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SECTION 1
INTRODUCTION

This handbook analyzes the operation of EIMAC power grid
tubes and provides design and application information to assist
the user of these tubes to achieve long tube life, maximum
operating efficiency and circuit stability consistent with the full
tube capability.

THE CARE AND FEEDING OF POWER GRID TUBES has been
prepared in answer to thousands of questions asked of the
EIMAC engineering and laboratory staff over a period of years.
Data contained in this volume represents the combined efforts
of these staff members to provide meaningful information on
all phases of the design of equipment using power grid tubes,
and the techniques recommended for the application of power
grid tubes in modern circuits.

EIMAC transmitting tubes are recommended for new equip-
ment design and for replacement of older triode, tetrode and
pentode tubes in the redesign of older equipment. Compact
EIMAC tubes feature reduced internal coupling between input
and output circuits, low internal inductance and capacitance,
improved linearity and high operating efficiency. EIMAC tubes
are built for long operating life and are rated for use well
into the VHF region (and in the case of the external anode
tetrodes and pentodes, well into the UHF region). EIMAC
tubes are designed to withstand electrical and physical abuse
and can operate under extreme environmental conditions. The
high power gain and excellent efficiency of EIMAC tubes per-
mits design of equipments that operate with a minimum of
drive power, allowing a minimum number of stages to achieve
the desired power level.

Circuit design and application information in this book are
applicable to all EIMAC power grid tubes. For specific ratings,
operating parameters and information dealing with particular



tube types, refer to the technical data sheet and the Product
Test Specification sheet for the tube in question. The data
sheet is generally supplied with the tube. Designers of new
equipment are urged to use the Test Specification as well as
the data sheet. The Test Specification sheet shows the limits
on the range of the more important tube characteristics. Free
copies of the data sheet or the Test Specification may be
obtained upon request to: Power Grid Product Manager,
EIMAC — Division of Varian, 301 Industrial Way, San Carlos,
California, U.S.A., 94070 or Varian A. G., Baarerstrasse 77,
Zug, Switzerland 6300.

For further technical information, contact EIMAC or your
nearest Varian field sales office, listed on theinside rear cover
of this publication.



2.1

SECTION 2
WHAT IS A POWER GRID TUBE?

A power grid tube is a device utilizing the flow of free elec-
trons in a vacuum. It has an emitting surface called the cath-
ode, and one or more grids controlling the flow of electrons.
An element called the anode collects the electrons. EIMAC
manufactures gridded tubes which handle large amounts of
power, as contrasted to receiving type tubes; hence, the term
“Power Grid Tubes.”

All gridded tubes must have a cathode and an anode. The
general class of tube as described by the terms ‘‘triode,”
‘‘tetrode,”” and ‘‘pentode’’ is determined by the total number
of elements within the tube envelope. Therefore, these terms
also indicate the number of grids. A triode has one grid, a
tetrode has two grids, and a pentode has three grids.

TRIODES

The total current flow from the cathode of a three-electrode
tube is determined by the electrostatic field near the cathode.
The electrostatic field is a function of Ec, the grid to cathode
potential, and Eb/u, the potential due to the plate voltage
electrostatic flux penetrating between the grid wires. The “‘u’’,
or amplification factor, is a characteristic of a triode which
in turn is a function of the physical size and location of the
grid structure.



The total cathode current of an ideal triode can be determined
by the equation

E 372
=K (Ec +—b )
u

K=
Ik = cathode current

K = a constant determined by tube dimensions
Ec = grid voltage

Eb = plate voltage

p = amplification factor of fube

One of the more important parameters of a triode is the am-
plification factor or ““u’’. The w of a triode can be determined
from the equation

n o= a Eb with the plate current held constant

AEC
AEb = change in plate voltage

AEC = change in grid voltage

EIMAC manufactures triodes with u values ranging from 5 to
200. The low pu tubes are generally used in audio service or
any application which requires a large change in plate current
without driving the tube into the positive grid region. The
difference between a tube with a p ot 12 and one with a u
of 20 can be seen by comparing Figure 1 to Figure 2.

Observe how much more plate current at a given plate voltage
can be obtained from the 304TL without driving the grid into
the positive grid region. Note how much more bias voltage is
required for the 304TL to cut the plate current off at some
given plate voitage. With this increased bias there is a corre-
sponding increase in grid voltage swing to drive up to the
zero grid voltage point on the curve. Low u tubes have lower
voltage gain by definition, and this fact can be seen by com-
paring Figure 1 and Figure 2.

Low u tubes also are an excellent choice for series pass tubes
in a voitage regulator. They operate over a wide range of load
current (pass tube plate current) with low plate voltage drop.
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The medium u (20-50) triodes are generally used in radio
frequency amplifiers and oscillators. They are also good audio
amplifiers and modulators.

The high u (200) triodes have been designed so that the
operating bias is zero (See Figure 3). EIMAC has developed
a line of ‘‘zero-bias’’ triodes with plate dissipation ratings of
from 400 to 10,000 watts. The ‘‘zero-bias’’ triode is an excel-
lent choice for grounded-grid radio frequency and audio fre-
quency amplifiers. The main advantages are power gain and
circuit simplicity. No bias supply is required. No protection
circuits for loss of bias or drive are required.
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Figure 3. A typical set of grounded-grid constant cur-
rent curves for a zero-bias triode witha p
of 200.

Low and medium u rather than high g tubes are usually
preferred for industrial heating applications, such as simple
oscillators constructed for induction and dielectric heating.
The low-to-medium u tubes are preferred because of the wide
variation in load that an industrial heating oscillator normally
works into. Low and medium u triodes have a much lower
grid current variation with the changing load. The grid current
of a triode with a p of 20 will rise far less than the grid
current of a triode with a p of 40 under no load conditions.
Very high p triode oscillators can be designed but extra con-
sideration must be given to the grid current rise under the no
load condition. EIMAC has developed a line of triodes specifi-
cally for industrial heating applications. These tubes have rug-
ged mounting flanges and flexibie filament leads for ease of



mounting in the circuit. The tubes are available with water
cooling or forced air cooling. The filament structures are large
with adequate cathode emission. The grid structures are rug-
gedly constructed with ample dissipation capability. The grid
must be rugged for industrial heating triodes because of the
wide variations in load. As the load decreases the grid dissi-
pation increases. A good industrial triode must therefore be
capable of operating with a reasonably wide range of load
variations.

Most of the triodes manufactured by EIMAC are cylindricaily
symmetrical. That is, the filament or cathode structure, the
grid, and the anode are all cylindrical in shape and are
mounted with the axis of each cylinder along the center line
of the tube. Some triodes are manufactured with the cathode,
grid and anode in the shape of a flat surface. The triodes so
constructed are called ‘‘Planar’’ triodes (see Figure 4). This
construction technique is necessary to provide very small
spacings between the elements, and to achieve very short
lead lengths within the tube. The very close spacings are
necessary to reduce electron transit time* and therefore allow
the tube to be used at frequencies up to 3 GHz and higher.
The short leads also increase the operating frequency by re-
ducing lead inductance. Planar triodes are normally used in
radio frequency amplifiers in both the continuous wave and
pulse modes. The 3CX100A5 and 8755 series triodes are
representative of this type of tube. The contacting surfaces
of the planar triode tubes are arranged for ease of design
into coaxial and waveguide resonators.

LOW~ INDUCTANCE

FILAMENT BASE CONTACT
GRID
| )
T
|
|
| |
' =
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I N——
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CATHODE
ANODE GRID
CONTACT

Figure 4. Internal configuration of a planar triode.

*See Section 6.8(d)




2.2

BEAM TETRODE

The tetrode is a four-element tube with two grids. The control
grid serves the same purpose as the grid in a triode while a
second grid with the same number of bars as the control
grid is mounted between the control grid and the anode. The
grid bars of the second grid are mounted behind the control
grid bars as observed from the cathode surface. Careful
alignment of the grids is necessary to assure beam tetrode
performance. The additional grid serves as a shield, or screen,
between the input circuit and the output circuits of the tetrode,
and is called a ‘'screen grid.”” In addition to serving as a
shield, the screen is the accelerating element attracting the
electrons from the cathode. The total current from the cathode
of a four-element tube is determined by the electrostatic field
near the cathode, just as in the triode. The electrostatic field
is a function of E¢ 1, thegridtocathode potential, and Ec2/u s,
the potential due to the screen voltage electrostatic flux pene-
trating through the control grid wires. The plate voltage also
contributes a small amount in the ratio of Eb/Mpi Lp is usually
so large in value that the plate voltage contribution is negli-
gible. In an ideal tetrode there will be no plate current change
with a change in plate voltage. A tetrode is therefore a con-
stant current device. The screen voltage and control grid
voltage determine the amount of plate current that will flow.

The total cathode current of an ideal tetrode can be obtained

by the equation
E E 3/2
| = K(Eg + B2
k ¢ MHs Mp

cathode current

k

K = a constant determined by tube dimensions
ECl = control grid voltage

Ec2 = screen grid voltage

pg = screen amplification factor

'“p = plate amplification factor

E

b
The arithmetic value of the screen p is generally not used
in the design of radio frequency and audio frequency ampli-
fiers.

plate voitage

In most tetrode applications the screen amplification factor is
useful to roughly categorize the performance to be expected.



The main advantages of a tetrode over a triode are:

a. Internal plate-to-grid feedback is much lower due to
the shielding effect of the screen grid.

b. Tetrodes permit the design of amplifier stages which
can operate with driving power less than one per cent
of the output power in most cases, and with negligible
driving power in many audio applications.

c. Tetrodes operate efficiently and with good life at audio
and radio frequencies, including the VHF region (30 to
300 MHz) and in some cases into the UHF region
(300 to 3000 MHz).

d. Tetrodes allow designers to build compact, simple,
flexible equipment with little spurious radiation.

e. Tetrodes permit the designer to build linear amplifiers
with low inter-modulation distortion products. (See
Section 4.)

In designing equipment using power grid tubes, consideration
must be given to unwanted electron emission from the control
and screen grids. The grid materials will emit electrons as a
primary emitter if the work function of the grid surface ma-
terial is low enough. The grid must be at a sufficiently high
temperature to emit electrons. Primary grid emission is usually
quite low in a thoriated tungsten filament type tube, because
grid materials can be used which have high work functions.
Also, the work function normally does not change significantly
during the life of the tube. In the case of the oxide cathode
emitter, the grid materials find themselves in a totally different
environment. During the life of the tube, free barium evapo-
rates from the cathode coating material. The rate of evapora-
tion is a function of time and cathode temperature. Some of
the free barium finds its way to the control and screen grids,
and thus the grid can then become another emitting surface.
The hotter the grid, the more emission. Grids are often gold
plated to reduce the amount of primary emission.

Another type of grid emission is secondary emission from the
screen grid. The screen grid is operated at a relatively low
potential, which is necessary to accelerate the electrons emitted
from the cathode. Not all of the electrons pass through the
screen grid on the way to the plate: some electrons are inter-
cepted by the screen grid. In the process of striking the
screen grid, other low energy electrons are emitted, and are
called ‘‘secondary electrons.”” If these secondary electrons feel
a stronger attraction by the screen, they will fall back into the
screen. If, however, they find themselves out in the region



10

between the screen grid and the plate, there is a very good
chance that the much higher plate potential will attract them.
The result is an electron flow from screen to anode. The con-
trol grid is not in this region and so has virtually no control
over the number of secondary electrons flowing. During any
part of the operating cycle of the tube it is possible that more
electrons will leave the screen grid than will arrive. If this
occurs, a d-c current meter will indicate a reverse electron
flow. On the other hand, if more electrons on the average
are arriving than are leaving the screen grid, then the d-c
screen meter will indicate a forward electron flow. Reverse
screen electron flow is quite normal for high power tetrodes.
The circuit designer must provide a low impedance path for
the reverse electron flow. EIMAC normally states on the data
sheet the amount of bleeding current that must be provided
from the screen power supply to counteract the emission
current (see Figures 5, 6 and 7). If the screen power sup-
ply impedance is too high in the reverse electron flow direc-
tion, the screen voltage will attempt to rise to the plate volt-
age. Note the emphasis on low impedance in the reverse
electron flow direction. Most regulated power supplies are low-
impedance in the forward electron flow direction only. If the
supply is not well bled, the reverse electrons will try to flow
from anode to cathode in the regulator series pass tube. As
the screen voltage rises, the secondary and plate currents
increase, and the tube is in a runaway condition.

N r 20mA hd Ep
Ee. 25KQ Ee 2000 volts
90 volts 400 volts -
| |

Figure 5. Incorrect screen circuit for tube requiring
low impedance screen supply.

OBSERVATION

Assume that at some time during the tube’s operating cycle,
the reverse electron flow is 20 mA. The voltage drop across
the 25 K Q) resistor will be 500 volts. Note the polarities.
The effective screen-to-cathode voltage will be 900 volts. The
increased screen voltage will increase the secondary emission.
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Figure 6. A correct screen circuit for tube requiring
low impedance screen supply.

OBSERVATION
By the addition of a 12.5 K(} resistor from screen to ground,

there will be a path for the grid emission 20 mA electron
flow.

l‘ e

£
i |
- (_ ’ ﬁ;
Ee
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N

Figure 7. Another approach to swamping the screen
circuit.

OBSERVATION

In the circuit of Figure 7, the plate current flows through the
screen power supply, swamping the screen power supply. The
screen power supply must carry the normal screen and plate
current. This scheme is used quite extensively in circuits
where the screen is operated at d-c ground. The plate to cath-
ode voltage is the sum of the E, and Ec2 power supplies.

The circuit designer must also consider the impedance of the
control grid circuit. Primary grid emission can cause trouble
if the grid circuit has too high an impedance. Primary grid
emission, in the case of oxide cathode tubes, will increase
with tube life.

11
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The size and power of gridded tubes dictate certain charac-
teristics of electrical potential. As this geometry increases in
electrical terms, secondary electron emission from the control
grid can occur. The control grid secondary emission can be
present whether the cathode is a thoriated tungsten or an
oxide emitter, and can occur in a triode, tetrode or pentode.
A typical curve of grid current as a function of grid voltage
for a high power thoriated tungsten filament tetrode is shown
in Figure 8.

30
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Figure 8. Typical curve of grid current as a function
of control grid voltage for a high power
thoriated tungsten filament tetrode.

OBSERVATION

In Figure 8, grid current decreases and eventually takes a
reverse direction as the grid voltage increases. This reduction
and reversal of grid current can be explained by the normal
secondary emission characteristics of the metals used in the
grid structure. In Figure 9 we see the secondary character-
istics of the common metals presented in curve form, giving
the ratio of secondary-to-primary electron current as a function
of the primary electron potential.
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Figure 9. Secondary-emission characteristics of the
metals under ordinary conditions. The curve
shows the ratio of the number of secondary
to primary electrons for various primary-
electron impact velocities expressed in volts.
(After Harries.)

OBSERVATION

A study of Figure 9 shows the region between 200 and 600
volts to be a rather critical one as far as secondary emission
is concerned. Any power grid tube which normally operates
with 200 to 600 volts on the grid can exhibit the negative
resistance characteristic of decreasing grid current with in-
creasing grid voltage when another electrode, such as the
anode in a triode or the screen grid in a tetrode, is at a
sufficiently high potential to attract the emitted electrons. A
driver stage which works into such a non-linear load normally
must be designed in such a manner as to tolerate this condi-
tion. One technique would be to swamp the driver so that the
change in load due to secondary grid emission is a small
percentage of the total load the driver works into.

PENTODES

The pentode is a five-electrode tube; it has three grids. The
control grid and screen grids perform the same function as
that in the tetrode. The third grid, the suppressor grid, is
mounted in the region between the screen grid and the anode.
The suppressor grid produces a potential minimum in the
plate-screen space. This potential minimum prevents second-
ary electrons from being interchanged between screen and
plate.

13
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Following the analogy with the tetrode tube, the electrostatic
field at the surface of the cathode is proportional to the plate
voltage in a pentode.

The plate voltage in a pentode has even less effect on the
total space current than in the tetrode. The same total space
current equation holds: 3/2

I, =K [E. + _¢c2

e

The suppressor grid may be operated negative or positive with
respect to the cathode, and may be operated at cathode po-
tential. It is possible to control the plate current by means of
adjusting the suppressor grid potential. Because of this char-
acteristic, it is possible to amplitude modulate an amplifier
by applying the modulating voltage to the suppressor grid.
The modulating power will be quite low because of the very
low electron interception of the typical suppressor grid.

The main advantages of a pentode are:

a. Secondary emission effects reduced.

b. An approach to better linearity when used in linear
amplifier service.

c. It is possible to swing the plate voltage below the
screen voltage without exceeding screen dissipation.
This characteristic sometimes allows slightly higher
power output for a given plate voltage.

Since the suppressor grid reduces the effects of secondary
emission, screen grid power supply requirement to provide a
reverse electron flow path may be reduced. The screen cur-
rent requirement for a pentode may be somewhat higher than
that for a tetrode of the same general characteristics; control
grid power supply requirements will be the same as outlined
for tetrodes.

CATHODE EMITTERS
Oxide Cathodes

The typical production-type oxide cathode is a coating of
barium and strontium oxides on a base metal such as nickel.
The oxide layer is formed by first coating a nickel can or
disc with a mixture of barium and strontium carbonates, sus-
pended in a binder material. The mixture is approximately
60 per cent barium carbonate and 40 per cent strontium
carbonate. During vacuum processing of the tubes, they are
baked out at high temperature. The binder is burned away,
and the carbonates are subsequently reduced to oxides. The
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SECTION 3
ELECTRICAL DESIGN CONSIDERATIONS

CLASS OF OPERATION

Most power grid tubes can be operated in any classification,
although a few types are not recommended for operation in
the positive grid region. This is because the control grid
structures are designed for very high gain, and therefore the
grid dissipation rating is quite low. The 4CX1000A and the
4CX350A are tubes of this type.

The angle of plate current flow determines the class of opera-
tion. Class A is generally considered to be a 360° conduction
angle, Class B is 180° conduction angle and Class C is less
than 180°. Class AB is in the region between 180° and
360° of conduction angle. The subscript ‘‘1'’ means that no
grid current flows. The subscript ‘2"’ means that grid current
flows.

Example: Class AB> operation denotes a plate current con-
duction angle of 180 to 360 degrees and that grid
current is flowing.

The class of operation has nothing to do with whether the
amplifier is grid-driven or cathode-driven. A cathode-driven
amplifier, for example, can be operated in any desired class.
The class of operation is only a function of the plate current
conduction angle. The efficiency of an amplifier is also a func-
tion of the plate current conduction angle.

The efficiency of conversion of d-c to a-f or r-f power is one
of the important characteristics of a vacuum tube. The d-c
power which is not converted to useful output power is, for
the most part, converted to heat. This heat represents wasted
power, and the result of low efficiency is increased operating
cost for power. Low efficiency compounds itself. The wasted -
power must be dissipated, requiring increased blower ratings.
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Heat exchangers may be needed to cool the equipment. The
increased dissipation requires tubes with increased power
ratings, and also requires increased ratings on all power sup-
ply components. Thus, for a given application, and in all but
the very lowest power applications, the efficiency must be
carefully considered, consistent with the other requirements
of the system. Figure 14 presents the theoretical efficiency
attainable with a tuned, or resistive, load assuming peak a-c
plate voltage is equal to plate supply voltage.

100 %

5 3 ;
2 s 6LASS © TcLAsS AB
= T 7]
& H T 1 :
509 LT I i i
0° 9° 180° 20° 360°

TOTAL CONDUCTION ANGLE OF TUBE

Figure 14. Plate efficiency vs. conduction angle for an
amplifier with tuned load.
(From Thomas L. Martin, Jr., ‘‘Electronic
Circuits,”” p. 452, Prentice-Hall, Inc., Engle-
wood Cliffs, N.J., 1955).

A Class A power amplifier is used in applications requiring
large amounts of low harmonic distortion power output. A
Class A amplifier can be operated with very low intermodula-
tion distortion in linear r-f ampiifier service (see Section 4).
Typical plate efficiency for a Class A amplifier is about 30 per-
cent. The power gain is quite high due to the very low drive
power required. Gains as high as 30 db are typical. Class A
service is widely used in audio amplifier service and regulator
service.

A Class AB power amplifier is capable of generating more
power, with the same tube, than the Class A amplifier, but
more intermodulation distortion is generated at the same time.
A Class B r-f linear amplifier will generate still more inter-
modulation distortion, but is acceptable in certain applica-
tions. The plate efficiency is typically 66 percent, and stage
gain is about 20 to 25 db. Class B is used widely in audio
amplifier applications, such as modulators for high level
amplitude modulation.

A Class C power amplifier is used where large amounts of
r-f power are to be generated with high efficiency. A Class C
amplifier operates much like a limiter; therefore, it cannot
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amplify a modulated driver without serious distortion. Class
C amplifiers are used for high level amplitude modulation
wherein the plate voltage, or plate and screen voltage for
tetrodes, is varied at an audio rate. Class C amplifiers must
be used with tuned circuits or with a commutating output
circuit with filtering. Class C cannot be used in the normal
audio amplifier circuit.

TUBE PERFORMANCE COMPUTER FOR R-F
AMPLIFIERS

It is quite easy to make a close estimate of the performance
of a vacuum tube in radio-frequency power amplifier service,
or an approximation in the case of harmonic amplifier service.
Such estimates will give r-f output power, d-c input power,
grid driving power, and all d-c current values.

These estimates can be made easily by using the EIMAC Tube
Performance Computer—found in the rear of this publication—
and the characteristic curves of a tube, plotted on plate-volt-
age/grid-voltage coordinates (constant current curves). The
only technical background required is the ability to multiply
figures taken from the curves by means of the computer.

By graphically laying out the trace of the plate and grid
voltages as they rise and fall about the applied d-c plate
voltage and d-c grid bias, a clear understanding of the action
taking place within a tube is possible. With such an under-
standing, the operating conditions can be readily altered to
suit individual requirements.

Simple Action in Class C R-F Amplifiers

In an amplifier a varying voltage is applied to the control
grid of the tube. Simultaneously the plate voltage will vary
in a similar manner, due to the action of the amplified cur-
rent flowing in the plate circuit. In radio-frequency applications
with resonant circuits, these voitage variations are smooth
sine-wave variations, 180° out of phase (as the grid voltage
rises and becomes more positive, the plate voltage falls and
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becomes less positive), as indicated in Figure 15. Note how
these variations center about the d-c plate voltage and the
d-c control grid bias.

7 DC GRID BIAS
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Figure 15. Variation of plate and grid voltage

Now let us see how such variations of the plate and grid
voltages of a tube appear on the constant-current curves of
a tube. In Figure. 16 these variations have been indicated
next to the plate voltage and grid voltage scales of a typical
constant current curve. At some instant of time, shown as
“t”” on the time scales, the grid voltage has a value which is
the point marked ‘‘eg’’ on the grid-voltage sine wave. If one
finds the point on the tube curves corresponding to these
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Figure 16. Plate voltage and grid voltage scales



values (where a line drawn from ‘‘€g’’ and a line drawn from
‘“€p’’ cross) he will be at Point A in Figure 16. As the values
of the grid voltage ‘“‘eg’” and plate voltage ‘‘€p'’ vary over
the r-f cycle, Point A moves up and down a line, which in
the case of the normal r-f power amplifier is a straight line.
This line is called the ‘‘Operating Line.”

Any point on the operating line (when drawn on constant-
current curves as illustrated in Figures 16 or 18) tells the
instantaneous values of plate current, screen current, and
grid current which must flow when these particular values of
grid and plate voltage are applied to the tube. Thus, by
reading off the values of the currents and plotting them
against time ‘‘t"’, one can obtain a curve of instantaneous
values of plate and grid current (Figure 17).

/\

PLATE
CURRENT

TINE —= t

GRID
CURRENT

TN —= ¢

Figure 17. Instantaneous values of plate and grid
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Figure 18. Constant current characteristics for 4-65A
tetrode
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If we analyze the plate and grid-current values shown, we can
predict that they will cause a d-c ammeter to show a particular
reading. This is called the d-c component of the current. Aiso,
we can predict that if the plate current flows through a prop-
erly-loaded resonant r-f circuit, a certain amount of radio-
frequency power will be delivered to that circuit. If the circuit
is tuned to the fundamental frequency (same frequency as the
r-f grid voltage) the power delivered will be due to the funda-
mental, or principal, radio-frequency component of plate cur-
rent. If the circuit is tuned to a harmonic of the grid-voltage
frequency, e.g., two or three times the frequency, the power
delivered will be due to a harmonic component of the plate
current,

Use of the EIMAC Tube Performance Computer

The EIMAC Tube Performance Computer provides the means
to make these simple calculations. It is a means to determine
the d-c¢ component, the fundamental r-f component, or the
approximate harmonic component of the current flowing in a
tube when the tube is operating as a radio-frequency amplifier.
It also enables one to state what all meter readings will be,
and to predict the r-f output power and the required driving
power. With these factors known, we are able to forecast
what will happen if any of the operating conditions are changed.

The EIMAC Tube Performance Computer is a simple aid to
enable the selection of suitable values from the characteristic
curves of a tube, and by means of simple calculations to
forecast the performance of the tube in radio-frequency power
amplifier applications.

The basic steps are outlined under ‘'Instructions’ on the
computer. This requires selecting d-c plate and grid-bias
voltages, being guided by the typical operating values given
on the technical data sheet for the tube type under investiga-
tion. Next, a suitable ‘‘operating line’’ must be chosen on the
constant.-current curves for the tube type (plotted on the
grid-voltage/ plate-voltage coordinates).

The computer, when properly placed over this operating line,
permits one to obtain instantaneous values of the currents
flowing at every” 15° of the electrical cycle. The formulas
given on the computer were derived by Chaffee ! to give the

1 E. L. Chaffee,''A Simplified Harmonic Analysis,”” Review Sci. Inst. 7,
October 1936, p. 384.



various average and harmonic components of the resulting

currents. Knowing these current component values and the

radio-frequency voltage values which are indicated through use
of the computer, one can readily calculate the complete per-

formance of the tube.

The fundamental methods of making such computations, the
considerations necessary to stay within the ratings of the
tube types while accomplishing various forms of modulation
have been covered in literature.? 345 & The method for
the case of harmonic amplifier service is approximate and
should be used only for tetrode and pentode tubes where the
plate voltage has little effect on the amount of plate current
flowing. A more exact method, showing that for harmonic op-
erating the operating line is a simple Lissajou figure, has
been described by Brown.

The results obtained by using this computer for power-ampli-
fier service can be applied in combination with the other
methods given in the literature to give good accuracy with
simplified procedures. The resulting accuracy is well within the
normal variation of tube characteristics due to the normal
variation in manufacturing dimensions of a tube. Since the
published curves are only typical of the characteristics to be
expected of a particular tube type, the calculated performance
will be well within the values obtained when different tubes
of a given tube type are operated under the assumed condi-
tions.

3.2.3 Example Showing Detailed Use of the Computer in

Class C R-F Power Amplifiers

Assume that we have an EIMAC 4-65A tetrode and want to
make it work efficiently. Also assume that we have a 2000
volt d-c power supply available.

2 H. P. Thomas, ‘‘Determination of Grid Driving Power in Radio Frequen-
cy Power Amplifiers,”” Proc. IRE, Vol. 21, Aug. 1933, pp. 1134-1141.

3 W. G. Wagener, ‘‘Simplified Methods for Computing Performance of
Transmitting Tubes,”” Proc. IRE, January 1937.

4 R. |. Sarbacher, '‘Graphical Determination of PA Performance,”” Elec-
tronics, December 1942.

5 R. |. Sarbacher, ‘‘Performance of Self Biased Modulated Amplifier,”
Electronics, April 1943.

6 Robert H. Brown, ‘‘Harmonic Amplifier Design,''Proc. IRE, Vol. 35,
August 1947, pp. 771-777. :

25



26

Within frequency limits, we know that a tube should be able
to run in Class C amplifier service with about 75% efficiency,
or in other words, to convert 75% of the d-c plate input
power to r-f output power. The difference, or 25% of the
input power, is dissipated and lost as heat on the plate of
the tube. The d-c plate input power is then about four times
the power dissipated on the plate.

The 4-65A tetrode has a maximum rated plate dissipation of
65 watts. To illustrate performance near the maximum rating,
we will choose an input power about four times the dissipation
rating, or about 260 watts per tube. At 2000 volts the plate
current per tube must then be 130 mA. It is usual practice
in the case of tetrodes and medium or low u triodes in Class
C amplifier service for the d-c grid bias voltage to be roughly
two or three times the grid voltage necessary to cut off the
flow of plate current. By referring to the curves for the
4-65A, we decide to use a d-c grid bias voltage of -130
volts.

Let us now locate the ‘‘operating line’’ on the constant-current
curves for the 4-65A. (See Figure 18.) First, mark the point
where the d-c¢c grid bias and d-c plate voltage cross. The
‘‘operating line”” must go through this point, which can be
referred to as ‘“Point No. 1.”" Next, we must decide what the
peak value of plate current must be and how low we can let

the instantaneous value of plate voltage go when the tube is
passing this much current. This is necessary in order to
locate the other end of the ‘‘operating line,” e.g., “‘Point
No. 2.”

The peak value of plate current in Class C amplifiers usually
runs about four times the d-c plate current. The minimum
value of instantaneous plate voltage is usually set by the fact
that if the voltage is too low, the grid current in triodes and
the screen current in tetrodes will be needlessly high, result-
ing in high grid or screen dissipation. Little will be gained
as far as output power is concerned. The minimum value of
plate voltage is usually in the region where the plate con-
stant-current curves bend upward. (See Figure 18.) In the
case of triodes, this is near the ‘‘diode line,”” where the
instantaneous plate and grid voltages are equal. The practical
procedure in calculating tube performance is to arbitrarily
choose Point No. 2, complete the calculations, and compare
the results.

In the case of the 4.65A, let us choose a peak value of
plate current about four times that of the d-c plate current of
130 mA, or 500 mA. Let us choose a minimum instantaneous
plate voltage of 250 volts, and thus fix the upper end of the



‘““operating line.”” Locate this point on the tube curves, and
refer to it as Point No. 2 in Figure 18. (The plate currents
which flow at various combinations of plate and grid voltages
are shown by the plate-current lines.) The value of current for
each line is noted. In-between values can be estimated closely
enough for our purposes. Draw a straight line between Points
1 and 2. This line is the ‘‘operating line,”” and shows the
current and voltage values at each instant in the r-f cycle
when the current is being taken from the tube. The non-
conducting half of the r-f cycle would be shown by extending
the line an equal distance on the opposite side of Point No.
1. There is little to be gained by this line extension, since
no current flows during this half of the cycle.

The EIMAC Tube Performance Computer can now be used to
obtain the meter readings and power values from this ‘“‘oper-
ating line.”” Place the computer on the constant-current curve
so that the ‘'‘guide lines’’ of the computer are parallel with
the operating line. Slide the computer (without turning it)
until the line OG passes through the d-c voltage point No. 1,
and line OA passes through the peak-current Point No. 2. Be
sure the guide lines are still parallel to the ‘‘operating line."”

Note that the lines OB, OC, OD, OE, and OF all cross over
the operating line.

At each point where the lines OA, OB, etc. cross the ‘‘operat-
ing line,”” we must determine the instantaneous values of
plate current and grid current (and screen current if a tetrode
or pentode is used) which are flowing at that particular mo-
ment in the r-f cycle. Later, from these key values of current,
values of plate current, grid current, screen current, and the
r-f components of the plate current may be calculated.

These current values should be listed for each point where
the lines OA, OB, etc. cross the operating line so that they
can be combined later to calculate the various tube currents.
At points where OE and OF cross, the current values are
usually zero for Class C operation.

In the examples chosen, read off the instantaneous plate-
current values where these lines cross the ‘‘operating line.”
At the point where the line OA crosses the operating line,
the plate current is 500 mA. Where OB crosses the operating
line, the plate current is also 500 mA. At OC the plate cur-
rent is about 450 mA, OD is 300 mA, OE is 90 mA, and OF
and OG are 0 mA. Similarly, the instantaneous screen current
at the crossing of OA and the operating line is 200 mA, and-
the instantaneous grid current is almost 80 mA. Values are
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read for the other crossover points and written down. These
values are put into columns for calculation:

Crossing Simplified Instantaneous values of currents
of line name in
Formulas Plate Screen Control grid
OA A 500 mA 200 mA 80 mA
OB B 500 155 70
oC C 450 60 42
oD D 300 15 17
OE E 90 0 0}
OF F ¢} 0 0

In order to obtain the d-c value of plate, screen, and control
grid currents the formula (see computer) indicated that the
above values should be added, using only one-half the A
values (giving 250 mA for plate, 100 mA for screen, and
40 mA for grid), and then divided by 12, as follows:

D-C meter reading = 1/12 (0.5 A+B+C+D+E+F)

Plate Screen Control Grid

250 mA 100 mA 40 mA
500 155 70
450 60 42
300 15 17
90 0 0
0 0 0

Total 1590 mA 330 mA 169 mA

D-C current = 1/12 total = (approximately)
133 mA 28 mA 14 mA

To calculate the r-f output power it is necessary to use the
formula for the peak r-f current, which is present in the tube
plate current. Since the tube is being used as a straight r-f
power amplifier, use the formula for ‘‘Peak Fundamental R-F"’
as shown on the computer. If estimating the performance of a
doubler or tripler, use the formula for ‘““Peak 2nd Harmonic
R-F'’ or ‘“Peak 3rd Harmonic R-F."”

From the computer, it may be seen that the formula for the
peak fundamental r-f current is:

1/12 (A+1.93B+1.73C+1.41D+E+0.52F)

A = 500 = 500 mA
1.93B = 1.93x500 = 965
1.73C = 1.73x450 =778
1.41D = 1.41x300 = 423

E = 90 = 90

Total = 2756 mA

Peak fundamental current = 1/12 total
= 2756/12 = 230 mA



The various current values are now at hand. In order to
calculate the powers involved, it is necessary to know not
only the d-c voltage values but the greatest amount each
value swings away from the d-c value. This is known as the
peak value of the r-f voltage. Because the plate voltage swings
from 2000 volts down to 250 volts, the peak r-f plate voltage
is the difference between these two figures, or 1750 volts.
Similarly, the grid voltage must rise and fall between the op-
erating points No. 1 and No. 2, or from -130 voits to +90
volts. This is a peak swing of 220 volts, and the peak r-f
grid voltage is 220 volts.

Now use the formula for output power and driving power:
Output power = one-half r-f plate current x peak r-f plate
voltage.

The peak r-f plate current is found to be 230 mA (or .230
ampere), and the peak r-f plate voltage is found to be 1750
volts.

So; Output Power = 1/2x0.230x1750 = 201 watts.

and Input Power = d-.c Plate Current x d-c Plate
Voltage = 0.133x2000 = 266
watts

Plate Dissipation = d-c Input Power —r-f Qutput
Power = 266 —201 = 65 watts

Efficiency = r-f Output Power divided by

d-c input Power

= 201/266 = 75.5%

Driving Power = d-c Grid Current x Peak R-F
Grid Volitage

= 0.014x220 = 3.1 watts

The power consumed by the bias source is the product of
the d-c grid current and the d-c grid voltage, or 0.014 x 130=
1.7 watts.

The difference between the driving power and the power con-
sumed by the bias source is the power dissipated on the con-
trol grid, or 3.1-1.7 = 1.4 watts.

The power dissipated on the screen grid is the product of the
d-c screen current and the d-c screen volitage, because the
screen grid has no impedance between it and the d-c screen
supply. Thus itis 0.028x250 = 7.0 watts.

The performance of the tube can be summarized:

d-c Plate Voltage 2000 volts Driving Power 3.1 watts
d-c Screen Voltage 250 volts Grid Dissipation 1.4 watts
d-c Grid Voltage —130 volts Screen Dissipation 7.0 watts
d-c Plate Current 133 mA  Plate Input Power 266 watts
d-c Screen Current 28 mA  Plate Qutput Power 201 watts
Peak r - f Grid

Voltage 220 volts Plate Dissipation 65 watts
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3.2.4 Use of EIMAC Tube Performance Computer for Class A, AB,
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and B Service

While the EIMAC Tube Performance Computer is primarily de-
signed for use in Class C service, it may be used for Class A,
AB, and B service where the idling (quiescent) plate current
is not zero. To calculate performance for operating conditions
having a large order of idling plate current, the plate current
flow during the positive half of the plate voltage swing be-
comes appreciable and cannot be ignored. When the tube
functions over 180 degrees or more of the operating cycle,
a full set of ordinate points must be employed for the com-
putations. The computeristherefore usedin atwo-step process.

First, determine the operating line. The computer is used
in the normal fashion to derive the instantaneous values
of plate, screen, and grid current during the negative half of
the plate voltage swing. These current points are logged as
explained under the Class C service description.

Now, determine the instantaneous current points over the
positive portion of the plate voltage cycle. Combine these with
the points taken for the negative half of the cycle. This is
done in the following fashion: a line is penciled on the com-
puter over the operating line, and of equivalent length. The
computer is now inverted and rotated 180° and again aligned
with the chosen operating line on the constant current curve,
so that inverted point G falls on the idling current value
(Point No. 1) and inverted point A passes through a mini-
mum peak current point representing maximum positive plate
voltage swing. The penciled line on the computer now re-
presents an extension of the operating line into the area of
positive peak voltage swing. The extended operating line is a
straight line, twice as long as the original operating line. In-
stantaneous values of plate, screen, and grid current (if any)
are those observed where the reversed ordinate lines on the
computer cross the extended operating line.

The current points measured with the computer inverted
are logged and these, together with the points obtained in the
first operation (computer right side up) provide a full set of
instantaneous peak current values necessary for the calculation
of Class A, AB, or B parameters. With the first set of com-
puter readings termed A, B, C, D, E, F and G, the second
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(inverted) set of figures may be termed A’, B', C', D', E’, and
F', with the sets used in the following formulae, which are
modifications of Chaffee’s permitting the use of current vaiues
directly from the constant current curves:

[$5} (DMSWC;;;Z?:D = Lz [”‘;"'«-(s +BY+(C+C)+(D+D) +(E+EY+ (F+F) +G:|

(2) Peak Fundamental RF Current = ll? [(A-A") +1.93(B-B')+1.73(C-C")+ 1.41 (D-D")+ (E-€') +0.52 (F-F"))

() Agprcn 26 o mon e FECUTSTE Ly (A 445 #1738 4 B+ (€4 (€ 12173 (547 -20)

(4) Approx. 3d Harmonic RF current _ ] [(A-A")+1.41 (B-B')- 1.41 (D-D')-2(E-E')- 1.41 (F - F"))
(tetrodes or pentodes only) 12

_ Peak Fundamental RF current x Peak RF voitage
(5) Power Output = R

Peak RF Voltage

{6) Resonant Load Impedance = aan Fund RF Current

An Example: Using the Computer for Class AB Service

Operating data is to be derived for an EIMAC 4CW100,000D
tetrode operating at a plate potential of 10 kV with a screen
potential of 1.5 kV. Assume that power output design goal
for this particular application is about 60kW. Grid current
is zero; that is, the tube is operated in the Class AB] mode,
with the grid never being driven positive.

Within frequency limits, a plate circuit efficiency of about 55-
60% may be assumed for Class AB ] operation. Maximum d-c
plate input is therefore 2.2 to 2.75 times the anode dissipa-
tion. A maximum power input of 2.2 x 50,000=110 kW is
chosen. At 10kV, the maximum d-c plate current is then
11.0 A. This is within the maximum rated plate current of
15 A for Class AB ] service as specified on the data sheet.

For Class AB service the tube does not operate in a cut-off
condition, but rather a certain value of idling plate current
exists. This must be taken into account when choosing Point 1
on the constant current curve. Generally speaking, high levels
of resting plate current provide reduced levels of intermodula-
tion distortion products and somewhat lower plate efficiency.
Idling plate current is usually chosen so that anode dissipation
under quiescent conditions is about 50-70% of the maximum
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dissipation rating. In the following example, idling plate cur-
rent is chosen to be 4.5 amperes. From Figure 19, it may be
determined that a grid potential of about -295 volts is re-
quired to produce the desired plate current at the chosen
screen and plate potentials. The intersection of the -295 volt
bias line and the 10 kV plate line determines the idling point
on the operating line (Point No. 1).

800 [ T T T
, EIMAC 4C%100,000D
600 TYPICAL CONSTANT CURRENT| |
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Figure 19. Constant current characteristics for
4CW100,000D tetrode.

Next, the peak value of plate current must be determined,
and the minimum amount of instantaneous plate voltage
chosen to pass this amount of current. Determination of these
values will locate Point No. 2 and will thus define the operat-
ing line.

Class ABj1 service limits grid voltage excursions to negative
grid regions on the constant current graph. Point No. 2 there-
fore may never be located above the zero grid voltage line.
In addition, the minimum instantaneous plate voltage is usually
not allowed to swing as low as the d-c screen potential, since
screen dissipation tends to become abnormally high. The loca-
tion of Point No. 2 thus has certain restrictive limits defined
by screen dissipation and the maximum positive grid signal
voltage. In this case, for the 4CW100,000D, minimum instan-
taneous place voltage is about 2 kV. Peak r-f voltage is thus
10,000~ 2,000 = 8,000 volts.



Peak r-f plate current in a Class AB1 amplifier usually runs
about 2.5 to 3.0 times the average d-c plate current. In this
case, a maximum peak plate current of about 2.9 times the
maximum signal d-c plate current of 11.0 A, or 32 amperes,
is chosen. This defines Point No. 2, which is at the intersec-
tion of the 2 kV minimum plate voltage line and thus falls
within the limits discussed in the preceding paragraph. A
straight line is drawn between Point No. 1 and Point No. 2
which is the negative plate cycle portion of the operating line.

When the operating line is extended to the right of Point
No. 1, it can be observed that the tube conducts over the
. rest of the cycle where (by virtue of the ““flywheel’’ effect of
the resonant tank circuit) the instantaneous plate voltage
swings as far above the normal d-c value as it swings below.
It is important to note that operation with less than cutoff bias
requires that the EIMAC Tube Performance Computer employ
points on the operating line falling to the right of Point No. 1.
The operating line is accordingly extended and the computer
is used in a two-part operation, as shown in the following
example:

4CW100,000D COMPUTATIONS

d-C Plate Voltage = 10 kV Power Input = 110 kW
d-c Screen Voltage =1.5 kv Max. d-c¢ Plate Current = 11 amp.
Zero-Signal Plate Current= 4.5 amp.
d-c Grid Voltage = -295 volts
Constant Current Graph and Peak Plate Current = 32 amp.
Operating Line determine: Peak RF Voltage = 8,000
Step One Step Two
E(MAC Computer Readings Inverted Computer Readings
Instantaneous Peak Current (amps) Instantaneous Peak Current (amps)
Ordinate Crossing Plate Screen Ordinate Crossing Plate Screen
A 32 3 A’ 0.20 —
B 31 2 B’ 0.25 —
C 28 1.2 c’ 0.30 —
D 22 0.25 D’ 0.50 —
E 15 0.07 E' 0.80 —
F 9 — F' 1.50 —
G 45 —
d-c Plate Current -5 [322-2 +31.25+28.3+22.5+158+105+ 4.5] = 10.75 amp.
Plate Power Input = 10 KY x 10.75A = 107.500 watts
Peak Fundamental RF Current = ILZ [31.8+59.4+47.7+303 +14.2+39) = 156 amp.
Power Qutput = 1—5-%”'09 = 62,500 watts
Plate Dissipation = 45,000 watts
Efficiency = 18%:239 x 100 = 58.2%
Resonant Load Impedance :% =512 ohms
d-c Screen Current =5 [% +241.2+025 »0.07] = 417 mA
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TYPICAL R-F AMPLIFIER CIRCUIT DESIGNS

In the previous discussion of tube performance calculations, an
example was worked out using the 4-65A in Class C r-f service.
Using the obtained operating parameters, it is now possible to
demonstrate the next step in the circuit design. For the bene-
fit of discussion, it will be assumed the desired output circuit
is a shunt-fed pi-network; it will also be assumed that the grid
circuit is to be tuned by a conventional parallel tuned circuit.
The circuit will be as shown in Figure 20.

Figure 20. A typical circuit for an R-F amplifier.

The first step in designing the output circuit is to specify the
resonant load impedance of the tube, the loaded Q of the cir-
cuit and the desired output impedance of the network. The
resonant plate load impedance for the 4-65A is determined
by dividing the plate peak r-f voltage swing by the plate peak
fundamental r-f current.

Peak r-f Voltage
Peak Fundamental r-f Current

i

Resonant Load Impedance

1750 volts
RL = 230 amps 7600 ohms
If it is assumed that the output impedance of the network is
to be 50 ohms, and the loaded Q is to be 15, the output
tuned circuit may now be designed. The output impedance of
50 ohms will match into a properly terminated 50 ohm trans-
mission line. The loaded Q of 15 is a compromise between
circuit efficiency and harmonic attenuation (see Figure 21).
Figures 22, 23 and 24 are design graphs for matching typical
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Figure 21. Relative harmonic output vs. resonant circuit Q.

A resonant circuit with a loaded Q of 10 to 20 is usually considered opti—
mum. A lower loaded Q will result in greater harmonic output. A high-
er loaded Q will result in higher circulating current with increased loss
in the coil. The loaded Q is determined by the L/C ratio and the load re-
sistance.
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tube load impedances into 50 ohms with a loaded Q of 15.
The general equations are given for other loads and other Q’s.
For the purpose of this example, the parameters for 7 mega-
hertz will be determined. At 7.0 megahertz the value of C
(Figure 22) will be 45 pf, C2 will be 317 pf and the value
of L1 will be 11 microhenries. TheC 1 value of 45 pF includes
the tube output capacitance, the stray capacitance from tube
to ground, and the lumped capacitance added to the circuit.
The output capacitance of the tube is given in the individual
tube data sheet. Capacitance is measured in a shielded fix-
ture and therefore the value obtained is confined to the tube.
The measurements are made in an r-f bridge at a frequency
of 100 to 465 kilohertz.
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Figure 24A. Reactance of an r-f choke vs. frequency.

The inductance of the plate choke, L¢, in Figure 24 may be
determined by noting that it is in shunt with the tuned circuit.
If the r-f current through the choke isto be limited to one per
cent of the tuned circuit circulating current, the inductance of
Lc must be 100 times that of coil L. The inductance of L¢
would then be 1.2 millihenries. The series resonant frequency
of the choke must be determined to be outside of the opera-
ting range of the amplifier. This can be checked by shorting
the ends of the choke together with a low inductance strap
and measuring the series resonant frequency by means of a
grid-dip meter.

It is also important to determine the parallel resonant fre-
quency of the choke due to its stray capacitance. The choke
will exhibit inductive reactance below the parallel resonant
frequency and capacitive reactance above the parallel resonant

37



38

frequency. The parallel resonant frequency must therefore be
above the operating frequency of the amplifier by a small
amount.
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Figure 24B. Reactance of an r-f choke vs. frequency.

The design of a typical grid tuned circuit is quite simiiar to
the design of the plate resonant circuit. For Class C operation,
or any class where there is grid current flow, the input circuit
must have sufficient Q to maintain a sinusoidal grid wave-
shape. The input resistance loads the grid tuned circuit. It is
generally considered good engineering practice to have a Q of
between 12 and 15. In any class of operation with no grid
current flowing, the grid circuit requirements are not as strin-
gent.

For the 4-65A example, the input resistance is approximately
the power delivered to the grid of the tube divided by the
square of the d-c grid current.

- P
R = I2
R = input resistance
P = power delivered to grid
| = d-cgrid current
R = —2Walls _ 7140 ohms
(.014 amps)
= =R
XC = XL =0
XC = capacitive reactance of input circuit

X = inductive reactance of input circuit
Q = loaded Q of grid circuit
X

— =7140 _
c_xL_ 15 = 476 ohms
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The input circuit capacitance, C3, for 7 megahertz operation
will, therefore, be 48 pF. The input circuit inductance, L3,
will be about 10 microhenries.

A further point of interest is the magnitude of the current
necessary to charge the input and output capacitances of a
vacuum tube. These capacitances must be charged and dis-
charged during each cycle. The input capacitance ofthe 4-65A
is 6.0 to 8.3pF. Output capacitance is 1.9 to 2.6 pF. For this
discussion, it will be assumed the input capacitance is 7 pF,
and the output capacitance is 2 pF. With these values of
capacitance, the input capacitive reactance at 7 megahertz is
3400 ohms and the output reactance is about 12,000 ohms.
In the 4-65A example the grid voltage swing is 220 volts.
Therefore, the grid peak charging current will be 220/340 or
0.647 amperes. The peak plate voltage swing is 1750 volts.
Therefore, the plate peak charging current will be 1750/
12,000 or 0.146 amperes. Current values are quite low in
this case, because the frequency of operation and the tube
capacitances are low. !f the 4-65A is operated under the same
conditions at ten times the frequency (70 MHz), the charging
currents will be ten times the 7 MHz example. The greater
the charging currents the greater the tube seal heating, elec-
trode heating, circuit losses, and the greater the current in
the screen by-pass capacitor. At the higher frequencies, it is
sometimes better to limit the plate voltage swing and raise the
plate current. This technique reduces the magnitude of the
plate circuit charging current.

COMPONENT PARTS

If one is to maintain the isolation of the output and input cir-
cuits, some thought must be given to the location of the com-
ponent parts of the amplifier. All component parts of the grid
or input circuit and any earlier stages must be kept out of
the plate circuit compartment. Similarly, plate circuit parts
must be kept out of the input compartment. It must be noted,
however, that in the case of the tetrode and pentode the
screen lead of the tube and connections via the socket are
common to both the output and input resonant circuits.
Due to the plate to screen capacitanceof a tetrode or pentode,
the r-f plate voltage (developed in the output circuit) causes
an r-f current to flow out the screen lead to the chassis. In
the case of a push-pull stage, this current may flow from the
screen terminal of one tube to the screen terminal of the
other tube. Similarly, due to the grid-to-screen capacitance of
the tube, the r-f voltage in the input circuit will cause an r-f
current to flow in this same screen lead to the chassis, or to
the opposite tube of the push-pull circuit.
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The inductance of the lead common to both the output and
input circuits has the desirable feature of providing voltage
of opposite polarity to neutralize the feedback voltage of the
residual plate to control grid capacitance of the tube (this is
discussed under ‘‘Neutralization,”” Section 5). It should be
noted, however, that the mutual coupling from the screen lead
to the input resonant circuit may be a possible source of
trouble if accentuated.

In the case of the grounded-grid triode the control grid and
associated leads are common to the output and input circuits.
The inductance of the control grid lead can help or hinder
the stabilization of a grounded-grid amplifier (this is discussed
under ‘‘Neutralization,’”’ Section 5).

LEAD LENGTHS

Some of the interconnecting lead wires close to the tube
should be designed with extremely low inductance to minimize
the chances of forming possible VHF parasitic circuits. If two
or more tubes are used they should be placed reasonably
close together to help provide short interconnecting leads.
The lead lengths of radio frequency circuits involving the
fundamental frequency can usually be much longer; the length
will depend a good deal upon the frequency of the fundamen-
tal. All of the d-c, keying, modulating, and control circuit
wires can be quite long if properly filtered and arranged away
from the active r-f circuits.

The following interconnecting lead wires in a tetrode or pen-
tode power amplifier should preferably have quite low induc-
tance: filament and screen by-pass leads, suppressor by-pass
leads, leads from the grid and the plate to the tuning capaci-
tor of the r-f circuit and return, and the interconnections from
tube to tube in push-pull or parallel arrangements (except for
parasitic suppressors in the plate). For a lead to have low
inductance, it must have a large surface and be short in
length, as in a strap or a ribbon. This consideration also
applies to that portion of a lead inside a by-pass capacitor.

FILAMENT BY-PASSING

Low inductance by-pass capacitors should be used in by-
passing the filament. it is good practice to place a capacitor
directly between the filament socket terminals. If the circuit
allows it, strap one filament directly to the chassis, and if
not, use a second by-pass capacitor from one terminal to
the chassis.
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If two or more tubes are in a push-pull or parallel circuit,
one can use a short strap interconnecting one of the filament
terminals of each socket. The mid-point of the interconnecting
strap can be by-passed or grounded directly.

With tubes having a completely isolating screen cone terminal,
the general circuit arrangment is usually different. The fila-
ment or cathode should go directly or through by-passes to
the cavity wall or chassis to which the screen terminal is
by-passed.

SCREEN AND SUPPRESSOR GRID BY-PASSING
AND SCREEN TUNING

Low inductance leads are generally advisable for screen and
suppressor grid terminal connections. For all frequencies, it
is good practice to route the screen and suppressor by-pass
capacitors directly from the screen to one filament terminal.
The suppressor grid is by-passed in the same manner when
the suppressor is operated with a potential other than cathode
potential. With the suppressor operating at cathode potential,
the suppressor should be grounded to the chassis directly in
a circuit where the cathode is at chassis potential. This applies
to tubes in push-pull as well as single tubes. In the VHF
region, the connection to the screen terminals, for those tubes
with two screen pins, should be made to the mid-point of a
strap placed between the two screen terminals of the socket.
This provides for equal division of the r-f currents in the
screen leads and minimizes the heating effects.

Above the self-neutralizing frequency (see ‘‘Neutralization,”
Section 5) of the tetrode or pentode, the screen by-pass
capacitors are sometimes variable. By proper adjustment of
this variable capacitor, the amount and phase of the screen
r-f voltage can be made to cancel the effects of the feed-
back capacitance within the tubes. Thus, neutralization is
accomplished. The screen lead inductance and the variable
capacitor are not series resonant. The variable capacitor
is adjusted so that a net inductive reactance remains to pro-
vide the proper voltage and phase for neutralization.

The preceding paragraphs apply directly to tubes having the
screen and suppressor grids mounted on internal supporting
lead rods.

The tube types having isolating screen cone terminals seem
to work best when the screen or suppressor by-pass capacitor
is a flat sandwich type capacitor built directly on to the peri-
pheral screen contacting collet of the socket. The size of the
by-pass is a function of the operating frequency. The dielectric
material can be Teflon, Mica, Isomica or similar materials.
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GROUNDED -GRID CIRCUITS

The zero-bias triodes, such as the 3-400Z and 3-10002Z,
generally are used in grounded grid circuits. The control grid
is operated at r-f ground and therefore is similar to the
screen grid in a tetrode or pentode. The control grid may be
by-passed directly at the socket or operated at d-c ground.
The d-c grounded approach is favored because no by-pass
capacitors are required. Figures 25 and 26 illustrate the
two circuit configurations.

Figure 25. A typical circuit using ‘‘zero-bias’’ triodes
showing metering circuits and method of
grounding the grid to r-f. The grid current
is measured in the return lead from ground
to filament.

Figure 26. A typical circuit using ‘‘zero-bias’’ triodes
showing metering circuits. The grid is
grounded to r-f with a by-pass capacitor.
The grid is raised 1} above d-c ground to
allow the grid current to be measured.

PROTECTION

EIMAC Power Grid Tubes are designed to stand considerable
abuse. For instance, the excess anode dissipation resulting
from detuning the plate circuit of the tube will have no ill



effects if not applied for periods of time sufficient to overheat
the envelope and the seal structure.

Similarly, the control, screen and suppressor grids will stand
some excess dissipation. The maximum dissipation for each
grid indicated on the data sheet should not be exceeded
except for time intervals of less than one second. The maxi-
mum dissipation rating for each grid structure is usually
considerably above typical values used for maximum output so
that ample operating leeway is provided. The time of duration
of overloads on a grid structure is necessarily short because
of the small heat storage capacity of the wires. Furthermore,
grid temperatures cannot be seen, so no visual warning of
accidental overload is apparent.

The type and degree of protection required in an r-f amplifier
against circuit failure will vary with the type of screen and
grid voltage supply. Figure 27 is a chart of tetrode and pen-
tode protection as related to certain kinds of circuit failures.

SCREEN VOLTAGE
FIXSEBPSPCT_T/EEN THROUGH
CIRCUIT DROPPING RESISTOR
FAILURE
FIXED RESISTOR FIXED RESISTOR
GRID GRID GRID GRID
BIAS BIAS BIAS BIAS
L ¢ No Pro- Plate Plate Plate Current
Egg?t:tion tection Current Current | Relay or Screen
Required Relay Relay Control Circuit
Loss of Screen Screen Grid i
Antenna Current Current Current g:(;,:.uli?gd
Loading Relay Relay Relay
Excess Scnrc?:ﬂ S%’g:g Plate Plate
Antenna Current Current Current Current
Loading Relay Relay Relay Refay
Failure Screen Screen Grid .
of Plate Current Current Current ll;lothl_ngd
Supply Relay Relay Relay equire
Failure of Grid .
Screen Current Nothing — —
Supply Relay Required
. Plate Plate
Failure Current Current
of Grid Relay or _ Relay _
Bias Screen Grid
Supply Current Current
Relay Relay

Figure 27. Tetrode and pentode protection chart.

This chart indicates the location of a suitable relay which should act to
remove the principal supply voltage from the stage or transmitter to
prevent damage to the tubes.
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For screen voltage taken through a dropping resistor from
the plate supply, a plate relay provides almost universal
protection. For a fixed screen supply a relay provides pro-
tection in most cases. For protection against excess antenna
loading and consequent high plate dissipation, a screen under-
current relay may also be used in some services.

The plate, screen and bias voltages may be applied simul-
taneously to a tetrode. The same holds true for a pentode,
plus the application of the suppressor voltage. In a grid driven
amplifier, the grid bias and excitation can usually be applied
alone to the tube, especially if a grid leak resistor is used.
Plate voltage can be applied to the tetrode and pentode before
the screen voltage with or without excitation to the control
grid. NEVER APPLY SCREEN VOLTAGE BEFORE PLATE VOLT-
AGE. The only exception would be when the tube is cut off
so that no space current (screen or plate current) will flow,
or when the excitation and screen voltage are low. If screen
voltage is applied before the plate voltage and screen current
can flow, the maximum allowable screen dissipation will almost
always be exceeded and tube damage will result.

Figure 28 is a chart for the protection of a triode tube. This
chart covers the grid driven triode amplifier and the high-pu
(zero bias) cathode driven triode amplifier. Drive voltage must
never be applied to a zero-bias triode amplifier without plate
voltage being applied.

TRIODE
CIRCUIT ZERO-BIASED
FAILURE FIXED GRID RESISTOR TRIODE
BIAS GRID BIAS
ot No Protection Plate Over- No Protection
Loss of Excitation Required Current Relay Required
RF Qutput RF Output Grid
tg:zi?: Antenna Detector & Detector & Over-Current
g Relay Relay Relay
RF Output RF Output RF Output
Excess Antenna Detector & Detector & Detector &
Loading Relay Relay Relay
. ; ; Grid
Failure of Plate No Protection No Protection
i i Over-Current
Supply Required Required Relay
Failure of Grid Plate Over- _ _
Bias Supply Current Relay

Figure 28. Triode protection chart

This chart indicates the location of a suitable relay which should act to
remove the principal supply voltage from the stage or transmitter to
prevent damage to the tube or transmitter.
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KEYING

The tetrode and pentode power amplifier can be keyed using
the same basic principles employed with any power amplifier.
In addition, the screen electrode provides another low power
circuit where keying can be introduced. Suitable filters must
be used so that the make and break is slow enough to avoid
high frequency sidebands known as ‘“‘key clicks.”” The usual
‘““key click’ filter techniques apply.

There are several good methods of controlling the tetrode and
pentode r-f power amplifier when exciter keying is used. With
the screen voltage fixed and with fixed bias greater than cut-
off, the tube will pass no current when the excitation is re-
moved. A low or medium-u triode amplifier can be keyed in
the same manner. With the high-u (zero bias) triodes, it is
even simpler. When the drive is removed, the plate current
falls to the normal, safe quiescent plate current.

It is also possible to key the exciter stage when the screen
voltage for a tetrode or pentode is obtained through a drop-
ping resistor and grid leak bias is used (see Figure 29A). In
this system a high transconductance, low- triode is connected
between screen and cathode, and the controlling bias for the

-
FROM EXCITER

e e

—
]
]

GRID LEAK

RESISTOR S T

Figure 29A. Screen voltage control circuit for exciter
keying or protection against loss of exci-
tation when supplying screen from high
voltage source.

small triode is taken from the tetrode or pentode bias devel-
oped in the grid leak resistor. When normal excitation is pres-
ent on the r-f amplifier and grid bias is developed, the triode
control tube is cut off and the screen voltage circuit operates
normally. If excitation voltage is removed from the tetrode or
pentode power amplifier, the bias voltage developed in the
resistor drops to zero and the control triode becomes con-
ducting. The current drawn by the triode control tube will
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increase the voltage drop across the series screen resistor and
lower the screen voltage to a very low value.

There is still some voltage on the tetrode or pentode screen
and a small static plate current flows. Usually this remaining
current is not enough for the plate dissipation rating to be
exceeded. This value can be reduced further by the use of a
second control triode in parallel with the first (this redundan-
cy is also insurance against failure of the single triode), by
putting a gas regulator tube in series with the lead to the
screen before the screen r-f by-pass capacitor, or by intro-
ducing a smali amount of fixed bias on the power amplifier
between the grid resistor and the power tube grid.

Figure 29B shows a method of keying a tetrode or pentode r-f
power amplifier where the low voltage power supply for the
screen of the power tube and for the plate and screen of the
driver stage is keyed directly. This permits keying in a rela-
tively low voltage, low current circuit. The key click filter
capacitor, resistor, and choke are simple and assure positive
control of the keying waveshape.

@NTENNA

KEYING —

B;

Figure 29B8. A typical method of keying a tetrode or
pentode amplifier.

AMPLITUDE MODULATION

A triode r-f amplifier can be plate; grid- or cathode-modulatead
Plate modulation is the type most extensively used. A triode
may also be operated under a linear set of conditions for
amplifying an amplitude modulated driver.

A tetrode or pentode r-f amplifier can be plate and screen,
screen grid, control grid or cathode-modulated. Usually the
system chosen is a combination of any of the previously listed
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Figure 30. Basic screen and plate modulation circuits.
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techniques. The most extensively used technique is a combi-
nation of plate and screen modulation. Often additional modu-
lation must be provided on the control grid to reach 100 per
cent modulation on the positive peaks. Figure 30 shows three
of the basic plate and screen modulation circuits.

In plate and screen modulation it is necessary to introduce
not only amplitude modulation of the plate voltage, but also
to develop 70 to 100 per cent amplitude modulation of the
screen voltage for 100 per cent carrier modulation. Modula-
tion of the screen voltage can be developed in one of the fol-
lowing three ways:

(a) By supplying the screen voltage through a dropping
resistor connected to the unmodulated d-c plate
supply.

(b) When a low voltage fixed screen supply is used, a
modulation choke is placed in series with the supply.
In the case of voice modulation, this is about a 5
to 10 henry choke.

(¢) A third winding on the modulation transformer de-
signed to develop the required screen modulation
voltage.

It is interesting to note that in all three cases the screen of
the tetrode or pentode tube supplies the necessary audio
power. During the portion of the modulation cycle, when the
plate voltage is increased, the screen current decreases. If
the screen is supplied through an impedance, such as the
screen dropping resistor of a modulation choke, the voltage
drop in this series impedance becomes less and the screen
voltage rises in the desired manner. On the part of the
modulation cycle when the plate voltage is decreased, the
screen current increases causing a greater voltage drop in
the screen series impedance and thus lowering the voltage on
the screen of the tube. The screen by-pass capacitor value
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in the Class C stage is a compromise between good r-f by-
passing and the shunting effect of this capacitance on the
screen modulation circuit.

Where 100 per cent modulation capabilities are desired, the
tube efficiency under carrier conditions is about half that ex-
pected in the r-f amplifier when plate and screen modulation
is used. This efficiency is usually on the order of 35 to 40
per cent. Grid and screen modulation is used when there is
a desire to save on physical size and cost of the modulation
source.

When grid modulation is used, the screen voltage and grid
bias must be taken from sources with good regulation. This
usually means a separate low voltage power supply source.
In the case of screen modulation, the grid bias should be
taken from a grid leak bias resistor to provide some drive
modulation.

The output of a pentode Class C amplifier can be controlled
by applying to the suppressor grid a modulating voltage su-
perimposed upon a suitable bias. As the suppressor grid in
such an arrangement becomes more negative, the minimum
instantaneous plate potential at which current can be drawn
to the plate is increased. Thus, as the modulation varies the
suppressor-grid potential, the output varies.

The suppressor-grid modulated amplifier has about the same
plate efficiency as the grid modulated Class C amplifier. The
overall efficiency is somewhat less because of the screen-grid
losses. The modulating power is about the same. The linearity
of modulation is not particularly high.

The screen-grid losses are higher because as the plate poten-
tial decreases, the current to the screen increases. This
tendency toward high screen losses is the factor that usually
limits the output power obtainable from a suppressor-grid
modulated amplifier.

POWER SUPPLY CONSIDERATION

The power supply requirements for a triode are straight-
forward. The degree of regulation and ripple depends upon
the requirements of the system. In the case of a linear r-f
amplifier, it is important to have good plate power supply
regulation. Without good regulation, the plate voltage will drop
during the time the plate is conducting current heavily. This
tendency for the voltage to drop will cause **flat topping’’ and
will appear as distortion in the output. In a push-pull audio
application where grid current flows, it is important to keep



the grid circuit resistance to a minimum. If this is not done,
positive peak clipping will occur. In the case of the tetrode
and pentode, the need for screen voltage introducessome new
considerations and provides some new possibilities.

Voltage for the screen grid of a low power tetrode or pentode
can readily be taken from the power supply used for the plate
of the tube. In this case, a series resistor, or potential divid-
ing resistor, is chosen so that withthe intended screen current
flowing the voltage drop through the resistor is adequate to
give the desired screen voltage. The potential dividing resistor
is the preferred technique for those tubes with significant
secondary screen emission (see Figure 6).

It is possible to take the screen voltage from a low voltage
supply, frequently using an already available source in the
equipment. There is considerable latitude so that an available
voltage can be used. Sometimes a combination might be em-
ployed, where a dropping resistor is used in conjunction with
a low voltage or intermediate voltage supply. Frequently a
combination of series resistor and voltage source can be
chosen so that the rated screen dissipation will not be ex-
ceeded regardless of the variations in screen current. With a
fixed screen supply, there are advantages in using an appre-
ciable amount of fixed grid bias so as to provide protection
against loss of excitation, or for cases where the driver stage
is being keyed.

If the screen voltage is taken through a dropping resistor
from the plate supply, there is usually little point in using a
fixed grid bias because an unreasonable amount of bias would
be required to protect the tube if the excitation failed. When
a screen dropping resistor is used, most of the bias is nor-
mally supplied through a grid resistor and other means are
used for tube protection.

Under operating conditions with normal screen voltage, the
cutoff bias is low (screen voltage divided by the screen u ).
When a stage loses excitation and runs statically, the screen
current falls close to zero. (See static curves of tube in ques-
tion.) If the screen voltage is obtained through a simple
dropping resistor from the plate supply, the screen voltage
will then rise close to full plate voltage. Because the cutoff
bias required is proportional to the screen voltage, the grid
bias required will be much greater than the amount of bias
desired under normal operating conditions.

The power output from a tetrode or pentode is very sensitive
to screen voltage. For this reason, any application requiring
a high degree of linearity through the amplifier requires a
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well regulated screen power supply. A screen dropping resis-
tor from the plate supply is not recommended in such appli-
cations.

The suppressor grid power supply requirements are quite
similar to the control grid power supply. The suppressor grid
intercepts very little current, and therefore a low power
supply may be used. Any variation in suppressor voltage due
to ripple or lack of regulation will appear in the output of the
amplifier due to the suppressor grid modulation of the plate
current.

STABILIZING THE AMPLIFIER

3.13.1 Testing for parasitic oscillations

50

In the case of an r-f amplifier, it will be necessary to investi-
gate not only the possibility of self-oscillation, but also lack of
feedback on the fundamental frequency. The basic steps of
checking for self-oscillation are threefold:

{a) The amplifier should be operated without r-f excita-
tion and without fixed grid bias, with light loading
and with low voltages applied to the plate and to the
screen of a tetrode or pentode.

The voltage should be high enough to develop full
plate dissipation. For this test, grid leak bias should
be used. If the screen and plate voltage supplied
cannot be adjusted directly to low voltages, suitable
series resistance should be used, either in series
with the rectifier output or transformer primary so
that the voltages developed at the tube will be low.

Light bulbs of the correct size will serve as resistors
in series with the primary of the rectifier transform-
ers. The r-f circuits should be tuned off-resonance
to see if self-oscillation of the amplifier can be
started. The indication of any current by the grid
milliammeter means that self-oscillation is present.

(b) The frequency of the self-oscillation must be deter-
mined. A simple neon bulb will indicate whether the
frequency of oscillation is high or low. The lower
the frequency the more orange will be the glow. A
purple color indicates a VHF or UHF oscillation.
With a little experience, it will become possible to
guess the approximate frequency very closely. A
wavemeter or an oscilloscope will then determine the
exact frequency.



(c) After the frequency of oscillation is measured, it
remains to identify the circuit supporting the oscilla-
tion. The circuit must then be altered without dis-
turbing the performance of the amplifier on the
normal frequency of the amplifier.

3.13.2 Correction of Parasitic Oscillations

The usual seif-oscillations in r-f power amplifiers have been
found to fall in the following three classes:

(a) Oscillation at VHF from about 40 MHz to 200 MHz,
regardless of the normal frequency of the amplifier.

(b) Self-oscillation on the fundamental frequency of the
amplifier.

(c) Oscillation at a low radio frequency below the normal
frequency of the amplifier.

The low frequency oscillation in an amplifier usually involves
the r-f chokes, especially when chokes are used in both the
output and input circuits.

Oscillation near the fundamental frequency involves the normal
resonant circuits, and brings up the question of neutralizing
the r-f power amplifier. This general subject is discussed
under ‘‘Neutralization,”” Section (5).

When a parasitic self-oscillation is found on a very high fre-
quency, the interconnecting leads of the tube, the tuning ca-
pacitor and the by-pass capacitors are involved. This type of
oscillation does not usually occur when the power amplifier
is designed for operation in the VHF region and where the
r-f circuits external to the tube have negligibly small tuning
capacitors. Without tuning capacitors, the highest frequency
oscillating circuit possible is then the fundamental, and there
would be no higher frequency circuit available for the para-
sitic. The only exception would be where higher order modes
of transmission line circuits might provide a parasitic circuit.

The VHF oscillation occurs commonly in amplifier constructions
where the radio frequency circuits are coils and capacitors,
as in the HF and LF region, in audio amplifiers or voltage
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regulators. As in Figure 31, the parasitic oscillation uses the
capacitors and the associated grid and plate leads for the
inductances of the parasitic circuit. The tube capacitances:
help form the tuned-plate tuned-grid oscillation circuits. The
circuit is indicated by the heavy lines in Figure 31.

Figure 31. Usual circuit supporting VHF parasitic oscil-
lation in HF r-f amplifiers.

There are several straightforward ways to suppress VHF para-
sitic oscillation. In general, it will probably be more easily
suppressed if the general layout and by-passing methods indi-
cated earlier are followed.

It turns out that the frequency usually met in a VHF para-
sitic oscillation is well above the self-neutralizing frequency
of the tube (see Section 5). However, if the self-neutralizing
frequency of the tube can be increased and the frequency of
the parasitic lowered, complete suppression of the parasitic
may result, or its suppression by resistor-coil parasitic sup-
pressors may be made easier.

It is also possible to predict fairly closely with a grid dip
wavemeter the parasitic frequency to be expected in a given
equipment. The circuit should be complete and with no volt-
ages on the tube. Couple the meter to the plate or screen
lead and determine the resonant frequency. The following
two methods of eliminating the VHF parasitic oscillation have
been used successfully:

(a) By placing a small coil and resistor combination in
the plate lead between the plate of the tube and the
tank circuit (see Figure 32). The resistor-coil com-
bination is usually made up of a non-inductive re-
sistor of about 25 to 100 ohms, shunted by three
or four turns approximately one-half inch in diameter
and frequently wound right around the resistor. In
some cases it may be necessary to use such a sup-
pressor in both the plate and grid leads. The resis-
tor-coil combination operates on the principle that



Figure 32. Placement of parasitic suppressors to elimi-
nate VHF parasitic oscillations in HF r-f
amplifiers.

the resistor loads the VHF circuit but is shunted by
the coil for the lower fundamental frequency. In the
process of adjusting the resistor-coil combination,
it is often found that the resistor runs too hot. The
heat is usually caused by the dissipation of funda-
mental power in the resistor. This is an indication of
too many turns in the suppressor coil. Just enough
turns should be used to suppress the parasitic and
no more. Once the parasitic has been suppressed
there will be no parasitic voltage or current present.
Therefore, there is no parasitic power to be dissipated.

(b) By the use of small parasitic chokes in the plate lead
(see Figure 32). The size of this coil will vary con-
siderably depending upon the tube and the circuit
layout, and may run from about four to ten turns
of about a one-half inch diameter. The presence of
this choke in the frequency determining part of the
circuit lowers the frequency of a possible VHF para-
sitic so that it falls near the self-neutralizing fre-
quency of the tube and by-pass leads. In addition to
varying the size of the suppressor choke, the amount
of inductance common to the screen and filament in
the filament grounding strap may be a factor. This
can be varied simultaneously with the suppressor
choke.

Of the two methods indicated above for suppressing VHF
parasitic oscillations, the first one is probably the simpler to
use and has been widely employed.

The procedure of checking for self-oscillation in an r-f power

amplifier described previously will normally show up most
trouble and allow for its correction. If, however, the correction
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is marginal, it may sometimes happen that under operating
conditions the self-oscillation will be triggered off. The oscilla-
tion may occur only on the peaks of amplitude modulation or
on keying surges. By observing the r-f envelope on a cathode
ray oscilloscope, the oscillation can usually be seen. The
trouble can be fully eliminated by pursuing further the out-
lined corrective procedure.

A more difficult self-oscillation to locate is one occurring on a
harmonic of the fundamental frequency and occurring only
when the stage is operating. It will show up when testing for
the presence of abnormal power in the harmonics under oper-
ating conditions.

In the case of an audio amplifier employing tetrodes or pen-
todes, small non-inductive resistors of about 100 ohms resis-
tance should be placed in series with the plate, and possibly
the grid as well, in case self-oscillation of the amplifier occurs
in the very high frequency portion of the r-f spectrum. Should
the audio or d-c voltage drop in the resistor be objectionable,
it can be shunted with a small coil.

Another form of commonly encountered self-oscillation is
known as ‘‘dynatron’’ oscillation. Dynatron oscillationis caused
when any electrode in a vacuum tube has negative resistance.
Secondary emission characteristics of the screen grid in a
tetrode were discussed in Section 2.2; it was pointed out
that at times there may be more electrons leaving the screen
grid than are arriving. If the screen voltage is allowed to in-
crease under these conditions, even more electrons will leave
the grid; the phenomenon implies a negative resistance char-
acteristic. If there is high alternating current impedance in
the circuit from the screen grid through the screen grid
power supply, and from the plate power supply to the plate,
dynatron oscillation may be sustained.

Dynatron oscillation typically occurs in the region of one to
20 Hz. This low-frequency oscillation is usually accompanied
by another oscillation in the 1000-2000 kHz region. Suppres-
sion of these oscillations can be accomplished by placing a
large bypass capacitor (1000 wF) across the output of the
screen grid power supply. The circuit supporting the oscilla-
tion can also be detuned by a large inductor. Increasing the
circuit losses at the frequency of oscillation is also effective.



SECTION 4
LINEAR AMPLIFIER

AND SINGLE SIDEBAND SERVICE

4.1 WHY SINGLE SIDEBAND

The increase in commercial and military communication traffic
has become so great that a need exists for faster, more re-
liable, spectrum-conserving systems. Single-sideband (SSB)
operation meets this need and makes more efficient use of
the available spectrum.

The advantages of single-sideband transmission over conven-
tional amplitude-modulated transmission have been discussed
in literature 7> 8 9. 10 and are summarized as follows:

1.

The bandwidth requirement of the transmitted signal is
less than haif that of conventional double-sideband sys-
tems. For example, if a signal carrying the normal speech
spectrum of 200 to 3000 Hz is transmitted via conven-
tional amplitude-modulation-with-carrier systems the band-
width required is twice the highest frequency being trans-
mitted, or 6000 Hz. Elimination of the carrier and one
sideband (neither of which is essential to the transmission
of intelligence) permits the bandwidth to be reduced to
2800 Hz (Figure 33). The audio improvement in intelli-
gence is enhanced because of the elimination of interfering
audio heterodynes caused by adjacent channel signals.

10

J. F. Honey, ‘‘Performance of AM and SSB Communications,”’ Tele-
Tech. September, 1953.

Ftérédoamentals of Single Sideband, Collins Radio Company, September,
1 .

E. W. Pappenfus, Warren B. Bruene, and E. O. Schoenike, Single
Sideband Principles and Circuits, New York, McGraw-Hill, 1964.
Proceedings of the |.R.E. (Single Sideband Issue), December, 1956.
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KILOHERTZ ——» AM SIGNAL 558 SIGNAL

Figure 33. Relative spectrum space occupied by AM
signal and SSB signal modulated by frequen-
cies of 200 to 3000 Hz.

2. The narrower frequency band required for SSB operation
allows bandwidth reduction of the selective circuits in the
receiver to only that width needed to receive the signal
without distortion. While there is some improvement in
signal-to-noise ratio, the greatest improvement is the re-
duction in the strength (at the detector) of some of the
interfering signals which would otherwise be admitted
with the wider passband.

3. A relatively high level of information-bearing sideband
power can be obtained without the use of a high-power
modulator. This permits a lower average power in the final
radio-frequency stage, and substantial reductions in total
power input, total weight, and total cost of the transmitting
equipment.

4. SSB operation greatly reduces the audio distortion often
encountered over long-path transmissions using conven-
tional amplitude-modulated signals.

RATING TUBES FOR LINEAR AMPLIFIER SERVICE

The power-handling capability of a given tube in single-side-
band service depends upon the nature of the signal being
transmitted and the power dissipating capability. In addition,
the method of establishing single-sideband service ratings
should be such that relatively simple test equipment can be
used to determine whether or not a tube is operating within
its maximum ratings.

It is impractical to establish a rating based on voice-signal
modulation because of the irregular waveforms encountered
and the varying ratios of peak-to-average signal power found
in various voices. The most convenient rating method, and
probably the most practical, employs a single-tone driving sig-
nal (such as that from a sine-wave audio-signal generator) to
modulate the SSB transmitter. By using this test signal at its



full modulation capability, the amplifier will operate under
steady, maximum-signal conditions which are easily duplicated
and observed.

When a single sine-wave tone modulates a single-sideband
transmitter, the r-f output seen on an oscilloscope (Figure 34a)
appears as a steady, unmodulated signal (resembling an un-
modulated AM carrier) because the output is a continuous
signal having a frequency removed from that of the carrier
by the modulating frequency, as shown in Figure 34b.

(a)

1000 Hz TONE
UPPER SIDEBAND SIGNAL

CARRIER
(NOT TRANSMITTED

———

1 [

[ — ()
KILOHERTZ ——=

Figure 34. R-F output of SSB transmitter with single-
tone modulation. (a) Oscilloscope pattern
(b) Spectrum for 1000-Hz tone

Consequently, the operation of a linear amplifier under single-
tone modulation is comparable to that of a telegraph trans-
mitter under key-down conditions. As such, the performance. -
of the stage at maximum signal (or peak) conditions can be
ascertained by meter readings. However, this simple test lacks
information on the linearity of the stage. To study linearity
thoroughly by observing the amplifier output, some means

57



58

must be provided to vary the output level from zero to maxi-
mum signal with a regular pattern that is easily interpreted.
A simple means is to use two audio tones of equal amplitude
to modulate the single-sideband transmitter. This is termed
a two-tone test. This procedure causes the transmitter to emit
two steady signals separated by the frequency difference of
the two audio tones (Figure 35).

CARRIER
(NOT TRANSMITTED) | 400 Hz 2500 H2
\*| SIDEBAND SKNAL SIDEBAND SIGNAL
|
|
I [
KILOKERT, —»

Figure 35. Spectrum of SSB transmitter modulated by
two-tone test signal containing 400- and
2500-Hz tones and transmitting upper side-
band.

In some single-sideband generators, this type of signal is
obtained by impressing a single tone at the audio input and
injecting the carrier (by unbalancing a balanced modulator)
to provide the second equal amplitude r-f signal (Figure 36).
The resultant, or beat between the two r-f signals, produces
a pattern which, when observed on an oscilloscope, has the
appearance of a carrier, 100 per cent amplitude modulated
by a series of half sine waves as shown in Figure 37.

CARRIER 1500-H2 SIDEBAND SIGNAL
(UPPER SIDEBAND)

I [ I
KILOHERTZ —»
Figure 36. Spectrum of SSB transmitter modulated by

1500-Hz tone and injecting carrier to obtain
second r-f signal equal in amplitude to tone.



Figure 37. R-f output of SSB transmitter modulated by
two-tone test signal as seen on the oscillo-
scope.

When measuring the distortion of a linear r-f amplifier or a
chain of linear r-f amplifiers by the two-tone technique, it is
sometimes more expedient to use two r-f signal sources
separated in frequency by the desired number of hertz, and
then to combine them in a manner which will minimize the
interaction of the two signals. The two r-f signals represent
the two equivalent sideband frequencies generated by the two-
audio-tone system and when viewed on an oscilloscope appear
exactly the same.

A linear amplifier is usually rated at peak envelope input or
output power level. Peak envelope power (PEP) is the root-
mean-square (rms) power generated at the peak of the modu-
lation envelope. With either a two-equal-tone test signal or a
single-tone test signal, the foliowing equations approximate
the relationships between single-tone and two-tone meter
readings, peak envelope power, and average power for Class
B or Class AB operation.

4.2.1 Single Tone

DC Plate Current Iy =~9ﬂ£ (1)
ingb
Plate Input Watts P = o (2)
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Average Output Watts Po =_PMP (3)
and PEP 4
Te
Plate Efficiency n.= P (4)
P 4E,

Two Equal Tones

2
DC Plate Current lp, = — (5)
4
21 E
Plate Input Watts Pin= __pm’b (6)
772
'pm®p
Average Output Watts P0 = —r (7)
i e
m
PEP Watts P = —2P (8)
a4
2 o
Plate Efficiency n,= (%) )
b

Definition of Symboils:

pm Peak of the plate current pulse —the plate current pulse

is not sinusoidal.

p Peak value of plate swing, assumed to be sinusoidal
when plate tank “‘Q"’ is sufficiently high.

T =3.14

Eb = d-c plate voltage

[
"

The approximate equations given above are for single-tone
and two-tone conditions, the most common test situations.
In some multi-channel transmitter applications, many more
tones are used and the following method will determine the
peak-envelope-power to average-power ratio. For the purposes
of this explanation, it is assumed that all the tones are equal,
however, unequal tones can be employed with this technique.

The following examples demonstrate two important relation-
ships of single and multitone signals amplified by a linear
system.



1. The amplifier is set up for a single-tone driving signal and
a Point ““A’ (see Figure 38) on the operating line is
established. A definite PEP output is developed under this
condition. To drive this linear amplifier to the same PEP
output with a multitone signal, the drive signal voitage
for each tone must be 1/nth (n = number of tones) the

amplitude of the single-tone signal.

2. By assuming a perfectly linear amplifier wherein the input
signal waveshape is exactly reproduced in the output load,
these grid waveshapes can be used to demonstrate the re-

lationship of PEP to Average Power.

T T
TYPICAL CONSTANT
R CURRENT CURYES

N

N

E-80V LA PLATE YOLTAGE-VOLTS

Figure 38. Single-tone condition.

4.2.4 Single-Tone Signal
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4.2.5 Two-Tone Signal
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(Elrms 2rms)

PEP = (14)
R
30 , 30
=\ N2 \/2'
Re
ﬂ)z
= W2/ = —&—
RL
Therefore, PEP = 2 x Pavg {15}

The two frequencies (f; and f2) are equal in amplitude but
slightly different in frequency. As a result, when they are
exactly in phase, the two crest voltages add directly to produce
the crest of the two-tone envelope. When the two frequencies
are exactly out of phase, then the cusp of the two-tone enve-
lope results (see Figure 39). Note that the voltage amplitude
at the crest of the resultant two-tone envelope is equal to that
of the single-tone envelope and therefore the tube is driven
to the same point ‘“A’" on the operating line in each case. If
the tube is driven to the same peak plate current and the
same peak plate voltage swing by different exciting signals,
then the Peak Envelope Power Output for both signals is the
same.

Three-Tone Signal
F.avg =P avg * Py avg ¥ P3 avg

(Elrms) ( 2rms) (E3rms):2
R

(—Q) s ) (v%r>

_ 200+ 200 , 200 _ 600
R R R R

(16)

w
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E +E +E
PEP = ( lrms 2ers 3rms) (17)
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Figure 39. Two-tone condition.

Note that the sum of the three individual tone crest exciting
voltages add in phase to drive the tube to the same peak
current and peak plate voltage swing as that of the single-tone
case (see Figure 40). The PEP output will therefore be the
same as for the single-tone and two-tone examples.
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Figure 40. Three-tone condition.

The above results for equal amplitude tones may be summar-
ized by the following expressions:

PEP = n Pavg (19)
and PEP = n® x P, (20)
where Pavg = average power of composite signal

Pt = average power in each tone

n = number of tones
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Example:

An FM mobile radiotelephone mountain-top repeater is to be
designed to simultaneously rebroadcast one to eight channels.
Each channel must have an average power output of 100
watts. How much Peak Envelope Power must the linear ampli-
fier deliver?

Each channel can be considered to be a single-tone signal.
Therefore, the PEP of each channel is equal to the average
power of each channel. The maximum power output require-
ment of the amplifier will be under the 8-tone condition. The
average power output for the composite 8-tone signal will be
8 times the 100 watts-per-channel power. Thereforeg, the
linear amplifier must be capable of 800 watts of average
power output. The Peak Envelope Power will be 8 times the
average power of the composite signal (PEP = nP,,,) or
6400 watts. A tube must be selected to deliver this peak-
envelope and average power at an intermodulation distortion
level compatible with the degree of interchannel cross-talk
that can be tolerated.

SELECTION OF TUBES FOR SINGLE
SIDEBAND SERVICE

As a guide in selecting tubes for various power levels of
single-sideband service, typical operating conditions for vari-
ous EIMAC tubes are included in this section. These data give
values at the maximum signal condition for sustained single-
tone modulation, and also give the average current values (as
read on a d-c meter) using a two-tone test signal adjusted
to the same peak envelope power as the single-tone condition.
Voice-signal average currents will, of course, be lower than
the two-tone condition by an amount depending uponthe peak-
to-average ratio of the voice signal, which is less than that of
a two-tone signal in all cases. Typical third- and fifth-order
intermodulation distortion product levels for maximum drive
conditions are also given for the two-tone condition.



S9

GUIDE FOR SELECTION OF TUBES FOR SSB SERVICE

Zera Signal Single Tane Two Tone Usetul 30 Qrder Class
Tube Plate Screen Suppressor Biay Filament Filament Plate late Piate PEP Distortion at
Type Voltage Yollage Vollage Valtage Vaitage Cureent Cureent Current Current Qutput Products. Service
Vac Vac Vde Vde v A mA mA mA - db
2000 = — ) 62 400 265 445 32 B, 2750
3-4007 2500 — — o 50 145 84 400 270 520 —29 AB, 3200
3000 — — 0 100 333 238 655 -27 2B, 5500
2500 = = o 162 800 550 1050 32 AB, 1760
3-10002 3000 — — 0 75 213 240 670 468 1080 —29 A8, 2650
3CX1000A7 2500 — — o 50 33 270 500 560 1270 ) AB, 1650
6000 — = —270 500 3000 = 8000 — = a8, 1020
3€x10.000A3 7000 — — 325 75 104 500 4000 — 20,000 — — B, 1135
7000 - = 0 600 3720 = 17.700 = = 8, 1020
36X10.00047 7000 — — o 75 104 600 5000 — 24.000 — — AB, 1745
4Cx2508 2000 325 — ) 60 29 90 277 19 348 25 o5 AB. 4500
4Cx250R 2000 400 — 72 6.0 29 95 322 225 475 —25 35 28, 4000
4CX300A 2000 325 = 56 60 39 90 277 196 348 —25 ~25 78, 4500
4Cx3007 2000 400 — 72 50 39 100 312 222 423 —28 ~30 6. 3500
4CX350A 2200 300 - ~20 60 36 100 215 167 318 29 30 8, 6000
4CX350F 2200 300 — —20 265 081 100 215 167 3le —29 —30 A8, 6000
2000 400 = a0 200 465 343 500 ET) —47 AB. 2000
4CXN600A
2500 300 — 31 50 48 200 400 304 524 -32 41 A8, 4100
4CX1000A /K 3000 3lo —_ -63 60 99 250 750 540 1400 -23 -26 AB. 2200
2500 225 p ) 300 720 530 890 —40 a7 2B, 1900
4CX15008 2750 225 — ~34 60 99 300 758 555 1100 -a1 —48 A8, 1500
- 2900 225 — 34 300 710 542 1100 —44 _a8 28, 2200
4CX3000A 5000 850 — —180 9.0 435 500 1650 1100 5300 ~32 —35 AB. 1700
5000 1000 = —2t0 670 1670 1240 5260 36 36 A8, 1750
ACXSO000A
7500 1250 — —307 78 78 450 1900 1590 11,910 ) e Al 1580
5000 1000 —_ —197 B0O 2010 1460 5700 —35 -40 AB. 1450
4CXS000R
7500 1250 — 300 78 8 500 1900 — 10.000 — — A8 2460
7500 1350 = —262 900 2300 1770 11,022 35 a2 A8, 1600
4CX10,0000 i
7500 1500 _ ~340 75 8 500 3330 — 15.950 — — A8, 2250
7000 1250 = —240 1500 3080 2380 11,300 —49 —45 AB. 1350
4CX15,0004 7500 1500 — _350 63 168 1000 4400 = 20800 — — A8, 865
10.000 1500 — ~370 1000 4250 — 28,500 — — AB. 1260
2000 750 ° ~100 150 338 252 395 ) —as A8. 3600
5-500A 3000 750 0 ~112 100 to 100 320 221 612 _1 —41 8, 5800
4000 750 0 _121 80 322 212 832 _28 —37 AB 7700
2500 500 o —87 250 660 268 1090 —38 39 8. 2380
5CX1500A 3000 500 0 -89 50 40 250 690 482 1330 -36 a1 A8, 3000
4000 500 0 90 250 690 485 1785 -33 —a2 A8, 4000
4000 800 0 Tha2 500 1570 1100 3820 —40 —a3 AB, 1550
5CXI000A 6000 700 0 _128 30 435 450 1340 950 910 —39 —a5 B, 2825
6000 800 ~160 —137 450 1475 1025 5870 -0 —43 A8, 2330

" The intermogulation gistortion products will Be as specitied ar better for all fevels Irom terg-signal o maxmum oulpul power and are relerenced against one lone of a lwo equal lone signal
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Intermodulation Distortion

In general, the criteria used in the selection of operating
parameters for tubes in high-fidelity audio-amplifier service
are applicable when selecting the operating conditions for
linear r-f amplifiers. In the case of the sideband linear ampli-
fier, the degree of linearity of the stage is of considerable
importance. Intermodulation distortion products in linear pow-
er-amplifier circuits can be caused by either amplitude gain
nonlinearity or phase shift with change in input signal level.
Intermodulation distortion products appear only when the r-f
signal has a varying envelope amplitude. A single continuous-
frequency wave will be amplified a fixed amount and shifted
in phase a fixed amount. The nonlinearity of the amplifier
will produce only harmonics of the input wave. If the input
r-f wave changes at an audio rate, however, the nonlinearity
of the amplifier will cause undesirable intermodulation distor-
tion products to appear. Previously, it was pointed out that a
two-tone signal offers a convenient means of measuring dis-
tortion. If these two r-f tones are equal in amplitude, the
resultant signal envelope varies from zero to maximum, so
that this signal can be used to test an amplifier over its entire
dynamic amplitude range.

When an r-f signal with varying amplitude is passed through
a nonlinear device, many new products are produced. The
frequency and amplitude of each component can be deter-
mined mathematically since the nonlinear device can be repre-
sented by a power series expanded about the zero-signal
operating point. An excellent mathematical discussion of inter-
modulation distortion appears in ‘‘Single Sideband Principles
and Circuits.'" !

An example of a typical two-tone signal serves to summarize
this mathematical presentation. Assume that two equal ampili-
tude test signals (f; = 2.001 MHz and f5 = 2.003 MHz) are
applied to a linear amplifier. Figure 41 shows the output
spectrum of the device.

Many of the distortion-product currents are seen to fall out-
side the passband of the amplifier tuned circuits. If no impe-
dance exists at the frequencies of the distortion component,
then no voltage can be developed. Further study of this spec-
trum discloses that no even-order products fall near the two
desired signals. Some odd-order products, however, fall near

11 Pappenfus, et al, op. cit.
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Figure 41. Spectrum at the output of a non-linear de-
vice with an input of two equal amplitude
sine waves of fj =2.001 MHz and fp =
2.003 MHz.
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the desired frequencies and possibly within the passband of
the tuned circuits. The distortion products which are usually
given in tube data sheets are the third- and fifth-order inter-
modulation-distortion products which can fall within the ampli-
fier passband. Using the same f] and f2 frequencies of the
previous example, the frequencies of the third-order products
are:

2f1—f2 = 1.999 MHz
2f2—f1 = 2.005 MHz

and the frequencies of the fifth-order products are:
3f1—2f2 =1.997 MHz

3f2—2f1 = 2.007 MHz

These frequencies are well within the passband of a tuned
circuit intended to pass voice frequencies and therefore power
will be delivered to the antenna at these frequencies. All
intermodulation distortion power is wasted and serves no
purpose other than to cause interference to adjacent channels.
The adjacent channels may be other services using nearby
frequencies or other channels on the same transmitter. In any
case, an interfering signal is created by the generation of
distortion products in the (nearly) linear system.

What Makes A Tube Linear?

Intermodulation distortion in a power amplifier tube is mainly
caused by its transfer characteristics. An ideal transfer-char-
acteristic curve is shown in Figure 42.

Even-order products do not contribute to the intermodulation
distortion problem because they fall outside the amplifier
passband. Therefore, if the transfer characteristic produces an
even-order curvature at the small-signal end of the curve
(from Point A to Point B) and the remaining portion of the
curve (Point B to Point C) is linear, the tube is considered
to have an ideal transfer characteristic. If the operating point
of the amplifier is set at Point O (located midway horizontally
between Point A and Point B), there will be no distortion in
a Class AB amplifier. However, no tube has this idealized
transfer characteristic. It is possible, by clever manipulation
of the electron ballistics within a given tube structure, to alter
the transfer characteristic and minimize the distortion pro-
ducts. Several tubes developed recently at EIMAC have trans-
fer characteristics which significantly reduce intermodulation
distortion.
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PLATE CURRENT

GRID VOLTAGE 0

Figure 42. Ideal grid-plate transfer curve for Class AB
operation.

A Two Tone Intermodulation Distortion Test Analyzer

The Intermodulation Distortion Test Console at EIMAC uses
two separate r-f signal sources 2000 Hz apart. The two test
signals are at 2.001 and 2.003 MHz. The signals are com-
bined in a toroidal hybrid combiner and amplified by a
4CX5000A operating as a Class A amplifier. The 4CX5000A
stage is loaded with a 50-ohm noninductive load in addition
to the impedance of the input circuit of the tube under test.
The test amplifier can evaluate many different tube types and
is capable of all classes of operation. It may be grid-driven
or cathode-driven. Distortion measuring equipment consists of
a Panoramic SB-12A spectrum analyzer and a modified Hew-
lett-Packard HP-310A wave analyzer. Grid voltage swing is
measured with a Tektronix ‘‘Z"” amplifier and oscilloscope.
Power output is measured with either an HP-410C vacuum-
tube voltmeter or a John Fiuke 910A rms voltmeter. The
HP-410C is ideal since it responds to peak voltage and is
calibrated in rms to provide an rms-voltage measurement at
the peak of the r-f envelope. By properly measuringthe voltage
across the load, squaring it, and dividing by the load resis-
tance, the peak envelope power and average power can both
be measured directly (Figure 43).
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TWO0 TONE TEST GENERATOR

. _ _TWOTONE TEST GENERMOR
| —! r
| RF SOURCE | TYPE 1 OC POWER
L™ 2000 w2 | USCILLOSCOPE SUPPLIES
|
| ; ' \ i
| |
' axs000a | | TUBE
COMBINER 1 _»|  UNDER
: AMPLIFIER { TEST
| 9 l
[ !
| | RF SOURCE | ‘
| 2003 hz '
| A |
| |
4 |
|
: 0C POWER | cAV:ARc'frahch HP-4100
VTVM
I SUPPLIES : o
.- - - J i
$B- 124 R 50 0HN FLUKE 910A
PANORANIC " DUNMY ms
T R
ANALYZER AIER LOAD L VOLTMETE

Figure 43. Block diagram of Intermodulation Distortion
Analyzer. A low-distortion two-tone r-f sig-
nal is generated at 2 MHz and applied to
the test amplifier. The output of the ampli-
fier is dissipated in a dummy load and a
portion of the output signal is examined on
the screen of a high-resolution panoramic
analyzer or tunable voltmeter. Distortion
products as low as — 75 decibels below
one tone of a two equal tone signal may
be studied.

Standards of Measurement

To adequately describe the performance of a tube in single-
sideband linear service, it is necessary to determine many
parameters. The normal electrode voltages and currents must
be specified plus the two-tone currents, the operating point,
the peak envelope power (PEP), and the magnitude of the
intermodulation-distortion products.



These parameters are defined as follows: The term peak
envelope power is the root-mean-square power at the crest
of the envelope. This term is usually shortened to PEP.

The idling plate current determined by the operating point
is called the zero-signal plate current and is designated Ipq.

The other two plate current values of significance are the
single-tone plate current and the two-tone plate current. The
ratio of single-tone to two-tone current is 1.57:1 in a true
Class B amplifier (180° plate conduction angle). For other
classes of linear operation and for different zero-signal plate
currents, this ratio may vary from 1.1:1to 1.57:1.

The standard method of specifying the magnitude of the dis-
tortion products is to specify the reduction in decibels of
one product from one tone of a two-equal-tone signal. For
example;

Assume that a particular tube under a given set of operating
conditions has third-order distortion products of —35 db and
fifth-order distortion products of —50 db. This means the
third-order product has an ampliitude of 35 db below one of
the two test tones and the fifth-order product has an ampli-
tude 50 db below one of the two test tones. (It is also correct
to add the amplitudes of the two third-order products and
compare them to the sum of the two tones. The decibel ratio
is still the same as the example.) It is NOT correct to com-
pare one distortion product to the sum of the two tones; that
is to say, the PEP value of the signal. The resulting distortion
figure would be 6 db better than the correct example (—41 db
rather than — 35 db and —56 db rather than —50 db).

It is a normal test procedure to adjust the tube under test
to the full drive condition and to measure all the pertinent
parameters. The drive signal is then reduced in a predeter-
mined manner. At each test point, all of the previously noted
parameters are again measured. The resulting data can then
be plotted as a function of drive voltage. It should be noted
that maximum intermodulation distortion does not necessarily
occur at maximum drive level, and it can be shown mathe-
matically that an intermodulat