R, respectively,

. 2Ry E2/Rs
No. db gain = 10 log—llz—R1 = 10 log Bk (7-17)
or if B, = R, as is sometimes the case,
No. db gain = 20 log 22 = 20 log 22 (7-18)
I E,

These formulas (7-16) to (7-18) all measure power gain or loss.

In voltage amplifiers power gain is seldom discussed as the grid usually
takes negligible power. Hence the definitions above sometimes are not
strictly applied. Instead, the requirement that B, = R.is dropped, and

No. db voltage gain = 20 log%—2 = 20 log 4 (7-19)
1

is used as a definition, the word “voltage”” being carefully inserted to
avoid confusion. For a cascade amplifier this becomes

No. db voltage gain = 20 log-4:4:4; - - - = 201log 4, + 20 log 4,
+20log As + - - - (7-20)

Hence the decibel voltage gain of a multistage amplifier is the sum of the
decibel voltage gains of the separate stages. It should be noted that in
the above formulas only scalar values are used, as the inclusion of the
angles without further definition would be meaningless.

As the amplification A of an amplifier varies because of changing fre-
quency, it is convenient to compare the amplification at one frequency
with its valug at another as a standard. This may be done by computing
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the ratio A,/A;, where fi refers to the frequency under consideration
and fy to the standard frequency. The comparison may also be made
using decibels. Since the A’s represent ratios of output voltage to input
voltage, the definition involving voltages may be adapted to use. Thus
No. db drop in voltage gain = 20 log %ﬁ’ (7-21)
f1
The word ““drop ” rather than ‘‘rise” is used since the ratio of 4’s has been
inverted from its first expression above in order to avoid the necessity of
determining the logarithm of a number less than unity. If A; exceeds
A, the ratio in expression (7-21) may be inverted and the result called
decibel rise in voltage gain.

As an example, if the value of 4 at 100 cpsis 70.7 per cent of its value at
1000 cps, the drop in voltage gain is 20 log (1/0.707) = 20 log 1.414 = 20
X 0.1505 =~ 3 db.

The voltage output of pickups and microphones is often expressed in
decibels. Thus a manufacturer’s catalogue may state that a certain
mierophone has an output of —54 db, where 0 db = 1 volt, the load is 5
megohms, and the sound pressure is 1 dyne per em?.  The actual voltage
output under these conditions can be calculated as follows: 54 = 20
log (1/E) or log (1/E) = 2.7, 1/E = 500, and E = 0.002 volt.

The zero level is not always 1 volt for voltage decibels, nor is there a
uniform standard for power use, 6 mw into a 500-ohm load being common
but not universal in telephone practice. .. Unfortunately, many catalogues
state the output of a device in
decibels without any statement as
to the standards used, and hence the A
information given is meaningless.

If the output is high enough perhaps
to overdrive the grid of an amplifier,
it is best to state the output
directly in volts. ' s B |l

7-7. Methods of Coupling Multi~ pis. 7.6, A circuit like this will not work.
stage Amplifiers. A current 4 flows
from plate to cathode in the first tube of an amplifier, while no current
flows from cathode to grid in the second tube. Hence, one cannot con-
nect the grid of the second tube directly to the plate of the first tube, in
the manner shown in Fig. 7-6, to obtain satisfactory operation. Insertion
of a suitable coupling network between the two tubes is necessary. One
type sometimes employed is so-called direct coupling, produced by insert-
ing a resistor between A and B in the circuit of Fig. 7-6. Other types are
called resistance-capacitance coupling, untuned-transformer coupling,
impedance coupling, and tuned-transformer coupling. The type of cou-

Load
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pling used depends upon the requirements of the amplifier. A discussion
of each of these follows.

7-8. Direct-coupled Amplifiers.m’? The purpose of direct coupling is
to eliminate the capacitors, inductors, and transformers used in other
types. These cause a loss in amplification at low frequencies and fail to
give any response at all to direct voltages. Many circuits employing
direct coupling have been devised. Some use several batteries, but this
practice is generally undesirable.

The type of circuit shown in Fig. 7-7 was devised by Loftin and White.
A rectifier type of power supply can be used instead of the battery, if

=
Eyp
Fre. 7-7. A Loftin-White direct-coupled amplifier.

desired. The manner in which the resistor values are chosen, as well as
the general action of the circuit, can be seen from the following example.

In Fig. 7-7 suppose that the tubes are type 6J5 and that R,, is 100,000
ohms and R, is 10,000 ohms. Assume that the values of By, = 90 volts,
E,, = —3 volts determine a suitable operating point for each tube.
Measurements taken on a vacuum-tube bridge with this operating point
yield Iy, = 1 ma, r, = 16,000 ohms, and g = 19.3. Point 4 may be
labeled 0 volt, and under quiescent conditions point B will be at -+3 volts
potential and p; will be at a potential of +93 volts. The voltage drop in
Ry 15 0.001 X 100,000 = 100 volts, making point C at a potential 100 --
93 = 193 volts above that at point A. The point g; is at a potential of
4-93 volts; therefore D should be at 93 + 3 = +96 volts. p; has a
potential of 96 -+ 90 = 186 volts, and the drop in E.; being 0.001 X
10,000 = 10 volts, the potential at £ should be 186 + 10 = 196 volts,
the voltage required for Ew.

For this problem the load will be considered to be a relay with 10,000
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ohms resistance. The power-circuit contacts of the relay will be con-
sidered normally open and will close with a minimum current flow of 1.2
ma through the relay coil. Thus under quiescent conditions the relay
contacts are open.

It is generally desirable to make the resistance of the bleeders B, R,
etc., low enough so that changes in current through the tubes and these
resistors due to the applied signal will change the potentials at points A,
B, C, etc., by only a small percentage. For this reason it is assumed that
these resistors have no effect on the operation of this circuit.

One may next draw Fig. 7-8, the linear equivalent circuit for the two-
stage amplifier. Recalling that ¢, = As, ¢, = Ae,, and e, = Ae, as def-
initions, one may replace the usual quantities and label the circuit with

N B 92 Py
Aigg
d dey =Aey, Pyy, degs,
r\DIvaelc ‘ l/JAeZC
[

F1a. 7-8. An equivalent circuit useful for a two-stage amplifier handling slow grid-
voltage changes.

the incremental ones, giving an equivalent circuit useful for small changes
in voltage and current. It follows that

_ . __ mRisley _ bep _ BBy
Aelb = —AllelL = - —__Tp+R1L and A1 = Aelc = — Tp+R1L
Hence the value of Ais —19.3 X 100,000/(16,000 + 100,000) = — 16.6.

Likewise Ay = —uRs./(r, + Ra) = —19.3 X 10,000/(16,000 + 10,000)
= —7.4. Hence, A = AJA, = —16.6 X —74 = +123.

The least value of Aiy required to cause the relay contacts to close is
+0.2 ma, which requires a value of Aey of —0.2 X 10—% X 10,000 = —2
volts. The necessary value of input voltage Aey, is — 2123 = —0.016 volt
or —16 mv. If this voltage is not available, a third stage may be added
or perhaps tubes having a higher u might be used. The negative value of
Aey, obtained means that the input device must be connected to give a
polarity opposite to that marked for the sense of Aey, in Fig. 7-8 above.

When direct-coupled amplifiers are used with I-f alternating-voltage
signals, their operation should be quite satisfactory. But if the input is
a low direct voltage, many factors contribute to make them troublesome.

1. The values of Ey and E.. must be maintained constant, either with
batteries or with voltage-regulated power supplies. Otherwise the oper-
ating voltages and currents for the tubes will change. It is particularly
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important to maintain the grid bias for the first tube constant, as any
variation there is as potent as a signal of the same amount.

2. The initial velocity of electrons leaving the cathode has the same
effect as the insertion of a small battery in the cathode lead, with the
initial velocity assumed to be zero. If the heater voltage varies even
slightly, the equivalent battery voltage changes the grid-to-cathode bias
and hence the plate current. Thus the heater voltage must be main-
tained constant. In some amplifiers filament-type tubes are employed,
and the current through the bleeder of the regulated plate~-voltage supply
also heats the filaments.

3. Grid current flowing through the impedance of the external grid cir-
cuit of the first tube causes a voltage drop which masks the desired input
signal. This grid current is caused by one or more of several factors.
High-initial-velocity electrons may strike even a negatively biased grid.
A hot grid may emit because of cathode-emitting material sputtered on it
during manufacture. Since even the most thoroughly evacuated tube
contains some residual gas, positive ions may be present, which are
attracted to the grid and may even knock secondary electrons from that
electrode. 'There are more or less effective preventatives for grid current.
Operation with low heater voltage reduces the initial velocities of the
electrons, and the use of low plate voltages reduces the danger of ioniza-
tion of residual gas. Careful manufacture to avoid sputtering of the grid
and to reduce residual gas also helps.

4. The emission of coated and thoriated cathodes is not uniform over
the cathode surface and varies slowly with time at any one spot. Because
the grid wires produce anonuniform
field at the cathode surface, there is
a resultant small effect on the space
current. For amplifiers with input
voltage of very low level this is
probably the most serious difficulty

I in direct-coupled amplifier design.

i Balanced circuits are used with
=i some success to cancel the effects of
these random fluctuations. Figure
7-9shows onestage of such an ampli-
fier circuit. If an initial adjustment is made so that no voltage output
is obtained with zero signal, then variations of cathode temperature or
electrode-supply voltages have no effect providing the tubes behave iden-
tically. Practically, it is impossible perfectly to match the tubes so that
their coeflicients are identical, and hence complete cancellation of errors
does not occur.  Also the effect under item 4 is not helped by the method.

If possible it is probably better to avoid having to amplify a small direct

Fia. 7-9. A balanced voltage amplifier.
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voltage. Sometimes a vibrator-type switch may be used to break up a
direct voltage, and the pulsating voltage obtained may be amplified with
an ordinary a-c amplifier, which is relatively trouble free. Followingthis,
the output may be rectified if desired.

7-9. Resistance-capacitance-coupled Amplifiers. The circuit dia-
gram for two stages of an E-C-coupled amplifier using triodes is shown in
. Fig. 7-10, while one employing pentodes is shown in Fig. 7-11. Except
for the voltage-dropping resistors and the bypass capacitors in the screen-
grid circuits, the arrangements are identical.

TEy”
Fre. 7-11. An R-C-coupled pentode amplifier.

The capacitor C serves to prevent the high direct potential on the plate
from being applied to the following grid and helps to block slow variations
of voltage across K, from passing on through the amplifier; yet it allows
the higher-frequency signal to be amplified by the next stage.

R, serves two or more purposes. It allows the grid to be at ground
potential for direct currents (if the grid conduction current is negligible),
while the cathode has a positive bias to ground because of current flow
through E;. Second, it permits C to charge as fast as slow variations in
voltage across R, change the potential of its left plate. This causes the
total voltage drop across R, except the higher-frequency components due
to the signal, to be established across C and none of it across B,. This is
an advantage for purposes of stability, a disadvantage if the signal itself
is of low frequency. Third, B, may be reduced in size or even omitted
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and R, used to make a grid bias due to grid-current flow. Usually there
is no advantage in doing this for an B-C-coupled amplifier, but the method
is occasionally used. Under some circumstances it may be actually
unsafe, since if grid current flows because of grid emission, it may give a
positive bias instead of the negative one desired.

In the pentode circuit the bias for the screen grid in this case is obtained
from the plate-voltage supply. For voltage-amplifier pentodes the sereen
voltage desired 1s often about 100 volts, while the plate-supply voltage is
perhaps 250 volts. Although a screen-power supply could be employed,
this s generally uneconomical. Or a voltage divider across Ey, could be
tapped at 100 volts. The series dropping resistor used is the ordinary
method, however. Since the plate current is approximately proportional

F1a. 7-12. Equivalent circuit for the entire frequency band.

to the screen current, but larger, if the direct screen current can be main-
tained constant, the direct plate current will remain approximately con-
stant too, thus tending to keep the operating point of the tube from shift-
ing. Any slow rise in screen current causes a corresponding drop in screen
potential, which tends to prevent the current rise. Thus a series drop-
ping resistor is a stabilizing element. It must always be bypassed by a
capacitor of sufficient size to prevent appreciable signal-frequency varia-
tion in the screen potential; otherwise the tube will perform somewhat
like a triode. It is assumed in the amplifier circuit under discussion that
R4 and C,; have been properly chosen, and hence the screen grid is essen-
tially at alternating ground potential.

The bias for the control grid is usually obtained by using Ry as shown.
Besides being simple and cheap, the device is desirable from the stability
standpoint, its action being similar to that of the screen-grid resistor for
the pentode. Likewise €} needs to be of adequate size, or the potential
of the cathode will vary relative to ground. While this variation is some-
times desired, for the present it will be assumed that the cathode is at
alternating ground potential.

7-10. The Linear Equivalent Circuit for the K-C-coupled Amplifier.
In order to study the performance of this amplifier, the linear equivalent
circuit is first drawn in Fig. 7-12.  Unlike the direct-coupled amplifier of
Art. 7-8, which 1s designed particularly for low- or zero-frequency use,
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this one fails at very low frequencies. Above these it operates over a
wide band, and the capacitances between tube electrodes and between
wiring and ground become important in the higher regions of this band.
Tube capacitances are represented by Cy,, Cyp, and Co,. €, includes all
capacitances between the control grid and tube elements which are at
cathode potential. For a triode this is C;z. For a pentode C,, = C,; 4
Coig2 + Cyigs, if the circuit is arranged in the manner of Fig. 7-11. C,..
is Cp for a triode and C + Cyep + Cusp for a pentode.  Sinusoidal
waveshape of applied voltage is assumed. Note that in this circuit E, is
equal to V,.

The box labeled Y, in the equivalent circuit represents the input shunt
admittance to the next stage, if any (see Art. 7-5.). It is equivalent to a
capacitor and a resistor in parallel. With the frequencies ordinarily
used with R-C-coupled amplifiers of this type, the resistance is very bigh

g P b R
I | : | .
o ko Sky
E,
TVg 1’“ % l » 2P SRy (B
V,
& . . ¢ —0
Fra. 7-13. Thévenin’s circuit for the mid-  Fra. 7-14. Norton’s equivalent circuit for
frequency range. the mid-frequency range.

compared with the grid leak R,, and it may be either neglected or con-
sidered to be combined with E,.

‘While an analysis of this circuit can be made which is valid for all fre-
quencies for which the ecircuit is useful, the labor is considerable and the
results will be in a form not particularly simple. Rather, it is better to
separate the frequency band formally into three ranges. The middle
frequencies are those high enough so that there is no appreciable loss in
voltage in C, but low enough so that the numerous shunt capacitances
collectively have no appreciable effect. Such a range may not exist for a
particular amplifier circuit, but it is quite possible to design amplifiers
which have a wide mid-frequency range. The low range includes those
frequencies for which the coupling capacitor C noticeably affects the cir-
cuit performance. In the high range the shunt capacitors have low
enough impedance so that the gain is no longer the same as in the mid-
frequency range.

T7-11. Behavior of the Amplifier in the Mid-frequency Range. Omis-
sion of the capacitors which are unimportant in this range yields the sim-
plified drawing of Fig. 7-13. The grid circuit may be omitted if desired
because the grid voltage equals V4, unaffected by any circuit components
in this amplifier stage. Norton’s form is shown in Fig. 7-14.
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Norton’s form will be used in this analysis, it being the simpler of the
two. Ohm’s law yields

Eu = —gmvlgRsh (7"22>
or
E,
Ana = = —gnlla (7-23)
Vi,

where K, 1s the equivalent of r,, Ry and R, in parallel. Note that formula
(7-4) applies here with Z;; = Rg4.  The frequency range over which this
formula reliably represents the amplification is yet to be determined.

Am/’d 06

LA

Fia. 7-15. Theoretical curves showing how amplification varies in the mid-frequency
range with the a-c load.

It is well to investigate the implications of the simple formula (7-23).
It may be written in other forms,

A= N T N T

rp

”<a+m+ﬁ) (“*z?) "R
where R, is the total plate-circuit a-c load. For a given quiescent operat-
ing point, x and r, are determined, and it is assumed that they remain con-
stant as the grid voltage moves the instantaneous point of operation up
and down the a-c-load line. This is essentially true as long as the grid
signal voltage is small. The value of R, may be varied, and of course
A varies with it.  Figure 7-15 shows graphically the interdependence.
This graph is said to be normalized because R, is plotted in units of r, and
A g in units of u; it applies, therefore, to any amplifier with a resistance
plate load. As R, increases, A, approaches u; therefore u is the upper

limit to the amplification obtainable for this kind of circuit.

Since R, is the parallel equivalent of R, and R,, it is always less than
the smaller of these. R, usually ranges between 250,000 ohms and 1 meg-
ohm, and Ry is smaller, for reasons to be given later. Hence, to increase
Ry, requires that Ry be increased. Ry is the d-c plate load if R, is neg-
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lected. In Fig. 7-16, lines a, b, and ¢ represent d-c loads for a medium-u
triode, with resistance values increasing in that order, and passing through
the same @ point. Note that as the resistance R is increased, the value
of Ew required is increased. Therefore, for a fixed @ point it is not prac-
ticable to increase R, greatly in an effort to obtain greater amplification.
Lines a, d, and e represent increasing d-c load resistances, but the value of
Ey is held constant. Their intersections with the bias line f shifts, thus
moving the operating point downward and to the left as R, is made
greater. Although formula (7-24) seems to show that A increases with
R, this is not necessarily true, as g may decrease and r, may increase,

(73 N

(ma) of & 645 {a) — Ry = 10K
14 |- NCTEINY AR (b) = Ry, = 30KN
o) S AR D lc) = Ry = 50KkN
2E TN o O (d)~ By = 30K0
/ ' < (e) — Ry = 50K
10 R/ 7 (f)— & ;
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Fic. 7-16. Plate diagram of a triode with various loads.

which is exactly what happens in this case. Also the operation is some-
what more nonlinear for the very low @ points; hence the practical limit
to Ry for medium-y triodes is about 20r,, and for reasons to appear later
it is often better to use a smaller value. For high-u triodes the upper
limit to R is about 107,, and for pentodes its value is usually not higher
than 0.3r,. In the latter case it might seem that little advantage is being
taken of the very high value of , but even with this limit on the load an
amplification up to around 200 can be obtained, which far exceeds that
possible with a triode.

Nonlinear distortion for a triode is mostly second harmonic. Formula
(6-71) is sufficiently accurate for its determination, and the method
explained in connection with this formula may be used. If B, is assumed
to be very high, the lines of Fig. 7-16 become approximately the a-c-load
lines. If drive to 0 volts is also assumed, although this is more than one
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is likely to use, then the lengths of segments of the operating region of the
load lines above and below the @, point (shown solid) can be compared.
It is fairly obvious by inspection that, for the tube represented in Fig.
7-16, a higher load value gives less distortion. That this distortion is
very small for very high loads is also attested by the quite constant value
of u over a wide region, since the graphical determination of x involves
horizontal measurements between the curves of the plate family. If a
similar study is made for high-g triodes, one arrives at the same conclu-
sion, viz., that higher loads give less nonlinear distortion (see also Art.
6-19).

The grid bias to be used for triode voltage amplifiers is quite readily
determined. The dynamic transfer characteristic of Fig. 6-11, which is
the operating curve on [, K, axes, is quite typical of triodes. It is
straighter near the upper end, and hence one should locate the quiescent
operating point there for minimum nonlinear distortion. For a medium-pn
triode, grid current becomes appreciable for grid voltages more positive
than about —1 volt, and operation should be kept below this region.
Thus, if a signal of 2 volts peak value is to be amplified, the bias should be
about —3 volts.

For pentode voltage amplifiers the upper end of the dynamic character-
istic bends downward, making it undesirable to locate the operating point
so near zero grid voltage. As an example, Fig. 4-26 shows the dynamic
characteristics of a 6SJ7 pentode for By = 250 volts, By, = 100,000 ohms,
and various screen voltages. The curves for low screen voltages have
somewhat longer straight portions, and hence it is usually advisable to
use low screen-voltage operation. However, since control-grid current
flows for voltages more positive than about —1 volt, the curve for E,; =
25 volts should ordinarily be avoided with this value of B;. The curve
for E,s = +50 volts has an inflection point near 7, = 1.7 ma, and oper-
ation at this point (requiring K., = —1.25 volts) will give higher gain
with small signals than will operation at any neighboring point on the
same curve. However, for large signals, it might be well to avoid the
predominant third-harmonic distortion, which occurs with operation at
an inflection point, and choose instead a somewhat lower value of 74,
where the distortion is more second harmonic and less third. If the value
of R, were changed, a new set of curves would be obtained. Since in
actual operation R, is in parallel with R; as an a-c load, the curves of Fig.
4-26, which are taken with direct applied voltages, cannot be used to
determine exactly the allowable drive and the harmonic distortion. In
general, the load for a pentode voltage tube is not critical and for low
drive neither is the choice of operating point, as long as it lies in the
straighter portion of the characteristic curve. For higher values of grid
drive more care is needed correctly to place the operating point. - The
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screen bias is usually obtained from the plate supply through a well-
bypassed voltage-dropping resistor.

In practice the curves of Fig. 4-26 are not given in tube manuals, and
hence, unless laboratory facilities are available, the method just explained
is not particularly adaptable. If the value of Iy, were stated in the man-
ual and either E.; or .. were adjusted to obtain this value, successful
operation for signals of moderate size could be obtained. Instead, how-
ever, most manuals present ready-made designs for amplifiers, and usually
it is best to use them. The same can be done for triodes if desired.

(o
g
3 o
»
in w3 T
Tvlg l#vlg
% X —0

Fie. 7-17. Equivalent circuit for the 1-f range.

7-12. Performance of an R-C-coupled Amplifier in the L-F Range.
Tor low frequencies the equivalent circuit of Fig. 7-12 simplifies to that
of Fig. 7-17. Because of the presence of C this circuit is somewhat
more complicated to analyze than that for the middle frequencies.
Although this is a Thévenin’s form from the viewpoint of the whole
load, if we consider the portion to the right of zz as the load, we
obtain another Thévenin’s form as shown in Fig. 7-18.

To simplify the analysis, let us
define
N 78

Rlow = Rg + 'fp + Rb' (7"25)
Then
_ —R, Ry
Ea B Rlow - ]Xc Tp + Rb #Vlg
(7-26)
and
Ay = R, KBy F1a. 7-18. Another Thévenin’s form of

Rige = jXerp + Rb(7_27) the equivalent circuit of Fig. 7-17.

Note that if C were omitted from this circuit, one would again have a
middle-frequency equivalent circuit. Hence, for middle frequencies

_ v, (7-28)
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and
o Rg F‘Rb .
Any = Bl ¥ Ts (7-29)
Dividing Eq. (7-27) by Eq. (7-29) and rearranging, we obtain
Alow _ Rlow 1 (7_30)

Avi  Ruw —jX. 1 =X/ B

Rather than use the already relatively simple formula (7-30), it is more
convenient to employ a marker frequency and normalize the formula in
terms of this and A_;;. For this purpose any frequency may be used at
which known results occur. From a mathematical standpoint the fre-
quency at which X./R,,, becomes unity is convenient. This will be used
and designated as fy; that is, f; is the frequency at which the number of
ohms in C becomes equal to the number of ohms in the resistance part of
the equivalent circuit of Fig. 7-18. Thus at the frequency f,

527G = B (7-31)
which mathematically defines f;. Solving,
R (7-32)
2w R C
Continuing the development of the formula for amplification,
Bov ! = : - (7-33)

Ava 1= jX/Ruw)  1—31/20fC) X 2efiC 1 = j(11/])

Formula (7-33) gives both the magnitude and the phase of the amplifica-
tion at any low frequency, relative to the value at mid-frequency. Since
the phase angle at mid-frequeney is 180°, as indicated by the negative
sign 1n formula (7-23), all angles for A,,, lie in the third quadrant, assum-
ing V1, as the reference.

At any low-range frequency £, the drop in voltage gain below the mid-
frequency value may be expressed as follows:

db drop in voltage gain = —20log = —————
Avia EVTF + ViR

10 log [1 + (f 1) ] (7-34)
For N similar stages

db drop in voltage gain = 10N log [ ( ) ] (7-35)

i
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One may plot a graph of A, in two advantageous ways: A, and 6, as
functions of frequency, or 4,,, as a function of 8, using polar coordinates.
Figure 7-19 shows A, as a function of f in seminormalized form. The
scale of fis logarithmic, as this spreads out the curve for lower frequencies.
When f = f1, Aww/Ana = 1/(1 — j1) = 0.707/45°. At this frequency
the amplification is down to about 71 per cent of the mid-frequency value,
and the angle is 225°, The gain is down 3 db, and if power were impor-
tant, the power would be reduced to (0.707)? = 0.5 of its mid-frequency
value. Thus f; is sometimes called the lower half-power frequency, but

270°
260°
.o} 240°
08 4
A fow 220°
A 0.6 .
04 - 200°
o2 180° T S N L
e O | oA 2 8h104 S
Olf 024 OS54 £ 2f 5S4 104/ 024
Fra. 7-19. Gain vs. frequency in the 14 Fre. 7-20. 04 vs. frequency in the I-f
range. range.

the other relations are more important for a voltage amplifier. At f =
51, Avow/Anms = 0.98/11.3° or the amplification is down 2 per cent. At
f = 10f1, Aion/Ama = 0.995/5.7°, and the amplification is down one-half of
1percent. Atf = 0.1f;, A.,/Ang = 0.1/84.3°. TFigure 7-20 shows how
64 varies with frequency in this range. At 10f; the angle is about 6° away
from 180°, but the magnitude of the amplification is practically at its
greatest value. Often 10f; is considered the upper end of the 1-f range
and will be so taken in this book.

Examination of Eq. (7-33) shows that 6, = 180° — arctan (—fi/f),
where arctan (—f1/f) is a fourth-quadrant angle. This equation can
be solved to obtain

N

7= tan 0 (7-36)

The size of Aj,/AL Obtained from Eq. (7-33) is

A low ].

T e e 7-37
Awa — /1 + (H/)? =30
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Eliminating fi/f between Eqs. (7-36) and (7-37) gives

Alo
Amid

This equation is plotted in polar coordinates with A,,,/A ... as the radius
vector and 9, as the other variable, yielding the locus of Fig. 7-21. The
student of analytic geometry should readily recognize that the locus is
circular. Because of the restrictions that 6, lies in only the third quad-
rant, only half of the mathematical locus
is useful in this case.

Frequency was not used in plotting this
locus, and so it is not obvious just what
frequency placesthe relative-amplification
radius vector in a given position. The
position for f; is shown, it being deter-
mined from the known angle of 225°.

7-13. H-F Performance of R-C-coupled Amplifiers. The h-f equiv-
alent circuit shown in Fig. 7-22 is obtained from that of Fig. 7-12 by
omitting the coupling capacitor C. With proper interpretation, this is
identical with the equivalent circuit of Fig. 7-3a for a single-stage ampli-

= |cos 64 (7-38)

Fra. 7-21. Polar plot of Aiew/Amid
vs. 04.
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Fia. 7-22. Equivalent circuit for high frequencies.

fier, and hence Norton’s form of Fig. 7-3¢ may be employed and is drawn
in simplified form in Fig. 7-23. The resistor arrangement in Norton’s
form is the same as that in the equivalent circuit for mid-frequencies.
Therefore we let

e,

. o)
11,1, 1 l i
7 n TR T3 Ron Gn  E,

.%nvig ‘[ l
Here i~ . o

Con=Cous+ Cu+ Cyp +C, (7-40)  Trq. 7-23. Norton’s equivalent circuit, for
high frequencies.

(', being the input shunt capaci-
tance of the next stage (see Arts. 7-3 and 7-5). It follows from the circuit
of Fig. 7-23 that

Yo = 5+ (7-41)
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where X, represents the reactance of Cg. By formula (7-7)

A= Lo o O Om_ —guBa
TV Yon (I/Ra) + (G/Xes) 1 4+ J(Ra/Xo)
44mid

S TRy xy

As a marker frequency f», one may conveniently use a value which makes
X¢, = Ra. Thus f; is defined by
1

R = 2l (7-43)
Hence
1
f2 - zﬂRsth;L (7_44)
Then
Ahigh . 1 ]- (7_45)

A ~ 1T F5CCa/2ZefsC) ~ T+ i(F/F2)

This formula giving A, is similar to that expressing A,,,, except that in
this case any value of f renders 6, in the second quadrant. Note that
f = nf; yields the same value of A as does f = fi/n, where n is any real
number, Thus Apn/Awa for f = 0.1fs is the same as A,/ Ama for

180° |-
170°
10
L 150°
oX:1 8 64
o6 120
Apigh |
Anmid 0'4: Hoe
Q.2
| 9 -] H L 1 L 1 L
o 015 | 084/ 26 54104 f
0l,/202f2 05,/'2 f2 2f2 512' ‘sz' 02/
Fic. 7-24. Gain vs. frequency in the h-f Fia. 7-25. 04 vs. frequency in the h-f
range. range.

Graphs similar to those for low frequencies are drawn in Figs. 7-24 to
7-26, the titles on each being sufficient identification.
Since f = 0.1f; gives A = A, within one-half of 1 per cent, it is often
considered the beginning of the h-f range. Thus the mid-frequency range
. extends from 10f; to 0.1f; provided 10f; is less than 0.1f,, and in this range
A = A, with magnitude within one-half of 1 per cent (0.04 db) and
angle within 6°.
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7-14. The Analysis of an R~C-coupled Amplifier Circuit. The study
just made of an R-C-coupled amplifier is sufficient to form a basis for the
analysis of this device. The complete performance is shown in Fig. 7-27
as a composite of Figs. 7-19 and 7-24.

;ﬁg— It presumes that the performance
e Fof of the amplifier can be broken up into
three quite well defined ranges for which

[% B4 10f, and 0.1f; have been arbitrarily
\ chosen as dividing points. If 0.1f; does

T=F pia not exceed 10f;, this presumption should

Fig. 7-26. Polar plot of Avuign/Amia  bhe abandoned and another analysis made.
vs. 0 for the h-f range. The results of such an analysis can be
written in a form which combines those we have obtained for high and
low frequencies. This form is

A 1 1
Awa 1 = 3(11/1) 1+ 5(7/f2)

In practice 0.1f; usually exceeds 10f,, and hence the variation of gain
with frequency indicated in Fig. 7-27 is a practical one. A composite
drawing of Figs. 7-20 and 7-25 likewise would show the variation of 8, to
be from near 270° for very low frequencies to 180° somewhere in the

(7-46)
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F1a. 7-27. Gain vs. frequency for an R-C-coupled amplifier.

%f

middle-frequency range and approaching 90° as the frequency increases.
Both magnitude and angle of A are shown in a circular locus which may
be made for Figs. 7-21 and 7-26 combined.

As an example of the analysis of an R-C-coupled amplifier, assume the
following: A 6J5 stage feeds another 6J5. FEy = 300 volts, B, = 2440
ohms, Cy is very large, Ry = 100,000 ohms, B, = 250,000 ohms, ¢ = 0.01
uf. From a tube manual C,, = 3.4 uuf, Cpr = 3.6 uuf, and Cyr = 3.4 puf.
Suppose the mid-frequency gain of the second stage has already been
determined as 15 / 180°. 'The measured value of C, is 30 uuf.




VOLTAGE AMPLIFIERS 179

1. On a sheet of 4, vs. e, characteristics for a 6J5 draw a load line for
R4 = 102,440 ohms through e, = 300 volts on the 74, = 0 axis. Also
draw the bias line for Ry = 2440 ohms (see Art 6-4). The intersection
of these two lines gives Q: Ky, = 112 volts, K., = —1.8 X 103 X 2440

—4.4 volts. For voltage triodes the 7' point practically coincides with
the @ point.

2. The values of u and r, can be determined by graphical construction
on the plate characteristics, by using a vacuum-tube bridge, or by ref-
erence to a tube handbook where approximate values are given corre-
sponding to various values of Ky, and of I, or of E,. In this case the
bridge method is used, y1e1d1ng v = 18, r, = 16,000 ohms.

3. Compute Rg.

1,1 1 1 1 1
T & T & ~ oo o1 o 2510+
= 76.5 micromhos
Ra = %75 = 0.0131 megohm = 13,100 ohms
4. Compute
1 1
— —_— — — = ‘2 B
Bow = Bo + q7py iy = 0Pt o605
= 0.25 4 0.0138 = 0.264 megohm
5. Compute
18
Amid - ngah = 16 OOO X 13 100 14: 7
6. Compute

Csh = Cplc + Cgp + Cw + Cg

where C, for the next stage equals Cyx + (1 — A)Cy, = 3.4 4+ (1 4+ 15)3.4
= 58 uuf approximately. C, variesin the h-f range, and 58 puf represents
its maximum value. Cu = 3.6 4+ 3.4 4+ 30 + 58 = 95 upuf.

7. Compute f;.

f1 = 1 = 1 = 60 cps
= Rl 2r X 264,000 X 0.01 X 10-° P
8. Compute f.
fomot e Y 198000 cps
2T %RaCa  2r X 13,100 X 95 X 101 A P

9. Insert numerical values for fi, fs, and A,.4 on the axes of Fig. 7-27 to
obtain the proper response curve. Nofe: By assuming C; to be very large
the problem of feedback is avoided at this time. With a small value of
C there would be an alternating-voltage drop across the R, Ci combina-
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tion which would be applied to the grid in series with V,,. The result
would be a lower value of amplification, particularly at low frequencies.

7-15. Design Considerations for an R-C-coupled Amplifier. The 1
performance is determined by fi. Since f; = 1/2xR,,,C, to make f; low
in value, R, must be made large. Therefore, a large value of C is desir-
able together with a large value of R Riow = B, + [rple/(ry + Rs)l.
For a triode, r, is usually smaller than R;. In the case of a medium-p
triode, 7, is less than 20,000 ohms; for a high-u triode, r, is usually less
than 100,000 ohms. For a pentode, r, may exceed 1 megohm, and hence
Ry is approximately the value of R, in series with R;. R, can be made
much higher than R, but because of difficulties should there be grid emis-
sion from the following tube, it is generally limited to 2 megohms or less.
Hence R, is mostly dependent upon R,, and its ordinary practical upper
limit is about 2 megohms. C is limited in size by the leakage inherent to
physically large capacitors, which affects the next tube’s bias, and by the
large capacitance to ground, which tends to spoil the h-f response.
Furthermore, too large a product R,C may result in blocking of the grid
of the next tube. If a random pulse of voltage on the grid drives the grid
positive, a flood of electrons charges €. Meanwhile, the causative pulse
having receded, the grid is left highly negative, beyond cutoff, and the
tube is inoperative until some of the charge on C has leaked off. If (s
capacitance is high and R, is high also, it takes considerable time for C to
discharge. Various experimenters have formulated practical limits for
the product R,C, their values ranging from 0.1 to 0.01. If 0.01 is tenta-
tively tried with R, = 2 megohms, the maximum value of ¢ will be
0.005 uf and f1 = 16 cps is the lowest conservative value obtainable for a
broad-band amplifier with simple R-C' coupling.

In the h-f range the performance is determined by fs = 1/2rR4Cp.
R, being the parallel combination of r,, B, and E,, is hence less than the
smallest of these. For a medium-utriode, 7, limits R, ; for a high- triode,
Ry is also an important factor. For a pentode, R; usually limits R.
Since Cg, = Coue + Cuw + C,yp + C,, it s helpful, in attempting to raise the
value of f2, to keep these values small. By careful wiring and by the use
of short connections and small components held away from the chassis,
(', can be made small. €, depends upon the gain of the next stage and is
quite large for triodes. For pentodes, C, is approximately C,,; it is small
and is almost independent of the stage gain. Hence, it is usually advan-
tageous to feed into pentodes as a second stage if a very high value of f,
is desired. Ordinarily nothing can be done to reduce C,,; + C,, appre-
clably beyond carefully choosing a tube, unless one changes the type of
amplifier from that being studied at present. In the case of our circuit
the lower limit on Cy 18 Cou, + C,p.  To make f; high a small value of
RgCy, is required. Since reducing R.. also-reduces the mid-frequency
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gain g.JfR., it is seen that very great bandwidth comes at the expense of
lower stage gain.

Consultation with a tube manual shows that, although the values of
u and r, vary widely with various voltage-amplifier types of triodes and
pentodes, the values of ¢,. do not vary so much, usually being between
1500 and 3000 micromhos, except for television types. Thus the mid-
frequency gain is mostly determined by the size of Ry  Low-r, tubes will
have low gain, and the higher-r, tubes will have higher gain unless R, is
made small. g, which equals g.7,, is therefore an important factor when
considering high-gain voltage amplifiers.

7-16. The Design of an R-C-coupled Amplifier. Although the
process employed in analyzing an amplifier as in Art. 7-14 can be reversed
in a fashion to design an amplifier, it is usually not desirable to do so.
Instead, a tube manual is often employed. In the manual a special
R-C-coupled amplifier chart has been prepared, which tabulates many cir-
cuit combinations and their performance figures. Minor changes in char-
acteristics can be effected by slight changes in the circuit components.
The procedure followed depends upon the tube manual used.

As an example, suppose an amplifier is desired which will have an out-
put of 62 volts peak with an input of 10 mv peak. The output is to be
constant within 3 db from 100 to 100,000 cps. The value of Ey available
is 250 volts. We shall use the charts contained in Appendix B.

1. The mid-frequency gain is 62/0.01 = 6200, and the required output
voltage is 62 volts peak, or 62/+/2 = 44 volts rms,

2. If we wish to use a type 6J5 medium-u triode, the available designs
show that it is possible to get as high as 53 volts rms output with Ey, =
250 volts and with the proper circuit values. The distortion in the out-
put stage alone is 4.6 per cent with a grid drive of 3.3 volts rms. It is of
interest to note in passing that the distortion would be only 1.3 per cent
if the drive were reduced to 1.0 volt. This indicates that, for a triode
with a given load, the percentage distortion is roughly proportional to the
amount of grid drive, as may be verified by reference to Eq. (6-57). The
gain is given as 16.1. With this amplification, four stages would be
needed to achieve an over-all gain as high as 6200.

3. If a high-u triode such as a 6SF5 is tried, there is no design listed
which will deliver 44 volts rms at the output with Ey = 250 volts. With
a gain of around 70 per stage, three stages would be needed.

4. A typical pentode 68J7 may be used to deliver as high as 54 volts
with 5 per®cent nonlinear distortion, using Ey, = 250 volts. The stage
gain listed is 108, which makes two stages necessary. The value of R is
0.1 megohm, which is the lowest listed, and hence gives the best h-f
response. This tube and circuit arrangement will be tentatively chosen
for this example.
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5. The lower marker frequency f; may be determined by using Eq.
(7-35): 10 X 2 log {1 + (f1/160)?] = 3, or f; = 64 cps.

6. Likewise f, may be determined with Eq. (7-45) as a guide: 10 X 2
log [1 4+ (100,000/f3)%] = 3, or f» = 156,000 cps.

7. From the R-C-coupled amplifier data for the 68J7 tube in Appendix
B the following values are obtained: K, = 0.1 megohm, R, = 0.47 meg-
ohm, Ry = 0.39 megohm, R; = 560 ochms, A = 108 for heavy drive, 115
for light drive (0.1 volt rms).

8. The coupling capacitance C may be calculated by the use of formula
(7-32), fi = 1/2xR.,C, where Ry, = R, + Ry = 0.57 megohm. Hence
C =1/(2r X 64 X 0.57 X 10%) = 0.0044 pf.

9. The theory of the determination of C is discussed later under the
subject of feedback (Art. 10-11). The value of Ci needed to limit the
degenerative loss caused by E: to 1 per cent at 64 cps is 46 uf. This
result is obtained by using formula (10-41) of Art. 10-11 (see also Prob. 12,
Chap. 10). A rule of thumb commonly used makes X, = 0.1R; at the
1-f end of the mid-frequency band. This rule makes C; in this case only
about one-tenth the size stated above, and hence the degenerative effect
of R, would be greater.

10. Since Cy does not perfectly bypass R4, there is an alternating volt-
age applied to the screen grid, which causes some lossin gain. The theory
of this action is beyond the scope of this book. One ordinary rule for
choice of C4is to make X¢, = 0.1R;. This rule is without rigorous foun-
dation, but in ordinary amplifier circuits the results of its use are often
satisfactory.

11. The h-f response of the amplifier is not stated in the chart. This
is because some of the capacitances involved cannot be known until the
amplifier is assembled and tested. If f, = 156,000 cps is the required
value, then from formula (7-44) we may solve for the necessary value of
Ca. Assume r, is approximately 1 megohm. 1/R4 = 1/r, + 1/Ry, +
1/R, = 1{ +1/0.1 + 1/0.47 = 1 4+ 10 4 2 = 13 micromhos, and hence
Ra. = 77,000 ohms. Therefore Cy, = 1/2nf R = 1/(22156,000 X 77,000)
= 13.2 puf. Sincefor a 68J7, C,,, = 7 upf and C,, = 6 ppf, there remains
no allowance for wiring capacitance. Hence this design fails to meet the
requirements of h-f response. Allowing 10 puf as an approximate actual
minimum wiring capacitance, Con = 23 ppf, and f, for one stage hasa value
of 90,000 cps. Since the over-all gain is 115 X 108 = 12,400, which
exceeds the gain requirement, it is possible to lower R, in each stage and
thus improve the h-f response. Other charts in tube manuals thay be con-
sulted and perhaps designs found which satisfy the frequency requirement.
Or the 6SJ7 tube may be abandoned and the 6J5 or another tube tried.

7-17. Video-frequency Amplifiers.®¢ We have seen that there is no
great difficulty in designing R-C-coupled amplifiers to give excellent per-
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formance over the a-f range of 40 cps to 20 ke and even higher. The
amplitude-frequency response can be made essentially flat, and for sound
reproduction the small phase shift which occurs is undetected in our hear-
ing process.

Where amplifiers are to be used in the production of visual images on
the screen of a cathode-ray oscilloscope, far better performance is often
required. This can be seen if we study the ordinary way in which a tele-
vision image is formed on a kinescope screen. Figure 7-28 shows the
path of the cathode-ray beam on the
face during the production of one frame,

! T

or complete picture. Driven by the 2 12 w
horizontal-deflection system using saw- 3 " \\j\\\\\:
tooth voltages of high frequency and by 4 2 %
the vertical-deflection system usingsaw- 5 3 %
tooth voltages of a much lower fre- & 2 \\Q
quency, it describes slightly slanting 7 \\
. . T T i
lines as shown. By interlacinglines (as g = |t

shown starting with the line numbered 8+
815) it is possible to operate with lower Fie. 7-28. Path of the beam on the
frame frequency and obtain a satisfac- face of a kinescope when scanning
tory picture. Theactual number oflines °"¢ frame of a television picture.
in a frame greatly exceeds the 15 shown, the standard of the present time
being 525 with a frame frequency of 30 per second. This makes the time
for one line 1/(525 X 30) = 63.5 usec. A standard picture pattern has
a width-to-height ratio of 44, and hence there are 1.33 X 525 = 700 inter-
vals on any line, with interline spacing. The sweep time for one of these
intervals is 63.5/700 = 0.09 usec. Hence, for excellent picture sharpness
the amplifiers controlling the beam intensity must be able to change the
spot from full to zero brilliance in approximately 0.1 usec. Since syn-
chronizing pulses for the vertical sweep occur 30 times each second, the
amplifier must be able to handle this frequency. Practical television
receivers contain video-frequency
T amplifiers which perform over a fre-
Y quency range of 30 cps to about 4
Me, the picture detail being somewhat

Frc. 7-29. A unit-step function. inferior to that discussed above but

nevertheless quite satisfactory.

Let us consider the effect of applying to an amplifier a signal voltage
which possesses the property of fast rise and long duration. One such
waveform is shown in Fig. 7-29. This is called a unit step voltage. We
shall apply this voltage to the grid of an R-C-coupled amplifier and deter-
mine the character of the output voltage. Since the waveform is not
repetitive, one cannot make a Fourier-series analysis of it, and hence the

0 t
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analyses previously made using sinusoidal waveforms are not directly
applicable.

Figure 7-30a shows the schematic diagram including the switch, which
is closed at time { = 0. Following this time an increased plate current
flows through the tube. We can see
better by looking at Fig. 7-30b what
then occurs. At { = 0 the capaci-
tors C. and C, have their quiescent
charges, and some time will elapse
before their voltages can fall to the
new value. C meanwhile has only
its quiescent charge, which can
change only slowly because of R,
and hence e, decreases from zero
practically at the same rate that the
voltage across C,, and C, falls.
Thus for the events immediately

©o —I Ca, o following ¢ = 0, the coupling capaci-
(/% gm )MWT s tor is inactive, and the parallel com-
' (c) bination Cy of Cyy, C, and C, delays
F1a. 7-30. the fall of ¢, See now Fig. 7-30c,
which shows Norton’s equivalent

circuit in simplified form. We can write for the time following ¢ = 0,

$

de,

—lgm = + Con i (7-47)
Separating variables,
—Rahcshdeo
= —a— 7-48
dt ngsh + €, ( )
Integrating,
= _Rshcsh In (ngsh + eo) + Cl (7-49)

When t = 0, ¢, = 0 and hence C; = +RuCw In gnRa.  Therefore

€o
= ——R,,hC,h hl <1 + nggh) (7—50)

Solving for e,, we obtain
¢

€ = —gnRar(l — ¢ Fa0) @-51)

A normalized graph of e, as a function of ¢, given by this equation, is
shown in Fig. 7-31. The time for e, to attain 63 per cent of its final value
15t = RpCwpsec. Thus 1/RuCy is a measure of the ability of the circuit
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to deliver a steep wave front of voltage. Note that this measure is the
same as wz, obtained by the assumption of a sinusoidal grid voltage.
Thus a high value of ws for sinusoidal voltages implies a short rise time
for step voltages.

After a short period of time the voltage ¢, practically attains its final
value — gnft provided the coupling capacitor €' did not change itscharge.
Since the latter occurrence usually is much slower than the events just

€o
Im bl
I.OE
o8
o ]
¥ r
o4t t=0+
o2f _L_/ E::::] l 3
: c
0 SR S SO SN S S = /aﬁb VO/fSEb R.q elo
0 [ 2 3 4 _ ¢t T 2% o
R Con
Fi1c. 7-31. The rise in output voltage Fig. 7-32.

with time in the circuit of Fig. 7-30.

discussed, we can neglect C, and omit it from the circuit of Fig. 7-32
while we study the persistence of the value —g.R.s. This circuit should
have a familiar appearance. It is not difficult to show that e, in this case
is given by

o = —(mRonet/FlowC (7-52)

where R,,, is defined in Eq. (7-25) (see Prob. 38, this chapter).

A normalized graph of e, is shown in Fig. 7-33. From it we see that
when ¢ = R,,.C the voltage has _eo
reduced to 37 per cent of its greatest ~ 9m#on

value. Thus 1/R,,.C is a measure 10
of the ability of the circuit to main- 08
tain the voltage at the value — g R 08
Note that this measure is the I-f 04
marker » obtained in an earlier study. 02
If 1/RC. can be made high and % 2 3 4 _t_
1/R,,+C can be made small, the out- RiowC

F1a. 7-33. The fall in output voltage with

ut voltage can rise rapidly and fall
p 8 picty time in the circuit of Fig. 7-30.

only slowly from its top value. We
could just as well state that the amplifier should have a bandwidth extend-
ing from very low frequencies to very high frequencies. Figure 7-34
shows a graph of ¢, in which both rapid rise and long persistence are
attained.

The circuit element which limits the h-f response is the shunt capac-~
itance in the plate circuit. By wise choice of tubes and by careful wiring
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it is possible to reduce C., considerably below the value in the usual a-f
amplifier. A ecriterion for this tube choice may be developed as follows:
Over the range of constant amplification

A = gulla (7-23)

If the upper limit of usefulness is taken as f,, having particularly in mind
the possibility of improving by some means the performance between 0.1f,

e and f;, then the maximum usable
bandwidth is practically f,, as given

- R 1 X

m sk in Eq. (7-44). The product of gain
aund bandwidth is
Afs =97 cps (7-53)
?ﬂrcsh
0 and is called the gain area, it repre-
0 ¢t  senting approximately the area
Fre. 7-34. Rise and fall of output voltage nder the usable portion of the
with time.

response curve. It shows that a
good tube for a video-frequency amplifier has a high transconductance and
low input and output capacitances.

The gain-area criteria for several tubes are tabulated in Table 7-1, it
being assumed that two like tubes are used in cascade, the criterion
applying to the first tube. For a triode, C, depends upon the gain, and
this has been assumed to be 10/180°.

TABLE 7-1
GAIN-AREA CRITERIA
Grm, Cout, C,, Gain area,
Tube pmho upf upf Me
6AC7 9000 5 11 90
6AKS5 5100 2.8 4.2 116
6J5 2600 3.6 41 9
6SG7 4000 7 8.5 41
6SJ7 1650 7 6 20

The best tube for wide-band voltage-amplifier use, as listed in Table
7-1,1s the 6AK5. This is due to its relatively high transconductance and
low interelectrode capacitances. If a bandwidth of uniform response of
4 Mec is desired with an ordinary R-C circuit, the value of f> should be
made 40 Mc and a gain of 1184y = 2.9 per stage is indicated. The
results will be somewhat inferior to this as the stray capacitances of wiring
will increase the Cy value above that due to the tabulated tube values.
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It would be very desirable if the useful band could be made to extend
farther than 0.1f,, and then f, could be lowered and more gain per stage
obtained.

7-18. H-F Compensation. Various plans have been tried for raising
the gain and controlling the phase shift of an R-C-coupled amplifier in the
h-f range. Two of the commonest circuits are indicated in Fig. 7-35,
where only the tube loads are shown. It is not difficult to show that
either plan gives some promise of remedy.

In Fig. 7-35a, as the frequency rises, the action of L is to increase the
current passing through the parallel combination of R,, R,, and C, above
the value obtaining without L. This [
of course will increase the output volt- L v !
age, and if the value of L is correctly o 3P0 Ry ¢
chosen, it is probable that this action E |
can compensate for the dropin voltage — ——s- 0
due to C, and also C,, and the stray (a)
capacitances. A careful mathemati-
cal analysis is needed to determine
the details.

In the circuit of Fig. 7-35b, the load
on the tube increases as the frequency
rises and hence the gain increases—we ,
hope sufficiently to offset the effect of (6)
C... Let us concentrate on the details Fie. 7-35. High-frequency compen-
of this method. Since to achieve Sation methods; (a) using a series
great bandwidth the gain per stage inductor, (b) using a shunt inductor.
will be small, a low value of R, must be used. It will be much lower
than either r, or B,. Hence

o

6

Rsh ~ Rb (7-54)
Norton’s equivalent circuit is drawn in Fig. 7-36. Then

(B + joL)(1/jwCo)

0o & g 'm 7-5
B = T R L = (/aCan OV (7-55)
and
E, (L/C) — j(Ro/wCan)
== —gn : 56
A=y, = TR Filel = (1/aC) (758)
Making the denominator real, we obtain
] L Y
A = _gm wzcshz Csh 0.)08};2 ‘-'-)Csh (7_57)

R+ [wL — (1/wCa)]?
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It is desirable to graph A vs. f and 84 vs. f, and some substitutions will
help make this easier to do. Let f; be the upper half-power frequency of
the uncompensated amplifier, de-

' -
fined by Eq. (7-43), which in this
L T case becomes
Con Eo 1
R, | ‘ Ry = o (7-58)
Iy . - and hence
. . . 1
Fic. 7-36. Equivalent circuit for high = 7-59
frequencies. fa 2rRyCap, ( )
Also, at this frequency f2, let Qs be defined as
woL
Q2 = T (7-60)

We can rewrite Eq. (7-57) in the form
(473 Rb _ ij3 < ww22L2 w22L wZRb2 )

wlwe?Con? Rolws2Clan Bolww2Ca? ' Ry*wwsCen

A= —yg,

ww2L _ _02 1 )2

we w wZCsh

et
(7-61)
or by Egs. (7-58) and (7-60),

(“’—) Ry® — jRy® (—‘“— Q2 —2Q: + ‘—"—)
A= —g, w w w ) w (7-62)
wli+(ze-2)]
Multiply numerator and denominator by (w/ws)? and simplify.
IN(1 frp o I
() (Lo - as )
ff22 f2 f 5 f . f (7—63)
() +1()e-1]
Therefore the simplified formula for the magnitude of A is
L@ Gee e
A = g.R, ; (7-64)
(@) (@]
and that for 6, is

6, = 180° — arctan ]{— [(—}i)QQJ +1 - QZ] (7-65)

A = '—ngb
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With @: as a parameter, several normalized curves of 4/¢.Ry vs. f/f2

have been drawn in Fig. 7-37.
A

G Kb Ry
1.0 — b 0
~17 N
N -0.44
09 \\(\—02=0.5 -0.92
‘\ \\ - 140
08 \ -1.92
%044\ -250
o7 \ \\ -3.10
06 Q=03
\‘ Qq= 0}
\\

05

0.02 0.05 0.l

0.2

05 t

Fig. 7-37. Normalized curves of amplification vs. frequency.

Figure 7-38 illustrates in a simple manner how the waveshape is pre-

served if the phase shift is pro-
portional to frequency. An ampli-
fier should give either a phase shift
of zero or a multiple of x for all fre-
quencies in its useful band, or it
should produce a shift angle propor-
tipnal to the frequency, that is,
%) The time taken for a
ignal voltage to complete 6,
radians of its cycleis called the time
delay between input and output.
Thus the time delay in this case is

pr-g-¢

where T is the period of one cycle.
The statement that the time delay
is a constant independent of fre-
quency is thus equivalent to saying
that the phase shift is proportional
to frequency.

In Fig. 7-39 several curves of
phase shift vs, frequency have been

drawn as fo)f vs. f/fe.

= Lw.

=k (7-66)

The phase shift

€

1
”Zl\\ L
7 LN\ LN /A
v4 ASEA pd AN S
7
d

// \\\\\'(/ \/\/
N’
e [(a
e’x \\
4 NN

N
\\ \;/
(6) S~
(4
- Y TN
/ 7/ \ N , N

\7/ \\és/\‘z?
(C) SN

Fre. 7-38. The effect of phase shift on
waveform. (e¢) Input voltage and its
components. (b) Output voltage and
its components. Each component shifted
a constant angle of 90°. (c) Output
voltage and its components. e; shifted
90°; ez shifted 2 X 90°.

is f/f. times the ordinate.

The time delay is 1/w, times the ordinate,
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We are now ready to judge the value of Q; desired. Examination of
the normalized gain curves of Fig. 7-37 shows that if @, = 0.5, the gain at
f = f2is equal to that in the middle-frequency range. At about-f = 0.7f,
the gain rises to a maximum above this value by only about 0.25 db, which

)

f
60°
_\N
I
\\
™~ [
50° <2a
N\o
40° 672=0,3 \
1 T T
]
Qo= 0.44_1F
_’I L]
300 I
_{0‘5
Q~
20°
10°
Oo
002 005 01 02 05 | 2 111,

F1g. 7-39. Curves of phase shift vs. frequency.

is not usually objectionable. For Q: = 0.44 the response curve is flat
over a greater range but is down 0.5 db at f.. The value @: = 0.5 is
usually chosen when only amplitude of gain is important. The curves
of Fig. 7-39 show that Q. = 0.5 has constant time delay only up to 0.1f..
On the other hand @, = 0.3 gives a very good phase-shift characteristic
up to 0.5f2 or higher. A value

Le

of Q, near 0.3 is ordinarily used
when phase shift is the item of
principal interest. If both ampli-
tude and phase shift are important,
Q2 = 0.44 is a compromise value.
Then the value of f> must be raised,
and the subsequent loss in gain
per stage accepted. More stages
may be needed, of course, to offset this loss.

7-19. L-F Compensation. In the 1-f range R-C-coupled amplifiers
suffer loss in gain, and an accompanying phase shift occurs, because of the
impedance of the coupling capacitor and also because the bypass capac-

F1e. 7-40. E, is independent of the fre-
quency of Iif R,Cy = RyC,.

—
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itors C) and C; (see Figs. 7-10 and 7-11) do not function as well as for
higher frequencies. For example, as the frequency falls, Ci’s mounting
impedance allows more voltage drop across C, and R.. This voltage is
in such phase that it cancels part of the signal in the grid circuit and makes
the resultant gain of the stage less. Circuits may be devised to com-
pensate for any of these effects. The one we shall study will be that
involving the coupling capacitor.
Examination of the circuit of Fig. 7-40 shows that

. (Rl + —0> R JoRiCi ¥ 1
== - = - joCh (7-67)
I R, + + Ry + ]wR}CH +1 i ]wR?C’z +1
]wCz JwCy JwCsy
If
R.C; = R,C, (7-68)
then
B jeRiCo _ Ry _ _ RiRs g0
1 jw(Cl + Cz) 01 + Ce R + R,

which is independent of frequency.
To adapt this principle to the problem at hand, one may propose the
circuit of Fig. 7-41. The tube may be either a triode or a pentode, and a

+
= 4 T =
o— 'r+ : I o o— IL 4 -y +—0
Fia. 7-41. One practical adaptation of  Fig. 7-42. A circuit using series feed.
the idea of Fig. 7-40, using shunt feed.

fixed bias is shown because we are compensating for the effect of C only,
although cathode bias is more practical to use. R, is added to the circuit
to provide a d-c path. Its presence complicates matters somewhat, and
it is impossible to obtain A entirely independent of frequency. The nfost
important objection to the circuit is the fact that R, shunts R, (R inrgar-
allel with R,) and the gain in the middle-frequency range is reduced.
Since there is only a small gain at best, this is a serious objection.
Figure 7-42 shows a series-feed adaptation of the same idea. In the
middle-frequency range the load on the tube is R,, and hence the gain is
higher than in the previous case. R, and C; really form a decoupling
unit, often used when several stages of an amplifier are fed from a com-
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mon Ey, supply. A decoupler filters out the variable components of volt-
age caused by other stages and prevents feedback.

An analysis of the action of the series form of circuit of Fig. 7-42 is
quite easy, and the results are

o : :!_C'
R, interesting. First we may draw

4 Norton’s equivalent circuit in Fig.

c R R, E, '173-43. Since Tp s I_nuch' larger than
7V , b'and R, in series, it hasl been
o > o omitted. Considering that R, is also

Fra. 7-43. Norton’s equivalent of the much larger than B, and R, in series,
cireuit of Fig. 7-42. most of the current g,,V, will pass up
the left branch. Without serious error, therefore, we may write

— Rf/j“’Cf ] R,
£ = —Vo [R" TR T U/5eC) ) B, ¥ (1/50)
. Rf/ijbe :l 1
= Vbt [1 TR+ @il | TF (Gatry 7O
Hence
1 R,
A p— _E_g = —g R Rf + }w_CYf + ijbe 1 (7_71)
v, "R+ (1/jeCr) 14 (1/jwCR,)
or
A=A 1+ [(Rf + Rg)/].waRbe]
[1+ (1/jeR,CHI + (1/jwCR,)]
1+ 1
= A a jwof[Rbe/(Rb + Rf)] (7_72)
A+ AfJeRCHI1 + (1/jwCR,)]
We may let f; be the frequency at which 1/w,C = R, or
1
w1 = -RTC (7—73)

which is almost identical with Eq. (7-32) if we note that R, is practically
R, in this case. fi is the lower half-power frequency of the amplifier
without the E;C; compensation. It is interesting to observe that sub-
stitutions of this sort are often helpful whenever a term of the form wkC
occurs. For example, we may also let f; and f,, respectively, be the fre-

quencies at which
1

w3 = m (7-74)

and

1
“4 = (BB, (Re + B)ICH (7-75)
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Making these substitutions in Eq. (7-72) and simplifying,

. 1 — (/) ]
A = Roia (157N ~ 5Gh77)] (7-76)

Now f1 is determined if the values of C and R, have already been chosen,
(see the example of Art. 7-20). Rj too has been determined if the upper
half-power frequency has been specified. f; and f, hence depend upon
R; and C;, both of which are arbitrary. Since f, is arbitrary, one can
choose for its value that of fi. This is desirable because it makes the
result so simple. The gain now reduces to

A = Ay (7-77)

1
1 = j(fs/f)
which shows that the lower half-power frequency has been moved from
f1 to fs by this compensation method. As f; is arbitrary, this makes it
possible to make the gain constant and the phase shift negligible down to
any desired frequency value, 10f;.
The design equations are as follows: Since f; = fy,

s C; = R,C (7-78)
f
Since f; is arbitrary,

(7-79)

it may be any desired value. If R, C, R, and f; are known, these equa-
tions are sufficient to determine R; and C;.

By making ws > w; 1t is possible to have a rising curve of gain as the
frequency becomes lower. This idea is sometimes used to give an ampli-
fier so-called bass boost.

7-20. An Example of Video-frequency Amplifier Compensation. An
amplifier uses 6AK5 tubes with quiescent operation at Ky, = 180 volts,
E. = 120 volts, E.io = —2 volts, Iy, = 7.7 ma, I = 2.4 ma. Under
these conditions g,, = 5100 micromhos, and r, = 0.7 megohm. Suppose
both uniform gain and phase shift proportional to frequency are impor-
tant over a bandwidth from 20 cps to 5 Mec. Limit the h-f attenuation
per stage to 0.33 db. Assume the stray capacitance can be reduced to
7 wuf.

Since both gain and phase shift are important, it is well to use @, =
0.44. If the upper end of the useful band is taken at f/f, = 0.6, then f,
= 5/0.6 = 83 Mec. Then the curve of Fig. 7-37 shows no deviation
in uniformity of gain, and that of Fig. 7-39 shows a maximum angu-
lar deviation given by (f:/f)04 = 34.5% or 6,/0.6 = 34.5° 6, = 20.7°



194 ENGINEERING ELECTRONICS

per stage. At one-tenth this frequency, t.e., at f/f2 = 0.06, 6,/0.06 =
32°, or 8, = 1.92° per stage. Since 10 X 1.92° = 19.2° and not 20.7°, we
see that the phase shift is not exactly proportional to frequency. These
angles are of course in addition to the usual 180° phase shift per stage.
We shall assume this departure from the ideal to be acceptable. If it
were not for increased phase shift, it would be allowable to work to a
higher value of f/f,. If Q; = 0.3 is used, the phase-shift characteristic
would be improved but we would be forced to use f/f: = 0.5 as the upper
limit on account of the limit 0.33 db per stage attenuation of gain.
Hence ¢J; = 0.44 seems to be the better choice.

From Table 7-1, C,,. = 2.8 puf, €y, = 4.2 puuf. Hence Cy, = 2.8 +
4.2 + 7 = 14 puf. w2 = 1/RyCs, and therefore By = 1/wiCon = 1/(228.3
X 105 X 14 X 10712} = 1360 ohms. Qs = w.l./Ry, and hence L =
0.44 X 1360/(2r X 8.3 X 10% = 11.5 puh. This completes the h-f
compensation.

We are now ready to choose €' and B,. A conservative value of R, for
most tubes is 0.5 megohm, and the time constant R,C usually should not
greatly exceed 0.05 if grid blocking following an unusually high grid-signal
pulse is to be avoided. In this problem let us use E,C = 0.01. Hence
C = 0.01/0.5 X 10% = 0.02 uf is a conservative value.

The value of w; by Eq. (7-73) is the reciprocal of the time constant
R,C, and hence w; = 1/0.01 = 100, making f; = 100/27x = 16 cps. We
wish to lower the half-power frequency to 2 cps, and hence w3 = 27 X 2
= 12.6.

Equation (7-74) gives B;,C; = 1/w; = 1/12.6 = 0.079. By Eq. (7-78),
[RyR;/(Ry + R;)IC; = R,C = 0.01. Dividing the second of these equa-
tions by the first yields R/ (Ry + Ry) = 0.126, or By = 6.93R, = 6.93 X
1360 = 9420 ohms. (; = 0.079/9420 = 8.4 pf. The gain A = ¢g,.Ry =
5100 X 10~% X 1360 =~ 7. If C;is an electrolytic capacitor, it should be
paralleled by a small paper capacitor since many electrolytic capacitors
are inductive at high frequencies.

If the shunt-feed circuit of Fig. 7-41 is used, the values of R; and C; do
not greatly differ from those obtained for this case but the gain is reduced
to 5.4.

In practice, the value of stray capacitance is usually determined experi-
mentally. The amplifier chassis is wired and a load of a few thousand
ohms inserted for R.. By determining the frequency at which the gain
drops to 71 per cent of its mid-frequency value, f» is determined. From
this C.s is computed. The load is then changed to the proper value which
gives the desired fo.

T-21. Balanced Voltage Amplifiers. Under some circumstances the
two alternating voltages on the conductors bearing a signal are balanced
to ground, 7.e., the potential of one wire is always as much above ground
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as the potential of the other wire is below ground. This is true in some
measurement circuits, on ordinary telephone lines, in the input to a push-
pull amplifier, and in the feed to the deflecting plates of a well-designed
oscilloscope. Obviously an amplifier handling such a signal cannot be of
the grounded-cathode single-ended variety. The two circuits of Fig. 7-44
represent typical balanced amplifiers. The coupling device in the output
may be of the R-C, the transformer, or even the direct variety.

If an amplifier is used to step up the voltage, it can probably be
arranged with choice of tubes, quiescent operation, and load so that the
performance is approximately linear. The treatment may be that of two

|
|

{
\

-—

(b)
Fic. 7-44. Balanced amplifiers. Fie. 7-45. Equivalent circuits of Fig.
7-44.

separate equivalent circuits as in Fig. 7-45a, or they may be combined as
follows,

Vi = —Vy (7-80)
and since the operation is linear,
Ilp = _I2p (7"81)

Henece uV, can be replaced by uV,, with polarity signs reversed and I,
by I,, with arrow reversed. It should be clear that no alternating current
flows through the center connecting wire, and so it may be omitted. We
now have the equivalent circuit shown in Fig. 7-45b. Thus the a-c
operation is the same as that of a circuit with the same total load, fed by
a tube with twice the amplification factor and twice the plate resistance.

There is considerable advantage in the omission of C, where balance is
important. For example, if the No. 1 tube amplifies somewhat more than
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does the No. 2 tube because of minor differences in tubes or circuit values,
the alternating-voltage drop in Ry caused by the sum of the two plate
currents (which are 180° out of phase) will be a small amount, in phase
with the plate current of the No. 1 tube. This will cancel some of the
signal to the No. 1 tube and increase slightly the signal to the No. 2 tube,
thus making the output voltages more nearly equal. An approximate
formula for the ratio of output voltages with this self-balancing feature
is given by

Ew _ _ A1l - 2(R/Z)A,

E. A1 — 2(Ry/Z)A

(7-82)

where the A values are those with R; well bypassed.

If balanced amplifiers are oper-
ated with large grid signals, dis-
tortion of the plate currents occurs.
This distortion may or may not
appear in the output. In Fig.
7-44a a distorted plate current in
tube 1 will cause a similar dis-
torted waveform in its output
voltage, and likewise for the No.
2 tube. However, if the output
is taken between the top and bot-
tom wires, even-ordered harmonics
in the waveforms will cancel and
the output will be essentially un-
distorted. Figure 7-46 shows
waveforms of vy, vy, T1p, T2p, €1p
€2, T1p — T2p, and ey, — eg,, the
latter being the voltage between
top and bottom wires. Note its good waveform.

The circuit of Fig. 7-44b acts in a somewhat different way, but the
explanation can be made also by Fig. 7-46. As before, the plate currents
are distorted, although in a slightly different manner. The flux in the
transformer depends upon the mmf, which is proportional to the differ-
ence in the plate currents. Since 7;, — 72, has a good waveform, the flux
and the voltages induced by it in all coils will also have a good waveform.
In this case, not only the voltage between outside wires but voltages from
either transformer secondary coil will be low in distortion. This action
of the transformer is often used in power amplifiers even when balance is
not needed. We shall study it further under push-pull power amplifiers.

7-22. Phase Inverters.® Devices which deliver two output voltages
balanced to ground, but with only one input voltage, are called phase

Fia. 7-46. Waveforms for the balanced
amplifiers of Fig. 7-44.
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inverters (or splitters). A transformer with a center-tapped secondary is
often used for the purpose, especially in cases where a low output imped-
ance is necessary, as in the driver of a push-pull amplifier which is oper-
ated class 2, or in other cases where some voltage step-up is desirable.
The phase-splitting transformer in the latter case comes under the inter-
stage classification, and if it is of good quality, its response characteristic
will usually meet moderate bandwidth requirements. For many pur-
poses it is desirable to avoid the use of a transformer because of its
restricted bandwidth and because it sometimes produces hum due to
stray magnetic fields. Adaptations of the R-C-coupled amplifier supply
other devices.

In Fig. 7-47 is shown the circuit of one type of inverter. The No. 1
tube and its load constitute an ordinary amplifier. Likewise the No. 2

tube and its load make a similar ;

amplifier. The grid voltage for the No. | g}e‘ ¢ IRy}
latter should be 180° out of phase TD—@ TSt By
with that of the No. 1 tube, and 9o a |
hence the output voltage of the No. —l~ A Ii— |

1 tube is a good source for it. By R, SRyE,,
arranging tap b so that Re is 1/4 of No.2 % & c

By, the proper grid voltage will be Fia. 7-47. A two-tube type of phase

available for the No. 2 tube. A4 is
the numerical amplification of the
No. 2 amplifier. The output Ey, is changed 180° in phase relative to the
input to tube 2, and hence E;, and Es, have the proper phase relation. The
No. 2 tube in this circuit is often called the inverter tube. Unfortunately,
in the If and h-f ranges 6, is not the 180° stated above, and the output volt-
ages are not well balanced to ground. In ordinary a-f amplifiers this is
not a troublesome matter, but for wider-band operation this is not a very
good type of inverter.

The signal to the No. 2 grid really consists of two parts—that furnished
by R. and that furnished by R,. If the position of b is exactly correct
and the a-c plate currents of the two tubes are equal, the signal voltage
furnished by R, will be zero. If some unbalance exists, R. serves as a
self-balancer. If position & is determined by experiment, R; should
be bypassed, during the adjustment, by a large capacitor to prevent the
self-balancing action. After position b is found, removal of () will
ensure an approximately balanced inverter even when old tubes are
replaced by new ones.

The idea of R, supplying a signal to the No. 2 tube is used in one type
of inverter which has a circuit identical with that of Fig. 7-47 except that
the No. 2 grid is grounded and the connection to tap b is removed. It
may be shown that if

inverter.
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Tp+RL
r+1

satisfactory balance is achieved. Since such a value of Ry is likely to be
too high to give satisfactory bias, the circuit is not particularly successful
in its simplest form.

Another inverter circuit is shown in Fig. 7-48. It resembles an ordi-
nary single-tube amplifier with its load split into halves. Ej is placed in
the middle to achieve a balance to ground. Since the output voltage E,,
is in the grid-to-cathode circuit, there is considerable feedback and a loss
in gain results.

A simple explanation of the action of this inverter can be had if we
design one of them. Suppose we want 21 volts rms on each side of the

|
j
R c
I Syre g P
E E,
—0

R!y% %Rk I_ZE Ic'L %%z Ej
B\ °

Fia. 7-48. A split-load type of phase inverter.

R.> (7-83)

/]

[Ill]lh—»/\/\/‘—*

o
b

output, Ey = 225 volts, and f; = 50 eps. If we choose a 6J5-type tube
and consult the R-C-coupled amplifier chart in a tube manual, we can get
along quite well. The procedure to be followed depends upon the tube
manual employed; we shall use the chart in Appendix B for this example.

Under the type 6J5 we find several designs headed E, = 250 volts.
Any of these designs is satisfactory for use with a plate-supply voltage
within about 50 per cent of the tabular value. Our value of Ey, is 225
volts, and the obtainable value of E, will be only 22345 as much as the
published value for maximum grid drive under class 4; conditions. This
follows because the grid bias caused by the cathode resistor and hence the
maximum allowable grid drive both change in approximately the same
proportion as does Ep if all circuit resistors remain unchanged. To allow
for this lowered output voltage, we choose a design which lists ¥, as
250495 X 2 X 21 = 47 volts, or greater. One column which meets this
condition lists the following circuit values: By, = 250 volts, B, = 0.047
megohm, B, = 0.27 megohm, Ry = 2200 ohms, E, = 3.5 volts, E, = 52.5
volts, A = 15, distortion = 4.9 per cent. If we use the resistors as
listed, the data will be the same except that Ey, = 225 volts, E, = 2254,
X 3.5 = 3.15 volts, and E, = 225459 X 52.5 = 47.2 volts. Since the
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desired output voltage is only 42 volts, the drive will be reduced to
(42/47.2) X 3.15 = 2.8 volts and the distortion to (2.8/3.15) X 4.9 =
4.4 per cent. Because of feedback the actual distortion in the output
voltage is much less than this figure.

In Fig. 7-49 the values of R, and R, are shown split in half. To find
the values of the coupling capacitor, we may use formula (7-31). Thus
C = 1/2rRinfi = 1/20R,f1 = 1/(2r X 0.27 X 108 X 50) = 0.012 uf. It
should be noted that 10f; is the lower working limit chosen for the
amplifier. Since the tube sees two coupling capacitors in series, each one
should be made twice the size calculated above. Thus in Fig. 7-49 each
capacitor is labeled 0.025 pf.

The total output voltage from both sides being 42 volts, and the gain
from the chart being 15, the grid voltage for the tube is 42{5 = 2.8 volts,

— | N
[ IS, 0025
Ko AL s

28 { ;4' Ey* meg oty

ad —= 225v L l

=

o 1 0

05 22 L 23 or3 |
meg< K2 i, KN meg &lv
n 4{ (1l n h

0025 uf

Fig. 7-49. A tube-manusl design for a phase inverter.

as stated above. The voltages are shown in the figure with assumed
polarity signs, Writing Kirchhoff’s voltage equation for the grid-circuit
loop yields V, = 21 4+ 2.8 = 23.8 volts. The gain from the input of the
amplifier to the output of one side is 21/23.8 = 0.88.

R has been bypassed by a large capacitor Ck, but since there is con-
siderable feedback anyway, the omission of C would not greatly change
the voltage gain.

V, drives a current into the grid lead, most of which flows down through
the 0.5-megohm resistor. In fact, the voltage drop across this resistor is
about 2.8 volts, and hence the current is 2.8/0.5 X 10® = 5.6 ya. The
impedance seen by V, is therefore 23.8/5.6 = 4.3 megohms, or 8.6 times
the B, (input) value. This high input impedance is characteristic of cir-
cuits which have negative feedback. In this case the R, for the preced-
ing stage is practically 4 megohms, and if f; for it is to be 50 cps also,
Ci = 1/2xR.f1 = 1/(2r X 4 X 10% X 50) =~ 0.0008 uf. Hence C| =
0.001 uf will be adequate.
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This inverter gives an excellently balanced output for high frequencies
up to very high values. Most wiring capacitances normally are balanced
on the two sides. However, the heater is ordinarily at ground potential,
and, the capacitance between cathode and heater being high, some
unbalance exists on this account unless additional capacitance from plate
to ground is provided. This is not difficult to do. Because of a high
internal impedance to E, and a low internal impedance to E,, (this is too
advanced for us to see at the present time) the balance is somewhat upset
in the very-high-frequency range. However, when circuit values like the
ones in this example are used, the output voltages are still equal and the
angle between them only a few degrees away from 180° at 1 Me.

The principal fault of this inverter is the fact that the cathode is at a
high a-c potential from ground and the heater is grounded. Because of
capacitance between heater and cathode and some emission current
between the two, a power-frequency current flows through R; and R, for
the lower-half load, causing hum in the output. Hence this inverter
should not be used where the voltage is very low but should preferably
be installed immediately before the device which uses its output. By
careful design it will produce enough voltage to drive push-pull amplifiers
using most receiver types of power tubes in class AB,.

7-23. Current Amplifiers. There are a few applications in which cur-
rent output is a matter of interest. For example, it may be desired to
actuate a moving-coil oscilloscope from a low-voltage high-impedance
source. The coil usually has only a few ohms impedance, and around
100 ma may be needed for full-scale deflection. If alternating quantities
are to be involved, one solution is an output transformer matching the
coil to an amplifier tube in such a way that sufficient current flows with
low distortion. This is essentially a power-amplifier design.

On the other hand suppose the current from a phototube is to operate
a 100-ohm relay. The relay closes with 10 ma current flow and opens
when the current falls to 8 ma. With peak illumination the tube current
is 5 pa with no load in series with the tube. With no illumination the
tube current is zero. The 5-pa current from the phototube is obviously
quite insufficient to operate a directly connected relay. What is needed
is current amplification of, say, 3 X 1073/5 X 10~% = 600 times to ensure
reliable operation.

Continuing, the 100-ohm load on the output tube is so small it may be
neglected. The quiescent operating point of the tube can be adjusted to
make I, = 7.5 ma, so that normally the relay is open. The voltage gain
A of the tube has no application in this case, but the transconductance
gn is quite useful, since gn = 9%/d¢.. Thus if gn = 1500 micromhos, the
required change in grid voltage for the output tube is 3 X 10=3/1500 X
10=% = 2 volts, This input voltage can be obtained by using an R, resis-
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tor in series with the phototube and in the grid circuit of the output tube.
Its value should be 2/(5 X 10-%) = 400,000 ohms. This resistor would
change the current from the phototube only slightly because of the latter’s
very high plate resistance.

If a current is to be delivered to a small impedance load at the output
of an amplifier and controlled by a voltage at the amplifier input several
stages ahead, each stage except the last should be a voltage amplifier, the
last one being a current amplifier. The ratio of I,../E:, may be called g.,
the over-all-circuit transconductance. It may be expressed in formula
form as

ge = Ay - - - A,._lgmn (7-84)

gmn 18 the transconductance of the tube in the nth, or output, stage.
Current amplifiers operating

with zero-impedance load give quite =

high distortion, and it is often advis-  ° ,V T

able to use some load to reduce this T ~ °
distortion. In this case the com- TVg ev %Hk /; v g T
putations can be made in the same I | 2

manner as for a multistage voltage Fia. 7-50. A simple cathode follower.
amplifier.

7-24. The Cathode Follower.® It isnot necessary that the input signal
always be applied between cathode and grid or that the load be in the
plate circuit. An interesting and useful example of other arrangements
is the cathode follower, shown in its simplest form in Fig. 7-50. A rough
picture of its performance can be gained as follows: Suppose u = 18,
r, = 10,000 ohms, and Rx = 50,000 ohms. Figured from a grid-cathode
input to the output, the amplifier is conventional, and the gain is uR:/ (7,
+ Ri) = 18 X 50,000/60,000 = 15. Let us assume 1 volt rms applied
between grid and cathode and that the operation is linear. Then E, is
15 volts, and by Kirchhoff’s voltage equation V, is 16 volts. These volt-
ages are shown on the circuit diagram. The over-all gain from input to
output is only 13{¢ = 0.94/0°, the angle being zero because of the choice
of positive sense for E,, it being generally convenient to regard ground as
being at zero potential.

An “amplifier” which produces a loss in voltage might occasionally be
useful for that reason alone, but the cathode follower has other very val-
uable properties besides, which often make it an object of use in spite of
the lack of gain. To investigate these, let us assume that the operating
point has been adjusted to a region of linear operation by taking the bias
voltage from a proper point on R, or by some other means and that the
grid swing is small enough to keep operation in this region. If the out-
put voltage is fed to another amplifier, a coupling capacitor €' and a grid
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leak R, may be needed. Practical circuits are shown in Fig. 7-51, using
a triode and a pentode.

For low and middle frequencies the equivalent circuit of Fig. 7-52
applies to either triode or pentode if it is assumed that C; is very large.
The analysis for frequencies high
enough so that the voltage drop in
C is negligible is as follows:

p— RL
E, = m uEy (7‘85)

where R is the value of the parallel
combination of R, and R,. Also
E,=V,—-E, (7-86)

Hence
7 R,
E, = r»+ R1 BV r, + Ry HE,
(7-87)
or
E = #RLvo/(’p + R.) -
T 1+ [pR/(rp + RO
pRLV, _[w/( + wIRLV,
F1a. 7-51. Practical cathodefollower cir- » '+ (1 + w)R, [r,/(1 + »)] + R,
cuits. (7_88)
The gain is
A, =B _ [w/(1 + w)Rs (7-89)

SV, /A + W+ R

It is easy to show that A4 can never exceed u/(1 4+ u). It may also be
shown that the position of the R,, tap on R; has little effect on the ampli-
fication with ordinary circuit values.

g k (o4
i -
b Qs
E Z ou?t
r R, ’
4 % & Ry
, —0
P = —
£y

F1a. 7-52. The equivalent circuit for low frequencies.

Equation (7-88) suggests another equivalent circuit, valid in the mid-
frequency range. It is shown in Fig. 7-53 (if we omit ), and it is easily
verified that, as far as gain is concerned, it gives the result (7-89). In
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words, the cathode follower gives the same gain as would another tube,
with plate resistance r,/(1 + ) and amplification factor u/(1 + u),
placed in the same circuit, but with the signal voltage applied directly
between grid and cathode, that is, E, = V,.

To test whether the equivalence holds further than for gain, one may
find the internal impedance from the output end by applying E volts to
the output of each of these circuits and determining the current I which

&
s
c
lv" T# Vg I
1+/J zouf
E, «—
” )
P Bk‘ Hg
1+u
g P =

O

Fia. 7-53. A more useful equivalent circuit for a cathode follower.

flows. Since the current must be due to the application of E alone, let us
make V, equal to zero. In Fig. 7-33 the current I is

B E
I=5 4+ —i— 7-90
R T /0 W) (90
and
I 1 1
You = & = o + —o—— 7-91
CCETR TR0 (9D
In the circuit of Fig. 7-52, if we let V, equal zero, E, is not zero,
E, = —E (7-92)
and hence
_E | E— u(—E) _ (L 1+u> 7.03
I= RL + Tp =E RL + Tp ( )
and hence
1 1
Yo = o5 + — 7-94
‘ RL+Tp/(1+ﬂ) ( )
as before. Z,,, not including R;, is
=Ly 7-95
Zoe = 135 o ifu>1 (7-95)

In Fig. 7-52 this fact cannot be determined readily by inspection because
application of a voltage at the output produces a grid voltage, which does
not oceur in the simpler equivalent circuit.
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- The analysis for low frequencies is quite lengthy although the general
procedure is the same as that above, except that the impedance of C must
be included. The result obtained using the circuit of Fig. 7-52 is

Amid

A, = mm)‘ (7—96)
where
[Tp/(l =+ #)]Rk
o = 7-97
Biow =R ¥ 7T ¥ 0] + B 7-97)
If f, is the lower half-power frequency, given in formula form
1
fi= wE O (7-98)
we may write
Amid
A, = ———~ 7-99
Sl R 6V (99)

as in the case of an R-C-coupled grid-driven plate-loaded amplifier.
gk
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F1e. 7-54. The h-f equivalent circuit for a cathode follower.

Examination of the circuit of Fig. 7-53 shows that R,,, can be obtained

directly from it by a simple conversion to a Thévenin’s form. It follows
that the equivalent circuit of Fig. 7-53 is valid for the 1-f range.

For high frequencies the tube and circuit capacitances cause amplifica-
tion loss and phase shift. The complete equivalent circuit for this fre-
quency range is shown in Fig. 7-54. The capacitances involved may be
lumped into C., where

Ca=Cp+Cu +Cu+Cu, + C, (7-100)

in which the first three belong to the cathode-follower tube. The degree
of effectiveness of C,; depends upon the value of Z,. Cj: is the heater-
cathode capacitance, and it is important because the cathode is at con-
siderable alternating voltage from the grounded heater. C,, is the wiring
capacitance and C; is the input capacitance to the following tube. The
development is somewhat involved, and only the results are given here.

_ o + Y20

Augy, = 1+ guZa (7-101)
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where Y, is the admittance of Cy; and Z,; is the impedance of the parallel
combination of Ca, rp, Bi, and By.  For circuit values commonly used and
for frequencies in the useful range (less than f;) the quantity Y, can be
neglected with small error. After considerable manipulation the expres-
sion for Ay, simplifies to

A
Ahigh =

1+ 3(f/f2)

as in the case of an ordinary amplifier. The value of A, is stated in
Egs. (7-89) and (7-106). f. is the upper half-power frequency, defined as

1

(7-102)

L (7-103)
where
1 1 1
S IR SN 7-104
Ml P/ (7-104)

Figure 7-55 shows a Norton’s equivalent circuit useful for high frequen-
cies. It isinterchangeable with that of Fig. 7-53 if the proper quantities
are present for the frequency being used. From Fig. 7-55 one may deter-
mine R, as with an ordinary amplifier circuit. For middle frequencies
Cs may be neglected so that —1

Vv
B, = gaVR,  (1105) Tl 2n 2o o

Aa = gl (7-106)

It can be shown that this isidentical Fie. 7-55. Another h-f equivalent cir-
to formula (7-89). cuit for a cathode follower.

The input admittance to a cathode follower may be obtained by deter-
mining the current flowing into the input because of the applied voltage
V,. Its value depends upon the circuit parameters, the signal frequency,
and the position of the bias tap on R;. For the case of the simple
cathode-follower circuit of Fig. 7-50, it can be readily proved that

Ya = jw[cyp + (1 - A)Cyk] (7‘107)

which resembles the formula applying to an ordinary amplifier. Note,
however, the differences.

7-25. Graphical Treatment of Cathode Followers.” The treatment of
cathode followers by means of an equivalent circuit leaves some matters
in the realm of the unknown. For example, what operating point is
best, what is the best load to use, how much drive may be applied for
class A, operation, and what will be the distortion?

A graphical method serves very well in these matters and will be
explained for a triode case. Figure 7-56 repeats the circuit, and Fig.
7-57 presents the plate characteristics of the 6J5 which is used.
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The d-c load is Ri, and assuming Eu = 300 volts, we draw sample d-c-
load lines, say for 10,000 ohms and for 100,000 ohms. In most cases K,
is much larger than Ry, and these lines are the first approximation to the
a-c-load lines also. The first item for investigation is the proper operat-
ing point. If the grid signal is small, almost any operating point not too

-0
Ry e,
——0
Fic. 7-56. A cathode follower.
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F1a. 7-57. Graphical analysis of a cathode follower.

near cutoff and which does not cause excessive plate dissipation will serve

fairly well, but if it is desired to get the maximum output voltage from the

amplifier, more care is required. Let us proceed graphically as follows:
1. Label ¢; units on the e, axis, using the relation

e = By — e (7-108)
where e; is the total voltage of the cathode above ground.

2. Determine the relation between e,, v,, and ¢,. This is best done by
writing the alternating-voltage drop around the grid circuit, thus avoid-
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ing the determination of the direct-voltage drop across the input-coupling
capacitor. If we neglect the alternating-voltage drop in C,

vy = e + ¢ (7-109)

3. Relate e, and ¢, to their total and quiescent values, and substitute
these in Eq. (7-109).

€0 = € — Eko (7-110)
eg = e — E, (7-111)

v, has zero quiescent value.
v, =¢ — Ero + 6. — Eg (7-112)

4. The proper operating point for greatest class A; output makes
€r = €y, on the peak positive swing of v, (v,,...) and ex = e, on the
peak negative swing of v, (v, ...). For e we shall use a value that
makes e, = 0 and for e, , the value corresponding to e, , any arbitrary
value, usually at or near the cutoff value of e,. We may substitute into
Eq. (7-112) to obtain two equations

Dormax = Chmx — Bxo + 0 — B (7-113)

V0 max = Chmin — Eko T onin — Boo (7-114)
Since

Vg imax = V9 max (7-115)

we get, upon adding (7-113) and (7-114) and solving for E,,

B = ﬂkuyvm_ - (E — %‘) (7-116)

The quantity in parentheses is rather small compared with the first term,
and hence
E Okmax + Chmin
b > R (7-117)

5. For the 10,000-ohm-load line e, = 163 volts; e .. = 0, if we drive
to cutoff; e, ., = —18 volts. Hence E,, = 1634 = 81.5 volts, and from
Fig. 7-57, E,, = —6.8 volts. Note that K., is not one-half of ¢, ,,. For
the 100,000-ohm-load line e, = 266 volts, ex,,, = 22 volts, if we limit
the drive to ¢, = —16 volts. Hence Ei, = (266 + 22)/2 = 144 volts,
and K., = —7 volts.

6. For the 10,000-chm-load line R; = (K../Ew)R: = (6.8/81.5) X
10,000 = 835 ohms. For the 100,000-ohm-load line R, = 7{44 X
100,000 = 4850 ohms.

This is one method for finding the best operating point. In case the
a-c load differs greatly from the d-¢ load, a cut-and-try adjustment may
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be made after finding the tentative @ point, in order to operate between
the proper limits.

We may now continue with a more specific example. Suppose Ry =
100,000 ohms and R, = 200,000 ohms. Then K, = 67,000 ohms, which
differs considerably from the d-c load of 100,000 ohms. If the a-c-load
line were drawn (it is not shown in the figure) through the tentative @
point obtained in procedure 5, the value of e, = 260 volts and ¢, =
50 volts would make Ei, = (260 -+ 50)/2 = 155 volts, which is to the
left of the tentative @ point. Hence, whenever the a-c load is less than
the d-c load, we shift to the left, in this case to, say, Ei, = 162 volts as a
trial value. The a-c-load line through this operating point is shown in
the figure. For it, e, = 262 volts, and we can make e ., = 62 volts,
or somewhat more if desired. For the 62-volt value, Ei, becomes 162.0
volts, which is a sufficient check on the trial value. Therefore E,, = 162
volts, E,, = —6 volts, and R, = 3700 ohms are satisfactory circuit values.

Equation (7-112) may now be used to relabel the curves of Fig. 7-57
with input-voltage values corresponding to the various grid voltages.

Fore. = 0,v, = 262—162 4 0 1 6 = 106 volts.

For e, = —2 volts, v, = 228 — 162 — 2 4 6 = 70 volts.

For e, = —4, —6, —8, —10, —12, —14, respectively, the values of v,
are 34, 0, —31, —60, —84, and —104 volts.

If a sinusoidal input signal of 104 volts peak value is used, the funda-
mental peak-voltage output will be (260 — 66)/2 = 97 volts [see Eq.
(6-41)]. The second-harmonic peak-voltage output is (260 4 66 — 2 X
162)/4 =~ 0.5 volt, and the harmonic distortion is approximately 0.5 per
cent of the fundamental.

If the same resistors had been used as a plate load in the amplifier with
an input signal of 6 volts peak value applied directly to the grid, the fun-
damental peak output voltage would have been (260 — 83)/2 = 88 volts.
The second-harmonic peak voltage would have been (260 -+ 83 — 2 X
162)/4 = 5 volts. The distortion would then have been approximately
5.7 per cent of the fundamental.

Had the a-c load of 10,000 ohms been used in the cathode follower the
distortion for maximum allowable drive would have been approximately
2 per cent. Hence, as in the case of ordinary amplifiers, moderately high
load values are advantageous from the point of view of freedom from dis-
tortion as well as of allowable output voltage. But in any case the dis-
tortion for the cathode follower has been found to be low.

At the operating point for the 67,000-chm load the value of ¢, for the
tube is 1000 micromhos, which makes the output impedance approxi-
mately 1000 ohms, while, for the 10,000-ohm load, ¢, is 2600 micromhos
and the output impedance is about 380 ohms. Thus for low output
impedance lower loads are required.
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The simple cathode-follower circuit of Fig. 7-50 is useful for only very
restricted loads. If the load is too low (less than 1200 ohms for a 6J5
with Ey = 300 volts), the allowable plate dissipation is likely to be
exceeded. TFor loads which are too high the @ point is very near the cut-
off point, which restricts the input voltage. However, for small input
voltages this simple circuit will serve very nicely.

7-26. The Grounded-grid Amplifier.®* Another circuit variation from
the ordinary amplifier and one which has considerable usefulness is the
grounded-grid or cathode-driven amplifier. A simple circuit arrange-
ment is shown in Fig. 7-58a, in which
a d-¢ path from cathode to grid is
assumed to exist. If the operation
is assumed to be linear, Fig. 7-58b is
the equivalent circuit.

It is readily shown that the mid-
frequency gain between input and
output is

Amid = +

(1 + P‘)ZL

1z, U8

For low and middle {requencies the T
input impedance for this amplifier is
L

Vo 1t Z,

Zg::_Ip 1+#

(7-119) E

which is very low. This low input £
impedance often makes the gain of the ( b-)
preceding stage lower than ordinary Fre. 7-58. A grounded-
unless that stage itself has a very
low internal impedance. The output impedance of the grounded-grid
amplifier on the other hand is

Zow =1y (7-120)

grid amplifier.

which is relatively high. Note that these characteristics are the opposite
of those for a cathode follower, which operates with a grounded plate.

In this eircuit the grounded grid acts as a shield between the input and
output circuits, and most of the current through the interelectrode capac-
itances, caused by E,, flows to ground via the grid rather than to ground
via the cathode and input circuit. This eliminates much of the danger of
oscillation which exists in most triode r-f circuits.

The commonest application of this circuit is to r-f use, where the effect
just discussed makes it unnecessary (or at least easier) to neutralize the
effect of feedback from the load circuit to the input circuit.
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7-27. Transformers with Iron Cores.® Transformers are useful in
many ways in electronic circuits. As power transformers they change
the power-line voltage to other values suitable for plate-, grid-, and heater-
supply systems. An output transformer makes the load or line
impedance appear as a suitable value for the plate circuit of the
power tube. An input transformer is useful with a low-impedance
voltage source to raise its voltage to a higher level to apply to the grid of
the first amplifier tube. This results in greater output voltage and also
reduces the relative noise output caused by the first tube. Interstage
transformers were once popular because they permitted quite high gain
with low plate-supply voltage and a low-u tube. As mentioned in Art.
5-15, a transformer with a center-tapped secondary can be used as a phase
splitter. This is particularly useful with push-pull power amplifiers

which draw grid current, as the apparent impedance
of the source of grid signal may be kept low, thereby
reducing the voltage loss on grid-current peaks.

M %H N, A two-winding iron-core transformer is a four-
terminal device, which may be represented by the
symbol shown in Fig. 7-39. The winding connected

Fie. 7-59. A sym- b0 the energy supply is called the primary, the other

bol for a trans- winding the secondary. Either coil may be used

former. as the primary, but let us suppose in this case that the
coil with N; turns is the primary.

If a well-designed power transformer of known turns ratio is tested in
the laboratory, several important observations may be made. (1) With
a direct voltage applied to the primary, the resistance of the primary wind-
ing may be determined. (2) With the secondary open-circuited and with
the primary applied voltage E; of rated frequency and of magnitude no
greater than rated, measurements with ammeter and wattmeter indicate
that the primary current is very small and lags the applied voltage almost
90°. This indicates the effect of very high inductance and some resist-
ance, calculations showing the latter to be greater than the winding resist-
ance determined in test 1. A secondary terminal voltage E; may be
measured, and it will be found that the relation E,/E, = N,/N; approx-
imately holds. (3) If a variable load impedance Z, is connected across
the secondary terminals, a secondary current I, flows, its magnitude being
very closely proportional to the magnitude of the load admittance. Also
this current lags E; by approximately the power-factor angle of the imped-
ance. The primary current will be found to be larger now, and it may be
determined that the size of the increase I; in primary current is related
to the secondary current by the approximate relation I1/I, = Ny/Ni.
This additional primary current, due to the load, lags the applied primary
voltage by approximately the phase angle of the load.
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Now if we neglect the small no-load current determined in test 2 and
declare the two approximate relations obtained in the laboratory to be
exact, we have the performance of an ideal transformer. Its working
rules may be recapitulated as the voltage rule

i _ Ny

=N (7-121)
the E’s being terminal voltages, and the current rule

I N,

L-W (7-122)

the I’s being the primary and secondary currents. Dividing Eq. (7-121)

by Eq. (7-122) yields a form
2
Z_(20) .

where Z. is the impedance seen by the generator and Z, is the load
impedance.

It should be noted that an ideal transformer draws no primary current
when the secondary is open. This means that the primary self-induct-
ance is infinite, and because of the definite ratio of turns, the secondary
self-inductance is infinite also. There can be no core losses, which would
require no-load primary current. The currents I; and I, depend only on
the applied primary voltage, the ratio of turns,
and the load impedance. Hence there are no Lo
winding resistances or any capacitance or in-
ductance effects due to the transformer itself,
except one, and that is determined by themutual — o M Ny oo
inductance between windings, which causes the
action expressed by the above equations. Itis Fie. 7-60. An alternate
sometimes thought better to represent an ideal 5ymbol for an ideal trans-
transformer by the symbol shown in Fig. 7-60 former.
rather than by the more generally used symbol of Fig. 7-59. The letter a
represents the ratio No/Ni. This alternate symbol emphasizes that the
ideal transformer is another kind of circuit element in addition to resistors,
inductors, and capacitors, this one being a ratio changer for voltages,
currents, and impedances. ‘

An actual transformer never possesses the perfect qualities of the ideal.
The no-load current, required to supply core losses and to produce an mmf
to force flux through the core, often is an important part of the total
primary current, especially when the load impedance is high. The flux
which produces the counter emf in the primary does not all link with the

t:a

or
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secondary. The nonlinking flux causes inductance effects which are not
mutual, and these, together with the winding resistances, cause voltage
losses.

Figure 7-61 shows one equivalent circuit for a transformer, neglecting
capacitances and core losses. L; and L. are the self-inductances and K,
and R, the winding resistances of the

ETR t L primary and secondary, respectively.

p Bs The two polarity dots indicate that

TEI Ez] these two coil ends are simultaneously

of like polarity. The condition with

Ly Ly both dots at the same coil ends is

‘X; sometimes called subtractive polarity.

Fie. 7-61. An equivalent circuit for a That with the dots at opposite coil

ends is called additive polarity. To
study a transformer it is often desir-
able to obtain a different form, which may be evolved in the following
manner:

If we assume sinusoidal applied voltage and currents, we may write loop
equations

transformer.

E1 = Il(Rp + ijl) - IzjwM (7—124)
Es = LjoM — IR, + joLs) (7-125)

Fia. 7-62. Another equivalent circuit for a transformer.

These may be rewritten as

E =1, (R,, + joly — jo %) — LjoM + % joM  (7-126)

E: = LijoM — LjoMa — LR, + joLs — joMa) (7-127)
or as

. M .
E1 = IlRp + Il_]w (Ll — 7) + (Il —_ aI2)jw %[ (7-—128)

E; = (I, — alh)jw % a — LR, + jo(L: — aM)] (7-129)

Figure 7-62 shows a circuit which yields the same loop equations (7-128)
and (7-129) and hence will serve as another equivalent circuit for the
transformer, The inductance L is sometimes known as the magnetizing
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inductance, while L; — (M/a) and L; — aM are named the leakage
inductances L, and L, of the primary and secondary, respectively.

The core losses in a transformer at any fixed frequency are roughly pro-
portional to the second power of the maximum flux density in the iron
and hence to the square of the voltage induced by the mutual flux. A
resistor K. of the proper size con-

nected as a shunt in the position ° i€ ©
shown in Fig. 7-64 will be subjected
to this primary induced voltage and P~ -~
hence will dissipate power equal to
the core losses. The proper size I SN
. AN
for R, may be determined very (a)
closely by an open-circuit test as o e o
2 C
R, = ?;’ (7-130) pe
oc ¢, = R
where E, is the rated primary volt-

age (approximately equal to the o o
mutual induced voltage) and P, is .y () . .
. F1a. 7-63. Distributed capacitances in a

the power consumed by the primary . =
with the secondary circuit open.
The value of R, so obtained is reliable only for the frequency used in
obtaining it.

The effect of interturn or distributed capacitances on the transformer
performance can be approximated. As measured externally the capac-
itances seem to be between terminals, and as shown in Fig. 7-63a, six

ic
c’pS Rs Ls

- *lol:a o+
c RC% %ﬁ—’l or G [ZL]

Fic. 7-64. The effects of distributed capacitances and core loss shown in the equivalent
cireuit.

]
3
2
&3
o

|

quantities may be determined. Usually one end of the primary and one
end of the secondary are at the same a-c potential, because of grounding
requirements, and the six values can be lumped into three, which are
designated in Fig. 7-63b as C,, Cp., and C.. These capacitances are
shown in the equivalent circuit of Fig. 7-64. At power frequencies the
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effect of the capacitances ig generally slight, and they are often neglected
in power-transformer analyses. For supplied voltages of higher audio
frequencies, however, the ratio of output voltage to input voltage is con-
siderably dependent upon these capacitances, and their effect should be
considered in any study of performance at higher frequencies.

7-28. The Transformer with Load. Transformers which couple a
power tube to its load, drive class B amplifiers, or serve for ordinary power
purposes involve secondary load currents which dwarf any current

EP LP R Ls

(8)

F1c. 7-65. Equivalent circuits for a power transformer.

through the transformer capacitances. Hence the capacitances of Fig.
7-64 are omitted from this study of power transformers.

In Fig. 7-65a suppose a generator supplies a sinusoidal voltage E; to the
transformer’s primary terminals. Let us consider that E; has three com-
ponents, one to supply the drop in E,, a second to supply the reactance
drop in L,, and a third, denoted by E,, the voltage across M /a or I..

Assume a load Z;, = R, 4+ jX. to be connected to the secondary ter-
minals, the load voltage being E;.  The ratio of N2 to N, is designated by
a, and the polarity, as shown by the position of the two dots, is in this
case such that both top terminals are positive at the same moment. A
procedure, which is often convenient in coupled circuits such as this, is to
change the transformer ratio to unity. This can be done without any
effect upon the primary circuit if the secondary eurrent is increased a
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times, brought about by changing the secondary impedance by a factor
1/a? 1/a times because the voltage has dropped 1/ times, and again 1/a
times because the current must be raised to al,. Since the primary cur-
rent of the ideal transformer exactly equals al;, and the polarities are cor-
rect, there is no need to show the ideal transformer in the circuit. Figure
7-65b shows the new form.

I, has three components: al,, which supplies the load, a core-loss current
I, in phase with E,, and a nonsinusoidal magnetizing current I.., the
fundamental component of which lags E, by somewhat less than 90°.
The latter two currents combined are called the exciting current, and with
no load on the secondary they are the only currents flowing if we neglect
capacitance currents. The small exciting current causes very little volt-
age drop in R, and L,, which are usually quite small themselves, and
hence E, is practically the same as E; at no load. As the load impedance
is decreased from a very high value, an increasing load current flows,
causing voltage drops in the primary and secondary impedances and
making E./a lower (if the load is resistive or inductive) than £,. Hence
the voltage regulation of a transformer from no load to full load is caused
by the primary and secondary resistances and leakage reactances, and for
good regulation these should be kept as small as practicable.

Because the contributions of I. and I.. to I; are small, it is generally
justifiable under full-load conditions to omit &, and M /a from the equiv-
alent circuit. Since, for coils wound on the same iron core, the induct-
ances are proportional to the square of the number of turns, L,/a% = L.
In the case particularly of a large transformer, it is desirable for high effi-
ciency to have R,/a? = R,, although this is not usually done in electronic
applications. But if these conditions do hold, the circuit of Fig. 7-65b
allows an approximate relation to be written as

%3 B — L X 2(R, + joL,) (7-131)

and if the values of R, and L, are small enough, it may be justifiable to
state that E;/a = E,, or
E2 N 2
2o g o= ot 7-121
E, YTV (7-121)
Hence Eqgs. (7-121) to (7-123) can be applied to a power transformer, but
with good approximation only when the winding resistances and leakage
reactances are small and when Z./a? is very small compared with the
value of wM /a; otherwise the effect of the magnetizing current cannot be
neglected.
An output transformer is a power type of transformer which has an effi-

ciency usually ranging between 70 and 90 per cent; under these circum-
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stances the relation of (7-121) is not very reliable. A somewhat better
expression can be derived from power relations. Let us assume the trans-
former to be of good design, with the copper losses (half the total) dis-
tributed equally between the primary and the secondary, and the core
losses the other half of the total. Neglect the voltage drops due to leak-
age reactances. Then it can be shown that for the usual range of values
of efficiency,

E, ~ Nz \/— : (7-132)
B,

The proof of this statement is left as an exercise for the student (see Prob.

37 at the end of this chapter).
In order to avoid excessive magnetizing current, as well as very large
odd-harmonic components in it, the

B maximum flux density in the iron
core reached during a cycle should
4 , be limited to the lower region of the
YA knee of the curve of B vs. H,
a—st /o approximately as shown in' Fig.
7 7-66. The allowable maximum
ST 7 flux-density value depends upon
/ ,T Magnetic force the grade of iron employed. A

/ / supplied by direct tvpical th of 4 £
S/ currenf in primary ypical path Ol opera 1'011 or an
s s applied primary alternating voltage

v . .

£ is shown by the broken-line loop a.
Fre. 7-66. Magnetic operation of a trans- In some apphcatlons the primary
former, carries a direct current as well as

an alternating one, and care must
be exercised in the design to keep the path of operation in a position
not greatly higher than that shown by loop b. To do this, it may be
necessary to have an air gap in the core.

7-29. The Transformer-coupled Amplifier.'? If a transformer is used
for coupling two stages of an amplifier, it effectively isolates the grid of
the second tube from the direct plate voltage of the first and may also
cause some voltage amplification because of a step-up turns ratio. If the
second stage is operated class A;, its grid draws no conduction current
and the only load on the secondary is that due to currents flowing through
the various capacitances. The grid current of the next tube may be said
to flow through an admittance Y,, which may be calculated using either
formula (7-12) or formula (7-13), and in any case Y, is practically all
capacitive for frequencies in the transformer’s useful range. The effect
is represented by C, in Fig. 7-67.

Since this circuit is quite complicated, it is difficult to make an exact



VOLTAGE AMPLIFIERS 217

analysis. However, one may simplify the circuit to yield readily some
approximate results. First, with subtractive polarity as marked, the
secondary current will be almost unchanged and the primary current but
slightly changed if Cp, is replaced by a capacitance Cps[(a¢ — 1)/a] in par-
allel with C,.  (If the transformer has additive polarity, the replacement
value is Cpl(a + 1)/a], which is larger, and hence additive polarity is
undesirable.) This follows because the voltage drop across C,, is E; —
E,, which is approximately (@ — 1)E,, whereas that across C, is Es, or
approximately ¢E,. In the same manner as in the previous article the

=

B Lp

——0
—
r )
il 2o 1 of*
E ]y M | or Gy + G+ Clps = E=E,
W CP+C“’P -—-OM:N'ZO-—I

X
&
D
b~
&

VA

Fic. 7-67. An equivalent circuit for a transformer-coupled amplifier.

R, L, Bs [ ' Lg /ot

)

}
~ Ceq %.’.
!
O

Fic. 7-68. Another equivalent circuit for a transformer-coupled amplifier.

transformer turns ratio may be changed to 1:1, yielding the simplified
equivalent circuit of Fig. 7-68. In this circuit

Cop = @ (cs + 0yt Cont 0t 1> (7-133)

where C,, is the stray and wiring capacitance to ground in the grid
lead.

At this point it is best to subdivide the analysis as in the case of R-C-
coupled amplifiers. The 1-f range is that in which the shunting effect of
M/a is enough to affect appreciably the output voltage. The h-f range
covers those frequencies for which the capacitances and the leakage
inductances have important effects. For well-designed transformers
there is a middle range of frequencies for which the amplification remains
essentially constant, because of negligible shunting by either M /a or the
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capacitances alone or because of an antiresonant condition of their

combination.

In the middle range there is no current flow beyond a usually negligible

core-loss current, and therefore no voltage is lost.

E;
a
or

Amid =

Hence, approximately,

—uV, (7-134)

E,

= (7-135)

—ua

The result given by (7-135) was to be expected since the tube is operating
with infinite a-c load impedance, giving an amplification of u, and the

Rp
AW~ —0
» M E,y
Fan ZNr
e
-

F1e. 7-69. Low-frequencye quiv-
alent circuit for a transformer-
coupled amplifier,

transformer multiplies this by the turns
ratio.

In the low range also, it is well to
omit quantities having only secondary
importance, such as L,, which is small
compared with M /a. We can also omit
R., which is very high for well-designed
transformers having adequate cores of
good-quality steel. It 1s convenient
also to replace M /a by the almost equal

value Li.* Tt follows from Fig. 7-69 that
E2 _ —ijl
RSy AR m i (7-156)
or that
E2 —ua .
A, === . 7-137
= TV, T T =1, + Rp)el] 7-157)

An 14 marker f;, which makes w,L, = 7, + R, can be used in helping to

simplify this formula to
Alow
Amid

where

fi

1
= TP 7-158)
r» + Ry
i (7-139)

® Proof that M /a = Li1: M = & \/L,L,, where k, the coefficient of coupling, can be
defined for our purpose as the fraction of the primary flux which cuts the secondary
winding. L, = a?Ly, since the inductanees of coils on an iron core are proportional

to the square of the number of turns. Hence @ = +/L;/L, and M/a = kL.

For

k near unity, as in this case, M /a =~ L,.
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Equation (7-138) is identical in form to Eq. (7-33) for the R-C-coupled
amplifier.

The simplified circuit for high frequencies appears in Fig. 7-70, where
(', and the primary wiring capacitance have been neglected to make the
analysis somewhat simpler without altering the validity significantly.
New symbols R., and L., are defined in the diagram to aid in the simpli-
fication. Sinece L., and C., are in series, a resonant point will be reached
at some frequency fo and the resulting current flow will tend to be high,
being limited by R., only. The output voltage, being the drop across
C.,, will likewise tend to be somewhat high although not so much so as for
frequencies somewhat below reso-

nance where the reactance of C., is Leq=Lp+%
greater. Thus if R., is very low, we AN —— T o
may expect the curve of gain to show Heq=7;a+ﬂp+a—; _J_

high peak at a frequency somewhat Gqg B
a high peak at a frequency some l/uv-" g
below the resonant point. If R., T

is greater, this peak should be less Fia. 7-70. High-frequency equivalent
pronounced and for a large R, value circuit for a transformer-coupled am-
the effect may be merely to keep the  plifier.
curve from falling so rapidly.

A more exact analysis may now be made. The circuit of Fig. 7-70
yields the relation

E - —1/§0C.q
a R., +j[wLeq - (l/wCeq)]

uVy (7-140)

or
E: _ ~sa
Vﬂ wCeq[(l/wCeq) - wLeq] + ijeqReq

Ahigh = (7—141)

This complicated expression is considerably simplified by using a marker
frequency fo defined by wolieg = 1/w0C.q, Or

1
fo= o Ll (7-142)
and a parameter @, defined as
. wOLeq _
Q = e (7-143)
Then
A . . Amid
e wCeq[(wo/wowCeq) — (wowleeq/wo)] + j(wowCleqReq/wo)
Ao (7-144)

= GGl = G/l + iG/f0(1/Qu)
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We may now calculate the response of the amplifier at
quencies:

At f = foi
A= QOAmid@?
At f = 0.1f:
A = A ~ Ania
0.1(10 — 0.1) +7(0.1/Qo) 1 + j(1/10Q0)
At f = 0.5f:
A ~ 2A .4
1.5 + (5/Q0)
At f = 0.7,
A~ A
051 +70.7/Q)
At f = IOfoI

O.lAm;d

A~ 15 T 51/09

several fre-

The numerical value of gain in a normalized form is plotted against fre-
quency in Fig. 7-71.  Also the angle 8, (for Qo = 1) is plotted as a func-

tion of frequency in Fig. 7-72.

20
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F1a. 7-71. Gain vs. frequency for a transformer-coupled amplifier.

% /

Examination of the curve of gain in the h-f region shows that the gen-
eral performance is not very uniform. It is usually satisfactory to assume
that the range of constant gain extends from 10f; to 0.1f,, except in cases
where @Qq is near 0.8, when f = 0.7f, may be used as the approximate
upper limit. For Q¢ = 0.8 and f = 0.7f;, one may readily show that

A = 0.984 4.
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~ The magnitudes and corresponding phase angles associated with the
gain for various frequencies may be plotted in a polar system as was done
in Arts. 7-12 and 7-13 in the case of E-C-coupled amplifiers. The result

7
3r
2
i Qo-'lo
®* Trem————-
.9
2
l |
0 ! JI!IIIII | II!]I[II | i ll!lllll |
o.lf, 05, A 5h 104 Ol 054 fo s S

Fic. 7-72. Phase shift vs. frequency for a transformer-coupled amplifier.

in the case of @y = 11is drawn in Fig. 7-73. Such polar diagrams are use-
ful in studies of feedback.

T7-30. Parameters in Interstage-transformer Design. While the design
of an interstage transformer is beyond the scope of this book, we can
readily pick out what is needed for good performance. For high gain in
the mid-frequency range, the formula

A = pa makes it appear that p for %
the tube should be high and that the Aélm/d
step-up turns ratio be high. But 6,

there are other important considera-
tions. The mid-frequency bandwidth
should generally be as wide as practi-
cable, making it desirable to have f,
quite low in value and f, high in
value. Since fi = (r, + Ry)/2xLy, 7,
and R, should both be low in value.
Examination of the curves of Fig.
7-71 shows that, for uniform gain over an extended range, a value of Qo
near 0.8 is desirable. Now @y = wolice/Req = wolioq/[rp + Bp + (Bs/a?)].
Unless the designer uses especial care, (o is likely to exceed 0.8, and hence
it must be kept in mind to try to make L., small and the denominator
large. Asr,and R, should be low in value in the interests of 1-f response,
R, should be made large.

f
F1a. 7-73. Polar diagram for a trans-
former-coupled amplifier. Qo = 1.
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Returning to x and a, it now appears that only a medium value of u
can be used since r, must be low. Let us see about the turns ratioa. A
high value of L, usually means a large number of primary turns and, if a
is large, many more secondary turns. Hence C., tends to be large, which
is undesirable. Compromise is necessary, and a value between 3 and 4
for a is the general practice. The secondary is wound with small-gauge
copper wire, which makes E, high.

An important element in C., is Cp.. This capacitance can be reduced
by shielding the primary from the secondary. To do this, a grounded
copper or aluminum shield is placed between the primary and the sec-
ondary windings, taking care that the sheet is insulated in such a way
that a shorted turn of winding is not formed by it.

A/Amia
db
’ /(
~-1.0
=20
10 20 50 100 200 500 1Kc 2Kec 5SKc I0Ke 20Ke

Frequency 30 Ke
F1e. 7-74. Gain vs. frequency for a good-quality audio transformer.

The performance of a typical good-quality transformer is shown by the
curve of A vs. f given in Fig. 7-74. With care in choice of core size and
quality, coil turns and turns ratio, coil resistances and winding scheme,
transformers may be made to perform with very uniform gain over a
wide a-f band, when used with the proper tube. However, the cost of
such a device is high compared with an R-C coupler, which can give equal
or better results, especially when used with a pentode. Therefore, except
for special purposes, interstage transformers are not often used.

7-31. Narrow-band Amplifiers.’* The electromagnetic energy radi-
ated by a radio transmitting antenna lies in a relatively narrow band of
frequencies. For an a-m broadcast transmitter with a carrier of, say,
around 1000 ke, the bandwidth is approximately 15 ke, and for an f-m
transmitter with a carrier of, say, around 100 Mc, the bandwidth is
approximately 150 ke. At the receiver there must be a separation of the
desired from the undesired signals, and therefore it is an advantage to
have an amplifier which amplifies over only a relatively narrow frequency
band.

The ideal response curve desired is shown in Fig. 7-75. No amplifier
previously studied in detail performs anything like this. In fact, the
ordinary R-C-coupled amplifier has almost no output at frequencies
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greater than a few hundred kilocycles per second, because of the shunting
effect of the tube and the wiring capacitances.

7-32. The Single-tuned-circuit R-F Amplifier. In considering an
R-C-coupled amplifier the idea naturally occurs that it is possible to cancel
the effect of the shunting capacitance by adding an inductor in parallel.
Figure 7-76 shows a circuit based on this idea, in which R, has been
replaced by L. This gives the advantage of a lower d-c¢ load as well as of
canceling the effect of C at some
certain high frequency. C may be
increased above the stray circuit and
tube values to help in the tuning,
or, for very high frequencies, the in-
ductor may be varied and only the
stray and tube capacitances used.
The amplification will be high at this
antiresonant frequency fo of L and C
and will decreaise for either higher OF  grg. 7-75. The response of an r-f am-
lower frequencies. The coupling ca~ plifier should be like this.
pacitor serves only to isolate the fol-
lowing grid from the high direct plate voltage and has no effect on the
a-c action of the circuit. Norton’s equivalent circuit for this amplifier is
shown in Fig. 7-77. r,, R,, and R,,. (the coil’s a-c resistance) have been
combined into Rs. L and C represent pure reactance elements.

Equation (7-7) (A = —g,Zg) may be used to compute the gain of this
amplifier, and hence it is necessary only to determine the variation of Z,
with frequency to find the amplifier’s response. The admittance of the

11

7 Rep L c E,
ImVy T I
s 3 . —_—

Fig. 7-76. An amplifier with a single- Fig. 7-77. Norton’s equivalent circuit for
tuned load. the single-tuned amplifier.

A

£- %BW| LHEBW

c

[

load on the constant-current generator at the frequency fois 1/, and at
any other frequency it may be stated as

1 . 1
Ya). = Rah +] <wC - E) (7—145)

This equation may be put into a more useful form by factoring out 1/Ea,
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introducing wo/wo, and using the relation that 1/wili = woC. Hence

_ ]. . Rshwwo(] =
Y, i [1 +J <———w0
- ez -] -
where
wo =
and
Q=

is a convenient parameter.

A
A max {
N / l
s |
: I
i
P I BW'—>:
| }
I ! i i
1 1 0 _t 1
Q& 2@y 29y @y
JI' | |
-J0 Jo.
‘f(‘) Q' ‘/(I) ‘f+Qo' S

Fia. 7-78. Frequency response of
a single-tuned amplifier.

or,since (24 8)/1 4+ 6 =2 -6+ 8 —864 - - -

less than § if 6 < 1,

§ (24 8)/(1+9).

wORsh>]
wwols

[1 + 0, (ff )] (7-146)

|

1 7.147
Vi< ( )
foz = Rl (7-148)

(An explanation of @, appears later in this

article.) If & is a real number, we
may express any frequency in terms
of the resonant frequency as

f=1Ffo+

from which it follows that § = (f — fo) /fo,

fllo=1+4 —and (f/fo) — (f/f) =
Substituting into Eq.

(7-149)

(7-146), we obtain

2438

1 .
Yo g [t

] (7-150)

=~ 2, with an error

Yo = o (1 + 2040) (7-151)
Rah
and
1 R R
Zy = ¥, = TF 200 \/1 T 4Q’262/ arctan 2Q;6 (7-152)
It now follows that
—ngsh Amax
A= k = i -
TF 20 ~ 1 200 (7-183)
where Ane = —~gnRa is the value of A for § = 0, that is, at f = fo.

We may now plot the frequency-response curve for the single-tuned

amplifier.

This is done in Fig. 7-78. As in the case of the R-C-coupled
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amplifier, the half-power frequencies may be called f; and f.. Since
obviously there is no extended region of uniform response, it is generally
convenient to consider the bandwidth in this case to extend from f; to fo.

1 1. 1 1
204 Jo @zfo " RawoC Jo = 2r R, C

BW =2 X (7-154)
It is not possible to obtain an inductance by using a coil without resist-

ance, and it is hence necessary to consider this resistance to be included

in Rs.  The resistance accounting for

copper loss in a coil is actually a series

quantity, but for high frequencies much Bser

of the resistance is due to losses caused by

induced voltages in shields, dielectrics,

and cores. This may be considered as a L,,,

parallel resistor. As a measurement

usyally determines.the impedance of a F16.7-79. Series and parallel equiv-

coil on a series basis, we may transform ,lents.

as follows, using symbols shown in Fig.

7-79: At any frequency the admittances of the two circuits are equal.

= 1 = R“‘" —ijser _ 1 ] =
Y= R"‘" + ijﬂﬂ' - Rser2 + w2Lser2 - Rpsr wLpu.r (7—150)
Hence

2 2 2
R = @._%“LE_ (7-156)

2 2 2
wlipay = M (7-157)

wLiger

If an alternating voltage is applied to either of the circuits of Fig. 7-79,
the total current which flows differs in phase from the voltage by an angle
8. The cosine of this angle, called the power factor, is a useful parameter.
The tangent of # is also often useful and is symbolized by @. In the par-
allel-tuned circuit, an applied voltage E causes a current E/R,,,, in phase
with the voltage, in the R branch and a current E/wL,,., lagging the volt-
age by 90°, in the L branch. The value of @ = tan ¢ would be (E/wL,,.)/
(B/Ryae) = Rone/wl,... The same voltage applied to the series circuit
would make @) = tan 0 = wl../R.. By substituting Egs. (7-156) and
(7-157) into the definition of the @ of a parallel circuit, we may verify the
relation

Row _ whiser

=i~ R

(7-158)

Thus the value of @ obtained from either representation is the same.
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If R... € oL, that is, if @ has a large value,

2
Ry = CLe Qo = Qo (z-159)

and
Low ~ Lie: (7-160)

The percentage error in saying Ly.. = L.. is only 100/Q? for ordinary
values of . Of the above relations probably the most useful one is

Row = Quwol = Qo \/15 (7-161)

for this gives the impedance of a parallel-tuned circuit at the resonant
frequency.

Returning to the discussion of the single-tuned amplifier, the value of
@} may be expressed in a different form by using the resonant condition
and equating admittances,

1 1 1 1
_— e 7-162
Ro 7 TR, T Gl (7-162)
or, from Eq. (7-148),
1 1 1 1
Jooil "7 TRy T Quak

It should be noted that Q, belongs to the coil alone, while @, belongs to
the whole circuit. We may solve for Q.

(7-163)

1 1
Qy = =___ T (1-1864)
1 1 1 wol | wel 1
‘°°L(;;+z‘e;+m> ER

This formula is not particularly needed to calculate the value of Q, (see
Example 1 of Art. 7-33), but it is useful in the following consideration:
If, with a fixed f, value, either L or ¢, of the coil is raised, R, is thereby
increased as shown by Eq. (7-161). Hence R is increased, and the
amplification A,.. is made greater. If this is done by raising the value of
L and keeping Q, fixed, formula (7-164) shows that Qj decreases and hence
the bandwidth increases. But if L is fixed in value and ¢, is increased,
(7-164) shows that @, increases and the tuning is sharpened by the
decreased bandwidth. Hence in designing an amplifier it is seen that
bandwidth as well as gain can be planned for.

7-33. Examples of Single-tuned Amplifiers

1. Let us use a 65K7 tube in the circuit of Fig. 7-76. Using values
recommended by a tube manual, assume Ep = 250 volts, Eeo = —3
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volts, Eg, = 100 volts, E.; = 0 volt. Use R, = 0.5 megohm. The
coupling capacitor can be 0.001 uf. For this academic problem assume
foto be 796 ke, since wo then equals 5 X 10® radians per sec, which makes
the arithmetic easy. A coil having L = 200 gh and @ = 150 is available.
The required capacitance C, as given by 1/we?L, is 200 uuf, which is easily
obtained by adjusting a 360-uuf (maximum) variable capacitor. A tube
manual yields the information that 7, = 0.8 megohm, g, = 2000
micrémhos, I, = 9.2 ma, I, = 2.6 ma. The required R, resistor is
3/11.8 X 10~% = 254 ohms. A value of B; = (250 — 100)/(2.6 X 10—%)
~ 58,000 ohms is required. The bypass capacitors C; and Cj should
have small impedances compared with Ry and Rg, respectively. For Ci a
value of 0.01 uf having X, = 20 ohms is adequate, while, for C4, 0.001 uf
with 200 ohms is ample. The @, for the coil being 150, the equivalent
shunting resistor for the idealized coil may be computed as R,.. = Qowols
= 150 X 5 X 10% X 200 X 10—® = 150 X 1000 = 150,000 ohms, and
this is the impedance of the parallel combination of coil and capacitor at
the antiresonant frequency. R of Fig. 7-77 being R,,. in parallel with
r, and R,, it may be computed as (1/0.150) 4+ (1/0.8) + (1/0.5) = 6.67
+ 1.25 + 2.0 = 9.92 micromhos, or Rs = 1/9.92 = 0.101 megohm =
101,000 ohms. Hence A... = gn.Ras = 2000 X 10~ X 101,000 = 202.
The value of @ for the circuit determines the bandwidth (the prime has
been appended to avoid confusion with the @q of the coil alone), and it
may be determined as @y = R../wol = 101,000/1000 = 101. Note that
this value is lower than that of the coil alone because of the energy-
absorbing qualities of 7, and B,. The bandwidth BW = (1/Q0)fs = Yo1
X 796 = 7.88 ke. The response curve is that of Fig. 7-78 with proper
numerical values inserted.

2. For a 6SK7 tube with the operating voltages, resistors, and fre-
quency of Example 1, what value of L should be used to give a bandwidth
of 10 ke and what gain can be obtained? Coils with Qo = 150 are
available.

Solution. At 796 ke,

1 , _ Ra
+ s T Qo G~ M €= 7
Therefore
1 ! Q, 1 Ru = 1 — (Qy/Q0)

r» Ry " QRw  Ba = /) + (/R,)

Since BW = f,/Q}, @, = (796 X 10%)/10,000 = 79.6. Therefore

1 —(79.6/150) 1 — 0.531

Ba = (1/08) & (1/0.5)  1.25 + 20

= 0.144 megohm



228 ENGINEERING ELECTRONICS

The gain obtainable is A = g.R.s = 2000 X 10~5 X 0.144 X 10® = 288.
wol = Ra/Qy = 0.144 X 105/79.6 = 1810 ohms, and L = 1810/(5 X 10°)
= 362 ph.

7-34. Other Types of R-F Voltage Amplifiers. The type of amplifier
studied in Arts. 7-32 and 7-33 has the disadvantage in practice that, if C

is made variable to adjust the tuning,

both sets of plates must be isolated

o o from ground and they are at high d-¢

potential above ground, making it

dangerous to use in exposed posi-

tions. While the latter disadvantage

may be circumvented, other types of

circuits are usually favored, it being
easier to maintain high effective @, values with them.

We may use the idea of transformer coupling, and Fig. 7-80 shows an
elementary circuit of this type. Because of core losses it is often imprac-
tical to use an iron core for the transformer, and air is ordinarily used for
the greater part of the flux path, although powdered-iron slugs are some-

times employed to give high induect~
ance with fewer turns. Because of -
the small inductance of the coils, the o——-=~7T"%

load on the first tube is too low to

give much voltage output if no tun- - J Ca

ing is employed. Either the primary “* T %Rk =

or the secondary or both may be J _

tuned. The tuned-secondary type is (a)

widely used. If both coils are tuned,

the tuning process is so complicated

and critical that the capacitor adjust- 1,

ments are usually semipermanent and

the amplifier is used for a fixed r-f l’“

band only.
7-35. Tuned-secondary Type of (b)

R-F Amplifier. The circuit is shown Fra. 7-81. (a) Tuned-secondary r-f

in both schematic and equivalent amplifier. ~ (b) Equivalent circuit of

formsinFig.7-81. Inordertosimplify @

the analysis, the stray capacitance in the primary and also the capacitance

between primary and secondary have been neglected. At very high fre-

quencies this would result in serious error. The transformer polarity is

not important, but in order to make our analysis definite, it is assumed to

be as shown by the dots. We can compute the secondary current, and

it is obvious that the voltage drop in C. will yield the output voltage.

Hence we shall first compute I,

o—i i

Fig. 7-80. Transformer coupling may
be used.
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As a preliminary step let us consider the simple coupled circuit repre-
sented in Fig. 7-82. 'The ratio E,/I,, called the driving-point impedance,

Z,-2,, Z,-2

m

EII Il Zm lZ

T |

Fie. 7-82. Equivalent circuit of a simple coupled circuit.

can be shown to be

m 7 Z,2 7
—z, ~h-7; (7-165)

The ratio Ei/I,, called the transfer impedance, is

—_ 2
Z,, = _Zl_Z"’Zi (7-166)

From the equivalent circuit of Fig. 7-81

Z1 =Tp + Rl + ijl (7-167)
. 1
=Bty <“’L2 - m) (7-168)
L = jol (7-169)
Also
b= ;l (7-170)
12
and
_ I
B = jas (7-171)
Hence
Eo —u
=V, T ZnjuC. 172
A v, yATY 12102 (7-172)
where
le —_ (Tp + Rl + ]le)[Rz + j(sz — 1/6002)] +w2M2 (7-173)
]wM
Substituting,
A el (7-174)

T Uy F R1 F joL)[Rs + j(wls — 1/aC3)] + o*M?

We would like to have a graph of A vs. ffor f near fo. Equation (7-174)
looks formidable. It would be desirable to think of some simplifying
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approximations, since great accuracy is not a consideration in an affair
like this. Also a few simplifying substitutions often help in understand-
ing what is going on.

Let us list our assumptions as we progress:

1. 7, |R1 + jwLi|. Hence

_ —g,,,iM/Cz ,__1 -
A = R T @) F jlels = (1/eCy] (7-179)
2. Let R, = Ry + (w*M?/r,) as a convenient substitution.
3. Also introduce wo, defined by wels = 1/weCs. Then
—gmwoM/R;w()Cz
= : 7-176
A = T R (wwilafon) — (@ofawil)] (7-176)
or
— gnweM [ RwoC
A= T Im@el [ V2o 7-177
T J(woLoo/ B[ (/o) — (wo/w)] (7-177)
4. Let Q) = woly/Ry = 1/RweCl.
—gnoolQ; (7-178)

A= 1305077 = Gl

5. Let f = fo + &8fo, as was done in Eq. (7-149). Thén (f/fo) — (fo/f)
reduces to 8[(2 4 8)/(1 + 6)], which is approximately 26if § < 1. Hence

— MQ,
A = _In@iky 7179
[+ Q2o 1
6. When f = fo, 8 = 0. For this frequency
A = Amax = _QmwOMQ,g (7-180)

Thus we have for the amplification for any frequency near the resonant

value

i Amnx

-1+ 5203

This equation is identical in form to Eq. (7-153) for the previous case.
The bandwidth is given by

A (7-181)

BW =/ (7-182)
Qs
Note also the close similarity between the formulas for 4.,, and for BW
and those of the former case of Art. 7-32. The curve of 4 vs. f may now
be drawn, it being identical with that of Fig. 7-78 if proper numerical
values are attached,
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The value of A, is dependent upon M, which is a function of the coeffi-
cient of coupling. We shall now investigate this fact to discover what
coupling is best to use to obtain high gain. Since the value of Q; depends
upon M, we may write

gqungLz _ KM
Rz + (w02M2/7‘p) - Rz + (wozm/rp)

Amax = ng'szM = (7‘183)

where K is independent of M. If we set dA.../dM = 0, we may be able
to find the value of M which will make A4,.. the greatest. Doing this, it
follows that

2 2 2
[R2 4 oM ] K - Ky 2 _ (7-184)
Tp Tp
or the optimum value of mutual inductance is
Mo = VB (7-185)
wo

The coefficient of coupling k, which equals M/+/L;L;, has an optimum

value
b, = YV r,,ﬂ_ _ ry Ro _ 1
’ wo \/L1L2 woly woliz \/Qle

(7-186)

where @ is the ¢, of the primary circuit and Q. is that of the isolated sec-
ondary circuit. Under optimum coupling conditions the load seen by the
tube is, by Eq. (7-165), w?M?%/R; = w¢’Rary/Rawe® = r,, which means
that the conditions for maximum power transfer are satisfied. '

For pentodes @, (= wol1/7p) is usually so small that it is impossible to
obtain the optimum value of coupling. This is not a matter of great
importance, however, since the gain is quite satisfactorily high anyway,
and too high gain per stage makes the problem of stray feedback trouble-
some. For triodes, which were formerly used in the ante-pentode days,
and still are in high-power amplifiers, ¢ is higher, and the meager gain is
enhanced by careful adjustment of k. The bandwidth is somewhat
dependent upon k, but for pentodes to only a slight extent. These points
are perhaps made clearer by the following example.

7-36. An Example of a Tuned-secondary R-F Amplifier. For the cir-
cuit of Fig. 7-81a let the tube be a type 68K7 with the same operating
conditions as in Example 1 of Art. 7-33. For L, assume 50 ph with a Q,
of 150 and for the secondary coil Ly = 200 gh, Qo = 150, tuned by a
capacitance C; t0 fo = 796 ke. Recall that r, = 0.8 megohm, g = 2000
micromhos.
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Q1 = wol1/rp = 5 X 10% X 50 X 1075/0.8 X 10° = 312 X 10°%; ¢, =
150. Hence ko = 1/4/Q:1Q, = 4.6. Since it is impossible to obtain
this value and difficult even to approach unity for air-cored coils, let us
assume that k = 0.6 is attainable. Then M = k+/LiL; = 0.64/50 X 200
= 60 uh.

, wo?M?  wls | wo?M? 5 X 16° X 200 X 10—°
By = ) + r,» Q2 + ry 150
(5 X 105 X 60 X 10-9* _
+ 0.8 % 10° = 6.67 4+ 0.11 = 6.78 ohms

which is practically the same as R,. Hence Q; = wol2/R; = 150 approx-
imately. Amx = gm@uweM = 2000 X 10~¢ X 150 X 5 X 10° X 60 X
10-¢ = 90. BW = £,/Q), = 798{50 = 5.3 kc. As this bandwidth is
likely to be too narrow, a secondary coil having a lower @, should be
chosen. As a result the gain will be lower. Changing % is futile, for
even if k& could be made unity, the bandwidth would be widened very
little, as may be seen by recomputing @;. Making the L,/C ratio higher
does not have the effect of making the bandwidth greater as it did in the
case of the amplifier of Art. 7-32.

7-37. Double-tuned Transformer-coupled R-F Amplifiers. In Fig.
7-80 if both the primary and the secondary are tuned, the frequency
response of the amplifier may be quite different from that of the two cir-
cuits previously studied. It is not difficult to see that this is probably
the case. Suppose the primary and secondary to be initially far apart
and each tuned to a frequency f.. The coils are then moved closer
together so that a small degree of coupling exists between them. With
the circuit in operation there will appear a voltage at the output. As the
frequency of the signal is varied through the value f., the primary current,
the secondary induced voltage, the secondary current, and the output
voltage all pass through a peak at f.. With the coils moved much closer
together, impedance from the secondary considerably alters the equiv-
alent primary impedance. For some frequency higher than f, the sec-
ondary circuit is inductive and hence the impedance coupled into the
primary is capacitive [see formula (7-165)]. This alters the primary
impedance to make it less inductive, thus raising the frequency for max-
imum response. The same explanation can be made for the action at
some frequency lower than f.. Thus two peaks in the frequency-response
curve appear, there being a dip between them. Figure 7-85 shows three
performance curves. For a = 0.5 the coupling is loose. For ¢ = 2 the
coupling is close, and two humps appear.

Thorough theoretical and design treatments of this type of amplifier
are available in the literature, but an elementary study is not particularly
difficult and will be made here, Referring to Fig. 7-80 we shall assume
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2 2
Y
Lt L-M
* % M

Fic. 7-83. Two coupled coils and
their T and II equivalents.

that the only coupling between primary and secondary is inductive (i.e.,
there is no capacitive coupling between the coils) and that the two coils
are identical. It is also assumed that M
no current is drawn by the following £
stage. L% é"
As a preliminary step let us find the
equivalent II for the two coupled coils (see
Fig. 7-83). Most students find it easier
to find the T first. As these are fairly LA
familiar operations only the results are M
given here. Norton’s equivalent circuit
for this version of the amplifier of Fig.7-80
is shown in Fig. 7-84a, and its new form
after replacing the simple coupled circuit
by a 11 is shown in Fig. 7-84b. This again
is shown in a simplified form in Fig. 7-84c.
A pentode tube is being used, and its r,
is assumed to be infinite. This gives
the circuit an advantage of symmetry and makes B = R,.. = Qowol.
The impedance of the parallel
combination of B, C, and L + M
is labeled Z;. That of the arch
value (L — M%)/M is called Z..
It should be easy to see that
Z,
122, + Z,

Iz = ng

and that
Eo = —I‘Zzl =

(7-187)

Z.
°2Z, + Z,
(7-188)

Here Z, is the impedance of R, C,
and L+ M in parallel. At the
antiresonant frequency fo of C and
L + M, its value is R, while for
nearby frequencies the value is
given by adapting Eq. (7-152); thus

—_ gmv

Fia. 7-84. Double-tuned r-f amplifiers.
(a) Norton’s equivalent circuit, (b) the
circuit in II form, (¢) a simplified-version
of the II form.

in frequency from fo.

_ R
! + 72Q08
where 6 is the fractional deviation

Z (7-189)

It should be noted that f, is not the resonant

frequency of the isolated primary, as the mutual coupling increases the
effective self-inductance by an amount M.
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We may express Z; as
L Lr—-mr o L2— M R
Z, = ]wT = ij —‘—W— = —a— (7-190)
here a is a useful parameter,

MR KLR k k
(7 £ Rl g ey > Rl weny = R L ey - )

a =

For frequencies near fo, ¢ is approximately constant at §,, and hence Z,
is also approximately constant.
Substituting these formulas for Z, and Z, into Eq. (7-188) yields

R 2
__ (rem) o
Eo = gmvﬂ m - gmvg (1 +]2Q05>(2a +] — 2Q08)
1 4 72Q08 J a
(7-192)
and
-}i:- g=jRa )
A7V, T RN + 5200 — 2a)] (7-193)

The locus of this equation has symmetry about an axis whose location
depends upon the value of the parameter a. In order to change this
equation to a better form for plotting, obvious symmetry is desirable.
The symmetry is made more apparent if one lets

200 =y t+a (7-194)

Then
gm]Ra )
T FjF ol Fi < a) (7-195)

and
= nga
Vil + @+l + y — a)f

gnlle (7-196)

\/y + (2 — 20y + a* 4 202 + 1

Note that y occurs in even powers only, and hence the graph of A from
(7-196) has symmetry about the value where y = 0, that is, where § =
a/2Qo. Because of this symmetry 4 must have a maximum or minimum
value at y = 0, and there may be other zero-slope values besides. To
investigate this, let dD?/dy = 0, where D is the denominator in Eq.
(7-196). Then

42422 — 2a0)y =0 (7-197)
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or
y=0 %+ ~1 (7-198)

If @ = 1, the zero-slope value is given by a triple root y = 0, which
shows the curve of 4 vs. f to be very flat near this point. The coefficient
of coupling k may be evaluated by solving Eq. (7-191) for £,

_ —Q+ Q7 + 4a?

k 2a

(7-199)

which becomes, fora = 1,
— 0.2 - 4
po —Q+ V0P +4 1 (7-200)
2 Qo

This is very loose coupling for the usual @, value. The value of 4 for
y = 0 is given by substitution into Eq. (7-196) as
g-R

A. = A.m,x = —2—‘ (7-201)

a =1 and k = 1/Qq are called transitional values since a < 1 gives one
maximum value, while @ > 1 gives two maximum values, as will be seen.
They are also called critical values as they are the lowest values which
make the amplification the greatest obtainable.

For the case when a = 1, the bandwidth may be obtained by setting

the expression for 4 in (7-196) equal to g,;_R \/Li and solving for y, yield-
ing the value y = + /2. Then for y = + V2, 5 = (1 +/2)/2Q,,
while fory = — /2,8 = (1 — v/2)/2Q.. Hence fi = fo + [(1 — +/2)/
2Quolfo, and f2 = fo + [(1 + 4/2)/2Qlfo. We may now solve for the
bandwidth as fy — fi.

Bw = V27 (7-202)

Qo

Since the bandwidth for the isolated Z, circuit is fo/Qo, it follows that for
these conditions,

BW = 4/2 BW,, (7-203)

For a < 1 the only real zero-slope valueis y = 0, and Eq. (7-196) then

yields
gnRa

Amex = 1 (7-204)
Fora > 1,y = *+ 4/a® — 1 are also real values, and for these points
A=A = I8 (7-205)

2
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which is independent of a. At y =0 formula (7-204) is again
obtained, but here it is a minimum value;

Ra

A o Ymli@ g
A | (7-206)
The half-power points occur at
y = *+ v/a* + 2a — 1, and hence the
bandwidth is

BW = /& + 2a — L BW,, (7-207)

ng/?'

Typical graphs of A vs. y are shown
in Fig. 7-85. The amplification is
normalized relative tothe value ¢,.E/2.
The center frequency f. occurs
where y = 0 and hence, by Eq.
(7-194), where 8 = a/2¢,. Hence

L L L

-4 =32 -1 0 | 2 3 4y

Fia. 7-85. Frequency response of a _ _ a ~
double-tuned amplifier, fe=fo +8) = fo (1 + QQO) (7-208)

This expression may be simplified. If we use Eq. (7-191) and assume
k<1,

NS S k
s A VAT [1 taa= kz)]
= 1 k
2 VIC N F I [1 o= w]
1 k 3 1 2
= o ViC Vith [1 T = kﬂ)] ~ e EC 1+ <fc/2)](1 +2>
1 (7-209)

21 v/LC
Thus f, equals the resonant frequency of the isolated primary or sec-
ondary. This approximation is very good for coupling near the critical
value and with ordinary coils.

Amplifiers of the double-tuned type are almost universally used in the
i-f stages of superheterodyne receivers, where by careful adjustment a
response curve of suitable height and width and with steep sides may be
obtained. The value of a is usually chosen slightly greater than unity,
and the curve is then a fair approximation to the ideal of Fig. 7-75. For
most i-f transformers the manufacturer permanently adjusts the two coils
to this condition. The tuning of the coils, performed by adjusting the
capacitors or the inductors, allows the technician to obtain the correct
center frequency. With less than critical coupling it may be shown that
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stagger tuning, meaning the tuning of the primary to a frequency some-
what below center and the secondary to a frequency slightly above center,
yields a characteristic somewhat resembling that of the more than crit-
ically coupled case, and hence the tuning adjustments allow a certain
amount of bandwidth adjustment. ‘

7-38. An Example of a Double-tuned Amplifier. A type 6SK7 tube
is used in a double-tuned r-f amplifier. At the selected operating poimt
gm = 2000 micromhos, 7, = 0.8 megohm. The transformer has identical
primary and secondary coils with L = 200 gh, @, = 100. The mutual
induetance M is 4 uh. The tuning capacitors are equal, and C = 200 upf.
The secondary load impedance may be considered infinite. (Usually the
output i-f transformer in a receiver feeds into a diode which draws some
current. The foregoing analysis is then somewhat in error.)

Since 7, is very high, its effect will be ignored. We shall find the band-
width and the gain. The computations are

pe-2L 4 _ 02

VILL 200

Qok 100 X 0.02 _

=7~ T=00001" 2

fo = . ! = 795 ke
25 /LC 21 +/200 X 10-% X 200 X 10-12

fo ! ! = 787 ke

T oL+ M)C 2 /208 X 10-° X 200 X 10-©

The half-power points oceur where y = + /a2 +2a — 1 = + \/‘ =
+2.65 or where § = (a + y)/2Q¢ = (2 £ 2.65)/200 = 0.0232, or —0.0032.
Thus

fi=787(1 — 0.0032) = 784 ke and  f, = 787(1 + 0.0232) =

805 ke.
BW = f, — fi = 805 — 784 = 21 ke
A _ ngsh . ngOQ’OL
max 2 - 2
_ 2000 X 106 X 100 X 2«787 X 10° X 200 X 10—¢ 99
= 5 =
. ngaha _ Amaxza _ 99 X 4 -
=i er1~ 5 ®
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PROBLEMS AND QUESTIONS

1. The triode section of a 6AT6 tube is used in the circuit of Fig. 7-86. R = 100,-
000 ohms, E:, = 250 volts, and E,, = —3 volts. (a) Use a tube manual to determine

values of Iy, B, Bk, Cyp, Cok, Cpky ity Tp, 80d gm.  (b) Draw Thévenin’s equivalent cir-
cuit for low frequencies. Assume Cj is very large. (¢) Find Ajw. (d) Draw Nor-
ton’s equivalent circuit of high frequencies. Assume C,, = 15 puf. Determine the
total shunt capacitance from plate to cathode, assuming a low-impedance source for
Vy. (¢) Determine the gain at 100 ke. (f) What modification should be made in
Norton’s circuit if the signal frequency is 100 Mc?

2. The gain of an amplifier using a 6AT6 triode is 40.7/157° at 100 ke. The input
voltage V, is 2/0°. Find the grid current I, if the operation is class 1.

3. A type 6AU6 pentode is used in a voltage-amplifier circuit. The gain is found
to be A = 150/120° at 100 ke. If V, = 0.2/0° volts, find I, at this frequency.

4. The gain of a certain amplifier is 150/182° at 1000 cps and 89/230° at 60 cps.
Calculate the decrease in voltage gain in decibels.

6. A certain crystal microphone under test conditions gives an open-cirouit output
voltage 50 db below 1 volt.. How much amplification in decibels is needed to furnish

12.5 volts drive for the grid of a 6V6 power tube?
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6. Figure 7-87 shows a T-type attenuator. Its insertion between the generator and
the 500-ohm load decreases the power delivered to the load but should not change the

TAAAA e AAAA 1

4530 4531 |

I

T, son | 5001.
10v !

! !

L i

F1G. 7-87.

impedance presented to the generator. Check the design by proving Ri. =~ 500
ohms, and compute the decibels loss eaused by the insertion.

7. A two-stage direct-coupled amplifier of the Loftin-White variety is to he designed
(see Fig. 7-88). For the first stage E,, = 52 volts, E,, = —2 volts, I, = 1 ma. For
the second stage Ey, = 202 volts, E.,, = —10 volts, s, = 1 ma. (a) Connect the
various leads to the voltage divider, and label the potential (relative to the tube 1

Fia. 7-88.

grid) at each connection. (b) Draw Thévenin’s equivalent circuit for each stage.
(¢) If the grid of the first tube is made 0.5 volt more positive, what change in voltage
appears across the 100,000-ohm resistor; across the 150,000-ohm resistor? Neglect
the effect of the voltage divider, For tube 1, p = 19, r, = 14,300 ohms. For tube 2,
u =18, r, = 22,800 ohms.

8. Review problem. (a) Draw Thévenin’s equivalent circuit for the amplifier of
Fig. 7-89. The portion of the cathode resistor which furnishes bias is well bypassed,
but R, is not. (b) Write the four equations needed for solving for E,.
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9. See Fig. 7-90. () Find A for middle frequencies. (b) The gain may be increased
by increasing K. If this is done and the Q point is kept fixed, what practical difficulty
arises? (c) If an attempt is made to increase the gain by increasing R, and keeping
Ey, fixed, what practical difficulty may arise? (d) In case (D) if R, is large, what

C =00luf
f——
}?b=/0K/2 Eg:

05Mn. |Eo

_+

?—_:_-E'bb
I .

Fia. 7-90.

numerical value does the gain approach as R is made very large? (¢) Find the lower
half-power frequency. (f) If V, = 1/0° volts, find E, at frequency fi. (g) Although
the load on the tube increases as the frequency decreases, the gain falls off. State in
your own words why the gain of an R-C-coupled amplifier falls off at low frequencies.
(k) To improve the 1 response, should C be increased or decreased; should R; be
increased or decreased?

10. Two of the three identical stages of an R-C-coupled amplifier are shown in
Fig. 7-91. R, = 0.5 megohm, K, = 0.25 megohm, ¢ = 0.02 ¢f, Cy, = 15 uuf, Cgand
Cy are very large. Eu = 250 volts, Rx = 1200 ohms, B3 = 1 megohm. For this @

-
6SJ7
EO
=i
?ﬁ,‘]\ Cy §Ed
o 4 1_—Eo
T Fes

Fia. 7-91.

point r, = 1.5 megohm, ¢, = 700 micromhos. (a) For the first stage only determine
Ry Riow, Cany f1, fo, Amid. (b) Sketch the graph of A vs. f for the two identical stages.
(c) At what frequencies is the gain of the two stages down 3 db from the mid-frequency
value?

11. Determine the input admittance to the first tube of Fig. 7-91 at the frequency
of 100 kc.

12. An R-C-coupled amplifier consists of three identical stages using 6J5 tubes.
For each stage Ey = 250 volts, R, = 100 kilohms, R, = 500 kilohms; R; = 3900
ohms and is well bypassed. The coupling capacitor is 0.01 pf. C, = 12 puf. (a)
Sketch the graph of gain vs. frequency for one stage. (b) Determine the input admit-
tance at the upper half-power frequency.

18. A certain amplifier has f1 = 60 cps and f, = 500,000 cps. A step voltage is
applied to the grid. (a) What time is required for the output voltage to rise from
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10 to 90 per cent of its greatest value? This time is often called the “rise time.” (b)
What time is required for the output to fall 10 per cent from its greatest value?

14. A type 6SHY7 tube has the following characteristics: C, = 8.5 uuf, Cous = 7 uuf,
rp = 0.9 megohm, g,, = 4900 micromhos. Assume that two of these tubes are used
in cascade with a coupling capacitor of 0.2 uf and that Cy is 14.5 puf. (¢) What is the
gain-area criterion for the first tube? (b) It is desired that the above tube be used in
an amplifier which has a nearly uniform amplification from very low frequencies up to
1.5 Mc. Thismay require a different value of coupling capacitor but does not appreci-
ably change C, Approximately what value of amplification per stage may be
expected?

16. Compare 7G7, 7TAG7, and 6BH6 type tubes as to suitability for use in a video-
frequency voltage amplifier.

16. A compensated broad-band amplifier has been constructed with a plate load
as shown in Fig. 7-35b. The quantity Q. as defined in Eq. (7-60) has been selected as
0.44. The upper half-power frequency of this amplifier before compensation is 2 Me.
For the tube used, g. = 5000 micromhos, and rp, = 0.7 megohm. (a) Determine the
value of R, if the maximum gain per stage after compensation is 10. (b) If this value
of R, is used, at what frequency is the upper end of the mid-frequency band for this
compensated amplifier? (¢) What is the upper half-power frequency of the amplifier
after compensation?

17. A wide-band amplifier is to have a flat gain characteristic and a phase shift
proportional to frequency up to 4 Mc. What value of f; should be used for the design
of the uncompensated amplifier? )

18. (a) By inspection you should be able to express E, in terms of I and the circuit
constants for the cireuit of Fig. 7-40 when B = R; = Rand C;, = C; = C. (Thisis
a special case.) (b) Now by an extension of the reasoning of (a) you should be able
to express, by inspection, E, in terms of I and the eircuit constants when R,/X¢,
= Ry/X¢,. (This is a more general case.)

19. Figure 7-92 is the same as Fig. 7-42 except that the C-R, coupling is deleted.
Find the gain at zero frequency and at a high frequency. (The results of this problem
should help you to understand how 1f compensation comes about in the circuit of
Fig. 7-42.) ‘

H =20 o M =20
7, <5000.2 Ry= (h
1000.1
Re= Ssinwt
40002 volts
&
/argeT =E,,
=+ = (2)
O_'——‘I ¢ —0
Fia. 7-92. Fig. 7-93.

20. (a) In the balanced amplifier of Fig. 7-93, what is the potential of point 1
relative to point 2, with no applied signal? (b) A signal 5 sin wt volts with polarity
as shown is applied between the grids of the amplifier. Find the voltage at point 1
relative to point 2 as a function of time.

21. Refer to the circuit of Fig. 7-47. R, = 50 kilohms, R; = 100 kilohms, R
= 1000 ohms. E, is the proper value to make g = 20, g, = 1500 micromhos.
Ci = Cy; =0.01 gf. (a) Determine the mid-frequency gain of each tube and the
value of Ra. (b) What is the ratio of Ey/Ey, at the lower half-power frequency if Ry
is well bypassed? (c¢) Repeat (b) with Ri not bypassed.
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22. Determine the circuit values for a two-tube type of phase inverter employing &
6SN7 double triode. Each output voltage is to be 50 volts rms for middle frequencies.
The lower half-power frequency is 20 cps. Assume Ry is well bypassed to avoid a
determination of the feedback effect. What value of input voltage is needed?

23. Draw the circuit and determine the circuit values for a split-load type of phase
inverter using a 6J5 tube. Each output is to be 25 volts rms. The lower half-power
frequency is 20 cps. Assume this to be unaffected by feedback. Will the outputs be
balanced at 20 cps? What value of input voltage is needed?

24. A current amplifier consists of three 6J5 stages. For the first and second stages
R, = 100,000 ohms, R, = 300,000 ohms, u = 20, r, = 15,000 ohms. The load on
the third stage is practically 0 ohms and the tube operates with « = 20, g, = 1200
micromhos. If the alternating grid signal for the first tube is 0.01 volt, what alter-
nating current flows in the plate circuit of the third tube?

25. A current amplifier is to be designed to deliver 1 amp of current to operate a
heavy-duty relay, with an amplifie