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THIS MANUAL, like its preceding editions, has
been prepared to assist those who work or experiment
with home-entértainment-type electron tubes and cir-
cuits. It will be found valuable by engineers, service
technicians, educators, experimenters, radio amateurs,

hobbyists, students, and many others technically inter-
ested in electron tubes.

The material in this edition has been augmented

and revised to include the recent technological advances
in the electronics field. Many tube types widely used in
the design-of new electronic equipment only a few years
ago are now chiefly of interest for renewal purposes.
Consequently, in the Tube Types Section, information
on many older types is limited to basic essential data;
information on newer and more important types is given
in greater detail.

RADIO CORPORATION OF AMERICA
ELECTRONIC COMPONENTS AND DEVICES Harrison, N. J,
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Electrons, Electrodes
and Electron Tubes

THE electron tube is a marvelous
device. It makes possible the per-

forming of operations, amazing in con-
ception, with a precision and a certainty
that are astounding. It is an exceedingly
sensitive and accurate instrument—the
product of coordinated efforts of engi-
neers and craftsmen. Its construction
requires materials from every corner
of the earth. Its use is world-wide. Its
future possibilities, even in the light of
present-day accomplishments, are but
dimly foreseen, for each development
opens new fields of design and appli-
cation.

The importance of the electron
tube lies in its ability to control almost
instantly the flight of the millions of
electrons supplied by the cathode. It
accomplishes this control with a mini-
mum of energy. Because it is almost
instantaneous in its action, the electron
tube can operate efficiently and accu-
rately at electrical frequencies much
higher than those attainable with rotat-
ing machines.

Electrons

All matter exists in the solid,
liquid, or gaseous state. These three
forms consist entirely of minute divi-
sions known as molecules, which, in
turn, are composed of atoms. Atoms
have a nucleus which is a positive
charge of electricity, around which re-
volve tiny charges of negative electricity
known as electrons. Scientists have es-
timated that electrons weigh only 1/30-
billion, billion, billion, billionths of an
ounce, and that they may travel at
speeds of thousands of miles per second.

Electron movement may be accele-
rated by the addition of energy. Heat is

one form of energy which can be con-
veniently used to speed up the electron.
For example, if the temperature of a
metal is gradually raised, the electrons
in the metal gain velocity. When the
metal becomes hot enough, some elec-
trons may acquire sufficient speed to
break away from the surface of the
metal. This action, which is accelerated
when the metal is heated in a vacuum,
is utilized in most electron tubes to
produce the necessary electron supply.

An electron tube consists of a
cathode, which supplies electrons, and
one or more additional electrodes,
which control and collect these elec-
trons, mounted in an evacuated en-
velope. The envelope may be made of
glass, metal, ceramic, or a combination
of these materials.

Cathodes

A cathode is an essential part of an
electron tube because it supplies the
electrons necessary for tube operation.
When energy in some form is applied
to the cathode, electrons are released.
Heat is the form of energy generally
used. The method of heating the cath-
ode may be used to distinguish between
the different forms of cathodes. For ex-
ample, a directly heated cathode, or
filament-cathode, is a wire heated by
the passage of an electric current. An
indirectly heated cathode, or heater-
cathode, consists of a filament, or
heater, enclosed in a metal sleeve. The
sleeve carries the electron-emitting ma-
terial on its outside surface and is
heated by radiation and conduction
from the heater.

A filament, or directly heated cath-
ode, such as that shown in Fig. 1 may
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be further classified by identifying the
filament or electron-emitting material.
The materials in regular use are tung-
sten, thoriated tungsten, and metals
which have been coated with alkaline-
earth oxides. Tungsten filaments are
made from the pure metal. Because
they must operate at high temperatures
(a dazzling white) to emit sufficient
electrons, a relatively large amount of
filament power is required.

Thoriated-tungsten filaments are
made from tungsten impregnated with
thorium oxide. Due to the presence of
thorium, these filaments liberate elec-
trons at a more moderate temperature
of about 1700°C (a bright yellow) and
are, therefore, much more economical
of filament power than are pure tung-
sten filaments.

Alkaline earths are usually applied
as a coating on a nickel-alloy wire or
ribbon. This coating, which is dried in
a relatively thick layer on the filament,
requires only a relatively low tempera-
ture of about 700-750°C (a dull red)
to produce a copious supply of elec-
trons. Coated filaments operate very
efficiently and require relatively little
filament power. However, each of these
cathode materials has special advan-
tages which determine the choice for a
particular application.

Directly heated filament-cathodes
require comparatively little heating
power. They are used in tube types de-
signed for battery operation because it
is, of course, desirable to impose as
small a drain as possible on the bat-
teries. They are also used in rectifiers
such as the 1G3GT/1B3GT and the
SY3GT.

An indirectly heated cathode, or
heater-cathode, consists of a thin metal
sleeve coated with electron-emitting ma-
terial such as alkaline-earth oxides. The
emissive surface of the cathode is main-
tained at the required temperature
(approximately 1050°K) by resistance-
heating of a tungsten or tungsten-alloy
wire which is placed inside the cath-
ode sleeve and electrically insulated
from it, as shown in Fig. 2. The heater
is used only for the purpose of heat-
ing the cathode sleeve and sleeve coat-
ing to an electron-emitting temperature.
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Useful emission does not take place
from the heater wire.

A new dark heater insulating coat-
ing developed by RCA has better heat
transfer than earlier aluminum-oxide
coatings, and makes it possible to oper-
ate heaters at lower temperatures for
given power inputs. Because the tensile
strength of the heater wire increases
at the lower operating temperatures,
tubes using dark heaters have increased
reliability, stability, and life.

FILAMENT

Fig.2—Indirectly
heated cathode or

heater-cathode.

Fig. 1—Filament
or directly heated

cathode.

The heater-cathode construction is
well adapted for use in electron tubes
intended for operation from ac power
lines and from storage batteries. The
use of separate parts for emitter and
heater functions, the electrical insula-
tion of the heater from the emitter,
and the shielding effect of the sleeve
may all be utilized in the design of the
tube to minimize the introduction of
hum from the ac heater supply and to
minimize electrical interference which
might enter the tube circuit through the
heater-supply line. From the viewpoint
of circuit design, the heater-cathode
construction offers advantages in con-
nection flexibility because of the elec-
trical separation of the heater from the
cathode.

Another advantage of the heater-
cathode construction is that it makes
practical the design of a rectifier tube
having close spacing between its cath-
ode and plate, and of an amplifier tube
having close spacing between its cath-
ode and grid. In a close-spaced rectifier
tube, the voltage drop in the tube is
low, and, therefore, the regulation is
improved. In an amplifier tube, the
close spacing increases the gain obtain-
able from the tube. Because of the
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advantages of the heater-cathode con-
struction, almost all present-day receiv-
ing tubes designed for ac operation
have heater-cathodes.

Generic Tube Types

Electrons are of no value in an
electron tube unless they can be put to
work. Therefore, a tube is designed
with the parts necessary to utilize elec-
trons as well as those required to pro-
duce them. These parts consist of a
cathode and one or more supplemen-
tary electrodes. The electrodes are en-
closed in an evacuated envelope having
the necessary connections brought out
through air-tight seals. The air is re-
moved from the envelope to allow free
movement of the electrons and to pre-
vent injury to the emitting surface of
the cathode.

When the cathode is heated, elec-
trons leave the cathode surface and
form an invisible cloud in the space
around it. Any positive electric poten-
tial within the evacuated envelope of-
fers a strong attraction to the electrons
(unlike electric charges attract; like
charges repel). Such a positive electric
potential can be supplied by an anode
(positive electrode) located within the
tube in proximity to the cathode.

Diodes

The simplest form of electron tube
contains two electrodes, a cathode and
an anode (plate), and is often called a
diode, the family name for a two-elec-
trode tube. In a diode, the positive
potential is supplied by a suitable elec-
trical source connected between the
plate terminal and a cathode terminal,
as shown in Fig. 3. Under the influence
of the positive plate potential, electrons

ELECTRON
FLOW

Fig, 3—Basic diode circuit.

flow from the cathode to the plate and
return through the external plate-bat-
tery circuit to the cathode, thus com-
pleting the circuit. This flow of electrons
is known as the plate current.

If a negative potential is applied to
the plate, the free electrons in the space
surrounding the cathode will be forced
back to the cathode and no plate cur-
rent will flow. If an alternating voltage
is applied to the plate, the plate is al-
ternately made positive and negative.
Because plate current flows only during
the time when the plate is positive, cur-
rent flows through the tube in only one
direction and is said to be rectified.
Fig. 4 shows the rectified output current
produced by an alternating input volt-
age.

g[y RECTIFIED
X/ OUTPUT CURRENTY
s LA AL i h

PLATE VOLTS

ALTERNATING
| VOLTAGE INPUT[\
 [\
 /\

 PLATE 
CURRENT

Fig. 4—Current characteristics of rectifier
circuit.

Diode rectifiers are used in ac re-
ceivers to convert the ac supply voltage
to dc voltage for the electrodes of the
other tubes in the receiver. Rectifier
tubes having only one plate and one
cathode, such as the 35W4, are called
half-wave rectifiers, because current
can flow only during one-half of the
alternating-current cycle. When two
plates and one or more cathodes are
used in the same tube, current may be
obtained on both halves of the ac cycle.
The 6X4, 5Y3GT, and 5U4GB are ex-
amples of this type and are called
full-wave rectifiers.

Not all of the electrons emitted by
the cathode reach the plate. Some re-
turn to the cathode, while others re-
main in the space between the cathode
and plate for a brief period to produce
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an effect known as space charge. This
charge has a repelling action on other
electrons which leave the cathode sur-
face and impedes their passage to the
plate. The extent of this action and the
amount of space charge depend on the
cathode temperature, the distance be-
tween the cathode and the plate, and
the plate potential. The higher the plate
potential, the less is the tendency for
electrons to remain in the space-charge
region and repel other electrons. This
effect may be noted by applying increas-
ingly higher plate voltages to a tube
operating at a fixed heater or filament
voltage. Under these conditions, the
maximum number of available electrons
is fixed, but increasingly higher plate
voltages will succeed in attracting a
greater proportion of the free electrons.

Beyond a certain plate voltage,
however, additional plate voltage has
little effect in increasing the plate cur-
rent because all of the electrons emitted
by the cathode are already being drawn
to the plate. This maximum current,
illustrated in Fig. 5, is called saturation
current. Because it is an indication of
the total number of electrons emitted,
it is also known as emission current or
simply emission.

g L1e T Saturation Pointd,
S [
ds /
w Q.¢ /
]

R
Zax

O PLATE VOLTAGE —»
Fig. 5—Current characteristic of diode

tube.

Although tubes are sometimes
tested by measurement of their emission
current, it is generally not advisable to
measure the full value of emission be-
cause this value would be sufficiently
large to cause change in the tube char-
acteristics or even to damage the tube.
Consequently, while the test value of
emission current is somewhat larger
than the maximum current which will
be required from the cathode in the
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use of the tube, it is ordinarily less
than the full emission current. The
emission test, therefore, is used to in-
dicate whether the cathode can supply
a sufficient number of electrons for
satisfactory operation of the tube.

If space charge were not present to
repel electrons coming from the cath-
ode, the same plate current could be
produced at a lower plate voltage. One
way to make the effect of space charge
small is to make the distance between
plate and cathode small. This method
is used in rectifier types having heater-
cathodes, such as the SV4GA and the
6AXSGT. In these types the radial dis-
tance between cathode and plate is only
about two hundredths of an inch.

Another method of reducing space-
charge effect is utilized in mercury-
vapor rectifier tubes. When such tubes
are operated, a small amount of mer-
cury contained in the tube is partially
vaporized, filling the space inside the
bulb with mercury atoms. These atoms
are bombarded by electrons on their
way to the plate. If the electrons are
moving at a sufficiently high speed, the
collisions tear off electrons from the
mercury atoms. The mercury atom is
then said to be “ionized,” i.e., it has lost
one or more electrons and, therefore,
has a positive charge. Ionization is evi-
denced by a bluish-green glow between
the cathode and plate. When ionization
occurs, the space charge is neutralized
by the positive mercury atoms so that
increased numbers of electrons are
made available. Mercury-vapor tubes
are used primarily for power rectifiers.

Ionic-heated-cathode rectifiers de-
pend on gas ionization for their opera-
tion. These tubes are of the full-wave
design and contain two anodes and a
coated cathode sealed in a bulb con-
taining a reduced pressure of inert gas.
The cathode becomes hot during tube
operation, but the heating effect is
caused by bombardment of the cath-
ode by ions within the tube rather than
by heater or filament current from an
external source.

The internal structure of an ionic-
heated-cathode tube is designed so that
when sufficient voltage is applied to the
tube, ionization of the gas occurs be-
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tween the anode which is instan-
taneously positive and the cathode.
Under normal operating voltages, ioni-
zation does not take place between the
anode that is negative and the cathode,
so that the requirements for rectifica-
tion are satisfied. The initial small flow
of current through the tube is sufficient
to raise the cathode temperature quickly
to incandescence, whereupon the cath-
ode emits electrons. The voltage drop
in such tubes is slightly higher than
that of the usual hot-cathode gas rec-
tifiers because energy is taken from the
jonization discharge to keep the cath-
ode at operating temperature. Proper
operation of these rectifiers requires a
minimum flow of load current at all
times to maintain the cathode at the
temperature required to supply sufficient
emission.

Triodes

When a third electrode, called the
grid, is placed between the cathode and
plate, the tube is known as a triode, the
family name for a three-electrode tube.
The grid usually consists of relatively
fine wire wound on two support rods
(siderods) and extending the length of
the cathode. The spacing between turns
of wire is large compared with the size
of the wire so that the passage of elec-
trons from cathode to plate is prac-
tically unobstructed by the grid. In
some types, a frame grid is used. The
frame consists of two siderods supported
by four metal straps. Extremely fine
lateral wire (diameter of 0.5 mil or less)
is wound under tension around the
frame. This type of grid permits the
use of closer spacings between grid
wires and between tube electrodes, and
thus improves tube performance.

The purpose of the grid is to con-
trol the flow of plate current. When a
tube is used as an amplifier, a negative
dc voltage is usually applied to the
grid. Under this conditon the grid does
not draw appreciable current.

The number of electrons attracted
to the plate depends on the combined
effect of the grid and plate polarities, as
shown in Fig. 6. When the plate is posi-
tive, as is normal, and the dc grid volt-

age is made more and more negative,
the plate is less able to attract electrons
to it and plate current decreases. When
the grid is made less and less negative
(more and more positive), the plate
more readily attracts electrons to it and
plate current increases. Hence, when
the voltage on the grid is varied in ac-
cordance with a signal, the plate cur-
rent varies with the signal. Because a
small voltage applied to the grid can
control a comparatively large amount
of plate current, the signal is ampli-
fied by the tube. Typical three-electrode
tube types are the 6C4 and 6AF4A.

HEATER

Fig. 6—Basic triode circuil.

ELECTRON
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The grid, plate, and cathode of a
triode form an electrostatic system, each
electrode acting as one plate of a small
capacitor. The capacitances are those
existing between grid and plate, plate
and cathode, and grid and cathode.
These capacitances are known as inter-
electrode capacitances. Generally, the
capacitance between grid and plate is
of the most importance. In high-gain
radio-frequency amplifier circuits, this
capacitance may act to produce unde-
sired coupling between the input circuit,
the circuit between grid and cathode,
and the output circuit, the circuit be-
tween plate and cathode. This coupling
is undesirable in an amplifier because
it may cause instability and unsatisfac-
tory performance.

Tetrodes

The capacitance between grid and
plate can be made small by mounting
an additional electrode, called the
screen grid (grid No. 2), in the tube.
With the addition of the grid No. 2,
the tube has four electrodes and is, ac-
cordingly, called a tetrode. The screen
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grid or grid No. 2 is mounted between
the grid No. 1 (control grid) and the
plate, as shown in Fig. 7, and acts as
an electrostatic shield between them,
thus reducing the grid-to-plate capaci-
tance. The effectiveness of this shield-
ing action is increased by a bypass

ELECTRON
FLOW

&)
PLATE

CURRENT
GRID

>

OUTPUT%
INPUT p:

< sY

A==k
Fig. 7—Basic tetrode circuit.

capacitor connected between screen grid
and cathode. By means of the screen
grid and this bypass capacitor, the grid-
plate capacitance of a tetrode is made
very small. In practice, the grid-plate
capacitance is reduced from several
picofarads (pf) for a triode to 0.01 pf
or less for a screen-grid tube.

The screen grid has another desir-
able effect in that it makes plate current
practically independent of plate voltage
over a certain range. The screen grid is
operated at a positive voltage and,
therefore, attracts electrons from the
cathode. However, because of the com-
paratively large space between wires of
the screen grid, most of the electrons
drawn to the screen grid pass through
it to the plate. Hence the screen grid
supplies an electrostatic force pulling
electrons from the cathode to the plate.
At the same time the screen grid shields
the electrons between cathode and
screen grid from the plate so that the
plate exerts very little -electrostatic
force on electrons near the cathode.

So long as the plate voltage is
higher than the screen-grid voltage,
plate current in a screen-grid tube de-
pends to a great degree on the screen-
grid voltage and very little on the plate
voltage. The fact that plate current in
a screen-grid tube is largely independ-
ent of plate voltage makes it possible
to obtain much higher amplification
with a tetrode than with a triode. The
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low grid-plate capacitance makes it
possible to obtain this high amplifica-
tion without plate-to-grid feedback and
resultant instability. In receiving-tube
applications, the tetrode has been re-
placed to a considerable degree by the
pentode.

Pentodes
In all electron tubes, electrons

striking the plate may, if moving at suf-
ficient speed, dislodge other electrons.
In two- and three-electrode types, these
dislodged electrons usually do not cause
trouble because no positive electrode
other than the plate itself is present to
attract them. These electrons, therefore,
are drawn back to the plate. Emission
caused by bombardment of an electrode
by electrons from the cathode is called
secondary emission because the effect is
secondary to the original cathode emis-
sion.

In the case of screen-grid tubes, the
proximity of the positive screen grid to
the plate offers a strong attraction to
these secondary electrons, and particu-
larly so if the plate voltage swings lower
than the screen-grid voltage. This effect
reduces the plate current and limits the
useful plate-voltage swing for tetrodes.

The effects of secondary emission
are minimized when a fifth electrode is
placed within the tube between the
screen grid and plate. This fifth elec-
trode is known as the suppressor grid
(grid No. 3) and is usually connected
to the cathode, as shown in Fig. 8. Be-
cause of its negative potential with
respect to the plate, the suppressor grid
retards the flight of secondary electrons
and diverts them back to the plate.

ELECTRON
FLOW

PLATE PLATE
SUPPRESSOR SCREEN CURRENTORID - ] GRID

OUTPUT

INPUT

[ —
Fig. 8—Basic pentode circuit,
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The family name for a five-elec-
trode tube is “pentode.” In power-out-
put pentodes, the suppressor grid makes
possible higher power output with lower
grid-driving voltage; in radio-frequency
amplifier pentodes, the suppressor grid
makes possible high voltage amplifica-
tion at moderate values of plate volt-
age. These desirable features result
from the fact that the plate-voltage
swing can be made very large. In fact,
the plate voltage may be as low as,
or lower than, the screen-grid voltage
without serious loss in signal-gain capa-
bility. Representative pentodes used for
power amplification are the 6CL6 and
6K6GT; representative pentodes used
for voltage amplification are the 6AU6A,
6BA6, and 5879.

Beam Power Tubes
A beam power tube is a tetrode or

pentode in which directed electron
beams are used to increase substantially
the power-handling capability of the
tube. Such a tube contains a cathode,
a control grid (grid No. 1), a screen
grid (grid No. 2), a plate, and, op-
tionally, a suppressor grid (grid No. 3).
When a beam power tube is designed
without an actual suppressor grid, the
electrodes are so spaced that secondary
emission from the plate is suppressed
by space-charge effects between screen
grid and plate. The space charge is
produced by the slowing up of electrons
traveling from a high-potential screen
grid to a lower-potential plate. In this
low-velocity region, the space charge
produced is sufficient to repel second-
ary electrons emitted from the plate
and to cause them to return to the
plate.

Beam power tubes of this design
employ beam-confining electrodes at
cathode potential to assist in producing
the desired beam effects and to prevent
stray electrons from the plate from re-
turning to the screen grid outside of the
beam. A feature of a beam power tube
is its low screen-grid current. The screen
.grid and the control grid are spiral wires
wound so that each turn of the screen
grid is shaded from the cathode by a
grid turn. This alignment of the screen

grid and control grid causes the elec-
trons to travel in sheets between the
turns of the screen grid so that very
few of them strike the screen grid.
Because of the effective suppressor ac-
tion provided by space charge and be-
cause of the low current drawn by the
screen grid, the beam power tube has
the advantages of high power output,
high power sensitivity, and high effi-
ciency.

Fig. 9 shows the structure of a
beam power tube employing space-
charge suppression and illustrates how

BEAM-
CONF INING
ELECTRODE

CATHODE

GRID

SCREEN
GRID

Fig. 9—Structure of beam power tube
showing beam-confining action.

the electrons are confined to beams.
The beam condition illustrated is that
for a plate potential less than the
screen-grid potential. The high-density
space-charge region is indicated by the
heavily dashed lines in the beam. Note
that the edges of the beam-confining
electrodes coincide with the dashed por-
tion of the beam. In this way the
space-charge potential region is ex-
tended beyond the beam boundaries
and stray secondary electrons are pre-
vented from returning to the screen
grid outside of the beam. The space-
charge effect may also be obtained by
use of an actual suppressor grid. Ex-
amples of beam power tubes are
6AQSA, 6L6GC, 6V6GTA, and 50C5.

Multi-Electrode and
Multi-Unit Tubes

Early in the history of tube devel-
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opment and application, tubes were de-
signed for a general service; that is, a
single tube type—a triode—was used as
a radio-frequency amplifier, an inter-
mediate-frequency amplifier, an audio-
frequency amplifier, an oscillator, or a
detector. Obviously, with this diversity
of application, one tube did not meet all
requirements to the best advantage.

Later and present trends of tube
design are the development of “spe-
cialty” types. These types are intended
either to give optimum performance in
a particular application or to combine
in one bulb functions which formerly
required two or more tubes. The first
class of tubes includes such examples
of specialty types as the 6CB6A and
6BY6. Types of this class generally
require more than three electrodes to
obtain the desired special characteristics
and may be broadly classed as multi-
electrode types. The 6BY6 is an espe-
cially interesting type in this class.
This tube has an unusually large num-
ber of electrodes, namely seven, ex-
clusive of the heater. Plate current in
the tube is varied at two different fre-
quencies at the same time. The tube is
designed primarily for use as a com-
bined sync separator and sync clipper
in television receivers.

The second class includes multi-
unit tubes such as the twin-diode triodes
6CN7 and 6AV6, as well as triode-pen-
todes such as the 6U8A and 6X8. This
class also includes class A twin triodes
such as the 6CG7 and 12AX7A, and
types such as the 6CM7 containing dis-
similar triode units used primarily as
combined vertical oscillators and ver-
tical deflection amplifiers in television
receivers. Full-wave rectifiers are also
multi-unit types.

A third class of tubes combines fea-
tures of each of the other two classes.
Typical of this third class are the penta-
grid-converter types 6BE6 and 6SA7.
These tubes are similar to the multi-
electrode types in that they have seven
electrodes, all of which affect the elec-
tron stream; and they are similar to the
multi-unit tubes in that they perform
simultaneously the double function of
oscillator and mixer in superheterodyne
receivers.
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Receiving Tube Structure

Receiving tubes generally utilize a
glass or metal envelope and a base.
Originally, the base was made of metal
or molded phenolic material. Types
having a glass envelope and a molded
phenolic base include the “octal” types
such as the 5U4GB and the 6SN7GTB.
Types having a metal envelope and
molded phenolic octal base include the
6F6 and the 6L6. Many modern types
utilize integral glass bases. Present-day
conventional tube designs utilizing glass
envelopes and integral glass bases in-
clude the seven-pin and nine-pin mini-
ature ' types, the nine-pin novar and
neonoval types, and the twelve-pin duo-
decar types. Examples of the seven-pin
miniature types are the 6AU6A and
6BN6. Examples of the nine-pin mini-
ature types are the 122AU7A and 6EAS.
Examples of the novar types are the
6BH3 and 7868. The nine-pin base for
the novar types has a relatively large
pin-circle diameter and long pins to
insure firm retention of the tube in its
socket.

The nuvister concept provided a
new approach to electron tube design.
Nuvistor tubes utilize a light-weight
cantilever-supported cyclindrical elec-
trode structure housed in a ceramic-
metal envelope. These tubes combine
new materials, processes, and fabrica-
tion techniques. Examples of the nu-
vistor are the 6CW4 and the 6DV4.

Television Picture Tubes

The picture tube, or kinescope, is
a multi-electrode tube used principally
in television receivers for picture dis-
play. It consists essentially of an elec-
tron gun, a glass or metal-and-glass
envelope and face-plate combination,
and a fluorescent screen.

The electron gun includes a cath-
ode for the production of free elec-
trons, one or more control electrodes
for accelerating the electrons in the
beam, and, optionally, a device for
“trapping” unwanted ions out of the
electron beam.

Focusing of the beam is accom-
plished either electromagnetically by
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means of a focusing coil placed on the
neck of the tube, or electrostatically,
as shown in Fig. 10a, by means of a
focusing electrode (grid No. 4) within
the envelope of the tube. The screen
is a white-fluorescing phosphor P4 of
either the silicate or the sulfide type.

Deflection of the beam is accom-
plished either electrostatically by means
of deflecting electrodes within the enve-
lope of the tube, or electromagnetically
by means of a deflecting yoke placed
on the neck of the tube. Fig. 10a shows
the structure of the gun section of a
picture tube and illustrates how the
electron beam is formed and how the
beam is deflected by means of an elec-
tromagnetic deflecting yoke. In this
type of tube, ions in the beam are
prevented from damaging the fluores-
cent screen by an aluminum film on
the gun side of the screen. This film
not only “traps” unwanted ions, but
also improves picture contrast. In many
types of non-aluminized tubes, ions
are separated from the electron beam
by means of a tilted-gun and ion-trap-
magnet arrangement.

Color television picture tubes are
similar to black-and-white picture tubes,
but differ in three major ways. (1) The
light-emitting screen is made up of trios

DEFLECTING
YOKE

of phosphor dots deposited in an inter-
laced pattern. Each dot of a trio is capa-
ble of emitting light in one of the three
primary colors (red, green, or blue).
(2) A shadow mask mounted near the
screen of the tube contains over 300,-
000 apertures, one for each of the
phosphor dot trios. This mask provides
color separation by shadowing two of
the three phosphor dots of each trio.
(3) Three closely spaced electron guns,
built as a unit, provide separate beams
for excitation of the three different
color-phosphor-dot arrays. Thus it is
possible to control the brightness of
each of the three colors independently
of the other two. Fig. 10b shows a cut-
away view of a color television picture
tube.

The three electron guns are
mounted with their axes tilted toward
the central axis of the envelope, and
are spaced 120 degrees with respect to
each other. The focusing electrodes of
the three guns are interconnected in-
ternally, and their potential is adjusted
to cause the separate beams to focus
at the phosphor-dot screen. All three
beams must be made to converge at
the screen while they are simultaneously
being deflected. Convergence is accom-
plished by the action of static and
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Fig. 10a—Structure of television-picture-tube electron gun.
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dynamic magnetic fields set up by
the radial-converging magnet assembly
mounted on the neck of the tube.
These fields are coupled into the radial-
converging pole pieces within the tube,
Another pair of pole pieces in the
tube is activated by the lateral-converg-
ing magnet also mounted on the neck
of the tube. These pole pieces permit
lateral shift in position of the blue
beam in opposition to the lateral shift
of the green and red beams.

PANEL SECTION

SHADOW MASK

EXTERNAL
CONDUCTIVE;
COATING

BLUE BEAM l’
GREEN BEAM

BASE

RED BEAM

ELECTRON
GUN

ASSEMBLY

FUNNEL
SECTION

Fig.
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A purifying magnet is used with
color picture tubes to provide a mag-
netic field, adjustable in magnitude and
direction, to effect register over the en-
tire area of the screen. A magnetic
shield is used to minimize the effects
of the earth’s magnetic field.

Deflection of the three beams is
accomplished simultaneously by a de-
flecting yoke using four electromagnetic
coils similar to the deflecting yoke used
for black-and-white picture tubes.

INTEGRAL
PROTECTIVE
WINDOW

RESIN

FACEPLATE

ALUMINIZED,
TRICOLOR,
PHOSPHOR-
DOT SCREEN
(ON INNER
SURFACE OF
FACEPLATE)

10b—Cutaway view of color television picture tube.



Electron Tube
Characteristics

HE term “characteristics” is used to
identify the distinguishing electrical

features and values of an electron tube.
These values may be shown in curve
form or they may be tabulated. When
the characteristics values are given in
curve form, the curves may be used for
the determination of tube performance
and the calculation of additional tube
factors.

Tube characteristics are obtained
from electrical measurements of a tube
in various circuits under certain definite
conditions of voltages. Characteristics
may be further described by denoting
the conditions of measurements. For
example, Static Characteristics are the
values obtained with different dc po-
tentials applied to the tube electrodes,
while Dynamic Characteristics are the
values obtained with an ac voltage on
a control grid under various condi-
tions of dc potentials on the electrodes.
The dynamic characteristics, therefore,
are indicative of the performance capa-
bilities of a tube under actual working
conditions.

Static characteristics may be shown
by plate characteristics curves and
transfer (mutual) characteristics curves.
These curves present the same informa-
tion, but in two different forms to
increase its usefulness. The plate char-
acteristic curve is obtained by varying
plate voltage and measuring plate cur-
rent for different grid-bias voltages,
while the transfer-characteristic curve
is obtained by varying grid-bias voltage
and measuring plate current for differ-
ent plate voltages. A plate-characteristic
family of curves is shown in Fig. 11.
Fig. 12 gives the transfer-characteristic
family of curves for the same tube.

13

Dynamic characteristics include
amplification factor, plate resistance,
control-grid —plate transconductance,
and certain detector characteristics, and
may be shown in curve form for varia-
tions in tube operating conditions.
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Fig. 11—Family of plate-characteristics
curves.

The amplification factor, or g, is
the ratio of the change in plate voltage
to a change in control-electrode voltage
in the opposite direction, under the
condition that the plate current remains
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unchanged and that all other electrode
voltages are maintained constant. For
example, if, when the plate voltage
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is made 1 volt more positive, the con-
trol-electrode (grid-No. 1) voltage must
be made 0.1 volt more negative to hold
plate current unchanged, the amplifica-
tion factor is 1 divided by 0.1, or 10.
In other words, a small voltage varia-
tion in the grid circuit of a tube has
the same effect on the plate current as
a large plate-voltage change—the lat-
ter equal to the product of the grid-
voltage change and amplification factor.
The x of a tube is often useful for
calculating stage gain. This use is dis-
cussed in the Electron Tube Applica-
tions section.

Plate resistance (r,) of an electron
tube is the resistance of the path be-
tween cathode and plate to the flow of
alternating current. It is the quotient
of a small change in plate voltage di-
vided by the corresponding change in
plate current and is expressed in ohms,
the unit of resistance. Thus, if a change
of 0.1 milliampere (0.0001 ampere) is
produced by a plate-voltage variation of
1 volt, the plate resistance is 1 divided
by 0.0001, or 10000 ohms.

Control-grid—plate transconduct-
ance, or simply transconductance (g.),
is a factor which combines in one term
the amplification factor and the plate
resistance, and is the quotient of the
first divided by the second. This term
has also been known as mutual conduct-
ance. Transconductance may be more
strictly defined as the quotient of a small
change in plate current (amperes) di-
vided by the small change in the con-
trol-grid voltage producing it, under
the condition that all other voltages
remain unchanged. Thus, if a grid-
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voltage change of 0.5 volt causes a
plate-current change of 1 milliampere
(0.001 ampere), with all other voltages
constant, the transconductance is 0.001
divided by 0.5, or 0.002 mho. A “mho”
is the unit of conductance and was
named by spelling ohm backwards. For
convenience, a millionth of a mho, or
a micromho (umho), is used to express
transconductance. Thus, in the exam-
ple, 0.002 mho is 2000 micromhos.

Conversion transconductance (g.)
is a characteristic associated with the
mixer (first detector) function of tubes
and may be defined as the quotient of
the intermediate-frequency (if) current
in the primary of the if transformer di-
vided by the applied radio-frequency
(rf) voltage producing it; more pre-
cisely, it is the limiting value of this
quotient as the rf voltage and if current
approach zero. When the performance
of a frequency converter is determined,
conversion transconductance is used in
the same way as control-grid—plate
transconductance is used in single-fre-
quency amplifier computations.

The plate efficiency of a power am-
plifier tube is the ratio of the ac power
output (P.) to the product of the aver-
age dc plate voltage (Es) and dc plate
current (I,) at full signal, or

Plate efficiency _ Po watts
% ~ Ev volts X In amperes X 100

The power sensitivity of a tube is
the ratio of the power output to the
square of the input signal voltage (Eis),
and is expressed in mhos as follows:

st P tisPower sensitivity (mhos) = (TE_;Z.;—ESE)—"-!



Electron Tube
Applications

HE diversified applications of an
electron receiving tube have, within

the scope of this section, been treated
under seven headings. These are: Am-
plification, Rectification, Detection, Au-
tomatic Volume or Gain Control,
Oscillation, Frequency Conversion, and
Automatic Frequency Control. Al-
though these operations may take place
at either radio or audio frequencies and
may involve the use of different cir-
cuits and different supplemental parts,
the general considerations of each kind
of operation are basic.

Amplification
The amplifying action of an elec-

tron tube was mentioned under Triodes
in the section on Electrons, Electrodes,
and Electron Tubes. This action can
be utilized in electronic circuits in a
number of ways, depending upon the
results desired. Four classes of am-
plifier service recognized by engineers
are covered by definitions standardized
by the Institute of Radio Engineers
(now the Institute of Electrical and
Electronics Engineers). This classifica-
tion depends primarily on the fraction
of input cycle during which plate cur-
rent is expected to flow under rated
full-load conditions. The classes are
class A, class AB, class B, and class C.
The term “cutoff bias” used in these
definitions is the value of grid bias at
which plate current is very small.

Classes of Service
A class A amplifier is an amplifier

in which the grid bias and alternating
grid voltages are such that plate current
in a specific tube flows at all times.
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A class AB amplifier is an ampli-
fier in which the grid bias and alter-
nating grid voltages are such that plate
current in a specific tube flows for ap-
preciably more than half but less than
the entire electrical cycle.

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

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

The suffix 1 may be added to the
letter or letters of the class identifica-
tion to denote that grid current does
not flow during any part of the input
cycle. The suffix 2 may be used to
denote that grid current flows during
part of the cycle.

For radio-frequency (rf) amplifiers
which operate into a selective tuned
circuit, as in radio transmitter applica-
tions, or under requirements where dis-
tortion is not an important factor, any
of the above classes of amplifiers may
be used, either with a single tube or
with a push-pull stage. For audio-
frequency (af) amplifiers in which dis-
tortion is an important factor, only
class A amplifiers permit single-tube
operation. In this case, operating con-
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ditions are usually chosen so that dis-
tortion is kept below the conventional
5 per cent for triodes and the con-
ventional 7 to 10 per cent for tetrodes
or pentodes. Distortion can be reduced
below these figures by means of special
circuit arrangements such as that dis-
cussed under inverse feedback. With
class A amplifiers, reduced distortion
with improved power performance can
be obtained by using a push-pull stage
for audio service. With class AB and
class B amplifiers, a balanced stage
using two tubes is required for audio
service.

Class A Voltage Amplifiers

As a class A voltage amplifier, an
electron tube is used to reproduce grid-
voltage variations across an impedance
or a resistance in the plate circuit.
These variations are essentially of the
same form as the input signal voltage
impressed on the grid, but their am-
plitude is increased. This increase is
accomplished by operation of the tube
at a suitable grid bias so that the
applied grid input voltage produces
plate-current variations proportional to
the signal swings. Because the voltage
variation obtained in the plate circuit
is much larger than that required to
swing the grid, amplification of the
signal is obtained.

Fig. 13 gives a graphical illustra-
tion of this method of amplication and
shows, by means of the grid-voltage vs.
plate-current characteristics curve, the
effect of an input signal (S) applied to
the grid of a tube. The output signal (O)
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Fig. 13—Current characteristics of class A
amplifier,
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is the resulting amplified plate-current
variation,

The plate current flowing through
the load resistance (R) of Fig. 14 causes
a voltage drop which varies directly
with the plate current. The ratio of this
voltage variation produced in the load
resistance to the input signal voltage is

LOAD l
RESISTANCE

OUTPUT
R VOLTAGE

SIGNAL 9 T

L_lfi- ]
Fig. 14—Triode amplifier circuit.

INPUT

the voltage amplification, or gain, pro-
vided by the tube. The voltage ampli-
fication due to the tube is expressed by
the following convenient formulas:

£ X Ro
RL+1’p

or gm X rp X Ri
1000000 X (rp + Rwu)

Voltage amplification =

where u is the amplification factor of
the tube, Ry is the load resistance in
ohms, 1, is the plate resistance in ohms,
and gm is the transconductance in
micromhos.

From the first formula, it can be
seen that the gain actually obtainable
from the tube is less than the tube
amplification factor, but that the gain
approaches the amplification factor
when the load resistance is large com-
pared to the tube plate resistance. Fig.
15 shows graphically how the gain ap-
proaches the amplification factor of the
tube as the load resistance is increased.
From the curve it can be seen that a
high value of load resistance should be
used to obtain high gain in a voltage
amplifier.

In a resistance-coupled amplifier,
the load resistance of the tube is ap-
proximately equal to the resistance of
the plate resistor in parallel with the
grid resistor of the following stage.
Hence, to obtain a large value of load
resistance, it is necessary to use a plate
resistor and a grid resistor of large
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Fig. 15—Gain curve for triode amplifier circuit.

resistance. However, the plate resistor
should not be too large because the
flow of plate current through the plate
resistor produces a voltage drop which
reduces the plate voltage applied to the
tube. If the plate resistor is too large,
this drop will be too large, the plate
voltage on the tube will be too small,
and the voltage output of the tube will
be too small. Also, the grid resistor
of the following stage should not be
too large, the actual maximum value
being dependent on the particular tube
type. This precaution is necessary be-
cause all tubes contain minute amounts
of residual gas which cause a minute
flow of current through the grid resistor.
If the grid resistor is too large, the posi-
tive bias developed by the flow of this
current through the resistor decreases
the normal negative bias and produces
an increase in the plate current. This
increased current may overheat the tube
and cause liberation of more gas which,
in turn, will cause further decrease in
bias. The action is cumulative and re-
sults in a runaway condition which can
destroy the tube.

A higher value of grid resistance
is permissible when cathode-resistor bias
is used than when fixed bias is used.
When cathode-resistor bias is used, a
loss in bias due to gas or grid-emission
effects is almost completely offset by an
increase in bias due to the voltage drop
across the cathode resistor. Typical val-
ues of plate resistor and grid resistor
for tube types used in resistance-coupled
circuits, and the values of gain obtain-
able, are shown in the Resistance-
Coupled Amplifier section.

The input impedance of an elec-
tron tube (that is, the impedance be-
tween grid and cathode) consists of
(1) a reactive component due to the
capacitance between grid and cathode,
(2) a resistive component resulting from
the time of transit of electrons between
cathode and grid, and (3) a resistive
component developed by the part of
the cathode lead inductance which is
common to both the input and output
circuits. Components (2) and (3) are
dependent on the frequency of the in-
coming signal. The input impedance is
very high at audio frequencies when
a tube is operated with its grid biased
negative. In a class A: or AB; trans-
former-coupled audio amplifier, there-
fore, the loading imposed by the grid
on the input transformer is negligible.
As a result, the secondary impedance
of a class A: or class AB; input trans-
former can be made very high because
the choice is not limited by the input
impedance of the tube; however, trans-
former design considerations may limit
the choice.

At the higher radio frequencies,
the input impedance may become very
low even when the grid is negative, due
to the finite time of passage of elec-
trons between cathode and grid and to
the appreciable lead reactance. This
impedance drops very rapidly as the
frequency is raised, and increases input-
circuit loading. In fact, the input im-
pedance may become low enough at
very high radio frequencies to affect
the gain and selectivity of a preceding
stage appreciably. Tubes such as the
“acorn” and “pencil” types and the
high-frequency miniatures have been
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developed to have low input capac-
itances, low electron-transit time, and
low lead inductance so that their input
impedance is high even at the ultra-
high radio frequencies. Input ad-
mittance is the reciprocal of input
impedance.

A remote-cutoff amplifier tube is
a modified construction of a pentode
or a tetrode type designed to reduce
modulation-distortion and cross-modu-
lation in radio-frequency stages. Cross-
modulation is the effect produced in a
radio or television receiver by an in-
terfering station “riding through” on
the carrier of the station to which the
receiver is tuned. Modulation-distortion
is a distortion of the modulated carrier
and appears as audio-frequency distor-
tion in the output. This effect is pro-
duced by a radio-frequency amplifier
stage operating on an excessively curved
characteristic when the grid bias has
been increased to reduce volume. The
offending stage for cross-modulation is
usually the first radio-frequency am-
plifier, while for modulation-distortion
the cause is usually the last interme-
diate-frequency stage. The character-
istics of remote-cutoff types are such
as to enable them to handle both large
and small input signals with minimum
distortion over a wide range of signal
strength.

Fig. 16 illustrates the construction
of the grid No. 1 (control grid) in a
remote-cutoff tube. The remote-cutoff

SUPPRESSOR GRID SCREEN
GRID GRID

Fig. 16—Structure of remote-cutoff grid.

action is due to the structure of the grid
which provides a variation in amplifica-
tion factor with change in grid bias. The
grid No. 1 is wound with open spacing
at the middle and with close spacing
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at the ends. When weak signals and
low grid bias are applied to the tube,
the effect of the non-uniform turn spac-
ing of the grid on cathode emission and
tube characteristics is essentially the
same as for uniform spacing. As the
grid bias is made more negative to
handle larger input signals, the electron
flow from the sections of the cathode
enclosed by the ends of the grid is
cut off. The plate current and other
tube characteristics are then dependent
on the electron flow through the open
section of the grid. This action changes
the gain of the tube so that large
signals may be handled with minimum
distortion due to cross-modulation and
modulation-distortion.

Fig. 17 shows a typical plate-cur-
rent vs. grid-voltage curve for a remote-
cutoff type compared with the curve
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Fig. 17—Plate-current curves for triodes
having remote-cutoff and uniformly spaced

grids.

for a type having a uniformly spaced
grid. It will be noted that while the
curves are similar at small grid-bias
voltages, the plate current of the re-
mote-cutoff tube drops quite slowly
with large values of bias voltage. This
slow change makes it possible for the
tube to handle large signals satisfac-
torily. Because remote-cutoff types can
accommodate large and small signals,
they are particularly suitable for use
in sets having automatic volume con-
trol. Remote-cutoff tubes also are
known as variable-mu types.

Class A Power Amplifiers
As a class A power amplifier, an

electron tube is used in the output stage
of a radio or television receiver to sup-
ply a relatively large amount of power
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to the loudspeaker. For this applica-
tion, large power output is of more
importance than high voltage amplifica-
tion; therefore, gain possibilities are
sacrificed in the design of power tubes
to obtain power-handling capability.

Triodes, pentodes, and beam power
tubes designed for power amplifier serv-
ice have certain inherent features for
each structure. Power tubes of the
triode type for class A service are
characterized by low power sensitivity,
low plate-power efficiency, and low dis-
tortion. Power tubes of the pentode
type are characterized by high power
sensitivity, high plate-power efficiency
and, usually, somewhat higher distor-
tion than class A triodes. Beam power
tubes have higher power sensitivity and
efficiency than triode or conventional
pentode types.

A class A power amplifier is also
used as a driver to supply power to a
class AB. or a class B stage. It is
usually advisable to use a triode, rather
than a pentode, in a driver stage be-
cause of the lower plate impedance
of the triode.

Power tubes connected in either
parallel or push-pull may be employed
as class A amplifiers to obtain increased
output. The parallel connection (Fig.
18) provides twice the output of a
single tube with the same value of grid-
signal voltage. With this connection,
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Fig. 18—Power amplifier tubeswith
connected in parallel.

the effective transconductance of the
stage is doubled, and the effective plate
resistance and the load resistance re-
quired are halved as compared with
single-tube values.

The push-pull connection (Fig. 19),
although it requires twice the grid-
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signal voltage, provides increased power
and has other important advantages

=

AC MEATER SUPPLY

Fig. 19—Power amplifier with
connected in push-pull,

tubes

over single-tube operation. Distortion
caused by even-order harmonics and
hum caused by plate-voltage-supply
fluctuations are either eliminated or
decidedly reduced through cancellation.
Because distortion for push-pull opera-
tion is less than for single-tube opera-
tion, appreciably more than twice
single-tube output can be obtained with
triodes by decreasing the load resist-
ance for the stage to a value approach-
ing the load resistance for a single tube.

For either parallel or push-pull
class A operation of two tubes, all elec-
trode currents are doubled while all dc
electrode voltages remain the same as
for single-tube operation. If a cathode
resistor is used, its value should be
about one-half that for a single tube.
If oscillations occur with either type of
connection, they can often be elimi-
nated by the use of a non-inductive
resistor of approximately 100 ohms
connected in series with each grid at
the socket terminal.

Operation of power tubes so that
the grids run positive is inadvisable
except under conditions such as those
discussed in this section for class AB
and class B amplifiers.

Power-Output Calculations
Calculation of the power output of

a triode used as a class A amplifier with
either an output transformer or a choke
having low dc resistance can be made
without serious error from the plate
family of curves by assuming a resist-
ance load. The proper plate current,
grid bias, optimum load resistance, and
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per-cent second-harmonic distortion can
also be determined. The calculations are
made graphically and are illustrated in
Fig. 20 for given conditions. The pro-
cedure is as follows:

(1) Locate the zero-signal bias
point P by determining the zero-signal
bias Ec, from the formula:

Zero-signal bias (Eco) = —(0.68 X Ev)/u

where E. is the chosen value in volts of
dc plate voltage at which the tube is to
be operated, and gz is the amplification
factor of the tube. This quantity is
shown as negative to indicate that a
negative bias is used.

(2) Locate the value of zero-signal
plate current, I,, corresponding to
point P.

(3) Locate the point 2I,, which is
twice the value of I, and corresponds to
the value of the maximum-signal plate
current Imax.

(4) Locate the point X on the dc
bias curve at zero volts, E. = 0, corre-
sponding to the value of I....

(5) Draw a straight
through X and P.

Line XY is known as the load re-
sistance line. Its slope corresponds to
the value of the load resistance. The
load resistance in ohms is equal to
(Emax —_ Emln) divided by (Imax — Imln),
where E is in volts and I is in amperes.

It should be noted that in the case
of filament types of tubes, the calcula-
tions are given on the basis of a dc-
operated filament. When the filament is
ac-operated, the calculated value of dc
bias should be increased by approxi-
mately one-half the filament voltage
rating of the tube.

line XY
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The value of zero-signal plate cur-
rent I, should be used to determine the
plate dissipation, an important factor
influencing tube life. In a class A am-
plifier under zero-signal conditions, the
plate dissipation is equal to the power
input, i.e., the product of the dc plate
voltage E, and the zero-signal dc plate
current L. If it is found that the plate-
dissipation rating of the tube is exceeded
with the zero-signal bias Ec, calculated
above, it will be necessary to increase
the bias by a sufficient amount so that
the actual plate dissipation does not ex-
ceed the rating before proceeding fur-
ther with the remaining calculations.

For power-output calculations, it
is assumed that the peak alternating
grid voltage is sufficient (1) to swing the
grid from the zero-signal bias value Ec,
to zero bias (E. — 0) on the positive
swing and (2) to swing the grid to a
value twice the zero-signal bias value
on the negative swing. During the
negative swing, the plate voltage and
plate current reach values of Eum.: and
Imin; during the positive swing, they
reach values of Emin and Im.x. Because
power is the product of voltage and
current, the power output P, as shown
by a watt-meter is given by

(Im-x—Imln) X (Emu—Emln)
Po = 3

where E is in volts, I is in amperes,
and P, is in watts.

In the output of power-amplifier
triodes, some distortion is present. This
distortion is due predominantly to sec-
ond harmonics in single-tube amplifiers.
The percentage of second-harmonic dis-
tortion may be calculated by the follow-
ing formula:

PLATE VOLTS

Fig. 20—Graphic calculations for class A amplifier using the 243 power triode.
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Tmax + Imin
2

Imax — Im in

where I, is the zero-signal plate current
in amperes. If the distortion is exces-
sive, the load resistance should be in-
creased or, occasionally, decreased
slightly and the calculations repeated.

Example: Determine the load re-
sistance, power output, and distortion
of a triode having an amplification fac-
tor of 4.2, a plate-dissipation rating of
15 watts, and plate-characteristics curves
as shown in Fig. 20. The tube is to be
operated at 250 volts on the plate.

Procedure: For a first approxima-
tion, determine the operating point P
from the zero-signal bias formula, Ec.
= —(0.68 x 250) /4.2 = —40.5 volts.
From the curve for this voltage, it is
found that the zero-signal plate current
is 0.08 ampere and, therefore, the plate-
dissipation rating is exceeded (0.08 X
250 — 20 watts). Consequently, it is
necessary to reduce the zero-signal
plate current to 0.06 ampere at 250
volts. The grid bias is then —43.5 volts.
Note that the curve was taken with a
dc filament supply; if the filament is
to be operated on an ac supply, the
bias must be increased by about one-
half the filament voltage, or to —45
volts, and the circuit returns made to
the mid-point of the filament circuit.

Point X can then be determined.
Point X is at the intersection of the dc
bias curve at zero volts with Imas, Where
Tmax = 21, = 2 X 0.06 = 0.12 ampere.
Line XY is drawn through points P and
X. Emax, Emin, and Imin are then found
from the curves. When these values
are substituted in the power-output for-
mula, the following result is obtained:

(012 — 0.012) X (365 — 105) _
= 5 =

The resistance represented by load
line XY is

(365 — 105)
(0.12 — 0.012)

When the values from the curves
are substituted in the distortion for-
mula, the following result is obtained:

0.12 + 0.012
2

0.12=0012

—TIo

% distortion = X 100

P, 3.52 watts

= 2410 ohms

— 0.06

% distortion = X 100 = 5.5%
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It is customary to select the load
resistance so that the distortion does not
exceed five per cent. When the method
shown is used to determine the slope of
the load-resistance line, the second-har-
monic distortion generally does not ex-
ceed five per cent. In the example,
however, the distortion is excessive and
it is desirable, therefore, to use a slightly
higher load resistance. A load resistance
of 2500 ohms will provide a distortion
of about 4.9 per cent. The power out-
put is reduced only slightly to 3.5 watts.

Operating conditions for triodes in
push-pull depend on the type of opera-
tion desired. Under class A conditions,
distortion, power output, and efficiency
are all relatively low. The operating bias
can be anywhere between that specified
for single-tube operation and that equal
to one-half the grid-bias voltage re-
quired to produce plate-current cutoft
at a plate voltage of 1.4E., where E. is
the operating plate voltage. Higher bias
than this value requires higher grid-
signal voltage and results in class AB:
operation, which is discussed later.

The method for calculating maxi-
mum power output for triodes in push-
pull class A operation is as follows:
Erect a vertical line at 0.6 E, (see Fig.
21), intersecting the E. = O curve at the
point Imix. Then, Imi is determined
from the curve for use in the formula

Po = (Imax X Eo)/5

If Inmax is expressed in amperes and Eo
in volts, power output is in watts.

The method for determining the
proper load resistance for triodes in
push-pull is as follows: Draw a load line
through Im.s on the zero-bias curve and
through the E, point on the zero-current
axis. Four times the resistance repre-
sented by this load line is the plate-to-
plate load (R,;) for two triodes in a
class A push-pull amplifier. Expressed
as a formula,

Rpp = 4 X (Eo — 0.6Eo0)/Imax

where Eo is expressed in volts, Im.x in
amperes, and Ry, in ohms.

Example: Assume that the plate
voltage (E,) is to be 300 volts, and the
plate-dissipation rating of the tube is 15
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watts. Then, for class A operation, the
operating bias can be equal to, but not
more than, one-half the grid bias for
cutoff with a plate voltage of 1.4 X 300
= 420 volts. (Since cutoff bias is ap-
proximately —115 volts at a plate volt-
age of 420 volts, one-half of this value
is —57.5 volts bias.) At this bias, the
plate current is found from the plate
family to be 0.054 ampere and, there-
fore, the plate dissipation is 0.054 x
300 or 16.2 watts. Since —57.5 volts
is the limit of bias for class A opera-
tion of these tubes at a plate voltage
of 300 volts, the dissipation cannot be
reduced by increasing the bias and it
becomes necessary to reduce the plate
voltage.

If the plate voltage is reduced to
250 volts, the bias will be found to be
—43.5 volts. For this value, the plate
current is 0.06 ampere, and the plate
dissipation is 15 watts. Then, following

MILLIAM
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Fig. 21—Graphic calculations for push-pull class A amplifier using the 2A3 power triode.

the method for calculating power out-
put, erect a vertical line at 0.6E, = 150
volts. The intersection of the line with
the curve Ec = 0 is Ima.x or 0.2 ampere.
When this value is substituted in the
power formula, the power output is
(0.2 X 250)/5 = 10 watts. The load
resistance is determined from the load
formula: Plate-to-plate load (R,;) = 4
X (250 — 150)/0.2 = 2000 ohms.

Power output for a pentode or a
beam power tube as a class A amplifier
can be calculated in much the same
way as for triodes. The calculations
can be made graphically from a special
plate family of curves, as illustrated in
Fig. 22. ’

From a point A at or just below
the knee of the zero-bias curve, draw
arbitrarily selected load lines to inter-
sect the zero-plate-current axis. These
lines should be on both sides of the
operating point P, whose position is

PLATE WVOLTS

Fig. 22—Graphic calculations for class A amplifier using a pentode or beam power tube.
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determined by the desired operating
plate voltage, E.,, and one-half the
maximum-signal plate current. Along
any load line, say AA,;, measure the
distance AO;. On the same line, lay
off an equal distance, O:A:. For opti-
mum operation, the change in bias from
A to O; should be nearly equal to the
change in bias from O: to A. If this
condition can not be met with one line,
as is the case for the line first chosen,
then another should be chosen. When
the most satisfactory line has been se-
lected, its resistance may be determined
by the following formula:

Emax — Emin
Load resistance (RL) =

Imax — Imln

The value of Ry may then be sub-
stituted in the following formula for
calculating power output.

_ [max—Imin 4 141 (Ix — )2 Rr,
Po 12

In both of these formulas, I is in
amperes, E is in volts, Ry, is in ohms,
and P, is in watts. I and I, are the cur-
rent values on the load line at bias volt-
ages of Ec, = V — 0.707V = 0.293V
and Eq = V 0.707V = L.707V, re-
spectively.

Calculations for distortion may be
made by means of the following formu-
las. The terms used have already been
defined.

¢ 2nd-harmonic distortion =
Imax + Imin — 27T

Imax — Imin + 141 (Ix — Iy)
% 3rd-harmonic distortion =

X 100

Imax — Imin — 1.41 (Ix — Iy)
Toee —Tmin 7181 (I —1,) < 1%

9% total (2nd and 3rd) harmonic distortion =
V(% 2nd)? -+ (% 3rd)?

Conversion Factors

Operating conditions for voltage
values other than those shown in the
published data can be obtained by use
of the nmomograph shown in Fig. 23
when all electrode voltages are changed
simultaneously in the same ratio. The
nomograph includes conversion factors
for current (Fi), power output (Fp),
plate resistance or load resistance (Fr),
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and transconductance (Fgm) for voltage
ratios between 0.5 and 2.0. These fac-
tors are expressed as functions of the
ratio between the desired or new volt-
age for any electrode (Ea.s) and the
published or original value of that volt-
age (Epw). The relations shown are ap-
plicable to triodes and multigrid tubes
in all classes of service.

To use the nomograph, simply
place a straight-edge across the page so
that it intersects the scales for Eqes and
Epuw at the desired values. The desired
conversion factor may then be read
directly or estimated at the point where
the straight-edge intersects the Fi, Fy
F., or Fgm scale.

For example, suppose it is desired
to operate two 6L6GC’s in class A
push-pull, fixed bias, with a plate volt-
age of 200 volts. The nearest published
operating conditions for this class of
service are for a plate voltage of 250
volts. The operating conditions for the
new plate voltage can be determined
as follows:

The voltage conversion factor, Fe,
is equal to 200/250 or 0.8. The dashed
lines on the nomograph of Fig. 23 indi-
cate that for this voltage ratio Fi is
approximately 0.72, F, is approximately
0.57, F: is 1.12, and F¢m is approxi-
mately 0.892. These factors may be
applied directly to operating values
shown in the tube data, or to values
calculated by the methods described
previously.

Because this method for conversion
of characteristics is necessarily an ap-
proximation, the accuracy of the nomo-
graph decreases progressively as the
ratio Eaes/Epuw departs from unity. In
general, results are substantially correct
when the value of the ratio Edes/Epu is
between 0.7 and 1.5. Beyond these lim-
its, the accuracy decreases rapidly, and
the results obtained must be considered
rough approximations.

The nomograph does not take into
consideration the effects of contact po-
tential or secondary emission in tubes.
Because contact-potential effects be-
come noticeable only at very small dc
grid-No. 1 (bias) voltages, they are
generally negligible in power tubes.



24 RCA Receiving Tube Manual

Fr Fgm Edes Epub Edes Fi Fp
144oro-f " 6.0T 140 20y 'F'° T 20 28-F5s

] 184 I, T8 2650
I 16+ 1 + T075 T + Ie 24748
:—IJO M:: -8 ::M zz:-4.o

T 121 1, T2 L
I 4 T + 20-10.80 i 10 + Tlo 191 30
3 9 e -9 1.8~-1.20 + +6 +
i + I 5 L7t08s T s *7 4 [ ® 164N H L 1 I, 16

- 1 +5 . st2os
5 . I T 1 T

fosol . = 2° I 2 T°5 safecs I .§_ 25l I =z 1,2 E"J- 16 o

s T £ 271 T4 1 2 Sz 14 §
. T s 4T T 2 T4 - T
foolwos = T I £ I> - p -zl.oo-100 .l 1.5 13 glo—1o §
s T ¢ =273 T3: 2 S00 %% o° L € b L I w 0091 hd

: T ¢ 31 I TR R 29S b T R AL ¢ €o8—+07 s» Lo E __.':,-'.2-__-”' [ ‘**_-2.-5,\ 30“_- <
‘s J090-0° o 4 ) o o Tv=-Z._T1-06%4 - s a ¢ 1 2 | o eord 3

¥ & s+ +2 Tis Fosa
4~ 085 ] 3 I oLzot T -_-l.a 0.6'!:_0.4

T o0 Lo+ I'e T10 ¥
I o9 P T o9 %5 Loa

1301 os 1 1 o8 B3
T-ors o1+ T2 +or I
F 06 1 +-a6 o4-T

i j: °~5-"- j:l 0 I 0.5 _:g.;1.44 I~ 0.70 * * 0344

Fig. 23—Nomograph of

Secondary emission may occur in con-
ventional tetrodes, however, if the plate
voltage swings below the grid-No. 2
voltage. Consequently, the conversion
factors shown in the nomograph apply
to such tubes only when the plate volt-
age is greater than the grid-No. 2 volt-
age. Because secondary emission may
also occur in certain beam power tubes
at very low values of plate current and
plate voltage, the conversion factors
shown in the nomograph do not apply
when these tubes are operated under
such conditions.

Class AB Power Amplifiers
A class AB power amplifier em-

ploys two tubes connected in push-pull
with a higher negative grid bias than is
used in a class A stage. With this higher
negative bias, the plate and screen-

tube conversion factors.

grid voltages can usually be made
higher than for class A amplifiers be-
cause the increased negative bias holds
plate current within the limit of the
tube plate-dissipation rating. As a result
of these higher voltages, more power
output can be obtained from class AB
operation.

Class AB amplifiers are subdivided
into class AB, and class AB:. In class
AB,, there is no flow of grid current.
That is, the peak signal voltage applied
to each grid is not greater than the
negative grid-bias voltage. The grids
therefore are not driven to a positive
potential and do not draw current. In
class AB, the peak signal voltage is
greater than the bias so that the grids
are driven positive and draw current.

Because of the flow of grid current
in a class AB; stage, there is a loss of
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power in the grid circuit. The sum of
this loss and the loss in the input trans-
former is the total driving power re-
quired by the grid circuit. The driver
stage should be capable of a power
output considerably larger than this re-
quired power in order that distortion
introduced in the grid circuit be kept
low. The input transformer used in a
class AB. amplifier usually has a step-
down turns ratio.

Because of the large fluctuations of
plate current in a class AB. stage, it is
important that the plate power supply
have good regulation. Otherwise the
fluctuations in plate current cause fluc-
tuations in the voltage output of the
power supply, with the result that power
output is decreased and distortion is in-
creased. To obtain satisfactory regula-
tion, it is usually advisable to use a
low-drop rectifier, such as the SV4GA,
with a choke-input filter. In all cases,
the resistance of the choke and trans-
formers should be as low as possible.

Class AB, Power Amplifiers

In class AB, push-pull amplifier
service using triodes, the operating
conditions may be determined graphi-
cally by means of the plate family if
E., the desired operating plate voltage,
is given. In this service, the dynamic
load line does not pass through the
operating point P as in the case of the
single-tube amplifier, but through the
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point D in Fig. 24. Its position is not
affected by the operating grid bias pro-
vided the plate-to-plate load resistance
remains constant.

Under these conditions, grid bias
has no appreciable effect on the power
output. Grid bias cannot be neglected,
however, since it is used to find the
zero-signal plate current and, from it,
the zero-signal plate dissipation. Be-
cause the grid bias is higher in class
AB; than in class A service for the same
plate voltage, a higher signal voltage
may be used without grid current be-
ing drawn and, therefore, higher power
output is obtained.

In general, for any load Iline
through point D, Fig. 24, the plate-to-
plate load resistance in ohms of a push-
pull amplifier is Rpp = 4Eo./T, where
I’ is the plate-current value in am-
peres at which the load line as pro-
jected intersects the plate-current axis,
and E. is in volts. This formula is an-
other form of the one given under push-
pull class A amplifiers, Rppy = 4(Bo —
0.6E.)/Imax, but is more general. Power
output = (Imax/V2)* X Rpp/4, where
Im.x IS the peak plate current at zero
grid volts for the load chosen. This
formula simplified is (Imax)* X Rpp/8.
The maximum-signal average plate cur-
rent is 2lmax/m or 0.636 Imax; the maxi-
mum-signal average power input is
0.636 Imax X Eo.

It is desirable to simplify these
v
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Fig. 24—Graphic calculations for class AB; amplifier
using the 2A3 power triode.
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Fig. 25—Instantaneous curve
for class AB, amplifier.



26

formulas for a first approximation. This
simplification can be made if it is as-
sumed that the peak plate current, Imax,
occurs at the point of the zero-bias
curve corresponding approximately to
0.6 E., the condition for maximum
power output. The simplified formulas
are:

Po (for two tubes) = (Imax X Eo)/$5
Rpp = 1.6Eo/Imax

where E, is in volts, Imax is in amperes,
R, is in ohms, and P, is in watts.

It may be found during subsequent
calculations that the distortion or the
plate dissipation is excessive for this ap-
proximation; in that case, a different
load resistance must be selected, using
the first approximation as a guide, and
the process repeated to obtain satisfac-
tory operating conditions.

Example: Fig. 24 illustrates the
application of this method to a pair of
2A3’s operated at E, = 300 volts. Each
tube has a plate-dissipation rating of 15
watts. The method is to erect a vertical
line at 0.6E., or at 180 volts, which
intersects the E. = 0 curve at the point
Inax = 0.26 ampere. Using the simpli-
fied formulas, the following values are
obtained:

(1.6 X 300)/0.26 = 1845 ohms
(0.26 X 300)/5 = 15.6 watts

At this point, it is well to determine
the plate dissipation and to compare
it with the maximum rated value.
From the average-plate-current formula
(0.636 I...) mentioned previously, the
maximum-signal average plate current
is 0.166 ampere. The product of this
current and the operating plate voltage
is 49.8 watts, the average input to the
two tubes. From this value, subtract
the power output of 15.6 watts to ob-
tain the total dissipation for both tubes,
which is 34.2 watts. Half of this value,
17 watts, is in excess of the 15-watt
rating of the tube and it is necessary,
therefore, to assume another and higher
load resistance so that the plate-dissipa-
tion rating will not be exceeded.

It will be found that at an operat-
ing plate voltage of 300 volts the 2A3’s
require a plate-to-plate load resistance
of 3000 ohms. From the formula for
Ry, the value of I’ is found to be 0.4
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ampere. The load line for the 3000-
ohm load resistance is then represented
by a straight line from the point I' =
0.4 ampere on the plate-current ordi-
nate to the point E, = 300 volts on
the plate-voltage abscissa. At the inter-
section of the load line with the zero-
bias curve, the peak plate current, Imasx,
can be read at 0.2 ampere. Then

Po = (Imax/ \/2)2 X Rpp/4
= (0.2/1.41)* X 3000/4
= 15 watts

Proceeding as in the first approxima-
tion, it is found that the maximum-
signal average plate current, 0.636In.x,
is 0.127 ampere, and the maximum-
signal average power input is 38.1 watts.
This input minus the power output is
38.1 — 15 = 23.1 watts. This value is
the dissipation for two tubes; the value
per tube is 11.6 watts, a value well
within the rating of this tube type.

The operating bias and the zero-
signal plate current may then be found
by use of a curve which is derived from
the plate family and the load line. Fig.
25 is a curve of instantaneous values of
plate current and dc grid-bias voltages
taken from Fig. 24. Values of grid bias
are read from each of the grid-bias
curves of Fig. 24 along the load line
and are transferred to Fig. 25 to pro-
duce the curved line from A to C. A
tangent to this curve, starting at A, is
drawn to intersect the grid-voltage
abscissa. The point of intersection, B,
is the operating grid bias for fixed-bias
operation. In the example, the bias is
—60 volts. Refer back to the plate
family at the operating conditions of
plate volts = 300 and grid bias = —60
volts; the zero-signal plate current per
tube is seen to be 0.04 ampere.

This procedure locates the operat-
ing point for each tube at P. The plate
current must be doubled, of course, to
obtain the zero-signal plate current for
both tubes. Under maximum-signal con-
ditions, the signal voltage swings from
zero-signal bias voltage to zero bias for
each tube on alternate half cycles.
Hence, in the example, the peak of sig-
nal voltage per tube is 60 volts, or the
grid-to-grid value is 120 volts.

As in the case of the push-pull class
A amplifier, the second-harmonic dis-
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tortion in a class AB, amplifier using
triodes is very small and is largely can-
celed by virtue of the push-pull con-
nection. Third-harmonic distortion,
however, which may be larger than
permissible, can be found by means of
composite characteristic curves. A com-
plete family of curves can be plotted,
but for the present purpose only the one
corresponding to a grid bias of one-half
the peak grid-voltage swing is needed.
In the example, the peak grid voltage
per tube is 60 volts, and the half value
is 30 volts. The composite curve, since
it is nearly a straight line, can be con-
structed with only two points (see Fig.
24). These two points are obtained from
deviations above and below the operat-
ing grid and plate voltages.

In order to find the curve for a
bias of —30 volts, a deviation of 30
volts from the operating grid voltage
of —60 volts is assumed. Next assume
a deviation from the operating plate
voltage of, say, 40 volts. Then at 300
—40 = 260 volts, erect a vertical line
to intersect the (—60) — (—30) = —30-
volt bias curve and read the plate cur-
rent at this intersection, which is 0.167
ampere; likewise, at the intersection
of a vertical line at 300 - 40 = 340
volts and the (—60) + (—30) = —90-
volt bias curve, read the plate current.
In this example, the plate current is
estimated to be 0.002 ampere. The dif-
ference of 0.165 ampere between these
two currents determines the point E
on the 300 — 40 = 260-volt vertical.
Similarly, another point F on the same
composite curve is found by assuming
the same grid-bias deviation but a
larger plate-voltage deviation, say, 100
volts.

These steps provide points at 260
volts and 0.165 ampere (E), and at 200
volts and 0.045 ampere (F). A straight
line through these points is the com-
posite curve for a bias of —30 volts,
shown as a long-short dash line in Fig.
24. At the intersection of the composite
curve and the load line, G, the instan-
taneous composite plate current at the
point of one-half the peak signal swing
is determined. This current value, desig-
nated I,; and the peak plate current,
Tmas, are used in the following formula
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to find the peak value of the third-
harmonic component of the plate cur-
rent.

1hs = (2lo.5 — Imax)/3

In the example, where Lo is 0.097 am-
pere and Im.c is 0.2 ampere, T =
(2 x 0.097 — 0.2)/3 = (0.194 — 0.2)/3
—= —0.006/3 = —0.002 ampere. (The
fact that L., is negative indicates that the
phase relation of the fundamental (first-
harmonic) and third-harmonic com-
ponents of the plate current is such as
to result in a slightly peaked wave form.
I is positive in some cases, indicating
a flattening of the wave form.)

The peak value of the fundamental
or first-harmonic component of the plate
current is found by the following
formula:

In the example, I = 2/3 X (0.2 +
0.097) = 0.198 ampere. Thus, the per-
centage of third-harmonic distortion is
(Ina/Tny) X 100 = (0.002/0.198) X 100
— 1 per cent approx.

Class AB: Power Amplifiers
A class AB: amplifier employs two

tubes connected in push-pull as in the
case of class AB, amplifiers. It differs
in that it is biased so that plate cur-
rent flows for somewhat more than half
the electrical cycle but less than the
full cycle, the peak signal voltage is
greater than the dc bias voltage, grid
current is drawn, and, consequently,
power is consumed in the grid circuit.
These conditions permit high power out-
put to be obtained without excessive
plate dissipation.

The sum of the power used in the
grid circuit and the losses in the input
transformer is the total driving power
required by the grid circuit. The driver
stage should be capable of a power out-
put considerably larger than this re-
quired power in order that distortion
introduced in the grid circuit be kept
low. In addition, the internal impedance
of the driver stage as reflected into or
as effective in the grid circuit of the
power stage should always be as low as
possible in order that distortion may be
kept low. The input transformer used
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in a class AB: stage usually has a step-
down ratio adjusted for this condition.

Load resistance, plate dissipation,
power output, and distortion determina-
tions are similar to those for class AB..
These quantities are interdependent
with peak grid-voltage swing and driv-
ing power; a satisfactory set of operat-
ing conditions involves a series of
approximations. The load resistance and
signal swing are limited by the per-
missible grid current and power and the
distortion. If the load resistance is too
high or the signal swing is excessive, the
plate-dissipation rating will be exceeded,
distortion will be high, and the driving
power will be unnecessarily high.

Class B Power Amplifiers
A class B amplifier employs two

tubes connected in push-pull, so biased
that plate current is almost zero when
no signal voltage is applied to the grids.
Because of this low value of no-signal
plate current, class B amplification has
the same advantage as class AB., ie.,
large power output can be obtained
without excessive plate dissipation.
Class B operation differs from class AB:
in that plate current is cut off for a
larger portion of the negative grid
swing, and the signal swing is usually
larger than in class AB-: operation.

Because certain triodes used as
class B amplifiers are designed to op-
erate very close to zero bias, the grid
of each tube is at a positive potential
during all or most of the positive half-
cycle of its signal swing. In this type of
triode operation, considerable grid cur-
rent is drawn and there is a loss of
power in the grid circuit. This condi-
tion imposes the same requirement in
the driver stage as in a class AB. stage;
i.e., the driver should be capable of de-
livering considerably more power out-
put than the power required for the
grid circuit of the class B amplifier so
that distortion will be low. Similarly,
the interstage transformer between the
driver and the class B stage usually has
a step-down turns ratio. Because of the
high dissipations involved in class B
operation at zero bias, it is not feasible
to use tetrodes or pentodes in this type
of class B operation.
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Determination of load resistance,
plate dissipation, power output, and dis-
tortion is similar to that for a class AB:
stage.

Power amplifier tubes designed for
class A operation can be used in class
AB. and class B service under suitable
operating conditions. There are several
tube types designed especially for class
B service. The characteristic common to
all of these types is a high amplifica-
tion factor. With a high amplification
factor, plate current is small even when
the grid bias is zero. These tubes, there-
fore, can be operated in class B service
at a bias of zero volts so that no bias
supply is required. A number of class B
amplifier tubes consist of two triode
units mounted in one tube. The two
units can be connected in push-pull so
that only one tube is required for a
class B stage.

High-Fidelity Amplifiers

Several high-fidelity amplifiers are
shown in the Circuits section. The per-
formance capabilities of such amplifiers
are usually given in terms of frequency
response, total harmonic distortion,
maximum power output, and noise
level.

To provide high-fidelity reproduc-
tion of audio program material, an am-
plifier should have a frequency response
which does not vary more than 1 db
over the entire audio spectrum. General
practice is to design the amplifier so
that its frequency response is flat within
1 db from a frequency below the low-
est to be reproduced to one well above
the upper limit of the audible region.

Harmonic distortion and inter-
modulation distortion produce changes
in program material which may have
adverse effects on the quality of the
reproduced sound. Harmonic distortion
causes a change in the character of an
individual tone by the introduction of
harmonics which were not originally
present in the program material. For
high-fidelity reproduction, total har-
monic distortion (expressed as a per-
centage of the output power) should not
be greater than about 1 per cent at the
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desired listening level. Types such as
the 6973, 7027A and 7868 are designed
to provide extremely low harmonic dis-
tortion in suitably designed push-pull
amplifier circuits.

Intermodulation distortion is a
change in the waveform of an individual
tone as a result of interaction with an-
other tone present at the same time in
the program material. This type of dis-
tortion not only alters the character of
the modulated tone, but may also result
in the generation of spurious signals at
frequencies equal to the sum and dif-
ference of the interacting frequencies.
Intermodulation distortion should be
less than 2 per cent at the desired listen-
ing level. In general, any amplifier
which has low intermodulation distor-
tion will have very low harmonic dis-
tortion.

The maximum power output which
a high-fidelity amplifier should deliver
depends upon a complex relation of sev-
eral factors, including the size and
acoustical characteristics of the listen-
ing area, the desired listening level, and
the efficiency of the loudspeaker sys-
tem. Practically, however, it is possible
to determine amplifier requirements in
terms of room size and loudspeaker
efficiency.

The acoustic power required to re-
produce the loudest passages of orches-
tral music at concert-hall level in the
average-size living room is about 0.4
watt. Because high-fidelity loudspeakers
of the type generally available for home
use have an efficiency of only about 5
per cent, the output stage of the ampli-
fier should therefore be able to deliver
a power output of at least 8 watts. Be-
cause many wide-range loudspeaker sys-
tems, particularly those using frequency-
divider networks, have efficiencies of
less than 5 per cent, output tubes used
with such systems must have corre-
spondingly larger power outputs. The
6973, 7027A, 7189, and 7868 can pro-
vide ample output for most systems
when used in suitable push-pull circuits.

The noise level of a high-fidelity
amplifier determines the range of
volume the amplifier is able to repro-
duce, i.e., the difference (usually ex-
pressed in decibels) between the loudest
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and softest sounds in program material.
Because the greatest volume range util-
ized in electrical program material at
the present time is about 60 db, the
noise level of a high-fidelity amplifier
should be at least 60 db below the sig-
nal level at the desired listening level.

Cathode-Drive Circuits

The preceding text has discussed
the use of tubes in the conventional
grid-drive type of amplifier—that is,
where the cathode is common to both
the input and output circuits. Tubes
may also be employed as amplifiers in
circuit arrangements which utilize the
grid or plate as the common terminal.
Probably the most important of these
amplifiers are the cathode-drive circuit,
which is discussed below, and the cath-
ode-follower circuit, which will be dis-
cussed later in connection with inverse
feedback.

A typical cathode-drive circuit is
shown in Fig. 26. The load is placed in
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Fig. 26—Cathode-drive circuit.

the plate circuit and the output voltage
is taken off between the plate and
ground as in the grid-drive method of
operation. The grid is grounded, and
the input voltage is applied across an
appropriate impedance in the cathode
circuit. The cathode-drive circuit is par-
ticularly useful for vhf and uhf applica-
tions, in which it is necessary to obtain
the low-noise performance usually asso-
ciated with a triode, but where a con-
ventional grid-drive circuit would be
unstable because of feedback through
the grid-to-plate capacitance of the
tube. In the cathode-drive circuit, the
grounded grid serves as a capacitive
shield between plate and cathode and



30

permits stable operation at frequencies
higher than those in which conventional
circuits can be used.

The input impedance of a cathode-
drive circuit is approximately equal to
1/gm when the load resistance is small
compared to the r, of the tube. A cer-
tain amount of power is required, there-
fore, to drive such a circuit. However,
in the type of service in which cathode-
drive circuits are normally used, the
advantages of the grounded-grid con-
nection usually outweigh this disad-
vantage.

Inverse Feedback
An inverse-feedback circuit, some-

times called a degenerative circuit, is
one in which a portion of the output
voltage of a tube is applied to the in-
put of the same or a preceding tube in
opposite phase to the signal applied to
the tube. Two important advantages of
feedback are (1) reduced distortion from
each stage included in the feedback cir-
cuit and (2) reduction in the variations
in gain due to changes in line voltage,
possible differences between tubes of the
same type, or variations in the values of
circuit constants included in the feed-
back circuit.

Inverse feedback is used in audio
amplifiers to reduce distortion in the
output stage where the load impedance
on the tube is a loudspeaker. Because
the impedance of a loudspeaker is not
constant for all audio frequencies, the
load impedance on the output tube
varies with frequency. When the output
tube is a pentode or beam power tube
having high plate resistance, this varia-
tion in plate load impedance can, if not
corrected, produce considerable fre-
quency distortion. Such frequency dis-
tortion can be reduced by means of
inverse feedback. Inverse-feedback cir-
cuits are of the constant-voltage type
and the constant-current type.

The application of the constant-
voltage type of inverse feedback to a
power-output stage using a single beam
power tube is illustrated in Fig. 27. In
this circuit, Ry, R., and C are connected
as a voltage divider across the output of
the tube. The secondary winding of the
grid-input transformer is returned to a
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point on this voltage divider. Capacitor
C blocks the dc plate voltage from the
grid. However, a portion of the tube
af output voltage, approximately equal
to the output voltage multiplied by the

INPUT

SIGNAL

.y [o}
= +0

Fig. 27—Power-output stage using constant-
voltage inverse feedback.

fraction R:/(R: + R.), is applied to the
grid. This voltage reduces the source im-
pedance of the circuit and a decrease in
distortion results which is explained in
the curves of Fig. 28.

Consider first the amplifier without
the use of inverse feedback. Suppose
that when a signal voltage e, is applied
to the grid the af plate current i, has
an irregularity in its positive half-cycle.
This irregularity represents a departure
from the waveform of the input signal
and is, therefore, distortion. For this
plate-current waveform, the af plate
voltage has a waveform shown by ¢’,.
The plate-voltage waveform is inverted
compared to the plate-current wave-
form because a plate-current increase
produces an increase in the drop across
the plate load. The voltage at the plate
is the difference between the drop across
the load and the supply voltage; thus,
when plate current goes up, plate volt-
age goes down; when plate current goes
down, plate voltage goes up.

Now suppose that inverse feedback
is applied to the amplifier. The voltage
fed back to the grid has the same wave-
form and phase as the plate voltage, but
is smaller in magnitude. Hence, with a
plate voltage of waveform shown by
€'n, the feedback voltage appearing on
the grid is as shown by e’s¢. This voltage
applied to the grid produces a compo-
nent of plate current i’ye. It is evident
that the irregularity in the waveform of
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St

Fig. 28—Voltage and current waveforms showing effect of inverse feedback.
this component of plate current would
act to cancel the original irregularity
and thus reduce distortion.

After inverse feedback has been ap-
plied, the relations are as shown in the
curve for ip. The dotted curve shown by
i’y¢ is the component of plate current
due to the feedback voltage on the grid.
The dotted curve shown by i, is the
component of plate current due to the
signal voltage on the grid. The algebraic
sum of these two components gives the
resultant plate current shown by the
solid curve of i,. Since i’y is the plate
current that would flow without inverse
feedback, it can be seen that the appli-
cation of inverse feedback has reduced
the irregularity in the output current.
In this manner inverse feedback acts to
correct any component of plate current
that does not correspond to the input
signal voltage, and thus reduces dis-
tortion.

From the curve for ip, it can be
seen that, besides reducing distortion,
inverse feedback also reduces the ampli-
tude of the output current. Conse-
quently, when inverse feedback is
applied to an amplifier there is a de-
crease in gain or power sensitivity as
well as a decrease in distortion. Hence,
the application of inverse feedback to
an amplifier requires that more driving
voltage be applied to obtain full power
output, but this output is obtained with
less distortion.

Inverse feedback may also be ap-
plied to resistance-coupled stages, as

shown in Fig. 29. The circuit is conven-
tional except that a feedback resistor,
R,, is connected between the plates of
tubes T: and T.. The output signal volt-
age of T and a portion of the output
signal voltage of T: appear across R..
Because the distortion generated in the
plate circuit of T: is applied to its grid
out of phase with the input signal, the
distortion in the output of T is com-
paratively low. With sufficient inverse
feedback of the constant-voltage type

AV
R

C- B-C+ B+

Fig. 29—Resistance-coupled stages using
feedback resistor.

in a power-output stage, it is not neces-
sary to employ a network of resistance
and capacitance in the output circuit to
reduce response at high audio frequen-
cies. Inverse-feedback circuits can also
be applied to push-pull class A and class
AB, amplifiers.

Constant-current inverse feedback
is usually obtained by omitting the by-
pass capacitor across a cathode resistor.
This method decreases the gain and the
distortion but increases the source im-
pedance of the circuit. Consequently,
the output voltage rises at the resonant
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frequency of the loudspeaker and ac-
centuates hangover effects.

Inverse feedback is not generally
applied to a triode power amplifier, such
as the 2A3, because the variation in
speaker impedance with frequency does
not produce much distortion in a triode
stage having low plate resistance. It is
sometimes applied in a pentode stage,
but is not always convenient. As has
been shown, when inverse feedback is
used in an amplifier, the driving voltage
must be increased in order to provide
full power output. When inverse feed-
back is used with a pentode, the total
driving voltage required for full power
output may be inconveniently large, al-
though still less than that required for
a triode. Because a beam power tube
gives full power output on a compara-
tively small driving voltage, inverse
feedback is especially applicable to
beam power tubes. By means of inverse
feedback, the high efficiency and high
power output of beam power tubes can
be combined with freedom from the
effects of varying speaker impedance.

Cathode-Follower Circuits

Another important application of
inverse feedback is in the cathode-fol-
lower circuit, an example of which is
shown in Fig. 30. In this application, the
load has been transferred from the plate
circuit to the cathode circuit of the tube.
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c

Fig. 30—Cathode-follower circuit.

The input voltage is applied between
the grid and ground, and the output
voltage is obtained between the cathode
and ground. The voltage amplification
(V.A)) of this circuit is always less than
unity and may be expressed by the fol-
lowing convenient formulas.
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For a triode:
_ 2 X Ry

VoA = TR X D
For a pentode:

_ gm X RL

VA= 14+ (gm X Ru) .
In these formulas, « is the amplifi-

cation factor, Ry is the load resistance
in ohms, r, is the plate resistance in
ohms, and g.. is the transconductance
in mhos.

The use of the cathode follower
permits the design of circuits which
have high input resistance and high out-
put voltage. The output impedance is
quite low and very low distortion may
be obtained. Cathode-follower circuits
may be used for power amplifiers or as
impedance transformers designed either
to match a transmission line or to pro-
duce a relatively high output voltage at
a Jow impedance level.

In a power amplifier which is trans-
former coupled to the load, the same
output power can be obtained from the
tube as would be obtained in a conven-
tional grid-drive type of amplifier. The
output impedance is very low and pro-
vides excellent damping to the load,
with the result that very low distortion
can be obtained. The peak-to-peak sig-
nal voltage, however, approaches 1%
times the plate supply voltage if maxi-
mum power output is required from the
tube. Some problems may be encoun-
tered, therefore, in the design of an
adequate driver stage for a cathode-
follower output system.

When a cathode-follower circuit is
used as an impedance transformer, the
load is usvally a simple resistance in
the cathode circuit of the tube. With
relatively low values of cathode resistor,
the circuit may be designed to supply
significant amounts of power and to
match the impedance of the device to
a transmission line. With somewhat
higher values of cathode resistor, the
circuit may be used to decrease the out-
put impedance sufficiently to permit the
transmission of audio signals along a
line in which appreciable capacitance
is present.

The cathode follower may also be
used as an isolation device to provide
extremely high input resistance and low
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input capacitance as might be required
in the probe of an oscilloscope or
vacuum-tube voltmeter. Such circuits
can be designed to provide effective
impedance transformation with no sig-
nificant loss of voltage.

Selection of a suitable tube and its
operating conditions for use in a cath-
ode-follower circuit having a specified
output impedance (Z.) can be made, in
most practical cases, by the use of the
following formula to determine the ap-
proximate value of the required tube
transconductance.

Required gm (zmhos) = -——————2100?:"323)
Once the required transconductance

is obtained, a suitable tube and its oper-
ating conditions may be determined
from the technical data given in the
Technical Data section. The tube se-
lected should have a value of transcon-
ductance slightly lower than that
obtained from the above expression to
allow for the shunting effect of the cath-
ode load resistance. The conversion
nomograph given in Fig. 23 may be
used for calculation of operating condi-
tions for values of transconductance not
included in the tabulated data. After
the operating conditions have been de-
termined, the approximate value of the
required cathode load resistance may be
calculated from the following formulas.
For a triode:

Zo X 1p
Cathode RiL = r————————-——p T1Ze X (1 )]

For a pentode:
Zo

Cathode Ry, = m

Resistance and impedance values are in
ohms; transconductance values are in
mhos.

If the value of the cathode load re-
sistance calculated to provide the re-
quired output impedance does not
provide the required operating bias, the
basic cathode-follower circuit can be
modified in a number of ways. Two of
the more common modifications are
shown in Figs. 31 and 32.

In Fig. 31 the bias is increased by
adding a bypassed resistance between
the cathode and the unbypassed load
resistance and returning the grid to the
low end of the load resistance. In Fig.

B+
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Fig. 31—Cathode-follower circuit modified

for increased bias.

32 the bias is reduced by adding a by-
passed resistance between the cathode
and the unbypassed load resistance but,
in this case, the grid is returned to the
junction of the two cathode resistors
so that the bias voltage is only the dc
voltage drop across the added resistance.
The size of the bypass capacitor should
be large enough so that it has negligible
reactance at the lowest frequency to be
handled. In both cases the B-supply
should be increased to make up for the
voltage taken for biasing.

T % OUTPUT
LOADRESISTANCE VOLTAGE

_9
-

Fig. 32-—Cathode-follower circuit modified
for reduced bias.

Example: Select a suitable tube
and determine the operating conditions
and circuit components for a cathode-
follower circuit having an output im-
pedance that will match a 500-ohm
transmission line.

Procedure: First, determine the ap-
proximate transconductance required.

1,000,000
500

A survey of the tubes that have a
transconductance in this order of mag-
nitude shows that type 12AX7A is among

Required gm = = 2000 pmhos
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the tubes to be considered. Referring to
the characteristics given in the technical
data section for one triode unit of high-
mu twin triode 12AX7, we find that for
a plate voltage of 250 volts and a bias
of —2 volts, the transconductance is
1600 micromhos, the plate resistance is
62500 ohms, the amplification factor is
100, and the plate current is 0.0012 am-
pere. When these values are used in the
expression for determining the cathode
load resistance, the following result is
obtained:

500 X 62500
63500500 (10041) ~ 2600 ohmsCathode Rr=

The voltage across this resistor for
a plate current of 0.0012 ampere is
2600 x 0.0012 = 3.12 volts. Because
the required bias voltage is only —2
volts, the circuit arrangement given in
Fig. 32 is employed. The bias is fur-
nished by a resistance that will have a
voltage drop of 2 volts when it carries
a current of 0.0012 ampere. The re-
quired bias resistance, therefore, is
2/0.0012 = 1670 ohms. If 60 cycles
per second is the lowest frequency to
be passed, 20 microfarads is a suitable
value for the bypass capacitor. The B-
supply, of course, is increased by the
voltage drop across the cathode re-
sistance which, in this example, is ap-
proximately 5 volts. The B-supply,
therefore, is 250 4+ 5 = 255 volts.

Because it is desirable to eliminate,
if possible, the bias resistor and bypass
capacitor, it is worthwhile to try other
tubes and other operating conditions to
obtain a value of cathode load resist-
ance which will also provide the re-
quired bias. If the triode section of twin
diode—high-mu triode 6AT6 is operated
under the conditions given in the tech-
nical data section with a plate voltage
of 100 volts and a bias of —1 volt, it
will have an amplification factor of 70,
a plate resistance of 54000 ohms, a
transconductance of 1300 micromhos,
and a plate current of 0.0008 ampere.
Then,

Cathode R, =
500 X 54000

54000 — 500 X (70 + 1) — 1460 ohms
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The bias voltage obtained across
this resistance is 1460 ¢ 0.0008 = 1.17
volts. Since this value is for all practical
purposes close enough to the required
bias, no addition bias resistance will
be required and the grid may be re-
turned directly to ground. There is no
need to adjust the B-supply voltage to
make up for the drop in the cathode
resistor. The voltage amplification
(V.A.) for the cathode-follower circuit
utilizing the triode section of type
6AT6 is

70 X 1460
VA =33000 7 1460 X GOF D)

For applications in which the cath-
ode follower is used to isolate two cir-
cuits—for example, when it is used
between a circuit being tested and the
input stage of an oscilloscope or a
vacuum-tube voltmeter—voltage output
and not impedance matching is the pri-
mary consideration. In such applica-
tions it is desirable to use a relatively
high value of cathode load resistance,
such as 50,000 ohms, in order to get the
maximum voltage output. In order to
obtain proper bias, a circuit such as
that of Fig. 32 should be used. With a
high value of cathode resistance, the
voltage amplification will approximate
unity.

= 0.65

Corrective Filters
A corrective filter can be used to

improve the frequency characteristic of
an output stage using a beam power
tube or a pentode when inverse feed-
back is not applicable. The filter consists
of a resistor and a capacitor connected
in series across the primary of the out-
put transformer. Connected in this way,
the filter is in parallel with the plate
load impedance reflected from the voice-
coil by the output transformer. The
magnitude of this reflected impedance
increases with increasing frequency in
the middle and upper audio range. The
impedance of the filter, however, de-
creases with increasing frequency. It
follows that, by use of the proper values
for the resistance and the capacitance
in the filter, the effective load impedance
on the output tubes can be made prac-
tically constant for all frequencies in
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the middle and upper audio range. The
result is an improvement in the fre-
quency characteristic of the output
stage.

The resistance to be used in the
filter for a push-pull stage is 1.3 times
the recommended plate-to-plate load re-
sistance; or, for a single-tube stage, is
1.3 times the recommended plate load
resistance. The capacitance in the filter
should have a value such that the volt-
age gain of the output stage at a fre-
quency of 1000 cycles or higher is equal
to the voltage gain at 400 cycles.

A method of determining the
proper value of capacitance for the fil-
ter is to make two measurements of the
output voltage across the primary of
the output transformer: first, when a
400-cycle signal is applied to the input,
and second, when a 1000-cycle signal
of the same voltage as the 400-cycle
signal is applied to the input. The cor-
rect value of capacitance is the one
which gives equal output voltages for
the two signal inputs. In practice, this
value is usually found to be in the order
of 0.05 microfarad.

Volume Compressors and Expanders
Volume compression and expan-

sion are used in FM transmitters and
receivers and in recording devices and
amplifiers to make more natural the
reproduction of music which has a very
large volume range. For example, in the
music of a symphony orchestra the
sound intensity of the soft passages is
very much lower than that of the loud
passages. When this low volume level
is raised above the background noise
for transmitting or recording, the peak
level of the program material may be
raised to an excessively high volume
level. It is often necessary, therefore, to
compress the volume range of the pro-
gram content within the maximum capa-
bilities of the FM transmitter or the
recording device. Exceeding a maximum
peak volume level for FM modulation
corresponds to exceeding the allowed
bandwidth for transmission. In some re-
cording devices, excessive peak volume
levels may cause overloading and dis-
tortion,
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Volume compression may be ac-
complished by either manual or auto-
matic control. The types of compression
used include peak limiters, volume limi-
ters, and volume compressors. A peak
limiter limits the peak power to some
predetermined level. A volume limiter
provides gain reduction based on an
average signal level above a prede-
termined level. A volume compressor
provides gain reduction for only the
sustained loud portions of the sound
level. Only volume compressors can be
correctly compensated for with volume
expanders.

For faithful reproduction of the
original sound, the volume expander
used in the FM receiver or audio ampli-
fier should have the reverse characteris-
tic of the volume compressor used in
the FM transmitter or recording device.
In general, the basic requirements for
either a volume compressor or expander
are shown in the block diagram of
Fig. 33. In a volume compressor, the

INPUT Vi OUTPUT
VARIABLE-GAIN

AMPLIFIER

Ve Vi
AMPLIFIER RECTIFIER

Fig. 33—Block diagram of volume com-
pressor or expander circuit.

variable-gain amplifier Vi has greater
gain for a low-amplitude signal than for
a high-amplitude signal; therefore, soft
passages are amplified more than loud
ones. In an expander, the gain is greater
for high-amplitude signals than for low-
amplitude signals; therefore, loud pas-
sages are amplified more than soft ones
and the original amplitude ratio is re-
stored.

In the diagram shown in Fig. 33,
the signal to be amplified is applied to
Vi, and a portion of the signal is also
applied to V.. The amplified output
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from V: is then rectified by Vs, and ap-
plied as a negative (for compressors) or
positive (for expanders) bias voltage to
V.. As this bias voltage varies with
variations in signal amplitude, the gain
of V. also varies to produce the de-
sired compression or expansion of the
signal.

Tubes having a large dynamic
range provide the best results in volume
compressor or expander applications.
Examples of such types are the 6BJ6
and 6BE6. Push-pull operation is gen-
erally desired for the variable-gain am-
plifier to prevent high distortion and
other undesirable effects which may oc-
cur in volume compressors and expand-
ers.

Phase Inverters
A phase inverter is a circuit used

to provide resistance coupling between
the output of a signal-tube stage and the
input of a push-pull stage. The neces-
sity for a phase inverter arises because
the signal-voltage inputs to the grids
of a push-pull stage must be 180 de-
grees out of phase and approximately
equal in amplitude with respect to each
other. Thus, when the signal voltage
input to a push-pull stage swings the
grid of one tube in a positive direction,
it should swing the grid of the other
tube in a negative direction by a simi-
lar amount. With transformer coupling
between stages, the out-of-phase input
voltage to the push-pull stage is sup-
plied by means of the center-tapped
secondary. With resistance coupling, the
out-of-phase input voltage is obtained
by means of the inverter action of a
tube.

Fig. 34 shows a push-pull power
amplifier, resistance-coupled by means
of a phase-inverter circuit to a single-
stage triode T:. Phase inversion in this
circuit is provided by triode T.. The out-
put voltage of T, is applied to the grid
of triode Ts. A portion of the output
voltage of T: is also applied through the
resistors R; and R; to the grid of T.. The
output voltage of T. is applied to the
grid of triode T..

When the output voltage of T.
swings in the positive direction, the
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plate current of T: increases. This action
increases the voltage drop across the
plate resistor R, and swings the plate of
T; in the negative direction. Thus, when
the output voltage of T, swings positive,
the output voltage of T, swings negative
and is, therefore, 180° out of phase
with the output voltage of T..

In order to obtain equal voltages at
E. and E,, (R: + R:)/R; should equal
the voltage gain of T.. Under the con-
dition where a twin-type tube or two
tubes having the same characteristics are
used as T: and T., R. should be equal
to the sum of R; and R;. The ratio of
R; 4+ R; to R; should be the same as
the voltage gain ratio of T: in order to
apply the correct value of signal voltage
to T.. The value of R; is, therefore,
equal to R, divided by the voltage gain
of T Rs is equal to R, minus R;. Values
of R;, R, Ry plus Rs, and R. may be
taken from the chart in the Resistance-
Coupled Amplifiers section. In the prac-
tical application of this circuit, it is con-
venient to use a twin-triode tube com-
bining T, and T..
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VOLTAGE ouTeuT

Fig. 34—Push-pull power amplifier resist-
ance-coupled to triode by means of phase

inverter,

Tone Controls

A tone control is a variable filter
(or one in which at least one element is
adjustable) by means of which the user
may vary the frequency response of an
amplifier to suit his own taste. In radio
receivers and home amplifiers, the tone
control usually consists of a resistance-
capacitance network in which the resist-
ance is the variable element.

The simplest form of tone control
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is a fixed tone-compensating or “equaliz-
ing” network such as that shown in
Fig. 35. This type of network is often
used to equalize the low- and high-fre-
quency response of a crystal phono-
graph pickup. At low frequencies the
attenuation of this network is 20.8 db.
As the frequency is increased, the 100-
micromicrofarad capacitor serves as a
bypass for the 5-megohm resistor, and
the combined impedance of the resistor-
capacitor network is reduced. Thus,
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Fig. 35—Tone-control circuit for fixed tone
compensation or “equalizing”.

more of the crystal output appears
across the 0.5-megohm resistor at high
frequencies than at low frequencies, and
the frequency response at the grid is
reasonably flat over a wide frequency
range. Fig. 36 shows a comparison be-
tween the output of the crystal (curve
A) and the output of the equalizing
network (curve B). The response curve
can be “flattened” still more if the
attenuation at low frequencies is in-
creased by changing the 0.5-megohm
resistor to 0.125 megohm.

The tone-control network shown in
Fig. 37 has two stages with completely
separate bass and treble controls. Fig.
38 shows simplified representations of
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Tig. 36—Curve showing output from
crystal phonograph pickup (A) and from

equalizing network (B).

the bass control of this circuit when the
potentiometer is turned to its extreme
variations (usually labeled “Boost” and
“Cut”). In this network, as in the crys-
tal-equalizing network shown in Fig.
35, the paraliel RC combination is the
controlling factor. For bass “boost,” the
capacitor C: bypasses resistor Rs so that
less impedance is placed across the out-
put to grid B at high frequencies than
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Fig. 38—Simplified representations of bass-
control circuit at extreme ends of

potentiometer.

at low frequencies. For bass “cut,” the
parallel combination is shifted so that
C. bypasses Rs, causing more high-
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Fig. 37—Two-stage tone-control circuit incorporating separate bass and treble controls.
TREBLE



38

frequency than low-frequency output.
Essentially, the network is a variable-
frequency voltage divider. With proper
values for the components, it may be
made to respond to changes in the R
potentiometer setting for only low fre-
quencies (below 1000 cycles).

Fig. 39 shows extreme positions of
the treble control. The attenuation of
the two circuits is approximately the
same at 1000 cycles. The treble “boost”
circuit is similar to the crystal-equaliz-
ing network shown in Fig. 35. In the
treble “cut” circuit, the parallel RC ele-
ments serve to attenuate the signal volt-
age further because the capacitor by-
passes the resistance across the output.

TREBLE BOOST TREBLE CUT

R4 Ry

C D ¢ | ” D
ReCa Re Rs Ca

Coo SRy

Cq T
[=, T O O s O
Fig. 39—Simplified representations of
treble-control circuit at extreme ends of

potentiometer.

The effect of the capacitor is negligible
at low frequencies; beyond 1000 cycles,
the signal voltage is attenuated at a
maximum rate of 6 db per octave.

The location of a tone-control net-
work is of considerable importance. In
a typical radio receiver, it may be
inserted in the plate circuit of the
power tube, the coupling circuit be-
tween the first af amplifier tube and
the power tube, or the grid circuit of
the first tube. In an amplifier using a
beam power tube or pentode power
amplifier without negative feedback, it
is desirable to connect a resistance-
capacitance filter across the primary of
the output transformer. This filter may
be fixed, with a supplementary tone
control elsewhere, or it may form the
tone control itself. If the amplifier in-
corporates negative feedback, the tone
control may be inserted in the feedback
network or else should be connected to
a part of the amplifier which is ex-
ternal to the feedback loop. The over-
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all gain of a well designed tone-control
network should be approximately unity.

Phonograph and Tape Preamplifiers
The frequency range and dynamic

range which can be recorded on a
phonograph record or on magnetic tape
depend on several factors, including the
composition, mechanical characteristics,
and speed of the record or tape, and
the electrical and mechanical character-
istics of the recording equipment. To
achieve wide frequency and dynamic
ranges, manufacturers of commercial
recordings use equipment which intro-
duces a nonuniform relationship be-
tween amplitude and frequency. This
relationship is known as a “recording
characteristic.” To assure proper re-
production of a high-fidelity recording,
therefore, some part of the reproducing
system must have a frequency-response
characteristic which is the inverse of
the recording characteristic. Most manu-
facturers of high-fidelity recordings use
the RCA “New Orthophonic” (RIAA)
characteristic for discs and the NARTB
characteristic for magnetic tape.

Some typical preamplifier stages
are shown in the Circuits section. The
location of the frequency-compensating
network or “equalizer” in the repro-
ducing system will depend on the types
of recordings which are to be repro-
duced and on the pickup devices used.

A ceramic high-fidelity phonograph
pickup is usually designed to provide
proper compensation for the RIAA re-
cording characteristic when the pickup
is operated into the load resistance spec-
ified by its manufacturer. Because this
type of pickup also has relatively high
output (0.5 to 1.5 volts), it does not
require the use of either an equalizer
network or a preamplifier, and can be
connected directly to the input of a
tone-control amplifier and/or power
amplifier.

A magnetic high-fidelity phono-
graph pickup, on the other hand, usually
has an essentially flat frequency-re-
sponse characteristic and very low out-
put (1 to 10 millivolts). Because a
pickup of this type merely reproduces
the recording characteristic, it must be
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followed by an equalizer network, as
well as by a preamplifier having suf-
ficient voltage gain to provide the input
voltage required by the tone-control
amplifier and/or power amplifier. Many
designs include both the equalizing and
amplifying circuits in a single unit.

A high-fidelity magnetic-tape pick-
up head, like a magnetic phonograph
pickup, reproduces the recording char-
acteristic and has an output of only a
few millivolts. This type of pickup de-
vice, therefore, must also be followed
by an equalizing network and pream-
plifier, or by a preamplifier which pro-
vides “built-in” equalization for the
NARTB characteristic.

Limiters

An amplifier may also be used as
a limiter. One use of a limiter is in
receivers designed for the reception of
frequency-modulated signals. The lim-
iter in FM receivers has the function of
eliminating amplitude variations from
the input to the detector. Because in
an FM system amplitude variations are
primarily the result of noise disturb-
ances, the use of a limiter prevents
such disturbances from being repro-
duced in the audio output. The limiter
usually follows the last if stage so
that it can minimize the effects of dis-
turbances coming in on the rf carrier
and those produced locally.

The limiter is essentially an if volt-
age amplifier designed for saturated
operation. Saturated operation means
that an increase in signal voltage above
a certain value produces very little in-
crease in plate current. A signal voltage
which is never less than sufficient to
cause saturation of the limiter, even on
weak signals, is supplied to the limiter
input by the preceding stages. Any
change in amplitude, therefore, such as
might be produced by noise voltage
fluctuation, is not reproduced in the
limiter output. The limiting action, of
course, does not interfere with the re-
production of frequency variations.

Plate-current saturation of the lim-
iter may be obtained by the use of
grid-No. l-resistor-and-capacitor bias
with plate and grid-No. 2 voltages which
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are low compared with customary if-
amplifier operating conditions.

As a result of these design features,
the limiter is able to maintain its output
voltage at a constant amplitude over a
wide range of input-signal voltage varia-
tions. The output of the limiter is fre-
quency-modulated if voltage, the mean
frequency of which is that of the if
amplifier. This voltage is impressed on
the input of the detector.

The reception of FM signals with-
out serious distortion requires that the
response of the receiver be such that
satisfactory amplification of the signal
is provided over the entire range of fre-
quency deviation from the mean fre-
quency. Since the frequency at any
instant depends on the modulation at
that instant, it follows that excessive
attenuation toward the edges of the
band, in the rf or if stages, will cause
distortion. In a high-fidelity receiver,
therefore, the amplifiers must be capa-
ble of amplifying, for the maximum
permissible frequency deviation of 75
kilocycles, a band 150 kilocycles wide.
Suitable tubes for this purpose are the
6BA6 and 6BJ6.

Television RF Amplifiers
In a radio or television receiver,

noise generated in the first amplifier
stage is often the controlling factor
in determining the over-all sensitivity
of the receiver. The “front end” of a
receiver, therefore, is designed with
special attention to both gain and noise
characteristics.

The input circuit of an amplifier
inherently contains some thermal noise
contributed by the resistive elements in
the input device. When an input signal
is amplified, therefore, the thermal
noise generated in the input circuit is
also amplified. If the ratio of signal
power to noise power (signal-to-noise
ratio, S/N) is the same in the output
circuit as in the input circuit, the am-
plifier is considered to be “noiseless”
and is said to have a noise figure of
unity, or zero db.

In practical circuits, however, all
amplifier stages generate a certain
amount of noise as a result of thermal
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agitation of electrons in resistors and
other components, minute variations in
the cathode emission of tubes (shot ef-
fect), and minute grid currents in the
amplifier tubes. As a result, the ratio of
signal power to noise power is inevitably
impaired during amplification. A meas-
ure of the degree of impairment is
called the noise figure (NF) of the am-
plifier, and is expressed as the ratio of
signal power to noise power at the input
(Si/N,) divided by the ratio of signal
power to noise power at the output
(So/Ny), as follows:

(Si/N1)
NF = (o750

The noise figure in db is equal to
ten times the logarithm of this power
ratio. For example, an amplifier having
a one-db noise figure decreases the
signal-to-noise ratio by a factor of 1.26,
a 3-db noise figure by a factor of 2,
a 10-db noise figure by a factor of 10,
and a 20-db noise figure by a factor
of 100.

Tuner input circuits of vhf televi-
sion receivers use either a triode or a
pentode in the rf amplifier stage. Such
stages are required to amplify signals
ranging from 55 to 216 Mc and having
a bandwidth of 4.5 Mc, although the
tuner is usually aligned for a band-
width of 6 Mc to assure complete
coverage of the band. In the early rf
tuners, pentodes rather than triodes
were used because the grid-plate ca-
pacitance of triodes created stability
problems. The use of twin triodes in
direct-coupled cathode-drive circuits
makes it possible to obtain stable opera-
tion along with the low-noise character-
istics of triodes.

Pentodes or tetrodes do not provide
the sensitivity of triodes because of the
“partition noise” introduced by the
screen grid. The direct-coupled cathode-
drive circuit provides both the gain and
the stability capabilities of the pentode
and a low-noise triode input stage. Be-
cause the cathode-drive stage provides
a low-impedance load to the grounded-
cathode stage, its gain is very low and
there is no necessity for neutralizing the
grid-plate capacitance. An interstage
impedance, usually an inductance in
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series with the plate of the first stage
and the cathode of the second stage, is
often used at higher frequencies to pro-
vide a degree of impedance matching
between the units. The cathode-drive
portion of the circuit is matched to the
input network and provides most of the
stage gain. Because the feedback path
of the cathode-drive circuit is the plate-
cathede capacitance, which in most
cases is very small, excellent isolation
is provided between the antenna and
the local oscillator.

Development of single triodes hav-
ing low grid-plate capacitance has made
possible the design of a neutralized tri-
ode rf circuit. The 6BN4 has been used
commercially in neutralized triode cir-
cuits. Tubes such as the 6GK5 and
6CW4, now in common usage, were
specially designed to minimize grid-
plate capacitance to permit easier neu-
tralization of a grounded-cathode circuit
over the wide frequency band. The
bridge-neutralized rf amplifier circuit
has become widely used in television
tuners. In this arrangement, a portion
of the output signal is returned to the
grid out of phase with the feedback sig-
nal from the grid-plate capacitance. This
circuit provides excellent gain and noise
performance with stable operation
across the band.

Video Amplifiers
The video amplifier stage in a tele-

vision receiver usually employs a pen-
tode-type tube specially designed to
amplify the wide band of frequencies
contained in the video signal and, at
the same time, to provide high gain
per stage. Pentodes are more useful
than triodes in such stages because
they have high transconductance (to
provide high gain) together with low
input and output interelectrode ca-
pacitances (to permit the broadband
requirements to be satisfied). An approx-
imate “figure of merit” for a particular
tube for this application can be deter-
mined from the ratio of its transcon-
ductance, gm, to the sum of its input
and output capacitances, Cin and Cour,
as follows:

EgmFigure of Merit = Gt Cor
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Typical values for this figure are in the
order of 500 x 10° or greater.

A typical video amplifier stage,
such as that shown in Fig. 40, is con-
nected between the second detector of
the television receiver and the picture
tube. The contrast control, R;, in this
circuit controls the gain of the video
amplifier tube. The inductance, L., in
series with the load resistor, Ry, main-
tains the plate load impedance at a rela-
tively constant value with increasing

L C2

Fig. 40—Typical video amplifier stage.

frequency. The inductance L. isolates
the output capacitance of the tube so
that only stray capacitance is placed
across the load. As a result, a higher-
value load resistor is used to provide
higher gain without affecting frequency
response or phase relations. The de-
coupling circuit, CiRs, is used to im-
prove the low-frequency response.
Tubes used as video amplifiers include
types 6CL6 and 12BY7A, or the pen-
tode sections of types 6AWS8A and
6ANSA.

The luminance amplifier in a color-
television receiver is a conventional
video amplifier having a bandwidth of
approximately 3.5 Mc. In a color re-
ceiver, the portion of the output of the
second detector which lies within the
frequency band from approximately 2.4
to 4.5 Mc is fed to bandpass amplifier,
as shown in the block diagram in Fig.
41. The color synchronizing signal, or
“burst,” contained in this signal may
then be fed to a “burst-keyer” tube.
At the same time, a delayed horizontal
pulse may be applied to the keyer tube.
The output of the keyer tube is applied
to the burst amplifier tube and the
signal is then fed to the 3.58-Mc os-
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cillator and to the “color-killer” stage.
The color killer applies a bias volt-

age to the bandpass amplifier in the ab-
sence of burst so that the color section,
or chrominance channel, of the receiver
remains inoperative during black-and-
white broadcasts. A threshold control
varies the bias and controls the burst
level at which the killer stage operates.

The output of the 3.58-Mc oscil-
lator and the output of the bandpass
amplifier are fed into phase and ampli-
tude demodulator circuits. The output
of each demodulator circuit is an elec-
trical representation of a color-differ-
ence signal, i.e., an actual color signal
minus the black-and-white, or lumi-
nance, signal. The two color-difference
signals are combined to produce the
third color-difference signal; each of
the three signals then represents one of
the primary colors.

The three color-difference signals
are usually applied to the grids of the
three electron guns of the color picture
tube, in which case the black-and-white
signal from the luminance amplifier may
be applied simultaneously to the cath-
odes. The chrominance and luminance
signals then combine to produce the
color picture. In the absence of trans-
mitted color information, the chromi-

"nance channel is cut off by the color
killer, as described above, and only the
luminance signal is applied to the pic-
ture tube, producing a black-and-white
picture.

SECOND
DETECTOR i DELAY LINE

v
TO CATHODES OF

LUMINANCE COLOR PICTURE TUBE
AMPLIFIER TO GRIDS OF

COLOR PICIURE TUBE

BANDPASS -
AMPLIFIER DEMODULATORS

BURST KEYER
AND AMPLIFIER

l -
3.58 Mc

K .—{QOR ILLER OSCILLATOR
Fig. 41—Block diagram of video-amplifier

section of color television receiver.
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Television Sync Circuits

In addition to picture informa-
tion, the composite video signal sup-
plied to a television receiver contains
information to assure that the picture
produced on the receiver is synchro-
nized with the picture being viewed by
the camera or pickup tube. The “sync”
pulses, which have a greater amplitude
than the video signal, trigger the scan-
ning generators of the receiver when
the electron beam of the pickup tube
ends each trace.

The sync pulses in the composite
video signal may be separated from the
video information in the output of the
second or video detector by means of
the triode circuit shown in Fig. 42. In
this circuit, the time constant of the

) TO
114 SCANNING
v CIRCUITS

FROM
SECOND p

DETECTOR "I

4 B+

Fig. 42—Sync-separator circuit.

network R.C; is long with respect to the
interval between pulses. During each
pulse, the grid is driven positive and
draws current, thereby charging ca-
pacitor C,. Consequently, the grid de-
velops a bias which is slightly greater
than the cutoff voltage of the tube.
Because plate current flows only dur-
ing the sync-pulse period, only the
amplified pulse appears in the output.
This sync-separator stage discriminates
against the video information. Because
the bias developed on the grid is pro-
portional to the strength of the in-
coming signal, the circuit also has the
advantage of being relatively inde-
pendent of signal fluctuations.

Because the electron beam scans
the face of the picture tube at different
rates in the vertical and horizontal di-
rections, the receiver incorporates two
different scanning generators. The repe-
tition rate of the vertical generator is 60
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cycles per second, and the rate of the
horizontal generator is approximately
15,750 cycles per second. The com-
posite video signal includes information
which enables each generator to derive
its correct triggering. One horizontal
sync pulse is supplied at the end of
each horizontal line scan. At the end
of each frame, several pulses of longer:
duration than the horizontal sync pulses
are supplied to actuate the vertical
generator. The vertical information is
separated from the horizontal informa-
tion by differentiating and integrating
circuits.

In fringe areas, two conditions
complicate the process of sync separa-
tion. First, the incoming signal available
at the antenna is weak and susceptible
to fading and other variations; second,
the receiver is operating at or near
maximum gain, which makes it ex-
tremely susceptible to interference from
pulse-type noise generated by certain
types of electrical equipment, ignition
systems, switches, or the like. Some
type of noise-immunify provision is
almost essential for acceptable per-
formance. Noise may be reduced or
eliminated from the sync and agc cir-
cuits by gating or by a combination of
gating, inversion, and cancellation. An
example, of the latter method is shown
in Fig. 43. In this circuit the 6GYS6,
which has two independent control
grids, serves the dual function of agc
amplifier and noise inverter. Because
the sync tips of the video signal at
grid No. 1 of the 6GY6 drive the tube
near its cutoff region, any noise signal

HORIZONTAL GATING
PULSE INPUT L

AGC
TO RF

STAGES
TO F
STAGES
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OUTPUT TO

SYNC.
SEPARATOR

Fig. 43—Typical noise-cancellation circuit.


