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introduction

N this scientific age, we are constantly confronted with new products,
I the result of perhaps years of development by our engineers. In
electronics, the majority of these, ranging from the electronic brain
or pilotless plane to the house radio or TV set, function because the
tiny electron is under man's control; it follows instructions and pur-
sues the course to which it is assigned. Control over the electron is
exercised primarily in radio tubes, and their many applications make
it necessary to have a tube manual of the various types. Each has its
particular place in a circuit and each requires certain specified operat-
ing voltages for proper operation.

Practicing technicians, through experience, may recognize circuit
troubles that follow similar patterns and so they easily clear the con-
dition by tube parts or replacement. The unusual trouble such as
poor quality, difficult tuning, picture distortion in TV etc. may not
be easy to find unless the technician has a thorough understanding of
what to expect from each tube in the circuit. A trial-and-error method
may not work. Even though the tube is good, it cannot do its job if
the proper voltages are not applied or the tube is improperly loaded.

On the assumption that the practicing technician either needs or
would like additional working knowledge of electronic circuits and
the basic theory behind their operation, this book covers the subject
of electron tubes and circuits with emphasis on the practical approach.
The reader is taken step by step through the theory of electron be-
havior, the first part of the book covering basic electronics and how
the electron behaves under the influence of heat, electric or magnetic
fields. The method by which electricity is converted into light as well
as the phenomenon of converting light into electricity are also con-
sidered broadly at first and then in some detail later. While the first
three methods of activating electrons is important, the fourth, having
to do with light, is perhaps the one which is most evident in its appli-
cation to the home TV set and of course the TV camera tube at
the studio. The importance of understanding these fundamentals is
stressed by referring to practical applications. Thus, by becoming
thoroughly familiar with basic circuit theory, the reader finds it easier



to understand the more involved circuits discussed later in the book.
The TV set itself combines many facets of electron circuit theory and,
with color television a reality, such basic understanding is essential.

Before getting into a detailed discussion of more complicated
circuits, the basic characteristics of electronic tubes are discussed in
the early chapters, starting with the simple diode and progressing
through multi-element tubes. Their applications to practical circuits
are covered by direct reference to data taken from tube manuals. The
various tube types listed in manuals are discussed and the need for
many of the same type and many different types are explained. For
example, both triodes and pentodes may be classified as audio, radio-
frequency or video amplifiers while at the same time they may be classi-
fied as voltage or power amplifiers. The need for many of the multi-
clement tubes is explained and the reason for their use in a typical
circuit is also covered. Improper use of tubes and other components
in electronic circuits may cause distortion; the reason for and reduc-
tion of distortion is also discussed. The fact that the electron tube
can amplify is the basic characteristic that enables it to “oscillate” in
a circuit so designed and this principle is made use of extensively in
radio and TV circuits.

Electron tubes with a small amount of inert gas inserted in the
glass envelope are called “gas” rather than vacuum tubes. This
functions entirely differently from vacuum tubes and must be treated
separately. The basic theory of operation is covered along with circuit
application. The tube with gas added becomes a switch rather than
an amplifier, thus presenting 2 new concept. Detailed discussion on
phototubes with particular reference to television camera tubes and
cathode-ray picture tubes are covered in some detail to give the reader
a complete picture of how the live show at the studio can be watched
at home on the picture tube at the same time that it is happening.
Use of the cathode-ray-tube principle has been adapted for memory
storage and this new device is explained from a practical point of
view. Industrial application of electronics for photoelectric control is
discussed in the final chapter in the book to give the reader a basic
understanding of industrial applications of electronics.

The entire book discusses basic theory by adhering closely to the
practical side of the problem and it is hoped that the text can serve
as a ready reference to the technician who wishes to base his knowl-
edge of radio circuits on a thorough understanding of fundamental
principles. The most complicated electronic circuit can always be
broken down into its component parts, which in themselves are rela-
tively simple combinations of resistance, capacitance and inductance
combined in tube circuits. The technician who is thoroughly grounded
in basic principles finds himself better qualified to clear circuit troubles
by a logical, straightforward analysis of the circuit.

Grorce Canist
é



electronics

Eu:cnuc current flow has long been identified as a movement
of electrons. Before the age of electronics a flow of current was
thought of as confined to electron movement within the boundaries
of electrical conductors. Under these limitations, man learned how
to make the electron work for him by directing its flow to such ap-
paratus as electric lights and electrical machinery. As long as the
clectron was held within the limits of the conductor, man had no
difficulty. When it escaped its metal boundaries, the electron became
troublesome. It could make its own path and produce arcing be-
tween conductors or parts of electrical apparatus. The “loosed” elec-
tron was uncontrollable and chose its own rampant path in much the
same way that a flash of lightning in an electrical storm finds its
own unpredictable route between the clouds and ground.

These phenomena were the earliest evidences of electronic con-
duction in space. It remained for scientists to release the electron
deliberately at will and control its motion before electronics, as we
know it today, could be born. This becomes quite evident when we
consider the definition of “electronics” as the science of dealing with
the conduction of electricity through solid-state materials, vacuum
or gas.

Perhaps the earliest form of controlled electronic conduction was
found in the arc lamp where the arcing was deliberate and confined
within the lamp itself. But it was not until many years later that the
electron was put to use in a wide variety of ways. By harnessing the
electron, wide ranges of power came under control, from the low-
level signal input to a radio receiver to the extremely high power
generated in a mercury-arc rectifier.



Electrons in motion

When an electron moves, it produces a current flow, the motion of
the electron itself being the electric current. In electrical circuit con-
ductors, “free electrons” associated with the individual atoms of the
metal are the particles that move when an “electrical pressure”
(voltage) is applied. These electrons are elementary negatively charged
particles and are very light in weight. Because their charge is ex-
tremely high compared to their weight (very high ratio of charge to
mass), the electron is able to act with extreme agility, making it pos-
sible to start or stop an electric current in a circuit in as small a time
interval as a fraction of a microsecond.

The number of free electrons within the metallic atom determines
the conductivity of the metal; the greater the conductivity, the greater
the number of free electrons. Insulators have very few free electrons.
Because electrons are negative particles, they repel each other and con-
sequently acquire a2 random motion within the relatively narrow con-
fines of their own or adjacent atoms. When a potential is applied to
a closed electrical circuit, the negatively charged electrons “spurt”
toward the positive side of the applied voltage. Because the electron
is so very light and can move very swilftly, it would like to take off
immediately and arrive at the attractive positive potential within a
fraction of a microsecond. However, the electron finds conditions very
crowded—other electrons are in the way—so the best it can do is follow
the general trend of about a few centimeters in a second, eventually
reaching the positive terminal of the battery or power supply.

The number of electrons that pass along the conductor in a given
length of time is a measure of the amount of current flow. If the
potential of the circuit is increased, the electrons move faster and
cause a greater current flow. A conductor with less conductivity (high-
er resistance) has less electrons to move and even though the same vol-
tage is applied, the current is less.

Although the rate of travel of electrons is relatively slow, the first
shove or pulse (which is really the first evidence of current flow) is
felt instantaneously when the circuit is closed. This may be more
readily understood if we compare conditions in the wire or conductor
with the situation in a crowded bus or railroad train. If the standees
are packed in tightly and the man at the rear wishes to get off and
starts pushing, the person facing the door would immediately be
pushed out the door if the people in between offered no resistance to
the initial shove, So it is in the conductor but to a much greater
degree. The crowded clectrons are almost weightless and offer no
resistance to the initial surge when the circuit is closed. Consequently
the pulse on closing the circuit is instantancously transmitted from
one end of the circuit to the other. If it weren't for this inherent
characteristic of circuit behavior, the generation of pulses for use in
various electronic circuits such as television would not be possible.



Electron emission

“Free electrons” are confined to the conductor itself and do not es-
cape from the metal. They are completely surrounded by other neg-
atively charged electrons and acquire a random motion, moving aim-
lessly about within the confines of the conductor, repelling each other.
Under normal static conditions, when no potential is applied to the
circuit, the free electrons do not move very far from their parent atom
because its positive nucleus acts as the basic attractive force.

As the random motion of the free electrons in the atoms near the
metal surface forces them toward the surface, they find themselves
pulled back by the positive force of the nucleus because there is no
attraction beyond the metal. The action is similar to a ball attached
to an elastic band; the farther the ball stretches the elastic, the greater
the force to pull it back. In this manner, the electron remains under
the influence of its own or adjacent positive nucleus until it attains
enough speed to overcome this restraining force. The limiting effect
which prevents the free ‘electron from escaping the metal boundary
can be looked upon as a surface barrier which acts to hold the electron
within the confines of the metal. Speeding up the electron’s motion
(giving it more energy) enables it to pull away from the influence
of the positive nucleus of the atom and break through the surface
barrier to the surrounding space where it can be put to use. Because
the electron must break loose from the metal where it is held by
piercing this surface barrier, the job would be made easier if a metal
with a low surface-barrier resistance were used. In practice, the radio
tube does just this. However, there are several ways to release the
electron. Not only is the electron given more energy but the metal
surface itself can be treated. A special metallic surface can be used to
make it a little easier for the electron to escape.

Thermionic emission

There are a number of ways to give the electron more energy but
the use of heat is by far the most common. When the temperature of
a metal is raised, the energy of some of the electrons increases, giving
them enough speed to break through the surface barrier and escape.
They are literally “boiled off” the metal. The liberation of electrons
by this method is called thermionic emission. Practically all receiving
type tubes with the exception of a few cold<athode types utilize this
method of emitting electrons.

To put the emitted electrons to work, they must be free to move
under proper direction. Depending on the job to be done, small or
great quantities of current must be provided; hence the number of
emitted electrons may be either small or enormous. The best way to
do the job is to enclose the electron source, in this case the emitter



itself, within a glass envelope and except in special cases completely
evacuate all gas. (Radio tubes, of course, are constructed in this man-
ner.)

The emitter, one of the electrodes of the vacuum tube, is called
the cathode and the electrons may be boiled off by heating it either
directly or indirectly. Directly heated cathodes, called filaments, use a
material that must be a relatively good conductor but as such is inher-
ently a poor emitter of electrons. Hence filament type tubes must be
operated at high temperatures to emit a sufficient number of electrons.
Indirectly heated cathodes, on the other hand, do not carry any cur-
rent, hence do not have to be good conductors. Therefore these in-
directly heated or heater type cathodes can be made of a material that
will emit large quantities of electrons at lower temperatures with no
regard for their electrical conductivity.

Vacuum-tube applications are many and varied and the amount of
power handled can be as little as a few milliwatts or as much as several
kilowatts. The number of electrons emitted determines the current
and hence the power-handling capacity of the tube. In tube design,
emitter materials capable of yielding great numbers of electrons when
heated to specified temperatures are suitable for use in transmitting
tubes where large amounts of power are required. Conversely, receiv-
ing type tubes which require much less current can use a metal or com-
bination of metals that will deliver a smaller but adequate number
of electrons.

Tungsten emitters are used extensively in high-power vacuum tubes.
Because tungsten is a relatively poor emitter, it is used as a directly
heated filament whose temperature is raised to a very high value
(about 2500°K) to provide enough emission. The filament is heated
to a white glow, requiring a relatively large amount of filament power.
However, it is very rugged and is only used in large transmitting
tubes where small traces of gas may be present. In these tubes, the
electrons traveling through the tube may collide with small particles
of gas, breaking other electrons free from the gas molecules and mak-
ing the molecules slightly positive. The relatively heavy gas molecules,
(or ions) now positively charged, “bombard” the tungsten filament
which is the only type emitter capable of withstanding the bombard-
ment with no damage.

Thoriated tungsten cathodes emit electrons over a thousand times
more efficiently than pure tungsten heated to the same temperature.
Therefore, thoriated tungsten can be operated at a much lower tem-
perature than pure tungsten and is usually heated to about 1900°K—
a yellow glow. The cathode itself is made from tungsten that has
been coated with a thin layer of thorium only about one molecule
deep. Thus, if the emitter fails, it can be reactivated. These cathodes
can be used in high-voltage transmitter tubes also, but only if all
gas is completely removed from the tube. In practice, because such



cathodes are relatively efficient emitters, more than enough electrons
are always boiled off.

Oxide-coated emitters are used in all heater type tubes as well as
practically all other tubes in radio receivers. They consume relatively
little power and are the most efficient. The emitter is a mixture of
barium and strontium oxides coated on the surface of a nickel alloy
cylinder surrounding an insulated heater element. When heated prop-
erly, this cathode will emit large numbers of electrons at a temperature
of only about 1100°K when the emitter develops a dull red glow. As
with the thoriated tungsten filaments, oxide-coated emitters are always
designed to furnish considerably more electrons than are required to
produce the necessary current flow. The importance of this “emission
surplus” will become evident in later chapters.

Vacuum-tube cathodes

The electron emitter or cathode may be heated directly or indi-
rectly. The indirectly heated cathode, used to the greatest extent in
radio circuits, is called the heater type. Because high temperatures

re—— CATHODE SLEEVE

“A\ge—— CATHODE COATING

INSULATED HEATER

Fig. 101. The indirectly heated cathode is electri-

cayly isolated from the heating element (heater).
are unobtainable by this method of radiant heating, the heater is
made of oxide-coated materials. The cathode heater (Fig. 101) con-
sists of a metal sleeve with a heating element placed inside and in-
sulated from it. Because it can emit enough electrons at a relatively
low temperature and low power consumption, the heater type of
cathode has an advantage over the directly heated cathode. The heat-
ing element is made of low-resistance material, while the heater which



carries no current can be high-resistance material with high emission
characteristics. Furthermore, with a heater type tube, alternating cur-
rent can be used in the heating element to heat the cathode indirectly
without causing the noise or hum to which directly heated types are
susceptible,

Another advantage of the indirectly heated cathode is that it reaches
approximately the same temperature over its entire surface and will
emit electrons uniformly since the potential is the same over its en-
tire surface. Due to its construction, the indirectly heated cathode
can be located closer to the grid than the directly heated filament, a
physical advantage which permits higher tube amplification. The
heater type of tube is used in almost all radio receiving circuits.

The use of filament or directly heated cathodes is limited to spe-
cial dircuits or circuit components, paradoxically where cither very
large or very small powers are involved. Because the tungsten cath-
ode is used in transmitters where very large amounts of power must
be handled, filament type tubes are required. On the low side of the
power scale, filament tubes are also used in almost all battery-operated
radio sets where power consumption must be held to a minimum.
A few rectifier tubes also use filament type directly heated cath-
odes.

In tubes with large power-handling capacity, where ac is used to
heat the emitter directly, the filament must be heavier and sturdier
than in tubes where only dc is used. Ac fluctuations along the length
of the filament tend to cause uneven electron emission which may
produce hum. The filament is ribbon-shaped to minimize this effect.
A flat ribbonlike filament structure tends to heat more uniformly,
thus offsetting the tendency toward uneven electron emission. This
shaped filament also provides a much larger “emission area” than
the conventional wir€ type filament and with much less material.

On the other side of the power scale, directly heated type tubes used
in low-power battery-operated sets are designed to operate with only
a 1.5- or 2-volt filament battery voltage with low current consumption,
and therefore a conventional wire structure is used. Some battery-
operated radio receivers are designed to use an alternating voltage
source also. In such cases, the dc filament voltage is supplied through
dropping resistors and filters or from a separate rectifier and filter
network.

Secondary emission

With thermionic emission, the free electrons in the metal are stim-
ulated directly by heat and are literally boiled off. Once the electron
is released, because of its light weight, it can travel at tremendous
speeds if given the opportunity. Although very small, electrons can
acquire enough momentum in traveling toward a positive potential
to cause appreciable damage when striking an object unless proper
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care is taken in tube design to prevent it. Electrons can travel with
such speed that they release other electrons from the material they
hit. In some cases, this characteristic is made use of in radio-tube de-
sign.
High-speed electrons can strike a metal hard enough literally to
chip away a few other free electrons from within the metal itself. This
results from the fact that the high-speed electron forces itself through
the metal surface, burying itself in the atomic structure. As the elec-
tron slows down and stops, it gives up large amounts of energy to the
surrounding free electrons. The electrons near the surface take on the
released energy of the incoming particles enabling them to escape
into the surrounding space. Depending upon the force of the oncom-
ing or primary electron, several electrons are usually removed. Elec-
trons thus released are called secondary electrons and this action,
known as secondary emission, adds to a total number of electrons in
the immediate area. Once free, the released electrons mingle with
the oncoming primary electrons in the space and join them in seek-
ing a positive potential. Secondary emission occurs to some degree in
practically all radio tubes. In vacuum tubes, the released or primary
+100V +300v
ELECTRODE |~

’

ELECTRODE 2

Fig. 102. The electron multiplier de-
pends upon secondary emission for
much of ils action.

electrons produce secondary electrons when they strike the positive
electrodes. In tubes filled with gas, the electrons produce secondary
electrons from the gas itself.

The electron multiplier

A direct application of secondary emission is the electron multiplier
which generates large increases in current. As electron motion consti-
tutes current flow, the greater the number of electrons moving in one
direction the greater the current. This applies to electron motion
whether in conductors or in a vacuum. Being negative, the electron
moves toward the highest positive voltage and the electron multiplier
makes use of this electron characteristic as indicated in the simple ap-
plication of Fig. 102, The primary electron strikes the first and near-
est electrode (or plate) hard enough to put four or five secondary
electrons into motion. Each of these secondary electrons in turn be-
comes a primary electron in traveling to electrode 2. This electrode



is more attractive than electrode 1 because of its higher potential.
This same process continues successively to plates 3 and 4 as the elec-
tron current builds up through the multiplier. In some multipliers
this process is carried to the point where the number of clectrons
(and therefore the current) is increased 100,000 times.

Secondary emission of this type which utilizes the plate or plates
of electron tubes is deliberately produced and the “extra” electrons
are guided in specified paths. Sometimes the production of secondary
electrons is undesirable and can cause considerable damage. For ex-
ample, high-speed electrons may accidentally strike the supporting
insulation or the glass walls of tubes. In high-voltage tubes, the vio-
lent bombardment of the glass tube walls by electrons that stray from
the appointed path can release secondary electrons from the glass
itself. Having lost negative electrons, the glass becomes positive and
attracts more and more stray primary electrons. If this process is al-
lowed to continue, the glass “spot” becomes more and more positive
to the point where the great number of arriving primary electrons
heat the glass and literally burn a hole in it. This must be prevented
in tube design by providing focusing shields to direct the primary
electron stream to the plate.

Field emission

Considering the basic premise that the electron cannot break the
surface barrier and escape from the metal unless it can acquire enough
energy from outside sources, we might visualize an external force
strong enough actually to pull the electron away from its parent atom
in the metal. Contrary to types of emission where the electron itself
is “activated” or energized to break through the metal, with field

emission, nothing is done to the electron itself.
In a metallic substance, we have regarded the surface of the metal as

a barrier which prevents the electron from escaping under normal
conditions. Actually this barrier can be looked upon as having some
measure of thickness. When an electrode with a positive voltage is
brought near the metal, an electric field is produced between it and
the metal, and the thickness of the surface barrier is effectively re-
duced. As the positive potential is increased, the electric field be-
comes strong enough to weaken the surface barrier of the metal mak-
ing it thin enough to permit the free electrons to escape with no more
energy than that which they always exercised in their normal random
motion.

As in the case of thermionic emission, the source of the electrons
is called the cathode and the positive plate is called the anode. Tubes
designed to emit electrons in this manner are called cold-cathode
tubes. However, the coldcathode tube which utilizes this method of
emission is not a vacuum tube but rather one which contains a small
amount of inert gas. Tubes such as the 0B3, 0C3 and 0D3 are cold-
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cathode gas tubes of this type. Even with gas however, the initial
electron flow is generated entirely by field emission.

Photoelectric emission

Photoelectric emission, as its name implies, is a process in which
light energy is converted to electrical energy. With this type of emis-
sion, free electrons in certain metallic substances receive enough
energy when exposed to light to enable them to break through the
surface barrier and escape to the surrounding space. These free elec-
trons are activated by units of light energy called photons. The famil-
iar photoelectric cell used in special control circuits works on this
principle. The camera tube in television studios also uses the same
technique. Just as with thermionic emission, certain metals do a bet-
ter emitting job than others. Some metals are more sensitive to the
blue end of the spectrum than others. In other words, the number of
electrons emitted depends on the frequency as well as the intensity
of the light.

Most metals are more sensitive to the blue end of visible light
than to the red and the type metal selected for a particular appli-
cation depends on how the tube is to be used in a given electronic
circuit. For example, artificial light from a tungsten incandescent

:oenm PLATE
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Fig 103 Simplified diagram of the control eclements of a
hode-ray tube such as commonly used in oscilloscopes.

lamp radxates most of its energy at the red end of the light spec-
trum. Therefore a photosensitive tube made from a metal sensitive
to the blue end of the spectrum would give very little response.
Photoelectric emission in the TV camera tube is entirely different
even though the end result is the same, i.e., light energy to electrical
energy. Different degrees of brightness must be registered to provide
the correct contrast at the TV receiver. In other words, the registered
response at the camera tube which is eventually reconstructed at the
home TV set must reproduce electrically what the human eye sees.

Control of electrons in motion

Up to now our discussions have centered about the various methods
of releasing the electron from a metal structure, Once released, the
electron must be controlled. It can be directed in straight lines at dif-
ferent speeds or its path can be curved. Because the electron is a neg-
atively charged particle, it hastens to reach a positive polarity, per-



haps the positive plate of a vacuum tube or the positively charged face
of a TV picture tube. A moving electron is an electric current and
therefore produces a magnetic field of its own. Its path can be de-
flected by an external magnetic field by interaction of the two fields.
Therefore, the magnetic field acts on the moving electron. On the
other hand, an electron can be deflected by an electrostatic field
whether it is moving or not.

With the exception of special applications in gas tubes, the electron,
when set in motion, must be given a free rein. It must be allowed to
travel an unimpeded path by completely evacuating 2ll gases from
the route. This is done in all vacuum tubes. In the ordinary cathode-
ray vacuum tube the boiled-off electrons are set in motion by the
electrostatic fields of positive anodes. Once in motion the electron can
be further influenced by an additional electric field at right angles to
the direction of motion or by a magnetic field.

Electrostatic deflection

In the cathode-ray tube used in oscilloscopes, the electron stream
is deflected electrostatically by deflecting plates which are mounted
along the electron path as shown in the simple diagram of Fig. 103.
The components shown normally make up the electron gun of the os-
cilloscope. The gun uses four deflecting plates, of which only two are
shown in Fig. 103 for simplicity. Each pair of plates is capable of pro-
ducing positive or negative potentials at right angles to the direction
the electrons are traveling, thus pulling the electrons back and forth
horizontally or up and down vertically in accordance with the magni-
tude of the applied voltages. Although the lightweight electrons ac-
quire very high speeds under the influence of the positive anodes they
can be pulled out.of line as indicated in Fig. 103. As the deflecting vol-
tages on plates A and B are varied, the path of the electron will be
altered either vertically or horizontally. This action produces a trace
across the face of the tube.

Magnetic deflection

Magnetic fields also affect electrons but only when the electrons are
moving. Thus the cathode-type tube just discussed could use magne-
tic deflection. To understand how this type of deflection works, re-
member that electrons in motion constitute electric current flow whe-
ther the motion occurs in metallic conductors or in space. Electric cur-
rents generate magnetic fields, hence external magnetic fields react
on the electron-generated fields and exert either a repelling or attrac-
tive force, For example, if an electron is projected into a magnetic field
but perpendicular to it (Fig. 104) it will be deflected from the field
by a force at right angles to the electron motion. In this case, the
field generated by the electron beam is into the paper above the path
and out from the page below the stream line. Thus the net weakened
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field below the electron path will divert it downward, forcing it to

follow a curved path until it is completely rejected from the field.
This interaction of fields can be used for focusing and deflecting

electron paths as in television picture tubes. For example, if the elec-

XXXXX MAGNETIC FIELD AT RIGHT ANGLES

XXXXX 8 INTO THE PAGE AT RIGHT
XXX\ ANGLES TO ELECTRON PATH
X X XX

i | l ELECTRON PATH
P |

,
PATH OF ELECTRON DEFLECTED BY INTERACTION OF 2 MAGNETIC FIELDS
Fig. 104, Magnetic fields can be used to influence the path
of an electron beam.
tron is traveling in the same direction as the magnetic field, its own

magnetic field will be at right angles to the external field and both
fields will have no effect on each other. (Fig. 105-a.) However, if the
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~
ELECTRON PATH ELECTRON mmb ELECTRON PATH
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Fig. 105. A more detailed view of how a magnetic field influences an elec-

tron beam: a) field and electron {ollow same path; b) electron beam enters

field at an angle and is ultimately forced into a convergent course; c) elec-

tron beam is deflected by magnetic field.

electron is moved through the magnetic field at an angle to it (Fig.
105-b), the fields will interact and a force will be exerted on the elec-
tron to form its course, ultimately into a convergent instead of diver-
gent one. A similar action takes place in electric motors where the
interaction of the armature current field and pole fields cause rotation.
Here, however the conductors have to move bodily instead of allowing
free individual paths for the electrons.

If the direction of the external magnetic field is changed as in Fig.
105, the path of the electron can be deflected just as with electro-
static deflection. By using two coils mounted at right angles to each
other (as in a TV receiver) and by varying the direction of their mag-
netic fields back and forth and/or up and down, the electron stream
can be directed to different points on the screen of the picture tube
as required.

The face or screen of the TV picture tube (or cathode-ray tube in an
oscilloscope or radar set) is coated with a powdered chemical (phos-
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phor) that fluoresces or emits light when bombarded by the electron
stream. Thus, when the beam is moved across the screen it traces a
pattern of light that is determined by the instantaneous amplitudes of
the currents flowing in the deflecting coils or yoke in an electromag-
netically deflected system or the voltages applied to the plates in an
electrostatic type tube.

Legend
Beginning with vacuum-tube characteristics in the next chapter,
letters and associated subscripts will be used to identify tube or circuit
operating characteristics. These are listed here as a convenient form of
reference.
C, Coupling capacitor
C, feedback capacitance
C, grid capacitor
Cy grid-tocathode capacitance
C, cathode bypass capacitor
C,x plate-to-cathode capacitance
C, shunt capacitance
C,; screen bypass capacitor
e, dynamic plate voltage
E, dc plate voltage (static)
E,, fixed battery supply voltage for plate
E, fixed (static) grid voltage (or fixed negative grid bias)
e, dynamic grid voltage (signal voltage)
¢, input voltage
€, output voltage
e, primary (transformer) voltage
E, ripple voltage
e, signal voltage (also transformer voltage, secondary)
E,, voltage on screen grid
gn transconductance or mutual conductance
i, dynamic plate current (ac component of plate current)
I, dc plate current (static)
i, primary current
i, secondary current
L, primary coil
L, secondary coil
P, output power
R, plate resistance (static)
R, grid resistor
R, cathode resistor
Ry load resistance (also effective load)
r, plate resistance or impedance (dynamic)
R, screen grid resistor
p amplification factor
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chapter

vacuum-tube characteristics

Or the many methods that can be used to release clectrons from
a metallic substance, thermionic emission is the most popular.
Strangely enough, electron emission by heat was first noticed quite ac-
cidentally by Thomas A. Edison while experimenting with incandes-
cent lamps. In one of his experiments he observed that if a carbon-
filament lamp was constructed with an additional electrode (with a
positive voltage on it) current would flow in the circuit of the added
electrode. This phenomenon was called the Edison effect and was not
put to use until years later when Professor Fleming developed the
Fleming valve, which was really the first vacuum tube. The simplest of
radio tubes contained two electrodes; a heated cathode which emitted
electrons and a positive anode which acted as a collector, or plate.
This tube was the forerunner of present-day diodes.

Diodes

The basic principle of operation of the diode applies to all vacuum
tubes, even multi-element types, hence it is important that its func-
tioning be clearly understood. In previous discussions of thermionic
emission, we learned how free electrons were “boiled off”” the cathode.
In fact, up to a point, the hotter the cathode becomes, the more elec-
trons are boiled off. However, if the electrons had no place to go—that
is, if there were no positive anode to attract them away from the cath-
ode—the electrons would become so “bunched” in the vicinity of the
cathode and the space would become so crowded that any additional
emitted electrons would be repelled by this negative charge in space
and be forced back to the cathode. With a positive anode (or plate),
many electrons would leave this negative “space charge,” flow to the
anode and produce a current flow in the anode circuit. The space



vacated by the moving electron would immediately be filled by 2 newly
boiled-off electron, thus maintaining a constant current flow.

This action within the glass envelope of the diode can be more
clearly understood by referring to Fig. 201 which shows how the emit-

NEGATIVE SPACE {
CHARGE +
-
. Fig. 201. Space-charge effect in a simple
CATHOOE ma% S%.HELY diode. The path of ‘c:rrent flow is l'nfii-
+ VOLTAGE) cated by the arrow.
[4 NT BATT
(A SUPPLY)

ted electrons are bunched about the cathode and how the current
flow is maintained, effectively creating a closed circuit. The amount

Fig. 202. 4 circuit used to study the results of varying
cathode temperature and plate voltage.

of current that flows in this circuit is directly related to the number
of electrons reaching the anode. Because the flow of electrons is lim-
ited, the space between the electrodes has resistance. If this “resistance”
did not exist, the electron flow between the electrodes would be infinite
since the low resistance wiring in the anode circuit of Fig. 201 is the

Fig. 203. Physical arrangement of the electrodes of a simple
diode.

only resistance to the current flow. The number of electrons attracted
to the positive anode depends upon the magnitude of the anode vol-
tage; i.e. the greater the positive voltage, the greater the current.

If the cathode were not heated to the proper temperature, the num-
ber of emitted electrons would be limited and, in such case, an in-
crease in anode potential could conceivably not produce an increase
in current. Therefore, the electron flow or plate current can be con-
sidered dependent upon cathode temperature as well as anode poten-
tial. Studies have been made to show the effect of each, using a cir-
cuit similar to Fig. 202 arranged to vary the cathode temperature or
plate voltage. Fig. 203 shows how a diode is constructed and indicates
the physical arrangement of the electrodes.
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Fig. 204. Cathode temperature (filament voltage) and plate voltage are

two factors which limit tube performance: a) when plate voltage is

raised while cathode temperature is constant, temperature saturation

occurs; b) result of varying cathode temperature while plate voltage is
constant.

If the cathode is maintained at a certain temperature while the
voltage on the plate is gradually raised, the electron flow will in-
crease up to the point where there are not enough electrons boiled
off to “meet the demand.” The voltage becomes so high that there

Fig. 205. Relationship between I, and E,
determines vacuum tube performance. X—
Y is the normal operating area of the tube. DPERATING

are not enough electrons to form a space charge. This limitation is
called temperature saturation and is clearly shown in Fig. 204-a. If the
temperature is further increased, the saturation point is raised. For
example, if the tube is operated with a plate voltage of 60, Fig. 204-a
shows us that 5 volts must be applied to the filament to prevent sat-
uration; i.e., to develop all the current that is needed by boiling off
enough electrons to maintain a negative space charge.

Fig. 204-b shows the opposite effect. The plate voltage is held con-
stant and the filament voltage (cathode temperature) is increased.
This set of curves also shows a leveling off effect. However, in this
case it is due to the fact that the negative space charge has been prop-
erly formed but the positive voltage is insufficiently attractive to take
all the electrons that are emitted.
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In normal tube operation, a negative space charge must be main-
tained for proper circuit functioning because the actual plate current
should be directly related to the anode voltage—there must always be
a sufficient supply of electrons to suit the demand for current on the
part of the positive plate. Thus, within the design limits of the tube,
a space charge always exists and the tube never reaches temperature
saturation. Diodes perform in accordance with their design character-
istics, differing from one another in the amount of current that can
be handled or the maximam anode voltages that may be used.

The basic relation between plate current and plate voltage must
also be considered. Fig. 205 is a typical diode characteristic curve
showing the effect an increasing plate voltage (E,) has on the plate
current (I,). With such a tube, the manufacturer specifies the fila-
ment voltage necessary to provide an ample supply of electrons under
proper operating conditions and limits the voltage that should be
applied to the plate. As indicated, the normal operating region is well
below the saturation point and is limited by the maximum permis-
sible anode voltage at point Y. Note the curvature at low values of
plate voltages (between points a and b) brought about by space-
charge effects. This comes about because at low plate voltages the
strong space charge tends to “smother” the attractive force of the
Plate, at least until it reaches point X where the changes in plate
current become directly proportional to plate voltage changes.

The limiting effect on electron flow in a vacuum-tube circuit can
be represented as a resistance, R,. This resistance causes dissipation
which manifests itself as heat on the plate of the tube. It results from
the fact that the fast-moving electrons, on striking the plate, transfer
their energy of motion into heat. This effective resistance is called
the static plate resistance and its value is the ratio of the plate voltage
to the plate current (E,/I,.)

If an external resistance Ry, is added to the diode circuit as shown
in Fig. 206, the current would then be limited by both resistances
R,, and R, and the power lost in the tube would be (I,)3 (R,). If we
assume that the voltage appearing across Ry is to be put to work by
using it as a source for driving another circuit the diode would serve
no purpose. If a driving voltage were required, it could be obtained
directly from the battery without wasting power in the tube. How-
ever, if an alternating voltage were used in the circuit of Fig. 206
in place of the supply voltage or battery E,, as shown, the circuit
could be put to work. Electrons will only flow to the plate of the tube
when it is positive with respect to the cathode. Therefore, if an al-
ternating voltage were applied to the plate, the electrons would only
flow to the plate when it is positive but not when it is negative, thus
developing an undirectional current through R,. This would then
develop a dc potential across Ry, which would be pulsating rather
than of a constant value because the current flows in pulses. Thus
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the diode is a rectifier and as such has many applications. It is used
in power supplies where, with a proper combination of resistance
(or inductance) and capacitance, alternating voltages are converted
to dc voltages of fairly constant amplitude with little ripple. The de-
tector of broadcast-band receivers makes use of this characteristic of
the diode to rectify alternating voltages. The discriminator or ratio
detector of an FM or TV receiver also depends upon the diode.

The diode, then, is an important link in the chain of functions of

Fig. 206. The addition of load resistor R, allows
the diode to be put to work when the plate sup-
ply is ac. The circuit is that of a basic rectifier.

most electronic circuits. Circuit components such as resistance, induc-
tance and capacitance work hand in hand with the diode and these
components must be properly selected to insure correct circuit func-
tioning.

Tricdes

With adequate emission, the negative space charge formed between
the cathode and plate acts as a sheath which repels additional elec-
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Fi?. 207. Electrode placement of a typi-
cal triode. Note the relationship of the
grid to the cathode and plate. U

trons trying to leave the cathode. If the plate is positive, electrons
move out of the space charge and flow to the plate. New electrons from
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the heated cathode fill in the gaps in the space charge and thus a cur-
rent flow is produced. The ability of the space charge to control the
flow of electrons to the plate was soon recognized as a characteristic
that could be utilized to produce amplification. Early tests indicated
that if a third electrode were inserted between the cathode and the
plate and if kept at a negative potential, could exert a repelling force
on the electron flow just as the space charge does. As a result, a tube
was constructed with a third electrode so arranged that the electrons
could pass through.

Fig. 207 gives a picture of the relative positions of the electrodes in
a typical triode. The grid structure varies from a spiral winding type
to one that has a very fine mesh. Fig. 208 gives a few samples of var-

aa o o

Fig. 208, Grids are formed i variety of ways, from a

8 2:?18npl¢ spiral wn!miing tonaaﬁne :czcnl’ike?ne:;t
ious types of grids, constructed to permit electrons to pass through
them to the plate. Being negative, the control grid does not attract
any electrons to itself, but repels them. However, a few electrons tra-
veling from the cathode to the plate and headed straight for a part
of the control grid may strike it head-on and cling to it. In operation,
such electrons find their way back to the cathode circuit through an
external resistor.

Under the usual condition of operation, the grid is kept at a nega-
tive potential with respect to the cathode. The plate with its positive
polarity attracts the negative electrons. With a negatively charged
grid injected into the electron path, the electrons are slowed down,
some sufficiently to be turned back, while others have enough speed
to pass through and on to the plate. Those which are turned back do
not take part in the current flow in the plate circuit. The negative
grid reduces the plate current.

These “turned-back” electrons could be recovered by increasing
the positive polarity of the plate, thus giving the electrons more speed
to overcome the negative grid voltage and increasing the plate cur-
rent. Because the plate is farther away from the cathode than the con-
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trol grid, the positive voltage on it would have to be increased a great
deal to offset a relatively small negative voltage on the control grid.
This operating characteristic of the triode results in amplification. The
amount of amplification is determined by the construction of the
tube; that is, the relative positions of the tube electrodes. Since there
are many electrode combinations which might yield different results,
it is no wonder that tube manuals list many triodes, each with differ-
ent characteristics designed for a particular type of operation.

Static characteristics
Each tube type has a set of operating characteristics which indicate

@ b

Fig. 209, Test circuit used to deter-
mine the static characteristics of a
triode.

how much plate current will flow with various values of plate and
grid voltage. These so-called static characteristics are determined by
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Fig. 210. Plate characteristics of a typical triode: a) Ey-I, family of curves; b)
»—E, curves are commonly called transfer characteristics.
the manufacturer by using a circuit arrangement similar to Fig. 209.
In this circuit, the tube is operated with various values of fixed nega-
tive grid bias and the plate current is read as the plate voltage is var-
ied. A series of curves is thus determined for the tube under test.
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Fig. 210-a shows such a set of curves for a typical triode. Note that,
as the polarity of the grid is made more negative, a larger plate potential
is required to produce an initial current flow. However, it is interest-
ing to sce that once the current becomes greater than about 2 ma, re-
gardless of the grid potential, incremental increases in plate voltage

VIS8R
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200
PLATE VOLTS €,

Fig. 211. Determining transconductance from E, I,
curves.

produce practically the same incremental increases in plate current
over the remaining length of the curve, as shown in the fact that the
curve slope is almost constant. Moreover, not only is the slope of each
curve relatively constant, but all curves have approximately the same
slope. This typical tube characteristic merely means that, if a tube is
operated within its specified range of values, changes in plate or grid
voltage will cause almost the same chariges in plate current, regard-
less of the exact values of grid or plate voltage. Since the effective-
ness of a tube is related to changes of voltages and currents, this simi-
larity of curve slopes becomes an important factor in tube operation,

Before pursuing this discussion further, it might be well to consider
a second set of tube characteristic curves, Referring again to Fig. 210-a,
the curves show how the plate current varies with changes in plate
voltage while the grid voltage is held constant at various values.
Changes in plate current could also be measured by changing the
grid bias values and holding the voltage at the plate constant. If this
were done, curves similar to those of Fig. 210-b would result. As a mat-
ter of fact, the curves in Fig. 210-b could be derived directly from
those in a. For example, if a dashed line is drawn on the curve of Fig.
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210-a where E, = 120 volts, the points at which it intersects the grid
voltage curves indicate the same current values shown on the 120-volt
curve of b. Similar checks could be made at other plate voltages. Thus,
because the curves of Fig. 210-b can be derived from the information
of Fig. 210-a, they are called transfer characteristics. Tube manuals
always show the E,-I, static characteristics because they contain all
the information needed to learn how the tube will perform. On the
other hand, the E,-I, transfer characteristics are seldom drawn except
where tubes are specifically designed for power amplification.

Amplification

Getting back to the E,-I, tube characteristic curves, the effect of
changes in plate current, with changes in plate or grid voltages, can
be read directly from the curve. For example, refer to Fig. 211 which
shows the tube characteristics for a triode. If the tube is operated at a
plate voltage of 150 and the grid bias set at —2 volts, 10 ma will flow
in the plate circuit. If the negative grid bias were increased to —4
volts, the plate current would drop to 6 ma if the plate voltage were
maintained at 150. However, if a bias of —4 volts were used, the plate
voltage would have to be increased to about 195 to restore the plate
current to 10 ma. Thus, a change of either 2 volts on the grid or a
change of 45 volts on the plate produces the same change in plate cur-
rent. We might reason, therefore, that as far as the plate circuit is
concerned, a 2-volt change in the grid circuit produced the same-effect
in the plate circuit as a 45-volt plate voltage change. The effect is am-
plification and in this case, the ratio

change in plate voltage
change in grid voltage

45
- = 22.5

Because of the similarity of the curve slopes, the same amplification
ratio would be obtained at other grid bias values. Therefore, under
the normal operating ranges of a tube, the amplification of the tube
is shown mathematically as

_ AE,

B —‘ﬁ‘— (l)

where p is the amplification factor, AE, the change of the plate voltage
and AE, the change of grid voltage.

Dynamic resistance

Changes in plate current caused by grid voltage changes are limited
by the flow of the electron stream itself. This resistance to the varia-
tions in electron flow is called the dynamic or ac plate resistance.
Mathematically, it is the ratio of the rate of change of plate voltage,
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corresponding to a change of plate current, as the grid voltage is held
constant, or
T, = AL, = dynamic plate resistance 2

ALy

Here again the dynamic plate resistance can be derived directly
from the static characteristic curves. For example, in Fig. 211, with
a grid bias of —2 volts and a plate voltage of 150, 10 ma flows in the
plate circuit. Changing the plate voltage to 100 with —2 volts still on
the grid reduces the plate current to 5 ma. Hence, a 50-volt plate
voltage change produced a 5-ma plate current change or

_AE, 50
r, _A_In— 508 = 10,000 ohms

Tube merit

There is still a third and very important tube characteristic to be
considered. The merit of a tube lies in its ability to develop changes
in plate current when the grid voltage is changed. Whether these
changes are large or small, the effectiveness of the tube is measured by
the change of current that can be produced in the plate circuit. Tube
merit is determined by the ratio of the change of plate current to a
change in grid voltage. For example, in Fig. 211, with a plate voltage
of 150, a change of grid voltage from —2 to —4 will decrease the plate
current from 10 ma to 6 ma—a 4-ma change. This effect on current
is expressed as

change in plate current _ Al )
change in grid voltage =~ AE,

Bm =

and, since it depends on the curve slopes, it is likewise a tube con-
stant which changes as the curve slope changes. Because the ratio of
current to voltage is the inverse of resistance, this ratio is a form of
conductance. The term used to define this ratio is called transconduct-
ance or mutual conductance. It is usually measured in terms of mi-
cromhos, and its symbol is g,

Referring to the ratios derived from Fig. 211.

.004 .
En = - = .002 mhos = 2,000 micromhos

Load lines

The discussion so far has centered around tube characteristics and
constants and how these are derived from circuits similar to Fig. 209.
Such a circuit cannot be used for practical amplification. To put the
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tube to work, the circuit must be arranged to permit the application
of an input voltage. Also the current variations produced in the plate
are useless unless the current is fed through a resistance, so as to de-

E4
Fig. 212. The basic circuit of a triode r R

amplifier.
€y +EpyEq
b

velop a voltage, which can then be used as a further driving source,
for another tube or perhaps a loudspeaker.,

A circuit as shown in Fig. 212 satisfies these requirements, The re-
sistance in the grid circuit provides a load across which the input

nm: vous :.

Fig. 213. Ey-1, curves with load lines added
for various values of R;.

signal voltages can be applied. It also provides circuit continuity
in the grid circuit so that electrons accidentally collected on the grid
can leak off to the cathode or to ground on their way back to the
cathode. This resistance is identified as R,, the grid-leak resistance.
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As long as the grid is biased negatively, placing resistance in the grid
circuit has no effect on the grid voltage. With a negative grid, no
electrons are attracted to it and, as far as the grid-cathode circuit is
concerned, it acts as an open circuit. Because there is no voltage drop
across R, the bias voltage appears at the .control grid in full strength.

In a given circuit (Fig. 212) with a fixed supply voltage E,,, adding
the resistance Ry, (load resistance) to the plate circuit increascs the
total resistance and reduces the current. This means that the plate
voltage E, is no longer the same as the supply voltage but is equal to
the supply voltage less the voltage drop across the load resistance. For
example, with no load resistance, the curves of Fig. 211 tell us that
with —2 volts on the grid and 150 volts at the plate, the plate current
would be 10 ma. If the tube were put to work as shown in Fig. 212
where a load resistance R, is inserted, the added resistance in the
plate circuit would lower the plate current and drop the voltage at
the plate, The voltage left at the plate might very well be too small
for proper tube operation if the load resistance is too high.

This can be corrected by increasing the supply voltage or reducing
the load resistance or both. However, there is a practical limitation to
how much these can be increased or decreased. To learn how a circuit,
such as Fig. 212 will function it is necessary to adjust the static char-
acteristics to dynamic curves. This can be accomplished relatively
simply by constructing a load line on the static characteristic curves
of the tube.

Fig. 213 shows characteristics similar to Fig. 211 but with load
lines added. Before going into a detailed discussion of how the load
lines are positioned, it might be well to refer to the circuit of Fig.
212 again. The load resistance has the same effect in the plate cir-
cuit as it would in any electrical circuit where Ohm'’s law is followed.
This states that an increase in voltage is accompanied by a propor-
tionate change in current. Hence, the equation or performance of re-
sistance R,, in the plate circuit can be represented as a straight line
on the E,~I, characteristic curves, Since any two points on a straight
line will fix its position, determination of the points of intersection
with the voltage and current axis is all that is necessary to draw the
load line for a particular value of load resistance. Fig. 213 shows that
the voltage axis intersection occurs when the plate current is zero.
With a supply voltage present, this condition can only result when
the tube is cut off. Thus, there is no potential drop in the load and
the voltage appearing at the plate is the supply voltage E,,.

The current axis intercept must be at a point where the voltage
at the plate is zero. In theory this could occur only when the plate-
to-cathode circuit is shortcircuited and R, would be zero. (This of
course is only theoretically possible, but it satisfies the condition for
determining the Ry load line.) With R, short<ircuited, the current in
the plate circuit is maximum and may be calculated as follows:
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By using these rules, a series of load lines may be constructed for a
given tube. However, the selection of the proper load resistance in a
particular amplifier circuit is controlled by several factors such as the
magnitude of the input signal to be handled, the available supply
voltage, the power output required and the degree of distortion that
can be accepted. Selection of the load resistance in a circuit is there-
fore of prime importance to proper circuit operation.

Several load lines are shown in Fig. 213 for different values of load
resistance. The lines were constructed assuming a 250-volt supply!.

Fig. 214. Phase shifts which occur when an alternating voltage is applied
to the grid of a triode.

Load lines for 4,000, 8,000, 12,500 and 25,000 ohms have been drawn.
Note how the line slope decreases as Ry, is increased, indicating that
current changes, under the influence of an incoming signal, will de-
crease with higher load resistances. An 8,000-ohm load line drawn
with a 90-volt supply is also shown. Note that it has the same slope
as the 8,000-ohm load line at 250 volts. This is so since load lines
slope is determined entirely by the ratio of current to voltage.

The “start point” or operating point is found at one of the points
of intersection of these load lines with the various characteristics. For
example, the 250-volt 4,000-ohm load line tells us that if we operate
with a grid bias of —2 volts about 17 ma will flow in the plate circuit
and the voltage at the plate will be about 180. If the load resistance is
increased to 12,500 ohms (but using the same bias) the plate current
will drop to about 9.8 ma with a voltage of about 135 at the plate.

With higher negative biases on the grid, plate currents are reduced
but voltages at the plate are increased. For example, still using a load
of 4,000 ohms and a grid bias of —2 volts, the plate current is 17 ma
and the voltage at the plate is about 180 as mentioned earlier. If the
grid voltage is increased to —4 volts, by following the load line the
curve tells us that the plate current decreases to about 12 ma while
the voltage at the plate goes up to about 200. Thus, as the grid vol-
tage becomes more negative the voltage at the plate becomes higher.
The grid and plate voltages change in opposite directions or are said

1In practice, recommended values of supply voltage are obtained from tube manuals.
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to be 180° out of phase with each other. If this change of grid vol
tage from —2 to —4 were brought about by an ac signal voltage with
a 2-volt peak, fluctuation of current in the plate circuit would pro-
duce a corresponding voltage variation at the plate opposite in phase
to the grid voltage. This phase shift is shown more clearly in Fig. 214
illustrating the plate current and voltage variations derived from the
4,000-ohm load line of Fig. 213. Note that, as the grid voltage de-
creases (becomes more negative), the plate voltage increases (becomes
more positive). The plate current varies from a mean of 17 ma to a
maximum and minimum of 22 and 12, respectively, while the plate
voltage starts at about 180 and changes from a peak of 200 to a
minimum of about 160.

Once the operating point is set, the fixed values of grid bias, plate
voltage and plate current lose their importance because the function
of amplification is dependent upon changes or more specifically the ef-
fect of ac input voltages on plate current and plate voltage. In fact,
the tube circuit could be redrawn in the form of Fig. 215, its ac circuit
equivalent, where r, is the dynamic plate resistance (resistance to ac)
and Ry, the load resistance. The applied voltage is —pe, the voltage
generated within the tube itself and is merely the input signal voltage
to the tube multiplied by its amplification factor. This voltage is
shown as negative to indicate the phase shift through the tube. Since
the tube output voltage is obtainable across Ry, only, it follows that
the voltage drop in the tube itself is lost. If i, is written for only the ac
component of the plate circuit current (that is, the sine-wave variation
of plate current produced by the input signal) the tube output voltage
e, is i;R;. With an input signal voltage of e,, therefore, the circuit
amplification is e,/e,.

But since e, = iR,
iRy
. (4)

However from Kirchhoff’s first law, the voltage round the loop of Fig.
215 must satisfy the relation,
peg = iphy 4 iRy = iy(rp + Ry)
i.R
amplification = So = 7t
el’ el’
we can multiply numerator and denominator by u:

amplification =

pi,Ry,

e
but e, = ip (r, + Ry) e

FijL
i (rp + Ry)
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cancelling i, in the numerator and denominator, we have:

4R
IR O

This equation shows that the circuit amplification is dependent
upon the ratio of r, to Ry, and seems to indicate that as R, is in-
creased the tube circuit amplification increases. However, for this to
be the case, the dynamic plate resistance would have to remain con-
stant. This does not happen; r, does not remain constant over the
entire range of the characteristic curves because, as the load is in-
creased beyond certain limits, the dynamic plate resistance becomes
very high and distortion results.

In summary, then, the triode follows specific laws and functions in a
properly loaded circuit:

(1) Plate current depends on both the voltage at the grid and the
voltage at the plate.

(2) Plate current changes are in phase with grid voltage changes
caused by the input signal.

(3) Current changes acting through the load resistance produce vol-
tage changes on the plate which are opposite to or 180° out of phase
with the grid voltage.

amplification =

Fig. 215. An equivalent circuit of a triode amplifier. o"' R |

Because the voltage at the plate decreases when the grid voltage be-
comes less negative (increases in a positive direction), the plate vol-
tage attracts less electrons and thus tends to change due to the grid.
Thus, the current is less than it would have been had the plate re-
mained constant. This can be demonstrated simply by referring to
Fig. 213. For example, with a supply voltage of 250 and a bias voltage
of —4, the total current change with a 2-volt peak input signal is
about 15 to 31 ma when there is no load in the plate circuit. With
8,000 ohms in the circuit, this current change is reduced to 7.5 to 12,5
ma because the effect of changes in plate voltage is coming into play.
With no load, the voltage at the plate remains at 250 even though
the plate current changes.

Because its operation is affected by changes in plate voltage, the
triode is limited in the amount of amplification it can produce. Rec-
ognizing this limitation with the triode, tube engineers considered the
possibility of designing a tube whose operation, over a normal range,
would be insensitive to voltage variations at the plate. The tetrode,



the first tube to accomplish this objective, was the forerunner of
present-day high-mu tubes, The triode was not abandoned, of course,
for there are many circuits where certain triode characteristics such as
relatively high current carrying capacity and low dynamic plate re-
sistance are needed. Its use and application were directed to circuits
where power rather than voltage amplification was required.

Tetrodes

Variations in plate voltage when an input signal is applied to the
grid of a tube is a fundamental requirement of all vacuum tubes
when the plate circuit contains a load resistance. The tetrode makes
these plate-voltage variations practically ineffective in controlling the
plate current by injecting a second grid in the tube space between the
first or control grid and the plate. This second grid, constructed as a
mesh or grid somewhat like the control grid, allows the majority of

Fig. 216. Electrode structure and placement of a
SCREEN GRID tetrode.
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electrons to pass through to the positive plate. By applying a positive
potential to this second grid, it effectively shields the cathode and
first grid from the plate, hence is called the screen grid. Because the
net surface area of the screen grid is relatively small, the proportion
of electrons that it collects is negligible compared to the plate. Fig.

216 shows a picture of the electrode structure.
The screen grid, located as it is between the cathode and plate, has
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F
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Fig. 217. Typical tetrode circuit.
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“first call” on the electrons in the space charge. In fact, it functions in
much the same way as the plate in a triode (except, of course, it
gathers much less current). Hence, variations in grid voltage produce
variations in screen current. However, since the tube output is not
obtained from the screen circuit, i.e. the screen does not require a
load resistance as such, the voltage at the screen can be held con-
stant, by applying a potential through a voltage-dropping resistor in
a practical manner as in Fig. 217. Note that in Fig. 217, the dropping
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resistor R,, must be bypassed by capacitor C,, whose capacitance is
large enough to hold the screen grid voltage constant with cyclic varia-
tions in voltage drop across R,,. Otherwise, the screen voltage would
change with screen current variations and the amplification would be
reduced as with the triode.

The tetrode as an amplifier performs in accordance with its design
constants. As with the triode, the constants yx, g, and r, are deter-
mined by the same ratios of current and voltage. Static characteristic
curves, however, differ widely from the triode because of the screen
grid. As with the triode, these curves show the relationship between
the plate current and plate voltage with different values of grid vol-
tage. But because the plate current is also dependent upon the screen
grid voltage, tube performance in terms of i, vs e, apply with a fixed
value of screen grid voltage only. If the screen voltage is changed, a
different set of curves will obtain from this fact. It would appear that
a series of charcteristic curves for various screen voltages is needed to

Fig. 218. Circuit for determining the char-
acteristics of a tetrode. T+

learn all about the operating characteristics of the tube. In practice,
however, this is not always necessary.

Because of the action of the screen grid, the tetrode develops plate-
current variations which are relatively independent of the plate vol-
tage. However, the action of this same screen grid makes for instabil-
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Fig. 219. Characteristic curves of a typical tetrode voltage am-

plifier.
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ity of operation if the applied voltages are not properly controlled.
The tetrode was abandoned in favor of the pentode with the addition
of a third grid which eliminated this characteristic and at the same
time retained the much-wanted characteristic of relative independence
of plate current on plate voltage.

However, despite its drawbacks, the tetrode is once again finding a
place in every-day electromics. Its plate resistance is such that it makes
an excellent device for feeding transistor output stages in hybrid radios.
The efficiency gained through proper impedance matching more than
makes up for the circuit precautions necessary. Television manufac-
turers, too, have rediscovered the tetrode. In portable sets where the
number of individual stages is limited, the tetrode is often used as a
highgain low-noise converter.

Static characteristics for tetrodes are obtained in the same manner
as for triodes. Fig. 218 shows a typical circuit arrangement with the
screen voltage held constant while the grid or plate voltage is varied.
Fig. 219 shows a family of characteristic curves for a typical tetrode
voltage amplifier. Note how the plate current begins to increase as
the plate is made slightly positive but starts to decrease as the plate
voltage is further increased, indicating that the plate actually emits
electrons, losing more than it gains, until finally a point is reached
where further increase in E, results in a steady increase in plate cur-
rent. The region of the curve up to the point where the plate voltage
reaches about 100 is the unstable part of the characteristic and opera-
tion in this region would be abnormal.

To explain what is happening in the tetrode circuit and to account
for the peculiar characteristic curve, consider a circuit with a screen
grid voltage of 90. With no voltage on the plate, all electrons travel-
ing through space flow to the screen grid. When a small positive po-
tential is applied to the plate, some electrons are attracted by the
screen, a few stay with the screen and the rest pass through. Those
that do not strike the screen directly but pass through are pulled back
to the screen by its positive attraction. Those that are traveling at a
very high speed are carried far enough past the screen to be attracted
to the slightly positively charged plate, causing a flow of plate cur-
rent. However, as the plate voltage is further increased, the velocity
of these few electrons that get by the screen is so great because of
the added attraction of the plate that they strike the plate hard
enough to cause it to emit secondary electrons. The secondary elec-
trons “bounced off” the plate find themselves in the space between
the plate and screen grid and because of the greater attractive force
of the screen, whose voltage is higher than the plate, flow to it. The
plate circuit actually loses current.

This process continues as the plate voltage is increased and it loses
more and more secondary electrons until the voltage on the plate is
high enough to gather some of the secondary electrons to itself. As
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shown in Fig. 219, this occurs with about 60 volts on the plate. The
plate loses still more electrons than it gains until its voltage is about
equal to the screen voltage at which time it begins to gain electrons.
As the plate voltage is increased, the plate current rises almost pro-
portionally up to the knee of the curve, at which point practically
all the secondary electrons return to the plate.

Inspection of Fig. 219 shows that for plate voltages above 100 the
curves are almost horizontal, indicating that changes in plate voltage
have very little effect on the plate current. Therefore, if the tube were
operated in this range, the circuit would function satisfactorily. Ac-
tually, however, circuit component variations or tube aging might
allow the operating range to slip into the unstable region. In prac-
tice this occurred very frequently and the result was very unsatisfac-
tory. This quickly lead to the development of the pentode which elim-
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inated the “instability range” while maintaining the desirable charac-
teristic of working with a plate current practically independent of
plate voltage.

Pentodes

In the pentode, the combined attractive force of both the screen
and plate produced secondary electrons as before. However, by plac-
ing a third meshlike grid between the screen grid and plate but with
the same potential as the cathode, it was found that the plate second-
ary electrons were shielded from the screen or were “suppressed” and
forced to return to the plate. Thus, the third grid is called the sup-
pressor grid. Fig. 220 shows the physical arrangement of the three-grid
five electrode tube called the pentode.

As with the tetrode, the electron flow is controlled primarily by
the control grid and screen voltages but, with the pentode, the plate
circuit gathers all secondary electrons as well as those boiled off the
cathode and passed through the screen to the plate. Fig. 221 shows
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Fig. 221. Static characteristic curves of a typical pentode.

the I,-E, characteristics of a typical pentode. Note that the “fold” in
the curve which occurred with the tetrode has been eliminated. The
series of curves shows how the plate current varies with changes in
plate voltage at different values of grid bias voltages. Note, however,
that this group of curves applies only when the screen voltage is 100.
With a different value of screen voltage, the characteristic curves,
while having the same general shape, would indicate different values
of current.

As with the triode, these curves are called static characteristic curves
and indicate how the tube performs with various dc voltages applied
to its electrodes. The three basic tube constants u, r, and g, are like-
wise derived from these curves.

Pentode functioning is based on “changes” i.e. changing grid vol-
tages and changing plate currents. Referring to Fig. 221, plate current
changes are relatively independent of plate voltage changes beyond
the “knee” of the curves. These occur at plate voltages above 75 with
zero grid bias and above 50 volts with higher biases. In practice, the
tube is operated so that variations in plate voltage, caused by changes
in plate current and input signal, cover a range which is always above
the knee of the curve.

By operating above the knee of the curve plate current variations
are controlled almost entirely by the signal voltage because the vol-
tage at the plate changes only slightly. Since the tube constants
#» Ba and r, are derived from the characteristic curves, if the slopes
of the various curves are different from one another in their respec-
tive operating ranges, the tube constants will be different for different
operating voltages. For example, in Fig. 221, the slopes of all the



curves are slightly greater near the knee at about 80 to 100 volts than
at higher operating voltages, say about 250-300 volts. In addition,
the slope of the zero bias curve is slightly more than the curve with
a bias of —3 or —4 volts.

Referring again to Fig. 221 and assuming a grid bias of —1 volt, the
dynamic plate resistance can be found from the curve and is very
high. For example, with a change of plate voltage from 100 to 209,
assuming that the curves can be read with a fair degree of accuracy,
the dynamic plate resistance can be calculated:

r — Qe _ 200 — 100 _ 100
T AL, T (69—=6.75) (1078 —  (.15) (109
Again with —1 volt on the grid and over this same operating range,
a very small change in grid voltage would have produced the same
change in plate current as did the 100-volt change in plate voltage.
In fact, while it is almost impossible to read the curve closely enough

it appears that about 0.1-volt change in grid voltage would give us the
same 0.15-ma current change and therefore, very approximately,

= 666,600 ohms

The pentode, therefore, has a high amplification factor but the same
characteristic that results in a high mu also yields a high dynamic
plate resistance. Both go hand in hand. With such a high plate re-
sistance to begin with, the pentode is limited in the amount of
current it can handle and therefore finds its greatest use as a voltage
amplifier.

The remaining tube constant—mutual conductance g,—also can be
derived from the characteristic curves. Since with —1-volt grid bias, a
change of about 0.1 in the grid voltage caused a 0.15-ma change in
plate current, the mutual conductance:

En = Al then
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Fig. 222. Pentode amplifier circuit and equivalents: a) simple
pentode circuit; b) equivalent circuit is similar to that of triode;
¢) more accurate representation shows r, and Ry in parallel.
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With regard to the changes in tube constants with different oper-
ating voltages, reference to Fig. 221 again will show why this is so.
For example, if the operating range were shifted from the plate vol-
tage range of 100-200 to 250-350, inspection shows that the curves
are flatter at the higher voltage values. This means, of course, that
the change would be less and therefore less grid voltage change would
be required to match the change in current. Therefore, the dynamic
plate resistance and amplification factor are almost double their pre-
vious values, but the mutual conductance is almost the same.

As with the triode, the pentode is put to work by adding a grid-
leak resistance to the input or grid circuit and a load resistance to
the plate circuit. A typical pentode circuit is shown in Fig. 222-a
where the load and grid-leak resistances have exactly the same func-
tions as in the triode. Fig. 222-b shows the electrical equivalent of the
pentode circuit, using exactly the same form as the triode. Likewise,
the circuit amplification is dependent upon the relation between the
load resistance Ry, and the dynamic plate resistance r, or

pRy

Amplification = =~ ___ 6
P L + Ry ©)

However, because the amplification factor x is so high, it is not

PLATE VOLTS-E,

Fig. 228. I,-E, curves for a pentode. The load lines are constructed
for R, = 1 megohm and 100,000 ohms.



necessarily important to select a load resistance that is as high or
higher than the dynamic plate resistance as was done with the triode.
Also, both the plate resistance and amplification factor vary consid-
erably at different points on the curves. Even a load resistance one-
tenth the average plate resistance would give substantial amplification.
Moreover, use of a load resistance that is too high may result in a
plate current that is too small.

Tube manuals do not generally list the amplication factor (u) of
pentodes. We can get this information indirectly by knowing the rela-
tionship that exists between transconductance, dynamic plate resistance
and amplification factor. Thus:

= gulp (7)

Because, under normal operating conditions, the plate current is
relatively independent of changes in plate voltage, the pentode may
be looked upon as a constant-current device and amplification may be
expressed in terms of g, rather than yx as in (7).

»Ry
r, + Ry
but u = gar,

Amplification =

We can now substitute g,r, in place of p:

r,R
Bulon (8) but ___r,RL
Ty + RL Iy + RL
is the expression for two resistances r, and Ry, in parallel. There-
fore, the equivalent circuit for the pentode shown in Fig. 222-b can
be redrawn as shown in Fig. 222.c where r, and R, are shown in
parallel and g, r, is the amplification factor.

Amplification =

Fig. 224. The variable spacing of the
grid wires results in a tube having a
remote cutoff characteristic.

SUPPRESSOR GRID SCREEN
GRID GRID

Load lines can also be plotted on the pentode characteristic curves.
Fig. 223 shows a set of typical characteristic curves for a pentode with
several load lines included. With a plate supply voltage of 320, if a
1-megohm load resistance is used, the Y-axis intercept would be about
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0.32 ma and the operating range of the tube would be considerably
reduced. In fact, the only intercept obtainable within the normal
operating range with 1 megohm and 320 volts occurs with a grid bias
of —5 volts and even then the operating point would permit only
about 0.2.ma plate current. Such a low value of current would re-
sult in minute plate current changes with input signal voltage. There-
fore, if operated at this point at all, the input signal would have to
be very small.

On the other hand, with a load resistance of 0.1 megohm, a grid
bias voltage between —3 and —4 could be used, depending upon
the size of the signal to be handled and the amount of variation in
plate current that could be permitted.

These curves, of course, only apply when the screen voltage source
is 100. Different currents would result from other values of screen
voltage and load resistance. Because the screen acts like the plate of
the triode, selection of the proper screen voltage for a given condition
can best be determined by referring to the transfer characteristics.
Details regarding these curves and the method of using them become
quite involved and are therefore reserved for Chapter 4 where the
pentode is put to work in several practical circuits.

The pentode is looked upon primarily as a voltage amplifier. How-
ever, some voltage-amplifier pentodes are better suited for rf than for
audio and are therefore so classified. Pentodes are also classified as
sharp, remote or semi-remote cutoff tubes. The sharpcutoff pentode
has a relatively sharp slope to its transfer characteristic while the re-
mote-cutoff type reaches the cutoff point gradually, its transfer char-
acteristic approaching zero current in a long sweeping curve. The
remote-cutoft tube is sometimes called a variable-mu tube because the
curve, not being a straight line, develops a changing mu as it goes
from maximum to zero current. The control grid of this type tube
is especially constructed to give this effect and Fig. 224 shows how
the wires in the grid change their spacing over the length of the
structure.

Because of its delayed cutoff, the variable-mu tube is useful where
a changing grid bias is needed and a considerable operating range
is required. In Chapter 4 the remote-cutoff tube is put to work in
circuits where agc is used.

42



chapter

vacuum-diode applications

THE diode is most useful as a rectifier and detector. As such it plays
an important part in radio and TV circuits. In power supplies
it converts alternating into unidirectional current. In AM radios and
in some TV sets it finds its place as a detector. In TV and FM receivers

4

Fig. 301. The half-wave rectifier is one of the most common types in use: a) sim-
plified rectifier circuit; b) output waveform,

the diode, as a demodulator, is an essential part of the discriminator
or ratio detector circuit.

Power-supply rectiflers

The plates and screens of vacuum tubes require constant dc poten-
tials. Most radio receivers are ac-powered—they are connected to the
110-120-volt house supply—therefore a rectifier is used to change the
alternating into a unidirectional voltage. The simplest and most
widely used method in ac—dc sets is half-wave rectification (high-
voltage supplies in TV sets also depend on this technique).

The half-wave rectifier

When an ac voltage e, is applied to a diode (Fig. 301-a), a unidirec-
tional voltage is developed across the load Ry with a pattern repre-
sented by e, in Fig. 301-b. The peak of the rectified voltage is less
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than the peak of the applied voltage e,. The difference between them
represents the voltage drop within the tube. The output voltage e, con-
sists of half-wave pulses since the diode rectifies only one half of the
incoming wave.

Although it is unidirectional, the output voltage of the rectifier
cannot be used directly as a source of plate or screen voltage. The tubes
must be operated with a constant dc voltage so that electron flow

Fig. 802. In use, a filter must be added to the half-wave
rectifier: a) basic rectifier circuit; b) oulput waveform.
remains constant unless changed by the action of the control grid.
Therefore the output of the rectifier diode requires filtering to produce
a constant rather than a varying voltage.

The addition of capacitor C across R;, (Fig. 302-a) provides a simple
filter circuit, The pulse of current (i) flowing through Ry, during the
positive part of the cycle develops a voltage drop across the load resistor
and charges capacitor C. As the positive potential at the plate of the
tube increases, the capacitor charges to the peak value of the voltage
across Ry. When the plate current decreases, the capacitor discharges
through R, tending to maintain a constant voltage across it. For
example, assume that curve e, in Fig. 302-b represents the voltage
across R;, as the plate current increases. When the voltage reaches
point X and starts to decrease, the voltage across Ry, goes down as
shown by the dashed line. Capacitor C, having acquired a peak charge,
discharges through Ry, at a rate shown by the solid line, preventing
the output voltage from dropping to zero.

The slope of the capacitor discharge line is controlled by its size
and the value of R, and the amplitude E, indicates how good the filter-
ing job is. The ideal objective is a completely smooth, unidirectional
output and the magnitude of E, is a measure of the ripple present.

In practice, load resistor Ry, may be physically nonexistent, the actual
diode load being a parallel combination of all the tubes in the receiver
plus a bleeder if used (Fig. 303). Filtering action depends upon the
value of capacitor C and the inclusion in the filter circuit of additional
resistors and capacitors.

Half-wave rectification is most commonly used in inexpensive power
supplies such as those found in table-model radios. These receivers are
designed to operate from either an ac or dc source.
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Fig. 304 shows a typical power supply for a five-tube superheterodyne
receiver. The plate and the cathode of the 35W4 act as a half-wave
rectifier, The large electrolytic capacitors do the filtering job in con-
juncu'on with the 1,200-ohm resistor. The voltage across the input 50-

Fig. 308, The rectifier load in practlce consists of the tubes
it feeds.

& ©'9'6

uf capacnor is greater than at the terminals of the 30-uf capacitor but
contains a larger ripple component. This higher voltage is often used
MOT LT 35W4

TO 30CS MATE
{{i’ L2K 8 SCREEN
OF OTHER TUBES

NO~120V 38y
AC OR OC

——

Fig. 304. Typical ac—dc radio power supply.

in a circuit such as the output stage where the higher hum level of the
voltage is not so important.

If the power source is dc, the circuit will work, provided the positive
side of the source is connected to the rectifier plate. Then, with the
plate of the 35W4 at a constant positive potential, the electrons will
flow in a steady stream across the tube rather than in pulses, and no
rectification takes place. With dc the circuit is free from hum, but
may contain other low-frequency noise and the filter circuit is still
useful.

If the plug is reversed in the socket (with the negative side going to
the 85W4 plate), no current flows through the diode and the receiver
is inoperative. The tubes will light, however, for the series circuit
through the heaters remains intact—The heater voltage does not
depend upon the polarity of the power line. However, because the
heaters of all five tubes are in series, if one tube burns out none of
them will light, Since all of them are across 110-120 volts, they must all
receive the same amount of current and the sum of their voltage drops
must approximate the line voltage. In this case the sum is 121 volts
(rms) which means that with a lower line voltage a smaller amount of
current will flow through the heaters.
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The tuning-dial light (pilot light) is connected across one half of
the 35W4 heater so that the light and part of the heater are in parallel
and the entire combination is in series with the plate. The voltage
drop across half of the heater stabilizes the voltage applied to the pilot
light. If it burns out, the circuit remains operative. When the set is
first turned on, the light will glow very brightly before dimming to
its normal brilliance. This occurs because of the initial surge of current
through the 35W4 plate to charge the large filter capacitors.

Voltage doubler

Fig. 305 shows a simple voltage doubler using two rectifier tubes.
The circuit rectifies both halves of the line voltage through a special
arrangement. Even though a transformer is not used, the circuit will
operate only with ac and cannot be used with a dc power line.

When the plate of tube V1 is positive with respect to the cathode,
the circuit is completed from X through V1, capacitor Cl to Y, charg-
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Fig. 805. Basic voltage-doubler circuit.

ing CI to the peak value of the line voltage. On the next half cycle,
when the plate of V2 is positive, the circuit is completed from Y
through capacitor C2 and tube V2 to X, charging C2. Since the capaci-
tors are in series, the rectified output voltage is the sum of the voltages
across them. This is about double the value of the line voltage.

When a load such as that presented by the plates and screens of
other tubes is connected across the output, the current drawn from
the capacitors tends to lower the terminal voltage. Therefore the dou-
bler has poor voltage regulation and is seldom used in circuits requir-
ing more than 50-75 ma.

Fullwave rectifiers

The most widely used power source in high-quality electronic sys-
tems is the transformer type full-wave rectifier. Beside the advantage
of higher output due to the use of a stepup transformer, a larger load
can be handled and a better filtering job done by using both halves
of the ac sine wave.
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The simple full-wave rectifier circuit of Fig. 306-a illustrates the
basic principles. The tube shown is a dual-plate unit with a single

VOLTAGE
ACROSS Ry

Fig. 306. The full- wave rectifier: a) rectifier circuit; b) output waveform.

cathode. When plate 1 is positive, electrons flow through the tube
from the cathode to that plate, completing the circuit through one half
of the transformer winding, to ground and back to ghe cathode through
the load R;. When plate 2 is positive, it attracts electrons which flow
through the second half of the transformer winding to ground. This
current continues to the cathode through Ry, flowing in the same
direction as before. Fig. 306-b shows the rectified waveform.

The voltage developed when plate 2 is positive appears in the same
direction as that of plate 1. As with the half-wave rectifier the peak
voltage available across Ry, is less than the ac input voltage by an
amount equal to the internal voltage drop of the tube. This voltage
drop varies with the rectifier tube used and the load on it.

The design of the power-supply circuit—including the type of filter
used, the type of tube selected and the input voltage required—depends
upon the voltage and current needed, the amount of ripple or hum
that can be tolerated and the degree of regulation necessary. The filter
circuit itself has an important bearing on the output voltage, and the
best way to understand how power supplies function is to examine a
system where both the output voltage and the degree of ripple must
be taken into account.

Ripple factor

Filter circuits are normally designed with either a capacitor or
choke input. Sometimes the filters are multisectional but usually
consist of a choke and one or two capacitors. Chokes are often used
instead of a resistor (as in the case of a half-wave rectifier) because
they do a better filtering job. A resistor serves only to control the
discharge action of the filter capacitor while a choke resists changes
in current and plays a much more active part in the filter circuit.

Fig. 307 shows a typical full-wave rectifier with capacitor input
(a) and a choke-input (b). Using a capacitor and inductor in the
filter circuit takes advantage of the fact that each can store energy
which can be used to smooth the dc pulses. The capacitor smooths
the voltage variations and the choke smooths current.
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With capacitor input the voltage waveshape at the output resembles
that shown in Fig. 307 and the choke input filter produces the wave-
4= Toump
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Fig. 307. Different types of filters can be used with the full-wave

rectifier: a) capacitor input filter; b) choke input filter; ¢) waveform

produced with capacitor input; d) waveform produced with choke

input.

form illustrated in Fig. 307-d. The capacitor input filter produces a
higher ripple with sharp and abrupt variations while the choke input
circuit develops less ripple with smoother variations but considerably
less voltage. In both, the fundamental frequency of the ripple is
twice the input frequency, or 120 cycles.

The effectiveness of each filter is measured by the ratio of the rms
value of the fundamental component of the ripple voltage to the
output voltage, This ratio is called the ripple factor. For a capacitor
input filter the ripple component can be prevented from reaching
other sections of a radio receiver by adding a second capacitor and
perhaps another choke. Additional sections can also be added to a
choke input filter.

A capacitor input filter is gvencral]y used when the current needed
is relatively low. With a low load current the capacitor discharge
time is fairly long, the low current being equivalent to a high
resistance and consequently a long time constant. Therefore, the
voltage output does not vary to a great extent from its peak value.

On the other hand, with a choke input filter the changes in current
pulses through the rectifier tube are opposed by the choke. Current
flows through the choke at all times even though the current through
the tube falls to zero as it abruptly changes from one plate to the other.
By delaying the buildup of current, the choke input filter produces
a much lower output voltage—the average dc load voltage is only
about 659, of the peak of the ac applied to the plates of the tube.
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Fig. 308. Curves such as these are often used to indicate a rectifier tube's
performance under varying conditions.
The higher the dc resistance of the choke the lower the output (for
a given input) becomes.

These differences can be readily understood by referring to Fig.
308, which shows the characteristics of the 5U4-GB full-wave rectifier.
Assuming that this tube is used in the circuit of Fig. 307 and that a
dc voltage of 450 is required, about 550 volts rms per plate is required
if a choke input filter is used. The slope of the dashed lines indicates
that the 450 volts obtainable at a 100-ma load drops only to 430 volts
if the load is increased as much as 250 ma.

If a capacitor input filter is used, a smaller transformer is required.
The curves of Fig. 308 indicate that for a 100-ma load about 400 volts
rms per plate is needed. This is 150 volts less than for a choke input
filter. However, regulation is much poorer—if the load is increased
to 250 ma, the output drops from about 450 to about 380 volts,

An apalysis of the voltages at various points in the circuit will
clarify the operation of the full-wave rectifier. Assume that a power
transformer capable of delivering 400 volts per plate is used. With a
load of 150 ma and a capacitor input filter, the dc input to the filter
is about 430 volts average (Fig. 307<). However, with choke input
the voltage is only 320. The 430-volt output seems to be greater than
the 400-volt ac input, but this is not the case. Remember that the
peak of the ac wave is 400 X /Z, or 565 volts. Figs. 307-c and 307d
also show the shape of the dc output at the other side of the filter.

Peak inverse voltage

Another important factor which must be considered in the design
of a power supply is the peak-inverse-voltage rating of the rectifier
used. Arcing can occur between adjacent elements of the tube if the
voltage difference between them is greater than the limits specified
by the manufacturer. For example, in Fig. 307, when plate 1 is con-
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ducting, plate 2 is negative and reaches its most negative point when
plate 1 is at its positive maximum. At that time, when plate 2 is,
say, 565 volts below ground, the cathode is about 20-30 volts more
positive than the aboveground average of 430 volts. A difference
voltage on the order of 1,000 volts exists between electrodes. The
5U4-GB is designed to withstand a peak inverse voltage of 1,550 and,
therefore, the selected example is well within the tube’s limits.

Bleeder and voltage divider

The good voltage regulation characteristics of the choke input filter
exist only under normal conditions of operation where a substantial
load current is maintained. If the circuit for which the power supply
is designed requires only a few ma, the choke becomes ineffective as a
filtering device. A choke functions because of its ability to resist
changes in current and, if the current is very low to begin with, it
can’t change very much. At some point the choke will not keep current
flowing through the diode all the time and the voltage-averaging action
breaks down. When this occurs, the capacitor at the other end of the
choke takes over and the regulatory action of the choke is lost.

In circuits where the load current may become very low, a bleeder
circuit is added to the output of the filter. The bleeder is a resistance
or series of resistances connected across the output of the filter. The
total resistance is such that the current drain of the bleeder is not
less than one-tenth the maximum load current. The value of bleeder
current depends a great deal on the choke used; the larger the in-
ductance, the smaller is the amount of bleeder current required.

Many bleeders are used as voltage dividers to supply various
voltages from a single source. The divider may be engineered very
simply by following a few basic rules.

Suppose a power supply furnishes 300 volts at 100 ma, and voltages
of 250, 180 and 100 are needed for the various stages of a particular
circuit. A foursection bleeder to supply these voltages is required
(Fig. 309).

Assuming that the bleeder current should be 109, of the load cur-
rent, then 10 ma must flow through the bleeder. This additional
current must be added to the load current, giving a total load of
110 ma.

Very often the voltage divider consists of a single wirewound
resistor with a wattage rating high enough to dissipate the heat
generated.

Because the individual load currents pass through their respective
bleeder resistors, each component must be shunted by a capacitor
large enough to bypass all ac originating in its portion of the radio
(or other) circuit. The capacitors shown in Fig. 309 are typical of
such bypass arrangements.
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Fig. 309. Four-section bleeder and voltage divider used to
supply various voltages and currents from a single power
source.
Regulation of low-voltage power supplies
Under ordinary circuit conditions additional regulation of the
power supply is usually not required. However, in some circuits the
load on the power supply may change rapidly and to a large degree.
In such cases, voltage-regulator circuits are added to the power supply.

Fig. 310. Characteristic curve
of a typical gas diode.

The type used depends upon the magnitude of variations of the load
current and how much correction is needed.

One of the simpler regulator circuits employs a gas diode. Typical
of these is the 0D3, used where a constant 150 volts is needed. This
tube is a coldcathode type which uses no heater. It relies upon the
establishment of an electric field to pull the electrons from the
cathode. From the cathode, they travel at a high speed (dependent
upon the potential applied) toward the plate. As they travel, they
strike gas molecules in their path hard enough to knock other electrons
from the gas, producing secondary emission. When it loses an electron
a gas molecule becomes a positive ion, which hurries to the negative
cathode. In its course it strikes other molecules, releasing more and
more electrons and creating more ions. The end result is a surge of
current—positive ions to the cathode, electrons to the anode—accom-
panied by a gaseous glow within the tube. Once this condition is
established, the tube tends to maintain a constant voltage drop across
its electrodes regardless of how the load current changes. This voltage
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is determined by the electron velocity necessary to maintain the
ionization.

Assume, that a constant voltage of 150 is to be maintained across
the 0D3. The characteristics shown in Fig. 310 indicate that the 0D3

200V
3zu] 3R
1 Fig. 311. Simple gas-diode regulator circuit. R is a
X\ 20 WA ropping resistor.

al\ B0V
12MA y

can regulate voltages within the range of 150-155, and that it can
carry between 5 and 45 ma. The tube requires 180 volts to get it
started.

Assuming that for best regulation 12 ma should flow through the
tube, Fig. 310 indicates that the voltage drop across the tube is 150.
With a 200-volt supply and a load of 20 ma, a dropping resistor is
needed to lower the voltage to 150. This resistance is computed to be

,ig?):. _105102 = .%g?z — 1,560 ohms which is shown as R in Fig. 8111,

For higher voltage regulation these tubes may be placed in series
(Fig. 812). If VI and V2 were each a 0D3, this arrangement would
provide regulation for 300 volts. In this case R is designed in the
same manner as with a single tube.

While gas-diode regulator tubes are suitable for use in circuits
where nominal load fluctuations occur, they are not designed to
handle wide variations of load such as might occur in on—off keying
of CW signals or where the load might vary as much as 100-200%,.

9
RS
9 300V

o Fig. 312. To provide regulation of higher voltages, gas
Vi tubes are sometimes placed in series.

For such special applications, a series-regulated type of circuit is
used. The load current is supplied directly from the cathode circuit of
a power amplifier tube. Fig. 313 illustrates a circuit which makes use
of this arrangement but which also includes gaseous diodes. This
circuit compensates for a change in load current plus any fluctuations
in the ac line voltage.

If the load decreases, the output voltage increases, making the grid

* A more detailed discussion of gas tubes is presented in Chapter 8.
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of V2 less negative, thus increasing its plate current. Increased cur-
rent flow through resistor R2 (which is large with respect to the plate
resistance of V2) increases the negative bias on V1. This produces an
vi
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Fig. 313. This regulator circuit also provides means to ac-
count for fluctuations in the ac line voltage.

increase in the plate—cathode voltage drop, reducing the output volt-
age. The desired output to be regulated is controlled by arriving at

HIGH-VOLTAGE
RECTIFER TUBE

TOPIX TUBE

Fig. 314. Typical fiyback high-voltage supply. This type of high-voltage
system 3 used in many TV sets.

the proper position on Rl. Voltagerrégulator tubes stabilize the
cathode potential of V2 so that potenfial variations between the grid
and cathode are dependent only upon changes in the output. A
change in input voltage produces the same effect because a variation
in the voltage drop across R4 and R5 also changes the current flow
through V2.

High-voltage power supplies
So far, discussions on power supplies have centered on the most
familiar types used in radio receivers or amplifiers where the maxi-



mum voltages required are several hundred volts. In TV sets, however,
potentials can reach 16,000 to 25,000 volts. Although the voltages
required to accelerate the electron beam in the picture tube are very
high, the load current is low and is measured in microamperes. The
power supplies previously discussed handle fairly large load currents
and are rather bulky. With low load currents, however, the high-volt-
age supply requires relatively small component parts of light weight.

The high-voltage supply does not use the 60cycle ac line as its
source. Instead, a relatively high frequency generated within the TV
set is used. This makes it easier to filter the rectified dc componont.

TV fiyback system

One of the many types of high-voltage power supplies used in TV
receivers is the transformer-coupled flyback system illustrated in Fig.
314. It uses the output of the horizontal oscillator of the receiver to
trigger high-voltage peaks which are then rectified.

Since the electron beam of the cathode-ray tube must scan the screen
fast enough to trace a picture, the scanning rate is high. Therefore,
these pulses which are used to move the beam across the tube are
repeated at a rapid rate—15,750 times per second. These rapid pulses
from the horizontal output tube (which amplifies the horizontal os-
cillator output after it has been shaped into the proper kind of saw-
tooth wave) are passed through windings B~C of the transformer to
the secondary and then to the deflection coils. During the horizontal
trace period a sawtooth current passes through the deflection coils
(this is the period between X and Y). This causes a magnetic field to
build up around them. During the retrace period the current drops
abruptly (Z), inducing a high-amplitude transient voltage in the coil.
This pulse is then “kicked” back into the secondary D-E. During this
retrace period the horizontal deflection coils are, in effect, acting as a
high-voltage generator. This high-amplitude pulse is stepped up
through the transformer, returning it to the primary where it appears
as a2 peak voltage, measuring thousands of volts, across the entire
primary A-C.

The pulse is applied to the high-voltage rectifier V1 which changes
the transient voltage into dc. The rectified pulses are fed through a
resistance—capacitance filter.

Even though the pulses occur at a fairly rapid rate, the transient
voltage itself is a sharp pulse of extremely short duration. Therefore,
the spacing between the pulses is relatively long and, to maintain a
constant dc output voltage, the charge on filter capacitor C2 must be
maintained during this interval. However, at a frequency of 15,750
cycles, capacitors on the order of 500 uuf are large enough.

Diode V2 connected across the deflection coils is known as the
damper tube and plays an important role in the high-voltage system.
In Fig. 314, while the horizontal output tube is cut off during the
retrace period Y-Z, the sudden collapse of the field about the deflec-
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tion coils causes the secondary of the transformer to oscillate at the
resonant frequency of the circuit formed by the inductance and dis-
tributed capacitance of the winding. The first half-cycle of the pulse
constitutes the retrace period Y-Z. The next half-cycle of oscillation is

FLYBACK TRANS  HV RECT

HYOUTRAUT

Y10 eixTuee

Fig. 315. The autotransformer
high-voltage o?::m is also used
in many m TV receivers.

8+

positive and, if the damper tube were not present to short this pulse, a
series of transient oscillations would occur, carrying over into the trace
period and causing a distorted picture. By preventing the develop-
ment of the first positive halfcycle, the damper tube prevents the
formation of succeeding cycles.

While not shown in Fig. 314, many receivers use the energy diverted
through the damper tube to reinforce the high-voltage pulse to the
picture tube. Several methods are used to obtain this boost voltage. In
some cases the voltage developed across a cathode resistor and capaci-
tor in the damper is added to the plate circuit of the horizontal driver
between the lower portion of the transformer primary and B plus. In
other systems a capacitor bridged from the cathode of the damper to
the low-voltage power supply stores energy during the retrace period
when the damper tube conducts and releases it to the driver during
the trace period, boosting its output.

Autotransformer high-voitage system

Because of its simplicity and economy the autotransformer type of
high-voltage supply is popular. The basic action of the circuit is simi-
lar to the flyback system except that the use of the autotransformer
permits connecting the damper tube effectively in series with the trans-
former winding to obtain additional high voltage. The plate of the
damper tube in this type of circuit (Fig. 315) is connected to the low-
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voltage power supply. In this manner the supply voltage is added to
the boost voltage obtained from the damper tube.

a
”

\L

HORIZONTAL
QUTPUT
TRANSFORMNER

Fig. 316. V4 is the voltage regulator in this simplified system.

In color TV, changes in picture content vary the current drain from
the high-voltage source. Any change in output voltage from the recti-
fier varies the brightness of the entire picture as well as the focus and
overall size. Therefore, some measure of regulation is necessary. One
method which uses a gaseous regulator is similar to the voltage
regulators described earlier. Fig. 316 shows a typical high-voltage
power supply in which such regulation is used.

The regulator tube V4 is a metallic cylinder filled with hydrogen.
It acts like the gas tubes described earlier but a much higher voltage
is needed to fire the tube. Once fired, it is sustained at the voltage
to be regulated. In this circuit, as the voltage output from V3 attempts
to rise, the current drain through V4 increases. The increase in the
total current from the high-voltage rectifier tube (load plus V4)
increases the voltage drop through the regulator so that the voltage
at the output remains constant.

Another type of regulator is shown in Fig. 317 in which a triode
(V4) is used for regulation. The triode is bridged across the 25-kv
high-voltage output while the cathode is connected to a 200-volt point
on the low-voltage power source. Since the grid receives its input from
a resistance network in the rectifier circuit, its voltage is sensitive to
any variation in output voltage. Thus, if the high-voltage rises due to
less current drain from the picture tube, this increase appears as an
increase in positive polarity at the grid, increasing the current drawn
by V4. This offsets the loss at the picture tube, maintaining a constant
load and therefore constant voltage. If the current drawn by the
picture tube increases, the reverse occurs.

Vibrator power supplies
Thus far all of the power supplies discussed utilize a commercial
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or self-generated source of ac, which is rectified and filtered. The
familiar full- and half-wave rectifier tubes are often used in conjunction
with a vibrator. When the source of power is a relatively low value

L == ¥

Fig. 318, Typical vibrator T. f 3
power supply. ON-OFF of SW =

c
"L VIBRATOR POWER SUPPLY
of dc, something must be done to raise the voltage before it can be
used. A transformer will not do this job. An electromechanical device,
the vibrator, is often used for this purpose.

Fig. 318 shows a simple vibrator circuit. When the switch is closed,
the electron flow is through half of the transformer winding 2-3, then
through coil L and switch SW back to the battery. Current through
the relay coil closes contact A, which shorts the relay, causing it to
release. The sudden release of the armature makes it kick over to
contact B, routing the current through the other half of the trans-
former winding 1-8. This current changes the polarity of the
transformer winding. The cycle then begins over again and will
continue as long as the switch is closed. The armature moves from
contact A to contact B several times a second and the alternating
voltage produced is stepped up by the transformer and applied to a
full-wave rectifier.

The output of the vibrator is not a sine wave but a series of sharp
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peaked waves whose magnitude depends upon the inductance of the
choke L and the stepup ratio of the transformer. A good filtering job
must be done to minimize the ripple voltage. Generally a two-section
filter is used.

Constant making and breaking of the vibrator contacts causes a
certain amount of arcing to occur and is a source of rf interference.
Choke L and capacitor C are arranged to eliminate the interference
partially. Connecting capacitor C between the armature of the relay
and the center tap of the transformer primary allows it to bypass rf
generated at either contact. The choke offers a high impedance to
the flow of rf beyond the capacitor. Another coil and capacitor across
the secondary (not shown) complete the rf filtering.

Diode detectors

In addition to the diode’s function as a power supply rectifier in
radio and TV receivers, it is used to separate the basic intelligence
radiated from the transmitter to the receiver.

AM detection

An amplitude-modulated carrier is shaped as shown in Fig. 319. The
process of modulation at the transmitter is such that the audio signal
is imposed upon the carrier so that the amplitude variations of the
carrier occur at a rate directly proportional to the frequency of the
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Fig. 319. Typical unmodulated and amplitude-modu-
lated carrier waves.

audio variations. The magnitude of the carrier peaks is directly related
to the amplitude of the audio. The relationship between the audio
power and the power of the carrier is called the modulation percentage.

In practice, the modulated carrier wave is irregular in shape because
the audio signal is made up of frequency components comprising a
range of well over 5,000 cycles. Diode function, however, is the same
whether the audio is a complex wave or a single-frequency wave of
constant amplitude. For the purpose of this discussion, the modulated
carrier arriving at the input to the diode is assumed to resemble the
wave shown in Fig. 319.

The application of an amplitude-modulated signal to a diode
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circuit results in rectification, one half of the carrier being cut off.
The variations and amplitude of the remaining half-wave pulses form
an envelope pattern which is, in fact, the audio signal itself. In Fig.
320 the input signal produces half-wave current pulses through the
load resistor Ryp. If capacitor C were not in the circuit, the voltage
pattern would look exactly like the waveshape of the current pulse at
A. However, with C in the circuit, filtering action takes place and the
voltage pattern across Ry, closely resembles the audio signal at B. The
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result is not a pure audio signal because small carrier ripples are still
present in the wave. This additional carrier is filtered or bypassed
prior to audio amplification.

The ideal detector reproduces the exact intelligence applied at the
transmitter. Failure to do so causes distortion; the audio output
contains new frequencies not in the original signal. Therefore, selec-
tion of the proper diode load resistor and capacitor is most important.

DIAGONAL CLIPPING OF PEAKS

Fig. 321. If the filter time constant
is too long, severe distortion results
from clipping.

The R-C portion of the detector circuit has two closely related
functions. The relative values of resistance and reactance affect the
discharge time of the capacitor, hence the degree of distortion.
Considering first the relationship between Ry, and C, the voltage across
C can die away only as fast as the charge can leak through R;. If R,
and C are made large in value so that the capacitor discharge time is
long, (to flatten rf ripples in the audio signal) there is severe distortion.
(Fig. 321). (The discharge time is so long that it carries over the
trough of the audio signal, actually “clipping” the peaks of the audio.)

The value of R, compared to the plate resistance of the diode
determines the detection efficiency, which must be high to hold distor-
tion to a minimum. For high plate efficiency, R, must be large in
respect to the diode plate resistance. With a high load resistance the
power absorbed in the tube is a smaller part of the energy in the input
signal. With Ry, at least 20 times r;, the diode efficiency is 809. If R,
is increased to as much as 100 times the plate resistance, the efficiency
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will rise to about 959,. Capacitor C must be as small as possible to
offer a high reactance to the highest audio frequency. It should bypass
the carrier only and not the audio. As small as it is, however, its
capacitance must be about 10 times the diode plate-tocathode capaci-
tance so that most of the reactive drop will be across the tube, leaving
only a small part to appear across C. This puts the value in the order
of 50 1o 150 puf.

R, should have a resistance of about three times the reactance of C
at the highest audio frequency to be handled. For example, suppose

DC VOLTS

Fig. 322. Typical diode characteristics with
various values of load resistances.

the circuit of Fig. 320 used one half of a duo-diode. The tube manual
would show diode characteristics for different values of load resistance
with various input signals. Fig. 322 is typical. With a 100,000-ohm load
resistance, an input signal of 15 volts rms would deliver about 180
microamperes, producing 18 volts across Ry. With 1009, modulation,
the maximum input voltage is 2 X 15, or 30 volts rms, equivalent to
an output voltage of 36. Since the minimum voltage is zero, the dc
potential varies from 36 volts to zero, for an average of 18. The voltage
variation across Ry, is 418, proving that the diode is linear.

When the diode is put to work (when its output supplies the first
audio amplifier), the grid circuit of the audio stage “loads down” the
detector. If the grid resistor of the audio amplifier were 100,000 ohms,
the net diode load would become 50,000 ohms. If a new load line were
drawn (shown dashed) through the operating point, the dc voltage
would vary from 34 maximum to about 9 minimum. This indicates
that, where the minimum value should be zero. it actually goes no
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lower than 9 volts, giving considerable distortion. Because of this
biasing effect, the minimum is reached at about 5 volts rms. So the
troughs between 0 and 5 do not get reproduced at all, being com-
pletely flattened.

Simple avc

The diode detector circuit permits the addition of simple ave
(automatic volume control) compensating for wide differences in
carrier signal strength by changing the bias of the rf or if amplifier
tubes (or both) in the radio receiver circuit.

Tube amplification is the ratio of a change of plate voltage for a
given change in grid voltage. With changes, we are really dealing in
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Fig. 323. Simple automatic-volume-control circuit and as-
sociated waveforms.

curve slopes, and the slope of a tube characteristic determines its
constants. Considering tube transfer characteristics, the curves bend
when approaching cutoff even though they are relatively straight up
to and perhaps slightly beyond the zero bias point. A change in tube
bias will shift the operating point along the transfer characteristic.
This shift could be large enough to reach the point where the curve
slopes, and hence the amplification changes. The application of a
varying bias (such as avc voltage) will vary the gain.

In Fig. 323, a diode detector is arranged for avc operation. The input
to the diode is from the if stage of the radio receiver. The load
resistor is a volume control potentiometer. The output wave contains
the audio signal with a carrier ripple. However, because the current
pulses are unidirectional, the output is not a true ac wave but varying
dc with an ac component superimposed upon it. By putting capacitor
C2 in the potentiometer output circuit, the dc is blocked and ac only
is applied to the grid of the audio amplifier. In fact, C2 acts like a
coupling capacitor in a resistancecoupled amplifier circuit. The
voltage applied to the audio stage can be varied by R1. Turned all
the way to point A, the input is maximum. Turned to B, minimum
output is obtained.

The dc component is not constant but varies in proportion to the
rectified signal, as shown at C. Since this voltage is to be used as a
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bias voltage it must be a constant average of the total variation. R2
and C3 take care of this part of the job. Their time constant is such
that the wave is smoothed out as shown at D, supplying a constant
bias voltage.

The dc component is really the amplitude of the carrier signal itself.
With a strong signal, the entire modulated wave is larger and the dc
component is greater. Since the dc component varies directly with the
strength of the carrier signal, the negative bias applied to the amplifier
stages varies. Because a strong signal produces a large negative bias,
it reduces the amplification of the if and rf stages to which the bias is
applied. With weak carrier signals, the reverse is true; the output
volume of the receiver is controlled automatically by the carrier signal
itself. In some cases, particularly in shortwave reception where a high
degree of rapid fading is common, it is desirable to design the avc
circuit to follow signal variations closely. For example, if the R2-C3
time constant is too long, a strong signal burst will charge the capacitor
to a relatively high value, which will remain high when the signal
fades to a lower signal strength. On the other hand, too short 2 time
constant would not provide enough smoothing effect and the avc will
“follow™ low audio frequencies, causing a bass loss.

With the avc circuit just discussed, some value of bias is always
applied to the amplifier tubes. This may be a disadvantage when the
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Fig. 824. Delayed automatic-volume-control circuit.

radio receiver is tuned to a weak signal. If the bias could be removed
entirely for weak signals, maximum amplification would be obtained.
This can be achieved if the avc circuit is arranged to supply a negative
bias only when the incoming signal reaches a certain level. In other
words, the avc can be delayed.

Delayed avc

In Fig. 324, the negative bias generated in the avc circuit must first
overcome a fixed positive potential. The tube used in the circuit is a
duo-diode-triode, with plate 1 acting as the diode detector and plate
2 wired to produce the delay feature. The triode section utilizing
plate 3 acts as the first audio amplifier. The diode detector load
resistance R1 and capacitor Cl are the same as in the simple avc
circuit. However, the cathode is not grounded directly but is connected
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to ground through a bias resistor Ry with a bypass capacitor, Cy.
Diode plate 2 supplies the avc voltage which is developed across R3.
With no carrier, the cathode is above ground by the amount of voltage
drop (about 3 volts) through Ry (due to plate current flow in the
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Fig. 325. Comparison of amplitude.-modulated and frequency-
modulated waves.
triode section of the tube), and diode plate 2 is negative with respect
to the cathode by this same amount. This condition exists as long as
there is no current flowing through R3.

When a carrier signal is applied to the diode, plate 1 functions as a
diode detector supplying the audio signal to the triode section via C3.
The voltage appearing at plate 1 is applied to plate 2 by coupling
capacitor C2, but no current flows from the cathode to plate 2 because it
is negative with respect to the cathode. Until the voltage is high enough
to overcome the negative bias produced by Rg no voltage will appear
across R3. When plate 2 reaches that point, the complete circuit will
consist of a rectified flow of .current from cathode to plate 2 through
R3 and Ry back to the cathode. The rectified voltage will appear
across R3, making point X negative with respect to ground. R2 and
CA4 take care of the filtering as with simple avc. Thus, avc is not
applied for weak signals and comes into play only when the signal is
large enough to overcome the preset fixed bias.

Diodes as FM detectors

The diode has an important job to do in the FM receiver also. It is
used in two types of circuits which perform the same function—the
discriminator and the ratio detector.

The waveshape or characteristic of the frequency-modulated wave
can be understood by comparison with the AM-modulated carrier.
With the AM wave, the amplitude is varied in accordance with the
modulating audio signal. The amount of amplitude change is deter-
mined by the loudness or power of the audio wave. The frequency of
amplitude fluctuation corresponds with the modulating audio fre-
quency. By direct analogy, the frequency of the FM carrier is varied
at a rate determined by the frequency of the audio signal while the
amount of frequency change or frequency deviation from normal is
directly related to the strength or power in the audio signal. Fig. 825
illustrates these types of modulated carriers.
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Discriminator

The problem of demodulation that must be solved in the FM re-
ceiver is the conversion of frequency variation into voltage variation.
To accomplish this task, straight rectification, such as is done with the
diode detector, is not the answer. The FM wave has no amplitude
variation, hence rectification cannot separate the audio from the carrier.

In searching for a circuit to do the job, consider the ordinary
resonant or tuned circuit. Such a curve with its sloping sides on either
side of the resonant frequency offers a range of operation over which
frequency changes result in current or voltage changes. However, the
discriminator uses a different method and performs these functions
with excellent results.

In Fig. 326, the frequency-modulated carrier from the limiter is
applied to a duo-diode through a set of resonant circuits tuned to the
if center frequency. This combination of coupled resonant circuits and
duo-diode with resistance and capacitance load is known as a dis
criminator.

To analyze properly the function of the discriminator, consider first
the effect of the induced voltage in the secondary of the transformer,
neglecting for the moment the voltage applied directly through CS8.
The output of the limiter is coupled to the secondary of the tuned
transformer which is directly connected to the plates of both diodes.
Voltages applied by the secondary to each diode are therefore 180° out
of phase with each other at all times. Because point M is the electrical
center of the secondary coil, the voltages applied to each plate are
equal as well as 180° out of phase and are represented as e; and e,.
Without any connection through C5 to the transformer secondary each
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Fig. 326. The discriminator is often used as an FM
detector.

of these voltages would act on their respective diodes, causing current
pulses to flow alternately through each diode as its plate becomes
positive. With identical diodes, the voltage developed across equal
resistors R1 and R2 would be equal and of the same polarity. Even
though these current pulses are 180° out of phase, capacitors C3 and
C4 hold the charge so that, under the condition just described, point
X and ground are at the same potential—there is no voltage from X
to ground.
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In this process, current pulses flow through L3 during each cycle
because the circuit is common to both diode plates.

The foregoing discussion indicates that the discriminator output
voltage is zero (point X to ground) as long as the voltages applied to
each diode plate are equal. This is true regardless of the phase rela-
tionship between the voltages because output capacitors C3 and C4
tend to hold the voltage output of each tube section constant.
However, a third voltage e; applied directly to the transformer
secondary, must be taken into account. This voltage adds vectorially
to the induced voltage in the secondary so that the actual voltage
applied to each plate is the vector sum of two voltages. The questions
to be answered then are, what is the phase relationship of e, with e,
and ez, and how does it combine with each to give the desired results?

INDUCED
VOLTAGE

Fig. 327, Phase relationships within the discriminator
circuit: a) volte:fe relationships; b) resulls of voltage
and current vector addition.

There is no question regarding the phase relationship between e,
and e, Since they are each on opposite ends of the transformer
secondary, they are always 180° out of phase with each other. Voltage
ey, however, is of the same polarity as the primary and, as shown in
Fig. 327-a, is 90° out of phase with both e, and e,. This 90° relation-
ship may be readily understood when we remember that the trans-
former secondary is coupled to the primary by a mutual inductance.

The secondary is a series resonant circuit as far as the induced
voltage is concerned. At resonance, secondary current is in phase with
the induced voltage. However, because of its reactance the voltage
across the capacitor (Cb) lags the secondary current by 90°. Since the
primary current lags the primary voltage by 90° (because of the
inductive reactance of the coil) the induced voltage in the secondary
must lag the primary current by 90°. The primary and secondary
currents are therefore 90° out of phase. Since the voltages in each
winding are each 90° out of phase with their respective currents, they
are in turn 90° out of phase with each other. The primary voltage e,
is 90° out of phase with both e; and e; (Fig. 327-b). The voltages
applied to the diodes are the vector sums e, and e, of Fig. 327-a.

When the carrier is modulated, its frequency shifts above and below
the center frequency. When it shifts upward, the reactance of the
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capacitor decreases and that of the coil increases. Since the inductive
reactance predominates, the secondary circuit is inductive and the
secondary current lags the induced voltage by some angle (Fig. 327-b).
Since the induced voltage always lags the primary current by 90°, the
secondary current lags the primary by 90° plus some angle. Secohdary
voltages are 90° out of phase with the secondary current and are
therefore no longer 90° out of phase with the primary voltage for e,.

Fig. 328. The phase shifts which occur in the discriminator result

in audio waves at its output: a) the positive half of a sine wave in

vector form; b) the negative half of the same wave; c) this vector

diagram represents the positive half of a wave of greater amplitude

than that shown in a; d) the negative portion of a wave of equal
amplitude.

The phase shift of e, and e; with respect to e, is indicated in Fig. 327-b.
The vector sums of e,—ey and e,—e, are no longer equal and the
resultant voltages e, and e, are different—e, being greater than e,.