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RCA Transmitting Tubes

Power-Tube Fundamentals

Power tubes are devices for con-
trolling the transfer of energy in elec-
trical circuits. In this respect they are
similar to rheostats, switches, and other
circuit-type control devices.Tubes, how-
ever, permit much more rapid, precise,
and efficient control of electrical energy
than mechanically operated devices.

The transfer of electrical energy
through a circuit involves control of two
factors, rate and direction. The rate of
energy transfer is determined by the
number of individual electron charges
moving unidirectionally through the cir-
cuit in a given interval of time and is
proportional to the applied voltage. The
direction in which the electron charges
move is determined by the polarity of
the applied voltage.

Electron charges may be transferred
through a circuit element by several
methods. In one method, kinetic energy
is transferred between adjacent elec-
trons within the molecular structure of
a conductor. This method is employed
in switches, rheostats, and other devices
which utilize conductive materials as
control electrodes. Because the currents
through such devices are controlled by
mechanical means, the speed with which
the amount or direction of current can
be changed is limited by friction and
inertia.

In asecond method, individual elec-
trons are transferred through a low-
density, nonconductive medium, such as
a vacuum or a low-pressure gas. This
method is used in tubes and has the ad-
vantage that both the rate and the di-
rection of current flow may be controlled
by electric fields. Because these fields,
as well as the electrons, have negligible
inertia, tubes can effect changes in the
value and direction of electric current at
speeds considerably higher than those

obtainable with mechanically operated
devices.

In electrical circuits, control of the
direction of current flow is necessary
when the power source produces ac volt-
ages and currents and the load requires
a unidirectional current. Tubes which
are used primarily to control the direc-
tion of current flow are known as recti-
fiers. All such tubes, however, are also
rate-control or rate-limiting devices in
the sense that they have a finite current-
carrying capability. -

Rate-control requirements in elec-
trical circuits range from occasional on-
off switching to continuous variations
occurring several billion times per sec-
ond. Tubes which provide this form of
control are known generically as amphi-
fiers. Power-tube amplifiers are capable
of controlling relatively large amounts
of energy. All triode and multigrid power
tubes are inherently rectifiers as well as
amplifiers because they deliver unidirec-
tional current regardless of the kind of
energy furnished by the power source.

Basic Considerations

In its simplest form, an electron
tube consists of a cathode (the negative
electrode) and an anode or plate (the
positive electrode) in a sealed envelope.
More complex types may also contain
one or more additional electrodes. The
purpose of the cathode is to furnish a
continuous supply of free electrons; the
plate collects these electrons. The rate
at which electrons are collected by the
plate (the plate current) is determined
by the number of free electrons available
and by the polarity and the strength of
the electric field between the plate and
cathode. Power tubes and rectifiers are
usually operated so that the number of
electrons available is constant. Conse-



quently, the rate of collection or current
flow is determined principally by the
characteristics of the internal electric
field.

The internal electric field is estab-
lished by connection of a source of po-
tential between the plate and cathode.
When the plateis at a negative potential
with respect to the cathode, the internal
field tends to prevent electrons from
leaving the vicinity of the cathode, and
there is no transfer of energy through
the tube. When the plate is operated at
a positive potential with respect to the
cathode, the field causes a movement of
electrons to the plate. The current
through the tube is then determined by
the strength of the field, or the plate

voltage.

Vacuum Tubes

Under normal operating conditions,
the velocity of the electrons emitted by
the cathode of a vacuum tube is just suf-
ficient to insure their release from the
emitting surface. If no accelerating field
is applied, these electrons tend to return
to the cathode when their escape energy
has been expended. However, the in-
tense negative field created by new elec-
trons reaching the emitting surface re-
pels those previously emitted and they
accumulate in the space surrounding the
cathode. This accumulation of electrons
is called the space charge.

The approximate distribution of
the space-charge electrons in the ab-
sence of an accelerating field is shown in
Fig. 1. The concentration is greatest in
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Fig. 1

the region nearest the cathode. The gen-
eral relationship between plate voltage
(Ep) and plate current (Ip) in a two-
electrode vacuum tube is shown in Fig.
2. At very low positive plate voltages
(region E, to E,), only the loosely bound
electrons on the outer surface of the
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space charge are attracted to the plate,
and the plate current does not change
uniformly with equal increments in
plate voltage. Over a higher range of
plate voltages (region E; to E;), the re-
lation between plate voltage and plate.
current is nearly linear. When operated

PLATE CURRENT

€ E2
PLATE VOLTAGE

m
(]

Fig. 2

in this region, a two-electrode vacuum
tube has substantially constant internal
resistance (called plate resistance, or rp),
and the plate current follows the normal
Ohm’s-Law relationship.

At plate voltages higher than E,, an
increase in plate voltage does not pro-
duce a proportional increase in plate
current because practically the full emis-
sion capabilities of the cathode are being
utilized. The voltage at which essentially
all of the electrons emitted by the
cathode are collected by the plate is
known as the saturation voltage and is
indicated in Fig. 2 by E;.

Two-electrode vacuum tubes are
extremely useful as power rectifiers. Be-
cause they are entirely nonmechanical
in operation, they can be used over a
wide range of frequencies. They can -
operate at both very high and very low
temperatures, and can be designed to
withstand very high inverse voltages.
The substantially linear relationship be-
tween plate voltage and plate current in
such tubes is also useful as a means of
obtaining virtually distortionless rectifi-
cation (detection) of radio signals.

Like all rectifiers, the two-electrode
vacuum tube is a special form of switch-
ing device and, therefore, does not pro-
vide any power gain. However, the con-
trol of circuit currents by means of elec-
tric fields can be extended to include
amplification, oscillation, and other func-
tions involving actual power gains by
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the addition of a third electrode called a
grid between cathode and plate. When
the grid is placed relatively near the
cathode, the application of small volt-
ages to the grid can produce the same
change in the internal field, and thus in
the plate current, as large changes in
plate voltage. Large amounts of plate-
circuit power can thus be controlled
with relatively little energy. Special con-
trol characteristics may be obtained by
the use of two or more grids or control
electrodes in a tube. The construction
and characteristics of the principal types
of multi-electrode tubes in general use
are described in detail later in this sec-
tion.

Electrons accelerated by even mod-
erately high plate voltages may acquire
enough Kkinetic energy so that they dis-
lodge equal or greater numbers of elec-
trons when they strike the plate. Emis-
sion produced in this manner is known
as secondary emission.

Like primary electrons, secondary
electrons are attracted to a positive elec-
trode in the tube. In a two-electrode
tube, they return to the plate and their
only effect is to produce a weak negative
field similar to a space charge which
tends to repel some of the primary elec-
trons approaching the plate. Although
an increase in plate voltage beyond the
saturation value does not increase the
plate current of a tube, it produces a
proportional increase in the velocity
with which electrons move to the plate,
and thus increases secondary emission.

Although secondary emission is fre-
quently employed in special multi-elec-
trode tubes, it may produce effects
which interfere with normal operation
of power-tube amplifiers. These effects
and the methods used to overcome them
are discussed in detail later in this sec-
tion.

Gas Tubes

In a vacuum tube, space charge in-
hibits the release of electrons from the
cathode, and thus limits the plate cur-
rent at low and moderate plate voltages.
Although the space-charge effect may be
reduced by a reduction in the spacing
between plate and cathode, it cannot be
entirely eliminated by this method. The
negativespace charge can be neutralized,
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however, by other methods—for exam-
ple, by the introduection of a controlled
amount of mercury vapor or inert gas
in the tube.

When a gas is present in a two-
electrode tube, free electrons in the gas
are attracted to the positive anode and
add to the anode current. Positive ions
created continuously by collisions be-
tween gas atoms and the free electrons
neutralize the space charge so that large .
currents may be drawn at low anode
voltages. In addition, the space-charge
neutralization effectively increases the
thermal efficiency of the cathode. These
advantages make gas tubes particularly
suitable for use as power rectifiers. The
use of gas tubes, however, requires pre-
cautions in circuit design, physical in-
stallation, and operation which are not
necessary with vacuum tubes. These ad-
ditional requirements are discussed in
the Rectifier Consideralions Section.

Generic Tube Types

In tube terminology, generic type
names such as “diode,” “triode,”
“tetrode,” and “pentode” indicate the
number of electrodes directly associated
with the emission, control, or collection
of electrons. Auxiliary elements such as
heaters, internal shields, or metal-enve-
lope shields, even when provided with
separate electrical connections and
shown in the tube symbol, are not
counted in establishing generic-type
classifications.

Diodes

The diode types listed in this Man-
ual are used principally as rectifiers in
equipment for converting low-frequency
alternating current from commercial
power lines or local sources to direct cur-
rent.

Tubes which contain a single diode
unit, such as the 836 or 866-A, are known
as half-wave rectifiers because they are
capable of conducting current during
only one half of each ac cycle. Tubes
which contain two diode units, such as
the 5R4-GY, are called full-wave recti-
fiers because they can be connected so
as to conduct current during both halves
of each ac cycle. Fig. 8 shows graphical
symbols for a filament-type half-wave



rectifier and a heater-cathode-type full-
wave rectifier.

Gas rectifiers have a very small in-
ternal voltage drop which is practically
independent of load current and are,
therefore, desirable for applications re-
quiring relatively constant output volt-
age with varying loads. In mercury-
vapor types, and to a smaller degree in
inert-gas types, the voltage drop is af-
‘fected by bulb temperature. Control of
bulb temperature and other special con-
siderations involved in the operation of
gas rectifier tubes are discussed in the
Rectifier Considerations Section.

In a vacuum rectifier, the internal
voltage drop is approximately pro-
portional to the load current. Conse-
quently, rectifiers of this type, such as
the 5R4-GY, 836, and 1616, do not pro-
vide as good regulation of output volt-

PLATE PLATES
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Fig. 3

age as gas types in applications involv-
ing varying load currents. Vacuum
rectifiers, however, are not affected by
ambient temperature and do not require
special installation and circuit consider-
ations. Certain heater-cathode-type vac-
uum rectifiers, such as the 836, have
very low internal resistance and are
capable of providing voltage regulation
almost as good as that obtainable with

gas types.

Triodes

In triodes, or three-electrode tubes,
an auxiliary control electrode, called a
grid, is placed between the cathode and
the plate, as shown in Fig. 4. The grid
is usually a cylindrical or oval-shaped
spiral of fine wire surrounding the cath-
ode, although wire-mesh and grating-
type grids may also be used.

Because of its open construction,
the grid does not appreciably obstruct

RCA Transmitting Tubes

the movement of electrons from cathode
to plate. When the grid is made positive
or negative with respect to the cathode,
however, its electric field can increase or
decrease the rate of electron flow. This
effect makes it possible for a triode to be -

PLATE

GRID

CATHODE HEATER

Fig. 4

used as an amplifier. In a typical ampli-
fier circuit, such as that shown in Fig. 5,
the energy required to attract electrons
to the plate is obtained from a high-
voltage de plate supply and the elec-
trical impulse to be amplified, the in-
put signal, is applied between grid and
cathode. Because the plate current of
the tube flows through the load, varia-
tion of the grid-cathode voltage causes
the dc power drawn from the plate sup-
ply to appear as ac power in the load.
The power required by the grid for com-
plete control is ordinarily only a fraction
of the power developed in the load cir-
cuit. The ac power in the load circuit is
always less than 100 per cent of the de
input power, however, because some
power is dissipated at the plate of the
tube and in the resistance of the load
circuit. In addition to their use as audio-
frequency and radio-frequency ampli-
fiers, power triodes may be used in suit-
able circuit arrangements for oscillation,

LOAD OUTPUT
RESISTANCE VOLTAGE
ANPUT A
SIGNAL = PLATE
= SUPPLY

-

=+
Fig. 5

frequency multiplication, modulation,
and various special purposes.

The plate, cathode, and other elec-
trodes of a tube form an electrostatic
system, each electrode acting as one
plate of a small capacitor. In a triode,



capacitances exist between grid and
cathode, grid and plate, and plate and
cathode, as shown in Fig. 6. Although
these interelectrode capacitances do not
have values of more than a few micro-
microfarads, they may have substantial

c
P LOAD OUTPUT
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Fig. 6

effects on tube operation, especially at
radio frequencies. For example, the
grid-plate capacitance, Cqp, provides an
internal path between the output and
input circuits. When a triode is used as
an amplifier at radio frequencies, suffi-
cient energy may be fed back through
this path to cause uncontrolled regener-
ation or oscillation. Although this type
of internal feedback is frequently em-
ployed in oscillator circuits, it is unde-
sirable in amplifier applications. Triode
radio-frequency amplifiers, therefore, re-
quire either special circuit arrangements
or the use of a feedback-cancelling tech-
nique known as neutralization. These
special considerations are discussed at
length in the Power-Tube Applications
Section.

. Tetrodes

Internal feedback between plate
and grid, and the resulting need for neu-
tralization in triode radio-frequency am-
plifiers, can be minimized by incorpora-
tion of a second grid (the screen grid)
between the grid No.1 (the control grid)
and the plate, as shown in Fig. 7. Tubes
which employ a grid No.2 or screen grid,
cathode, control grid, and plate are
known generically as tetrodes.

‘When a tetrode is used as an ampli-
fier, the screen grid is operated at a fixed
positive potential (usually somewhat
lower than the plate voltage), and is by-

~ passed to the cathode through a capaci-
tor having a very low impedance at the
operating frequency. This capacitor di-
verts signal-frequency alternating cur-
rents from the screen grid to ground, and
effectively short-circuits the capacitive
feedback path between plate and control
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grid. The screen grid acts as an electro-
static shield between the control grid
and the plate, and reduces the grid-
plate capacitance to such a small value
that internal feedback is usually negligi-
ble over the range of frequencies for
which the tube is designed.

Because the screen grid is operated
at a positive potential with respect to
the cathode, it collects a substantial
number of the available electrons and,
therefore, reduces the plate current
which can flow at a given plate voltage.
The addition of a screen grid thus in-
creases the internal resistance or plate
resistance of a tube. However, it also
gives the grid No.1 a greater degree of
control over the plate resistance, and
thus increases the voltage-amplification
factor.

The voltage at which the screen
grid is operated has a substantial effect
on the plate current of a tetrode. This
characteristic makes it practicable to
control the gain of a tetrode by varia-
tion of the dec screen-grid potential, or
to modulate the tube output econom-
ically by the application of signal volt-
age to the screen grid, as well as to the

PLATE

GRID N22
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Fig. 7

control grid. It is usually necessary,
therefore, to remove ripple and other
fluctuations from the screen-grid supply
voltage to prevent undesired modula-
tion of the tube output.

Because the use of a grid No.2 or
screen grid reduces internal coupling be-
tween the output and input circuits,
tetrodes can furnish a high degree of
stable amplification in relatively simple
circuits. Some residual grid-plate capaci-
tance is unavoidable, however, and in-
ternal feedback may be a problem. The
amount of internal feedback that can be
tolerated in any amplifier tube depends
on the frequency at which the tube is



operated, the effective gain of the stage,
the characteristics of the tube input and
output circuits, and the medhanical lay-
out employed. Because of their high
power sensitivity, tetrodes used in rf ap-
plications generally require shielding
from external fields and careful circuit
layout to minimize external feedback
between the input and output circuits
of the tubes. In certain amplifier appli-
cations involving high radio frequencies
and high stage gains, tetrodes, as well as
triodes, may require neutralization. Fur-
ther information on this subject is given
in the Power-Tube Circuit-Design Con-
siderations Section.

If the negative excursion of the out-
put signal swings the plate to a voltage
less positive than that of the screen grid,
electrons moving from the screen grid to
the plate tend to reverse their direction
and return to the screen grid. The result-
ing decrease in plate current causes a
corresponding risein plate voltage, which
terminates the negative swing of the
output signal before it completes a full
excursion. This effect, which tends to
reduce the power output of a tetrode
below that obtainable from a triode hav-
ing equivalent plate-input rating, is em-
phasized considerably when there is
secondary emission from the plate.

The loss of a portion of the output
energy which occurs in a tetrode under
these conditions reduces the power-
handling capabilities of the tube, and
causes serious distortion of the signal
waveform. The output of the tube,
therefore, contains harmonics of the sig-
nal frequency and other spurious fre-
quencies which may cause considerable
interference to communications service.
Such distortion may also be highly ob-
jectionable to the ear or to the eye when
a tetrode is used as an audio or video
amplifier. Although this effect can be
minimized by reducing the amplitude
of the plate-voltage swing so that the
plate voltage never swings negative with
respect to the screen-grid voltage, this
expedient imposes further limitations on
the tube output.

The abrupt rise in the plate voltage
of a tetrode caused by the reversal of
electron flow tends to draw both primary
and secondary electrons back to the
plate. Collection of these electrons then
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makes the plate less positive than the
screen grid so that the tube current tends
to reverse again. This interchange of
electrons between plate and screen grid,
called dynatron action. may continue
for several cycles, and is equivalent to-
an oscillatory current. Although dyna-
tron action forms the basis of certain
tetrode oscillator circuits, it is highly
objectionable when a tube is used solely
as an amplifier.

Pentodes

Thelimitation imposed on the plate-
voltageswing of a tetrode by “dynatron
action’ can be overcome by the use of a
grid No.3, or suppressor grid, between
the screen grid (grid No.2) and the plate,
as shown in Fig. 8. Tubes which employ
five-electrode structures of this type are
called pentodes.

When a pentode is used as an ampli-
fier, the grid No.3 or suppressor grid is
generally operated at a fixed negative
potential with respect to both the screen
grid and the plate and thus establishes a

. negativeelectrostaticfield betweenthem.

Although this field is not strong enough
to prevent the desired movement of high-
velocity primary electrons from screen
grid to plate, it effectively prevents both
primary and secondary electrons from
flowing backward tothescreen grid. Con-
sequently, the plate voltage of a pentode
may swing negative with respect to the
screen-grid voltage without the loss of
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Fig. 8

output power and the waveform distor-
tion that occur under the same condi-
tions in a tetrode.

The grid No.3 or suppressor grid
may be connected internally to the cath-
ode, asin the 1613, so that it is automati-
cally maintained at a negative potential
with respect to the plate and screen grid.
In most power pentodes, however, the
suppressor grid is an independent elec-



trode which can either be connected ex-
ternally to the cathode or operated at a
positive or negative potential with re-
spect to the cathode to meet various
application requirements. The use of an
independent suppressor grid permits the
introduction of an auxiliary signal or
control voltage into the tube circuit. Al-
though the screen grid can also be used
for this purpose, a suppressor grid is gen-
erally a more effective control electrode
becauseit requires much lesssignal power
for full modulation of the tube output.
In addition, the shielding action of the
screen grid minimizes undesirable cou-
pling between the suppressor grid and
the control grid when signals are applied
simultaneously to these electrodes.

Beam Power Tubes

The power-handling ability of a tet-
rode or pentode is limited to some extent
because some of the available electrons
are collected by the screen grid and,
therefore, do not contribute to the plate
current. In beam power tubes, however,
the lateral wires of the screen grid are
aligned with the control-grid wires to
direct the flow of electrons through the
screen grid to the plate. A sectional view
of a typical beam power tube is shown
in Fig. 9. As indicated by the dashed
linesin the figure, the stream of electrons
is divided into sheets or “beams’ which
tend to pass between the wires of the
screen grid. Because relatively few elec-
trons impinge on the screen grid, a sub-
stantial portion of the electron energy
that would otherwise be absorbed by
the sereen grid and dissipated as heat is
diverted to the plate, where it can be
converted into useful output power.

In beam power tubes of the type
illustrated in Fig. 9, dynatron action and
other undesirable effects of secondary
emission from the plate can be minij-
mized by spacing the electrodes so that
a space-charge effect is created in the
heavily shaded region. The negative elec-
trostatic field produced by the dense
concentration of electrons in this region
blocks the escape of secondary electrons
from the plate, and also prevents the re-
turn of primary electrons to the screen
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grid when the plate swings negative with
respect to the screen grid. Stray second-
ary electrons may be prevented from
reaching the screen grid by paths out-
side the effective field of the space

CATHODE - . -SPACE CHARGE

PLATE

CONTROL GRI

Fig. 9

charge by the incorporation of spe-
cial beam-confining electrodes operated
at cathode potential.

Beam power tubes may also employ
suppressorgridsratherthanspace-charge
effects to prevent the reversal of elec-
tron flow when the plate swings negative
with respect to the screen grid. Because
beam power tubes are generally used in
thesame applications as power pentodes,
they are represented in this Manual by
a pentode tube symbol.

Ingeneral, pentodes and beam power
tubes have higher power sensitivity than
other generic types, i.e., they require
very little driving power in relation to
obtainable power output.The use of pen-
todes and beam power tubes in multi-
stage equipment, therefore, minimizes
the number of stages required to obtain
a specific power gain.

These tube types are especially use-
ful as buffer-amplifier tubes and fre-
quency-multiplier tubes in transmitters
and other types of radio-frequency power
equipment. Pentodes and beam power
tubes are also widely used as audio-fre-
quency power-amplifier tubes and mod-
ulator tubes, and in certain types of
oscillator circuits.



Construction and Materials

Although power tubes may vary
widely with respect to physical form,
size, and terminal arrangement, they
utilize two general forms of electrode
assembly. In unit-type assemblies, such
as that shown in Fig. 10(a), the various
electrodes are assembled in a rigid frame-
work formed of supports and insulating
spacers, and are installed and supported
in the envelope as a unit. This type of
assembly is used in vacuum rectifiers
such as the 5R4-GY and the 836, and in
low- and medium-frequency power am-
plifiers such as the 805 and 813. Because
the various electrodes are held in the

GRID SUPPORT  PLATE SUPPORT

PLATE SUPPORTS
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Fig. 10

desired spatial relationship by the com-
mon supporting framework, vibration
and shock are received by the assembly
as a unit, and the relative positions of
individual electrodes are not appreciably
affected.

Electrodes may also be suspended
individually from various parts of the
tube envelope, as shown in Fig. 10(b). In-
dividually supported electrodes are used
in mercury-vapor rectifiers such as the
866-A to eliminate metal framework
members which might amalgamate or
combine chemically with the mercury or
affect the internal temperature distribu-
tion. They are also used in high-voltage
vacuum tubes such as the 808 to elimi-
nate possible leakage paths and thus pro-
vide maximum insulation between the
various electrodes, and in very-high-fre-
quency and ultra-high-frequency tubes
such as the 826 and 833-A to minimize
interelectrode capacitances and to elimi-
nate the large energy losses which oceur
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in most insulating materials at these
frequencies.

Cathodes -

The most efficient practical cath-
odes for power tubes utilize thermionic
emission. Because such emission varies
exponentially withtemperature,apower-
tube cathode must be operated at a con-
stant temperature if substantial varia-
tions in emission are to be avoided. Be-
cause of the practical difficulties involved
in measuring the cathode temperature
of a tube, proper operating conditions
are usually expressed in terms of a spe-
cific voltage and a specific current. Spe-
cific values of heating voltage and cur-
rent for each tube type are given in the
Tube Types Section.

A directly heated cathode, or fila-
mentary cathode, is a metallic conduec-
tor drawn into wire or ribbon form, as
shownin Fig. 11, The conductor is heated
to emitting temperature by its own re-
sistance to a flow of electric current.
Emission may be obtained either from
the conductor itself or from a coating of
thermoemissive material bonded to its
surface. Filamentary cathodes have the
basic advantages of mechanical simplie-
ity, high emission efficiency, and rapid
heating. A single continuous filament
can be wound or folded to provide uni-
form emission distribution over large
areas, or to expose a minimum of surface
to destructive positive-ion bombard-
ment. Because of their high efficiency
and quick heating, filamentary cathodes
are especially suitable for portable and
mobile equipment, in which economy of
operating power is an important con-
sideration.

Early filamentary cathodes were made
of pure tungsten, a dense, tough metal
having an extremely high melting point.
Because tungsten must be heated to very
high temperatures to emit electrons in
useful quantities, such filaments require
considerable electrical power for excita-
tion. Much higher emission efficiencies
can be obtained with thoriated-tungsten
filaments, which are drawn from tung-
stenslugsimpregnated with thoria (thori-
um oxide). During tube processing, some



of the thorium oxide is driven to the
surface of the filament and reduced to
pure metallic thorium, which emits use-
ful quantities of electrons when heated
to a relatively low temperature. This
surface thorium evaporates during tube
operation, but is continuously replen-
ished from the internal supply of thori-
um oxide.

Filamentary cathodes may also be
made of inexpensive nickel alloys, rather
than highly refractory metals, and coated
with “alkaline-earth’ oxides, which emit
electrons freely at much lower tempera-
tures than either pure tungsten or thori-
ated tungsten. The coating is applied to
the filament in the form of a carbonate
of the basic element (generally barium
carbonate or a mixture of barium, calci-
um, and strontium carbonates), and is
converted to the highly emissive oxide
form during tube processing. Oxide-
coated filaments are especially suitable
for use in gas rectifiers, which require
low-temperature cathodes capable of de-
livering high emission currents and with-
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standing intense positive-ion bombard- -

ment.

An indirectly heated cathode, or
heater-cathode, is a hollow metal cylin-
der or sleeve having a coating of thermo-
emissive material bonded to its outer
surface, as shown in Fig. 12. The cath-
ode is heated by radiation from a metal
filament, called the heater, which is
mounted inside the sleeve. The cathode
sleeve is usually electrically insulated
from the heater. The emissive material
employed is generally the same as that
used on coated filamentary cathodes and
operates at substantially the same tem-
perature.

The electrical insulation between
the heating and emitting elements in a
heater-cathode provides several advan-
tages from the standpoints of tube opera-
tion and circuit design. Because the cur-
rent through the heater wire produces
no voltage drop in its associated cathode,
all points of the emitting surface are at
the same dc potential with respect to
the other electrodes of the tube. Because
of this feature, this type of cathode is
often called a unipotential cathode.
The emission is substantially uniform
over the entire cathode. An indirectly
heated cathode may generally be oper-
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ated at a fixed or variable potential of
either polarity with respect to its heater,
provided this potential does not exceed
the maximum heater-cathode-voltage
rating of the tube.

The heater of a heater-cathode is
usually a folded or helically wound fila-
ment of very fine tungsten or tungsten-
alloy wire. The actual form of a heater
is determined by the application require-
ments of the tube, the amount of insula-
tion required between heater and cath-
ode, and the internal dimensions of the
cathode sleeve. A refractory metal is re-
quired because the heater has very small
effective area and, therefore, must be
operated at a high temperature to sup-
ply the thermal energy required by the
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FILAMENT CATHODE

COATING

Fig. 11

cathode. The insulation must be capable
of withstanding these high temperatures
and, in addition, must possess sufficient
flexibility to accommodate bends of very
small radius because the heaters must
be folded or wound into forms compact
enough to fit inside the cathode sleeve.
The insulation generally used is alumi-
num oxide, or a similar material known
commercially as “alundum.” The insula-
tion is first applied to the heater as a
suspension of fine particles in a nitro-
cellulose binder, and is then sintered in-
to a solid coating by operation of the
heater for a carefully contrclled period
of time at a temperature slightly above
its normal operating value.

Heater-cathodes have excellent ri-
gidity and dimensional stability, and
permit the use of simpler, more com-
pact, and more rugged electrode struc-
tures. They can also be placed very close
to other tube electrodes, and thus make
possible the reduction of internal losses
caused by space-charge effects and elec-
tron transit time. Because tubes using



these cathodes can usually be operated
in any position, the equipment designer
has greater freedom in locating tubes
and components to provide maximum
circuit efficiency or accessibility.

Plates

Plates or anodes of power tubes are
designed to collect as many as possible
of the electrons made available by the
cathode. They must also be capable of
dissipating heat. Typical plate designs
are shown in Fig. 13. The plates shown
at (a) and (b) are inherently rigid cylin-
ders which surround the cathode and
other electrodes. The plate at (a) is sim-
ple and extremely rugged. Plates of this

Fig. 13

type are used principally in low- and
medium-frequency power tubes such as
the 810 and 813.

The plate shown at (b) has radial
fins to provide increased heat-radiating
surface without appreciably increasing
the capacitances between the plate and
other electrodes. Plates of this type are
used in tubes such as the 826.

The radiator design shown at (¢)
makes it possible to obtain substantial
heat dissipation from plates of limited
area by the use of forced-air cooling.
This type of plate is used in tubes such
as the 827-R.

Plates may be made of many mate-
rials, depending on the tube require-
ments. Nickel is often used for the plates
of power tubes which operate at moder-
atetemperatures becauseit can beformed

12
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readily into complex shapes and has the
advantage of light weight, so that elabo-
rate support structures are not needed.
The heat-radiating ability of nickel
plates can be substantially improved by
means of a surface treatment called
“carbonizing,” in which a closely ad-
hering layer of amorphous carbon is de-
posited on the surface of the nickel.

The thermal advantage of nickel is
combined with high mechanical strength
in a comparatively new material de-
veloped for the plates of small power
tubes, which can be roughly described as
carbonized nickel-plated steel.

Pure copper is now used extensively
in so-called “‘external-plate’ designs for
tubes in various power ranges and phys-
ical sizes. In tubes of this type, the cop-
per plate forms part of the envelope, and
forced-air or water cooling is used to
maintain the temperatures of the cop-
per and of the copper-to-glass seal at
safe values. With the aid of these cooling
methods, tubes of relatively small phys-
ical size can handle very large amounts
of power.

Other metals used for tube plates
include materials such as tungsten, moly-
bdenum, tantalum, and graphite. Zir-
conium is sometimes applied as a coat-
ing. The use of graphite, tantalum, or
zirconium provides‘‘getter”’ action which
helps to maintain a high vacuum within
a tube by cleaning up residual gases or
those which may be given off by parts
of the tube during operation. Graphite
and molybdenum are usually subjected
to some form of surface treatment during
processing to improve their thermal
efficiency.

Grids

Ingeneral,tubegridsare constructed
of individual wires arranged in parallel
and swaged or welded to metal support-
ing rods. Fig. 14 shows typical grid strue-
tures used in power tubes. The grid at
(a) is a cylindrical type consisting of in-
dividual parallel wires welded to side-
rods. The grid at (b) is a cylindrical
type consisting of a single wire wound
in spiral form and swaged to the side-
rods. The “cage’” grid structures shown
at (¢) may be formed from single cylin-
drical metal blanks or of individual
metal rods.



Tube grids may be made of pure
metals such as tungsten, molybdenum,
or tantalum, of various alloys of tungsten
and molybdenum, or of a nickel-manga-
nese alloy. Because of its physical posi-
tion between the cathode and the plate,

(a}

Fig. 14

the grid is subjected to heat radiated
from both of these electrodes, and, if gas
is present in the tube, may also undergo
heavy positive-ion bombardment. As a
result, the grid may emit primary elec-
trons. Its tendency to emit electrons is
further increased if it becomes contami-
nated with emissive material evaporated
from the cathode. The grids are often
coated with gold or platinum to reduce
the possibility of primary emission. In
the case of power tubes, platinum coat-
ings areusually preferred to gold coatings
because platinum can withstand higher
temperatures than gold without vapor-
izing.

Because power tubes are often oper-
ated under conditions in which the grid
is driven positive with respect to the
cathode, the grid can attract electrons
which may possess sufficient kinetic en-
ergy toliberate large numbers of second-
ary electrons from the grid. A carbon
coating is sometimes applied to the grid
to reduce its tendency to secondary
emission.

Internal Insulation

Aside from the insulating materials
employed in envelopes and bases, insula-
tion is used in tube construction for elec-
trode spacers. Spacers must be made of
material which is unaffected by heat and
can be formed with extreme accuracy.
In small, low-power tubes, spacers are
generally disks or wafers of high-quality
mica; in larger tubes, they are usually
bars or cross-arms of a low-loss refrac-
tory insulating material.
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In many cases, insulating spacers
are also used for centering the electrode
assembly within the envelope. The mica
wafers used for this purpose in smaller
tubes usually incorporate special struc-
tural features which absorb vibration
and mechanical shocks transmitted
throughtheenvelope. Refractory spacers
are usually equipped with shock-absorb-
ing metal springs at the points of con-
tact with the envelope.

Getters

A chemieal ‘““getter” is used in elec-
tron tubes to absorb residual gases. The
getter is usually a mixture of barium
oxide and a reducing agent which frees
the barium when the getter is “flashed.”
The getter material is usually concen-
trated in a small capsule, ribbon, or
“tab,” and is ‘flashed” or vaporized
after the tube is sealed off. This tab is
installed in the tube far enough from the
main electrode structure to assure that
the getter will not be flashed by the heat
developed during the exhaust process,
and that getter material will not be
deposited on the tube electrodes during
flashing.

Envelopes

Most small- and medium-sized low-
frequency power tubes use simple cylin-
drical ‘“‘soft”’-glass envelopes and have
the low-voltage electrode leads brought
out through the base. “Hard” glasses of
the borosilicate type are used for the en-
velopes of practically all medium- and
high-power radiation-cooled tubes, par-
ticularly where compact construction is
necessary to meet electrical-design re-
quirements or equipment-space limita-
tions. These glasses have relatively high
softening temperatures, low rates of ex-
pansion, high electrical resistance, and
excellent resistance to abrasion and
“weathering.”

In some high-power tubes and tubes
designed for operation at very-high and
ultra-high frequencies, parts of the elec-
trode structure are utilized in the tube
envelope. For example, in metal-glass
types such as the 6161, the metal sec-
tions of the envelopes are extensions of
the internal electrodes, while the inter-
mediate glass sections provide the re-
quired interelectrode spacing and insula-
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tion. This type of envelope structure
permitsrealization of good tubeefficiency
at ultra-high frequencies by the virtual
elimination of objectionable lead reac-
tances and losses in internal 1nsulation.
The metal sections of these envelopes
are also used as electrode terminals,
mounting facilities, heat-radiating sur-
faces. and often interelectrode shields.
Pure copper is used for most of these
envelope sections because of its high
thermal and electrical conductivity and
its high duectility, which readily permits
the fabrication of special shapes.

In several metal-glass tubes, the
plate sections of the envelopes are fitted

14
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with special radiators which make it
possible to obtainsubstantially increased
heat dissipation by the use of forced-air
cooling and thus permit the use of rela-
tively small tubes in high-power circuits.
The grid-No.2 or screen-grid sections of
the envelopes of some ultra-high-fre-
quency metal-glass tubes provide exter-
nal shielding between the grid-No.1 and
plate sections In the 5675 and other
‘“pencil’’-type tubes, the flange-type grid
sections of the envelopes act as shields
between the plate and cathode sections
and thus minimize feedback when these
tubes are used as amplifiers in ultra-
high-frequency cathode-drive circuits.



Power-Tube Applications

The power tubes listed in this Man-
ual represent the RCA types most fre-
quently used in transmitters and other
radio-frequency (rf) power equipment
operating at power-input levels up to
approximately 4 kilowatts and at fre-
quencies up to approximately 3000 meg-
acycles per second. These tubes may in
general be used as audio-frequency (af)
or video-frequency power amplifiers or
modulators, as modulated or unmodu-
lated rf power amplifiers, as frequency
multipliers, or as oscillators. The variety
of designs represented includes types
suitable for use in practically all forms
of communications and industrial or
scientific service.

Amplification

Although power-tube applications
may involve different circuit arrange-
ments and operating conditions, they
may all be considered forms of amplifier
service in which the control voltage is
applied between the grid (grid No.lin a
multigrid tube) and the cathode, and
the output is taken from the plate cir-
cuit. (Oscillator service may be con-
sidered a form of amplifier service in
which the output is fed back to the in-
put.) Consequently, it is convenient to
define tube operation in terms of the
relationship between grid voltage and
plate current when all other electrode
voltages are held constant. This rela-
tionship, called the ‘“mutual’ or ‘“trans-
fer” characteristic of the tube, has the
general form shown in Fig. 15. A system
of classification based on this relation-
ship is universally recognized by tube
manufacturers and equipment designers.

In this system of classification, a
portion of the generalized mutual char-
acteristic is divided, as shown in Fig. 15,
into three regions, A, B, and C, repre-
senting respectively the “linear” region,
the region in the immediate vicinity of
plate-current cutoff, and the region be-
yond cutoff. Tube operation may also be
considered in three major categories—
class A, class B, and Class C—each of
which represents the type of response
obtained when the operating point is in

the corresponding region of the charac-
teristic.

In class A operation, the operating
point is centered in region A so that the
tube can respond to both positive and
negative excursions of grid voltage. In
this type of operation, plate current
flows at all times.

In class B operation, the operating
point is in the vicinity of cutoff so that
the tube can respond to positive excur-
sions of grid voltage. In this type of op-
eration, plate current flows for approxi-
mately one half (180 degrees) of each
cycle of an alternating grid voltage.

PLATE
| CURRENT
T ——

SATURATION

!
i
;.

CUTOFF

- [?) +
GRID VOLTAGE

Fig. 15

In class C operation, the operating
point is in the region beyond cutoff so
that the tube can respond only to those
portions of positive grid-voltage excus-
sions which are positive with respect to
the cutoff. point. In this type of oper-
ation, plate current flows for less than
one half (less than 180 degrees) of each
cycle of an alternating grid voltage.

A fourth class of operation, class
AB, is also used. In this class of oper-
ation, the operating point is in the lower
portion of region A so that the tube re-
sponds unequally to positive and nega-
tive grid-voltage excursions above a cer-
tain amplitude. Consequently, the dura-
tion of plate-current flow on each cycle
varies with the amplitude of the alter-
nating grid voltage. In this service, plate
current flows for more than one half
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(180 degrees) of each cycle, but for less
than the entire cycle.

The suffix 1 may be added to the
letter or letters of a class identification
to denote that grid current does not flow
during any part of the grid-voltage cycle.
The suffix 2 may be used to denote that
grid current flows during some part of
the cycle. In most cases, these suffixes
are used only for class A; or class AB,
and AB, operation.

Class A Amplifiers

The basic circuit and operating
characteristics of a class A amplifier are
shown in Fig. 16. The operating point is
centered in region A of the mutual
characteristic by the use of a suitable
negative grid bias. The amplitude of the
driving signal (alternating grid voltage)
is controlled so that the grid is never
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driven sufficiently negative with respect
to the cathode to cut off the plate cur-
rent of the tube. Plate current, there-
fore, flows during the entire signal cycle
(860-degree conduction). Although the
general terms of class A operation per-
mit the use of the grid-current region
(class A, operation), the driving voltage
is usually kept smaller than the grid
bias so that the grid is not driven posi-
tive with respect to the cathode and,
consequently, does not draw current.
Under these conditions (class A, oper-
ation), waveform distortion (variation
of output-signal waveshape from that of
input signal) consists principally of even-
order harmonies and can easily belimited
to less than 5 per cent of full output in
triodes and less than 7 per cent of full
output in multigrid tubes by a proper
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choice of operating conditions. For sym-
metrical driving voltages, the dc plate
current remains substantially constant
at the quiescent (zero-signal) value.

Because operation of a class A am-
plifier is restricted to the linear region of
the characteristics, the maximum plate-
current swing avsilable between cutoff
and saturation is not fully utilized. Con-
sequently, the power output, which is
proportional to the square of the plate-
current swing, is somewhat limited.The
highest theoretical plate-circuit effici-
ency (ratio of output power to input
power) obtainable under class A condi-
tions is 50 per cent. Efficiencies in the
order of 40 to 45 per cent can be achieved
in certain beam power tubes and pen-
todes, and efficiencies of 25 to 30 per
cent in triodes.

Although class A power amplifiers
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have limited power output and poor
efficiency, they are extremely economical
from the standpoint of equipment re-
quirements. Because they do not require
driving power and, therefore, have
high input impedance, they may be
driven by low-cost voltage amplifiers
employing direct coupling or simple re-
sistance-capacitance coupling networks.
Because the average plate currents re-
main substantially constant, plate sup-
plies need not be designed for good regu-
lation. The constant average plate
current and moderate grid-bias voltage
requirements also make it practicable to
use self-bias without danger of excessive
distortion, thus eliminating the expense
of special bias supplies.

The power output required for a
particular application may be obtained
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either from a single tube having suitable
ratings, or from two or more tubes oper-
ated in parallel, push-pull, or push-pull-
parallel. Although single-tube stages are
usually the most efficient electrically
and the simplest mechanically, parallel
and push-pull stages can provide sub-
stantial amounts of power output from
relatively small and inexpensive tubes
operating at low plate voltages.

In general, the power output that
can be obtained from a given number of
tubes is the same in parallel and in push-
pull operation. Each method, however,
has advantages. Parallel operation im-
proves stability and output regulation
because it reduces plate resistance in
direct proportion to the number of tubes
employed. In addition, it is usually the
simplest and most convenient method of
adding tubes to an existing stage be-
cause it does not require a change in cir-
cuit configuration or an increase in
driving voltage. It does not, however,
reduce harmonic distortion in relation
to total power output, and may actually
result in an increase in the total har-
monic output unless certain precautions
discussed in the Power-Tube Circuit-De-
sign Considerations Section are observed.

A push-pull stage requires a driv-
ing circuit supplying two signal voltages
180 degrees out of phase (each equal to
the voltage required by a single tube)
and a center-tapped output transformer
or load. Because push-pull operation in-
creases effective plate resistance, it re-
sults in poorer output regulation. How-
ever, it provides a number of very
important advantages.

Even-order harmonics generated in
the opposite sides of a push-pull stage
develop voltages of opposite polarity
and substantially equal amplitude in the
load, and are thus cancelled or sub-
stantially reduced in relation to the total
power output. Consequently, a push-
pull stage can deliver output of sub-
stantially better quality than a parallel
stage using the same tubes and operating
under the same conditions, or it can de-
liver higher output for the same amount
of even-harmonic distortion. Higher
power output per tube can also be ob-
tained without an increase in plate volt-
age by the use of a plate-to-plate load
resistance only slightly larger than that
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recommended for single-tube operation.
Although odd-order harmonic distortion
is not cancelled or reduced by push-pull
operation, this type of distortion is usu-
ally negligible in class A amplifiers, and
may be minimized by the proper choice
of operating conditions or by the use of
inverse-feedback circuit arrangements.
Hum caused by the presence of rip-
ple in dc plate, screen-grid (grid-No.2),
or bias (grid-No.1) supply voltages, or
by the use of ac filament or heater volt-
ages, is also cancelled or substantially
reduced in a push-pull stage, Push-pull
operation thus simplifies power-supply
filter requirements. Furthermore, it fre-
quently eliminates the necessity for at-
tenuating the low-frequency response of
an audio or video amplifier to reduce
interference from power-supply hum.

Push-pull af power amplifier stages
can employ substantially smaller and
less expensive output transformers than
those required for equivalent single-
ended stages. They are also inherently
capable of better high-frequency re-
sponse because corresponding tube and
circuit capacitances are in series rather
than in parallel, and thus cause sub-
stantially less shunting of the input and
output circuits.

Class B Amplifiers

The highest efficiencies and power
outputs attainable in linear amplifiers
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are obtained under class B conditions.
As shown graphically in Fig. 17, a class
B amplifier is biased so that its operating
point is just above plate-current cutoff.
The tube, therefore, draws a very small
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zero-gignal plate current, and responds
only to the positive portions of an ac
input signal. Because the operating
characteristic is highly asymmetrical,
the plate-current waveform contains a
large amount of even-harmonic distor-
tion and is similar to-that of a half-wave
rectifier.

In class B af amplifiers, push-pull
circuits such as that shown in Fig. 18
are used to obtain cancellation of the

TUBE A

INPUT gl

SIGNAL LoAD
TUBE B

INPUT  PLATE CURRENT  QuTPUT

SIGNAI SIGNAL

ity iy

PLATE CURRENT

Fig. 18

even-harmonic distortion and amplifica-
tion of both positive and negative por-
tions of the signal waveform. In class B
rf amplifiers, on the other hand, com-
plete oscillations can be obtained from
pulses of plate current in single-ended
stages by the use of a tuned plate-tank
circuit.

Because of the small zero-signal
plate current, class B amplifiers may use
higher plate voltages than are permis-
sible for class A operation without danger
of exceeding maximum plate-input rat-
ings. The use of higher plate voltage and
operation in the positive-grid region re-
sults in power outputs of four to six
times the class A output.

Theoretically, the highest plate-
circuit efficiency that can be achieved
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under class B conditions is 78.5 per cent.
This value may be closely approached
in well-designed class B audio amplifiers.
To achieve maximum power output and
efficiency in a class B stage, however, it
is necessary to supply driving power to
the grids. Because the average plate cur-
rent and grid current vary with the am-
plitude of the driving signal, the plate
supply must have very good voltage
regulation so that serious distortion and
loss of power output will not occur on
large input signals. For the same rea-
sons, bias must be obtained from a sepa-
rate, stable, fixed supply, and not from
a grid resistor or cathode resistor.

As a result of the discontinuity in
the composite characteristic of a push-
pull class B audio amplifier, shown in Fig.
18, the plate current never falls to zero,
but transfers abruptly from one tube to
the other each time the driving voltage
swings through the operating point.This
“‘switching”action results in the genera-
tion of an odd-harmonic component
which cannot be cancelled by push-pull
operation and, because of its steep wave-

_form, may cause spurious oscillations in
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the output transformer. The amplitude
of this harmonic can be minimized by
moving the operating point toward the
linear region of the tube characteristic,
i.e., by increasing the zero-signal plate
current and thereby reducing the
plate-circuit efficiency. The most desir-
able tubes for class B audio service,
therefore, are those having very steep
mutual characteristics and very short
“lower bends” so that the discontinuity
in the composite characteristic will be
small even when the operating point is
very close to cutoff.

Because of their linearity and rela-
tively high efficiency, class B amplifiers
are particularly suitable for use as out-
put amplifiers in rf transmitters employ-
ing “low-level” amplitude modulation.
Modulation applied to the final or out-
put stage of a transmitter is called “high-
level” modulation; that applied to any
stages preceding the final stage is called
‘“low-level” modulation. When “low-
level” amplitude modulation is em-
ployed, any stages following the modu-
lated amplifier must be linear amplifiers
to avoid distortion of the modulated rf
waveform. The circuit of a typical class



B linear rf output stage is shown in
Fig. 19.

The quiescent plate current of a
class B rf amplifier, unlike that of its af
counterpart, is not approximately zero
but is proportional to the amplitude of
the unmodulated rf driving signal or
carrier. Consequently, the maximum
efficiency is lower than that obtainable
in af service, and varies from approxi-
mately 33 per cent for an unmodulated
carrier to approximately 66 per cent for
a fully modulated carrier. With sym-
metrical modulating voltages, the aver-
age plate current remains constant, and
it is not necessary to employ a regulated
plate supply.

The high degree of linearity re-
quired for the reproduction of complex
modulated rf waveforms may be ob-
tained by careful control of the position
of the operating point and the maximum
and minimum amplitudes of the modu-
lated driving signal. Consequently, bias,
tuning, and other operating adjustments
for class B linear rf ampiifiers are usually
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much more critical than those for other
types of rf power amplifiers.

Class B linear amplifiers are finding
increased use as output amplifiers in
single-sideband, suppressed-carrier ra-
diotelephone transmitters. In amplitude
modulation, the additional power ob-
tained from the modulator at each
modulating frequency appears in the rf
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output as a pair of ‘“‘sideband” signals,
as shown in Fig. 20. Each of these signals
is separated from the carrier by a fre-
quency f equal to the modulating fre-
quency, and contains one-half the modu-
lating power at that frequency. The
output of the modulated amplifier,
therefore, occupies a frequency band 2f
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wide, where f is the highest modulating
frequency employed.

Because all the information repre-
sented by the modulation is present in
either the upper or lower sideband group,
the carrier and one group of sidebands
are in a sense superfluous once modula-
tion has been accomplished. Although
transmission of the carrier and both side-
bands 1s uneconomical of transmitter
power and channel space, it is employed
in standard radio broadcasting and in
many radiotelephone communications
services because it permits the use of
simple transmitter and receiver circuit
designs. )

In single-sideband, suppressed-car-
rier radiotelephony, both the carrier and
one sideband group are eliminated by
the use of a special low-level modulator
circuit. Because low-level modulation is
employed, the output stage must be:
linear, and, for maximum efficiency, is
usually a class B amplifier.

Class AB Amplifiers

Multigrid tubes and low-mu triodes
are not usually recommended or rated
for use as class B audio-frequency am-
plifiers. Multigrid types generate large:
amounts of odd-harmonic distortion
when operated in the vicinity of plate-
current cutoff, and low-mu triodes re-
quire uneconomically large fixed-bias
voltages and relatively high driving
power. These types can, however, de-
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liver relatively high output with low
distortion and good efficiency when
operated under tlass AB conditions.
Class AB operation is an inter-
mediate classification combining certain
characteristics of both class A and class
B operation, as shown in Fig. 21. Like
class B operation, it results in severe
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even-harmonic distortion and, conse-
quently, requires the use of a push-pull
circuit when used in audio or video
service. The bias is adjusted so that the
operating point is in the lower portion
of the linear region of the characteristic.
Because of the relatively small quiescent
plate current, the tube can be operated
at a higher plate voltage than would be
permissible under class A conditions,
and can.thus deliver a higher maximum
power output.

On small input signals, operation
takes place over a substantially linear
region of the characteristic, and the tube
operates as a class A amplifier. On large
input signals, however, the negative
grid-voltage excursions extend into the
region beyond cutoff, and the tube
operates as a class B amplifier.

In class AB; operation, the grid is
never driven sufficiently positive to draw
current. Because no driving power is re-
quired under these conditions, class AB,
amplifiers, like class A amplifiers, may
be driven by voltage amplifiers using
direct or resistance-capacitance cou-
pling. In class AB2 operation, thegridis
driven positive by the larger input sig-
nals and, therefore, draws current. Class
AB, amplifiers thus require driving
power, but can deliver substantially
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higher power outputs than class AB,
amplifiers because of the larger plate-
current swings that can be achieved.

The average plate current of a class
AB amplifier varies with the amplitude
of the driving signal, although this varia-
tion is smaller under class AB, than
under AB; conditions. Consequently,
plate and screen-grid (grid-No.2) sup-
plies for these amplifiers must have good
voltage regulation to assure that the full
output capabilities of the tubes can be
realized and the harmonic distortion
kept low. Cathode-resistor bias can be
employed for class AB, amplifiers, al-
though higher power output and lower
distortion can usually be obtained by
the use of fixed bias. Fixed bias must be
used for class AB, amplifiers.

The plate-circuit efficiencies that
can be attained in class AB, amplifiers
range from about 30 to 40 per cent for
triodes to as high as 50 to 60 per cent
for multigrid tubes. Efficiencies of 60 to
70 per cent can be attained in beam
power tubes used as class AB; amplifiers.

Class C Amplifiers

Maximum power output and plate-
circuit efficiency can be obtained from
triodes or multigrid tubes under class C
conditions. Because these advantages
are obtained at the expense of linearity,
class C amplifiers cannot be used if it is
necessary to reproduce variations in the
waveform of the driving signal. Class C
amplifiers can be modulated linearly,
however, and are extremely useful as rf
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power amplifiers, frequency multipliers,
and oscillators. '

A class C amplifier is operated with
a negative control-grid (grid-No.1) bias
substantially higher than that required
for plate-current cutoff, as shown in Fig.
22. The quiescent plate current, there-
fore, is zero, and the tube responds



only to those portions of positive grid-
voltage excursions which are positive
with respect to the cutoff voltage (indi-
cated by the shaded areas of the input-
signal waveform in Fig. 22). In practice,
the grid is excited by an rf voltage hav-
ing constant amplitude, and the plate-
current waveform consists of relatively
narrow pulses of equal height which
have the same frequency as the excita-
tion voltage but contain very strong
odd- and even-order harmonic compo-
nents. The height of these pulses (the
peak plate current) is determined by the
point on the transfer characteristic to
which the tube is driven by the rf driv-
ing voltage. For a given pulse height,
the average or dc value of the plate cur-
rent is determined by the pulse width
(i.e., the conduction angle employed)
and, therefore, varies inversely with the
magnitude of the negative voltage for
constant peak driving voltage.

The power output of a class C am-
plifier is proportional to the square of
the plate voltage. Maximum power out-
put is achieved when the excitation
swings the plate current between zero
and the saturation value during each
conduction interval. To achieve this
swing, it is necessary to drive the grid
highly positive and, consequently, sup-
ply it with a substantial amount of driv-
ing power. The plate-circuit efficiency
increases as the conduction angle is re-
duced, and theoretically may reach 100
per cent when the conduction angle is
made infinitely small. Very small con-
duction angles usually cannot be ob-
tained, however, without increasing the
bias and excitation voltages to such high
values that they exceed the maximum
grid-voltage ratings of the tube. Driv-
ing-power requirements, which increase
as the square of the excitation voltage,
are also a limiting factor. However,
plate-circuit efficiencies of 75 to 80 per
cent are easily achieved.

The large grid-bias voltages re-
quired by class C amplifiers are con-
veniently and economically obtained hy
grid-rectification of the driving voltage
(grid-resistor bias). This type of bias
automatically adjusts itself to the am-
plitude of the excitation voltage to main-
tain the desired conduction angle, and
allows the full plate-supply voltage to
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be applied between the plate and cath-
ode of the tube. (Because grid-resistor
bias depends on the presence of excita-
tion, it is also necessary to employ some
means for protecting the tube against
damage by excessive plate current in the
event that excitation fails or is acci-
dentally removed.)

Class C Telegraphy

The term ‘“Class C Telegraphy”
applies to applications in which power
tubes may be operated at their highest
ratings. It includes “‘straight-through”
rf power amplifiers which arenot‘‘keyed”
or modulated as well as those which are
actually “keyed” for telegraphy service,
oscillators, and amplifiers for frequency-
modulated rf carriers.

The circuit of a typical “straight-
through’ class C rf amplifier employing
a beam power tube is shown in Fig. 23.
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The output circuit or “plate tank” is
tuned to the excitation frequency, and
the bias is such that the conduction
angle is approximately 140 degrees. The
power output is controlled by adjust-
ment of the plate and screen-grid (grid-
No.2) supply voltages, theload coupling,
and the rf excitation.

Triode “straight-through”rf ampli-
fiers must be neutralized to prevent self-
oscillation resulting from internal feed-
back through the grid-plate capacitance.
Multigrid-tube “straight-through” am-
plifiers may also require neutralization
to assure stability at the higher radio
frequencies.

The circuit of a “keyed’ class C rf
amplifier is essentially the same as the
one shown in Fig. 23 except that a
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“key” (a manually or automatically
operated switch) is inserted in the plate,
screen-grid, or cathode cifeuit.

The circuit and operating condi-
tions of a class C amplifier for frequency-
modulated signals are the same as those
shown in Fig. 23 and described above,
The only special consideration involved
in the operation of such an amplifier is
that the plate-tank circuit must be de-
signed to have constant impedance over
the entire frequency band covered by
the carrier at maximum deviation.

Modulated Class C Amplifiers

The plate current of a class C am-
plifier is proportional to plate voltage
and, in the case of a multigrid tube, to
screen-grid (grid-No.2) voltage. Within
certain limits it is also proportional to
control-grid (grid-No.1) bias and, in the
case of certain pentodes and beam power
tubes, to suppressor-grid (grid-No.3)
voltage. Consequently, the output of a
class C rf power amplifier can be modu-
lated in amplitude by varying one or
more of its dc electrode voltages in ac-
cordance with the amplitude variations
of an audio or video signal.

Distortionless modulation requires
that the relationship between the dc
control voltage and the plate current
be linear, and that both vary between
zero and twice their unmodulated values
on the peaks of the modulating signal.
Under these ideal conditions, the peak
power output of the class C amplifier at
full (100-per-cent) modulation is 4 times
the unmodulated output, and the aver-
age power output 1.5 times the unmodu-
lated output.

Plate input and plate dissipation
also increase 50 per cent when a class C
amplifier is fully modulated. For plate
modulation, therefore, the plate input
and dissipation under carrier conditions
must not exceed two-thirds the maxi-
mum values for class C telegraphy. For
control-grid, screen-grid, suppressor-
grid, or cathode modulation, the permis-
sible dc plate input is even smaller.
Maximum de¢ plate-voltage and plate-
current ratings for modulated class C
amplifiers are usually not more than 80
per cent of the class C telegraphy values.
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The audio or video power required -
for 100-per-cent modulation of a class C
amplifier is equal to one-half the de
power input to the modulated circuit.
For symmetrical modulating voltages,
the dc plate current of the modulated
amplifier and the de¢ supply voltage and
current of the modulated-electrode cir-
cuit remain constant. The additional
power output obtained by amplitude
modulation does not increase the carrier
power, but is equally divided between
two symmetrical ‘‘sideband’’ signals.

The method of modulation that
provides the greatest plate-circuit effi-
ciency and linearity is plate modulation.
In this method, the modulating volt-
age is connected in series with the de
plate supply for the elass C amplifier,
as shown in Fig. 24. In a beam power
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tube, pentode, or tetrode, 100-per-cent
plate modulation can be obtained with-
out serious distortion on modulation
peaks if the screen-grid (grid-No.2) volt-
age is modulated simultaneously with,
and in the same proportion as, the plate
voltage. The method used to modulate
the screen grid depends on the type of
screen-grid-supply circuit used. If screen-
grid voltage is obtained from a separate
supply, the method shown in Fig. 25(a)
may be used. If screen-grid voltage is
obtained from the plate supply through
a series resistor, the resistor should be
connected to the modulated side of the
plate supply circuit, as shown in Fig.
25(b). In all such cases, the modulator
must be capable of supplying af power
at least equal to one-half the combined



= 'RCA Transmitting Tubes

dc inputs to the plate and screen-grid
circuits. ‘

A circuitin which modulation power
is applied only to the plate of a beam
power tube is shown in Fig. 25(c).The re-
actance of the af choke at the lowest
modulating frequency should be at least
equal to the dc screen-grid voltage di-
vided by the dc sereen-grid current.

The plate-circuit efficiency of a
plate-modulated class C amplifier is
usually in the order of 65 to 70 per cent.

Control-grid (grid-No.1) or “grid.
bias” modulation requires very little
modulating power and can provide good
linearity. However, the power output
obtainable is only one-third to one-half
that obtainable with plate modulation,
and plate-circuit efficiency is not usually
greater than 33 per cent.

In control-grid modulation, the
audio or video modulating voltage is
connected in series with the bias supply
for the class C amplifier. Consequently,
the operating point of the modulated
amplifier varies with the modulation. In
order to obtain 100-per-cent modulation
with good linearity, the plate current
and effective plate voltage must swing
between zero and twice their unmodu-
lated values on the peaks of the modu-
lating signal. The dc plate voltage, there-
fore, can only be about one-half that for
plate modulation. Operating conditions,
plate-circuit efficiency, and power out-
put are almost identical with those for
class B rf service.

The modulator must be capable of
supplying the power required by the grid
of the modulated amplifier on the posi-
tive peaks of the modulating signal. It
must also have good output regulation
because of the wide variation in the load
impedance presented by the grid-circuit
over the entire modulation cycle. The
driver supplying the unmodulated car-
rier and the bias supply for the modu-
lated amplifier must also have very good
regulation to avoid serious distortion.
Bias must be obtained from a separate
low-impedance, fixed supply, and not
from a grid resistor or cathode resistor.

Because pentodes and beam power
-tubes are substantially free from the sec-
ondary-emission effects which occur in
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other multigrid types when the screen
grid (grid No.2) becomes more positive
than the plate, they may use screen-grid
modulation without danger of serious
distortion. Screen-grid modulation is
similar to grid-bias modulation in that
it requires relatively little af power, and
provides substantially the same power
output and efficiency. Unlike grid-bias
modulation, however, it does not require
the use of fixed bias or good driver regu-
lation.

When screen-grid voltage is ob-
tained from a separate supply, the modu-
lating voltage may be connected directly
inseries with the supply circuit, asshown
in Fig.26(a). When screen-grid voltage is
obtained by the series-resistor method,
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Fig.

itisgenerally necessary tousethe“clamp-
tube” method of modulation shown in
Fig. 26(b).

Suppressor-grid (grid-No.3) mod-
ulation can be used with certain beam
power tubes and pentodes. Operating
conditions are similar to those used in
screen-grid modulation, except that the
suppressor grid is supplied with a fixed
negative dc bias voltage in addition to
the modulating voltage. This bias volt-
age is adjusted so that the plate current
and rf output current of the modulated
amplifier under carrier conditions are
one-half those obtained in class C teleg-
raphy service with zero voltage on the
suppressor grid. Under these conditions,
the modulator is required to supply only
a peak voltage equal to the suppressor-
grid bias, and does not have to supply
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power because the suppressor-grid is not
driven positive. Suppressor-grid modu-
lation has only limited application, how-
ever, because relatively few beam power
tubes and pentodes have the neccessary
linear relation between suppressor-grid
voltage and plate current.

Cathode modulation combines the
characteristics of plate and grid-bias
modulation. The modulating voltage is
introduced in the common dc cathode-
return circuit of the class C amplifier
and, therefore, varies the plate volt-
age and grid bias simultaneously. This
method requires less modulating power
than plate modulation, and permits the
modulated amplifier to be operated with
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a plate-circuit efficiency proportional to
the amount of modulating power avail-
able. However, the power output ob-
tainable is less than that obtainable with
plate modulation.

The type of coupling used between
a modulator and the modulated circuit
of a class C rf amplifier depends prima-
rily on the amount of modulating power
required. In suppressor-grid modulation
or “clamp-tube’’ screen-grid modulation,
it is usually practicable to use resistance-
capacitance or impedance coupling be-
cause little or no modulating power is
required. In other cases, it is usually
necessary to employ transformer cou-
pling to obtain proper impedance match-
ing and most efficient use of the avail-
able modulator power.

The bypass capacitors shown in
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Figs. 24 through 26 should have very
low reactance at the rf carrier and side-
band frequencies and high reactance at
the highest modulating frequency. The
modulation transformer must convert
the equivalent resistance of the modu-
lated dc supply circuit into the proper
plate or plate-to-plate load resistance,
Z, for the modulator output tubes and,
consequently, should have a primary-
to-secondary turns ratio, N,/N,, equal
to v/ZI/E, where I and E are the aver-
age current and de input voltage of the
modulated circuit, respectively.

The value used for I in this calcu-
lation is the current under carrier condi-
tions (no modulation). In the case of
plate modulation it is the total de plate
current; in the case of combined plate
and screen-grid modulation using series-
resistor screen-grid supply, it is the sum
of the dc plate and screen-grid currents.
In the case of grid-bias modulation, I is
the dc grid current and E the grid-bias
voltage.

Frequency Multiplication

Any amplifier which generates har-
monics can be used as a frequency multi-
plier provided the desired harmonic of
the excitation frequency is present in
theplate-current pulse.The fundamental
and other harmonics may then be elimi-
nated by means of a plate-tank circuit
tuned to the desired harmoniec. This pro-
cedure can be repeated in successive
stages as often as desired.

By frequency multiplication, high-
frequency carriers having a very high
degree of frequency stability can be ob-
tained. Frequency multiplication also
makes it possible to obtain output in
several harmonically related frequency
bands (such as those assigned for ama-
teur service) from a single oscillator cir-
cuit. For example, an oscillator operating
in the 80-meter band (at a frequency be-
tween 3.5 and 3.58 megacycles per sec-
ond) can be used with a series of fre-
quency-doubler stages to obtain output
in the 40-, 20-, and 10-meter bands.

Frequency multipliers are almost
invariably class C amplifiers because
maximum harmonic output can be
achieved under class C conditions.When
a class C amplifier is operated under
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the conditions normally employed for
“straight-through’ amplifier service,
however, its efficiency as a frequency
multiplier is relatively poor because
even the strongest harmonics represent
only a small fraction of the total power
output. To obtain good efficiency in
multiplier service, it is necessary to se-
lect a plate-conduction angle which has
high harmonic content at the desired
harmonic frequency. Consequently, fre-
quency multipliers require substantially
higher bias and excitation voltages and
more driving power than “straight-
through” class C amplifiers. The plate-
circuit efficiency that can be achieved
is usually not more than 60 per cent
(doubler operation), and decreases rap-
idly as the degree of multiplication is
increased.

Frequency multiplication of more
than four is seldom practicable in a sin-
gle stage because of the relatively small
output at the high harmonics and the
large amounts of driving power required.
Although a triode frequency multiplier
does not require neutralization because
the grid and plate circuits are not tuned
to the same frequency, neutralization
can be used to reduce the amplitude of
undesired frequency components in the
plate-current waveform and thus in-
crease the output at the desired har-
monic frequency.

Because of its smaller conduction
angle, a frequency multiplier is more
sensitive to small changes in excitation
voltage and loading than an equivalent
“straight-through” class C amplifier
and, therefore, has poorer output
regulation. From the excitation stand-
point, this difficulty can be minimized
by the use of beam power tubes or
pentodes rather than triodes. Improved
regulation can also be obtained by the
use of tubes in parallel. Very good out-
put regulation can be obtained in dou-
bler service by the use of a “push-push”
circuit such as that shown in Fig. 27. In
this type of circuit, the grids are excited
in push-pull so that the tubes conduct
alternately on successive half-cycles of
theexcitation voltage. Becausethe plates
are connected in parallel, two pulses of
plate current flow in the common plate-
tank circuit for each excitation cycle,
doubling the power output and reducing
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the output impedance to one-half the
value for one tube.
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Additional information on the char-
acteristics of frequency multipliers and
the efficiencies obtainable for various
degrees of multiplication is given in the
Power-Tube Circuil-Design Considera-
tions Section.

Oscillators

RF power oscillators are usually
class C amplifiers which obtain excita-
tion from their own output circuits and
employ either quartz erystals or induct-
ance-capacitance tuned circuits as fre-
quency-determining elements. Crystal-
controlled oscillators can provide the
highest degree of frequency stability,
and are used in equipment which oper-
ates entirely or predominantly on fixed
frequencies or on fixed harmonically re-
lated frequencies. In general, mechanical
considerations make it impracticable to
cut crystals for fundamental frequencies
higher than about 20 megacycles per
second. A technique known as ““overtone
operation,” however, permits crystals
to be used for the control of oscillators
operating at frequencies up to 100 mega-
cycles per second and higher. Repre-
sentative crystal oscillators are shown
in the Circuils Section.

Inductance-capacitance frequency-
determining elements are used for oscil-
lators which must be capable of operating
at any frequency within a specific band.
They are also used for oscillators which
must operate at frequencies above and
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below those for which crystals can be
cut. The mechanical form of the LC
tank and the type of oscillator circuit
employed are usually determined by the
operating frequencies involved. At the
lower radio frequencies, well-designed
electron-coupled oscillators employing
conventional coils and tuning capacitors
can provide stabilities comparable to
those obtained in crystal oscillators.
When followed by suitable frequency-
multiplier stages, such oscillators can be
used to control equipment operating at
frequencies up to about 30 megacycles
per second. Tuned-line oscillators of the
type shown in the Circuits Section are
usually employedin very-high-frequency
(vhf) equipment. Ultra-high-frequency
(uhf) oscillators usually require the use
of coaxial- or cavity-type circuits as fre-
quency-determining elements.

Circuit Configuration

The amplifier applications discussed
in this chapter have been illustrated by
“grid-drive” circuits of the type shown
in Fig. 16. In this type of circuit, the
grid is employed as the ‘““drive” elec-
trode, the plate as the ‘“‘output” elec-
trode, and the cathode as the “ground”
or reference electrode common to the
input and output circuits of the tube.

As mentioned previously, a grid-
drive triode rf amplifier must be neu-
tralized to cancel the regenerative feed-
back which takes place through the grid-
plate capacitance of the tube. Neutrali-
zation, however, becomes less effective
and more difficult to achieve as the
operating frequency is increased because
of unavoidable resonance effects in the
components of the neutralizing circuit.
These effects alter the phase of the neu-
tralizing voltage and, in most cases,
make it impossible to obtain neutraliza-
tion at frequencies of more than a few
hundred megacycles. Although multi-
grid tubes capable of operating as grid-
drive uhf amplifiers are available, tri-
odes are generally preferable for uhf
service because of their lower noise and
shorter electron-transit time, and be-
cause their simpler electrode structures
and power-supply requirements make
them more readily adaptable to instal-
lation in coaxial and cavity-type uhf
tank-circuit components.



In many cases, this difficulty may
be overcome by the use of ‘““cathode-
drive” circuits such as that shown in
Fig. 28. In this method of operation, the
cathode is the “drive” electrode and the
grid is the “‘ground”’ electrode common
to the input and output circuits. The
grid thus acts as an electrostatic shield
between the input and output terminals,
and reduces internal feedback in the
same manner and to approximately the
same degree as the screen grid (grid
No.2) of a multigrid tube.

A cathode-drive amplifier requires
more driving power than a grid-drive
amplifier because its input is shunted
not only by the grid-cathode capacitance
but also by the plate resistance, rp, and
load resistance, Ry, in series. This addi-
tional power is not wasted, however, but
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is added to the output because the driv-
ing voltage and plate-supply voltage are
effectively in series across the load. The
input of a cathode-drive amplifier is also
shunted by the heater-cathode capaci-
tance or by the capacitance to ground of
the filament-supply circuit. This capaci-
tance, however, may be neutralized by
the use of suitable rf chokes in the heater
or filament circuit.

A “cathode follower,” shown in
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Fig. 29, is a grid-drive amplifier in which
the cathode is used as the output elec-
trode and the plate as the ground or
common terminal of the input and out-
put circuits. Because the grid-cathode
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capacitance of the tube does not shunt
the driving circuit, the cathode follower
has higher input impedance than a con-
ventional grid-drive amplifier and, con-
sequently, requires less driving power
for the same power output. The output
impedance, which is composed of the ex-
ternal cathode resistance, R,, and the
plate resistance, r,, of the tube in paral-
lel, can be made as low as desired by the
use of a suitable cathode resistor. Be-
cause the driving voltage and output are
both developed across Rx, the voltage
gain cannot exceed unity. Substantial
power gains can be achieved, however,
by the transformation from a high to a
low impedance.

Because the voltage gain of a cath-
ode follower is always less than unity,
this type of amplifier cannot escillate
and, therefore, does not require neu-
tralization, regardless of the operating
frequency.



Power-Tube Circuit-Design Considerations

The performance of a power tube
depends not only on the conditions un-
der which the tube is operated but also
on the design of the associated circuits.

Proper circuit design assures eco-
nomical and effective use of tubes and
other components, simplifies equipment
adjustment, provides for stable opera-
tion, thereby minimizing the likelihood
of interference with other services, and
provides a substantial measure of pro-
tection for the equipment, as well as
greater personal safety.

In the production of moderate to
large amounts of power at audio or radio
frequencies, a signal or voltage having
suitable characteristics is usually gen-
erated at a low power level. This signal
is then amplified in one or more stages
until the desired power level is achieved.
In rf equipment, one or more amplifier
stages may also be used to modify some
characteristic of the signal, such as fre-
quency, phase, or instantaneous ampli-
tude.Consequently,the individual stages
usually operate under substantially dif-
ferent conditions. Power-tube equip-
ment, therefore, is designed one stage
at a time, the usual procedure being to
start with the output stage and work
backward through preceding stages to
the oscillator or input stage of the
equipment. The design of a stage in-
volves selection of the most suitable
tube type; design of input and output
coupling circuits; design of power-sup-
ply circuits; design of circuits for con-
trolling gain or power output, or for
varying the instantaneous amplitude,
frequency, or phase of the output signal;
and provision of means for stabilization
against self-oscillation or other condi-
tions which may result in interference,
unauthorized radiations, distortion, or
other undesirable effects.

In af equipment, all stages usually
operate into non-resonant loads and
have substantially the same frequency-
response characteristics. The dc¢ input
to the tubes is constant, and power out-
put is controlled by attenuation of the
signal at a relatively low-level point in
the system and /or by the use of remote-
cutoff tubes. Input, interstage, and out-
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put coupling is fixed, and control of
over-all frequency response, where re-
quired, is usually accomplished by fixed
or adjustable filters in one or more
stages. Stabilization seldom involves
procedures other than those necessary
to prevent self-oscillation or minimize
distortion.

In rf power-tube equipment, all
stages usually operate into resonant
loads. In a transmitter, individual stages
may operate at different frequencies and,
in many cases, each stage must also be
capable of operating at any frequency
within one or more bands. The power
output of an rf stage is controlled by ad-
justment of the de input, rf excitation,
and loading. In transmitters, considera-
tion must also be given to the design of
‘“‘keying’” or modulating circuits. Be-
cause the input and output impedances
of rf amplifier stages vary considerably
with changes in operating frequency, ex-
citation, and loading, interstage and
output coupling circuits are generally
made adjustable.

Stabilization of rf equipment usually
involves the elimination not only of self-
oscillation, but also of undesired har-
monics, and may also involve the isola-
tion and elimination of parasitic oscilla-
tions in circuit components and wiring.

Tube Selection

The selection of the most suitable
tube type for a particular application
depends to a large extent upon the type
of primary power available and the de-
sired power sensitivity. Tubes having
the same filament voltage or current
ratings should be used throughout the
equipment wherever possible to simplify
power-supply requirements. Driving-
power requirements vary widely with
application, operating frequency, type
of circuit employed, and other factors.
Because of its importance in cireuit de-
sign, driving power is discussed at
greater length later in this section. Me-
chanical considerations such as equip-
ment space limitations, layout, and ven-
tilation, as well as economic considera-
tions, also affect tube selection.
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An initial selection of types having
suitable filament-voltage, plate-voltage,
plate-input, and plate-dissipation rat-
ings for a particular application can be
made from the Power-Tube Selection
Guides in the Charts Section. The final
selection is then made by comparison
of the technical data for the individual
types.

In the selection of a tube for use as
an unmodulated rf amplifier, frequency
multiplier, or oscillator, the maximum
plate-input and plate-dissipation ratings
and the relative plate-circuit efficiency
of the tube at the highest frequency at
which the equipment is to operate must
be considered. When ability to change
frequency quickly is an important con-
sideration in the design of a transmitter,
it is desirable to select types which re-
quire few or relatively minor changes in
operating conditions with changes in
frequency. In this respect beam power
tubes and other multigrid types are
generally superior to triodes.

Additional factors which must be
considered in the selection of tubes for
use as modulated rf amplifiers depend
on the type and degree of modulation to
be employed.These factors are discussed
in the Power-Tube Applications Section
and in the T'ube Types Section.

Multiple-Tube Stages

Most satisfactory operation of
parallel, push-pull, or push-pull-parallel
stages is obtained when the plate cur-
rents of the individual tubes are equal.
Equalization of average plate currents
minimizes the danger of excessive plate
dissipation in one or more tubes, partic-
ularly in stages which obtain bias from a
common fixed supply or a common grid
resistor. Equalization of zero-signal plate
currents in push-pull af amplifier stages
substantially aids the cancellation of
even-order harmonic distortion. For
complete cancellation of even-order har-
monics, the plate-current excursions in
the two sides of a push-pull stage must
also be equal. This type of equalization
(dynamic balance) is difficult to achieve,
however, because of the large number of
tube and circuit variables involved.

Zero-signal or average plate cur-
rents in multiple-tube stages are most
easily equalized by means of individual

grid-bias adjustments. The particular
method used in any case depends on the
type of cathode employed in the tubes
and on the circuit configuration. Two
methods in general use are shown in
Fig. 30.

Multiple-tube stages employing
beam power tubes and other multigrid

£
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Fig. 30

types should be provided with individ-
ual adjustments for screen-grid (grid-
No.2) voltage as well as for control-grid
(grid-No.1) bias. Such adjustments make
it possible to avoid excessive screen-grid
dissipation in individual tubes and are
frequently of considerable aid in obtain-
ing plate-current equalization.

AF Power Amplifiers

Class A af power amplifiers do
not normally draw grid current or re-
quire driving power. Furthermore, they
draw substantially constant plate and
screen-grid currents and, therefore, can
employ simple cathode-resistor (self)
bias. After the most suitable tube type
has been selected and the tube operating
conditions determined, the principal
considerations in the design of a class
A amplifier are: (1) the selection of a
driver capable of supplying the required
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peak driving voltage; (2) the selection
of input and output coupling devices
having the desired frequency and im-
pedance characteristics; (3) the selection
of bypassing and decoupling components
necessary to minimize hum, assure sta-
bility, or improve the over-all frequency
response.

For this class of amplifier,the driver
may be a class A voltage amplifier and
the input-coupling device a simple re-
sistance-capacitance network. Resist-
ance-capacitance coupling provides good
frequency-response characteristics eco-
nomically and permits the use of simple

DRIVER
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class AB) af power amplifiers are sub-
stantially the same as those for class A
amplifiers, except that special considera-
tion must be given to the characteristics
of plate and screen-grid (grid-No.2) sup-
ply circuits, and to the method used for
obtaining grid bias. Because the average
plate and screen-grid currents of a class
AB, amplifier vary with the amplitude
of the driving signal, serious distortion
and inadequate power output may re-
sult on large input signals unless plate
and screen-grid supply voltages are well
regulated and the bias is extremely sta-
ble. For optimum performance, plate-

CLASS A POWER
AMPLIFIER

INPUT

PLATE
SUPPLY
VOLTAGE

I

T

AF
OUTPUT

—O PLATE
SUPPLY
VOLTAGE

1l
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phase-inverter circuits for driving push-
pull stages. Transformer coupling can
also be used between the driver and the
class A power amplifier. Interstage trans-
formers having wide frequency response
are relatively expensive, however, and
are seldom used unless a substantial
voltage step-up must be obtained be-
tween driver and class A power amplifier.

Plate- and screen-grid-supply cir-
cuits for single-ended class A power am-
plifiers must be well filtered to minimize
hum and undesired coupling with other
stages in the equipment. These circuits,
as well as the cathode-bias resistor, must
also be adequately bypassed to the cath-
ode at the lowest frequency to be repro-
duced to assure full output from a single-
ended stage. When particularly good
response at low audio frequencies is re-
quired in a single-ended stage, it may be
necessary to use parallel feed, as shown
in Fig. 381, to eliminate unbalanced de
from the output transformer and the
driver transformer.

Circuit-design considerations for

g. 31

supply regulation should be within 10
per cent, screen-grid-supply regulation
within 5 per cent, and grid-bias-supply
regulation within 3 per cent.

Class B and class AB2 af power
amplifiers normally draw grid current
on large input signals and, theréfore, re-
quire appreciable driving power. Power
output, frequency response, and har-
monic distortion are critically dependent
on the circuit constants employed in the
amplifier and in the driving circuit. Con-
sequently, the design of a class B or class
AB; amplifier involves the design of a
complete system, including the driver
stage, the interstage coupling circuit,
the output (class B or class AB,) stage,
and the power-supply and bias circuits
for both stages.

The driver must be capable of sup-
plying both the signal power required to
drive the class B or class AB, stage to
full output and the power lost in the
interstage coupling circuit.

The driving circuit must also have
very good regulation characteristics be-
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cause the input impedance of a class B
stage varies from a very high value on
small input signals (open-circuit value
when no grid current is drawn) to a very
low value on large input signals (when
maximum grid current is drawn). Con-
sequently, it is usually necessary to use
an amplifier having very low output im-
pedance as the driver, and an efficient
transformer as the interstage coupling
device. For minimum over-all harmonic
distortion, the driver should be a push-
pull class A or class AB, amplifier. If
the driver stage uses triodes, it may be
operated into a load impedance higher
than that normally used for the tube
type employed to minimize distortion
at some reduction of available output
power.

The interstage or ‘‘driver’” trans-
former must provide the proper load for
the driver under maximum-drive condi-
tions (i.e., when the input impedance of
the output stage is minimum) and, there-
fore, is usually designed as a step-down
transformer. The step-down ratio re-
quired will depend on the specific tube
types used in the driver and output
stages, the load resistance used for the
output stage, the peak power efficiency
of thedriver transformer, and theamount
of harmonic distortion that can be
tolerated in the output.

The driver transformer must also
have the desired frequency-response
characteristics when operated into a
very high load impedance (or even an
open circuit) such as that presented by
the grid circuit of the class B or class
AB;, stage on very small driving signals.
To assure good response at the higher
audio frequencies, the transformer must
also be designed to have low leakage re-
actance. In addition, the resistance of
the secondary windings must be kept
low to minimize dc¢ voltage drops which
might affect the operating bias during
grid-current flow.

For maximum power output and
minimum harmonic distortion, the op-
erating point of a class B or class AB,
amplifier must not be affected by the
normal variations in average plate,
screen-grid, and control-grid currents.
Consequently, bias must be obtained
from a separate fixed supply, such as a
battery or a rectifier having very low in-
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ternal resistance, and plate and screen-
grid supplies must have exceptionally
good regulation characteristics. For op-~
timum performance, plate-supply regula-
tion for class B and class AB, amplifiers
should be within 5 per cent, and screen-
grid-supply and grid-bias-supply regu-
lation should be within 3 per cent.

Output transformers for class B and
class AB, amplifiers should have low-
resistance windings to minimize power
losses at the large plate currents which
flow under maximum-signal conditions.
They should also have very low leakage
inductance to assure good response at
the higher audio frequencies and to min-
imize the danger of parasitic oscillations
and “‘ringing.”

Modulators

An af power amplifier used to modu-
late a class C rf amplifier must be capa-
ble of delivering an undistorted power
output equal to one-half the average
power in the modulated circuit to per-
mit 100-per-cent modulation. In addi-
tion, the modulation transformer must
convert the equivalent resistance of the
modulated circuit into the proper plate-
load resistance for the modulator stage.

The average power, Wa, in watts in
the modulated circuit is equal to EI, and
the effective resistance, R,, is equal to
E/I, where E is the dc potential across
the modulated circuit in volts and I is
the total direct current in amperes. The
proper turns ratio (primary to second-
ary), N1/N,, for the modulation trans-
former is then given by

N_ [R,
N. VR

where R, is the effective plate (or plate-
to-plate) load resistance required for the
af amplifier and R, is the effective re-
sistance of themodulated circuitin ohms.
Example (1): Determine the amount
of af power, Wo, required for 100-per-
cent plate modulation of push-pull class
C 812-A triodes operating under ICAS
conditions. (Values are given in the tech-
nical data for the 812-A under Plate-
Modulated RF Power Amplifier—Class
C Telephony, Typical Operation.)

Wo= Vga (1250) (sz 0.140)_ 175 watts.
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This amount of af power can be obtained
from a push-pull 811-A class B amplifier
operating under CCS conditions at a de
plate potential of 750 volts. (Values are
given in the technical data for the 811-A
under AF Power Amplifier and Modu-~
lator — Class B, Typical Operation.) The
effective plate-to-plate load resistance
required for the 811-A’s is 5160 ohms.
The equivalent resistance of the 812-A
plate circuit is
1250
Re= 550140~
or approximately 4500 ohms.
Consequently, the turns ratio (pri-
mary to secondary) required for the
modulation transformer is

N, [5100 _
N, =\ 4500~

Example (2): Determine the amount of
af power, Wo, required for 100-per-cent
simultaneous plate and screen-grid mod-
ulation of a single 813 class C amplifier
operating under ICAS conditions. (Val-
ues are given in the technical data for
the 813 under Plate-Modulated RF
Power Amplifier—Class C Telephony,
Typical Operation.) Screen-grid voltage
for the 813 is obtained through a series
voltage-dropping resistor from the plate
supply, as shown in Fig. 25(c).

_Wa_(2000)(0.200+0.040)
2 2

4464

l—il (approx.)

Wo =240watts

This amount of power can be obtained
from a push-pull 811-A class B amplifier
operating under ICAS conditions at a de
plate potential of 1000 volts. (Values are
given in the technical data for the 811-A
under AF Power Amplifier and Modu-
lator— Class B, Typical Operation.) The
effective plate-to-plate load required for
the 811-A’s is 7400 ohms. The equiva-
lent resistance of the 813 plateand screen-
grid cireuit is
2000
Re= §500+0.040~ 5253
or approximately 8400 ohms.
Consequently, the turns ratio (pri-
mary to secondary) required for the
modulation transformer is

N;_ [7400_0.94
N;

8400 1
In the design of af power amplifiers
for modulator service, consideration
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should also be given to the magnetizing
effect of the unbalanced de current flow-
ing in the secondary windings of the
modulation transformer. If this current
is large enough to cause a decrease in
low-frequency response, asuitable block-
ing capacitor and af choke should be
used to isolate the unbalanced de¢ cur-
rent from the secondary winding.

RF Power Amplifiers

Class B and class C rf power am-
plifiers normally operate into reso-
nant load circuits which can be designed
to filter out undesired harmonics of any
order. Consequently, push-pull circuits
do not have to be used to minimize even-
order harmonics. Push-pull operation is
sometimes used for “‘straight-through”
class B and class C amplifier stages, how-
ever, as a means of obtaining increased
output or improved operation at the
higher radio frequencies. It is also used
in frequency-multiplier service as a
means of emphasizing odd-order har-
monic frequencies.

Driving Power

One of the most important con-
siderations in the design of a class B or
class C rf power-amplifier stage is the
provision of adequate driving power.
“Typical” driving-power figures given
in the technical data for tubes rated for
use in class B and class C rf service indi-
cate only the signal power dissipated in
the internal grid-cathode circuit of the
tube and in the resistance of the bias cir-
cuit. These figures do not normally in-
clude driving power that may be lost in
tube sockets or in the components and
wiring of driving circuits, or tube losses
due to electron-transit-time phenomena,
internal lead impedances, or other
factors.

The driver stage must be capable
of delivering sufficient signal power to
supply all the tube and circuit losses.
Although these losses vary with fre-
quency, tube operating conditions, cir-
cuit configuration, and the components
and layout of the circuit, they can be
estimated with reasonable accuracy for
“straight-through” amplifiers. At fre-
quencies up to about 30 megacycles per
second, total tube and circuit losses are
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approximately twice the driving-power
figures given in the tube data. At higher
frequencies, electron-transit-time losses
and other tube and circuit losses increase
so rapidly that it is generally necessary
to use a driver stage capable of supply-
ing 3 to 10 times the driving power
shown in the tube data.

The driving power available for a
class C amplifier or frequency multiplier
should be sufficient to permit saturation
of the driven tube, i.e., a substantial in-
crease or decrease in driving power
should produce no appreciable change
in the output of the.driven stage. This
consideration is particularly important
when driving power is obtained from a
series of frequency-multiplier stages be-
cause such stages have much poorer out-
put regulation than ‘‘straight-through’
amplifiers. Care must be used, however,

(@)

Fig. 32

to assure that the maximum current or
input ratings of the driven tube are not
exceeded.

Because the average plate and
screen-grid (grid-No.2) currents drawn
by a properly excited class B or class C
rf amplifier remain substantially con-
stant, regulation of plate and screen-
grid supplies is not necessary. A plate
supply for a class C stage, however,
should be capable of supplying very high
peak currents, particularly when the
stage is operated as a frequency multi-
plier.

Grid-Bias Considerqiioné

Because class B rf amplifiers are
used almost exclusively as output ampli-
fiers in radiotelephone transmitters em=
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ploying low-level amplitude modulation,
they must have extremely linear charac-
teristics to avoid distortion of the modu-
lated signals. These amplifiers are not
biased to cutoff but to a value deter-
mined by the amplitude of the unmodu-
lated rf driving signal, and their opera-
tion is usually limited to a relatively
narrow region of the characteristic. Bias
must usually be obtained from a sepa-
rate fixed supply, such as a battery or a
rectifier, having very good output regu-
lation.(Self-bias obtained from a heavily
bypassed cathode resistor can be used
for certain beam power tubes.) Both the
bias and the maximum amplitude of the
driving signal must be readjusted if the
plate voltage is changed.

Fig. 32 illustrates the use of fixed
bias in rf stages having various circuit
configurations.The battery symbol indi-

cates any dc source capable of supplying
the required voltage and having good
regulation. The rf chokes and bypass
capacitors are used to exclude the rf grid
voltage from the bias supply. When a
tuned grid circuit is used, as shown in
Fig. 32(c), the rf choke usually is not re-
quired, and in some cases may even be
detrimental to the operation of the stage.
The use of the wrong value of rf choke
in the grid circuit of an rf amplifier may
result in parasitic oscillations, especially
when a similar choke is used in the plate
circuit.

Batteries, rectifiers, or other de
sources having high internal resistance
should not be used as fixed-bias supplies.
If such devices are used, the normal flow
of grid current may charge the batteries



to voltages greater than their rated val-
ues, or may increase the voltage drop in
the rectifier bleeder. The resulting in-
crease in total operating bias may cause
a substantial reduction in the power out-
put of the stage.

Class C amplifiers generally use grid-
resistor bias obtained by grid rectifica-
tion of the driving signal because large
bias voltages are required (approxi-
mately twice cutoff value, or more).

The value required for the grid re-
sistor (in ohms) is equal to the negative
grid bias (in volts) divided by the dc grid
current (in amperes). If the de grid cur-
rent of two tubes in parallel or push-pull
flows through a common grid resistor,
the value of the resistor is one half that
for a single tube. Typical class C ampli-
fier stages using grid-resistor bias are
shown in the Circuits Section.

Although grid-resistor bias is eco-
nomical as regards supply requirements
and circuit components, and adjusts it-
self automatically to the amplitude of
the driving signal, it provides protection
only when adequate excitation is applied
to the stage. Consequently, class C am-
plifiers should generally be supplied with
sufficient fixed or self bias to limit the
zero-signal plate and screen-grid cur-
rents to safe values in the event that ex-
citation fails or is accidentally removed.

The value required for a self-bias
cathode resistor (in chms) is equal to the
required self-bias voltage (in volts) di-
vided by the total cathode current (in
amperes). In a triode, the total cathode
current is the sum of the dc plate cur-
rent and degrid current. In a beam power
tube or tetrode, dc screen-grid (grid-
No.2) current must be included in the
cathode current. In a pentode having an
independent suppressor grid (grid No.3),
any current drawn by the suppressor
grid must also be included.

Plate-modulated class C amplifiers
are usually operated with higher grid-
bias voltages than unmodulated ampli-
fiers because a linear modulation char-
acteristic usually requires the bias to
vary with the modulating voltage, and
this variation is easier to obtain if it is
not too large a fraction of the total bias.
It is usually necessary to use a combina-
tion of fixed and grid-resistor bias to
provide the desired variation in bias volt-
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age. The grid resistor should not be by-
passed for audio frequencies.

Grid bias for grid-modulated class C
amplifiers must be extremely stable to
avoid distortion of the modulated car-
rier and excessive dissipation. Conse-
quently, bias should be obtained from a
fixed supply having very good regula-
tion characteristics, and not from a grid
resistor or cathode resistor.

Grid bias for screen-grid or suppres-
sor-grid modulated rf amplifiers is not
particularly critical and may be obtained
by any of the methods described above.
Cathode-bias resistors used in such am-
plifiers, however, should be bypassed for
the lowest modulating frequency as well
as for rf.

Highly stable fixed-bias voltages can
be obtained from electronically regulated
bias supplies or by the use of voltage-
regulatortubesin place of a load resistor
in the output of a bias rectifier. Voltage
regulator tubes having regulated-volt-
age ratings between approximately 75
and 150 volts are available. When regu-
lated fixed-bias potentials greater than
150 volts are required, tubes having suit-
able voltage ratings and similar current
ratings may be connected in series. When
it is necessary to accommodate larger
currents than can be safely handled by a
single regulator tube, types having the
same voltage rating can be connected in
parallel. In parallel arrangements, a re-
sistor having a value of approximately
100 ohms must be connected in series
with each tube to assure equal division
of the total load current. Examples of
the use of voltage-regulator tubes are
shown in Fig. 33.

Frequency Multipliers

The principal considerations in the
design of frequency multipliers are the
choice of suitable tube types and the de-
termination of operating conditions
which will provide maximum power out-
put at the desired harmonic.

For a fixed value of peak plate cur-
rent, the harmonic output of a class C
amplifier increases at first as the width
of the plate-current pulse is decreased,
but then begins to decrease as the pulse
width is decreased still further. There is
a value of conduction angle, therefore,
at which the ratio of any harmonic com-
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ponents to the peak value of the plate-
current pulse is a maximum. These maxi-
ma occur at conduction angles of about
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120 degrees for frequency doublers, 80
degrees for triplers, and 60 degrees for
quadruplers.

Because the use of small conduc-
tion angles usually requires the use of
large values of negative bias, power out-
put and plate-circuit efficiency at the
higher harmonies are limited by the grid-
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bias rating of the tube, as well as by the
peak-emission capabilities of the cath-
ode. The over-all efficiencies obtainable
in frequency-multiplier service are also
limited by driving-power requirements,
which increase as the square of the grid-
driving voltage. Tube types for use in
frequency-multiplier stages should have
high-wattage filaments or cathodes capa-
ble of supplying the very high peak-emis-
sion currents required, and high trans-
conductance or high amplification fac-
tors to provide high power sensitivity.

Oscillators

The principal consideration in the
design of an oscillator is usually fre-
quency stability, rather than high effi-
ciency or high power output. The fre-
quency stability of an oscillator is de-
termined partly by the mechanical char-
acteristics of a crystal or an inductance-
capacitance tuned circuit, and partly by
the conditions under which the tube is
operated.

It is usually necessary to employ
one or more of the following measures
to obtain a high degree of frequency
stability:

(1) Minimize mechanical vibration
and variations in ambient temperature
which might alter the characteristics of
the frequency-determining crystal or
tuned cirecuit.

(2) Limit the amplitude of oscilla-
tion to minimize internal heating in the
frequency-determining crystal or tuned
circuit which might alter its character-
istics.

(3) Minimize variations in supply
voltages by the use of regulated plate
and screen-grid (grid-No.2) supplies.

(4) Minimize variations in loading,
or isolate the oscillator from a varying
load by means of a “buffer” stage (usually
a class A or class AB; amplifier).

(5) Use special components or cir~
cuit arrangements to compensate for
variations in temperature, load, or sup-
ply voltage.

The frequency stability of a crystal
oscillator is determined principally by
the temperature coefficient and mount-
ing of the crystal, and only to a limited
extent by tube operating conditions and
loading. Consequently, it is not usually



necessary to use regulated plate and
screen supplies for such oscillators, or
to isolate them from varying loads by
means of buffer stages. When extremely
high stability is required, however, (e.g.,
in frequency standards and commercial
transmitters), it is usually necessary to
employ all of the stabilizing measures
described above and to maintain the
crystal at a constant temperature in a
thermostatically controlled oven.

Crystals, particularly those which
are ground, ‘“‘grown,” or otherwise di-
mensioned for the higher radio frequen-
cies, are extremely fragile and may be
destroyed by overloading or the use of
excessive feedback. Triodes used in erys-
tal oscillators should, therefore, be low-
power types, or be operated at substan-
tially reduced plate voltages to minimize
crystal loading and limit the amplitude
of oscillation. Beam power tubes, pen-
todes, and tetrodes cause relatively little
crystal loading because of their small
driving-power requirements, and pro-
vide limited feedback even when oper-
ated at full plate voltage because of their
internal shielding. Consequently, these
types are especially suitable for use in
crystal oscillators. They can also deliver
substantially higher power outputs than
triodes of comparable size, and thus per-
mit the use of fewer stages in achieving
a desired final power output.

When multigrid tubes having very
good internal shielding are used in crys-
tal-oscillator circuits, it may be neces-
sary to use external capacitive feedback
to obtain oscillation. This feedback may
be provided by a small adjustable capa-
citor (usually not more than 2 or 8 micro-
microfarads) connected hetweenthegrid-~
No.1 terminal and the plate terminal of
the tube. Under no circumstances should
the external feedback capacitance be
larger than necessary for oscillation, be~
cause even small excess values may pro-
vide sufficient feedback to destroy the
crystal.

To obtain good frequency stability
in a variable-frequency oscillator, it is
usually necessary to use all the stabiliz-
ing measures described above. It is par-~
ticularly important to employ good com-~
ponentsand sturdy mechanical construc-
tion, and generally desirable to enclose
the entire oscillator tank circuit in a
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heavy metal shield having good thermal
stability. Good isolation from load varia-
tions can be obtained without a buffer
stage by the use of an electron-coupled
circuit. In this type of oscillator circuit,
the control grid (grid No.1) and screen
grid (grid No.2) of a multigrid tube are
the actual oscillator terminals, the screen
grid acting as the anode. Power output
is taken from the plate cireuit, which is
coupled to the oscillator only by the in-
ternal electron stream.

Crystal oscillators and variable-fre-
quency oscillators can also be used as
harmoniec generators and frequency mul-
tipliers. Electron-coupled oscillators are
particularly suitable for use as frequency
multipliers because selection of desired
harmonics can be accomplished in the
plate circuit without affecting the oscil-
lator frequency.

Parallel-Tuned Tank Circuits

The performance of an rf power am-
plifier, frequency multiplier, or oscillator
is critically dependent on the character-
istics of the circuit which forms its plate
load. The characteristics of the load cir-
cuit affect the power output, harmonic
output, plate dissipation, and driving-
power requirements of the stage.

The plate-circuit load of a class B
or class C rf amplifier is usually a paral-
lel-tuned resonant tank of the typeshown
schematically in Fig. 34. The resonant
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Fig. 34

frequency, f, of such a circuit in mega-
cycles per second is given by
f=}0_3_=
2m/LC (1)
where L is inductance in microhenries,
andCiscapacitanceinmicromicrofarads.
This expression shows that the reso-
nant frequency varies inversely as the
square root of the product LC. Doubling
both L and C halves the resonant fre-
quency. For any given frequency, f, the
product of L and C is a constant.
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