RF Power Amplitiers

This chapter describes the design and
construction of power RF amplifiers for
use in an Amateur Radio station. Dick
Ehrhorn, W@ID (ex-W4ETO), contributed
materially to this section.

An amplifier may be required to develop
as much as 1500 W of RF output power,
the legal maximum in the United States.

YOU CAN BE KILLED by coming in
contact with the high voltages inside a

commercial or homebrew RF amplifier.
Please don’t take foolish chances.
Remember that you CANNOT GO
WRONG by treating each amplifier as
potentially lethal! For a more thorough
treatment of this all-important subject,
please review the applicable sections of
the Safety chapter in this Handbook.
Every component in an RF power
amplifier must be carefully selected to

Types of Power Amplifiers

Power amplifiers are categorized by
their power level, intended frequencies of
operation, device type, class of operation
and circuit configuration. Within each of
these categories there are almost always
two or more options available. Choosing
the most appropriate set of options from
all those available is the fundamental
concept of design.

SOLID STATE VERSUS VACUUM
TUBES

With the exception of high-power
amplifiers, nearly all items of amateur
equipment manufactured commercially
today use solid-state (semiconductor)
devices exclusively. Semiconductor
diodes, transistors and integrated circuits
(ICs) offer several advantages in design-
ing and fabricating equipment:

e Compact design—Even with their heat
sinks, solid-state devices are smaller
than functionally equivalent tubes, al-
lowing smaller packages.

e No-tune-up operation—By their nature,

transistors and ICs lend themselves to
low impedance, broadband operation.
Fixed-tuned filters made with readily
available components can be used to
suppress harmonics and other spurious
signals. Bandswitching of such filters is
easily accomplished when necessarys; it
often is done using solid-state switches.
Tube amplifiers, on the other hand, usu-
ally must be retuned on each band, and
even for significant frequency move-
ment within a band.

e Long life—Transistors and other semi-
conductor devices have extremely long
lives if properly used and cooled. When
employed in properly designed equip-
ment, they should last for the entire use-
ful life of the equipment—commonly
100,000 hours or more. Vacuum tubes
wear out as their filaments (and some-
times other parts) deteriorate with time
in normal operation; the useful life of a
typical vacuum tube may be on the or-
der of 10,000 to 20,000 hours.

e Manufacturing ease—Most solid-state

endure high electrical stress levels
without failing. Large amounts of heat are
produced in the amplifier and must be
dissipated safely. Generation of spurious
signals must be minimized, not only for
legal reasons, but also to preserve good
neighborhood relationships. Every one of
these challenges must be overcome to
produce a loud, clean signal from a safe
and reliable amplifier.

devices are ideally suited for printed-
circuit-board fabrication. The low volt-
ages and low impedances that typify
transistor and IC circuitry work very
well on printed circuits (some circuits
use the circuit board traces themselves
as circuit elements); the high imped-
ances found with vacuum tubes do not.
The IC or transistor’s physical size and
shape also lends itself well to printed
circuits and the devices usually can be
soldered right to the board.

These advantages in fabrication mean
reduced manufacturing costs. Based on all
these facts, it might seem that there would
be no place for vacuum tubes in a solid-
state world. Transistors and ICs do have
significant limitations, however, espe-
cially in a practical sense. Individual RF
power transistors available today cannot
develop more than approximately 150 W
output; this figure has not changed much
in the past two decades.

Individual present-day transistors can-
not generally handle the combination of
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current and voltage needed, nor can they
safely dispose of the amount of heat dissi-
pated, for RF amplification to higher
power levels. So pairs of transistors, or
even pairs of pairs, are usually employed
in practical power amplifier designs, even
at the 100-W level. Beyond the 300-W
output level, somewhat exotic (at least for
most radio amateurs) techniques of power
combination from multiple amplifiers
ordinarily must be used. Although this is
commonly done in commercial equip-
ment, it is an expensive proposition.

It also is far easier to ensure safe cool-
ing of vacuum tubes, which operate satis-
factorily at surface temperatures as high
as 150-200°C and may be cooled by sim-
ply blowing sufficient ambient air past or
through their relative large cooling sur-
faces. The very small cooling surfaces of
power transistors should be held to 75-
100°C to avoid drastically shortening their
life expectancy. Thus, assuming worst-
case 50°C ambient air temperature, the
large cooling surface of a vacuum tube can
be allowed to rise 100-150°C above ambi-
ent, while the small surface of a transistor
must not be allowed to rise more than
about 50°C. Moreover, power tubes are
considerably more likely than transistors
to survive, without significant damage,
the rare instance of severe overheating.

Furthermore, RF power transistors are
much less tolerant of electrical abuse than
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Fig 18.1—Amplifying device output
current for various classes of
operation. All assume a sinusoidal
drive signal.
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are most vacuum tubes. An overvoltage
spike lasting only microseconds can—and
is likely to—destroy transistors costing
$75 to $150 each. A comparable spike is
unlikely to have any effect on a tube. So
the important message is this: designing
with expensive RF power transistors de-
mands using extreme caution to ensure
that adequate thermal and electrical pro-
tection is provided. It is an area best left to
knowledgeable designers.

Even if one ignores the challenge of the
RF portions of a high-power transistor
amplifier, there is the dc power supply to
consider. A solid-state amplifier capable
of delivering 1 kW of RF output might
require regulated (and transient-free)
50 V at more than 40 A. Developing that
much current is a challenging and expen-
sive task. These limitations considered,
solid-state amplifiers have significant
practical advantages up to a couple of
hundred watts output. Beyond that point,
and certainly at the kilowatt level, the
vacuum tube still reigns for amateur con-
structors because of its cost-effectiveness
and ease of equipment design.

CLASSES OF OPERATION

The class of operation of an amplifier
stage is defined by its conduction angle,
the angular portion of each RF drive cycle,
in degrees, during which plate current (or
collector or drain current in the case of
transistors) flows. This, in turn, deter-
mines the amplifier’s gain, efficiency, lin-
earity and input and output impedances.
e Class A: The conduction angle is 360°.

DC bias and RF drive level are set so

that the device is not driven to output

current cutoff at any point in the driv-
ing-voltage cycle, so some device out-
put current flows throughout the
complete 360° of the cycle (see Fig
18.1A). Output voltage is generated by
the variation of output current flowing
through the load resistance. Maximum

linearity and gain are achieved in a

Class A amplifier, but the efficiency of

the stage is low. Maximum theoretical

efficiency is 50%, but 25 to 30% is more
common in practice.

e Class AB: The conduction angle is
greater than 180° but less than 360° (see
Fig 18.1B). In other words, dc bias and
drive level are adjusted so device out-
put current flows during appreciably
more than half the drive cycle, but less
than the whole drive cycle. Efficiency
is much better than Class A, typically
reaching 50-60% at peak output power.
Class AB linearity and gain are not as
good as that achieved in Class A, but
are very acceptable for even the most
rigorous high-power SSB applications

in Amateur Radio.

Class AB vacuum tube amplifiers are
further defined as class AB1 or AB2. In
class ABI1, the grid is not driven positive
sono grid current flows. Virtually no drive
power is required, and gain is quite high,
typically 15-20 dB. The load on the driv-
ing stage is relatively constant throughout
the RF cycle. Efficiency typically exceeds
50% at maximum output.

In Class AB2, the grid is driven posi-
tive on peaks and some grid current flows.
Efficiency commonly reaches 60%, at the
expense of greater demands placed on the
driving stage and slightly reduced linear-
ity. Gain commonly reaches 15 dB.

e Class B: Conduction angle = 180°. Bias
and RF drive are set so that the device is
just cut off with no signal applied (see
Fig 18.1C), and device output current
flows during one half of the drive cycle.
Efficiency commonly reaches as high
as 65%, with fully acceptable linearity.

e Class C: The conduction angle is much
less than 180°—typically 90°. DC bias
is adjusted so that the device is cut off
when no drive signal is applied. Output
current flows only during positive
crests in the drive cycle (see Fig 18.1D),
so it consists of pulses at the drive fre-
quency. Efficiency is relatively high—
up to 80%—but linearity is extremely
poor. Thus Class C amplifiers are not
suitable for amplification of amplitude-
modulated signals such as SSB or AM,
but are quite satisfactory for use in on-
off keyed stages or with frequency or
phase modulation. Gain is lower than
for the previous classes of operation,
typically 10-13 dB.

e Classes D through H use various
switched mode techniques and are not
commonly found in amateur service.
Their prime virtue is high efficiency,
and they are used in a wide range of
specialized audio and RF applications
to reduce power-supply requirements
and dissipated heat. These classes of RF
amplifiers require fairly sophisticated
design and adjustment techniques, par-
ticularly at high-power levels. The ad-
ditional complexity and cost could
rarely if ever be justified for amateur
service.

Class of operation is independent of
device type and circuit configuration (see
Electrical Signals and Components
chapter). The active amplifying device
and the circuit itself must be uniquely
applied for each operating class, but
amplifier linearity and efficiency are
determined by the class of operation.
Clever amplifier design cannot improve
on these fundamental limits. Poor design
and implementation, though, can certainly



prevent an amplifier from approaching its
potential in efficiency and linearity.

MODELING THE ACTIVE DEVICE

It is very useful to have a model for the
active devices used in a real-world RF
power amplifier. Although the actual
active device used in an amplifier might
be a vacuum tube, a transistor or an FET,
each model has certain common charac-
teristics.

See Fig 18.2A, where a vacuum tube is
modeled as a current generator in parallel
with a dynamic plate resistance Rp and a
load resistance RL. In this simplified
model, any residual reactances (such as the
inductance of connecting leads and the
output capacity of the tube) are not specifi-
cally shown. The control-grid voltage in a
vacuum tube controls the stream of elec-
trons moving between the cathode and the
plate. An important measure for a tube is
its transconductance, which is the change
in plate current caused by a change in grid-
cathode voltage. The plate current is:

ip:gmxeg (1)

where
ip, = plate current
g, = transconductance (also called mu-
tual conductance) of tube Aip/Aeg
e, = grid RF voltage.
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Fig 18.2—At A, the current-generator
model for a vacuum-tube amplifier
operating linearly. Typical values for R,
and R for small-signal vacuum tubes
are 100 kQ and 5 kQ respectively. The
plate current I, is equal to the product
of the tube tranconductance g,, times
the grid voltage. At B, the current-
generator model for a transistor.
Typical values for R; and R, are on the
same order as those for a small-signal
vacuum tube.

The concept of dynamic plate resistance
is sometimes misunderstood. It is a mea-
sure of how the plate current changes with
a change in plate voltage, given a constant
grid voltage. The control-grid voltage is
by far the major determinant of the plate
current in a triode. In a tetrode or pentode
vacuum tube, the screen grid “screens” the
plate current even further from the effect
of changes in the plate voltage. For small-
signal operation (where the plate voltage
does not swing below the screen voltage)
the plate current in a pentode or tetrode
changes remarkably little when the plate
voltage is changed. Thus the dynamic
plate resistance is very high in a tetrode or
pentode thatis operating linearly, and only
somewhat less for a triode. The plate cur-
rent delivered into the load resistance Ry
creates RF power.

An FET operates much like the vacuum-
tube model. Obviously, there is no vacuum
inside the case of an FET, and the FET
electrodes are called gate, drain and source
instead of grid, plate and cathode, but the
current-generator model is just as viable
for an FET as for a vacuum tube. In a tran-
sistor, the base current controls the flows
of electrons (or holes) in the collector cir-
cuit. See Fig 18.2B. A transistor operating
in a linear fashion resembles the operation
of a tetrode or pentode vacuum tube since
the equivalent collector dynamic output
resistance is also high. This is so because
the collector current is not affected greatly
by the collector voltage—it is mainly
determined by the base current. The col-
lector current in the current-generator
model for a transistor is:

ic =Bxip )

where
i, = collector current
B = current gain of transistor
i, = base current.

IMPEDANCE TRANSFORMATION—
“MATCHING NETWORKS”

Over the years, some confusion in the
amateur ranks has resulted from imprecise
use of the terms matching and matching
network. The term “matching” was first
used in the technical literature in connec-
tion with transmission lines. When a
matching network such as an antenna
tuner is tuned properly, it “matches” (that
is, makes equal) a particular load imped-
ance to the fixed characteristic impedance
of the transmission line used at the tuner
input.

In this chapter, we are concerned with
using active devices to generate useful
RF power. For a given active device, RF
power is generated most efficiently, and

with the least distortion for a linear am-
plifier, when it delivers RF current into
an optimum value of load resistance. For
an amplifier, the output network trans-
forms the load impedance (such as an
antenna) into an optimum value of load
resistance for the active device. In part to
differentiate active power amplifiers
from passive transmission lines, we pre-
fer to call such a transforming network
an output network, rather than a match-
ing network.

Output Networks and Class AB, B
and C Amplifiers

In Class AB, B and C amplifiers, we
select a load resistance that will keep the
tube or transistor from dissipating too
much power or, in the case of Class AB or
B amplifiers, to achieve the desired lin-
earity. In these classes of amplifiers, the
device output current is zero for large
parts of the RF cycle. Because of this, the
effective source resistance is no longer
the simple dynamic plate resistance of a
Class A amplifier. In fact, the value of Rp
varies with the drive level. This means
that, since the load resistance (of an
antenna, for example) is constant, the
efficiency of the amplifier also varies
with the drive level.

It may at first appear contradictory that
Class AB and B amplifiers use nonlinear
devices but achieve “linear” operation
nevertheless. The explanation is that the
peak amplitude of device output current
faithfully follows that of the drive volt-
age, even though its waveform does not.
In tuned amplifiers, the flywheel effect
of the resonant output network restores
the missing part of each RF input cycle,
as well as its sinusoidal waveform. In
broadband transistor amplifiers, bal-
anced push-pull circuitry commonly is
used to restore the missing RF cycles, and
low-pass filters on the output remove
harmonics and thereby restore the sinu-
soidal RF waveform. The result in both
cases is linear amplification of the input
signal—by the clever application of non-
linear devices.

The usual practice in RF power ampli-
fier design is to select an optimum load
resistance that will provide the highest
power output consistent with required lin-
earity, while staying within the amplify-
ing device’s ratings. The optimum load
resistance is determined by the amplify-
ing device’s current transfer characteris-
tics and the amplifier’s class of operation.
For a transistor amplifier, the optimum
load resistance is approximately:

2
Vee
Ry =—
L op, 3
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where

R}, = the load resistance

Ve = the collector dc voltage

Py = the amplifier power output in

watts.

Vacuum tubes have complex current
transfer characteristics, and each class of
operation produces different RMS values
of RF current through the load impedance.
The optimum load resistance for vacuum-
tube amplifiers can be approximated by
the ratio of the dc plate voltage to the dc
plate current at maximum signal, divided
by a constant appropriate to each class of
operation. The load resistance, in turn,
determines the maximum power output
and efficiency the amplifier can provide.
The optimum tube load resistance is

Vp
Ry =——
L kx1p )
where
R; = the appropriate load resistance, in
ohms

Vp = the dc plate potential, in V

Ip = the dc plate current, in A

K = a constant that approximates the

RMS current to dc current ratio ap-
propriate for each class. For the dif-
ferent classes of operation:

Class A, K= 1.3

Class AB,K=1.5-1.7

Class B, K =1.57-1.8

Class C, K = 2.

Graphical or computer-based analytical
methods may be used to calculate more
precisely the optimum plate load resis-
tance for specific tubes and operating con-
ditions, but the above “rules of thumb”
generally provide satisfactory results for
design.

The ultimate load for an RF power
amplifier usually is a transmission line
connected to an antenna or the input of
another amplifier. It usually isn’t practi-
cal, or even possible, to modify either of
these load impedances to the optimum
value needed for high-efficiency opera-
tion. An output network is thus used to
transform the real load impedance to the
optimum load resistance for the amplify-
ing device. Two basic types of output net-
works are found in RF power amplifiers:
tank circuits and transformers.

TANK CIRCUITS

Parallel-resonant circuits and their
equivalents have the ability to store
energy. Capacitors store electrical energy
in the electric field between their plates;
inductors store energy in the magnetic
field induced by the coil winding. These
circuits are referred to as tank circuits,
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since they act as storage “tanks” for RF
energy.

The energy stored in the individual tank
circuit components varies with time. Con-
sider for example the tank circuit shown
in Fig 18.3. Assuming that R is zero, the
tank circuit dissipates no power. There-
fore, no power need be supplied by the
source; hence no line current Iy (g flows.
Only circulating current Icjpc flows, and
it is exactly the same through both L and
C at any instant. Similarly, the voltage
across L and C is always exactly the same.
At some point the capacitor is fully
charged, and the current through both the
capacitor and inductor is zero. So the
inductor has no magnetic field and
therefore no energy stored in its field. All
the energy in the tank is stored in the
capacitor’s electric field.

At this instant, the capacitor starts to
discharge through the inductor. The cur-
rent flowing in the inductor creates a mag-
netic field, and energy transferred from the
capacitor is stored in the inductor’s mag-
netic field. Still assuming there is no loss in
the tank circuit, the increase in energy
stored in the inductor’s magnetic field is
exactly equal to the decrease in energy
stored in the capacitor’s electric field. The
total energy stored in the tank circuit stays
constant; some is stored in the inductor,
some in the capacitor. Current flow into the
inductor is a function of both time and of
the voltage applied by the capacitor, which
decreases with time as it discharges into
the inductor. Eventually, the capacitor’s
charge is totally depleted and all the tank
circuit’s energy is stored in the magnetic
field of the inductor. At this instant, current
flow through L and C is maximum and the
voltage across the terminals of both L and
C is zero.

Since energy no longer is being trans-
ferred to the inductor, its magnetic field
begins to collapse and becomes a source of
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Fig 18.3—There are two currents in a
tank circuit: the line current (I ,yg) and
the circulating current (Ig\gc). The
circulating current is dependent on
tank Q.
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current, still flowing in the same direction
as when the inductor was being driven by
the capacitor. When the inductor becomes
a current source, the voltage across its ter-
minals reverses and it begins to recharge
the capacitor, with opposite polarity from
its previous condition. Eventually, all
energy stored in the inductor’s magnetic
field is depleted as current decreases to
zero. The capacitor is fully charged, and
all the energy is then stored in the
capacitor’s electric field. The exchange of
energy from capacitor to inductor and back
to capacitor is then repeated, but with
opposite voltage polarities and direction
of current flow from the previous ex-
change. It can be shown mathematically
that the “alternating” current and voltage
produced by this process are sinusoidal in
waveform, with a frequency of

]
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which of course is the resonant frequency
of the tank circuit. In the absence of a load
or any losses to dissipate tank energy, the
tank circuit current would oscillate for-
ever.

In a typical tank circuit such as shown
in Fig 18.3, the values for L and C are
chosen so that the reactance (X;) of L is
equal to the reactance (X¢) of C at the fre-
quency of the signal generated by the ac
voltage source. If R is zero (since Xj is
equal to X(), the line current Ij g mea-
sured by M1 is close to zero. However, the
circulating current in the loop made up of
L, R and C is definitely not zero. Examine
what would happen if the circuit were sud-
denly broken at points A and B. The cir-
cuit is now made up of L, C and R, all in
series. X is equal to X¢, so the circuit is
resonant. If some voltage is applied
between points A and B, the magnitude of
circulating current is limited only by
resistance R. If R were equal to zero, the
circulating current would be infinite!

THE FLYWHEEL EFFECT

A tank circuit can be likened to a fly-
wheel—a mechanical device for storing
energy. The energy in a flywheel is stored
in the angular momentum of the wheel. As
soon as a load of some sort is attached, the
wheel starts to slow or even stop. Some of
the energy stored in the spinning flywheel
is now transferred to the load. In order to
keep the flywheel turning at a constant
speed, the energy drained by the load must
be replenished. Energy has to be added to
the flywheel from some external source. If
sufficient energy is added to the flywheel,
it maintains its constant rotational speed.

In the real world, of course, flywheels



and tank circuits suffer from the same fate;
system losses dissipate some of the stored
energy without performing any useful
work. Air resistance and bearing friction
slow the flywheel. In a tank circuit, resis-
tive losses drain energy.

TANK CIRCUIT Q

In order to quantify the ability of a tank
circuit to store energy, a quality factor, Q,
is defined. Q is the ratio of energy stored
in a system during one complete RF cycle
to energy lost.

W,
Q=2ng> ©)

where
Wy = is the energy stored
W, = the energy lost to heat and the
load.
By algebraic substitution and appropri-
ate integration, the Q for a tank circuit can
be expressed as

=X %)

where

X = the reactance of either the inductor or
the capacitor

R = the series resistance.

Since both circulating current and Q are
proportional to 1/R, circulating current is
therefore proportional to Q. The tank cir-
culating current is equal to the line current
multiplied by Q. If the line current is
100 mA and the tank Q is 10, then the cir-
culating current through the tank is 1 A.
(This implies, according to Ohm’s Law,
that the voltage potentials across the com-
ponents in a tank circuit also are propor-
tional to Q.)

When there is no load connected to the
tank, the only resistances contributing to
R are the losses in the tank circuit. The
unloaded Q (Qy) in that case is:

X
Qu = (3)
RLoss
where
X = the reactance of either the inductor or
capacitor

R| oss = the effective series loss resistance
in the circuit.

A load connected to a tank circuit has
exactly the same effect on tank operation
as circuit losses. Both consume energy. It
just happens that energy consumed by cir-
cuit losses becomes heat rather than
useful output. When energy is coupled out
of the tank circuit into a load, the loaded Q

(Qp) is:

X

= &)
Rposs T RLoad

Qr

where Ry 4 1s the load resistance. Energy
dissipated in Ry . is wasted as heat. Ide-
ally, all the tank circuit energy should be
delivered to R} 4. This implies that R
should be as small as practical, to yield the
highest reasonable value of unloaded Q.

TANK CIRCUIT EFFICIENCY

The efficiency of a tank circuit is the
ratio of power delivered to the load resis-
tance (Rp ,q) to the total power dissipated
by losses (Ry ,.q and Ry ) in the tank cir-
cuit. Within the tank circuit, Ry 4 and
R} s are effectively in series, and the cir-
culating current flows through both. The
power dissipated by each is therefore pro-
portional to its resistance. The loaded tank
efficiency can therefore be defined as

R Load

Tank Efficiency = x100

Load T R Loss
(10)

where efficiency is stated as a percentage.
By algebraic substitution, the loaded tank
efficiency can also be expressed as

Tank Efficiency = (1 —g—Lj x100  (11)
U

where
Q. = the tank circuit loaded Q
Qy = the unloaded Q of the tank circuit.

It follows then that tank efficiency can
be maximized by keeping Q; low, which
keeps the circulating current low and the
I2R losses down. Qy; should be maximized
for best efficiency; this means keeping the
circuit losses low.

The selectivity provided by a tank cir-
cuit helps suppress harmonic currents
generated by the amplifier. The amount of
harmonic suppression is dependent upon
circuit loaded Qg , so a dilemma exists for
the amplifier designer. A low Qy is desir-
able for best tank efficiency, but yields
poorer harmonic suppression. High Q.
keeps amplifier harmonic levels lower at
the expense of some tank efficiency. At
HF, a compromise value of Q; can usually
be chosen such that tank efficiency re-
mains high and harmonic suppression is
also reasonable. At higher frequencies,
tank Q; is not always readily controllable,
due to unavoidable stray reactances in the
circuit. However, unloaded Q; can always
be maximized, regardless of frequency, by
keeping circuit losses low.

TANK OUTPUT CIRCUITS

Tank circuit output networks need not

take the form of a capacitor connected in
parallel with an inductor. A number of
equivalent circuits can be used to match
the impedances normally encountered in
a power amplifier. Most are operationally
more flexible than a parallel-resonant
tank. Each has its advantages and disad-
vantages for specific applications, but the
final choice usually is based on practical
construction considerations and the com-
ponent values needed to implement a
particular network. Some networks may
require unreasonably high or low induc-
tance or capacitance values. In that case,
use another network, or a different value
of Q. Several different networks may be
investigated before an acceptable final
design is reached.

The impedances of RF components and
amplifying devices frequently are given
in terms of a parallel combination of a
resistance and a reactance, although it is
often easier to use a series R-X combina-
tion to design networks. Fortunately, there
is a series impedance equivalent to every
parallel impedance and vice versa. The
equivalent circuits, and equations for con-
version from one to the other, are given in
Fig 18.4. In order to use most readily
available design equations for computing
matching networks, the parallel imped-
ance must first be converted to its equiva-
lent series form.

The Qp of a parallel impedance can be
derived from the series form as well. Sub-
stitution of the usual formula for calculat-
ing Q; into the equations from Fig 18.4
gives

(12)

where
Rp = the parallel equivalent resistance

Xs

—
Rp Xp Rs
S

Parallel Series
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Rp
Rg=————
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Fig 18.4—Parallel and series equivalent
circuits and the formulas used for
conversion.
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Xp = the parallel equivalent reactance.

Several impedance-matching networks
are shown in the Receivers and Trans-
mitters chapter. A low-pass T network
and two low-pass L networks are possible
matching networks. Both types of match-
ing networks provide good harmonic
suppression. The pi network is also com-
monly used for amplifier matching. Har-
monic suppression of a pi network is a
function of the impedance transformation
ratio and the Q of the circuit. Second-
harmonic attenuation is approximately
35 dB for a load impedance of 2000 € in
a pi network with a Qp of 10. The third
harmonic is typically 10 dB lower and the
fourth approximately 7 dB below that. A
typical pi network as used in the output
circuit of a tube amplifier is shown in
Fig 18.5.

You can calculate Pi-network match-
ing-circuit values using the following
equations. These equations are from
Elmer (W5FD) Wingfield’s August 1983
QST article, “New and Improved Formu-
las for the Design of Pi and Pi-L Net-
works,” and Feedback in January 1984
OST. (See the Bibliography at the end of
this chapter.) Table 18.1 shows some data
from a computer program Wingfield wrote
to calculate these values. This program
(PI-CMIN.EXE) and a similar program
to calculate Pi-L network values
(PI-LCMIN.EXE) are available from
ARRLWeb (see page viii), along with sev-
eral other useful Wingfield programs.
The programs are for IBM PC and com-
patible computers. A more complete set
of tables is also available from ARRL as a
template package. See the Component
Data and References chapter for order-
ing information.

The computer programs take into
account the minimum practical capacitance
(Cpin) You can expect to achieve with your
circuit, based on your knowledge of the
tube output capacitance, stray circuit ca-
pacitance, the minimum capacitance of
the variable tuning capacitors and a rea-
sonable amount of capacitance for tuning.
(Start with a minimum capacitance of
about 35 pF for vacuum variable capacitors
and about 45 to 50 pF for air variable ca-
pacitors.)

If the following equations lead to a
capacitor value less than the minimum
capacitance you expect to achieve, use the
minimum value to recalculate the other
quantities as shown in the Q; Based Pi-
Network Equations. This will result in a
final circuit operating Q value that is
larger than the selected value. (Wingfield
uses Q to represent this output Q, which
is the same as Qp referred to earlier in this
chapter. We will use Q in the equations.)
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Fig 18.5—A pi matching network used at the output of a tetrode power amplifier.
RFC2 is used for protective purposes in the event Cg, ¢ fails.

The program output includes this new cal-
culated Q, value.

Use the following equations to calcu-
late specific component values for a
Pi-network matching circuit. Select the
desired circuit operating Q, Q,, to satisfy
these relationships, depending on whether
the load resistance is higher or lower than
the transformed resistance presented to the
plate:

2 Ry 2 Ry
>——1land >—=—1 13
Qo R, Qo R, (13)
where:
R, is the input resistance to be matched,
in ohms

R, is the load (output) resistance to be
matched, in ohms.
Calculate the value of the input Q, Q1:

2 2
_ R1Qq —\/R1R2Qo —(R1 —Rz)
Ri-R,

Q

(14)
We will work through an example as the

equations are presented. Let’s select Qy =
12, R; = 1500 Q and R2 = 50 Q.

_1500%12 - \/1500 x50 x 122 — (1500 — 50)°
1500 — 50

 1.80x10* —/8.6975x10°

1450

Next calculate the value of the output

Q’ Q2:
Q,=Qp-Q

Q2=12-10.38 =1.62

1

=10.38

Q

(15)

Now calculate the reactance of the input
capacitor, output capacitor and inductor.

Xc =g—i (16)

Xcp =%:144.59

X2 =(R2—§ a7

X :%:30.869

XL =@ (18)
Q" +1

X = 1500x12 _180x10% _ | oo

1038 +1 10874

Finally, calculate the component values:

1

Cl=———
21 X1

(19)

where f is in Hz and X, is in ohms.
For our example, let’s find the compo-
nent values at 3.75 MHz.

1

Cl= g =294 pF
2m3.75 x10" x144.5
C2 - (20)
2nfXeo
1
C2= 5 =1375pF
213.75x10" x30.86
XL
L =
2nf @h
Lo 155
2m3.75x10

As an alternate method, after selecting
the values for Qy, R; and R,, you can use



the following equations:

Table 18.1
Pi-Network Values for Various Plate Impedances XL =
(Sample Output from PI-CMIN.EXE by W5FD) Ro 4R 2\/R R 2., (R +R )2
C in pF and L in pH Q(Ry +R2)+ 4RiRo( Qo +4) ~(R1+Ry
Pi-Net Values Q02 +4
R2=50 Q, Q, = 12, C(min) = 35 pF 22
Band Cf1 c2 L Band c1 c2 L
R1=1500 ohms R1=2000 ohms X, =
160 580 2718 13.9 160 446 2284 17.6 L 4 7 3
80 204 1378 7.0 80 296 1158 8.9 1.86x10 +2\/1.11><10 —2.4025x10 —16550Q
40 154 721 3.7 40 118 606 4.7 148 ’
30 109 511 2.7 30 84 429 3.3
20 78 364 1.86 Qy=12.0 20 60 306 2.36 Qy=12.0 Qo Ry
17 61 285 1.45 Qu=12.0 17 47 239 1.85 Qu=12.0 Qi =X——1 (23)
15 52 243 1.24 Qy=12.0 15 40 204 1.58 Qy=12.0 L
12 44 207 1.06 Qy=12.0 12 35 184 1.29 Qy=12.5
10 38 179 0.91 Qy=12.0 10 35 193 0.98 Qy=14.4
R1=1600 ohms R1=2100 ohms Q =1/M—l =10.38
160 547 2619 14.6 160 427 2213 18.4 165.5
80 278 1328 7.4 80 216 1122 9.3
40 145 695 3.9 40 113 587 4.9 24
30 103 492 28 30 80 416 35 Q2=Q0-Q 24
20 73 351 1.96 Qy=12.0 20 57 296 246 Qy=12.0
17 57 274 1.583 Qy=12.0 17 45 232 1.92 Qy=12.0
15 49 234 131 Qy=12.0 15 38 198  1.64 Qu=120 '
12 42 199 111 Qy=12.0 12 35 189 1.30 Qy=13.0
10 36 172 0.96 Qy=12.0 10 35 199 0.98 Qp=15.1 QyR,
Q= -1 (25)
R1=1700 ohms R1=2200 ohms XL
160 518 2527 15.4 160 409 2145 191
80 263 1281 7.8 80 207 1088 9.7 12 x50
40 137 671 4.1 40 109 569 5.1 Q, = -1=1.62
30 97 475 2.9 30 77 403 3.6 165.5
20 69 338 2.06 Qy=12.0 20 55 287 256 Qy=12.0
17 54 265  1.61  Q=12.0 17 45 232 2.00 Qp=12.0 Use equations 16 and 17 to calculate the
15 46 226 138 Qp=12.0 15 37 192 171 Qo=12.0  rehctances of capacitors C1 and C2. Equa-
12 39 192 117 Qo=12.0 12 35 To7 129 Qo=13.7 515 19, 20 and 21 give the capacitance
10 35 173 0.99 Qy=12.3 10 35 205 0.98 Qy=15.8 K g p

and inductance values for the pi network.
R1=1800 ohms R1=2300 ohms The pi-L network is a combination of a

160 491 2441 1641 160 392 2081 19.8 pi network followed by an L network. The
80 249 1238 82 80 199 1055 1041 pi network transforms the load resistance
40 130 648 4.3 40 104 552 5.3 to an intermediate impedance level called
30 92 459 3.0 30 74 391 3.7 the i . d Tvoically. the i
20 66 327 216 Qu=12.0 20 53 279 2565 Qu=12.0 ¢ tmage impedance. 1ypically, the im-
17 51 256  1.69 Qu=12.0 17 41 218 208 Q,=12.0 age impedance is chosen to be between
15 44 218 1.44 Qu=12.0 15 35 186 1.77 Qg=12.0 300 and 700 Q. The L section then trans-
12 37 186 1.23  Qy=12.0 12 35 210 1.30 Q=12.0 forms from the image impedance down to
10 35 180 099 QO 13 0 10 35 211 098 QO 16 5 50 Q The Output Capacitor Of the pl net-
i . ith the i .
R1=1900 ohms R1=2400 ohms zvorthlsﬁom?meiw“ e IPUC ;"i‘pafgzr
160 468 2360 16.9 160 377 2020 20.5 or the L network, as shown in ¥ig 18.0.
80 237 1197 8.6 80 191 1024 10.4 The .p1—L conf1gurat10.n attenuates har-
40 124 626 4.5 40 100 536 5.5 monics better than a pi network. Second
30 88 443 3.2 30 71 379 3.9 harmonic level for a pi-L network with a
20 63 316 226 Qy=12.0 20 51 270 2.75 Qy=12.0 Q, of 10 is approximately 52 dB below the
17 49 247 1.77 Qy=12.0 17 40 212 2.15 Qy=12.0 fundamental. The third harmonic is
15 42 211 1.51 Qy=12.0 15 35 192 1.78 Q=125 tt ted 65 dB and the fourth h .
12 36 180  1.29 Qu=12.0 12 35 207 1.30 Qp=14.8 Attenuate and the tourth harmonic
10 35 186 099 Q,=137 10 35 216 098 Q=17.2 approximately 75dB.
The following equations help you cal-
R1=2500 ohms culate pi-L matching-network values.
160 363 1961 213 Select an image resistance value (R,,)
80 184 994 108 that the L network will supply as a load
40 96 520 5.6 for the pi net k. Thi | b
30 68 368 20 or the pi network. This value must be

20 49 262 2.85 Qu=12.0 between the desired pi-L network input
17 38 205 223 Qu=12.0 resistance (R;) and the output load resis-

15 35 198 1.78 Qp=13.0 tance (R,). For example, you can use the
12 35 215 129 Q=155  vyalue given:

10 35 222 098 Qu=17.9
Ry =+/R; xR, (26)
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Fig 18.6—The pi-L network uses a pi network to transform the input impedances
(R1) to the image impedance (Z;;age)- An L network transforms Z;,ce to R2.

The computer program, PI-LCMIN.
EXE, uses 300 Q for Rm in its calcula-
tions. Changing the image resistance
results in a different network solution. Use
this equation to compute the L network Q
value, Q;:

R

—_-m _1

R, 27

QL =

We will work through an example,
using R; = 1500 Q, R, = 50 Q and the
desired pi-L network output Q, Q, = 12.

300
== —1=224
QL 350

Use equations 28 and 29 to calculate the
L-network reactances.

X2 = QrR, (28)

X1, =224%x50=112Q (29)
R

Xpy =M (30)
QL
300

Xpy =——=134Q

P20

Next calculate the desired Q of the pi-
network section (Qqy)-

Qop = Qo - QL

Qo =12-2.24=9.76

(D

Use equations 14 through 18 or 22
through 26 to calculate the pi-network re-
actances, X, Xy and Xp; as shown in
Fig 18.6. Be sure to use the value specified
for Rm as R2 in these calculations. Also
use the value just calculated for Qg as
Qo- Notice that Xp is X, in Eq 20.
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Q RiQoz— \/RlRonn—(R1 _Rm)2

Rl _Rm
(32)
Q=
1500 x 9476—\/ 1500 x 300 x 9.76% — (1500 —300)>
1500 —300
Q=
1.464x10% —\/4287x107 —1.44x100
=6.84
1200
Q2 =Q0r—Q (33)
Q2 =9.76-6.84=2.92
Ry
Xcp=— (34)
¢ Q
1500
Xc1=———=219.3Q
Cl =6 84
R
Xp =2 (35)
Q>
300
Xp1=——=102.7Q
PI=% 9
R
XL1 =—12Q0n (36)
Ql +1
X1 = 1500 29.76 —30630
6.84° +1

Combine the two parallel capacitors,
Xp; and Xp, to find the Pi-L network X,
value.

X = (37)
Xp1+Xp2
102.7x134
X =—=583Q
C2 710271134

Finally, calculate the capacitance and
inductance values using equations 22
through 24. Table 18.2 shows some data
from Wingfield’s program, PI-LCMIN.
For the sample calculation shown here, we
choose a frequency of 3.75 MHz.

1 1
| = = =193.5pF
2nfXcr 273.75x10° x219.3

C

1 1

=X 6
X 213.75%10° x58.3

=730 pF

X1, 306.3
= -
2nf 375108

=13.0uH

X, 112
2nf 2 7375x10°

L, =4.75uH

The values for L and C in Tables 18.1
and 18.2 are based on purely resistive load
impedances and assume ideal capacitors
and inductors. Any other circuit reac-
tances will modify these values.

Stray circuit reactances, including tube
capacitances and capacitor stray induc-
tances, should be included as part of the
matching network. It is not uncommon for
such reactances to render the use of certain
matching circuits impractical, because
they require either unacceptable loaded Q
values or unrealistic component values. If
all matching network alternatives are
investigated and found unworkable, some
compromise solution must be found.

Above 30 MHz, transistor and tube
reactances tend to dominate circuit imped-
ances. At the lower impedances found in
transistor circuits, the standard networks
can be applied so long as suitable compo-
nents are used. Above 50 MHz, capacitors
often exhibit values far different from
their marked values because of stray inter-
nal reactances and lead inductance, and
this requires compensation. Tuned circuits
are frequently fabricated in the form of
strip lines or other transmission lines in
order to circumvent the problem of build-
ing “pure” inductances and capacitances.
The choice of components is often more
significant than the type of network used.

The high impedances encountered in
VHF tube-amplifier plate circuits are not
easily matched with typical networks.
Tube output capacitance is usually so large
that most matching networks are unsuit-



Table 18.2

Pi-L Network Values for Various Plate Impedances
(Sample Output from PI-LCMIN.EXE by W5FD)
CinpFandL inpH

Pi-L Network Values

Rm =300 Q, Q, =12, R2=50 Q

C(Min) = 35 pF
Band Cc1
R1=1500 ohms
160 382

80 194

40 102

30 72

20 51

17 40

15 35

12 35

10 35
R1=1600 ohms
160 362

80 184

40 96

30 68

20 48

17 38

15 35

12 35

10 35
R1=1700 ohms
160 344

80 175

40 92

30 65

20 46

17 36

15 35

12 35

10 35
R1=1800 ohms
160 328

80 166

40 87

30 61

20 44

17 35

15 35

12 35

10 35
R1=1900 ohms
160 313

80 159

40 83

30 59

20 42

17 35

15 35

12 35

10 35
R1=2000 ohms
160 300

80 152

40 80

30 56

20 40

17 35

15 35

12 35

10 35

c2

1443
732
383
270
193
151
131
123
118

1423
722
378
267
190
149
134
126
120

1404
712
373
263
188
147
136
129
123

1387
703
368
260
186
147
139
131
125

1371

364
257
184
149
141

128

1356
687
360
254
181
152
143
136
130

L1

25.7

13.0
6.83
4.82
3.44
2.69
2.25
1.64
1.24

26.9

13.6
713
5.04
3.60
2.81
2.23
1.63
1.23

28.0

14.2
7.44
5.25
3.75
2.94
2.22
1.62
1.22

29.2

121

L2

9.38
4.76
2.49
1.76
1.26
0.98
0.84
0.71
0.62

9.38
4.76
2.49
1.76
1.26
0.98
0.84
0.71
0.62

9.38
4.76
2.49
1.76
1.26
0.98
0.84
0.71
0.62

9.38

0.62

9.38

Q0:12.0
Qp=12.0
Qp=12.2
Qp=14.0
Qy=15.9

Q,=12.0
Q0=12.0
Q,=12.8
Q0=14.7
Q,=16.7

Qy=12.0
Qy=12.0
Qy=13.4
00_15 4
Qy=17.5

Qy=12.0
Qp=12.2
Qy=13.9
Qy=16.0
Qy=18.2

Q,=12.0
Q0=12.7
Q,=14.5
Q0=16.7
QO=19.0

Band C1
R1=2100 ohms
160 288
80 146
40 76
30 54
20 39
17 35
15 35
12 35
10 35
R1=2200 ohms
160 277
80 140
40 73
30 52
20 37
17 35
15 35
12 35
10 35
R1=2300 ohms
160 266
80 135
40 71
30 50
20 36
17 35
15 35
12 35
10 35
R1=2400 ohms
160 257
80 130
40 68
30 48
20 35
17 35
15 35
12 35
10 35
R1=2500 ohms
160 248
80 126
40 66
30 46
20 35
17 35
15 35
12 35
10 35

1315

1291

141

32.5

119

36.9

116

L2

9.38
4.76

0.62

9.38

Qy=12.0
Qy=13.6
Qy=15.6
Qy=18.0
Qy=20.5

QO=12.0
Qp=14.1
QO=16.2
QO=18.7
QO=21.3

Qy=12.2
Qy=15.0
00_17 3
Qy=20.0
Q,=22.8

QO=1 2 6
QO=1 5.5
Qy=17.8
Qy=20.6
Qy=23.5
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able. The usual practice is to resonate the
tube output capacitance with a low-loss
inductance connected in series or parallel.
The result can be a very high-Q tank cir-
cuit. Component losses must be kept to an
absolute minimum in order to achieve rea-
sonable tank efficiency. Output impedance
transformation is usually performed by a
link inductively coupled to the tank circuit
or by a parallel transformation of the out-
put resistance using a series capacitor.

TRANSFORMERS

Broadband transformers are often used in
matching to the input impedance or opti-
mum load impedance in a power amplifier.
Multioctave power amplifier performance
can be achieved by appropriate application
of these transformers. The input and output
transformers are two of the most critical
components in a broadband amplifier. Am-
plifier efficiency, gain flatness, input SWR,
and even linearity all are affected by trans-
former design and application. There are two
basic RF transformer types, as described
elsewhere in this Handbook: the conven-
tional transformer and the transmission-line
transformer.

The conventional transformer is wound
much the same way as a power transformer.
Primary and secondary windings are wound
around a high-permeability core, usually
made from a ferrite or powdered-iron mate-
rial. Coupling between the secondary and
primary is made as tight as possible to mini-
mize leakage inductance. At low frequen-
cies, the coupling between windings is
predominantly magnetic. As the frequency
rises, core permeability decreases and leak-
age inductance increases; transformer
losses increase as well.

Typical examples of conventional
transformers are shown in Fig 18.7. In Fig
18.7A, the primary windings consist of
brass or copper tubes inserted into ferrite
sleeves. The tubes are shorted together at
one end by a piece of copper-clad circuit
board material. The secondary winding is
threaded through the tubes. Since the low-
impedance winding is only a single turn,
the transformation ratio is limited to the
squares of integers; for example, 1, 4, 9,
16, and so on. The lowest effective trans-
former frequency is determined by the
inductance of the one-turn winding. It
should have a reactance, at the lowest fre-
quency of intended operation, at least four
times greater than the impedance it is con-
nected to.

The coupling coefficient between the
two windings is a function of the primary
tube diameter and its length, and the diam-
eters and insulation thickness of the wire
used in the high-impedance winding. High
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impedance ratios, greater than 36:1,
should use large-diameter secondary
windings. Miniature coaxial cable (using
only the braid as the conductor) works
well. Another use for coaxial cable braid
is illustrated in Fig 18.7B. Instead of using
tubing for the primary winding, the sec-
ondary winding is threaded through cop-
per braid. Performance of the two units is
almost identical.

The cores used must be large enough so
the core material will not saturate at the
power level applied to the transformer.
Core saturation can cause permanent
changes to the core permeability, as well
as overheating. Transformer nonlinearity
also develops at core saturation. Harmon-
ics and other distortion products are pro-
duced, clearly an undesirable situation.
Multiple cores can be used to increase the
power capabilities of the transformer.

Transmission-line transformers are

similar to conventional transformers, but
can be used over wider frequency ranges.
In a conventional transformer, high-fre-
quency performance deterioration is
caused primarily by leakage inductance,

O R
1

STERLING

(A)

Fig 18.7—The two methods of
constructing the transformers outlined
in the text. At A, the one-turn loop is
made from brass tubing; at B, a piece
of coaxial cable braid is used for the
loop.

which rises with frequency. In a transmis-
sion-line transformer, the windings are
arranged so there is tight capacitive cou-
pling between the two. A high coupling
coefficient is maintained up to consider-
ably higher frequencies than with conven-
tional transformers.

OUTPUT FILTERING

Amplifier output filtering is sometimes
necessary to meet spurious signal re-
quirements. Broadband amplifiers, by
definition, provide little if any inherent
suppression of harmonic energy. Even
amplifiers using output tank circuits
often require further attenuation of un-
desired harmonics. High-level signals
from one transmitter, particularly at mul-
tiple transmitter sites, can be intercepted
by an antenna connected to another trans-
mitter, conducted down the feed line and
mixed in a power amplifier, causing spu-
rious outputs. For example, an HF trans-
ceiver signal radiated from a triband
beam may be picked up by a VHF FM
antenna on the same mast. The signal
saturates the low-power FM transceiver
output stage, even with power off, and is
reradiated by the VHF antenna. Proper
use of filters can reduce such spurious
energy considerably.

The filter used will depend on the appli-
cation and the level of attenuation needed.
Band-pass filters attenuate spurious sig-
nals above and below the passband for
which they are designed. Low-pass filters
attenuate only signals above the cutoff
frequency, while high-pass filters reduce
energy below the design cutoff frequency.

The RF and AF Filters chapter in-
cludes detailed information about
designing suitable filters. Tables of com-
ponent values in the Component Data
and References chapter allow you to
select a particular design and scale the val-
ues for different frequencies and imped-
ance ranges as needed.

TRANSMITTING DEVICE RATINGS
Plate Dissipation

The ultimate factor limiting the power-
handling capability of a tube is often (but
not always) its maximum plate dissipation
rating. This is the measure of how many
watts of heat the tube can safely dissipate,
if it is cooled properly, without exceeding
critical temperatures. Excessive tempera-
ture can damage or destroy internal tube
components or vacuum seals, resulting in
tube failure. The same tube may have dif-
ferent voltage, current and power ratings
depending on the conditions under which
it is operated, but its safe temperature rat-
ings must not be exceeded in any case!



Important cooling considerations are dis-
cussed in more detail in the Amplifier
Cooling section of this chapter.

The efficiency of a power amplifier may
range from approximately 25% to 75%,
depending on its operating class, adjust-
ment, and circuit losses. The efficiency
indicates how much of the dc power sup-
plied to the stage is converted to useful RF
output power; the rest is dissipated as heat,
mostly by the plate. By knowing the plate-
dissipation limit of the tube and the effi-
ciency expected from the class of
operation selected, the maximum power
input and output levels can be determined.
The maximum safe power output is

Pp Np

DTk 38
100—Np (38)

Pour =

where
Pout = the power output in W
Pp = the plate dissipation in W
Np = the efficiency (10% = 10).
The dc input power would simply be

100 Pp

——D 39
100—-Np %)

IN =

Almost all vacuum-tube power amplifi-
ers in amateur service today operate as
linear amplifiers (Class AB or B) with
efficiencies of approximately 50% to
65%. That means that a useful power
output of approximately 1 to 2.0 times
the plate dissipation generally can be
achieved. This requires, or course, that the
tube is cooled enough to realize its maxi-
mum plate dissipation rating and that no
other tube rating, such as maximum plate
current or grid dissipation, is exceeded.

Type of modulation and duty cycle also
influence how much output power can be
achieved for a given tube dissipation.
Some types of operation are less efficient
than others, meaning that the tube must
dissipate more heat. Some forms of modu-
lation, such as CW or SSB, are intermit-
tent in nature, causing less average
heating than modulation formats such as
RTTY in which there is continuous trans-
mission. Power-tube manufacturers use
two different rating systems to allow for
the variations in service. CCS (Continu-
ous Commercial Service) is the more con-
servative rating and is used for specifying
tubes that are in constant use at full power.
The second rating system is based on
intermittent, low-duty-cycle operation,
and is known as ICAS (Intermittent Com-
mercial and Amateur Service). ICAS
ratings are normally used by commercial
manufacturers and individual amateurs
who wish to obtain maximum power
output consistent with reasonable tube life

in CW and SSB service. CCS ratings
should be used for FM, RTTY and SSTV
applications. (Plate power transformers
for amateur service are also rated in CCS
and ICAS terms.)

Maximum Ratings

Tube manufacturers publish sets of
maximum values for the tubes they pro-
duce. No maximumrated value should ever
be exceeded. As an example, a tube might
have a maximum plate-voltage rating of
2500V, a maximum plate-current rating of
500 mA, and a maximum plate dissipation
rating of 350 W. Although the plate volt-
age and current ratings might seem to im-
ply asafe power input of 2500 V x 500 mA
= 1250 W, this is true only if the dissipa-
tion rating will not be exceeded. If the tube
is used in class AB2 with an expected effi-
ciency of 60%, the maximum safe dc power
input is

100Pp 100350
100—Np  100-60

N = =875W

In this case, any combination of plate
voltage and current whose product does
not exceed 875 W (and which allows the
tube to achieve the expected 60% effi-
ciency) is acceptable. A good compromise
might be 2000 V and 437 mA: 2000 x
0.437 =874 W input. If the maximum plate
voltage of 2500 is used, then the plate
current should be limited to 350 mA (not
500 mA) to stay within the maximum plate
dissipation rating of 350 W.

TRANSISTOR POWER
DISSIPATION

RF power-amplifier transistors are lim-
ited in power-handling capability by the
amount of heat the device can safely dissi-
pate. Power dissipation for a transistor is
abbreviated Pp. The maximum rating is
based on maintaining a case temperature of
25°C (77°F), which is seldom possible if a
conventional air-cooled heat sink is used in
an ambient air temperature of 70°F or
higher. For higher temperatures, the device
must be derated (in terms of milliwatts or
watts per degree C) as specified by the
manufacturer for that particular device. The
efficiency considerations described earlier
in reference to plate dissipation apply here
also. A rule of thumb for selecting a transis-
tor suitable for a given RF power output
level is to choose one that has a maximum
dissipation (with the heat sink actually to
be used) of twice the desired output power.

Maximum Transistor Ratings

Transistor data sheets specify the maxi-
mum operating voltage for several condi-
tions. Of particular interest is the Vg

specification (collector to emitter voltage,
with the base open). In RF amplifier ser-
vice the collector to emitter voltage can
rise to twice the dc supply potential. Thus,
if a 12-V supply is used, the transistor
should have a Vg of 24 V or greater to
preclude damage.

The maximum collector current is also
specified by the manufacturer. This speci-
fication is actually limited by the current-
carrying capabilities of the internal
bonding wires. Of course, the collector
current must stay below the level that gen-
erates heat higher than the allowable
device power dissipation. Many transis-
tors are also rated for the load mismatch
they can safely withstand. A typical speci-
fication might be for a transistor to toler-
ate a 30:1 SWR at all phase angles.

Transistor manufacturers publish data
sheets that describe all the appropriate
device ratings. Typical operating results
are also given in these data sheets. In
addition, many manufacturers publish
application notes illustrating the use of
their devices in practical circuits. Con-
struction details are usually given. Perhaps
owing to the popularity of Amateur Radio
among electrical engineers, many of the
notes describe applications especially
suited to the Amateur Service. Specifica-
tions for some of the more popular RF
power transistors are found in the Compo-
nent Data and References chapter.

PASSIVE COMPONENT RATINGS

Output Tank Capacitor Ratings

The tank capacitor in a high-power
amplifier should be chosen with sufficient
spacing between plates to preclude high-
voltage breakdown. The peak RF voltage
present across a properly loaded tank cir-
cuit, without modulation, may be taken
conservatively as being equal to the dc
plate or collector voltage. If the dc supply
voltage also appears across the tank
capacitor, this must be added to the peak
RF voltage, making the total peak voltage
twice the dc supply voltage. At the higher
voltages, it is usually desirable to design
the tank circuit so that the dc supply volt-
ages do not appear across the tank capaci-
tor, thereby allowing the use of a smaller
capacitor with less plate spacing. Capaci-
tor manufacturers usually rate their prod-
ucts in terms of the peak voltage between
plates. Typical plate spacings are given in
Table 18.3.

Output tank capacitors should be
mounted as close to the tube as tempera-
ture considerations will permit, to make
possible the shortest path with the lowest
possible inductive reactance from plate to
cathode. Especially at the higher frequen-
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Table 18.3

Typical Tank-Capacitor Plate Spacings

Spacing Peak Spacing Peak

Spacing Peak

Inches Voltage Inches Voltage Inches Voltage
0.015 1000 0.07 3000 0.175 7000
0.02 1200 0.08 3500 0.25 9000
0.03 1500 0.125 4500 0.35 11000
0.05 2000 0.15 6000 0.5 13000
Table 18.4
Copper Conductor Sizes for Transmitting Coils for Tube Transmitters
Power Band Minimum
Output (MHz) Conductor
(Watts) Size
1500 1.8-3.5 10

7-14 8 or '/s"

18-28 6 or 316"
500 1.8-35 12

7-14 10

18-28 8 or '/s"
150 1.8-3.5 16

7-14 12

18-28 10

*Whole numbers are AWG,; fractions of inches are tubing ODs.

cies, where minimum circuit capacitance
becomes important, the capacitor should
be mounted with its stator plates well
spaced from the chassis or other shielding.
In circuits in which the rotor must be insu-
lated from ground, the capacitor should be
mounted on ceramic insulators of a size
commensurate with the plate voltage
involved and—most important of all, from
the viewpoint of safety to the operator—a
well-insulated coupling should be used
between the capacitor shaft and the knob.
The section of the shaft attached to the
control knob should be well grounded.
This can be done conveniently by means of
a metal shaft bushing at the panel.

Tank Coils

Tank coils should be mounted at least
half their diameter away from shielding or
other large metal surfaces, such as blower
housings, to prevent a marked loss in Q.
Except perhaps at 24 and 28 MHz, it is
not essential that the coil be mounted
extremely close to the tank capacitor.
Leads up to 6 or 8 inches are permissible.
It is more important to keep the tank
capacitor, as well as other components, out
of the immediate field of the coil.

The principal practical considerations
in designing a tank coil usually are to
select a conductor size and coil shape that
will fit into available space and handle the
required power without excessive heating.
Excessive power loss as such is not neces-
sarily the worst hazard in using too-small
a conductor: it is not uncommon for the
heat generated to actually unsolder joints
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in the tank circuit and lead to physical
damage or failure. For this reason it’s
extremely important, especially at power
levels above a few hundred watts, to
ensure that all electrical joints in the tank
circuit are secured mechanically as well
as soldered. Table 18.4 shows recom-
mended conductor sizes for amplifier tank
coils, assuming loaded tank circuit Qs of
15 or less on the 24 and 30 MHz bands and
8 to 12 on the lower frequency bands. In
the case of input circuits for screen-grid
tubes where driving power is quite small,
loss is relatively unimportant and almost
any physically convenient wire size and
coil shape is adequate.

The conductor sizes in Table 18.4 are
based on experience in continuous-duty
amateur CW, SSB, and RTTY service and
assume that the coils are located in a rea-
sonably well ventilated enclosure. If the
tank area is not well ventilated and/or if
significant tube heat is transferred to the
coils, it is good practice to increase AWG
wire sizes by two (for example, change from
#12 to #10) and tubing sizes by !/i6 inch.

Larger conductors than required for
current handling are often used to maxi-
mize unloaded Q, particularly at higher
frequencies. Where skin depth effects
increase losses, the greater surface area of
large diameter conductors can be benefi-
cial. Small-diameter copper tubing, up to
3/s-inch outer diameter, can be used suc-
cessfully for tank coils up through the
lower VHF range. Copper tubing in sizes
suitable for constructing high-power coils
is generally available in 50-ft rolls from

plumbing and refrigeration equipment
suppliers. Silver-plating the tubing further
reduces losses. This is especially true as
the tubing ages and oxidizes. Silver oxide
is a much better conductor than copper
oxides, so silver-plated tank coils main-
tain their low-loss characteristics even
after years of use.

At VHF and above, tank circuit induc-
tances do not necessarily resemble the
familiar coil. The inductances required to
resonate tank circuits of reasonable Q at
these higher frequencies are small enough
that only strip lines or sections of trans-
mission line are practical. Since these are
constructed from sheet metal or large-
diameter tubing, current-handling capa-
bilities normally are not a relevant factor.

RF Chokes

The characteristics of any RF choke
vary with frequency. At low frequencies
the choke presents a nearly pure induc-
tance. At some higher frequency it takes
on high impedance characteristics resem-
bling those of a parallel-resonant circuit.
At a still higher frequency it goes through
a series-resonant condition, where the
impedance is lowest—generally much too
low to perform satisfactorily as a shunt-
feed plate choke. As frequency increases
further, the pattern of alternating parallel
and series resonances repeats. Between
resonances, the choke will show widely
varying amounts of inductive or capaci-
tive reactance.

In series-feed circuits, these character-
istics are of relatively small importance
because the RF voltage across the choke is
negligible. In a shunt-feed circuit such as
is used in most high-power amplifiers,
however, the choke is directly in parallel
with the tank circuit, and is subject to the
full tank RF voltage. If the choke does not
present a sufficiently high impedance,
enough power will be absorbed by the
choke to burn it out. To avoid this, the
choke must have a sufficiently high reac-
tance to be effective at the lowest fre-
quency (at least equal to the plate load
resistance), and yet have no series reso-
nances near any of the higher frequency
bands. A resonant-choke failure in a high-
power amplifier can be very dramatic and
damaging!

Thus any choke intended for shunt-feed
use should be carefully investigated with a
dip meter. The choke must be shorted end-
to-end with a direct, heavy braid or strap.
Because nearby metallic objects affect the
resonances, it should be mounted in its in-
tended position, but disconnected from the
rest of the circuit. A dip meter coupled an
inch or two away from one end of the choke
nearly always will show a deep, sharp dip



at the lowest series-resonant frequency and
shallower dips at higher series resonances.

Any choke to be used in an amplifier for
the 1.8 to 28 MHz bands requires careful
(or at least lucky!) design to perform well
on all amateur bands within that range.
Most simply put, the challenge is to
achieve sufficient inductance that the
choke doesn’t “cancel” a large part of tun-
ing capacitance on 1.8 MHz. At the same
time, try to position all its series reso-
nances where they can do no harm. In
general, close wind enough #20 to #24
magnet wire to provide about 135 pH
inductance on a 3/s+ to l-inch diameter
cylindrical form of ceramic, Teflon,
or fiberglass. This gives a reactance of
1500 € at 1.8 MHz and yet yields a first
series resonance in the vicinity of 25 MHz.
Before the advent of the 24.9-MHz band
this worked fine. But trying to “squeeze”
the resonance into the narrow gaps
between the 21, 24, and/or 28-MHz bands
is quite risky unless sophisticated instru-
mentation is available. If the number of
turns on the choke is selected to place its
first series resonance at 23.2 MHz, mid-
way between 21.45 and 24.89 MHz, the
choke impedance will typically be high
enough for satisfactory operation on the
21, 24 and 28 MHz bands. The choke’s
first series resonance should be measured
very carefully as described above using
a dip meter and calibrated receiver or
RF impedance bridge, with the choke
mounted in place on the chassis.

Investigations with a vector impedance
meter have shown that “trick” designs,
such as using several shorter windings
spaced along the form, show little if any
improvement in choke resonance charac-
teristics. Some commercial amplifiers cir-
cumvent the problem by bandswitching
the RF choke. Using a larger diameter
(1 to 1.5 inch) form does move the first
series resonance somewhat higher for a
given value of basic inductance. Beyond
that, it is probably easiest for an all-band
amplifier to add or subtract enough turns
to move the first resonance to about
35 MHz and settle for a little less than op-
timum reactance on 1.8 MHz.

Blocking Capacitors

A series capacitor is usually used at the
input of the amplifier output circuit. Its
purpose is to block dc from appearing on
matching circuit components or the
antenna. As mentioned in the section on
tank capacitors, output-circuit voltage
requirements are considerably reduced
when only RF voltage is present.

To provide a margin of safety, the volt-
age rating for a blocking capacitor should
be at least 25% to 50% greater than the dc

voltage applied. A large safety margin is
desirable, since blocking capacitor failure
can bring catastrophic results.

To avoid affecting the amplifier’s tun-
ing and matching characteristics, the
blocking capacitor should have a low
impedance at all operating frequencies. Its
reactance at the lowest operating fre-
quency should be not more than about 5%
of the plate load resistance.

The capacitor also must be capable of
handling, without overheating or signifi-
cantly changing value, the substantial RF
current that flows through it. This current
usually is greatest at the highest frequency
of operation, where tube output capaci-
tance constitutes a significant part of the
total tank capacitance. A significant por-
tion of circulating tank current therefore
flows through the blocking capacitor. As a
conservative and very rough rule of
thumb, the maximum RF current in the
blocking capacitor (at 28 MHz) is

ICB]OCk = IP +0.15 x COUT X Vdc (40)
where
Icgloek = maximum RMS current

through blocking capacitor, in A
Couyr = output capacitance of the output
tubes, in pF
V4. = dc plate voltage, in kV
I, = dc plate current at full output, in A.

Transmitting capacitors are rated by
their manufacturers in terms of their RF
current-carrying capacity at various fre-
quencies. Below a couple hundred watts
at the high frequencies, ordinary disc
ceramic capacitors of suitable voltage rat-
ing work well in high-impedance tube
amplifier output circuits. Some larger disk
capacitors rated at 5 to 8 kV also work
well for higher power levels at HF; for
example, two inexpensive Centralab type
DD-602 discs (0.002 uF, 6 kV) in parallel
have proved to be a reliable blocking
capacitor for 1.5-kW amplifiers operating
at plate voltages to about 2.5 kV. At very
high power and voltage levels and at VHF,
ceramic “doorknob” transmitting capaci-
tors are needed for their low losses and
high current handling capabilities. So-
called “TV doorknobs” may break down
at high RF current levels and should be
avoided.

The very high values of Q; found in
many VHF and UHF tube-type amplifier
tank circuits often require custom fabrica-
tion of the blocking capacitor. This can
usually be accommodated through the use
of a Teflon “sandwich” capacitor. Here,
the blocking capacitor is formed from two
parallel plates separated by a thin layer of
Teflon. This capacitor often is part of the

tank circuit itself, forming a very low-loss
blocking capacitor. Teflon is rated for a
minimum breakdown voltage of 2000 V
per mil of thickness, so voltage breakdown
should not be a factor in any practically
realized circuit. The capacitance formed
from such a Teflon sandwich can be calcu-
lated from the information presented else-
where in this Handbook (use a dielectric
constant of 2.1 for Teflon). In order to
prevent any potential irregularities caused
by dielectric thickness variations (includ-
ing air gaps), Dow-Corning DC-4 silicone
grease should be evenly applied to both
sides of the Teflon dielectric. This grease
has properties similar to Teflon, and will
fill in any surface irregularities that might
cause problems.

The very low impedances found in tran-
sistorized amplifiers present special prob-
lems. In order to achieve the desired low
blocking-capacitor impedance, large-
value capacitors are required. Special
ceramic chips and mica capacitors are
available that meet the requirements for
high capacitance, large current carrying
capability and low associated inductance.
These capacitors are more costly than
standard disk-ceramic or silver-mica
units, but their level of performance easily
justifies their price. Most of these special-
purpose capacitors are either leadless or
come with wide straps instead of normal
wire leads. Disc-ceramic and other wire-
lead capacitors are generally not suitable
for transistor power-amplifier service.

SOURCES OF OPERATING
VOLTAGES

Tube Filament or Heater Voltage

The heater voltage for the indirectly
heated cathode tubes found in low-power
classifications may vary 10% above or
below rating without seriously reducing the
life of the tube. A power vacuum tube can
use either a directly heated filament or an
indirectly heated cathode. The filament
voltage for either type should be held
within 5% of rated voltage. Because of
internal tube heating at UHF and higher,
the manufacturers’ filament voltage rating
often is reduced at these higher frequen-
cies. The derated filament voltages should
be followed carefully to maximize tube life.
Series dropping resistors may be required
in the filament circuit to attain the correct
voltage. The voltage should be measured at
the filament pins of the tube socket while
the amplifier is running. The filament
choke and interconnecting wiring all have
voltage drops associated with them. The
high current drawn by a power-tube heater
circuit causes substantial voltage drops to
occur across even small resistances. Also,
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make sure that the plate power drawn from
the power line does not cause the filament
voltage to drop below the proper value
when plate power is applied.

Thoriated filaments lose emission when
the tube is overloaded appreciably. If the
overload has not been too prolonged,
emission sometimes may be restored by
operating the filament at rated voltage,
with all other voltages removed, for a
period of 30 to 60 minutes. Alternatively,
you might try operating the tube at 20%
above rated filament voltage for five to
ten minutes.

VACUUM-TUBE PLATE VOLTAGE

DC plate voltage for the operation of
RF amplifiers is most often obtained from
a transformer-rectifier-filter system (see
the Power Supplies chapter) designed to
deliver the required plate voltage at the
required current. It is not unusual for a
power tube to arc over internally (gener-
ally from the plate to the screen or control
grid) once or twice, especially soon after
it is first placed into service. The flash-
over by itself is not normally dangerous to
the tube, provided that instantaneous
maximum plate current to the tube is held
to a safe value and the high-voltage plate
supply is shut off very quickly.

A good protective measure against this
is the inclusion of a high-wattage power
resistor in series with the plate high-volt-
age circuit. The value of the resistor, in
ohms, should be approximately 10 to 15
times the no-load plate voltage in kV. This
will limit peak fault current to 67 to 100 A.
The series resistor should be rated for 25 or
50-W power dissipation; vitreous enamel
coated wire-wound resistors of the com-
mon Ohmite or Clarostat types have been
found to be capable of handling repeated
momentary fault-current surges without
damage. Aluminum-cased resistors such as
some made by Dale are not recommended
for this application. Each resistor also must
be large enough to safely handle the maxi-
mum value of normal plate current; the
wattage rating required may be calculated
from P = I2R. If the total filter capacitance
exceeds 25 UF, it is a good idea to use
50-W resistors in any case. Even at high
plate-current levels, the addition of the
resistors does little to affect the dynamic
regulation of the plate supply.

Since tube (or other high-voltage cir-
cuit) arcs are not necessarily self-extin-
guishing, a fast-acting plate overcurrent
relay or primary circuit breaker also is
recommended to quickly shut off ac power
to the HV supply when an arc begins.
Using this protective system, a mild HV
flashover may go undetected, while a more
severe one will remove ac power from the
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HYV supply. (The cooling blower should
remain energized however, since the tube
may be hot when the HV is removed due to
an arc.) If effective protection is not pro-
vided, however, a “normal” flashover,
even in a new tube, is likely to damage or
destroy the tube, and also frequently
destroys the rectifiers in the power supply
as well as the plate RF choke. A power
tube that flashes over more than about 3 to
5 times in a period of several months likely
is defective and will have to be replaced
before long.

Grid Bias

The grid bias for a linear amplifier
should be highly filtered and well regu-
lated. Any ripple or other voltage change
in the bias circuit modulates the amplifier.
This causes hum and/or distortion to
appear on the signal. Since most linear
amplifiers draw only small amounts of
grid current, these bias-supply require-
ments are not difficult to achieve.

Fixed bias for class AB1 tetrode and
pentode amplifiers is usually obtained
from a variable-voltage regulated supply.
Voltage adjustment allows setting bias
level to give the desired resting plate cur-
rent. Fig 18.8A shows a simple Zener-
diode-regulated bias supply. The dropping
resistor is chosen to allow approximately
10 mA of Zener current. Bias is then rea-
sonably well regulated for all drive condi-
tions up to 2 or 3 mA of grid current. The
potentiometer allows bias to be adjusted
between Zener and approximately 10 V
higher. This range is usually adequate to
allow for variations in the characteristics
of different tubes. Under standby condi-
tions, when it is desirable to cut off the
tube entirely, the Zener ground return is
interrupted so the full bias supply voltage
is applied to the grid.

In Fig 18.8B and C, bias is obtained
from the voltage drop across a Zener
diode in the cathode (or filament center-
tap) lead. Operating bias is obtained by
the voltage drop across D1 as a result of
plate (and screen) current flow. The diode
voltage drop effectively raises the cath-
ode potential relative to the grid. The grid
is therefore negative with respect to the
cathode by the Zener voltage of the diode.
The Zener-diode wattage rating should
be twice the product of the maximum
cathode current times the rated zener volt-
age. Therefore, a tube requiring 15 V of
bias with a maximum cathode current of
100 mA would dissipate 1.5 W in the
Zener diode. To allow a suitable safety
factor, the diode rating should be 3 W or
more. The circuit of Fig 18.8C illustrates
how D1 would be used with a cathode
driven (grounded grid) amplifier as

opposed to the grid driven example at B.

In all cases, the Zener diode should be
bypassed by a 0.01-uF capacitor of suit-
able voltage. Current flow through any
type of diode generates shot noise. If not
bypassed, this noise would modulate the
amplified signal, causing distortion in the
amplifier output.

Screen Voltage For Tubes

Power tetrode screen current varies
widely with both excitation and loading.
The current may be either positive or nega-
tive, depending on tube characteristics and
amplifier operating conditions. In a linear
amplifier, the screen voltage should be
well regulated for all values of screen cur-
rent. The power output from a tetrode is
very sensitive to screen voltage, and any
dynamic change in the screen potential can
cause distorted output. Zener diodes are
commonly used for screen regulation.

Fig 18.9 shows a typical example of a
regulated screen supply for a power tet-
rode amplifier. The voltage from a fixed
dc supply is dropped to the Zener stack
voltage by the current-limiting resistor. A
screen bleeder resistor is connected in
parallel with the zener stack to allow for
the negative screen current developed
under certain tube operating conditions.
Bleeder current is chosen to be roughly 10
to 20 mA greater than the expected maxi-
mum negative screen current, so that
screen voltage is regulated for all values
of current between maximum negative
screen current and maximum positive
screen current. For external-anode tubes
in the 4CX250 family, a typical screen
bleeder current value would be 20 mA. For
the 4CX1000 family, a screen-bleeder
current of 70 mA is required.

Screen voltage should never be applied
to a tetrode unless plate voltage and load
also are applied; otherwise the screen will
act like an anode and will draw excessive
current. Supplying the screen through a
series-dropping resistor from the plate
supply affords a measure of protection,
since the screen voltage only appears
when there is plate voltage. Alternatively,
a fuse can be placed between the regulator
and the bleeder resistor. The fuse should
not be installed between the bleeder resis-
tor and the tube, because the tube should
never be operated without a load on the
screen. Without a load, the screen poten-
tial tends to rise to the anode voltage. Any
screen bypass capacitors or other associ-
ated circuits are likely be damaged by this
high voltage.

In Fig 18.9, a varistor is connected from
screen to ground. If, because of some cir-
cuit failure, the screen voltage should rise
substantially above its nominal level, the
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Fig 18.8—Various techniques for providing operating bias with tube amplifiers.
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Fig 18.9—A Zener-regulated screen supply for use with a tetrode. Protection is

provided by a fuse and a varistor.

varistor will conduct and clamp the screen
voltage to a low level. If necessary to pro-
tect the varistor or screen dropping resis-
tors, a fuse or overcurrent relay may be
used to shut off the screen supply so that
power is interrupted before any damage
occurs. The varistor voltage should be
approximately 30% to 50% higher than
normal screen voltage.

Transistor Biasing

Solid-state power amplifiers generally
operate in Class C or AB. When some
bias is desired during Class C operation
(Fig 18.10A), a resistance of the appropri-
ate value can be placed in the emitter
return as shown. Most transistors will
operate in Class C without adding bias
externally, but in some instances the
amplifier efficiency can be improved by
means of emitter bias. Reverse bias sup-
plied to the base of the Class-C transistor
should be avoided because it will lead to
internal breakdown of the device during

peak drive periods. The damage is fre-
quently a cumulative phenomenon, lead-
ing to gradual destruction of the transistor
junction.

A simple method for Class AB biasing
is shown in Fig 18.10B. DI is a silicon
diode that acts as a bias clamp at approxi-
mately 0.7 V. This forward bias estab-
lishes linear-amplification conditions.
That value of bias is not always optimum
for a specified transistor in terms of IMD.
Variable bias of the type illustrated in
Fig 18.10C permits the designer sufficient
flexibility to position the operating point
for best linearity. The diode clamp or the
reference sensor for another type of regu-
lator is usually thermally bonded to the
power transistor or its heat sink. The bias
level then tracks the thermal characteris-
tics of the output transistor. Since a
transistor’s current transfer characteris-
tics are a function of temperature, thermal
tracking of the bias is necessary to main-
tain device linearity and, in the case of

bipolar devices, to prevent thermal run-
away and the subsequent destruction of the
transistor.

AMPLIFIER COOLING
Tube Cooling

Vacuum tubes must be operated within
the temperature range specified by the
manufacturer if long tube life is to be
achieved. Tubes having glass envelopes
and rated at up to 25-W plate dissipation
may be used without forced-air cooling if
the design allows a reasonable amount of
convection cooling. If a perforated metal
enclosure is used, and a ring of /4 to ¥/s-
inch-diameter holes is placed around the
tube socket, normal convective airflow
can be relied on to remove excess heat at
room temperatures.

For tubes with greater plate dissipation
ratings, and even for very small tubes
operated close to maximum rated dissipa-
tion, forced-air cooling with a fan or
blower is needed. Most manufacturers rate
tube-cooling requirements for continu-
ous-duty operation. Their literature will
indicate the required volume of airflow, in
cubic feet per minute (CFM), at some par-
ticular backpressure. Often this data is
given for several different values of plate
dissipation, ambient air temperature and
even altitude above sea level.

One extremely important consideration
is often overlooked by power-amplifier
designers and users alike: a tube’s plate
dissipation rating is only its maximum
potential capability. The power that it can
actually dissipate safely depends directly
on the cooling provided. The actual power
capability of virtually all tubes used in
high-power amplifiers for amateur service
depends on the volume of air forced
through the tube’s cooling structure.

This requirement usually is given in
terms of cubic feet of air per minute,
(CFM), delivered into a “back pressure”
representing the resistance of the tube
cooler to air flow, stated in inches of
water. Both the CFM of airflow required
and the pressure needed to force it through
the cooling system are determined by am-
bient air temperature and altitude (air den-
sity), as well as by the amount of heat to be
dissipated. The cooling fan or blower must
be capable of delivering the specified air-
flow into the corresponding backpressure.
As aresult of basic air flow and heat trans-
fer principles, the volume of airflow
required through the tube cooler increases
considerably faster than the plate dissipa-
tion, and backpressure increases even
faster than airflow. In addition, blower air
output decreases with increasing back-
pressure until, at the blower’s so-called
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Fig 18.10—Biasing methods for use with transistor amplifiers.

Table 18.5
Specifications of Some Popular Tubes, Sockets and Chimneys
Tube CFM Back Pressure Socket Chimney
(inches)
3-500Z 13 0.13 SK-400, SK-410 SK-416
3CX800A7 19 0.50 SK-1900 SK-1906
3CX1200A7 31 0.45 SK-410 SK-436
3CX120027 42 0.30 SK-410 —
3CX1500/8877 35 0.41 SK-2200, SK-2210 SK-2216
4-400A/8438 14 0.25 SK-400, SK-410 SK-406
4-1000A/8166 20 0.60 SK-500, SK-510 SK-506
4CX250R/7850 6.4 0.59 SK602A, SK-610, SK-610A

SK-611, SK-612, SK-620,

SK-620A, SK-621, SK-630
4CX400/8874 8.6 0.37 SK1900 SK606
4CX400A 8 0.20 SK2A —
4CX800A 20 0.50 SK1A —
4CX1000A/8168 25 0.20 SK-800B, SK-810B, SK-806

SK-890B
4CX1500B/8660 34 0.60 SK-800B, SK-1900 SK-806
4CX1600B 36 0.40 SK3A CH-1600B

These values are for sea-level elevation. For locations well above sea level (5000 ft/
1500 m, for example), add an additional 20% to the figure listed.

s

“cutoff pressure,” actual air delivery is
zero. Larger and/or faster-rotating blow-
ers are required to deliver larger volumes
of air at higher backpressure.

Values of CFM and backpressure
required to realize maximum rated plate
dissipation for some of the more popular
tubes, sockets and chimneys (with 25°C
ambient air and at sea level) are given in
Table 18.5. Backpressure is specified in
inches of water and can be measured
easily in an operational air system as indi-
cated in Figs 18.11 and 18.12. The pressure
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differential between the air passage and
atmospheric pressure is measured with a
device called a manometer. A manometer
is nothing more than a piece of clear tub-
ing, open at both ends and fashioned in the
shape of a “U.” The manometer is tempo-
rarily connected to the chassis and is re-
moved after the measurements are
completed. As shown in the diagrams, a
small amount of water is placed in the tube.
At Fig 18.12A the blower is “off” and the
water seeks its own level, because the air
pressure (ordinary atmospheric pressure)

is the same at both ends of the manometer
tube. At B, the blower is “on” (socket, tube
and chimney in place) and the pressure dif-
ference, in terms of inches of water, is
measured. For most applications a standard
ruler used for measurement will yield suf-
ficiently accurate results.

Table 18.6 gives the performance speci-
fications for a few of the many Dayton
blowers, which are available through
Grainger catalog outlets in all 50 states.
Other blowers having wheel diameters,
widths and rotational speeds similar to any
in Table 18.6 likely will have similar flow
and backpressure characteristics. If in
doubt about specifications, consult the
manufacturer. Tube temperature under
actual operating conditions is the ultimate
criterion for cooling adequacy and may be
determined using special crayons or lac-
quers that melt and change appearance
at specific temperatures. The setup of
Fig 18.12, however, nearly always gives
sufficiently accurate information.

As an example, consider the cooling
design of a linear amplifier to use one
3CX800A7 tube, to operate near sea level
with the air temperature not above 25°C.
The tube, running 1150-W dc input, easily
delivers 750-W continuous output, result-
ing in 400-W plate dissipation (Pp;g = Py
—Poyr). According to the manufacturer’s
data, adequate tube cooling at 400 W Pp,
requires at least 6 CFM of air at 0.09 inches
of water back pressure. In Table 18.6, a
Dayton no. 2C782 will do the job with a
good margin of safety.

If the same single tube were to be oper-
ated at 2.3 kW dc input to deliver 1.5 kW
output (substantially exceeding its maxi-
mum electrical ratings!), Pyy would be
about 2300 W and P, = 800 W. The mini-
mum cooling air required would be about
19 CFM at 0.5 inches of water pressure—
doubling Pp;q, more than tripling the CFM
of air flow required and increasing back
pressure requirements on the blower by a
factor of 5.5!

However, two 3CX800A7 tubes are
needed to deliver 1.5 kW of continuous
maximum legal output power in any case.
Each tube will operate under the same
conditions as in the single-tube example
above, dissipating 400 W. The total cool-
ing air requirement for the two tubes is
therefore 12 CFM at about 0.09 inches of
water, only two-thirds as much air volume
and one-fifth the back pressure required
by a single tube. While this may seem
surprising, the reason lies in the previ-
ously mentioned fact that both the airflow
required by a tube and the resultant back
pressure increase much more rapidly than
Pp of the tube. Blower air delivery capa-
bility, conversely, decreases as back-pres-
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Fig 18.11—Air is forced into the chassis by the blower and
exits through the tube socket. The manometer is used to
measure system back pressure, which is an important factor

in determining the proper size blower.

Fig 18.12—At A the blower is “off” and the water will seek its

own level in the manometer. At B the blower is “on” and the

Table 18.6
Blower Performance Specifications

Wheel Wheel RPM Free Air CFM for Back Pressure (inches) Cutoff Stock
Dia Width CFM 0.1 02 03 0.4 0.5 No.

2" 1" 3160 15 13 4 — — — 0.22 2C782
3" 1%/z2" 3340 54 48 43 36 25 17 0.67 4Co012
3" 17/8" 3030 60 57 54 49 39 23 0.60 4C440
3" 17/8" 2880 76 70 63 56 45 8 0.55 4C004
311" 17/6" 2870 100 98 95 90 85 80 0.80 4C443
313/46"  21/2" 3160 148 141 135 129 121 114 1.04  4C005

sure is increased. Thus a Dayton 2C782

blower can cool two 3CX800A7 tubes dis-

sipating 800 W total, but a much larger

(and probably noisier) no. 4C440 would

be required to handle the same power with

a single tube.

In summary, three very important con-
siderations to remember are these:

e Atube’s actual safe plate dissipation ca-
pability is totally dependent on the
amount of cooling air forced through its
cooling system. Any air-cooled power
tube’s maximum plate dissipation rat-
ing is meaningless unless the specified
amount of cooling air is supplied.

e Two tubes will always safely dissipate
a given power with a significantly
smaller (and quieter) blower than is
required to dissipate the same power
with a single tube of the same type. A
corollary is that a given blower can vir-
tually always dissipate more power
when cooling two tubes than when cool-
ing a single tube of the same type.

e Blowers vary greatly in their ability to
deliver air against backpressure so

blower selection should not be taken

lightly.

A common method for directing the flow
of air around a tube involves the use of a
pressurized chassis. This system is shown
in Fig 18.11. A blower attached to the chas-
sis forces air around the tube base, often
through holes in its socket. A chimney is
used to guide air leaving the base area
around the tube envelope or anode cooler,
preventing it from dispersing and concen-
trating the flow for maximum cooling.

A less conventional approach that
offers a significant advantage in certain
situations is shown in Fig 18.13. Here the
anode compartment is pressurized by the
blower. A special chimney is installed
between the anode heat exchanger and an
exhaust hole in the compartment cover.
When the blower pressurizes the anode
compartment, there are two parallel paths
for airflow: through the anode and its
chimney, and through the air system
socket. Dissipation, and hence cooling air
required, generally is much greater for the
anode than for the tube base. Because

amount of back pressure in terms of inches of water can be
measured as indicated.

high-volume anode airflow need not be
forced through restrictive air channels in
the base area, backpressure may be very
significantly reduced with certain tubes
and sockets. Only airflow actually needed
is bled through the base area. Blower
backpressure requirements may some-
times be reduced by nearly half through
this approach.

Table 18.5 also contains the part num-
bers for air-system sockets and chimneys
available for use with the tubes that are
listed. The builder should investigate
which of the sockets listed for the
4CX250R, 4CX300A, 4CX1000A and
4CX1600A best fit the circuit needs. Some
of the sockets have certain tube elements
grounded internally through the socket.
Others have elements bypassed to ground
through capacitors that are integral parts
of the sockets.

Depending on your design philosophy
and tube sources, some compromises in the
cooling system may be appropriate. For
example, if glass tubes are available inex-
pensively as broadcast pulls, a shorter life
span may be acceptable. In such a case, an
increase of convenience and a reduction in
cost, noise, and complexity can be had by
using a pair of “muffin” fans. One fan may
be used for the filament seals and one for
the anode seal, dispensing with a blower
and air-system socket and chimney. The
airflow with this scheme is not as uniform
as with the use of a chimney. The tube
envelope mounted in a cross flow has flow
stagnation points and low heat transfer in
certain regions of the envelope. These
points become hotter than the rest of the
envelope. The use of multiple fans to dis-
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Fig 18.13—Anode compartment
pressurization may be more efficient
than grid compartment pressurization.
Hot air exits upwards through the tube
anode and through the chimney. Cool
air also goes down through the tube
socket to cool tube’s pins and the
socket itself.

turb the cross airflow can significantly
reduce this problem. Many amateurs have
used this cooling method success-
fully in low-duty-cycle CW and SSB op-
eration but it is not recommended for AM,
SSTV or RTTY service. The true test of
the effectiveness of a forced air-cooling
system is the amount of heat carried away
from the tube by the air stream. The power
dissipated can be calculated from the air-
flow temperatures. The dissipated power
is

Pp=Q [T—Z—l}
Al

where

Pp = the dissipated power, in W

Q4 = the air flow, in CFM (cubic feet
per minute)

T, = the inlet air temperature, kelvin
(normally quite close to room tem-
perature)

T, = the amplifier exhaust temperature,
kelvin.

The exhaust temperature can be mea-
sured with a cooking thermometer at the
air outlet. The thermometer should not be
placed inside the anode compartment
because of the high voltage present.

(41

Transistor Cooling

Transistors used in power amplifiers
dissipate significant amounts of power,
and the heat so generated must be effec-
tively removed to maintain acceptable
device temperatures. Some bipolar power
transistors have the collector connected
directly to the case of the device, as the
collector creates most of the heat gener-
ated when the transistor is in operation.
Others have the emitter connected to the
case. However, if operated close to maxi-
mum rated dissipation, even the larger
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case designs cannot normally conduct heat
away fast enough to keep the operating
temperature of the device within the safe
area—the maximum temperature that a
device can stand without damage. Safe
area is usually specified in a device data
sheet, often in graphical form. Germanium
power transistors theoretically may be
operated at internal temperatures up to
100°C, while silicon devices may be run
at up to 200°C. However, to assure long
device lifetimes much lower case tem-
peratures—not greater than 50° to 75°C
for germanium and 75° to 100°C for
silicon—are highly desirable. Leakage
currents in germanium devices can be very
high at elevated temperatures; thus,
silicon transistors are preferred for most
power applications.
A properly chosen heat sink often is
essential to help keep the transistor junc-
tion temperature in the safe area. For low-
power applications a simple clip-on heat
sink will suffice, while for 100 W or higher
input power a massive cast-aluminum
finned radiator usually is necessary. The
appropriate size heat sink can be calculated
based on the thermal resistance between
the transistor case and ambient air tem-
perature. The first step is to calculate the
total power dissipated by the transistor:
Pp =Ppc + Prein = Preout (42)
where
Pp = the total power dissipated by the
transistor in W

Ppc = the dc power into the transistor,
in W

Prpin = the RF (drive) power into the
transistor in W

Prpout = the RF output power from the
transistor in W.

The value of Pp is then used to obtain
the O, value from
Ocp = (Tc = Tp)/Pp (43)
where

O0ca = the thermal resistance of the

device case to ambient

Tc = the device case temperature in °C

T, = the ambient temperature (room

temperature) in °C.

A suitable heat sink, capable of trans-
ferring all of the heat generated by the
transistor to the ambient air, can then be
chosen from the manufacturer’s specifi-
cations for O¢4. A well-designed heat-sink
system minimizes thermal path lengths
and maximizes their cross-sectional areas.
The contact area between the transistor
and heat sink should have very low ther-
mal resistance. The heat sink’s mounting

surface must be flat and the transistor
firmly attached to the heat sink so intimate
contact—without gaps or air voids—is
made between the two. The use of sili-
cone-based heat sink compounds can
provide considerable improvement in
thermal transfer. The thermal resistance
of such grease is considerably lower than
that of air, but not nearly as good as that of
copper or aluminum. The quantity of
grease should be kept to an absolute mini-
mum. Only enough should be used to fill
in any small air gaps between the transis-
tor and heat sink mating surfaces. The
maximum temperature rise in the transis-
tor junction may easily be calculated by
using the equation

where
T = the transistor junction temperature
in °C

0;c = the manufacturer’s published
thermal resistance of the transistor

0ca = the thermal resistance of the
device case to ambient

Pp = the power dissipated by the tran-
sistor

T, = the ambient temperature in °C.

The value of T; should be kept well
below the manufacturer’s recommended
maximum to prevent premature transistor
failure. Measured values of the ambient
temperature and the device case tempera-
ture can be used in the preceding formulas
to calculate junction temperature. The
Real-World Component Characteris-
tics chapter contains a more detailed dis-
cussion of transistor cooling.

Most of the problems facing an ampli-
fier designer are not theoretical, but
have to do with real-world component
limitations. The Real World Compo-
nent Characteristics chapter discusses
the differences between ideal and real
components.

A simplified equivalent schematic of an
amplifying device is shown in Fig 18.14A.
The input is represented by a series (para-
sitic) inductance feeding a resistance in
parallel with a capacitance. The output
consists of a current generator in parallel
with a resistance and capacitance, fol-
lowed by a series inductance. This is a
reasonably accurate description of both
transistors and vacuum tubes, regardless
of circuit configuration (as demonstrated
in Figs 18.17B and C). Both input and
output impedances have a resistive com-
ponent in parallel with a reactive compo-
nent. Each also has a series inductive
reactance, which represents connecting
leads within the device. These induc-



tances, unlike the other components of
input and output impedance, often are not
characterized in manufacturers’ device
specifications.

The amplifier input and output-match-
ing networks must transform the complex
impedances of the amplifying device to
the source and load impedances (often
50-Q transmission lines). Impedances
associated with other parts of the ampli-
fier circuit, such as a dc-supply choke,
must also be considered in designing the
matching networks. The matching net-
works and other circuit components are
influenced by each other’s presence, and
these mutual effects must be given due
consideration.

Perhaps the best way to clarify the con-
siderations that enter into designing vari-
ous types of RF power amplifiers is
through example. The following examples
illustrate common problems associated
with power-amplifier design. They are not
intended as detailed construction plans,
but only demonstrate typical approaches
useful in designing similar projects.

DESIGN EXAMPLE 1:
A HIGH-POWER VACUUM-TUBE
HF AMPLIFIER

Most popular HF transceivers produce
approximately 100-W output. The EIMAC
8877 can deliver 1500-W output for
approximately 60 W of drive when used in
a grounded grid circuit. Grounded-grid op-
eration is usually the easiest tube amplifier
circuit to implement. Its input impedance
is relatively low, often close to 50 Q.
Input/output shielding provided by the grid
and negative feedback inherent in the
grounded-grid circuit configuration reduce
the likelihood of amplifier instability and
provide excellent linearity without critical
adjustments. Fewer supply voltages are
needed in this configuration compared to
others: Often just high-voltage dc for the
plate and low-voltage ac for the filament.

The first step in the amplifier design
process is to verify that the tube is actually
capable of producing the desired results
while remaining within manufacturer’s
ratings. The plate dissipation expected
during normal operation of the amplifier
is computed first. Since the amplifier will
be used for SSB, a class of operation pro-
ducing linear amplification must be used.
Class AB2 provides a very good compro-
mise between linearity and good effi-
ciency, with effective efficiency typically
exceeding 60%. Given that efficiency, an
input power of 2500 W is needed to pro-
duce the desired 1500-W output. Operated
under these conditions, the tube will dissi-
pate about 1000 W—well within the
manufacturer’s specifications, provided
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Fig 18.14—The electrical equivalents
for power amplifiers. At A, the input is
represented by a series stray
inductance, then a resistor in parallel
with a capacitor. The output is a current
source in parallel with a resistor and
capacitor, followed by a series stray
inductance. These effects are applied
to tubes and transistors in B and C.

adequate cooling airflow is supplied.

The grid in modern high-mu triodes is a
relatively delicate structure, closely
spaced to the cathode and carefully
aligned to achieve high gain and excellent
linearity. To avoid shortening tube life or
even destruction of the tube, the specified
maximum grid dissipation must not be
exceeded for more than a few milliseconds
under any conditions. For a given power
output, the use of higher plate voltages
tends to result in lower grid dissipation. It
is important to use a plate voltage that is
high enough to result in safe grid current
levels at maximum output. In addition to
maximum ratings, manufacturers’ data
sheets often provide one or more sets of
“typical operation” parameters. This
makes it even easier for the builder to
achieve optimum results.

The 8877, operating at 3500 V, can pro-
duce 2075 W of RF output with excellent
linearity and 64 W of drive. Operating at
2700 V it can deliver 1085 W with 40 W of
drive. To some extent, the ease and cost of
constructing a high-power amplifier, as
well as its ultimate reliability, are
enhanced by using the lowest plate voltage
that will yield completely satisfactory per-
formance. Interpolating between the two

sets of typical operating conditions sug-
gests that the 8877 can comfortably deliver
1.5 kW output with a 3100-V plate supply
and 50 to 55 W of drive. Achieving 2500-
W input power at this plate voltage requires
800 mA of plate current—well within the
8877’s maximum rating of 1.0 A.

The next step in the design process is to
calculate the optimum plate load resis-
tance at this plate voltage and current for
Class AB2 operation and design an appro-
priate output-matching network. From the
earlier equations, R; is calculated to be
2200 Q.

Several different output networks might
be used to transform the nominal 50-Q
resistance of the actual load to the 2200-€2
load resistance required by the 8877, but
experience shows that pi and pi-L net-
works are most practical. Each can pro-
vide reasonable harmonic attenuation, is
relatively easy to build mechanically and
uses readily available components. The
pi-L gives significantly greater harmonic
attenuation than the pi and usually is the
better choice—atleastin areas where there
is any potential for TVI or crossband
interference. In a multiband amplifier, the
extra cost of using a pi-L network is
the “L” inductor and its associated
bandswitch section.

To simplify and avoid confusion with
terminology previously used in the pi and
pi-L network design tables, in the remain-
der of this chapter Qqy is the loaded Q of
the amplifier’s input matching tank, Qqur
is the loaded Q of the output pi-L tank, Qp;
is the loaded Q of the output pi section
only, and Qy is the loaded Q of the output
L section only.

The input impedance of a grounded-grid
8877 is typically on the order of 50 to
55 Q, shunted by input capacitance of
about 38 pF. While this average imped-
ance is close enough to 50 Q to provide
negligible input SWR, the instantaneous
value varies greatly over the drive cycle—
that is, it is nonlinear. This nonlinear
impedance is reflected back as a nonlinear
load impedance at the exciter output,
resulting in increased intermodulation dis-
tortion, reduced output power, and often
meaningless exciter SWR meter indica-
tions. In addition, the tube’s parallel input
capacitance, as well as parasitic circuit
reactances, often are significant enough at
28 MHz to create significant SWR. A tank
circuit at the amplifier input can solve both
of these problems by tuning out the stray
reactances and stabilizing (linearizing)
the tube input impedance through its fly-
wheel effect. The input tank should have a
loaded Q (called Qy;, in this discussion)
of at least two for good results. Increasing
Qy;, to as much as five results in a further
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small improvement in linearity and distor-
tion, but at the cost of a narrower operat-
ing bandwidth. Even a Q;, of 1.0 to 1.5
yields significant improvement over an
untuned input. A pi network commonly is
used for input matching at HF.

Fig 18.15 illustrates these input and out-
put networks applied in the amplifier
circuit. The schematic shows the major
components in the amplifier RF section,
but with band-switching and cathode dc-
return circuits omitted for clarity. C1 and
C2 and L1 form the input pi network. C3 is
a blocking capacitor to isolate the exciter
from the cathode dc potential. Note that
when the tube’s average input resistance is
close to 50 Q, as in the case of the 8877, a
simple parallel-resonant tank often can
successfully perform the tuning and fly-
wheel functions, since no impedance trans-
formation is necessary. In this case it is
important to minimize stray lead induc-
tance between the tank and tube to avoid
undesired impedance transformation.

The filament or “heater” in indirectly
heated tubes such as the 8877 must be very
close to the cathode to heat the cathode
efficiently. A capacitance of several pico-
farads exists between the two. Particularly
at very high frequencies, where these few
picofarads represent a relatively low reac-
tance, RF drive intended for the cathode
can be capacitively coupled to the lossy
filament and dissipated as heat. To avoid
this, above about 50 MHz, the filament
must be kept at a high RF impedance above
ground. The high impedance (represented
by choke RFC1 in Fig 18.15) minimizes
RF current flow in the filament circuit so
that RF dissipated in the filament becomes
negligible. The choke’s low-frequency
resistance should be kept to a minimum to
lessen voltage drops in the high-current
filament circuit.

The choke most commonly used in this
application is a pair of heavy-gauge insu-
lated wires, bifilar-wound over a ferrite
rod. The ferrite core raises the inductive
reactance throughout the HF region so that
aminimum of wire is needed, keeping fila-
ment-circuit voltage drops low. The bifi-
lar winding technique assures that both
filament terminals are at the same RF
potential.

Below 30 MHz, the use of such a choke
seldom is necessary or beneficial, but
actually can introduce another potential
problem. Common values of cathode-
to-heater capacitance and heater-choke
inductance often are series resonant in the
1.8 to 29.7 MHz HF range. A capacitance
of 5 pF and an inductance of 50 uH, for
example, resonate at 10.0 MHz; the actual
components are just as likely to resonate
near 7 or 14 MHz. At resonance, the cir-
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cuit constitutes arelatively low impedance
shunt from cathode to ground, which
affects input impedance and sucks out
drive signal. An unintended resonance like
this near any operating frequency usually
increases input SWR and decreases gain
on that one particular band. While aggra-
vating, the problem rarely completely dis-
ables or damages the amplifier, and so is
seldom pursued or identified.

Fortunately, the entire problem is eas-
ily avoided—below 30 MHz the heater
choke can be deleted. At VHF-UHF, or
wherever a heater isolation choke is used
for any reason, the resonance can be
moved below the lowest operating fre-
quency by connecting a sufficiently large
capacitance (about 1000 pF) between the
tube cathode and one side of the heater. It
is good practice also to connect a similar
capacitor between the heater terminals. It
also would be good practice in designing
other VHF/UHF amplifiers, such as those
using 3CX800A7 tubes, unless the builder
can ensure that the actual series resonance
is well outside of the operating frequency
range.

Plate voltage is supplied to the tube
through RFC2. C5 is the plate blocking
capacitor. The output pi-L network con-

sists of tuning capacitor C6, loading
capacitor C7, pi coil L2, and output L coil
L3. RFC3 is a high-inductance RF choke
placed at the output for safety purposes.
Its value, usually 100 uH to 2 mH, is high
enough so that it appears as an open circuit
across the output connector for RF. How-
ever, should the plate blocking capacitor
fail and allow high voltage onto the output
matching network, RFC3 would short the
dc to ground and blow the power-supply
fuse or breaker. This prevents dangerous
high voltage from appearing on the feed
line or antenna. It also prevents electro-
static charge—from the antenna or from
blocking capacitor leakage—from build-
ing up on the tank capacitors and causing
periodic dc discharge arcs to ground. If
such a dc discharge occurs while the
amplifier is transmitting, it can trigger a
potentially damaging RF arc.

Our next step is designing the input
matching network. As stated earlier, tube
input impedance varies moderately with
plate voltage and load resistance as well
as bias, but is approximately 50 to 55 Q
paralleled by Cpy of 38 pF, including stray
capacitance. A simple parallel-resonant
tank of Qqy = 2 to 3 can provide an input
SWR not exceeding 1.5:1, provided all
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Fig 18.15—A simplified schematic of a grounded-grid amplifier using a pi network

input and pi-L network output.



wiring from RF input connector to tank to
cathode is heavy and short. On each band
a Qqy between 2 to 3 requires an Xco =
Xpin between 25 and 17 Q.

A more nearly perfect match, with
greater tolerance for layout and wiring
variations, may be achieved by using the
pi input tank as shown in Fig 18.15.
Design of this input-matching circuit is
straightforward. Component values are
computed using a Qpy between 2 or 3.
Higher Qpy values reduce the network’s
bandwidth, perhaps even requiring a front-
panel tuning control for the wider amateur
bands. The purpose of this input network
is to present the desired input impedance
to the exciter, not to add selectivity. As
with a parallel tank, the value of the capa-
citor at the tube end of the pi network
should be reduced by 38 pF; stray capacity
plus tube Cpy is effectively in parallel with
the input pi network’s output.

The output pi-L network must transform
the nominal 50-Q amplifier load to a pure
resistance of 2200 Q. We previously cal-
culated that the 8877 tube’s plate must see
2200 Q for optimum performance. In prac-
tice, real antenna loads are seldom purely
resistive or exactly 50 Q; they often
exhibit SWRs of 2:1 or greater on some
frequencies. It’s desirable that the ampli-
fier output network be able to transform
any complex load impedance correspond-
ing to an SWR up to about 2:1 into a resis-
tance of 2200 Q. The network also must
compensate for tube Cyy and other stray
plate-circuit reactances, such as those of
interconnecting leads and the plate RF
choke. These reactances, shown in
Fig 18.16, must be taken into account
when designing the matching networks.
Because the values of most stray reac-
tances are not accurately known, the most
satisfactory approach is to estimate them,
and then allow sufficient flexibility in
the matching network to accommodate
modest errors.

Fig 18.16 shows the principal reac-
tances in the amplifier circuit. Cqyr is the
actual tube output capacitance of 10 pF
plus the stray capacitance between its
anode and the enclosure metalwork. This
stray C varies with layout; we will
approximate it as 5 pF, so Coyr is roughly
15 pF. Loyt is the stray inductance of
leads from the tube plate to the tuning
capacitor (internal to the tube as well as
external circuit wiring.) External-anode
tubes like the 8877 have essentially no
internal plate leads, so Loyt is almost
entirely external. It seldom exceeds about
0.3 mH and is not very significant below
30 MHz. Lcyokg 18 the reactance pre-
sented by the plate choke, which usually is
significant only below 7 MHz. Cqrray

represents the combined stray capaci-
tances to ground of the tuning capacitor
stator and of interconnecting RF plate cir-
cuit leads. In a well-constructed, carefully
thought out power amplifier, Cqpray can
be estimated to be approximately 10 pF.
Remaining components Cyryng, Croaps
and the two tuning inductors, form the
pi-L network proper.

The tables presented earlier in this chap-
ter greatly simplify the task of selecting
output circuit values. Both the pi and pi-L
design tables are calculated for a Qgyr
value of 12. A pi network loaded Q much
lower than 10 does not provide adequate
harmonic suppression; a value much
higher than 15 increases matching net-
work losses caused by high circulating
currents. For pi networks, a Qg of 12 is
a good compromise between harmonic
suppression and circuit losses. In practice,
it often is most realistic and practical with
both pi and pi-L output networks to accept
somewhat higher Qg values on the high-
est HF frequencies—perhaps as large as
18 or even 20 at 28 MHz. When using a
pi-L on the 1.8 and 3.5 MHz bands, it often
is desirable to choose a moderately lower
Qourts perhaps 8 to 10, to permit using
a more reasonably-sized plate tuning
capacitor.

Nominal pi-L network component val-
ues for 2200-Q plate impedance can be
taken directly from Table 18.2. These val-
ues can then be adjusted to allow for
circuit reactances outside the pi-L proper.
First, low-frequency component values
should be examined. At 3.5 MHz, total
tuning capacitance C1 value from Table
18.2 is 140 pF. From Fig 18.16 we know
that three other stray reactances are
directly in parallel with Ctyng (assuming
that Loyt is negligible at the operating
frequency, as it should be). The tube’s
internal and external plate capacitance to
ground, Cqoyr, is about 15 pF. Strays in the
RF circuit, Cgtgray. are roughly 10 pF.

The impedance of the plate choke,

XcHokgs 18 also in parallel with Cryyg.
Plate chokes with self-resonance charac-
teristics suitable for use in amateur HF
amplifiers typically have inductances of
about 90 uH. At 3.5 MHz this is an induc-
tive reactance of +1979 Q. This appears in
parallel with the tuning capacitance,
effectively canceling an equal value of
capacitive reactance. At 3.5 MHz, an X
of 1979 Q corresponds to 23 pF of capaci-
tance—the amount by which tuning
capacitor Cpyyg must be increased at
3.5 MHz to compensate for the effect of
the plate choke.

The pi-L network requires an effective
capacitance of 140 pF at its input at
3.5 MHz. Subtracting the 25 pF provided
by Coyt and Cgrgray and adding the 23 pF
canceled by Xcyokg, the actual value of
Crung must be 140 — 25 + 23 = 138 pF. It
is good practice to provide at least 10%
extra capacitance range to allow matching
loads having SWRs up to 2:1. So, if
3.5 MHz is the lower frequency limit of
the amplifier, a variable tuning capacitor
with a maximum value of at least 150 to
160 pF should be used.

Component values for the high end of
the amplifier frequency range also must
be examined, for this is where the most
losses will occur. At 29.7 MHz, the values
in Table 18.2 are chosen to accommodate
a minimum pi-L input capacitance of
35 pF, yielding Qqut = 21.3. Since Cqyr
and Cqrray contribute 25 pF, Cpyng must
have a minimum value no greater than
10 pF. A problem exists, because this
value is not readily achievable with a 150
to 160-pF air variable capacitor suitable
for operation with a 3100 V plate supply.
Such a capacitor typically has a minimum
capacitance of 25 to 30 pF. Usually, little
or nothing can be done to reduce the tube’s
Cour or the circuit Cgtgr oy, and in fact the
estimates of these may even be a little low.
If 1.8 MHz capability is desired, the maxi-
mum tuning capacitance will be at least
200 to 250 pF, making the minimum-

LsTRAY
IN

Cin

3 4T

LstrAY
ouT

CsTraY

Rioap /

SERIES

Coap

HBK05_18-016

Fig 18.16—The effective reactances for the amplifier in Fig 18.15.

RF Power Amplifiers  18.21



capacitance problem at 29.7 MHz even
more severe.

There are three potential solutions to
this dilemma. We could accept the actual
minimum value of pi-L input capacitance,
around 50 to 55 pF, realizing that this will
raise the pi-L network’s loaded Q to about
32. This results in very large values of
circulating tank current. To avoid damage
to tank components—particularly the
bandswitch and pi inductor—from heat
due to I2R losses, it will be necessary to
either use oversize components or reduce
power on the highest-frequency bands.
Neither option is appealing.

A second potential solution is to reduce
the minimum capacitance provided by
Cryng- We could use a vacuum variable
capacitor with a 300-pF maximum and a
5-pF minimum capacity. These are rated
at 5 to 15 kV, and are readily available.
This reduces the minimum effective cir-
cuit capacitance to 30 pF, allowing use of
the pi-L table values for Qqgyr = 12 on all
bands from 1.8 through 29.7 MHz. While
brand-new vacuum variables are quite
expensive, suitable models are widely
available in the surplus and used markets
for prices not much higher than the cost of
a new air variable. A most important
caveat in purchasing a vacuum capacitor
is to ensure that its vacuum seal is intact
and that it is not damaged in any way. The
best way to accomplish this is to “hi-pot”
test the capacitor throughout its range,
using a dc or peak ac test voltage of 1.5 to
2 times the amplifier plate supply voltage.
For all-band amplifiers using plate volt-
ages in excess of about 2500 V, the initial
expense and effort of securing and using a
vacuum-variable input tuning capacitor
often is well repaid in efficient and reli-
able operation of the amplifier.

A third possibility is the use of an addi-
tional inductance connected in series
between the tube and the tuning capacitor.
In conjunction with Cqyp of the tube, the
added inductor acts as an L network to
transform the impedance at the input of
the pi-L network up to the 2200-Q load
resistance needed by the tube. This is
shown in Fig 18.17A. Since the imped-
ance at the input of the main pi-L match-
ing network is reduced, the loaded Qqyt
for the total capacitance actually in the
circuit is lower. With lower Qqyr, the cir-
culating RF currents are lower, and thus
tank losses are lower.

Coyr in Fig 18.17 is the output capaci-
tance of the tube, including stray C from
the anode to metal enclosure. X; is the
additional series inductance to be added.
As determined previously, the impedance
seen by the tube anode must be a 2200 Q
resistance for best linearity and efficiency,
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and we have estimated C+ of the tube as
15 pF. If the network consisting of Cqyr
and Xy is terminated at A by 2200 Q, we
can calculate the equivalent impedance at
point B, the input to the pi-L network, for
various values of series X;. The pi-L
network must then transform the nominal
50-€Q load at the transmitter output to this
equivalent impedance.

We work backwards from the plate of
the tube towards the Cryyng capacitor. First,
calculate the series-equivalent impedance
of the parallel combination of the desired
2200-Q plate load and the tube Xqgyr
(15pFat29.7MHz =-;357 Q). The series-
equivalent impedance of this parallel com-
bination is 56.5 —j 348 Q, as shown in Fig
18.17B. Now suppose we use a 0.5 uH
inductor, having an impedance of +j 93 Q
at 29.7 MHz, as the series inductance Xj .
The resulting series-equivalent impedance
is 56.5 — j 348 +j 93, or 56.5 — j 255 Q.
Converting back to the parallel equivalent
gives the network of Fig 18.17C: 1205 Q
resistance in parallel with — j 267 Q, or
20 pF at 29.7 MHz. The pi-L tuning net-
work must now transform the 50-€2 load to
a resistive load of 1205 Q at B, and absorb
the shunt capacity of 20 pF.

Using the pi-L network formulas in this
chapter for R1 = 1205 Q and Qqyt =15 at
29.7 MHz yields a required total capacitive
reactance of 1205/15 = 80.3 Q, which is
66.7 pF at 29.7 MHz. Note that for the same
loaded Qqyr for a 2200-Q load line with-
out the series inductor, the capacitive reac-
tance is 2200/15 = 146.7 Q, which is
36.5 pF. When the 20 pF of transformed
input capacity is subtracted from the
66.7 pF total needed, the amount of capac-
ity is 46.7 pF. If the minimum capacity in
Cryung 18 25 pF and the stray capacity is
10 pF, then there is a margin of 46.7 - 35 =
10.7 pF beyond the minimum capacity for
handling SWRs greater than 1:1 at the load.

The series inductor should be a high-Q
coil wound from copper tubing to keep
losses low. This inductor has a decreasing,
yet significant effect, on progressively
lower frequencies. A similar calculation to
the above should be made on each band to
determine the transformed equivalent plate
impedance, before referring to Table 18.2.
The impedance-transformation effect
of the additional inductor decreases rap-
idly with decreasing frequency. Below
21 MHz, it usually may be ignored and
pi-L network values taken directly from
the pi-L tables for R1 = 2200 Q.

The nominal 90-puH plate choke remains
in parallel with Cyyyg. Itis rarely possible
to calculate the impedance of a real HF
plate choke at frequencies higher than
about 5 MHz because of self-resonances.
However, as mentioned previously, the

choke’s reactance should be sufficiently
high that the tables are useful if the choke’s
first series-resonance is at 23.2 MHz.
This amplifier is made operational on
multiple bands by changing the values of
inductance at L2 and L3 for different
bands. The usual practice is to use induc-
tors for the lowest operating frequency,
and short out part of each inductor with a
switch, as necessary, to provide the induc-
tance needed for each individual band.
Wiring to the switch and the switch itself
add stray inductance and capacitance to
the circuit. To minimize these effects at
the higher frequencies, the unswitched
10-m L2 should be placed closest to the
high-impedance end of the network at C6.

L series
+93 Q to
pi-Network

Desired

Load - 357 Q
Resistance
(A)

2200

Series
Equivalent

56.5 =56.5 -j255 O

(B)

20 pF

-j267
@ 29.7 MHz
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Fig 18.17—The effect of adding a small
series inductance in vacuum tube output
circuit. At A, a 0.5-pH coil Lggges is
connected between anode and the output
pi network, and this represents a
reactance of + j93 Q at 29.7 MHz. The
15-pF output capacity (Coyy) of the tube
has a reactance of — j 357 Q at 29.7 MHz.
At B, the equivalent series network for
the parallel 2200-Q desired load resis-
tance and the — j 357 Q Cyy7 is 56.5 Q in
series with — j 348 Q. At C, this series-
equivalent is combined with the series
+j 93 Q Xgeries and converted back to
the parallel equivalent, netting an
equivalent parallel network of 1205 Q
shunted by a 20-pF capacitor. The pi
tuning network must transform the load
impedance (usually 50 Q) into the equi-
valent parallel combination and absorb
the 20-pF parallel component. The series
inductor has less effect as the operating
frequency is lowered from 29.7 MHz.



Stray capacitance associated with the
switch then is effectively in parallel with
C7, where the impedance level is around
300 Q. The effects of stray capacitance
are relatively insignificant at this low
impedance level. This configuration also
minimizes the peak RF voltage that the
switch insulation must withstand.

Pi and L coil tap positions that yield
desired values of inductance may be
determined with fairly good accuracy by
using a dip meter and a small mica capaci-
tor of 5% tolerance. The pi and L coils and
bandswitch should be mounted in the
amplifier and their common point con-
nected only to the bandswitch rotors.
Starting at the highest-frequency switch
position, lightly tack solder a short length
of copper braid or strap to the pi or L
switch stator terminal for that band. Using
the shortest leads possible, tack a 50 to
100 pF, 5% dipped mica capacitor
between the braid and a trial tap position
on the appropriate coil. Lightly couple the
dip meter and find the resonant frequency.
The inductance then may be calculated
from the equation

L 1,000,000 45)
=ff C
where

L = inductance in uH
C = capacitor value in pF
f = resonant frequency in MHz.

As each tap is located, it should be
securely wired with strap or braid and the
process repeated for successively lower
bands.

The impedance match in both the input
and output networks can be checked with-
out applying dc voltage, once the ampli-
fier is built. In operation, the tube input
and output resistances are the result of
current flow through the tube. Without
filament power applied, these resistances
are effectively infinite but Cyy and Cqyr
are still present because they are passive
physical properties of the tube. The tube
input resistance can be simulated by an
ordinary 5% '/+-W to 2-W composition or
filmresistor (don’t use wirewound, though;
they are more inductive than resistive at
RF). A resistor value within 10% of the tube
input resistance, connected in parallel with
the tube input, presents approximately the
same termination resistance to the match-
ing network as the tube does in operation.

With the input termination resistor tem-
porarily soldered in place using very short
leads, input matching network perfor-
mance can be determined by means of a
noise bridge or an SWR meter that does
not put out more RF power than the tem-
porary termination resistor is capable of

dissipating. Any good self- or dipper-pow-
ered bridge or analyzer should be satisfac-
tory. Connect the bridge to the amplifier
input and adjust the matching network, as
necessary, for lowest SWR. Be sure to
remove the terminating resistor before
powering up the amplifier!

The output matching network can be
evaluated in exactly the same fashion,
even though the plate load resistance is
not an actual resistance in the tube like the
input resistance. According to the reci-
procity principle, if the impedance pre-
sented at the output of the plate matching
network is 50-Q resistive when the net-
work input is terminated with R; , then the
tube plate will “see” a resistive load equal
to Ry at the input when the output is termi-
natedina 50-Qresistance (and vice versa).
In this case, a suitable 2200-Q resistor
should be connected as directly as possible
from the tube plate to chassis. If the dis-
tance is more than a couple of inches, braid
should be used to minimize stray induc-
tance. The bridge is connected to the
amplifier output. If coil taps have been
already been established as described pre-
viously, it is a simple matter to evaluate
the output network by adjusting the tune
and load capacitors, band by band, to show
a perfect 50-Q match on the SWR bridge.

When these tests are complete, the
amplifier is ready to be tested for parasitic
oscillations in preparation for full-power
operation. Refer to Amplifier Stabiliza-
tion, later in this chapter.

DESIGN EXAMPLE 2: A MEDIUM-
POWER 144-MHZ AMPLIFIER

For decades the 4CX250 family of
power tetrodes has been used successfully
up through 500 MHz. They are relatively
inexpensive, produce high gain and lend
themselves to relatively simple amplifier
designs. In amateur service at VHF, the
4CX250 is an attractive choice for an
amplifier. Most VHF exciters used now
by amateurs are solid state and often
develop 10 W or less output. The drive
requirement for the 4CX250 in grounded
cathode, Class AB operation ranges
between 2 and 8 W for full power output,
depending on frequency. At 144 MHz,
manufacturer’s specifications suggest an
available output power of over 300 W.
This is clearly a substantial improvement
over 10 W, so a 4CX250B will be used in
this amplifier.

The first design step is the same as in the
previous example: Verify that the pro-
posed tube will perform as desired while
staying within the manufacturer’s ratings.
Again assuming a basic amplifier effi-
ciency of 60% for Class AB operation,
300 W of output requires a plate input

power of 500 W. Tube dissipation is rated
at 250 W, so plate dissipation is not a prob-
lem, as the tube will only be dissipating
200 W in this amplifier. If the recom-
mended maximum plate potential of
2000 V is used, the plate current for 500-W
input will be 250 mA, which is within the
manufacturer’s ratings. The plate load
resistance can now be calculated. Using the
same formula as before, the value is deter-
mined to be 5333 Q.

The next step is to investigate the out-
put circuit. The manufacturer’s specifica-
tion for Cqyt is 4.7 pF. The inevitable
circuit strays along with the tuning capaci-
tor add to the circuit capacitance. A
carefully built amplifier might only have
7 pF of stray capacitance, and a specially
made tuning capacitor can be fabricated to
have a midrange value of 3 pF. The total
circuit capacitance adds up to about 15 pF.
At 144 MHz this represents a capacitive
reactance of only 74 Q. The Q; of a tank
circuit with this reactance with a plate load
resistance of 5333 Q is 5333/74=72. A pi
output matching network would be totally
impractical, because the L required would
be extremely small and circuit losses
would be prohibitive. The simplest solu-
tion is to connect an inductor in parallel
with the circuit capacitance to form a
parallel-resonant tank circuit.

To keep tank circuit losses low with
such a high Qp, an inductor with very high
unloaded Q must be used. The lowest-loss
inductors are formed from transmission-
line sections. These can take the form of
either coaxial lines or strip lines. Both
have their advantages and disadvantages,
but the strip line is so much easier to fab-
ricate that it is almost exclusively used in
VHEF tank circuits today.

The reactance of a terminated transmis-
sion line section is a function of both its
characteristic impedance and its length
(see the Transmission Lines chapter).
The reactance of a line terminated in a
short circuit is

XIN = ZO tanf (46)
where
XN = is the circuit reactance
Z, = the line’s characteristic impedance
¢ = the transmission line length in
degrees.

For lines shorter than a quarter
wavelength (90°) the circuit reactance is
inductive. In order to resonate with the
tank-circuit capacitive reactance, the
transmission-line reactance must be the
same value, but inductive. Examination of
the formula for transmission-line circuit
reactance suggests that a wide range of
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lengths can yield the same inductive
reactance, so long as the line Z is appro-
priately scaled. Based on circuit Q consid-
erations, the best bandwidth for a tank
circuit results when the ratio of Z; to Xy
is between one and two. This implies that
transmission line lengths between 26.5°
and 45° give the best bandwidth. Between
these two limits, and with some adjust-
ment of Z,, practical transmission lines
can be designed. A transmission-line
length of 35° is 8 inches long at 144 MHz,
a workable dimension mechanically. Sub-
stitution of this value into the transmis-
sion-line equation gives a Z; of 105 Q.

The width of the strip line and its place-
ment relative to the ground planes deter-
mine the line impedance. Other stray
capacitances such as mounting standoffs
also affect the impedance. Accurate cal-
culation of the line impedance for most
physical configurations requires exten-
sive application of Maxwell’s equations
and is beyond the scope of this book. The
specialized case in which the strip line is
parallel to and located halfway between
two ground planes has been documented
in Reference Data for Radio Engineers
(see Bibliography). According to charts
presented in that book, a 105-Q strip line
impedance is obtained by placing a line
with a width of approximately 0.4 times
the ground plane separation halfway be-
tween the ground planes. Assuming the
use of a standard 3-inch-deep chassis for
the plate compartment, this yields a strip-
line width of 1.2 inches. A strip line 1.2
inches wide located 1.5 inches above
the chassis floor and grounded at one
end has an inductive reactance of 74 Q at
144 MHz.

The resulting amplifier schematic dia-
gram is shown in Fig 18.18. L2 is the strip-
line inductance just described. C3 is the
tuning capacitor, made from two parallel
brass plates whose spacing is adjustable.
One plate is connected directly to the strip
line while the other is connected to ground
through a wide, low-inductance strap. C2
is the plate blocking capacitor. This can be
either a ceramic doorknob capacitor such
as the Centralab 850 series or a homemade
“Teflon sandwich.” Both are equally ef-
fective at 144 MHz.

Impedance matching from the plate
resistance down to 50 Q can be either
through an inductive link or through
capacitive reactance matching. Mechani-
cally, the capacitive approach is simpler
to implement. Fig 18.19 shows the devel-
opment of reactance matching through a
series capacitor (C4 in Fig 18.19). By
using the parallel equivalent of the capaci-
tor in series with the 50-Q load, the
load resistance can be transformed to the
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5333-Q plate resistance. Substitution of
the known values into the parallel-to-
series equivalence formulas reveals that a
2.15 pF capacitor at C4 matches the 50-Q
load to the plate resistance. The resulting
parallel equivalent for the load is 5333 Q
in parallel with 2.13 pF. The 2.13-pF
capacitor is effectively in parallel with the
tank circuit.

A new plate line length must now be
calculated to allow for the additional
capacitance. The equivalent circuit dia-
gram containing all the various reactances
is shown in Fig 18.20. The total circuit
capacitance is now just over 17 pF, which
is a reactance of 64 Q. Keeping the strip-
line width and thus its impedance constant
at 105 Q dictates a new resonant line length
of 31°. This calculates to be 7.14 inches for
144 MHz.

The alternative coupling scheme is
through the use of an inductive link. The
link can be either tuned or untuned. The
length of the link can be estimated based
on the amplifier output impedance, in this
case, 50 Q. For an untuned link, the induc-
tive reactance of the link itself should be
approximately equal to the output imped-
ance, 50 Q. For a tuned link, the length
depends on the link loaded Q, Q.. The link
Q. should generally be greater than two,
but usually less than five. Fora Q; of three
this implies a capacitive reactance of
150 Q, which at 144 MHz is just over 7 pF.
The self-inductance of the link should of
course be such that its impedance at
144 MHz is 150 Q (0.166 mH). Adjust-
ment of the link placement determines the
transformation ratio of the circuit line.
Some fine adjustment of this parameter
can be made through adjustment of the link
series tuning capacitor. Placement of the
link relative to the plate inductor is an
empirical process.

The input circuit is shown in Figs 18.21
and 18.23. Cyy is specified to be 18.5 pF for
the 4CX250. This is only — j 60 Q at
2 m, so the pi network again is unsuitable.
Since a surplus of drive is available with a
10-W exciter, circuit losses at the amplifier
input are not as important as at the output.
An old-fashioned “split-stator” tuned input
can be used. L1 in Fig 18.18 is series tuned
by Cjy and C1. The two capacitors are
effectively in series (through the ground
return). A 20-pF variable at C1 set to
18.5 pF gives an effective circuit capaci-
tance of 9.25 pF. This will resonate at
144 MHz with an inductance of 0.13 puH at
L1. L1 can be wound on a toroid core for
mechanical convenience. The 50-Q input
impedance is then matched by link cou-
pling to the toroid. The grid impedance is
primarily determined by the value for R1,
the grid bias feed resistor.

DESIGN EXAMPLE 3:
A BROADBAND HF
SOLID-STATE AMPLIFIER

Linear power-amplifier design using
transistors at HF is a fundamentally simple
process, although a good understanding of
application techniques is important to
insure that the devices are effectively pro-
tected against damage or destruction due
to parasitic self-oscillations, power tran-
sients, load mismatch and/or overdrive.

C

4
2.15 pF
50 = 213 5333
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Fig 18.19—Series reactance matching
as applied to the amplifier in Fig 18.18.
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Fig 18.18—Simplified schematic for a VHF power amplifier using a power tetrode.
The output circuit is a parallel-tuned tank circuit with series capacitive-reactance

output matching.
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Fig 18.20—The reactances and resistances for the amplifier in Fig 18.18.
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Fig 18.21—A simplified schematic of a broadband HF transistorized power
amplifier. T1 and T2 are 4:1 broadband transformers to match the low input

impedance of the transistor.

An appropriate transistor meeting the
desired performance specifications is
selected on the basis of dissipation and
power output. Transistor manufacturers
greatly simplify the design by specifying
each type of power transistor according to
its frequency range and power output. The
amplifier designer need only provide suit-
able impedance matching to the device
input and output, along with appropriate
dc bias currents to the transistor.

The Motorola MRF464 is an RF power
transistor capable of 80 W PEP output with
low distortion. Its usable frequency range
extends through 30 MHz. At a collector
potential of 28 V, a collector efficiency of
40% is possible. Fig 18.21 shows the sche-
matic diagram of a 2 to 30-MHz broad-
band linear amplifier using the MRF464.
The input impedance of the transistor
is specified by the manufacturer to be 1.4
—70.30 Q at 30 MHz and increases to 9.0
—j5.40 Q at 2 MHz. Transformers T1 and
T2 match the 50-Q amplifier input imped-
ance to the median value of the transistor
input impedance. They are both 4:1 step-
down ratio transmission-line transform-
ers. A single 16:1 transformer could be
used in place of T1 and T2, but 16:1 trans-

formers are more difficult to fabricate for
broadband service.

The specified transistor load impedance
is approximately 6 Q (in parallel with a
corresponding output capacitance) across
the frequency range. T3 is a ferrite-loaded
conventional transformer with a step-up
ratio of approximately 8:1. This matches
the transistor output to 50 Q.

The amplifier has a falling gain charac-
teristic with rising frequency. To flatten
out gain across the frequency range, nega-
tive feedback could be applied. However,
most power transistors have highly reac-
tive input impedances and large phase
errors would occur in the feedback loop.
Instability could potentially occur.

A better solution is to use an input cor-
rection network. This network is used as a
frequency-selective attenuator for ampli-
fier drive. At 30 MHz, where transistor
gain is least, the input power loss is
designed to be minimal (less than 2 dB).
The loss increases at lower frequencies to
compensate for the increased transistor
gain. The MRF464 has approximately
12 dB more gain at 1.8 MHz than at
30 MHz; the compensation network is
designed to have 12 dB loss at 1.8 MHz. A

properly designed compensation network
will result in an overall gain flatness of
approximately 1 dB.

AMPLIFIER STABILIZATION
Stable Operating Conditions

Purity of emissions and the useful life
(or even survival) of the active devices in a
tube or transistor circuit depend heavily on
stability during operation. Oscillations can
occur at the operating frequency or far from
it, because of undesired positive feedback
in the amplifier. Unchecked, these oscilla-
tions pollute the RF spectrum and can lead
to tube or transistor over-dissipation and
subsequent failure. Each type of oscillation
has its own cause and its own cure.

In a linear amplifier, the input and out-
put circuits operate on the same frequency.
Unless the coupling between these two
circuits is kept to a small enough value,
sufficient energy from the output may be
coupled in phase back to the input to cause
the amplifier to oscillate. Care should be
used in arranging components and wiring
of the two circuits so that there will be
negligible opportunity for coupling exter-
nal to the tube or transistor itself. A high
degree of shielding between input and
output circuits usually is required. All RF
leads should be kept as short as possible
and particular attention should be paid to
the RF return paths from input and output
tank circuits to emitter or cathode.

In general, the best arrangement using a
tube is one in which the input and output
circuits are on opposite sides of the chas-
sis. Individual shielded compartments for
the input and output circuitry add to the
isolation. Transistor circuits are some-
what more forgiving, since all the imped-
ances are relatively low. However, the
high currents found on most amplifier
circuit boards can easily couple into unin-
tended circuits. Proper layout, the use of
double-sided circuit board (with one side
used as a ground plane and low-inductance
ground return), and heavy doses of
bypassing on the dc supply lines often are
sufficient to prevent many solid-state
amplifiers from oscillating.

VHF and UHF Parasitic
Oscillations

RF power amplifier circuits contain
parasitic reactances that have the potential
to cause so-called parasitic oscillations at
frequencies far above the normal operating
frequency. Nearly all vacuum-tube ampli-
fiers designed for operation in the 1.8 to
29.7-MHz frequency range exhibit tenden-
cies to oscillate somewhere in the VHF-
UHF range—generally between about 75
and 250 MHz depending on the type and
size of tube. A typical parasitic resonant
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circuit is highlighted by bold lines in
Fig 18.22. Stray inductance between the
tube plate and the output tuning capacitor
forms a high-Q resonant circuit with the
tube’s Cgoyr. Cour normally is much
smaller (higher X() than any of the other
circuit capacitances shown. The tube’s Cpy
and the tuning capacitor Cyyyg essentially
act as bypass capacitors, while the various
chokes and tank inductances shown have
high reactances at VHF. Thus the values of
these components have little influence on
the parasitic resonant frequency.
Oscillation is possible because the VHF
resonant circuit is an inherently high-Q
parallel-resonant tank that is not coupled
to the external load. The load resistance at
the plate is very high, and thus the voltage
gain at the parasitic frequency can be quite
high, leading to oscillation. The parasitic
frequency, f,, is approximately:

- 1000 7
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27‘[1le COUT
where

f. = parasitic resonant frequency in MHz

Lp = total stray inductance between
tube plate and ground via the plate tuning
capacitor (including tube internal plate
lead) in uH

Coyt = tube output capacitance in pF.

In a well-designed HF amplifier, Lp
might be in the area of 0.2 uH and Cqyp
for an 8877 is about 10 pF. Using these
figures, the equation above yields a poten-
tial parasitic resonant frequency of

1000
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For a smaller tube, such as the
3CX800A7 with Cqoyp of 6 pF, f, =
145 MHz. Circuit details affect f. some-
what, but these results do in fact correspond
closely to actual parasitic oscillations
experienced with these tube types. VHF-
UHF parasitic oscillations can be prevented
(not just minimized!) by reducing the
loaded Q of the parasitic resonant circuit so
that gain at its resonant frequency is insuf-
ficient to support oscillation. This is
possible with any common tube, and it is
especially easy with modern external-
anode tubes like the 8877, 3CX800A7, and
4CX800A.

Z1 of Fig 18.22B is a parasitic suppres-
sor. Its purpose is to add loss to the para-
sitic circuit and reduce its Q enough to
prevent oscillation. This must be accom-
plished without significantly affecting
normal operation. L, should be just large
enough to constitute a significant part of
the total parasitic tank inductance (origi-

=112.5 MHz
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nally represented by Lp), and located right
at the tube plate terminal(s). If L, is made
quite lossy, it will reduce the Q of the para-
sitic circuit as desired.

The inductance and construction of L,
depend substantially on the type of tube
used. Popular glass tubes like the 3-500Z
and 4-1000A have internal plate leads
made of wire. This significantly increases
Lp when compared to external-anode
tubes. Consequently, L, for these large
glass tubes usually must be larger in order
to constitute an adequate portion of the
total value of Lp. Typically a coil of 3 to 5
turns of #10 wire, 0.25 to 0.5 inches in
diameter and about 0.5 to 1 inches long is
sufficient. For the 8877 and similar tubes
it usually is convenient to form a “horse-
shoe” in the strap used to make the plate
connection. A “U” about 1 inch wide and
0.75 to 1 inch deep usually is sufficient. In
either case, L, carries the full operating-
frequency plate current; at the higher fre-
quencies this often includes a substantial
amount of circulating tank current, and L,
must be husky enough to handle it without
overheating even at 29 MHz.

Regardless of the form of L,, loss may

be introduced as required by shunting L,
with one or more suitable noninductive
resistors. In high-power amplifiers, two
composition or metal film resistors, each
100 Q, 2 W, connected in parallel across
L, usually are adequate. For amplifiers up
to perhaps 500 W a single 47-Q, 2-W
resistor may suffice. The resistance and
power capability required to prevent VHF/
UHF parasitic oscillations, while not
overheating as a result of normal plate
circuit current flow, depend on circuit
parameters. Operating-frequency voltage
drop across L, is greatest at higher fre-
quencies, so itis important to use the mini-
mum necessary value of L, in order to
minimize power dissipation in R,.

The parasitic suppressors described
above very often will work without modi-
fication, but in some cases it will be nec-
essary to experiment with both L, and R,
to find a suitable combination. Some
designers use nichrome or other resistance
wire for L,.

In exceptionally difficult cases, particu-
larly when using glass tetrodes or pen-
todes, additional parasitic suppression
may be attained by connecting a low value
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Fig 18.22—At A, typical VHF/UHF parasitic resonance in plate circuit. The HF
tuning inductor in the pi network looks like an RF choke at VHF/UHF. The tube’s
output capacity and series stray inductance combine with the pi-network tuning
capacity and stray circuit capacity to create a VHF/UHF pi network, presenting a
very high impedance to the plate, increasing its gain at VHF/UHF. At B, Z1 lowers
the Q and therefore gain at parasitic frequency.



resistor (about 10 to 15 Q) in series with
the tube input, near the tube socket. This is
illustrated by R1 of Fig 18.22B. If the tube
has a relatively low input impedance, as is
typical of grounded-grid amplifiers and
some grounded-cathode tubes with large
Cine R1 may dissipate a significant por-
tion of the total drive power.

Testing Tube Amplifiers for VHF-
UHF Parasitic Oscillations

Every high-power amplifier should be
tested before being placed in service, to
insure that it is free of parasitic oscilla-
tions. For this test, nothing is connected to
either the RF input or output terminals,
and the bandswitch is first set to the low-
est-frequency range. If the input is tuned
and can be bandswitched separately, it
should be set to the highest-frequency
band. The amplifier control system should
provide monitoring for both grid current
and plate current, as well as a relay, circuit
breaker or fast-acting fuse to quickly shut
off high voltage in the event of excessive
plate current. To further protect the tube
grid, it is a good idea to temporarily insert
in series with the grid current return line a
resistor of approximately 1000  to pre-
vent grid current from soaring in the event
a vigorous parasitic oscillation breaks out
during initial testing.

Apply filament and bias voltages to the
amplifier, leaving plate voltage off and/or
cutoff bias applied until any specified tube
warm-up time has elapsed. Then apply the
lowest available plate voltage and switch
the amplifier to transmit. Some idling
plate current should flow. If it does not, it
may be necessary to increase plate voltage
to normal or to reduce bias so that at least
100 mA or so does flow. Grid current
should be zero. Vary the plate tuning
capacitor slowly from maximum capaci-
tance to minimum, watching closely for
any grid current or change in plate current,
either of which would indicate a parasitic
oscillation. If a tunable input network is
used, its capacitor (the one closest to the
tube if a pi circuit) should be varied from
one extreme to the other in small incre-
ments, tuning the output plate capacitor at
each step to search for signs of oscillation.
If at any time either the grid or plate cur-
rent increases to a large value, shut off
plate voltage immediately to avoid dam-
age! If moderate grid current or changes in
plate current are observed, the frequency
of oscillation can be determined by
loosely coupling an RF absorption meter
or a spectrum analyzer to the plate area. It
will then be necessary to experiment with
parasitic suppression measures until no
signs of oscillation can be detected under
any conditions. This process should be

repeated using each bandswitch position.

When no sign of oscillation can be found,
increase the plate voltage to its normal
operating value and calculate plate dissipa-
tion (idling plate current times plate volt-
age). If dissipation is at least half of, but not
more than, its maximum safe value, repeat
the previous tests. If plate dissipation is
much less than half of maximum safe value,
it is desirable (but not absolutely essential)
to reduce bias until it is. If no sign of oscil-
lation is detected, the temporary grid resis-
tor should be removed and the amplifier is
ready for normal operation.

Parasitic Oscillations in Solid-
State Amplifiers

In low-power solid-state amplifiers,
parasitic oscillations can be prevented by
using a small amount of resistance in
series with the base or collector lead, as
shown in Fig 18.23A. The value of R1 or
R2 typically should be between 10 and
22 Q. The use of both resistors is seldom
necessary, but an empirical determination
must be made. R1 or R2 should be located
as close to the transistor as practical.

At power levels in excess of approxi-
mately 0.5 W, the technique of parasitic
suppression shown in Fig 18.23B is effec-
tive. The voltage drop across a resistor
would be prohibitive at the higher power
levels, so one or more ferrite beads placed
over connecting leads can be substituted
(Z1 and Z2). A bead permeability of 125
presents a high impedance at VHF and
above without affecting HF performance.
The beads need not be used at both circuit
locations. Generally, the terminal carrying
the least current is the best place for these
suppression devices. This suggests that the
resistor or ferrite beads should be con-
nected in the base lead of the transistor.

C3 of Fig 18.24 can be added to some
power amplifiers to dampen VHF/UHF
parasitic oscillations. The capacitor should
be low in reactance at VHF and UHF, but
must present a high reactance at the operat-
ing frequency. The exact value selected will
depend upon the collector impedance. A
reasonable estimate is to use an X of 10
times the collector impedance at the operat-
ing frequency. Silver-mica or ceramic chip
capacitors are suggested for this applica-
tion. An additional advantage is the result-
ant bypassing action for VHF and UHF
harmonic energy in the collector circuit. C3
should be placed as close to the collector
terminal as possible, using short leads.

The effects of C3 in a broadband ampli-
fier are relatively insignificant at the
operating frequency. However, when a
narrow-band collector network is used, the
added capacitance of C3 must be absorbed
into the network design in the same

manner as the Cqyr of the transistor.

Low-Frequency Parasitic
Oscillations

Bipolar transistors exhibit a rising gain
characteristic as the operating frequency
is lowered. To preclude low-frequency
instabilities because of the high gain,
shunt and degenerative feedback are often
used. In the regions where low-frequency
self-oscillations are most likely to occur,
the feedback increases by nature of the
feedback network, reducing the amplifier
gain. In the circuit of Fig 18.24, C1 and
R3 provide negative feedback, which
increases progressively as the frequency
is lowered. The network has a small effect
at the desired operating frequency but has
a pronounced effect at the lower frequen-
cies. The values for C1 and R3 are usually
chosen experimentally. C1 will usually be
between 220 pF and 0.0015 pF for HF-
band amplifiers while R3 may be a value
from 51 to 5600 Q.

R2 of Fig 18.24 develops emitter
degeneration at low frequencies. The
bypass capacitor, C2, is chosen for
adequate RF bypassing at the intended
operating frequency. The impedance of C2
rises progressively as the frequency is
lowered, thereby increasing the degenera-
tive feedback caused by R2. This lowers
the amplifier gain. R2 in a power stage is
seldom greater than 10 €, and may be as
low as 1 Q. It is important to consider that
under some operating and layout condi-
tions R2 can cause instability. This form
of feedback should be used only in those
circuits in which unconditional stability
can be achieved.

R1 of Fig 18.24 is useful in swamping
the input of an amplifier. This reduces the
chance for low-frequency self oscilla-
tions, but has an effect on amplifier per-
formance in the desired operating range.
Values from 3 to 27 Q are typical. When
connected in shunt with the normally low
base impedance of a power amplifier, the
resistors lower the effective device input
impedance slightly. R1 should be located
as close to the transistor base terminal as
possible, and the connecting leads must be
kept short to minimize stray reactances.
The use of two resistors in parallel reduces
the amount of inductive reactance intro-
duced compared to a single resistor.

Although the same concepts can be
applied to tube-type amplifiers, the possi-
bility of self-oscillations at frequencies
lower than VHF is significantly lower than
in solid-state amplifiers. Tube amplifiers
will usually operate stably as long as the
input-to-output isolation is greater than
the stage gain. Proper shielding and
dc-power-lead bypassing essentially

RF Power Amplifiers 18.27
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Fig 18.23—Suppression methods for VHF and UHF parasitics in solid-state

amplifiers.

HBKO05_18-024

Fig 18.24—lllustration of shunt feedback in a transistor amplifier. C1 and R3 make

up the feedback network.

eliminate feedback paths, except for those
through the tube itself.

On rare occasions tube-type amplifiers
will oscillate at frequencies in the range of
about 50 to 500 kHz. This is most likely
with high-gain tetrodes using shunt feed
of dc voltages to both grid and plate
through RF chokes. If the resonant fre-
quency of the grid RF choke and its asso-
ciated coupling capacitor occurs close to
that of the plate choke and its blocking
capacitor, conditions may support a tuned-
plate tuned-grid oscillation. For example,
using typical values of 1 mH and 1000 pF,
the expected parasitic frequency would be
around 160 kHz.

Make sure that there is no low-impedance,
low-frequency return path to ground through
inductors in the input matching networks in
series with the low impedances reflected by

18.28 Chapteri8

a transceiver output transformer. Usually,
oscillation can be prevented by changing
choke or capacitor values to insure that the
input resonant frequency is much lower than
that of the output.

Amplifier Neutralization

Depending on stage gain and inter-elec-
trode capacitances, sufficient positive feed-
back may occur to cause oscillation at the
operating frequency. This should not occur
in well-designed grounded-grid amplifiers,
nor with tetrode or pentodes operating at
gains up to about 15 dB as is current prac-
tice at HF where 50 to 100 W of drive is
almost always available. If triodes are grid-
driven, however, and under certain other
circumstances, neutralization may be nec-
essary because of output energy capaci-
tively coupled back to the input as shown

in Fig 18.25. Neutralization involves cou-
pling a small amount of output energy back
to the amplifier input out-of-phase, to can-
cel the unwanted in-phase (positive) feed-
back. A typical circuit is given in Fig 18.26.
L2 provides a 180° phase reversal because
it is center tapped. C1 is connected between
the plate and the lower half of the grid tank.
C1 is then adjusted so that the energy
coupled from the tube output through the
neutralization circuit is equal in amplitude
and exactly 180° out-of-phase with the
energy coupled from the output back
through the tube. The two signals then can-
cel and oscillation is impossible.

The easiest way to adjust a neutralization
circuit is to connect a low-level RF source to
the amplifier output tuned to the amplifier
operating frequency. A sensitive RF detec-
tor like a receiver is then connected to the
amplifier input. The amplifier must be
turned off for this test. The amplifier tuning
and loading controls, as well as any input
network adjustments are then peaked for
maximum indication on the RF detector con-
nected at the input. Cl1 is then adjusted for
minimum response on the detector. This null
indicates that the neutralization circuit is
canceling energy coupled from the ampli-
fier output to its input through tube, transis-
tor or circuit capacitances.

Screen-Grid Tube Stabilization

The plate-to-grid capacitance in a
screen-grid tube is reduced to a fraction of
a picofarad by the interposed grounded
screen. Nevertheless, the power gain of
these tubes may be so great in some cir-
cuits that only a very small amount of feed-
back is necessary to start oscillation. To
assure a stable tetrode amplifier, it is usu-
ally necessary to load the grid circuit, or to
use a neutralizing circuit.

Grid Loading

The need for a neutralizing circuit may
often be avoided by loading the grid cir-
cuit to reduce stage gain, provided that the
driving stage has some power capacity to
spare. Loading by tapping the grid down
on the grid tank coil, or by placing a
“swamping” resistor from grid to cathode,
is effective to stabilize an amplifier.
Either measure reduces the gain of the
amplifier, lessening the possibility of
oscillation. If a swamping resistor is con-
nected between grid and cathode with very
short leads, it may help reduce any ten-
dency toward VHF-UHF parasitic oscilla-
tions as well. In a class AB1 amplifier,
which draws no grid current, a swamping
resistor can be used to replace the bias
supply choke if parallel feed is used.

Often, reducing stage gain to the value
required by available drive power is suffi-
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Fig 18.25—The equivalent feedback
path due to the internal capacitance of
the tube grid-plate structure in a power
amplifier. Also see Fig 18.27.
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Fig 18.26—Example of neutralization of a single-ended RF amplifier.
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Fig 18.27—A neutralization circuit uses C1 to cancel the effect of the tube internal

capacitance.

3CX1500D7 RF Linear Amplifier

The following describes a 10-to-160-
meter RF linear amplifier that uses the new
compact Eimac 3CX1500D7 metal ceramic
triode. It was designed and constructed by
Jerry Pittenger, K8RA.

The amplifier features instant-on opera-
tion and provides a solid 1500 W RF output
with less than 100 W drive. Specifications
for this rugged tube include 1500-W anode
dissipation, 50-W grid dissipation and plate
voltages up to 6000 V. A matching 4000-V
power supply is included. The amplifier can
be easily duplicated and provides full output
inkey-down service with no time constraints
in any mode. Fig 18.28 shows the RF deck
and power supply cabinets.

DESIGN OVERVIEW

The Eimac 3CX1500D7 was designed as
acompact, but heavy-duty, alternative to the
popular lineup of a pair of 3-500Z tubes. It

cient to assure stability. If this is not prac-
tical or effective, the bridge neutralizing
system for screen-grid tubes shown in
Fig 18.27 may be used. C1 is the neutral-
izing capacitor. The value of C1 should be
chosen so that at some adjustment of C1,

C

Cl_“e (48)
C3 Cin
where

Cgp = tube grid-plate capacitance

Cxy = tube input capacitance.

The grid-to-cathode capacitance must
include all strays directly across the tube
capacitance, including the capacitance of
the tuning capacitor.

3cx1s0007

o

Fig 18.28—At A, front panel view of RF
Deck and Power Supply for 3CX1500D7
amplifier. At B, rear view of RF Deck and
Power Supply.

RF Power Amplifiers 18.29
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Fig 18.29—At A, schematic of RF Deck. At
B, schematic of control unit.

B1—Dayton 4C763 squirrel-cage blower.
Cabinet—Buckeye Shapeform DSC-1054-16
(10x17x16-inch HxXWxD),
www.buckeyeshapeform.com.
Chimney (Teflon)—A. Howell, KB8JCY,

PO Box 5842, Youngstown, OH 44504.

Cp—0.01 pF, 1 kV bypass disc ceramic.

C101—400 pF, 10 kV Jennings vacuum
variable, UCSL-400.

C102—1000 pF, 5 kV Jennings vacuum
variable, UCSL-1000.

C103, C104—350 pF, 5 kV ceramic
doorknob.

C105—two parallel 0.001 pF, 7.5 kV disc
ceramic (Ukrainian mfg).

C106, C107—0.001 pF, 7.5 kV disc
ceramic.

C108, C109—0.01 pF, 3 kV transmitting
mica (1 kV disc ceramics can be used).

C401—12 pF piston trimmer.

C403, C403—150 pF silver mica.

D101,D107,D205-D209—1N5393 (1 kV,
1.5A).

D102-D106,D201-D204—1N5408 (1 kV,3 A).

K1—4PDT, 24 Vdc KHP style (gold
contacts).

K2—SPST vacuum relay, Kilovac H8/S4.

K3—4PDT, 24 V dc KHP style (gold
contacts).

L1-L5—See Table 1.

L201, L202—Line chokes, 7 pH.

L401—24t #22 enamel wire, center tapped
on T50-6 core.

LDG Tuner—Modified AT-100Pro
Autotuner, www.ldgelectronics.com.

M1-M3—Simpson Designer Series, Model
523, 1 mA movement.

PC101—2 t */s-inch diameter x 2-inch long,
/-inch brass strap with two 150 Q,2 W
non-inductive carbonresistorsin
parallel.

Q101—2N3055 TO-220 case on heat sink.

Q102—2N3053 TO-18 case.

R103—25 kQ, 25 W wire-wound.

R104—10Q,5 W.

R108—150 Q, 10 W wire-wound.

R112—100 k2,2 W.

R403—100 kS, 0.5 W trim pot.

RFC101—90 pH, 3 A Plate Choke, Peter W.
Dahl p/n CKRF000100, pwdahl.com/
cgi-bin/store/commerce.cgi.

RFC102—14 t #18 enamel wire wound on
100 Q, 2 W resistor.

RFC103—Bifilar 30 A filament choke, Peter
W. Dahl p/n CKRF000080, pwdahl.com/
cgi-bin/store/commerce.cgi.

RFC104—1 mH, 300 mA RF choke.

S$1-S4—Alco 164TL2 momentary DPDT,
www.alliedelec.com/.

S5—2P3P rotary switch.
SW1—RadioSwitch model 86, double-pole
12-position (30° indexing) with 6-finger
wiper on each deck, p/n R86R1130001,

www.multi-tech-industries.com.

T2—5V, 30 A transformer, Peter W. Dahl
EI-150 x 1.5 core, primary 115/230 V ac,
www.pwdahl.com.

TH1—Thermistor, Thermometrics CL-200
(Mouser 527-CL200).

Tube socket—Eimac SK-410.

ZD101—10V, 1 W zener 1N4740A.

Table 18.7
Pi-L Component Values

Frequency  C1 c2 L1 L2 Q
(MHz) (pF) pF uH uH
1.850 211 1262 44.3 9.6 12
3.700 105 631 22.2 4.8 12
7.150 65 364 9.7 25 14
14.150 33 184 4.9 1.26 14
18.100 45 208 2.23 0.98 23
21.200 33 159 2.21 0.84 20
24.900 36 161 1.48 0.71 25
28.250 29 133 1.43 0.63 23
Tank Circuit Coils
Coil  Band Inductance  Construction
L1 10/12-15/17m 2.3 pH 7'/21, /s-in. copper tube, 2-in. ID silver-plated
10/12-mtap @ 3'/2t
15/17-mtap @ 7'/2t
L2 20-40m 7.4 uH 191, 3/1e-in. copper tube, 2-in. ID silver plated
20 tap@ 8t
40tap @ 19t
L3 80m 12.4 yH 17 t on 3xT225-2 cores, #10 Teflon silver wire
L4 160 m 22.0pH 23 ton 3xT300-2 cores, #10 Teflon silver wire
L5 L-Coll 9.6 uH 19 ton 2xT225-2 cores, #12 tinned wire

w/Teflon sleeve
10/12-mtap @ 2 t
15/17-mtap @ 4 t
20-mtap @ 5t
40-mtap @ 7 t
80-mtap @ 12t
160-mtap @ 19t

has a 5-V/30-A filament and a maximum
plate dissipation of 1500W, compared to the
1000-W dissipation for a pair of 3-500Zs.
The 3CX1500D7 uses the popular Eimac
SK510 socket and requires forced air
through the anode for cooling. The ampli-
fier uses a conventional grounded-grid de-
sign with an adjustable grid-trip protection
circuit. See the RF Deck schematic in
Fig 18.29.

Output impedance matching is accom-
plished using a pi-L tank circuit for good
harmonic suppression. The 10 to 40-meter
coils are hand wound from copper tubing,
and they are silver plated for efficiency.
Toroids are used for the 80- and 160-meter
coils for compactness. The amplifier incor-
porates a heavy-duty shorting-type band-
switch. Vacuum variable capacitors are used
for pi-L tuning and loading.

A unique feature of this amplifier is the
use of a commercial computer-controlled
input network module from LDG Electron-
ics (www.ldgelectronics.com). This greatly
simplifies the amplifier design by eliminat-
ing the need for complex ganged switches
and sometimes frustrating setup adjust-
ments. The computer-controlled input net-
work is reasonably priced and basically
plug-and-play.

Anadjustable ALC circuitis alsoincluded
to control excess drive power. The amplifier

metering circuits allow simultaneous moni-
toring of plate current, grid current, and a
choice of RF output, plate voltage or fila-
ment voltage.

The blower was sized to allow full 1500-
watt plate dissipation (65 cfm at 0.45 inches
H,O hydrostatic backpressure). The design
provides for blower mounting on the rear of
the RF deck or optionally in a remote loca-
tion to reduce ambient blower noise in the
shack.

The power supply is built in a separate
cabinet with casters and is connected to the
RF deck using a 6-conductor control cable,
with a separate high voltage (HV) cable. The
power transformer has multiple primary taps
(220/230/240 V ac) and multiple secondary
taps (2300/2700/3100 V ac). No-load HV
ranges can be selected from 3200 to 4600 V
dc using different primary-secondary com-
binations. The amplifier is designed to run at
4000 V dc under load to maintain a reason-
able plate resistance and component size. A
step-start circuit is included to protect
against current surge at turn on that can
damage the diode bank. The power supply
schematic is shown in Fig 18.30 and a photo
of the inside of the power supply is shown in
Fig 18.31.

Both +12-V and +24-V regulated power
supplies are included in the power supply.
The +12 V isrequired for the computer-con-

RF Power Amplifiers  18.31
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Fig 18.30—Schematic for Power Supply for 3CX1500D7 amplifier.

B1—Pilot lamp Alco 164-TZ, 12 V.

Cabinet—Buckeye Shapeform DSC-1204-16
(12x18x16-inch HxXWxD),
www.buckeyeshapeform.com.

C301—53 pF, 5 kV oil-filled, Peter W. Dahl
p/n CDCF007100, pwdahl.com/cgi-bin/
store/commerce.cgi.

trolled input network and +24 V is needed
for the output vacuum relay. The input and
output relays are time sequenced to avoid
amplifier drive without a 50-Q load. Relay
actuation from the exciter uses a low-volt-
age/low-current circuit to accommodate the
amplifier switching constraints imposed by
many new solid-state radios.

Much thought was put into the physical
appearance of the amplifier. The goal was to
obtain a unit that looks commercial and that
would look good sitting on the operating
table. To accomplish the desired look, com-
mercial cabinets were used. Not only does
this help obtain a professional look but it
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Fan—12 Vdc brushless, 2'/sinch
(Mouser432-31432).

R303, R304—100 kQ, 200 W wirewound,
Peter W. Dahl p/n RP002000,
pwdahl.com/cgi-bin/store/
commerce.cgi.

eliminates a large amount of the metal work
required in construction. Careful attention
was taken making custom meter scales and
cabinet labeling. The results are evident in
the pictures provided.

GENERAL CONSTRUCTION NOTES

The amplifier was constructed using ba-
sic shop tools and does not require access to
a sophisticated metal shop or electronics test
bench. Basic tools included a band saw, a jig
saw capable of cutting thin aluminum sheet,
a drill press and common hand tools. Some
skill in using tools is needed to obtain good
results and insure safety, but most people

SRY1-SRY4—Potter & Brumfield solid-
state relay, SSR-240D25R.

T1—Peter W. Dahl Co, 220/230/240 pri :
2300/2700/3100 sec,1.5 A, CCS,
pwdahl.com.

can accomplish this project with careful
planning and diligence.

Metal work can be a laborious activity.
Building cabinets is an art within itself. This
part of the project can be greatly simplified
by using commercial cabinets. However,
commercial cabinets are expensive (~$250
each) and could be a place where some dol-
lars could be saved.

The amplifier is built in modules. This
breaks the project into logical steps and fa-
cilitates testing the circuits along the way.
Forexample, modules include the HV power
supply, LV power supply, input network,
control circuits, tank circuit and wattmeter.




e

Fig 18.31—Inside view of Power Supply, showing rectifier stack, control relays and HV
filter capacitor with bleeder resistors. The heavy-duty Peter W. Dahl transformer is at the

upper left in this photo.

Each module can be tested prior to being
integrated into the amplifier.

The project also made extensive use of
computer tools in the design stage. The
basic layout of all major components was
done using the Visio diagramming soft-
ware package. The printed-circuit boards
were designed using a free layout program
called ExpressPCB (www.expresspch.
com). Masks were developed and the iron-
on transfer technique was used to transfer
the traces to copper-clad board. The boards
were then etched with excellent results. The
layout underneath the RF Deck is shown in
Fig 18.32A and the top side of the RF Deck
is shown in Fig 18.32B.

Meter scales were made using an excel-
lent piece of software called Meter, avail-
able by download from James Tonne, at
tonnesoftware.com. Also, K8RA wrote an
Excel spreadsheet to calculate the pi-L tank
parameters. (A copy of the spreadsheet is on
the CD-ROM that accompanies this book, as
are the pc board templates.)

Although using computer tools simplifies
the design step, all design work can be done
without the use of a computer. Be creative
and use the tools and resources at hand!
There are many different ways to construct
this design. The key secret is diligence and
not compromising until it is done right. Note
that the tank coils in this amplifier were
wound at least three times, the inside side

panels were cut twice and many printed cir-
cuit boards ended in the trash before accept-
able boards were fabricated.

CABINET METAL WORK

By purchasing commercial cabinets,
metal work required was minimized but not
eliminated. The power supply components
are very heavy. The transformer weighs
about 70 pounds by itself. Therefore the
base plate of the power supply cabinet
needed to be reinforced. The original base
plate for the cabinet was not used. One-
eighth-inch plate was purchased from a lo-
cal aluminum scrap company. Two pieces
were sandwiched to provide a !/s-inch plate.
Of course '/s-inch material could have been
used but it was not available at the time of
purchase.

The plate can be cut on a metal band saw
using a guide or on a radial arm saw. Metal
blades are readily available from Sears for
both saws. If using a radial arm saw, mul-
tiple passes are required, lowering the blade
slightly with each pass. Be sure to wear eye
protection because the metal chips fly. The
edges were then cleaned and straightened
using a 4-inch belt grinder. If a belt sander
is not available, a large file will work.

The two metal plates were held together
with the mounting bolts on the four casters.
The power supply base plate exactly
matches the original base plate and fastened

to the cabinet using the original tapped
screw holes. All the heavy components are
mounted on the base plate. The power sup-
ply must always be handled by lifting the
base plate, since the cabinet does not have
the structural integrity to bear the weight by
itself.

The RF deck needed both a chassis plate
and a front sub-panel. See Fig 18.32B. The
sub-panel is used to mount the load and tune
capacitors, the bandswitch and also provides
RF shielding for the meters. Side plates were
needed because of the cabinet configura-
tion. The side plates, chassis plate and sub-
panel all use '/is-inch aluminum plate. After
the side plates are cut and mounted to the
cabinet sides, the chassis plate and front sub-
panel are mounted using '/>-inch aluminum
angle to join the edges.

Cutting holes can often be a challenge. If
a drill bit is the correct size, drilling a hole is
easy, of course. But large-size round holes
and square holes can be a challenge. This
was especially true in this project since the
front and rear panels are '/s-inch aluminum
plate.

The large meter holes can be cut using a
hole saw on a drill press. For odd sizes, a “fly
cutter” can be used. Fly cutters are available
from Sears but a special warning is in order.
These devices work well but are extremely
dangerous. Make sure the cutting bit and the
placement into the drill chuck are secure.

Large square holes are required for the
turn counters. Mark the square hole to be
cut. Drill a hole in each corner. The hole
must be at least the size of the saw blade if
a jigsaw is used to finish the hole. Note that
the jigsaw must have a removable straight
blade. If a metal-cutting jigsaw is not avail-
able, a series of small holes can be drilled in
a straight line on all four sides and the edges
smoothed with a file. Almost any hole can
be custom cut by making a hole the approxi-
mate size and finishing it to the exact dimen-
sion with a file. It is slow and laborious but
it works. When using a file on panels, be
very careful that the file does not slip out of
the hole and put an undesired scratch in the
panel!

Once panel holes are cut, carefully label
the panels before mounting the components.
Dry transfers are used on both the power
supply and the RF deck. Dry transfers of all
sizes and fonts are available at graphics art
stores and hobby shops. The author has
found that hobby shops carry an excellent
selection of dry transfers in the model rail-
road section.

RF DECK CONTROL CIRCUITS

The control circuits in the amplifier are
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Fig 18.32—At A, under the chassis of the RF Deck. The autotuner used as the input
network for this amplifier is at the upper right. At B, view of the Pi-L output network in
the RF Deck.

not complex due to the simplicity of the
grounded-grid design and the instant-on
capability of the 3CX1500D7 tube.
120 V ac is routed from the HV power sup-
ply to the RF Deck in the 6-conductor con-
trol cable. When the on/off switch (S1) is
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pressed, 120 V ac is sent to the primary of
the low voltage transformer (T2) and the fila-
ment transformer (T3). The surge current to
the filament of the tube is suppressed by the
thermistor (TH1) in one leg of the filament
transformer primary. These are excellent

current limiting devices that have a resis-
tance of approximately 25 Q cold but de-
crease to less then 1 Q as they heat. Keep the
thermistor in open air away from other com-
ponents since they are designed to run hot.

The low voltage supply provides regu-
lated +12 V dc and +28 V dc. The voltages
are regulated using simple three-terminal
regulators. Pilot lights are included in each
push button switch, S1-S4, and a power in-
dicator on the HV power supply. When the
low-voltage power supply first comes on,
+12 V dc is directed through the control
cable back to the HV supply. High voltage
is applied immediately to the instant-on tube.
Therefore the amplifier is turned on and
ready to go instantly—You don’t have to
listen to your friends working that rare one
for three or four tense minutes while you
wait for your amplifier to time in!

The amplifier is switched in and out of the
circuit using a 4PDT KHP style relay (K1)
for the input and a SPDT vacuum relay (K2)
for the output. It is important to select the
timing constants for the input relay (C201
and R201) so the input relay closes a few
milliseconds after the vacuum relay. This
avoids hot switching the output, which could
fuse the vacuum-relay contacts. This is a
balancing act since the brief time the input
relay is open will present an open circuit to
the exciter. Many modern radios now have
exciter-timing circuits that close the ampli-
fier relay circuit a few milliseconds before
RF is transmitted.

It is recommended that timing compo-
nents for the input relay be located in a place
where they can be easily changed. Another
approach is to build a breadboard circuit that
feeds the relay coils in parallel but places the
contacts in series. Feed a low voltage
through the contacts of the two relays and
monitor the timing with a dual-trace oscillo-
scope. This technique allows precise timing
of contact closure as the two relays work
together. Note that different relays will need
different timing-circuit component values.
A set of contacts on input relay, K1, is used
to short across bias resistor, R103. The resis-
tor biases the tube to cutoff in standby.

Approximately +10-V bias is provided to
the center tap of the filament transformer to
limit the idle current of the tube to approxi-
mately 125 mA. The bias is developed us-
ing the three components D101, R101 and
Q101. These components could be replaced
with a single 10-V/50-W zener diode. How-
ever, 50-W zeners are expensive and they
are difficult to obtain. Using the circuit
shown, the bias is provided by a common
NPN transistor (Q101) and a one-watt zener
(D101) you can obtain from RadioShack.



TUBEPROTECTION CIRCUIT

The main protection for the tube is a plate-
current surge resistor and a grid-trip circuit.
The current surge resistor (R308, 50-€/50-
W) is in series with the B+ line and acts as a
fuse should excessive current be drawn from
the HV power supply. Ohm’s law says that
up to 1-A plate current can be drawn through
the resistor and still stay within the 50-W
rating of R308. However, let’s assume a
problem occurs and 5 A flows through the
resistor. Resistor R3 must now dissipate
1250 W. The resistor will quickly fail and
will shut down the HV to the 3CX1500D7
tube.

Q102 is a grid-trip circuit that snaps the
amplifier offline if the grid current exceeds
400 mA. The grid current is drawn through
the 10-Q resistor (R104) connected between
the B— line and chassis ground. The current
creates a voltage across R104 that is fed to
the grid-trip adjustment potentiometer,
R106. Q102 is turned on when the base
voltage reaches 0.6 V and actuates the grid-
trip relay K3. K3 contacts break the
+28 V.dc input and output relay lines
(K3B), locks the relay closed (K3C) and
extinguishes the pilot bulb (K3A) of the
GRID-TRIP RESET normally closed push-but-
ton switch (S3) located on the front panel.
Pushing the GRID TRIP RESET switch (S3)
breaks the current path for the grid-trip relay
K3 and resets the relay. The reason the grid
trip was actuated should be determined prior
to attempting to use the amplifier again.
Usually, this is caused by improper setting
of the load capacitor or transmitting into the
wrong antenna.

INPUTNETWORK

As mentioned before, this amplifier uses
a unique concept for the input-matching
network, getting rid of a switched network
mechanically ganged to the main band-
switch. Not only can such a switching ar-
rangement be awkward mechanically, but
obtaining a reasonable network Q and a low
SWR over an entire band can be difficult.

Thus the author decided to use a com-
mercial automatic tuner integrated into the
RF deck (see Fig 18.32A). The tuner is
made by LDG and is based on their popu-
lar AT-100 Pro Autotuner, but was sup-
plied without the front panel or rear panel
connections and switches. This applica-
tion is simple but elegant. The unit auto-
matically initiates a retune if the input
SWR exceeds approximately 1.5:1. The
tuning cycle takes three to five seconds to
execute. But retuning does not happen
often because the tuner has over 4000
memories and remembers the settings for

different frequency ranges. As the ampli-
fier is used on each band, the tuner learns
and stores settings into the memory. When
switching bands, it only takes milliseconds
to retrieve the data from memory and ac-
tuate the correct tuner relays.

Integration of the tuning network requires
connections for RF input and output, +12 V
and ground. RF input goes to the center of
T1 and ground goes to J2 (clearly marked on
the board). RF output goes to J3 and ground
goes to J6. The + 12-V dc connection is the
larger of the three holes at J10 (next to L10).
The other two holes are grounds for dc con-
nections.

A momentary contact switch (S4) is
mounted on the front panel to provide
manual control of the tuner. A normally
open contact on S4 is connected to the input
pin JO (next to L12) and ground. (The pin is
marked as the ring for the connector that is
not installed.) The correct hole is on the C56
side. If the switch is pushed for less than
!/> second, the tuner alternates between by-
pass and in-line modes. If S4 is pressed be-
tween 0.5 to 2.5 seconds, it does a memory
tune from the stored data tables. If S4 is
pressed for more than 2.5 seconds with RF
applied, it skips the memory access, retunes
and stores the new settings into the memory
table. The manual retune function is seldom,
if ever, used.

The tuner works perfectly and it really
simplified the input-network design and
construction. The SWR never exceeds
1.5:1 (typically it is 1.2:1). LDG provides
the unit as a commercial product to ampli-
fier builders.

PI-LNETWORK

A pi-L network is used to insure good
harmonic attenuation. The pi-L circuit is
actually a pi-network, followed by an L-
network that provides additional harmonic
attenuation. The L-section transforms the
load of 50 Q up to an intermediate resis-
tance of 300 Q. The pi section then trans-
forms 300 Q up to the desired plate load
resistance of 3100 Q. The plate load is cal-
culated using the following formula:

Ep 4000
1.7xIp 1.7x0.750

R, = =3137Q

A nominal Q of 12 is used for the net-
work. But as with most RF amplifiers, the
capacitance needed for the higher-fre-
quency bands is less than is physically pos-
sible using variable capacitors. For Q = 12,
the tune capacitance (C101) for 10 meters is
14 pF. Using a vacuum variable capacitor
for C1 helps because the minimum achiev-
able capacitance (12 pF) is substantially less

than with an air variable. But the tune ca-
pacitance is the sum of variable C101, 7.1 pF
for the output -capacitance of the
3CX1500D7 tube and any stray capacitance
resulting from the physical layout of the
amplifier.

The minimum obtainable capacitance is
thus on the order of 30 pF, which yields a
higher value of loaded Q than optimum. The
solution is two fold. First, connect the plate-
tune capacitor (C101) one turn into the 10-
meter coil. This actually forms an L-pi-L
circuit. Second, accept a higher value of
loaded Q so that the variable capacitor can
still be tuned. Table 18.7 shows the loaded
Q finally used for each band setting. The
disadvantages of higher loaded Qs are high
circulating currents in the tank circuit and
the need to retune during excursions across
the higher-frequency bands. This amplifier
works fine on all bands, delivering a solid
1500 W output even on 10 meters.

Another pi-L tank circuit design constraint
in this amplifier is the bandswitch. Many am-
plifiers use a single-pole, 12-position, non-
shorting switch. Although this type of switch
is easier to find, it can be problematic be-
cause high voltages are generated that could
result in arcing in the bandswitch—usually
from the wiper to the high frequency taps.
You should use a switch with a multiple-
finger wiper (see Fig 18.29) that shorts out
lower-frequency coil taps not being used.
For example, when the amplifier is used on
20 meters, the 40-, 80- and 160-meter taps
are shorted to the wiper.

However, shorting switches only allow
for six connections with 30° indexing. The
common shorting wiper consumes 180° of
switch deck on 160 meters. This results in
having to design the 10/12-meter and 15/
17-meter bands to use single taps for each
frequency pair. Again, this is accomplished
by adjusting the loaded Q for each band so
that shared bands so they require nearly the
same inductance. From Table 18.7, the same
band switch position is shared on the 10/12-
meter bands (1.4 uH) and the 15/18-meter
bands (2.2 uH).

In actual construction of the tank circuit,
it is very useful to have access to both a
capacitance meter and an inductance meter.
The author used an Elenco LCM-1950 meter
that measures both capacitance and induc-
tance and is available for under $100
(www.elenco.com). With the tune and load
capacitors mounted and connected to cali-
brated knobs or turns counters, make a table
of capacitance verses knob settings. This is
useful to estimate the initial setting for each
band during setup and test. Also, measure
the inductance of each coil turn to determine
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initial coil taps for each band. On this am-
plifier, only the 10-meter tap had to be
adjusted from the predetermined settings.

As mentioned above, the pi-L tank cir-
cuit was designed for 3100-Q plate-load
resistance. Such a high plate resistance
demands higher inductance values to ob-
tain reasonable tank circuit Qs. Table 18.7
shows that 160 meters requires 42 pH. If
air-wound coils were used exclusively,
the coils would require many turns and
would take up a lot of cabinet space. To
maintain a reasonable physical coil size,
therefore, toroidal coils were used for 80
(L3) and 160 (L4) meters in addition to
the output coil (L5) (see Fig 18.32B).
You should use substantial core material
for high-power operation to avoid core
heating. Core sizes were increased by
using multiple cores taped together. Each
ferrite core is wrapped with three layers
of high temperature fiberglass tape, avail-
able from RF Parts (www.rfparts.com).
Teflon-insulated #10 wire was wound to
obtain the desired inductance in L3 and
L4. Both coils are mounted on ceramic
standoffs and held in place with Teflon
blocks.

The output coil is wound on a pair of
T225-2 cores using #12 tinned wire cov-
ered with a Teflon sleeve. Taps onto the
coil are made by carefully trimming a
small !/s-inch space from the Teflon sleeve
on the inner edge of the core facing the
bandswitch. Taps are then made from the
back section of the 2-pole bandswitch
using #12 tinned wire. The proper place-
ment of each tap is determined by first
winding #12 insulated wire around the
core. A small slit is carved into each turn
and the inductance was measured. The
copper wire is removed and the final
Teflon-covered #12 tinned wire is wound
onto the core. Using the output L-coil
(L102) design values in Table 18.7, per-
manent taps were made.

Note that the taps for the output coil are
not extremely critical. Select the closest
turn to the value needed. The output coil is
mounted on the back of the bandswitch on
one of the switch wafer screws using a
threaded 1-inch diameter Teflon rod. The
Teflon rod holds the position of the coil.
The weight is carried by the wire taps from
the coil to the bandswitch contacts.
Table 18.7 also gives the inductance and
construction instructions for each coil.

L1 and L2 (10-40 meters) are silver
plated. They were wound using a 2-inch
aluminum pipe as a form. Clean the copper
tubing with #0000 steel wool prior to wind-
ing. Wind the copper tubing close spaced
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on the pipe. Leave plenty of pigtail on each
end of the coil. The ends can be trimmed to
fit the mounting positions precisely. After
winding the desired number of turns, plug
the ends by closing the tube ends with a
hammer, spread the coil windings and rinse
the coil in acetone to remove any oil. Allow
a few minutes to dry. The coil is now ready
to plate.

Go to any photo shop and beg/buy a gal-
lon of used photographic fixer solution.
Note that used fixer solution has silver rem-
nant. The more the solution has been used,
the more the silver content. The coils can
be silver plated by dipping the clean coil
into the solution. Do not leave the coil in
the solution too long or it will turn black. A
thin but bright silver coat will be deposited
on the copper tube. This is called flash plat-
ing. After dipping the coil into the solution,
immediately rinse in a bath of clean water
and blow dry under pressure with an air
compressor, heat gun or hair dryer. If a
thicker silver coat is desired, electroplating
is necessary, a subject beyond the scope of
this article.

A #10 lug is crimped and soldered onto
the end of each coil and used to mount the
coil. The L2 coil is mounted using a Teflon
block that is held in place to the front sub-
panel with small screws. The block is care-
fully drilled with 316 inch holes the desired
spacing of the coil about 3/s-inch from one
edge. The block is sawed down through
the holes creating two matching blocks.
At each end of the block a hole is drilled
and tapped (6-32 tap). The silver plated
coil is sandwiched between the two blocks
for secure support. The tapped screws
serve as the connecting points for the ends
of the coil.

METERING

The amplifier uses three separate meters
to simultaneously monitor plate current,
grid current and a choice of plate voltage,
power output or filament voltage. Each
meter is identical with a 1-mA full-scale
movement. As mentioned previously, the
custom scales for each movement were
designed using the Meter software from
Tonne Software. This allows up to three
scales on each meter. Scales can be de-
signed as either linear or log and the num-
ber of major and minor tick marks can be
specified. Each scale can be labeled using
different font size and color. The author
printed the scales using a color inkjet
printer onto glossy photo paper. The scales
were carefully cut to match the meter face-
plate and glued into place using a thin coat
of adhesive.

Plate current is measured by M1 in se-
ries in the B— line using a current divider
(R114 and R115) as shown in Fig 18.30.
Adjust R114 to obtain full scale with 1-A
of plate current. The meter was calibrated
prior to installation using a low-voltage
power supply with adjustable current lim-
iting in series with an accurate digital
meter.

M2 monitors grid current by measuring
the voltage drop created by grid current
flow through the 10-Q resistor, R104.
Connecting a voltage source (ie, small
variable power supply) across R104 and
measuring the actual current flow with an
external meter provides a way to set the
calibration pot, R105.

M3 is a multimeter that reads HV, RF
power or filament voltage. The metering
circuit is selected using a 2P3T rotary
switch (S5). The HV metering circuit is in
the HV power supply and fed to the RF
deck through the control cable. The fila-
ment-voltage detect circuitis shown on the
control circuit diagram (Fig 18.29: D207,
D201 and R202). Adjust R202 for the
proper reading on Meter M3. The 3.1-V
zener (D201) expands the meter scale for
more precise reading.

The RF wattmeter circuit is also shown
in Fig 18.29. Only forward power is mea-
sured and potentiometer R403 is used for
calibration. The wattmeter is not a precise
instrument but gives a relative output
reading. It is adequate for peaking power
output when tuning. The meter provides
good accuracy through 40 meters and
then begins to read lower on the higher-
frequency bands. This is due to the sim-
plicity of the circuit and the toroid used.
Quite honestly, don’t expect much accu-
racy from this wattmeter.

HV POWER SUPPLY

The matching HV Power Supply
(Fig 18.30) provides approximately
4000 V under load. It uses a full-wave
bridge rectifier and is filtered using a
single 53 uF/5000-V oil filled capacitor
(C301). Whenever the HV supply is
plugged into the 240-V line, live 120 V ac
is routed to the RF deck through the con-
trol cable. The 120-V ac line is obtained
from L1 and neutral of the 240-V ac line.
The neutral line is isolated from ground
for safety.

Actuating the on/off switch S1 on the
front panel of the RF deck provides ac
power to the low-voltage power supply. In
turn, +12 V is returned to the power sup-
ply through the control cable and routed
to a pair of solid state power relays (K1,



K2). Also, +12 V is routed to a timer relay
that provides a two-second delay in ap-
plying +12 V to the second pair of solid-
state relays (K3, K4). During the
two-second delay, each leg of the 240-V
ac primary voltage is routed through a 25-
Q resistor (R301, R302) to reduce the cur-
rent surge when charging the filter
capacitor, C301.

HV is metered at the bottom of the two
series 100,000-Q bleeder resistors (R303,
R304). A current divider is created using
a small potentiometer (R306) in parallel
with a 25-Q/5-W resistor (R305). The cur-
rent divider is in series with the bleeder
resistors and tied to the B—1line. R306 is set
to allow 1 mA of current to flow to the HV
meter located on the front panel of the RF

deck with 5000 V HV dc. The potentiom-
eter R306 and the paralleled fixed resistor
R305 need handle only a small amount of
power, since the voltage and current flow
is quite small at this point in the circuit.
The HV cable between the RF Deck and
power supply is made from a length of
automotive-ignition cable that has a #20
wire and 60,000-V insulation. Be sure to
get a solid-wire center conductor and not
the resistive carbon material. Also use
high-quality HV connectors that are in-
tended for such an application. Millen HV
connectors (50001) were used in this am-
plifier. Coax boots intended for coaxial
cable are used on each connector for
added insulation and physical strength.
The mounting holes for the Millen con-

nectors are oversized and plastic screws
were used for safety.

TUNING AND OPERATION

The amplifier is very easy to tune after
the initial settings of the tune (C101) and
load (C102) controls are determined. The
correct settings are determined with a plate
current of 700 mA with a corresponding
grid current of 200 mA. The turn counters
provide excellent resetability once the
proper settings have been found initially.
Required drive power is about 75 W for
1500 W output.

Thanks to CPI Eimac Division, LDG
Electronics, Peter W Dahl Co, and MTI Inc
(Radio Switch) for their support in this
project.

A 6-Meter Kilowatt Ampllfler Using the Svetlana 4CX1600B

The Svetlana 4CX1600B tube has
attracted a lot of attention because of its
potent capabilities and relatively low cost.
Because of its high gain and its large
anode dissipation capabilities, the tube has
relatively large input and output capaci-
tances—85 pF at the input and 12 pF at the
output. Stray capacitance of about 10 pF
must be added in as well. On bands lower
than 50 MHz, these capacitances can be
dealt with satisfactorily with a broadband
50-Q input resistor and conventional out-

Fig 18.33—Photo of
the front panel of
W1QWJ’s 6-meter
4CX1600B amplifier.
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Fig 18.34—Schematic for the RF deck for the 6-meter 4CX1600B amplifier. Capacitors are disc ceramic unless noted.
Addresses for parts suppliers can be found using TISFind and other search engines.

C2, C7—4.6-75 pF, 500-V air-variable
trimmer capacitor, APC style.

C6—Screen bypass capacitor, built into
SK-3A socket.

C13—1-45 pF, 5 kV, Jennings CHV1-45-
5S vacuum-variable capacitor.

C14—50 pF, 7.5 kV, NPO ceramic
doorknob capacitor.

C15—4-102 pF, 1100V, HFA-100A type
air-variable capacitor.

c16, 17, 18, 19, 20, 21—1000 pF, 1 kV
feedthrough capacitors.

put tuning circuitry.

See the article by George Daughters,
K6GT, “The Sunnyvale/Saint Petersburg
Kilowatt-Plus” in 2005 for details on suit-
able control and power-supply circuitry.
This 6-meter amplifier uses the same
basic design as K6GT’s, except for modi-
fied input and output circuits in the RF
deck. See Fig 18.33, a photograph of the
front panel of the 6-meter amplifier.

On the 50-MHz band the tube’s high
input capacitance must be tuned out.
Author Dick Stevens, WIQW]J, used a T
network so that the input impedance looks
like a nonreactive 50 Q to the transceiver.
To keep the output tuning network’s loaded
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L1—11 turns, #16, 3/s-inch diameter, 1-
inch long.

L2—9 turns #16, 3/s-inch diameter,
close-wound.

L3—8 turns #16, 3/s-inch diameter, 7/s-
inch long.

L4—'/s-inch copper tubing, 4'/> turns, 1/
4 inches diameter,
4'/> inches long.

L5—5 turns #14, /> inch diameter, 1%/s
inches long.

Q low enough for efficient power genera-
tion, heuseda 1.5 to 46 pF Jennings CHV 1-
45-5S vacuum-variable capacitor, in a Pi-L
configuration to keep harmonics low. You
should use a quarter-wave shorted coaxial
stub in parallel with the output RF connec-
tor to make absolutely sure that the second
harmonic is reduced well below the FCC
specification limits.

To guarantee stability, the author had to
make sure the screen grid was kept as close
as possible to RF ground. This allows the
screen to do its job ‘“screening’—this
minimizes the capacitance between the
control grid and the anode. He used the
Svetlana SK-3A socket, which includes a

M1—0-1.3 A meter, with homemade
shunt resistor, R3, across 0-10 mA
movement meter.

PC—Parasitic suppressor, 2 turns #14,
/> inch diameter, shunted by two 100-
Q, 2-W carbon composition resistors
in parallel.

RFC1—10 pH, grid-bias choke.

RFC2—Plate choke, 40 turns #20, /-
inch diameter, close-wound.

RFC3—Safety choke, 20 turns #20, /s
inch diameter.

built-in screen bypass capacitor, and aug-
mented that with a 50-MHz series-tuned
circuit to ground. In addition, to prevent
VHF parasitics, he used a parasitic sup-
pressor in the anode circuit.

Unlike the K6GT HF amplifier, this
6-meter amplifier uses no cathode degen-
eration. W1QWIJ wanted maximum stable
power gain, with less drive power needed
on 6 m. He left the SK-3A socket in stock
form, with the cathode directly grounded.
This amplifier requires about 25 W of
drive power to produce full output.

Fig 18.34 is a schematic of the RF deck
built by W1QWI. The control and power
supply circuitry are basically the same as



http:18.40.)

T

20A
240 Vac
a_ T
| © D=
240 | 120 Vac
Vac a— FL1 [
In | @
a_ Z D
20 A/240 Vac
Filter

HBKO05_18-035

K2AW

HV-10

D2

+3000 V

]
|
120 Vac ! 200 pA
| D5 1N4002 Plate
Voltage
1
i Rri3S 38K
! 3W {
+ c10 +
K2 = o 4700F < R10
600 pF Ou
24 Vdc 50 V 400V )5
)6
250 Q
25 W
300 Q Q1
3w MPSUO10  R179.1Q

] +350 v
160 kQ
R18§ w oM
0.01
600V
see text
u2
D8 7812
1N5402 Reg
P _L in out 1+12v
nd
6.3V % D7 + c15 R19 w g
1N5402 T 2w L c17 cis L c19L
T oo 001 T o001 T
+ 100 Q —— hiadd -
3300pF _ Tlge R0 0D | 5y 50V | v
16V 2
D10
1N4002 R23 1N53638
)
7 hAA Lru
35V D9 c20 R21 S 10kQ 30V w11 ()-56V
Yy + W 5W 5k
1N4002 /T 2
R25 -~ 0.01
100pF sl ooy Rop & 10KQ 51V Wpi2 8ok T2
63V + W 5W - 600 V
1N5369B
77

Fig 18.35—Partial schematic of KBGT HV power supply, showing modification with 250-Q, 25-W power resistor to ground on B-
line, allowing for metering of the plate current in the amplifier.

that used in Fig 18.29 and Fig 18.30 in the
K6GT HF amplifier, except that plate cur-
rent is monitored with a meter in series
with the B— lead, since the cathode in this
amplifier is grounded directly. The K6GT
power supply is modified by inserting a
250-Q, 25-W power resistor to ground in
place of the direct ground connection. See
Fig 18.35. In Fig 18.34, C1 blocks grid-
bias dc voltage from appearing at the
transceiver, while L1, L2 and C2 make up
the T-network that tunes out the input

capacitance of V1. R1 is a non-reactive
50-Q 50-W resistor.

C6 is the built-in screen bypass capaci-
tor in the SK-3A socket, while L3 and C7
make up the series-tuned screen bypass
circuit. RFC3 is a safety choke, in case
blocking capacitor C12 should break down
and short, which would otherwise place
high voltage at the output connector.

CONSTRUCTION
Like the K6GT amplifier, this WIQW]J

amplifier is constructed in two parts: an
RF deck and a power supply. Two alumi-
num chassis boxes bolted together and
mounted to a front panel are used to make
the RF deck. Fig 18.36 shows the
4CX1600B tube and the 6-meter output
tank circuit.

Fig 18.37 shows the underside of the
RF deck, with the input circuitry shown
in more detail in Fig 18.38. The 50-Q,
50-W noninductive power resistor is
shown at the bottom of Fig 18.38. Note

RF Power Amplifiers 18.39
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Fig 18.36 (left)—Close-up photo of the
anode tank circuit for 6-meter kW
amplifier. The air-cooling chimney has
been removed in this photo.

that the tuning adjustment for the input
circuit is accessed from the rear of the
RF deck.

AMPLIFIER ADJUSTMENT

The tune-up adjustments can be done
without power applied to the amplifier and
with the top and bottom covers removed.
You can use readily available test instru-
ments: an MFJ-259 SWR Analyzer and a
VTVM with RF probe.

1. Activate the antenna changeover relay,
either mechanically or by applying con-
trol voltage to it. Connect a 2700-£2,
1/>-W carbon composition resistor from

Fig 18.37—Underneath the 6-meter kW
amplifier RF deck, showing on the left
the tube socket and input circuitry.

anode to ground using short leads.
Connect the SWR analyzer, tuned to
50 MHz, to the output connector. Ad-
just plate tuning and loading controls
for a 1:1 SWR. You are using the Pi-L
network in reverse this way.

2. Now, connect the MFJ-259 to the
input connector and adjust the input
T-network for a 1:1 SWR. Some
spreading of the turns of the inductor
may be required.

3. Disconnect the Pi-L output network
from the tube’s anode, leaving the
2700-Q carbon composition resistor
from the anode still connected. Con-
nect the RF probe of the VTVM to the
anode and run your exciter at low
power into the amplifier’s input con-
nector. Tune the screen series-tuned
bypass circuit for a distinct dip on the
VTVM. The dip will be sharp and the
VTVM reading should go to zero.

4. Now, disconnect the 2700-Q carbon

Fig 18.38—Close-up photo of the input
circuitry for the 6-meter kW ampilifier.
Input tuning capacitor C2 is adjusted
from the rear panel during operation, if
necessary. The series-tuning capacitor
C7 used to thoroughly ground the
screen for RF is shown at the lower
right. It is adjusted through a normally
plugged hole in the rear panel during
initial adjustment only.

resistor from the anode and replace the
covers. Connect the power supply and
control circuitry. When you apply
power to the amplifier, you should
find that only a slight tweaking of the
output controls will be needed for fi-
nal adjustment.

A 144-MHz Amplifier Using the 3CX1200Z7

This 2-meter, 1-kW amplifier uses the
Eimac 3CX1200Z7 triode. The original
article by Russ Miller, N7ART, appeared
in December 1994 OST. The tube requires
a warm up of about 10 seconds after
applying filament voltage—no more wait-
ing for three agonizingly long minutes
until an amplifier can go on-line!

The 3CX1200Z7 is different from the
earlier 3CX1200A7 by virtue of its exter-
nal grid ring, redesigned anode assembly
and a 6.3-V ac filament. One advantage to
the 3CX1200Z7 is the wide range of plate
voltages that can be used, from 2000 to
5500 V. This amplifier looks much like
the easily duplicated W6PO design. The
RF deck is a compact unit, designed for
table-top use (See Fig 18.39 and schematic

18.40 Chapteri8

in Fig 18.40.).

Table 18.8 gives some data on the
3CX1200Z7 and Table 18.9 lists CW
operating performance for this amplifier.

Input Circuit

The author didn’t use a tube socket.
Instead, he bolted the tube directly to the
top plate of the subchassis, using the four
holes (drilled to clear a #6 screw) in the
grid flange. Connections to the heater pins
are via drilled and slotted brass rods. The

Fig 18.39—This table-top 2-meter power
amplifier uses a quick-warm-up tube, a
real plus when the band suddenly
opens for DX and you want to join in.
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Fig 18.40—Schematic diagram of the 2-meter amplifier RF deck. For supplier addresses, use TISFind or other search engines.

J1—Chassis-mount BNC connector.

J2—Type-N connector fitted to output
coupling assembly (see Fig 18.47).

L1, L2—Plate lines; see text and Fig
18.45 for details.

L3—5 t #14 enameled wire, '/>-inch
diameter, close wound.

L4—3 t #14, 5/s-inch diameter, '/s-inch

C1-C4—100 pF, 5 kV, Centralab 850.

C5—1000 pF, 5 kV.

C6—Anode-tuning capacitor; see text
and Fig 18.46 for details.

C7—Output-loading capacitor; see text
and Fig 18.47 for details.

C8-C10, C13—1000-pF silver mica, 500 V.

C11—30-pF air variable.

C12—0.01 pF, 1 kV.

D1—1000 PIV, 3-A diode, 1N5408 or
equiv.

D2—8.2-V, 50-W Zener diode, ECG
5249A.

spacing.

RFC1—7 t #14, */s-inch diameter, 1%/s

inch lon

RFC2, RFC3—10 t #12, 5/s-inch
diameter, 2 inches long.

T1—Filament transformer. Primary:
120 V; secondary: 6.3 V, 25 A, center
tapped. Available from Avatar
Magnetics; part number AV-539.

M1—Grid milliammeter, 200 mA dc full
scale.

M2—Cathode ammeter, 2 A dc full
scale.

MOT1—140 free-air cfm, 120-V ac
blower, Dayton 4C442 or equivalent.

Sources for some of the hard to get
parts include Fair Radio Sales and
Surplus Sales of Nebraska.
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Table 18.8
3CX1200Z7 Specifications

Maximum Ratings

Plate voltage: 5500 V
Plate current: 800 mA
Plate dissipation: 1200 W
Grid dissipation: 50 W

Table 18.9
CW Operating Data

Plate voltage: 3200 V

Plate current (operating): 750 mA
Plate current (idling): 150 mA
Grid current: 165 mA

DC Power input: 2400 W

RF Power output: 1200 W

Plate dissipation: 1200 W
Efficiency: 50%

Drive power: 85 W

Input reflected power: 1 W

Fig 18.41—This view of the cathode-circuit compartment shows the input tuned
circuit and filament chokes.
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input circuit is contained within a 3'/2 X 6
x 7'/s-inch (HWD) subchassis (Fig 18.40).

Control Circuit

The control circuit (Fig 18.42) is a
necessity. It provides grid overcurrent pro-
tection, keying control and filament surge
control. To protect the tube filament from
stressful surge current, a timer circuit
places a resistor in series with the primary
of the filament transformer. After four sec-
onds, the timer shorts the resistor, allowing
full filament voltage to be applied. C2 and
R4 establish the time delay.

Another timer inhibits keying for a total
of 10 seconds, to give the internal tube
temperatures a chance to stabilize. C1 and
R3 determine the time constant of this
timer. After 10 seconds, the amplifier can
be keyed by grounding the keying line.
When the amplifier is not keyed, it draws

Fig 18.43—This top
view of the plate
compartment shows
the plate-line
arrangement, C1-C4
and the output
coupling assembly.

Fig 18.42—(Schematic diagram of the
amplifier-control circuits.
C3—0.47-pF, 25-V tantalum capacitor.
D1-D5—1N4001 or equiv.

D6—1N4007 or equiv.

DS1—Yellow LED.

DS2—Green LED.

DS3—Red LED.

K1—Keying-inhibit relay, DPDT, 12-V
dc coil, 1-A contact rating
(RadioShack 275-249 or equiv).

K2—Amplifier keying relay, SPDT,
12-V dc coil, 2-A contact rating
(RadioShack 275-248 or equiv).

K3—Filament delay relay, SPST, 12-V
dc coil, 2-A contact rating
(RadioShack 275-248 or equiv).

K4—Grid-overcurrent relay, DPDT, 12-
V dc coil, 1-A contact rating
(RadioShack 275-249 or equiv).

Q1, Q2, Q5—2N2222A or equiv.

Q3—MPF102 or equiv.

Q4—2N3819 or equiv.

S1—Normally closed, momentary
pushbutton switch (RadioShack
275-1549 or equiv).

T1—Power transformer, 120-V
primary, 18-V, 1-A secondary.

U1— +12 V regulator, 7812 or equiv.
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Fig 18.44—Anode collet details.
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no plate current. When keyed, idle current
is approximately 150 mA, and the ampli-
fier only requires RF drive to produce
output. A safety factor is built in: The key-
ing circuit requires +12 V from the high-
voltage supply. This feature ensures that
high voltage is present before the ampli-
fier is driven.

The grid overcurrent circuit should be

Fig 18.45—Plate line details.
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Fig 18.46—Plate tuning capacitor details.
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Fig 18.47—Details of the output coupling assembly.
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set to trip if grid current reaches 200 mA.
When it trips, the relay latches and the
NORMAL LED extinguishes. Restoration
requires the operator to press the RESET
switch.

Plate Circuit

Fig 18.43 shows an interior view of the
plate compartment. A 4 X 2'/s-inch tuning
capacitor plate and a 2 X 2-inch output cou-
pling plate are centered on the anode
collet. See Fig 18.44. Sufficient clearance
in the collet hole for the 3CX1200Z7
anode must be left for the fingerstock. The
hole diameter will be approximately 3°/s
inches. Fig 18.45 is a drawing of the plate
line, Fig 18.46 is a drawing of the plate
tuning capacitor assembly, and Fig 18.47
shows the output coupling assembly.

Cooling

The amplifier requires an air exhaust
through the top cover, as the plate com-
partment is pressurized. Fashion a chim-
ney from a 3'2-inch waste-water
coupling (black PVC) and a piece of /-
inch-thick Teflon sheet. The PVC should
extend down from the underside of the
amplifier cover plate by 1!/s inches, with
the Teflon sheet extending down %/ inch
from the bottom of the PVC.

The base of the 3CX1200Z7 is cooled
using bleed air from the plate compart-
ment. This is directed at the tube base,
through a 7/s-inch tube set into the
subchassis wall at a 45° angle. The rec-
ommended blower will supply more than
enough air for any temperature zone. A
smaller blower is not recommended, as it
is doubtful that the base area will be
cooled adequately. The 3CX1200Z7 fila-
ment draws 25 A at 6.3 V! It alone gener-
ates a great deal of heat around the tube
base seals and pins, so good air flow is
critical.

Construction

The amplifier is built into a 12 x 12 x
10-inch enclosure. A 12 x 10-inch parti-
tion is installed 7'/4 inches from the rear
panel. The area between the partition and
the front panel contains the filament
transformer, control board, meters,
switches, Zener diode and miscellaneous
small parts. Wiring between the front-
panel area and the rear panel is through a
!/>-inch brass tube, located near the
shorted end of the right-hand plate line.

High voltage is routed from an MHV jack
on the rear panel, through a piece of solid-
dielectric RG-59 (not foam dielectric!), just
under the shorted end of the left-hand plate
line. The cable then passes through the par-
tition to a high-voltage standoff insulator



J1 L1 L2

F 4

HBKO05_18-048

Fig 18.48—Schematic diagram of output harmonic filter.
C1, C2—27-pF Centralab 850 series ceramic transmitting

L3 J2
capacitor.

J1, J2—Female chassis-mount N connector (UG-58 or
c2 equiv).
L1, L3—2 t #14 wire, 0.3125 inch ID, 0.375 inch long.
L2—3 t #14 wire, 0.3125 inch ID, 0.4375 inch long.

made from nylon. This insulator is fastened
to the partition near the high-voltage
feedthrough capacitor. A 10-€2, 25-W resis-
tor is connected between the insulator and
the feedthrough capacitor.

The plate lines are connected to the dc-
blocking capacitors on the plate collet
with 1%/4 X 2-inch phosphor-bronze strips.
The bottom of the plate lines are attached
to the sides of the subchassis, with the
edge of the L-shaped mounting bracket
flush with the bottom of the subchassis.

When preparing the subchassis top
plate for the 3CX1200Z7, cut a 2''/1s-inch
hole in the center of the plate. This hole
size allows clearance between the tube en-
velope and the top plate, without putting
stress on the envelope in the vicinity of
the grid flange seal.

Exercise care in placing the movable
tuning plate and the movable output cou-
pling disc, to ensure they cannot touch
their fixed counterparts on the plate collet.

Operation

When the amplifier is first turned on, it
cannot be keyed until:

e 10 seconds has elapsed.

e High voltage is available, as confirmed
by presence of +12 V to the keying cir-
cuit.

Table 18.10
Power Supply Specifications

High voltage: 3200 V
Continuous current: 1.2 A
Intermittent current: 2 A
Step/Start delay: 2 secs

Connect the amplifier to a dummy load
through an accurate power meter capable
of indicating 1500 W full scale. Key the
amplifier and check the idling plate cur-
rent. With 3200-V plate voltage, it should
be in the vicinity of 150 mA. Now, apply
a small amount of drive and adjust the
input tuning for maximum grid current.
Adjust the output tuning until you see an
indication of RF output. Increase drive
and adjust the output coupling and tun-
ing for the desired output. Do not
overcouple the output; once desired out-
put is reached, do not increase loading.
Insert the hold-down screw to secure the
output coupling capacitor from moving.
One setting is adequate for tuning across
the 2-meter band if the SWR on the trans-
mission line is reasonably low.

When you shut down the amplifier, leave
the blower running for at least three min-

utes after you turn off the filament voltage.
The 3CX1200Z7 is an excellent tube. The
author tried it with excessive drive, plate-
current saturation, excessive plate dissipa-
tion—all the abuse it’s likely to encounter
in amateur applications. There were no
problems, but that doesn’t mean you should
repeat these torture tests!

A Companion Power Supply

A well-designed and constructed high-
voltage power supply is necessary to en-
sure linearity in SSB operation. Specifi-
cations of the power supply for this ampli-
fier are given in Table 18.10. A schematic
and parts list for a rugged power supply—
usable with this project—are in the Power
Supplies chapter. Although bi-level, it is
otherwise similar to the author’s design de-
scribed in the December 1994 issue of QST.

Conclusion

This amplifier is a reliable and cost-
effective way to generate a big 2-meter sig-
nal—almost as quickly as a solid-state am-
plifier. To ensure that the output of the
amplifier meets current spectral purity
requirements, a high-power output filter,
as shown in Fig 18.48, should be used. The
author reports that he can run full output
while his wife watches TV in a nearby
room.

RF Power Amplifiers 18.45
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