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Radio station. Dick Ehrhorn, WAETO, 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. The voltages and currents needed to perform this feat are much higher
than those found in other amateur equipment—the voltage and current levels are potentially lethal, in
fact.

Every component in an RF power amplifier must be carefully selected to endure these high electrical
stresslevelswithout failing. Large amounts of heat are produced in the amplifier and must be dissi pated
safely. Generation of spurioussignals 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.

T his chapter describes the design and construction of power RF amplifiersfor use in an Amateur
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Types of Power Amplifiers

Power amplifiersare categorized by their power level, intended frequencies of operation, devicetype,
class of operation and circuit configuration. Within each of these categoriesthere almost alwaysaretwo
or more options available. Choosing the most appropriate set of options from all those availableisthe
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 designing and fabricating
equipment:

» Compact design—Evenwiththeir heat sinks, solid-state devicesare smaller than functionally equiva-
lent tubes, allowing smaller packages.

* “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 filtersis easily accomplished
when necessary; it often isdone using solid-state switches. Tubeamplifiers, ontheother hand, usually
must be retuned on each band, and even for significant frequency movement within a band.

» Long life—Transistors and other semiconductor devices have extremely long lives if properly used
and cooled. When employed in properly designed equipment, they should last for the entire useful life
of the equipment—commonly 100,000 hours or more. Vacuum tubeswear out astheir filaments (and
sometimes other parts) deteriorate with time in normal operation; the useful life of atypical vacuum
tube may be on the order of 10,000 to 20,000 hours.

» Manufacturing ease—M ost solid-state devicesareideally suited for printed-circuit-board fabrication.
Thelow voltagesand low impedancesthat typify transistor and | C 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 lendsitself
well to printed circuits and the devices usually can be soldered right to the board.

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

Individual present-day transistors cannot generally handle the combination of current and voltage
needed, nor can they safely dispose of the amount of heat dissipated, 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 |east
for most radio amateurs) techniques of power combination from multiple amplifiers ordinarily must be
used. Although this is commonly done in commercial equipment, it is an expensive proposition.

It also is far easier to ensure safe cooling of vacuum tubes, which operate satisfactorily at surface
temperatures as high as 150-200°C and may be cooled by simply blowing sufficient ambient air past or
throughtheir relativelarge cooling surfaces. Thevery 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 ambient, while the small surface of atransistor must not be all owed to rise more than about

13.2 Chapter 13



50°C. Moreover, power tubes are considerably more likely than transistors to survive, without signifi-
cant damage, the rare instance of severe overheating.

Furthermore, RF power transistors are much less tolerant of electrical abuse than are most vacuum
tubes. Anovervoltage spikelasting only microseconds can—andislikely to—destroy transistorscosting
$75t0 $150 each. A comparable spikeisunlikely to have any effect on atube. So theimportant message
is this: designing with expensive RF power transistors demands using extreme caution to ensure that
adequate thermal and electrical protectionisprovided. Itisan areabest |eft to knowledgeabl e designers.

Even if oneignoresthe challenge of the RF portions of a high-power transistor amplifier, thereisthe
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 expensive 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, thevacuum tubestill reignsfor amateur constructorsbecause of its cost-effectivenessand
ease of equipment design.

CLASSES OF OPERATION

The class of operation of an amplifier stageis 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, determines the amplifier’s gain, efficiency, linearity and input and
output impedances.

* 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 driving-voltage cycle, so some device
output current flows throughout the complete 360° of the cycle
(seeFig 13.1A). Output voltageisgenerated by the variation of
output current flowing through the load resistance. M aximum o /\ /\ /\
linearity and gain are achieved in a Class A amplifier, but the Current \/ \/ \/
efficiency of the stage islow. Maximum theoretical efficiency -

Class A

Fig 13.1—Amplifying device

is 50%, but 25 to 30% is more common in practice. (A)
than 360° (see Fig 13.1B). In other words, dc bias and drive

level are adjusted so device output current flows during appre- iescen

drive cycle. Efficiency is much better than Class A, typically ® )
reaching 50-60% at peak output power. Class AB linearity and

acceptablefor even the most rigorous high-power SSB applica- Class B 1=0 /\ /\ /\ 7
tionsin Amateur Radio. NN
ABlor AB2.InclassAB1, thegrid isnot driven positive so no

grid current flows. Virtually no drive power is required, and

stageisrelatively constant throughout the RF cycle. Efficiency

typically exceeds 50% at maximum output.

grid current flows. Efficiency commonly reaches 60%, at the

expense of greater demands placed on the driving stage and

» Class AB: The conduction angle is greater than 180° but less
Quiescent /\ /\
ciably more than half the drive cycle, but less than the whole Class AB =0 \\v/ \\ ,/ \\ /
gain are not as good as that achieved in Class A, but are very
Class AB vacuum tube amplifiersarefurther defined asclass ©)
gainis quite high, typically 15-20 dB. The load on the driving VALY
In Class AB2, the grid is driven positive on peaks and some
slightly reduced linearity. Gain commonly reaches 15 dB.

RF Power Amplifiers and Projects

output current for various
classes of operation. All assume
a sinusoidal drive signal.
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» ClassB: Conduction angle = 180°. Bias and RF drive are set so that the deviceisjust cut off with no
signal applied (see Fig 13.1C), and device output current flows during one half of the drive cycle.
Efficiency commonly reaches as high as 65%, with fully acceptable linearity.

» Class C: The conduction angleis much less than 180°—typically 90°. DC biasis adjusted so that the
deviceis cut off when no drive signal is applied. Output current flows only during positive crestsin
thedrive cycle (seeFig 13.1D), so it consists of pulses at the drive frequency. Efficiency isrelatively
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.

» Classes D through H use various switched mode techniques and are not commonly found in amateur
service. Their prime virtueis high efficiency, and they are used in awide range of specialized audio
and RF applications to reduce power-supply requirements and dissipated heat. These classes of RF
amplifiersrequire fairly sophisticated design and adjustment techniques, particularly at high-power
levels. The additional complexity and cost could rarely if ever be justified for amateur service.

Class of operation isindependent of device type and circuit configuration (see Analog Signalchap-
ter). Theactiveamplifying deviceand thecircuit 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.

Vacuum—Tube

MODELING THE ACTIVE DEVICE
It isvery useful to have amodel for the active devices used in Plate

areal-world RF power amplifier. Although the actual active de- ‘o
vice used in an amplifier might be a vacuum tube, a transistor or
an FET, each model has certain common characteristics.

See Fig 13.2A, where a vacuum tube is modeled as a current
generator in parallel withadynamic plate resistand®,and aload
resistanceR, . In this simplified model, any residual reactances
(such asthe inductance of connecting | eads and the output capac- Collector
ity of the tube) are not specifically shown. The control-grid volt- Ic
age in a vacuum tube controls the stream of electrons moving
between the cathode and the plate. An important measure for a
tubeisitstransconductancevhich isthe changein plate current
caused by a change in grid-cathode voltage. The plate current is:

Rp
Dynamic
Plate
Resistance

RL
Load
Resistance

G

Re
Dynamic
Collector
Resistance

RL
Load
Resistance

®

Fig 13.2—At A, the current-

in= x 1 generator model for a vacuum-
p=Om X €& (1) tube amplifier operating linearly.
where Typical values for Ry and Ry for

ip = plate current

Om = transconductance (al so called mutual conductance) of tube
= Aip/Aey

gg = grid RF voltage.

The concept of dynamic plate resistance is sometimes misun-
derstood. It is a measure of how the plate current changes with a
change in plate voltage, given a constant grid voltage. The con-
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small-sighal vacuum tubes are
100 kQ and 5 kQ respectively.
The plate current I, is equal to
the product of the tube
tranconductance gn, times the
grid voltage. At B, the current-
generator model for a transistor.
Typical values for Rc and R are
on the same order as those for a
small-signal vacuum tube.



trol-grid voltage is by far the major determinant of the plate current in atriode. In atetrode or pentode
vacuum tube, the screen grid “screens’ the plate current even further from the effect of changesin 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. Thusthe dynamic plateresistanceisvery highin atetrode or pentodethat isoperating linearly,
and only somewhat less for atriode. The plate current delivered into the load resistance R, 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 atransistor, the base current controls the flows of electrons (or holes) in the collector circuit. See
Fig 13.2B. A transistor operating in a linear fashion resembles the operation of a tetrode or pentode
vacuum tube since the equival ent collector dynamic output resistanceisalso high. Thisisso becausethe
collector current is not affected greatly by the collector voltage—it is mainly determined by the base
current. The collector current in the current-generator model for atransistor is:

=B xip (2)
where

ic = collector current

B = current gain of transistor

ip = base current.

IMPEDANCE TRANSFORMATION —*MATCHING NETWORKS”

Over the years, some confusion in the amateur ranks has resulted from imprecise use of the terms
matchingand matching networkThe term “matching” was first used in the technical literature in
connection with transmission lines. When a matching network such asa Transmatchs tuned properly,
it “matches” (that is, makes equal) aparticular load impedance to the fixed characteristic impedance of
the transmission line used at the Transmatch input.

In this chapter, we are concerned with using active devices to generate useful RF power. For agiven
activedevice, RF power isgenerated most efficiently, and with theleast distortion for alinear amplifier,
when it delivers RF current into an optimum value of load resistancior an amplifier, the output
network transforms the load impedance (such as an antenna) into an optimum value of load resistance
for theactivedevice. In part to differentiate active power amplifiersfrom passive transmission lines, we
prefer to call such atransforming network an output networkrather than a matching network.

Output Networks and Class AB, B, and C Amplifiers

In Class AB, B and C amplifiers, we select aload resistance that will keep the tube or transistor from
dissipating too much power or, in the case of Class AB or B amplifiers, to achievethe desired linearity.

Inthese classes of amplifiers, the device output current iszero 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. Infact, the value of Ry 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 followsthat of the drive voltage, 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, aswell
asits sinusoidal waveform. In broadband transistor amplifiers, balanced push-pull circuitry commonly
isused torestorethe missing RF cycles, and |l ow-passfilterson the output remove harmonicsand thereby
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restorethe sinusoidal RF waveform. Theresultin both casesislinear amplification of theinput signal—
by the clever application of nonlinear devices.

The usual practice in RF power amplifier design is to select an optimum load resistance that will
provide the highest power output consistent with required linearity, while staying within the amplifying
device sratings. The optimum load resistanceis determined by the amplifying device’s current transfer
characteristics and the amplifier's class of operation. For a transistor amplifier, the optimum load
resistance is approximately:

2
_Vee
R, = R, (6)
where

R =the load resistance

V cc = the collector dc voltage

Po = 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. Theload resistance, in
turn, determinesthe maximum power output and efficiency theamplifier can provide. The optimum tube
load resistanceis

__ Vb
RL “KxTp (7)

where
RL = the appropriate load resistance, in ohms
Vp = the dc plate potential, in V
Ip = the dc plate current, in A
K = aconstant that approximates the RMS current to dc current ratio appropriate for each class. For
the different classes of operation:
ClassA, K =13
ClassAB,K=15-17
ClassB, K =157-1.8
ClassC, K = 2.

Graphical or computer-based anal ytical methods may be used to cal culate more precisely the optimum
plateload resistancefor specifictubesand operating conditions, but theabove* rulesof thumb” generally
provide satisfactory results for design.

The ultimate load for an RF power amplifier usually is atransmission line connected to an antenna
or theinput of another amplifier. It usually isn’t practical, or even possible, to modify either of theseload
impedances to the optimum value needed for high-efficiency operation. An output network isthus used
totransformthereal load impedanceto the optimum | oad resistancefor theamplifying device. Two basic
types of output networks 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 astank circuits since they act as storage “tanks” for RF energy.
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The energy stored in the individual tank circuit components
varies with time. Consider for example the tank circuit shownin
Fig 13.4 Assuming that R is zero, the tank circuit dissipates no
power. Therefore, no power need be supplied by the source; hence
nolinecurrent luine flows. Only circulating current I cire flows, and
it is exactly the same through both L and C at any instant. Simi-
larly, the voltage across L and C is always exactly the same. At
some point the capacitor isfully charged, and the current through

M1

AC
/\/ Voltage
Source

C 3

ICirculating

1AY

both the capacitor and inductor is zero. So the inductor has no
magnetic field and therefore no energy stored in itsfield. 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 current flowing in the inductor creates a magnetic
field, and energy transferred from the capacitor is stored in the
inductor’s magnetic field. Still assuming there is no loss in the
tank circuit, theincreasein energy stored intheinductor’ smagneticfield isexactly equal to the decrease
inenergy stored inthe capacitor’ selectricfield. Thetotal energy stored inthetank circuit stays constant;
someisstored intheinductor, somein the capacitor. Current flow into the inductor is afunction of both
time and of the voltage applied by the capacitor, which decreases with time as it discharges into the
inductor. Eventually, the capacitor’ schargeistotally depleted and all thetank circuit’ senergy isstored
in the magnetic field of the inductor. At thisinstant, 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 transferred to the inductor, its magnetic field begins to collapse and
becomes a source of 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 terminals reverses and
it begins to recharge the capacitor, with opposite polarity from its previous condition. Eventually, all
energy stored intheinductor’ smagneticfieldisdepleted ascurrent decreasesto zero. Thecapacitorisfully
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 fromthe previousexchange. It can be shown mathematically that the* alternating”
current and voltage produced by this process are sinusoidal in waveform, with a frequency of

1
21+/LC (8)

which of course is the resonant frequency of the tank circuit. In the absence of aload or any losses to
dissipate tank energy, the tank circuit current would oscillate forever.

In atypical tank circuit such as shown in Fig 13.4, the values for L and C are chosen so that the
reactance (X|) of L isequal to the reactance (X¢) of C at the frequency of the signal generated by the
ac voltage source. If Riszero (since X isequal to X¢), theline current I e measured by M1 isclose
tozero. However, thecirculating current intheloop madeup of L, Rand Cisdefinitely not zero. Examine
what would happen if the circuit were suddenly broken at points A and B. The circuit is now made up
of L,CandR, all inseries. X isequal to X, sothecircuitisresonant. If somevoltageisapplied between
points A and B, the magnitude of circulating current islimited only by resistance R. If R were equal to
zero, the circulating current would be infinite!

Fig 13.4—There are two currents
in a tank circuit: the line current
(ILine) and the circulating current
(Icirc). The circulating current is
dependent on tank Q.

f=

The Flywheel Effect

A tank circuit can be likened to a flywheel—a mechanical device for storing energy. The energy in
aflywheel is stored in the angular momentum of the wheel.
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Assoon asaload of some sort isattached, the wheel startsto slow or even stop. Some of the energy stored
inthespinningflywheel isnow transferredtotheload. In order to keep theflywheel turning at aconstant speed,
theenergy drained by theload must bereplenished. Energy hasto beadded to theflywheel from someexternal
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 atank circuit, resistive losses drain energy.

Tank Circuit Q

In order to quantify the ability of atank circuit to store energy, aquality factor, Q, isdefined. Q isthe
ratio of energy stored in a system during one complete RF cycle to energy lost.
_ o We
where
Ws = isthe energy stored
W = the energy lost to heat and the load.

By algebraic substitution and appropriate integration, the Q for a tank circuit can be expressed as

_X
Q= = (10)

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 propor-
tional to Q. The tank circulating 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 circulating current through the tank is 1 A. (This implies,
according to Ohm’s Law, that the voltage potentials across the components in a tank circuit also are
proportional to Q.)

When there is no load connected to the tank, the only resistances contributing to R are the lossesin
the tank circuit. The unloaded Gss (Qu) in that caseis:

X
QU RLO$
where
X = the reactance of either the inductor or capacitor
R| oss = the effective series loss resistance in the circuit.

(11)

A load connected to atank circuit has exactly the same effect on tank operation ascircuit losses. Both
consume energy. It just happensthat energy consumed by circuit losses becomes heat rather than useful
output. When energy is coupled out of the tank circuit into aload, the loaded Q(QL) is:

0 =2
L Rios™ Rioa (12)

whereR| oag iStheload resistance. Energy dissipatedin R ossiswasted asheat. Ideally, all thetank circuit
energy should be delivered to R pag. Thisimpliesthat Ry oss Should be as small as practical, to yield the
highest reasonable value of unloaded Q.
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Tank Circuit Efficiency

The efficiency of atank circuit is the ratio of power delivered to the load resistance (R oag) tO
the total power dissipated by losses (R oag @nd Ry oss) in the tank circuit. Within the tank circuit,
Rl oad @and R oss are effectively in series, and the circulating current flows through both. The power
dissipated by each is therefore proportional to its resistance. The loaded tank efficiency can
therefore be defined as

Tank Efficiency= — Load  »100 12
RLoad + RLoss ( )

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

Tank Efficiency = %—8—5%100 (14)

where
QL = the tank circuit loaded Q
Qu = the unloaded Q of the tank circuit.

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

Theselectivity provided by atank circuit hel ps suppressharmonic currentsgenerated by theamplifier.
The amount of harmonic suppression is dependent upon circuit loaded Q. , so adilemma exists for the
amplifier designer. A low Q_ isdesirable for best tank efficiency, but yields poorer harmonic suppres-
sion. 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 remains high and harmonic
suppression isalso reasonable. At higher frequencies, tank Q isnot alwaysreadily controllable, dueto
unavoidablestray reactancesinthecircuit. However, unloaded Qy 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 apower amplifier. Most are operationally more flexible than a parallel-resonant tank. Each has its
advantages and disadvantages for specific applications, but the final choice usually isbased on practical
construction considerations and the component val ues needed to implement a particular network. Some
networks may require unreasonably high or low inductance or capacitance values. In that case, use
another network, or adifferent value of Q.. Several different networks may be investigated before an
acceptable final design is reached.

The impedances of RF components and amplifying devicesfrequently are given intermsof aparallel
combination of aresistance and areactance, although it is often easier to use a series R-X combination
to design networks. Fortunately, there is a seriesimpedance equivalent to every parallel impedance and
viceversa. The equivalent circuits, and equationsfor conversion from oneto the other, aregivenin Fig
13.7. In order to use most readily available design equations for computing matching networks, the
parallel impedance must first be converted to its equivalent series form.

The Q. of aparallel impedance can be derived from the series form aswell. Substitution of the usual
formulafor calculating Q into the equations from Fig 13.7 gives
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Xg RP

— QL= Xp (15)
e iXP fs where
Rp = the parallel equivalent resistance

ngarvi'l'i'nt Eqsu?erTim Xp=the parallel equivalent reactance.
Rp
S T e Several impedance-matching networks are shown in the
T (x_p) Receiverschapter. A low-pass T network and two low-pass L
- networks are possible matching networks. Both types of
Xs=Rs (X—P) matching networks provide good harmonic suppression. The

pi network is also commonly used for amplifier matching.
Fig 13.7—Parallel and series Harmonic suppression of a pi network is a function of the
equivalent circuits and the formu-  impedance transformation ratio and the Q. of the circuit. Sec-
las used for conversion. ond-harmonic attenuation is approximately 35 dB for a load

impedance of 2000 Q in api network withaQ of 10. Thethird

harmonic is typically 10 dB lower and the fourth approxi-
mately 7 dB below that. A typical pi network as used in the output circuit of a tube amplifier is
shown in Fig 13.8

Y ou can cal culate Pi-network matching-circuit values using thefollowing equations. These equations
are from Elmer (W5FD) Wingfield’s August 1983 QSTarticle, “New and Improved Formulas for the
Design of Pi and Pi-L Networks,” and Feedback in January 1984 QST. (See the Bibliography at the end
of this chapter.) Table 13.1shows some data from a computer program Wingfield wrote to calculate
thesevalues. Thisprogram (PI-CMIN.EXBE and asimilar program to cal culate Pi-L network values (PI-
LCMIN.EXE are available from ARRLWeb (see page viii), along with several other useful Wingfield
programs. The programs are for IBM PC and compatible computers. A more complete set of tablesis
also available from ARRL as atemplate package. Write to the Technical Department Secretary and ask
for template HBK-MATCH. Please include $2 (for ARRL members) or $4 (for nonmembers) to cover
copying and mailing costs.

The computer programs take into account the minimum practical capacitance (Cyin) YOuU can expect to
achievewith your circuit, based on your knowledge of the tube output capacitance, stray circuit capacitance,
theminimum capacitance of the variabletuning capacitorsand areasonableamount of capacitancefor tuning.
(Start with a minimum capacitance of about 35 pF for vacuum variable capacitors and about 45 to 50 pF for
air variablecapacitors.) If thefollowing equati onslead to acapacitor val uel essthan the minimum capacitance
you expect to achieve, use the
minimum value to recalculate
the other quantities as shown in CBLoCK
Q1 Based Pi-Network Equa-
tions. This will result in afinal RECH
circuit operating Q valuethat is %
larger than the selected value.
(Wingfield uses Qg to represent T
this output Q, which isthe same
as Q, referred to earlier in this
chapter. We will use Qg in the

eguations.) The program output  Fig 13.8—A pi matching network used at the output of a tetrode
includes this new calculated Qp  Power amplifier. RFC2 is used for protective purposes in the event
CeLoCK fails.

+S.G.  +H.V.

value.
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Table 13.1 Band C1 C2 L
Pi-Network Values for Various Plate Impedances R1=2000ohms

160 446 2284 17.6

(ngple Output from PI-CMIN.EXE by W5FD) 80 296 1158 8.9

CinpFandLinpH 40 118 606 4.7

Pi-Net Values 30 84 429 3.3

R2=50 Q, Q, = 12, C(min) = 35 pF 20 60 306 236 Q,=12.0

17 47 239 185 Qy=12.0

Band Cl1 c2 L 15 40 204 158 Qyp=12.0
_ 12 35 184 129 Qy=12.
R1=1500 ohms 10 35 193 098 Op-l4d
160 580 2718 13.9

80 294 1378 7.0 R1=21000hms

40 154 721 3.7 160 427 2213 18.4

30 109 511 27 80 216 1122 9.3

20 78 364 1.86 Qy=12.0 40 113 587 4.9

17 61 285 145 Qy=12.0 30 80 416 35

15 52 243 1.24 Qy=12.0 20 57 296 246 Qp=12.0
12 44 207 1.06 Qgp=12. 17 45 232 1.92 Qyp=12.0
10 38 179 0.91 Qy=12.0 15 38 198 1.64 Qy=12.0
_ 12 35 189  1.30 Qy=13.0
R1=1600 ohms 10 35 199 098 Qu=15.1
160 547 2619 14.6

80 278 1328 7.4 R1=2200 ohms

40 145 695 3.9 160 409 2145 19.1

30 103 492 2.8 80 207 1088 9.7

20 73 351 196 Qy=12.0 40 109 569 5.1

17 57 274 153 Qy=12.0 30 77 403 3.6

15 49 234 1.31 Qgp=12.0 20 55 287 256 Qu=12.0
12 42 199 1.11 Qy=12.0 17 45 232 2.00 Qy=12.0
10 36 172 0.96 Qy=12.0 15 37 192 1.71  Qy=12.0
_ 12 35 197 1.29 Qy=13.7
R1=1700 ohms 10 35 205 098 Q=158
160 518 2527 15.4

80 263 1281 7.8 R1=2300 ohms

40 137 671 4.1 160 392 2081 19.8

30 97 475 2.9 80 199 1055 10.1

20 69 338 206 Qy=12.0 40 104 552 53

17 54 265 1.61 Qy=12.0 30 74 391 3.7

15 46 226 1.38 Qyp=12.0 20 53 279 2.65 Qgy=12.0
12 39 192 1.17 Qyp=12.0 17 41 218 2.08 Qy=12.0
10 35 173 0.99 Q=123 15 35 186 1.77 Qy=12.0
_ 12 35 210 1.30 Qy=12.0
R1=1800 ohms 10 35 211 098 Og16.5
160 491 2441 16.1

80 249 1238 8.2 R1=2400 0hms

40 130 648 4.3 160 377 2020 20.5

30 92 459 3.0 80 191 1024 10.4

20 66 327 216 Qp=12.0 40 100 536 55

17 51 256 1.69 Qy=12.0 30 71 379 3.9

15 44 218 144 Q=120 20 51 270 275 Qy=12.0
12 37 186 1.23 Qyp=12.0 17 40 212 2.15 Qy=12.0
10 35 180 0.99 Qy=13.0 15 35 192 1.78 Qy=12.5
_ 12 35 207 130 Qy=14.8
R1=1900 ohms 10 35 216 098 Qu=17.2
160 468 2360 16.9

80 237 1197 8.6 R1=2500 ohms

40 124 626 45 160 363 1961 21.3

30 88 443 3.2 80 184 994 10.8

20 63 316 226 Qy=12.0 40 96 520 5.6

17 49 247 177 Qy=12.0 30 68 368 4.0

15 42 211 151 Qy=12.0 20 49 262 2.85 Qu=12.0
12 36 180 1.29 Qy=12.0 17 38 205 2.23  Qy=12.0
10 35 186 0.99 Qy=13.7 15 35 198 1.78 Qy=13.0

12 35 215 1.29 Qy=15.5
10 35 222 0.98 Qp=17.
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Pi-Network Equations at C,,

Wingfield’s equations are a great improvement because they solve for the desired component
values in terms of Q, the desired output Q. When the overall circuit capacitance Cy;, at the plate is
too great (common at higher frequencies), the normal equations do not work. Use the following
procedure for this case.

XcMin (A)

where Xcwmin iS the reactance at minimum capacitance at the plate, including strays, such as the plate
output capacitance and the minimum capacitance of variable C;.

Q1

N R1%R>
2= —%
Q2 =R (B)
R,
- Ry
=y (C)
_Ql+1 Q,°
X = Xemint—5—Xc2 D
Q’ Q. +1 ()
Qo =Q1*Q> (E)

Usethefollowing equationsto cal cul ate specific component val uesfor aPi-network matching circuit.
Select the desired circuit operating Q, Qo, to satisfy these relationships, depending on whether the load
resistance is higher or lower than the transformed resistance presented to the plate:

R, B

2 Ry 2
>—-1 and >—<
Qo R, Qo R, (16)

where:
R1 isthe input resistance to be matched, in ohms
R> isthe load (output) resistance to be matched, in ohms.

Calculate the value of the input Q, Q1:

R, Oy —+/Ry R, Qp2 = (R — R,)?
Q.= 1Qo \/ 1R12?€22 (R1—Ry) (17)

We will work through an example as the equations are presented. Let’s select Qo = 12, R; = 1500 Q
and R, = 50 Q.

_1500x12~ /1500x50% 122 — (1500 50)?

Q1 1500-50
_1.80x10* -/8.6975x10° _
Q= 1450 =10.38

Next calculate the value of the output Q, Q:
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Q2=Qo—-Q1 (18)

Q2=12-10.38=1.62
Now calculate the reactance of the input capacitor, output capacitor and inductor.

R
Xc1= ai (19)
1500
XC]. = F38 =1445Q
R
Xco= g2 (20)
Xz =105 = 30860
R1Qo
XL=—F% - 21
ol +1 (21)
4
= 1500:12 _ 1.80x10 _ 16550
1038°+1 10874
Finally, calculate the component values:
_ 1
C1= 57 Xy (22)
wheref isin Hz and X1 isin ohms.
For our example, let’s find the component values at 3.75 MHz.
1
C,= - =294 pF
21 3.75%10° x144.5
_ 1
CZ B 2n f Xc2 (23)
1
C,= 5 =1375pF
21 3.75%10° x 30.86
_ XL
L= ST (24)
L= —165'5 5= 7.02pH
21 3.75x%10

As an alternate method, after selecting the values for Qp, R1 and Ry, you can use the following
eguations:
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_ Quo(Ri+Ry)+ 2\/R1 Ro(Qo” +4) — (R +Ry)?

X, :
Qo +4
_ 12(1500+50) + 2J1500>< 50(122 + 4) — (1500 + 50)?
: 122+ 4
4 7 _ 6
X, = 1.86x10° +2y111x107 - 2.4025x10 16550
148
Q Ry
Q= -1
XL
Ql = M—l =10.38
V" 1655
Q=Q—Q
or
R
Q= Q;)( 2-1

L
_ [12x50 , _
Q2= 7g55 17162

(25)

(26)

(27)

Use equations 19 and 20 to calcul ate the reactances of capacitors C1 and C»,. Equations 22, 23 and 24
give the capacitance and inductance values for the pi network.

The pi-L network isacombination of api network followed by an L network. The pi network transforms
the load resistance to an intermediate impedance level caled the image impedance. Typically, the image
impedanceis chosen to be between 300 and 700 Q. The L section then transformsfrom theimageimpedance
downto 50 Q. The output capacitor of the pi network iscombined with theinput capacitor for the L network,
asshowninFig 13.9 Thepi-L configuration attenuates harmonicsbetter than api network. Second harmonic

level for a pi-L network with a
Qrof 10 isapproximately 52 dB
below the fundamental. The

. .. Zimace (Rm)
third harmonic is attenuated 65
dB and the fourth harmonic ap-
proximately 75 dB. Rq Xer XP1 Xp2
Thefollowing equations help /—JA—, /—JA—, /—JA—,
youcalculatepi-L matching-net-
work values. Select an image XL X2

resistance value (Ry,) that the L
network will supply asaload for
the pi network. This value must
be between the desired pi-L net-
work input resistance (R;) and
the output load resistance (Ry).
For example, you can use the
value given:
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Fig 13.9—The pi-L network uses a pi network to transform the input
impedances (R1) to the image impedance (Zjyace)- An L network

transforms Zyace to R2.



Ry =R R, (28)

The computer program, PI-LCMIN. EXE, uses 300 Q for Ry, inits calculations. Changing the image
resistance results in a different network solution. Use this equation to compute the L network Q value,

QL:

Rm
Qu =‘/R—2-1 (29)

Wewill work through an example, using R1 = 1500 Q, R, =50 Q and the desired pi-L network output
Q, Qo = 12.

/300
= 22 _1=224
QL =0

Use equations 30 and 31 to calculate the L-network reactances.

XL2=QLR2 (30)

X1 2= 2.24 x50 =112 Q (31)
—_ Rm

Xe2 =g (32)

Next calculate the desired Q of the pi-network section (Qor).
Qon=Qo— QL (33)

Qon=12-2.24=9.76

Use equations 17 through 21 or 25 through 29 to calculate the pi-network reactances, Xc1, X 1 and
Xp1 asshownin Fig 13.9. Be sureto use the value specified for Ry, as R, in these cal culations. Also use
the value just calculated for Qor as Qo. Notice that Xpy is X2 in equation 23.

— Ry QOT[_\/RI Rm Q0n2 B (Rl_ Rm)2
Rl_Rm

Q

1500 9.76 - /1500% 300 9.767 — (1500~ 300)2
! 1500-300

_ 1.464x10% - V4.287x107 —1.44x10° _
1200

6.84

Q
Q,=Qy,~Q,=9.76-684=292

Q 684
_Rm _ 300 _
Q, 292
_ RiQq,, _ 1500%9.76
Xu=—>% .~ 2
Q°+1 684°+1

P1

=3063 Q
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Combine the two parallel capacitors, Xp; and Xp; to find the Pi-L network Xc2 value.

_ Xpp Xpp
2 Xpt Xpy
o= 102.7%x134 _5830
102.7+134

Finally, calculate the capacitance and inductance values using equations 22 through 24. Table 13.2
shows some data from Wingfield’s program, PI-LCMIN. For the sample calculation shown here, we
choose a frequency of 3.75 MHz.

B 1 _ 1
C= = A
2 f X 2mx3.75x10° x219.3
C, =1935pF
: 1 _ 1
C,= = =
21 f XCZ 2113.75%x10° x58.3
C, =730pF
= Xi1 306.3 _=130pH
2nf  2m 3.75x10
X 112
g =—t2 = =4.75puH

2nf  2m 3.75x10°

Thevaluesfor L and C in Tables 13.1 and 13.2 are based on purely resistive load impedances and
assume ideal capacitors and inductors. Any othercircuit reactances will modify these values.

Stray circuit reactances, including tube capacitances and capacitor stray inductances, should be in-
cluded 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 unwork-
able, some compromise solution must be found.

Above 30 MHz, transistor and tube reactances tend to dominate circuit impedances. At the lower
impedances found in transistor circuits, the standard networks can be applied so long as suitable com-
ponents are used. Above 50 MHz, capacitors often exhibit valuesfar different from their marked values
because of stray internal reactances and lead inductance, and thisrequires compensation. Tuned circuits
are frequently fabricated in the form of strip lines or other transmission linesin order to circumvent the
problem of building “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-
able. The usual practiceisto resonate the tube output capacitance with alow-loss inductance connected
in seriesor parallel. Theresult can be avery high Q tank circuit. Component |osses must be kept to an
absolute minimum in order to achieve reasonable tank efficiency. Output impedance transformation is
usually performed by alink inductively coupled to the tank circuit or by aparallel transformation of the
output resistance using a series capacitor.

Transformers

Broadband transformers are often used in matching to the input impedance or optimum load imped-
ance in a power amplifier. Multioctave power amplifier performance can be achieved by appropriate
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Table 13.2 Band C1 c2 L1 L2
Pi-L Network Values for Various Plate Impedances  R1=20000hms
) 160 300 1356 31.4 9.38
(ngple Output from PI-LCMIN.EXE by W5FD) 80 152 687 159 176
CinpFandLin uH 40 80 360 8.34 2.49
Pi-L Network Values 30 56 254 589 1.76
Rm =300 Q, Q= 12, R2 =50 Q 20 40 181 420 126 Qu=12.0
C(min) = 35 pF 17 35 152 2.97 0.98 Qu=13.2
15 35 143 218 0.84 Qy=15.1
Band C1 C2 L1 L2 12 35 136 159 0.71 Qy=17.4
R1=1500 ohms 10 35 130 119 0.62 Qy=19.7
160 382 1443 257  9.38 R1=21000hms
80 194 732 13.0 4.76 160 288 1341 325 9.38
40 102 383 6.83 2.49 80 146 680 16.5 4.76
30 72 270 482 1.76 40 76 356 8.63 2.49
20 51 193 344 126 Qy=12.0 30 54 251  6.09 1.76
17 40 151  2.69 0.98 Qy=12.0 20 39 180 4.35 1.26 Qy=12.0
15 35 131 225 0.84 Qy=12.2 17 35 154 297 0.98 Q,=13.6
12 35 123 1.64 0.71 Qy=14.0 15 35 146 217 0.84 Q,=15.6
10 35 118 1.24 0.62 Qy=15.9 12 35 138 158 0.71 Q,=18.0
R1=1600 0hms 10 35 132 119 0.62 Qy=20.5
160 362 1423 269  9.38 R1=2200 ohms
80 184 722  13.6 4.76 160 277 1327 33.6 9.38
40 96 378 7.13 2.49 80 140 673 17.0 4.76
30 68 267 5.04 1.76 40 73 352 892 2.49
20 48 190 3.60 1.26 Qy=12.0 30 52 249 630 1.76
17 38 149 281 0.98 Qu=12.0 20 37 178 450 1.26 Qy=12.0
15 35 134 223 0.84 Qy=12.8 17 35 156 2,95 0.98 Qy=14.1
12 35 126  1.63 0.71 Qu=14.7 15 35 148 216 0.84 Qy=16.2
10 35 120 1.23 0.62 Qu=16.7 12 35 140 157 071 Qy=18.7
R1=1700 ohms 10 35 134 118 0.62 Qu=21.3
160 344 1404 28.0  9.38 R1=2300 ohms
80 175 712 142 4.76 160 266 1315 34.7 9.38
40 92 373  7.44 2.49 80 135 667 17.6 4.76
30 65 263 525 1.76 40 71 349 921 2.49
20 46 188 3.75 1.26 Qy=12.0 30 50 246 650 1.76
17 36 147 294 0.98 Qy=12.0 20 36 176 465 1.26 Qy=12.0
15 35 136 222 0.84 Qy=13.4 17 35 158 2.93 0.98 Qu=14.6
12 35 129 1.62 071 Qy=15.4 15 35 150 2.15 0.84 Q,=16.7
10 35 123 122 0.62 Qy=17.5 12 35 142 157 071 Qy=19.3
R1=1800 ohms 10 35 137 117 0.62 Qy=22.0
160 328 1387 29.2  9.38 R1=2400 ohms
80 166 703 14.8 4.76 160 257 1302 /35.8 9.38
40 87 368 7.74 2.49 80 130 660 18.2 4.76
30 61 260 5.47 1.76 40 68 346 950 2.49
20 44 186 3.90 1.26 Qy=12.0 30 48 244 671 1.76
17 35 147 3.01 0.98 Q,=12.2 20 35 176 471 126 Qy=12.2
15 35 139 221 0.84 Qy=13.9 17 35 161 292 0.98 Qy=15.0
12 35 131 1.61 071 Qy=16.0 15 35 152 213 084 Qy=17.3
10 35 125 121 0.62 Q,=18.2 12 35 145 156 0.71 Qy=20.0
R1=1900 ohms 10 35 139 117 0.62 Qy=22.8
160 313 1371 30.3  9.38 R1=2500 ohms
80 159 695 15.4 4.76 160 248 1291 36.9 9.38
40 83 364 8.04 2.49 80 126 654 18.7 4.76
30 59 257 5.68 1.76 40 66 343 979 2.49
20 42 184  4.06 1.26 Qy=12.0 30 46 242 691 1.76
17 35 149 299 0.98 Qy=12.7 20 35 178 470 1.26 Q,=12.6
15 35 141 220 0.84 Qu=14.5 17 35 163 291 0.98 Q,=15.5
12 35 133 160 0.71 Qu=16.7 15 35 154 213 0.84 Q,=17.8
10 35 128 1.20 0.62 Qy=19.0 12 35 147 155 0.71 Qu=20.6
10 35 141 116 0.62 Qu=23.5
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application of these transformers. The input and output transformers are two of the most critical com-
ponentsin abroadband amplifier. Amplifier efficiency, gain flatness, input SWR, and even linearity all
are affected by transformer design and application. There are two basic RF transformer types, as de-
scribed elsewhere in this Handbook the conventional transformer and the transmission-line trans-
former.

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 aferrite or pow-
dered-iron material. Coupling between the secondary and primary is made as tight as possible to mini-
mize leakage inductance. At low frequencies, the coupling between windings is predominantly mag-
netic. Asthefrequency rises, core permeability decreases and |eakageinductanceincreases; transformer
losses increase as well.

Typical examples of conventional transformers are shown in Fig 13.1Q In Fig 13.10A, the primary
windings consist of brass or copper tubesinserted into ferrite sleeves. The tubes are shorted together at
one end by apiece of copper-clad circuit board material. The secondary winding isthreaded through the
tubes. Since the low-impedance winding isonly asingle turn, the transformation ratio is limited to the
squares of integers; for example, 1, 4, 9, 16, and so on. The lowest effective transformer frequency is
determined by theinductance of theone-turnwinding. It should have areactance, at thel owest frequency
of intended operation, at least four times greater than the impedance it is connected to.

Thecoupling coefficient between thetwo windingsisafunction of
the primary tube diameter and itslength, and the diameters and insu-
lation thickness of the wire used in the high-impedance winding.
High impedance ratios, greater than 36:1, should use large-diameter
secondary windings. Miniature coaxial cable (using only thebraid as
the conductor) works well. Another use for coaxia cable braid is
illustrated in Fig 13.10B. Instead of using tubing for the primary
winding, the secondary winding is threaded through copper braid.
Performance of the two unitsis 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 changesto the core permeability, ‘ e i
aswell asoverheating. Transformer nonlinearity also develops at
core saturation. Harmonics and other distortion products are pro-
duced, clearly anundesirablesituation. M ultiple 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-frequency performance deterio-
rationiscaused primarily by leakageinductance, which riseswith
frequency. In a transmission-line transformer, the windings are
arranged so there istight capacitive coupling between the two. A
high coupling coefficient is maintained up to considerably higher
frequencies than with conventional transformers.

Output Filtering Fig 13.10—The two methods of
Amplifier output filtering is sometimes necessary to meet spu- ~ ¢onstructing the transformers

jous signal requirements. Broadband amplifiers, by definition, ~0utlined in the text. At A, the one-

rious signal req ents. amp » DY ' turn loop is made from brass

provide little if any inherent suppression of harmonic energy. tubing; at B, a piece of coaxial

Even amplifiers using output tank circuits often require further ~ cable braid is used for the loop.
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attenuation of undesired harmonics. High-level signals from one transmitter, particularly at multiple
transmitter sites, can beintercepted by an antenna connected to another transmitter, conducted down the
feed line and mixed in a power amplifier, causing spurious outputs. For example, an HF transceiver
signal radiated from atriband beam may be picked up by aVHF FM antennaon the samemast. Thesignal
saturatesthe low-power FM transceiver output stage, even with power off, and isreradiated by the VHF
antenna. Proper use of filters can reduce such spurious energy considerably.

The filter used will depend on the application and the level of attenuation needed. Band-pass filters
attenuate spurious signals above and below the passband for which they are designed. Low-pass filters
attenuate only signalsabovethe cutoff frequency, while high-passfiltersreduce energy below thedesign
cutoff frequency.

The Filters chapter includes detailed information about designing suitable filters. Tables of compo-
nent values in the Referenceschapter allow you to select a particular design and scale the values for
different frequencies and impedance ranges as needed.

TRANSMITTING DEVICE RATINGS

Plate Dissipation

The ultimate factor limiting the power-handling capability of a tube often (but not always) is 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 temperature can
damage or destroy internal tube components or vacuum seals, resulting in tube failure. The same tube
may have different voltage, current and power ratings depending on the conditions under which it is
operated, but its safe temperature ratings must not be exceeded in any case! Important cooling consid-
erations are discussed 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, adjustment, and circuit losses. The efficiency indicates how much of the dc power
supplied to the stage is converted to useful RF output power; therest isdissipated as heat, mostly by the
plate. By knowing the plate-dissipation limit of the tube and the efficiency expected from the class of
operation selected, the maximum power input and output levels can be determined. The maximum safe
power output is

p. - _oNp
ouT = 50— N,y (34)

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

100P,

AN =100-Np (39)

Almost all vacuum-tube power amplifiersin amateur servicetoday operate aslinear 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 maximum plate dissipation rating and that no other tube
rating, such as maximum plate current or grid dissipation, is exceeded.

Typeof modulation and duty cycleal so influence how much output power can be achieved for agiventube

RF Power Amplifiers and Projects  13.19



dissipation. Sometypes of operation areless efficient than others, meaning that the tube must dissipate more
heat. Some forms of modulation, such asCW or SSB, areintermittent in nature, causing lessaverage heating
thanmodulationformatssuchasRTTY inwhich thereiscontinuoustransmission. Power-tube manufacturers
usetwo different rating systemsto allow for thevariationsin service. CCS (Continuous Commercial Service)
is the more conservative 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 isknown asI CAS (Intermittent
Commercial 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 lifein CW
and SSB service. CCSratingsshould beused for FM, RTTY and SSTV applications. (Plate power transform-
ers for amateur service are also rated in CCS and ICAS terms.)

Maximum Ratings

Tube manufacturers publish sets of maximum values for the tubes they produce. No maximum rated
value should ever be exceeded. As an example, a tube might have a maximum plate-voltage rating of
2500 V, amaximum plate-current rating of 500 mA, and a maximum plate dissipation rating of 350 W.
Although the plate voltage and current ratings might seem to imply a safe power input of 2500 V x 500
mA = 1250 W, thisistrueonly if the dissipation rating will not be exceeded. If the tubeisused in class
AB2 with an expected efficiency of 60%, the maximum safe dc power input is

Ry = 100R, _100%350
N 7100-Np =~ 100-60

Inthiscase, any combination of plate voltage and current whose product does not exceed 875 W (and
which allowsthe tube to achieve the expected 60% efficiency) isacceptable. A good compromise might
be 2000V and 437 mA: 2000 x 0.437 = 874 W input. If the maximum plate voltage of 2500 isused, then
the plate current should belimited to 350 mA (not 500 mA) to stay within the maximum plate dissipation
rating of 350 W.

=875W

TRANSISTOR POWER DISSIPATION

RF power-amplifier transistors are limited in power-handling capability by the amount of heat the
device can safely dissipate. Power dissipation for atransistor isabbreviated Po. The maximum rating is
based on maintaining a case temperature of 25°C (77°F), which is seldom possibleif aconventional 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. Theefficiency considerationsdescribed earlier inreferenceto platedissipation
apply here also. A rule of thumb for selecting atransistor suitable for a given RF power output level is
to choose onethat has amaximum dissipation (with the heat sink actually to be used) of twicethedesired
output power.

MAXIMUM TRANSISTOR RATINGS

Transistor data sheets specify the maximum operating voltage for several conditions. Of particular
interest is the Vceo specification (collector to emitter voltage, with the base open). In RF amplifier
service 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 V cegp of 24 V or greater to preclude damage.

The maximum collector current is also specified by the manufacturer. This specification is actually
limited by the current-carrying capabilitiesof theinternal bondingwires. Of course, the collector current
must stay below thelevel that generates heat higher than the allowable device power dissipation. Many
transistors are also rated for the load mismatch they can safely withstand. A typical specification might
be for atransistor to tolerate a 30:1 SWR at all phase angles.
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Transistor manufacturers publish data sheets that describe all the appropriate deviceratings. Typical
operating resultsare also givenin these data sheets. In addition, many manufacturers publish application
notes illustrating the use of their devices in practical circuits. Construction 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. Specifications for some of the more
popular RF power transistors are found in the Component Datachapter.

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 circuit, without modulation, may be taken conservatively as being equal to the dc plate or
collector voltage. If the dc supply voltage al so appears acrossthetank capacitor, thismust 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 voltages do not
appear across the tank capacitor, thereby allowing the use of a smaller capacitor with less plate
spacing. Capacitor manufacturers usually rate their productsin terms of the peak voltage between
plates. Typical plate spacings are given in Table 13.3

Output tank capacitors should be mounted as close to the tube as temperature considerations will
permit, to make possible the shortest path with the lowest possible inductive reactance from plate to
cathode. Especially at the higher frequencies, where minimum circuit capacitance becomes important,
the capacitor should be mounted with its stator plates well spaced from the chassis or other shielding.
Incircuitsinwhich therotor must beinsulated from ground, the capacitor should be mounted on ceramic
insulators of asize 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 amarked loss in Q. Except perhaps at 24 and 28 MHz, it
isnot 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, aswell as other components, out of the
immediate field of the coil.

The principal practical considerationsin designing atank coil usually are to select a conductor
size and coil shape that will fit into available space and handle the required power without exces-
sive heating. Excessive power loss as such is not necessarily the worst hazard in using too-small
aconductor: itisnot uncommon
for the heat generated to actu-
ally unsolder jointsin the tank  Table 13.3
circuit and lead to physical Typical Tank-Capacitor Plate Spacings

dama_lqe or failure. F(.)r this rea- Spacing Peak Spacing Peak Spacing Peak
son it's extremely important,  yches” Voltage Inches Voltage Inches  Voltage

especially at power levelsabove 15 1000 0.07 3000 0.175 7000
a few hundred watts, to ensure  0.02 1200 0.08 3500 0.25 9000
0.03 1500 0.125 4500  0.35 11000

that all electrical joints in the

o 0.05 2000 0.15 6000 0.5 13000
tank circuit are secured me-
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chanically as well as soldered. Table 13.4 shows recom-
mended conductor sizes for amplifier tank coils, assuming Copper Conductor Sizes for
loaded tank circuit Qsof 15 or lessonthe 24 and 30 MHz bands Transmitting Coils for Tube
and 8 to 12 on the lower frequency bands. Transmitters

Inthecase of input circuitsfor screen-grid tubeswheredriving

Table 13.4

power isquitesmall, lossisrelatively unimportant and almost any g‘zl‘lf';)e;t (BAjIIjI(zj) "é’(’)’;”c’fnu%’;’m

physically convenient wire size and coil shape is adequate. (Watts) Size
The conductor sizes in Table 13.4 are based on experience in = ;5 1.8-3.5 10

continuous-duty amateur CW, SSB, and RTTY service and as- 7-14 8 or /g"

sume that the coils are located in a reasonably well ventilated 18-28 6 or 3/;6"

enclosure. If the tank areais not well ventilated and/or if signifi- 5, 1835 12

cant tube heat is transferred to the coils, it is good practice to 7-14 10

increase AWG wiresizesby two (for example, changefromAWG 18-28 8 or 1/g"

12 to AWG 10) and tubing sizes by 1/1¢ inch. 150 1835 16
Larger conductors than required for current handling are often 7-14 12

used to maximize unloaded Q, particularly at higher frequencies. 18-28 10

Where sklln depth effectsincrease | osses, thg greater surfa}ce A \yhole numbers are AWG: fractions
of large diameter conductors can be beneficial. Small-diameter  of inches are tubing ODs.

copper tubing, up to /s inch outer diameter, can be used success-
fully for tank coils up through the lower VHF range. Copper tub-
ing in sizessuitablefor constructing high-power coilsisgenerally availablein 50 ft rollsfrom plumbing
and refrigeration equipment suppliers. Silver plating the tubing further reduceslosses. Thisisespecially
trueasthetubing agesand oxidizes. Silver oxideisamuch better conductor than copper oxides, so silver-
plated tank coils maintain their low-l10ss characteristics even after years of use.

At VHF and above, tank circuit inductances do not necessarily resemble the familiar coil. The induc-
tances required to resonate tank circuits of reasonable Q at these higher frequencies are small enough
that only strip lines or sections of transmission line are practical . Since these are constructed from sheet
metal or large-diameter tubing, current-handling capabilities 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 pureinductance. At some higher frequency it takes on high impedance characteristicsresembling
those of a parallel-resonant circuit. At astill higher frequency it goes through a series-resonant condi-
tion, 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 capacitive
reactance.

In series-feed circuits, these characteristics 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 chokeisdirectly in parallel with thetank circuit, and is subject to the full tank RF voltage.
If the choke does not present asufficiently high impedance, enough power will be absorbed by the choke
toburnitout. Toavoidthis, thechoke must have asufficiently high reactanceto beeffective at thelowest
frequency (at leastequal to the plate |oad resistance), and yet have no series resonances 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 intended position, but disconnected from the rest of
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thecircuit. A dip meter coupled an inch or two away from one end of the choke nearly alwayswill show
adeep, sharp dip at the lowest series-resonant frequency and shallower dipsat higher series resonances.

Any choketo 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 tuning capacitance on
1.8 MHz. Atthesametime, try to position all its seriesresonanceswherethey can do no harm. Ingeneral,
close wind enough #20 to #24 magnet wire to provide about 135 puH inductance on a 3/4 to 1-inch
diameter cylindrical form of ceramic, Teflon, or fiberglass. Thisgivesareactanceof 1500 Q at 1.8 MHz
andyetyieldsafirst seriesresonancein thevicinity 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 instrumentation is available. If the number of turns
onthechokeisselected to placeitsfirst seriesresonance at 23.2 MHz, midway 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’ sfirst seriesresonance should be measured very carefully as described above
using adip 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 character-
istics. Some commercial amplifiers circumvent 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 agiven
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 optimum
reactance on 1.8 MHz.

Blocking Capacitors

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

To provideamargin of safety, the voltage rating for ablocking capacitor should be at |east 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’ stuning and matching characteristics, the blocking capacitor should
havealow impedanceat all operating frequencies. Itsreactance at thelowest operating frequency should
be not more than about 5% of the plate |oad resistance.

The capacitor also must be capable of handling, without overheating or significantly changing value,
the substantial RF current that flowsthrough it. Thiscurrent usually is greatest at the highest frequency
of operation where tube output capacitance constitutes a significant part of the total tank capacitance.
A significant portion 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 MH2z) is

IcBlock = lp + 0.15 X Cout X Ve (36)

where
IcBlock = Maximum RM S current through blocking capacitor, in A
CouT = output capacitance of the output tubes, in pF
V4c = dc plate voltage, in kV
Ip = dc plate current at full output, in A.
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Transmitting capacitorsarerated by their manufacturersintermsof their RF current-carrying capacity
at various frequencies. Below a couple hundred watts at the high frequencies, ordinary disc ceramic
capacitors of suitable voltage rating work well in high-impedance tube amplifier output circuits. Some
larger disk capacitorsrated at 5to 8 kV also work well for higher power levels at HF; for example, two
inexpensive Centralab type DD-602 discs (0.002 pF, 6 kV) in parallel have proved to be a reliable
blocking capacitor for 1.5-kW amplifiers operating at plate voltagesto about 2.5 kV. At very high power
and voltage levels and at VHF, ceramic “doorknob” transmitting capacitors 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 fabrication of the blocking capacitor. Thiscan usually be accommodated through the use
of a Teflon “sandwich” capacitor. Here, the blocking capacitor is formed from two parallel plates
separated by athin layer of Teflon. This capacitor often is part of the tank circuit itself, forming avery
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 capaci-
tance formed from such a Teflon sandwich can be calculated from the information presented el sewhere
in this Handbook(use a dielectric constant of 2.1 for Teflon). In order to prevent any potential irregu-
laritiescaused by dielectricthicknessvariations(includingair gaps), Dow-Corning DC-4 siliconegrease
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 transistorized amplifiers present special problems. 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 stan-
dard disk-ceramic or silver-mica units, but their level of performance easily justifies their price. Most
of these special-purpose capacitors are either |eadless 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 adirectly 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 voltagerating oftenisreduced at these higher frequencies. Thederated 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 thetube socket whiletheamplifier isrunning. Thefilament choke and interconnectingwiring 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, make sure that the plate power
drawn from the power line does not cause thefilament voltage to drop bel ow the proper valuewhen 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 berestored by operating thefilament 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.
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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 Supplieschapter) designed to deliver the required plate voltage
at therequired current. It isnot unusual for apower tubeto arc over internally (generally from the plate
to the screen or control grid) once or twice, especially soon after it is first placed into service. The
flashover 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 thisistheinclusion of ahigh-wattage power resistor in serieswith
the plate high-voltage circuit. The value of theresistor, in ohms, should be approximately 10to 15 times
theno-load platevoltageinkV. Thiswill limit peak fault currentto 67to 100 A. Theseriesresistor should
berated for 25 or 50 W power dissipation; vitreous enamel coated wire-wound resistors of the common
Ohmite or Clarostat types have been found to be capable of handling repeated momentary fault-current
surgeswithout 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 maximum val ue of normal
plate current; the wattage rating required may be calculated from P = I?R. If the total filter capacitance
exceeds 25 UF, itisagood ideato use 50-W resistorsin 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 circuit) arcs are not necessarily self-extinguishing, 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, amild HV flashover may go undetected,
while amore severe one will remove ac power from the HV 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 provided, however, a“normal” flashover, even in a new tube, is likely to damage or
destroy the tube, and also frequently destroysthe rectifiersin the power supply as well as the plate RF
choke. A power tube that flashes over more than about 3 to 5 timesin aperiod of several months likely
is defective and will have to be replaced before long.

Grid Bias

The grid bias for alinear amplifier should be highly filtered and well regulated. Any ripple or other
voltage change in the bias cir-
cuit modulates the amplifier.
This causes hum and/or distor-
tion to appear on the signal.
Since most linear amplifiers Input
draw only small amounts of
grid current, these bias-supply c
requirements are not difficult
to achieve.

Fixed biasfor classABL tet- +
rode and pentode amplifiersis
usually obtained from a vari-

able-voltage regulated supply. i

®
V oltage adjustment allows set-

ting bias level to give the de-
sired resting plate current. Fig

1_3-11A5h0W3a5implezener' Fig 13.11—Various techniques for providing operating bias with
diode-regulated bias supply. tube amplifiers.
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The dropping resistor is chosen to allow approximately 10 mA of Zener current. Biasisthen reasonably
well regulated for all drive conditions 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 variationsin the characteristics of different tubes. Under standby conditions, when it is desirable to
cut off the tube entirely, the Zener ground returnisinterrupted so the full bias supply voltage is applied
to the grid.

In Fig 13.11B 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 cathode 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 timesthe rated
zener voltage. 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
3W ormore. Thecircuitof Fig 13.11Cillustrateshow D1 would be used with acathodedriven (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 suitable 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 varieswidely with both excitation and loading. The current may be either
positive or negative, depending on tube characteristics and amplifier operating conditions. In alinear
amplifier, the screen voltage should be well regulated for all values of screen current. The power output
from atetrode 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 13.12shows atypical example of aregulated screen supply for a power tetrode amplifier. The
voltage from afixed 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 maximum negative screen current, so that screen voltageisregulated
for all values of current between maximum negative screen current and maximum positive screen
current. For external-anode tubes in the 4CX 250 family, a typical screen bleeder current value would
be 20 mA. For the 4CX 1000 family, a screen-bleeder current of 70 mA is required.

Screen voltage should never be applied to atetrode unless plate voltage and load also are applied;
otherwisethescreentendsto 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 be-
tween the regulator and the bleeder resistor. The
fuse should not be installed between the bleeder
resistor and the tube, because the tube should
never be operated without a load on the screen.
Without aload, the screen potential tends to rise
to the anode voltage. Any screen bypass capaci- Fig 13.12—A Zener-regulated screen supply for
torsor other associated circuitsarelikely bedam- use with a tetrode. Protection is provided by a
aged by this high voltage. fuse and a varistor.
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In Fig 13.12, avaristor is connected from screen to ground. If, because of some circuit failure, the
screen voltage should rise substantially aboveitsnominal level, the varistor will conduct and clamp the
screen voltage to alow level. If necessary to protect the varistor or screen dropping resistors, afuse 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 13.13A), aresistance of the appropriate 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 supplied to the base of the Class C transistor should be avoided becauseit will lead to internal
breakdown of the device during peak drive periods. The damage is frequently a cumulative phe-
nomenon, leading to gradual destruction of the transistor junction.

A simple method for Class AB biasing isshownin Fig 13.13B. D1 isasilicon diodethat actsasabias
clamp at approximately 0.7 V. Thisforward bias establisheslinear-amplification conditions. That value
of bias is not always optimum for a specified transistor in terms of IMD. Variable bias of the type
illustratedin Fig 13.13C permitsthedesigner sufficient flexibility to position the operating point for best
linearity. The diode clamp or the reference sensor for another type of regulator is usually thermally
bonded to the power transistor or its heat sink. The bias level then tracks the thermal characteristics of
the output transistor. Since atransistor’s current transfer characteristics are a function of temperature,
thermal tracking of the biasis necessary to maintain device linearity and, in the case of bipolar devices,
to prevent thermal runaway and the subsequent destruction of the transistor.

AMPLIFIER COOLING

Tube Cooling

Vacuum tubes must be oper-
ated within the temperature
range specified by the manu-
facturer if longtubelifeistobe

Input Input

achieved. Tubes having glass jo;,r

envel opesand rated at up to 25- Oy et
W plate dissipation may be e o
used without forced-air cooling N /%

if the design allows a reason-
able amount of convection
cooling. If a perforated metal Input
enclosureisused, and aring of
/410 3/s-inch-diameter holesis
placed around the tube socket,
normal convectiveair flow can ~
be relied on to remove excess +Vee
heat at room temperatures.
For tubes with greater plate

dissipation ratings, and even
for very small tubes operated Fig 13.13—Biasing methods for use with transistor amplifiers.

+Vc Line

; 22 uF

(8

5V

VRI _() +Vee
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close to maximum rated dissipation, forced-air cooling with afan or blower is needed. Most manufac-
turers rate tube cooling requirements for continuous-duty operation. Their literature will indicate the
required volume of air flow, in cubic feet per minute (CFM), at some particular back pressure. Oftenthis
dataisgiven 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: atube’'s plate dissipation rating is only its maximum potentialcapability. The power that it can
actually dissipate safely depends directly on the cooling provided. The actual power capability of
virtually all tubesused in high-power amplifiersfor amateur service dependsonthevolumeof 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 air flow required and the pressure needed to force it through the cooling system are deter-
mined by ambient air temperature and altitude (air density), 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 back pressure. Asaresult of basic air flow and heat transfer principles, the volume of air
flow required through the tube cooler increases considerably faster than the plate dissipation, and back
pressureincreaseseven faster thanair flow. Inaddition, blower air output decreaseswithincreasing back
pressure until, at the blower’s so-called “cutoff pressure,” actual air delivery is zero. Larger and/or
faster-rotating blowers are required to deliver larger volumes of air at higher back pressure.

Values of CFM and back pressure required to realize maximum rated plate dissipation for some of
the more popular tubes, sockets and chimneys (with 25°C ambient air and at sealevel) are given in
Table 13.5 Back pressureisspecified ininches of water and can be measured easily in an operational
air systemasindicatedin Figs13.14and 13.15 The pressure differential between the air passage and

Table 13.5

Specifications of Some Popular Tubes, Sockets and Chimneys

Tube CFM Back Pressure Socket Chimney
(inches)

3-500Z2 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

3CX1200z7 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 SK-600, SK-600A, SK-626

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.
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Fig 13.15—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 amount of
back pressure in terms of inches of water can be measured as

indicated.
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atmospheric pressure is measured with a device called a manometer. A manometer is nothing more
than a piece of clear tubing, open at both ends and fashioned in the shape of a“U.” The manometer
is temporarily connected to the chassis and is removed after the measurements are completed. As
showninthediagrams, asmall amount of water isplaced inthetube. At Fig 13.15Atheblower is* off”
and the water seeksitsown level, becausetheair pressure (ordinary atmospheric pressure) isthe same
at both ends of the manometer tube. At B, the blower is*on” (socket, tube and chimney in place) and
the pressuredifference, intermsof inches of water, ismeasured. For most applicationsastandard ruler
used for measurement will yield sufficiently accurate results.

Table 13.6gives the performance specifications for a few of the many Dayton blowers which
are available through Grainger catalog outletsin all 50 states. Other blowers having wheel diam-
eters, widths and rotational speeds similar to any in Table 13.6 likely will have similar flow and
back-pressure 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 crayonsor lacquerswhich melt and change appearance at specific
temperatures. The setup of Fig 13.15, however, nearly always gives sufficiently accurate
information.

Asan example, consider the cooling design of alinear amplifier to use one 3SCX800A7 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, resulting in 400 W plate dissipation (Ppijs = Pin— PouT). According
tothemanufacturer’ sdata, adequatetubecooling at 400 W Pp requiresat least 6 CFM of air at 0.09 inches
of water back pressure. Referring to Table 13.6, a Dayton no. 2C782 will do the job with agood margin
of safety.

If the same single tube wereto be operated at 2.3 kW dc input to deliver 1.5 kW output (substantially
exceeding its maximum electrical ratings!), PN would be about 2300 W and Pp = 800 W. The minimum
cooling air required would be about 19 CFM at 0.5 inches of water pressure—doubling Pp;s, more than
tripling the CFM of air flow required and increasing back pressure requirementson the blower by afactor
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. Thetotal cooling air requirement for the two tubesistherefore
12 CFM at about 0.09 inches of water, only two-thirds as much air volume and one-fifth the back
pressurerequired by asingletube. Whilethismay seem surprising, thereason liesinthe previously
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 capability, conversely, decreases as
back pressureisincreased. ThusaDayton 2C782 blower can cool two 3CX800A 7 tubes dissipating
800 W total, but a much larger (and probably noisier) no. 4C440 would be required to handle the
same power with a single tube.

Table 13.6
Blower Performance Specifications

Wheel Wheel RPM Free Air  CFM for Back Pressure (inches) Cutoff Stock

Dia Width CFM 0.1 0.2 0.3 0.4 0.5 No.

2" 1" 3160 15 13 4 — — — 0.22 2C782
3" 1-15/,," 3340 54 48 43 36 25 17  0.67 4C012
3" 1-7/g" 3030 60 57 54 49 39 23  0.60 4C440
3" 1-7/g" 2880 76 70 63 56 45 8 0.55 4C004
3-13/,6"  1-7/g" 2870 100 98 95 90 85 80 0.80 4C443
3-13/, " 2-1," 3160 148 141 135 129 121 114 1.04 4C005
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In summary, three very important considerations to remember are these:

* A tube's actual safe plate dissipation capability is totally dependenbn the amount of cooling air
forced through its cooling system. Any air-cooled power tube’ s maximum plate dissipation rating is
meaningless unless the specified amount of cooling air is supplied.

» Twotubeswill alwayssafely dissipate agiven power with asignificantly smaller (and quieter) blower
than is required to dissipate the same power with a single tube of the same type. A corollary is that
agiven blower can virtually always dissi pate more power when cooling two tubes than when cooling
a single tube of the same type.

» Blowersvary greatly intheir ability to deliver air against back pressure so blower selection should not
be taken lightly.

A common method for directing theflow of air around atubeinvolvesthe use of apressurized chassis.
ThissystemisshowninFig 13.14. A blower attached to the chassisforcesair around the tube base, often
through holesinitssocket. A chimney isused to guideair |eaving the base area around the tube envel ope
or anode cooler, preventing it from dispersing and concentrating the flow for maximum cooling.

A less conventional approach that offers a significant advantage in certain situations is shown in
Fig 13.16 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 air flow: through the anode and its
chimney, and through the air system socket. Dissipation, and hence cooling air required, generally is
much greater for theanode than for the tube base. Because high-volume anode airflow need not beforced
through restrictive air channelsin the base area, back pressure may be very significantly reduced with
certain tubes and sockets. Only airflow actually needed is bled through the base area. Blower back
pressure requirements may sometimes be reduced by nearly half through this approach.

Table 13.5 also contains the part numbersfor 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 4CX1500A 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 one’s design philosophy and tube sources, some compromises in the cooling
system may be appropriate. For example, if glass tubes are available inexpensively as broadcast
pulls, a shorter life span may be acceptable. In such acase, an
increase of convenience and a reduction in cost, noise, and
complexity can be had by using a pair of “muffin” fans. One Chimney \
fan may be used for the filament seals and one for the anode N —X—
seal, dispensing with ablower and air-system socket and chim- @ J )
ney. Theair flow with thisschemeisnot asuniform aswith the — \W\ )
use of a chimney. The tube envelope mounted in a cross flow Blower — > 7 =
has flow stagnation points and low heat transfer in certain Y ra
regions of the envelope. These points become hotter than the — JT\
rest of the envelope. The use of multiple fans to disturb the chassie
cross air flow can significantly reduce this problem. Many _
amateurs have used this cooling method successfully in low- 79 18.16—Anode compartment

. - pressurization may be more
duty-cycle CW and SSB operation but it is not recommended  efficient than grid compartment
for AM, SSTV or RTTY service. The true test of the pressurization. Hot air exits
effectiveness of a forced air cooling system is the amount of ~ upwards through the tube anode
heat carried away from the tube by the air stream. The power gﬂdafzgoé’ggstggv‘;;"m:fgéE?ﬁé
dissipated can be calculated from the air flow temperatures.  type socket to cool tube’s pins

The dissipated power is and the socket itself.

> —
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O
Py =169Q, g.%—lg (37)
1 O

where
Pp = the dissipated power, in W
Qa =theair flow, in CFM (cubic feet per minute)
T, =theinlet air temperature, kelvins (normally quite close to room temperature)
T, = the amplifier exhaust temperature, kelvins.

The exhaust temperature can be measured with acooking thermometer at the air outlet. The thermom-
eter should not be placed inside the anode compartment because of the high voltage present.

Transistor Cooling

Transistors used in power amplifiers dissipate significant amounts of power, and the heat so
generated must be effectively 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 generated when the transistor is in operation. Others have the emitter
connected to the case. However, if operated close to maximum rated dissipation, even the larger
case designs cannot normally conduct heat away fast enough to keep the operating temperature of
the devicewithin the saf e area—the maximum temperature that adevice 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 de-
vices may be run at up to 200°C. However, to assure long device lifetimes much lower case
temperatures—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 tempera-
tures; thus, silicon transistors are preferred for most power applications.

A properly chosen heat sink often is essential to help keep the transistor junction temperature in the
safe area. For low-power applicationsasimple clip-on heat sink will suffice, whilefor 100 W or higher
input power amassive cast-al uminum finned radiator usually isnecessary. The appropriate size heat sink
can be calculated based on the thermal resistance between the transistor case and ambient air tempera-
ture. The first step isto calculate the total power dissipated by the transistor:

Pp = Ppbc + Prrin — Prrout (38)

where
Pp = the total power dissipated by the transistor in W
Ppc = the dc power into the transistor, in W
Prrin = the RF (drive) power into the transistor in W
Prrout = the RF output power from the transistor in W.
The value of Pp isthen used to obtain the qca value from

Bca = (Tc- Ta)/Pp (39)

where
B¢ca = the thermal resistance of the device case to ambient
T = the device case temperature in °C
Ta = the ambient temperature (room temperature) in °C.

A suitable heat sink, capable of radiating to ambient air all heat generated by the transistor, can then
be chosen from the manufacturer’ s specificationsfor 8¢ca. A well-designed heat-sink system minimizes
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thermal path lengths and maximizestheir cross-sectional areas. The contact area between the transistor
and heat sink should have very low thermal resistance. The heat sink’ smounting surface must beflat and
the transistor firmly attached to the heat sink so intimate contact—without gaps or air voids—is made
between thetwo. The use of silicone-based heat sink compounds can provide considerableimprovement
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
minimum. Only enough should be used to fill in any small air gaps between the transistor and heat sink
mating surfaces. The maximum temperature rise in the transistor junction may easily be calculated by
using the equation

Ty=(Bsc+6ca) P+ Ta (40)

where
T = the transistor junction temperature in °C
8;3c = the manufacturer’ s published thermal resistance of the transistor
Bca = the thermal resistance of the device case to ambient
Pp = the power dissipated by the transistor
Ta = 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 val ues of the ambient temperature and the device case tempera-
ture can be used in the preceding formulas to cal cul ate junction temperature. The Real World Compo-
nents chapter contains a more detailed discussion of transistor cooling.
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Design Guidelines and Examples
Most of the problems facing an amplifier designer are not theoretical, but have to do with real-world

component limitations. The Real World Componentschapter discusses the differences between ideal
and real components

A simplified equivalent schematic of an amplifying device is shown in Fig 13.17A The input is
represented by a series (parasitic) inductance feeding a resistance in parallel with a capacitance. The
output consists of a current generator in parallel with aresistance and capacitance, followed by a series
inductance. Thisis areasonably accurate description of both transistors and vacuum tubes, regardless
of circuit configuration (asdemonstrated in Figs 13.17B and C). Both input and output impedances have
aresistive component in parallel with areactive component. Each al so has a seriesinductive reactance,
which represents connecting leads within the device. These inductances, unlike the other components
of input and output impedance, often are not characterized in manufacturers’ device specifications.

The amplifier input and output matching 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 amplifier circuit, such as a dc-supply choke, must also be considered
in designing thematching networks. The matching networksand other circuit componentsareinfluenced
by each other’ s presence, and these mutual effects must be given due consideration.

Perhapsthe best way to clarify the considerationsthat enter into designing varioustypes of RF power

amplifiersisthrough example. Thefollowing examplesillustrate

common problems associated with power-amplifier design. They

are not intended as detailed construction plans, but only demon-
strate 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 ap-
proximately 60 W of drivewhen used in agrounded grid circuit.
Grounded-grid operation is usually the easiest tube amplifier ;
circuit toimplement. Itsinput impedanceisrelatively low, often
close to 50 Q. Input/output shielding provided by the grid and ; ®
negativefeedback inherent inthe grounded-grid circuit configu-
ration 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-voltagedcfor the plateand |low-voltageacfor the
filament.

Thefirst stepintheamplifier design processisto verify that the
tube is actually capable of producing the desired results while
remaining within manufacturer’s ratings. The plate dissipation

r77 ()

T

Fig 13.17—The electrical equiva-
lents for power amplifiers. At A,

expected during normal operation of the amplifier is computed
first. Sincetheamplifier will be used for SSB, aclass of operation
producing linear amplification must be used. Class AB2 provides
avery good compromise between linearity and good efficiency,
with effective efficiency typically exceeding 60%. Given that
efficiency, an input power of 2500 W is needed to produce the
desired 1500-W output. Operated under these conditions, the tube
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series stray inductance, then a
resistor in parallel with a capaci-
tor. 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.



will dissipatesabout 1000 W—wel | withinthe manufacturer’ sspecifications, provided adequate cooling
airflow is supplied.

The grid in modern high-mu triodesis arelatively delicate structure, closely spaced from 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 agiven power output, the use of higher plate voltages tends
to result in lower grid dissipation. It isimportant to use a plate voltage which 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 produce 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 ahigh-power amplifier, aswell asitsultimatereliability, are enhanced by using the
lowest plate voltage which will yield completely satisfactory performance. Interpolating between the
two sets of typical operating conditions suggests that the 8877 can comfortably deliver 1.5 kW output
with a3100-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.

Thenext stepinthedesign processisto cal cul atethe optimum platel oad resistanceat thisplate voltage
and current for Class AB2 operation and design an appropriate output matching network. From the
earlier equations, R, is calculated to be 2200 Q.

Several different output networksmight be used to transform the nominal 50-Q resi stance of the actual
load to the 2200-Q load resistance required by the 8877, but experience showsthat pi and pi-L networks
are most practical. Each can provide reasonable harmonic attenuation, is relatively easy to build me-
chanically and usesreadily available components. The pi-L givessignificantly greater harmonic attenu-
ation than the pi and usually is the better choice—at least in 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 remainder of this chapter Qn istheloaded Q of theamplifier’ sinput matching tank, Qout
isthe loaded Q of the output pi-L tank, Qp isthe loaded Q of the output pi section only, and Q isthe
loaded Q of the output L section only.

Theinput impedance of agrounded-grid 8877 istypically on the order of 50to 55 Q, shunted by input
capacitance of about 38 pF. Whilethis average impedanceis close enoughto 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 |oad impedance at the exciter output, resulting in
increased intermodul ation distortion, reduced output power, and often meaningless exciter SWR meter
indications. Inaddition, thetube’ sparallel input capacitance, aswell asparasitic circuit reactances, often
are significant enough at 28 MHz to create significant SWR. A tank circuit at the amplifier input can
solveboth of these problemsby tuning out the stray reactances and stabilizing (linearizing) thetubeinput
impedance through its flywheel effect. The input tank should have a loaded Q (called Qi, in this
discussion) of at least two for good results. Increasing Qi to as much asfive resultsin afurther small
improvement in linearity and distortion, but at the cost of anarrower operating bandwidth. Even a Qi
of 1.0to 1.5 yields significant improvement over an untuned input. A pi network commonly is used for
input matching at HF.

Fig 13.18illustrates these input and output networks applied in the amplifier circuit. The schematic
showsthe major componentsin theamplifier 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 resistanceis
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closeto 50 Q, asin the case of
B+ the 8877, a simple parallel-
resonant tank often can suc-
cessfully perform the tuning
and flywheel functions, since
no impedance transformation
is necessary. In this case it is
important to minimize stray
RFC3 lead inductance between the
tank and tube to avoid undes-
ired impedance transforma-
tion.

The filament or “heater” in
indirectly heated tubes such as
Fament the 8877 must be very close to
Voltage the cathode to heat the cathode
efficiently. A capacitance of
several picofarads exists be-
tween the two. Particularly at
very high frequencies, where
these few picofarads represent
Fig 13.18—A simplified schematic of a grounded-grid amplifier a'jelat.'vely low reactance, RF
using a pi network input and pi-L network output. drive intended for the cathode

can be capacitively coupled to

the lossy filament and dissi-
pated 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 RFCL1 in Fig 13.18) 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 insulated wires, bifilar-
wound over aferriterod. Theferrite coreraisestheinductive reactance throughout the HF region so that
aminimum of wireisneeded, keeping filament-circuit voltage dropslow. The bifilar 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 induc-
tance often are seriesresonantinthe 1.8t0 29.7 MHz HF range. A capacitance of 5 pF and aninductance
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 circuit constitutes a relatively 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 aggravating, the problem rarely completely disables or damages the amplifier, and so is
seldom pursued or identified.

Fortunately, the entire problemiseasily 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 frequency by connecting a sufficiently large capacitance (about 1000 pF)
between the tube cathode and one side of the heater. It isgood practice al so to connect asimilar capacitor
between the heater terminals. It also would be good practice in designing other VHF/UHF amplifiers,

L2 L3 Output

c7

Input 1

RFC1

Bias, B—
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such asthoseusing 3CX800A 7 tubes, unlessthe builder caninsurethat theactual seriesresonanceiswell
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 consists of tuning capacitor C6, loading capacitor C7, pi coil L2, and L coil L3. RFC3is
ahigh-inductance RF choke placed at the output for safety purposes. Itsvalue, usually 100 pH to 2 mH,
ishigh enough so that it appears as an open circuit across the output connector for RF. However, 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 electrostatic charge—from the antenna or
from blocking capacitor leakage—from building up on the tank capacitors and causing periodic dc
discharge arcsto ground. If such adc discharge occurs while the amplifier istransmitting, it can trigger
a potentially damaging RF arc.

Our next step is designing the input matching network. As stated earlier, tubeinput impedance varies
moderately with plate voltage and load resistance as well as bias, but is approximately 50 to 55-Q
paralleled by C,n of 38 pF, including stray capacitance. A simple parallel-resonant tank of Q;ny =2 to
3 can provide an input SWR not exceeding 1.5:1, provided all wiring from RF input connector to tank
to cathode is heavy and short. On each band a Q,y between 2 to 3 requires an Xciot = XLin between 25
and 17 Q.

A more nearly perfect match, with greater tolerancefor layout and wiring variations, may be achieved
by using the pi input tank asshownin Fig 13.18. Design of thisinput matching circuit is straightforward.
Component values are computed using a QN between 2 or 3. Higher Q,n values reduce the network’s
bandwidth, perhaps even requiring a front-panel tuning control for the wider amateur bands. The pur-
pose of thisinput network isto present the desired input impedance to the exciter, not to add selectivity.
Aswith a parallel tank, the value of the capacitor at the tube end of the pi network should be reduced
by 38 pF; stray capacity plus tube Cyy 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. Wepreviously calculated that the 8877 tube’ s plate must see 2200 Q for optimum performance.
In practice, real antennaloads are seldom purely resistive or exactly 50 Q; they often exhibit SWRs of
2:1 or greater on some frequencies. It’ sdesirable that the amplifier output network be able to transform
any complex load impedance corresponding to an SWR up to about 2:1 into aresistance of 2200 Q. The
network also must compensate for tube Coyt and other stray plate-circuit reactances, such as those of
interconnecting leads and the plate RF choke. These reactances, shown in Fig 13.19 must betaken into
account when designing the matching networks. Because the values of most stray reactances are not
accurately known, the most satisfactory approach isto estimate them, and then allow sufficient flexibil-
ity in the matching network to accommodate modest errors.

Fig 13.19 shows the principal reactances in the amplifier circuit. CoyT is the actual tube output
capacitance of 10 pF plus the
stray capacitance between its
anode and the enclosure metal -
work. This stray C varies with
layout; we will approximate it
as 5 pF, so Coyr is roughly
15 pF. Loy isthe stray induc-

LCHOKE CSTRAY

tance of leads from the tube LSTRAY N
plate to the tuning capacitor RGEi i iﬁ pF
(internal to the tube as well as

external circuit wiring). Exter-
nal-anode tubes like the 8877  Fig 13.19—The effective reactances for the amplifier in Fig 13.18.
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have essentially no internal plate leads, so Loyt is amost entirely external. It seldom exceeds about
0.3 uH and isnot very significant below 30 MHz. L cHok e iSthe reactance presented by the plate choke,
which usually is significant only below 7 MHz. Cstray represents the combined stray capacitances to
ground of the tuning capacitor stator and of interconnecting RF plate circuit leads. In awell constructed,
carefully thought out power amplifier, Cstray can be estimated to be approximately 10 pF. Remaining
components Ctyne, CLoap, and the two tuning inductors, form the pi-L network proper.

Thetables presented earlier in this chapter greatly simplify thetask of selecting output circuit values.
Both the pi and pi-L design tables are calculated for a Qoyt 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 network losses caused by high circulating currents. For pi networks, a QoyT of 12 is agood
compromise between harmonic suppression and circuit losses. In practice, it often ismost realistic and
practical with both pi and pi-L output networks to accept somewhat higher Qoyt values on the highest
HF frequencies—perhapsaslargeas 18 or even 20 at 28 MHz. When using api-L onthe 1.8 and 3.5 MHz
bands, it often is desirable to choose a moderately lower QouT, perhaps 8 to 10, to permit using amore
reasonably-sized plate tuning capacitor.

Nominal pi-L network component values for 2200-Q plate impedance can be taken directly from
Table 13.2. These values 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 13.2 is 140 pF. From Fig 13.19 we know that three other stray reactances are directly
inparallel with Cryne (assuming that Loyt isnegligible at the operating frequency, asit should be). The
tube’ sinternal and external plate capacitance to ground, Coyr, isabout 15 pF. Straysin the RF circuit,
Cstray, areroughly 10 pF.

The impedance of the plate choke, XchokE, isalso in parallel with Cryne. Plate chokes with self-
resonance characteristics suitable for use in amateur HF amplifiers typically have inductances of
about 90 pH. At 3.5 MHz thisis an inductive reactance of +1979 Q. This appearsin 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 capacitance—the amount by which tuning capacitor Cyyne 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 itsinput at 3.5 MHz. Subtracting the
25 pF provided by CoyT and Cstray and adding the 23 pF cancel ed by X chok g, theactual value of Cryne
must be 140- 25 + 23 = 138 pF. It is good practice to provide at least 10% extra capacitance range to
allow matchingloadshaving SWRsupto 2:1. So, if 3.5 MHzisthelower frequency limit of theamplifier,
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
iswhere the most losses will occur. At 29.7 MHz, the valuesin Table 13.2 are chosen to accommodate
aminimum pi-L input capacitance of 35 pF, yielding QouT = 21.3. Since Coyt and Cstray contribute
25 pF, Cryne 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
3100V plate supply. Such acapacitor typically hasaminimum capacitance of 25to 30 pF. Usually, little
or nothing can be doneto reducethetube’ s CoyT or thecircuit Cstray , andin fact the estimates of these
may even be alittle low. If 1.8 MHz capability is desired, the maximum tuning capacitance will be at
least 200 to 250 pF, making the minimum-capacitance problem at 29.7 MHz even more severe.

There are three potential solutionsto thisdilemma. We could accept the actual minimum value of pi-
L input capacitance, around 50 to 55 pF, realizing that thiswill raisethe pi-L network’ sloaded Q to about
32. Thisresultsin very large values of circulating tank current. To avoid damage to tank components—
particularly the bandswitch and pi inductor—by heat due to IR 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 isto reduce the minimum capacitance provided by Cryne. We could use
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avacuum variable capacitor with a 300-pF maximum and a 5-pF minimum capacity. These are rated at
5to 15kV, and are readily available. This reduces the minimum effective circuit capacitance to 30 pF,
allowing useof the pi-L tablevaluesfor Qoyt =12 onall bandsfrom 1.8 through 29.7 MHz. Whilebrand
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 avacuum capacitor isto ensurethat itsvacuum 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 amplifiersusing plate
voltagesin excess of about 2500 V, the initial expense and effort
of securing and using a vacuum variable input tuning capacitor
often iswell repaid in efficient and reliable operation of the am-
plifier.

A third possibility is the use of an additional inductance con-
nected in series between the tube and the tuning capacitor. In
conjunction with Coyr 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 | oad resi stance needed by thetube. This
is shown in Fig 13.20A Since the impedance at the input of the
main pi-L matching network is reduced, the loaded Qour for the
total capacitanceactually inthecircuitislower. With lower Qouyr,
the circulating RF currents are lower, and thus tank losses are
lower.

CouT inFig 13.20 isthe output capacitance of the tube, includ-
ing stray C from theanodeto metal enclosure. X istheadditional
series inductance to be added. As determined previously, the
impedance seen by the tube anode must be a2200 Q resistancefor
best linearity and efficiency, and we have estimated CoyT of the
tube as 15 pF. If the network consisting of Coyt and X istermi-
nated at A by 2200-Q, we can cal cul ate the equival ent 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
Crune capacitor. First, calcul ate the series-equivalent impedance
of the parallel combination of the desired 2200-Q plate load and
thetube Xyt (15 pF at 29.7 MHz =—j357 Q). The series-equiva-
lent impedance of this parallel combination is 56.5 — 348 Q, as
shown in Fig 13.20B. Now suppose we use a 0.5 pH inductor,
having an impedance of 93 Q +j93 Q at 29.7 MHz, asthe series
inductance Xv. The resulting series-equivalent impedanceis 56.5
— 348 + j93, or 56.5 — 255 Q. Converting back to the parallel
equivalent givesthe network of Fig 13.20C: 1205 Q resistancein
parallel with —j267 Q, or 20 pF at 29.7 MHz. The pi-L tuning
network must now transform the 50-Q load to aresistive load of
1205 Q at B, and absorb the shunt capacity of 20 pF.

Using the pi-L network formulasin this chapter for R1 = 1205
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Fig 13.20—The effect of adding a
small series inductance in
vacuum tube output circuit. At A,
a 0.5 pH coil Lsgries is connected
between anode and the output pi
network, and this represents a
reactance of +,93Q at 29.7 MHz.
The 15 pF output capacity (Cour)
of the tube has a reactance of
—j357 Q at 29.7 MHz. At B, the
equivalent series network for the
parallel 2200-Q desired load
resistance and the — j357 Q Cout
is 56.5 Q in series with — j348 Q.
At C, this series-equivalent is
combined with the series +/93 Q
Xseries and converted back to the
parallel equivalent, netting an
equivalent parallel network of
1205 Q shunted by a 20 pF ca-
pacitor. The pi tuning network
must transform the load imped-
ance (usually 50 Q) into the
equivalent 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.
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and Qout =15 at 29.7 MHz yields arequired total capacitive reactance of 1205/15 = 80.3 Q, whichis
66.7 pF at 29.7 MHz. Notethat for the sameloaded QoyT for a2200-Q load line, the capacitivereactance
1$2200/15=146.7 Q, whichis36.5 pF. When the 20 pF of transformed input capacity issubtracted from
the 66.7 pF total needed, the amount of capacity is46.7 pF. If the minimum capacity in Ctyng is 25 pF
andthestray capacity is10 pF, thenthereisamargin 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 calcula-
tion to the above should be made on each band to determine the transformed equivalent plate impedance,
beforereferringto Table 13.2. Theimpedance-transformation effect of the additional inductor decreases
rapidly 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-uH plate choke remainsin parallel with Cryne. It israrely possible to calculate the
impedance of areal 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'sfirst series-resonanceis at 23.2 MHz.

Thisamplifier is made operational on multiple bands by changing the values of inductanceat L2 and
L 3for different bands. Theusual practiceisto useinductorsfor thelowest operating frequency, and short
out part of each inductor withaswitch, asnecessary, to providetheinductance needed for eachindividual
band. Wiring to the switch and the switch itself add stray inductance and capacitance to the circuit. To
minimizethese effects at the higher frequencies, the unswitched 10-m L 2 should be placed closest to the
high-impedanceend of the network at C6. Stray capacitance associated with theswitchtheniseffectively
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 positionsthat yield desired val ues of inductance may be determined with fairly good
accuracy by using a dip meter and a small mica capacitor of 5% tolerance. The pi and L coils and
bandswitch should bemounted intheampilifier and their common point connected only to the bandswitch
rotors. Starting at the highest-frequency switch position, lightly tack solder ashort length of copper braid
or strap to the pi or L switch stator terminal for that band. Using the shortest |eads possible, tack a 50
to 100 pF, 5% dipped mica capacitor between the braid and atrial tap position on the appropriate coil.
Lightly couple the dip meter and find the resonant frequency. The inductance then may be cal culated
from the equation

L= 1,000,000
c@mf (41)
where
L = inductance in mH
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 without applying dc
voltage, once the amplifier 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 C;y and CoyT arestill present becausethey are passive physical propertiesof thetube. Thetubeinput
resistance can be simulated by an ordinary 5% /4-W to 2-W composition or film resistor (don’t use
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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 termi-
nation resistance to the matching network as the tube does in operation.

With theinput termination resistor temporarily soldered in place using very short leads, input match-
ing network performance can be determined by means of anoise bridge or an SWR meter that does not
put out more RF power than the temporary termination resistor is capable of dissipating. Any good self-
or dipper-powered bridge or analyzer should be satisfactory. 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 plateload
resistance is not an actual resistance in the tube like the input resistance. According to the reciprocity
principle, if theimpedance presented at the output of the plate matching network is50-Q resistive when
the network input is terminated with R, then the tube plate will “see” aresistive load equal to R, at
the input when the output is terminated in a 50-Q resistance (and vice versa). In this case, a suitable
2200-Q resistor should be connected asdirectly as possible from the tube plateto chassis. If the distance
is more than a couple of inches, braid should be used to minimize stray inductance. The bridge is
connected to the amplifier output. If coil taps have been already been established as described previ-
ously, itisasimple matter to eval uate the output network by adjusting the tune and | oad 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 prepa-
ration for full-power operation. Refer to Amplifier Stabilization, later in this chapter.

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

For several decades the 4CX250 family of power tetrodes has been used successfully up through
500 MHz. They arerelatively inexpensive, produce high gain and lend themselvesto relatively simple
amplifier designs. In amateur service at VHF, the 4CX 250 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 4CX 250 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. Thisis clearly a substantial improvement over 10 W, so a4CX250B will
be used in this amplifier.

Thefirst design step isthe same asin the previous example: verify that the proposed tube will perform
as desired while staying within the manufacturer’ sratings. Again assuming abasic amplifier efficiency
of 60% for Class AB operation, 300 W of output requiresaplateinput power of 500 W. Tube dissipation
israted at 250 W, so plate dissipation is not a problem, asthe tubewill only be dissipating 200 W in this
amplifier. If the recommended maximum plate potential of 2000 V is used, the plate current for 500-W
input will be 250 mA, which iswithin the manufacturer’ s ratings. The plate |oad resistance can now be
calculated. Using the same formula as before, the value is determined to be 5333 Q.

The next step isto investigate the output circuit. The manufacturer’ s specification for Coyti1s4.7 pF. The
inevitable circuit strays, along with the tuning capacitor, 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 atank circuit with this reactance with aplate load
resistance of 5333 Q is5333/74 = 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 ssmplest solutionisto
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 Q_, 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
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either coaxial lines or strip lines. Both have their advantages and disadvantages, but the strip lineis so
much easier to fabricate that it is almost exclusively used in VHF tank circuits today.

The reactance of aterminated transmission line section is afunction of both its characteristic impedance
and its length (see the Transmission Lineschapter). The reactance of aline terminated in a short circuit is

XN =Zgtan / (42)

where
XN = isthe circuit reactance
Zo = the line s characteristic impedance
¢ = the transmission line length in degrees.

For lines shorter than aquarter wavel ength (90°) thecircuit reactanceisinductive. In order to resonate
with the tank circuit capacitive reactance, the transmission line reactance must be the same value, but
inductive. Examination of theformulafor transmission-line circuit reactance suggeststhat awiderange
of lengths can yield the same inductive reactance, aslong astheline Zg is appropriately scaled. Based
on circuit Q considerations, the best bandwidth for atank circuit results when the ratio of Zgto XN is
between one and two. Thisimplies that transmission line lengths between 26.5° and 45° give the best
bandwidth. Between these two limits, and with some adjustment of Zg, practical transmission lines can
be designed. A transmission line length of 35° is 8 inches long at 144 MHz, a workable dimension
mechanically. Substitution of this value into the transmission-line equation gives a Zg of 105 Q.

The width of the strip line and its placement relative to the ground planes determine the line imped-
ance. Other stray capacitances such as mounting standoffs also affect the impedance. Accurate calcu-
lation of thelineimpedancefor most physical configurationsrequiresextensiveapplication 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
Engineerqsee Bibliography). According to charts presented in that book, a105-Q strip line impedance
isobtained by placing alinewith awidth of approximately 0.4 timesthe ground plane separation halfway
between the ground planes. Assuming the use of a standard 3-inch-deep chassis for the plate compart-
ment, thisyields 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 diagram isshownin Fig 13.21 L2 isthe strip-line inductance just
described. C3 isthe tuning capacitor, made from two parallel brass plates whose spacing is adjustable.
Oneplateisconnected directly
to the strip line while the other

c2 c4 Output

isconnected to ground through o e

a wide, low-inductance strap. .
C2istheplateblocking capaci- Sereen | 7+ 2 Qe
tor. Thiscan beeither aceramic Voltage (=0

doorknob capacitor such asthe

-
Centralab 850 series or a gt ¥
homemade “Teflon sandwich.” ]
Both are equally effective at
144 MHz. E ct 5

Impedance matching from Bias
the plate resistance down to
50 Q can be either through an Fig 13.21—Simplified schematic for a VHF power amplifier using a

inductive link or through ca-  power tetrode. The output circuit is a parallel-tuned tank circuit
pacitive reactance matching.  with series capacitive-reactance output matching.

Filament
Voltage
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Mechanically, the capacitive approach is simpler to implement.

Fig 13.22shows the development of reactance matching through 44

aseries capacitor (C4inFig 13.21). By using the parallel equiva- 219pF 200 = a3 5333
lent of the capacitor in series with the 50-Q load, the load resis- PF£

tance can be transformed to the 5333-Q plate resistance. Substi-
tution of the known valuesinto the pgral lel-to-series equivalence Fig 13.22—Series reactance
formulas revealsthgt a2.15pF capaC|t_or atC4 matche_sthe 50-Q matching as applied to the ampli-
load to the plate resistance. The resulting parallel equivalent for  fier in Fig 13.21.

theload is5333 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 diagram containing all the various reactances is shown in Fig 13.23 The total circuit capacitance
isnow just over 17 pF, which is areactance of 64 Q. Keeping the strip-line width and thus its impedance
constant at 105 Q dictatesanew resonant linelength of 31°. Thiscalculatesto be 7.14 inchesfor 144 MHz.

The alternative coupling scheme is through the use of an inductive link. The link can be either tuned or
untuned. Thelength of thelink can be estimated based on the amplifier output impedance, in thiscase, 50 Q.
For an untuned link, the inductive reactance of the link itself should be approximately equal to the output
impedance, 50 Q. For atuned link, thelength dependsonthelink loaded Q, Q.. Thelink Q. should generally
be greater than two, but usually lessthan five. For aQy of three thisimpliesacapacitive reactance of 150 Q,
whichat 144 MHzisjust over 7 pF. Theself-inductance of thelink should of course be suchthat itsimpedance
at 144 MHz is 150 Q (0.166 pH). Adjustment 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.

Theinput circuitisshown in Figs 13.21 and 13.23. Cy is specified to be 18.5 pF for the 4CX250. Thisis
only —j60 Q at 2 m, so the pi network again is unsuitable. Since a surplus of driveisavailable with a10-W
exciter, circuitlossesat theamplifier input arenot asimportant asat the output. An ol d-fashioned“ split stator”
tuned input can beused. L1 in Fig 13.21 isseriestuned by Cjn and C1. The two capacitors are effectively in
series(through the ground return). A 20-pF variableat C1 set to 18.5 pF givesan effectivecircuit capacitance
of 9.25 pF. Thiswill resonate at 144 MHz with an inductance of 0.13 pH at L 1. L 1 can bewound on atoroid
core for mechanical convenience. The 50-Q input impedance isthen matched by link coupling to thetoroid.
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 isafundamentally simple process, although agood
understanding of application techniques is important to insure that the devices are effectively protected
against damage or destruction
dueto parasitic self-oscillations,
power transients, load mismatch Cout CTUNE CLoAD
and/or overdrive.

An appropriate transistor
meetingthedesired performance
specifications is selected on the ReEN %
basis of dissipation and power
output. Transistor manufactur-
ersgreatly s mplify thedesignby
specifying each type of power
transistor according to its fre-  Fig 13.23—The reactances and resistances for the amplifier in
guency range and power output.  Fig 13.21.

RLoAD/
PARALLEL
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Theamplifier designer needonly
provide suitable impedance Vee
matching to thedeviceinput and
output, alongwithappropriatedc
bias currents to the transistor.
TheMotorolaMRF464 isan d
RF power transistor capable of
80 W PEP output with low dis-
tortion. Its usable frequency m
rangeextendsthrough 30 MHz.
At a collector potential of
28 V, acollector efficiency of Bias
40% is possible. Fig 13.24

shows the schematic diagram Fig 13.24—A simplified schematic of a broadband HF transistorized
Qf az2to 30'.MHZ brf)adband power amplifier. T1 and T2 are 4:1 broadband transformers to
linear amplifier using the match the low input impedance of the transistor.

MRF464. Theinput impedance

of the transistor is specified by

the manufacturer to be 1.4 —j0.30 Q at 30 MHz and decreasesto 9.0 —j5.40 Q at 2 MHz. Transformers
T1 and T2 match the 50-Q amplifier input impedance to the median value of the transistor input
impedance. They are both 4:1 step-down ratio transmission-linetransformers. A single 16: 1 transformer
could beused in placeof T1and T2, but 16:1 transformers are more difficult to fabricate for broadband
service.

The specified transistor output resistance is approximately 6 Q (in parallel with a corresponding
output capacitance) across the frequency range. T3 is aferrite-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 characteristic with rising frequency. To flatten out gain across the
frequency range, negative feedback could be applied. However, most power transistors have highly
reactive input impedances and large phase errors would occur in the feedback loop. Instability could
potentially occur.

A better solution isto use an input correction network. This network is used as afrequency-selective
attenuator for amplifier drive. At 30 MHz, wheretransistor gainisleast, theinput power lossisdesigned
to be minimal (lessthan 2 dB). The lossincreases 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.

Input T3

Output

MRF464

AMPLIFIER STABILIZATION

Stable Operating Conditions

Purity of emissions and the useful life (or even survival) of the active devicesin atube 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 oscillations
pollute the RF spectrum and can lead to tube or transistor over-dissi pation and subsequent failure. Each
type of oscillation has its own cause and its own cure.

In alinear amplifier, the input and output 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
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be used in arranging components and wiring of the two circuits so that there will be negligible
opportunity for coupling external to the tube or transistor itself. A high degree of shielding be-
tween input and output circuitsusually isrequired. 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 chassis. Individual shielded compartments for the input and output circuitry add
totheisolation. Transistor circuitsare somewhat moreforgiving, sinceall theimpedancesarerelatively
low. However, the high currentsfound on most amplifier circuit boards can easily coupleinto unintended
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 amplifiers designed for operation in the 1.8 to 29.7 MHz frequency range exhibit
tendencies 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 circuit is highlighted
by bold lines in Fig 13.25
Stray inductance between the
tube plate and the output tun-
ing capacitor forms a high-Q
resonant circuit with the
tube’s Cout. Cout hormally
is much smaller (higher X¢)
than any of the other circuit
capacitances shown. The ; ;
tube’s C;n and the tuning ca-
pacitor Ctyne 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 be-
cause the VHF resonant cir-
cuit is an inherently high-Q
parallel-resonant tank that is
not coupled to the external
load. The load resistance at

Lp

CTUNE
and

,% CsTRAY

(Looks Like
Bypass at VHF)

(W)

LTUNE
ouT

CLoAD

Fig 13.25—At A, typical VHF/UHF parasitic resonance in plate

the plate is very high, and
thus the voltage gain at the
parasitic frequency can be
quite high, leading to oscilla-
tion.

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.
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The parasitic frequency, f,, is approximately:
1000

f=——-
" 2mLp Coyr (43)

where
f, = parasitic resonant frequency in MHz
L p=total stray inductance between tube plate and ground viathe plate tuning capacitor (including tube
internal plate lead) in uH
CouT = tube output capacitance in pF.

In awell-designed HF amplifier, L, might be in the area of 0.2 puH and Coyt for an 8877 is about
10 pF. Using these figures, the equation above yields a potential parasitic resonant frequency of

=100 _1955mHz

21v/0.2%10

For asmaller tube, such asthe 3CX800A7 with CoyT of 6 pF, fy = 145 MHz. Circuit details affect f,
somewhat, but theseresultsdoinfact correspond closely to actual parasitic oscillationsexperienced with
thesetubetypes. VHF-UHF parasitic oscillations can be prevented (notjust minimized!) by reducing the
loaded Q of the parasitic resonant circuit so that gain at its resonant frequency isinsufficient to support
oscillation. Thisispossiblewith any common tube, and it isespecially easy with modern external-anode
tubes like the 8877, 3CX800A 7, and 4CX800A.

Z1 of Fig 13.25B isaparasitic suppressor. Its purposeisto add loss to the parasitic circuit and reduce
its Q enough to prevent oscillation. This must be accomplished without significantly affecting normal
operation. L, should be just large enough to constitute a significant part of the total parasitic tank
inductance (originally 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 parasitic 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
belarger in order to constitute an adequate portion of thetotal valueof Lp. Typically acoil of 3to5turns
of #10 wire, 0.25to 0.5 inchesin diameter and about 0.5 to 1 incheslong is sufficient. For the 8877 and
similar tubesit usually isconvenient toforma® horseshoe” in the strap used to makethe 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 frequencies 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 Lz, loss may be introduced as required by shunting L, with one or more
suitable noninductiveresistors. 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
asingle47-Q, 2-W resistor may suffice. The resistance and power capability required to prevent VHF/
UHF parasitic oscillations, while not overheating asaresult of normal platecircuit current flow, depend
on circuit parameters. Operating-frequency voltage drop across L ; is greatest at higher frequencies, so
it isimportant to use the minimum necessary value of L, in order to minimize power dissipation in R;.

The parasitic suppressors described above very often will work without modification, but in some
cases it will be necessary to experiment with both L, and R; to find a suitable combination. Some
designers use nichrome or other resistance wire for L, but there is no credible evidence of any funda-
mental difference in performance as a result. Amplifier manufacturer W4ETO has never seen an HF
amplifier using modern tubes that could not be made completely free of VHF parasitics by using one of
the simple parasitic suppressor constructions described above.
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In exceptionally difficult cases, particularly when using glass tetrodes or pentodes, additional para-
sitic suppression may be attained by connecting a low value resistor (about 10 to 15 Q) in series with
the tube input, near the tube socket. Thisisillustrated by R1 of Fig 13.25B. If the tube has arelatively
low input impedance, asistypical of grounded-grid amplifiers and some grounded-cathode tubes with
large Cin, R1 may dissipate a significant portion 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 oscillations. For thistest, nothing isconnected to either the RF input or output terminal's, and
the bandswitch isfirst set to the lowest-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, aswell asarelay, 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,
itisagoodideatotemporarily insertin serieswith thegrid current return line aresistor of approximately
1000 Q to prevent grid current from soaring in the event avigorous 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 warmup time has elapsed. Then apply the lowest available plate voltage and
switchtheamplifier to transmit. Someidling plate current should flow. If it doesnot, it may be necessary
toincrease plate voltage to normal or to reduce bias so that at least 100 mA or so doesflow. Grid current
should be zero. Vary the plate tuning capacitor slowly from maximum capacitance to minimum, watch-
ing closely for any grid current or change in plate current, either of which would indicate a parasitic
oscillation. If atunable 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 increments, tuning the output plate capacitor at
each step to search for signs of oscillation. If at any time either the grid or plate current increases to a
large value, shut off plate voltage immediately to avoid damage! If moderate grid current or changesin
plate current are observed, the
frequency of oscillation can be
determined by loosely cou-
pling an RF absorption meter
or a spectrum analyzer to the
plate area. It will then be nec-
essary to experiment with para-
sitic suppression measures un-
til nosignsof oscillation canbe
detected under any conditions.
This process should be re-
peated using each bandswitch
position.

When no sign of oscillation
canbefound, increasetheplate
voltageto its normal operating
value and calculate plate dissi-
pation (idling plate current
timesplatevoltage). If dissipa-
tion is at least half of, but not

more than, its maximum safe Fig 13.26—Suppression methods for VHF and UHF parasitics in
value, repeat theprevioustests.  solid-state amplifiers.
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If plate dissipation is much less than half of maximum safe value, it is desirable (but not absolutely
essential) toreducebiasuntil itis. If no sign of oscillation isdetected, thetemporary grid resistor 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 13.26A The value of R1 or R2
typically should be between 10 and 22 Q. The use of both resistorsis 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 approximately 0.5 W, the technique of parasitic suppression shown in
Fig 13.26B is effective. The voltage drop across a resistor would be prohibitive at the higher power
levels, so one or moreferrite beads placed over connecting |eads can be substituted (Z1 and Z2). A bead
permeability of 125 presentsahighimpedanceat VHF and abovewithout affecting HF performance. The
beads need not be used at both circuit locations. Generally, the terminal carrying theleast current isthe
best place for these suppression devices. This suggests that the resistor or ferrite beads should be
connected in the base lead of the transistor.

C3 of Fig 13.27can 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
operating frequency. The exact value selected will depend upon the collector impedance. A reasonable
estimate isto use an X¢ of 10 timesthe collector impedance at the operating frequency. Silver-micaor
ceramic chip capacitors are suggested for this application. An additional advantage is the resultant
bypassing actionfor VHF and UHF harmonic energy inthecollector circuit. C3 should beplaced asclose
to the collector terminal as possible, using short leads.

The effects of C3 in a broadband amplifier are relatively insignificant at the operating frequency.
However, when anarrow-band collector network isused, the added capacitance of C3 must be absorbed
into the network design in the same manner as the Coyt of the transistor.

Low-Frequency Parasitic Oscillations

Bipolar transistors exhibit arising gain characteristic as the operating frequency islowered. 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 13.27, C1 and R3 provide negative
feedback, which increases progressively as the frequency islowered. The network has a small effect at the
desired operating frequency but
has a pronounced effect at the
lower frequencies. The values
for Cland R3areusually chosen
experimentally. C1 will usually
be between 220 pF and 0.0015
pFfor HF-band amplifierswhile
R3 may be a value from 51 to
5600 Q.

R2 of Fig 13.27 develops
emitter degeneration at low fre-
guencies. The bypass capacitor,
C2, is chosen for adequate RF
bypassing at the intended oper-  Fig 13.27—lllustration of shunt feedback in a transistor amplifier.
ating frequency. Theimpedance C1 and R3 make up the feedback network.
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of C2 rises progressively asthe frequency islowered, thereby increasing the degenerative feedback caused
by R2. Thislowersthe amplifier gain. R2 in apower stage is seldom greater than 10 Q, and may be aslow
as1 Q. Itisimportant to consider that under some operating and layout conditions R2 can cause instability.
Thisform of feedback should be used only inthose circuitsin which unconditional stability can be achieved.

R1 of Fig 13.27 is useful in swamping the input of an amplifier. This reduces the chance for low-
frequency self oscillations, but has an effect on amplifier performance in the desired operating range.
Values from 3to 27 Q are typical. When connected in shunt with the normally low base impedance of
apower amplifier, theresistorslower theeffective deviceinput impedanceslightly. R1 should belocated
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 resistorsin parallel reducesthe amount of inductivereactance
introduced compared to a single resistor.

Although the same concepts can be applied to tube-type amplifiers, the possibility of self-oscillations at
frequencieslower than VHF issignificantly lower thanin solid-state amplifiers. Tube amplifierswill usually
operate stably aslong astheinput-to-output isolation is greater than the stage gain. Proper shielding and dc-
power-lead bypassing essentially eliminate feedback paths, except for those through the tube itself.

Onrareoccasionstube-typeamplifierswill oscillate at frequenciesintherange of about 50to 500 kHz.
Thisismost likely with high-gain tetrodes using shunt feed of dc voltagesto both grid and plate through
RF chokes. If the resonant frequency of the grid RF choke and its associated coupling capacitor occurs
closeto that of the plate choke and its blocking capacitor, conditions may support a tuned-plate tuned-
grid oscillation. For example, using typical valuesof 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 inductorsin
the input matching networks in series with the low impedances reflected by atransceiver output trans-
former. 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 interel ectrode capacitances, sufficient positive feedback 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 asiscurrent practice at HF
where 50 to 100 W of drive is amost always available. If triodes are grid-driven, however, and under
certain other circumstances, neutralization may be necessary because of output energy capacitively
coupled back to the input as shown in Fig 13.28 Neutralization involves coupling a small amount of
output energy back to the amplifier input out of phase, to cancel the unwanted in-phase (positive)
feedback. A typical circuitisgiveninFig 13.29 L2 provides a 180° phase reversal becauseit is center

| Py fYYY\_? Bias
Copy
| RFC L4
|'_' c1
L
Cin T L2
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|
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Fig 13.28—The equivalent
feedback path due to the inter-
nal capacitance of the tube
grid-plate structure in a power Fig 13.29—Example of neutralization of a single-ended RF
amplifier. Also see Fig 13.30. amplifier.
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tapped. C1isconnected between the plate and the lower half of the grid tank. C1 isthen adjusted so that
the energy coupled from the tube output through the neutralization circuit is equal in amplitude and
exactly 180° out of phasewith the energy coupled from the output back through thetube. Thetwo signals
then cancel and oscillation is impossible.

The easiest way to adjust a neutralization circuit isto connect alow-level RF source to the amplifier
output tuned to the amplifier operating frequency. A sensitive RF detector like areceiver isthen con-
nected to the amplifier input. The amplifier must be turned off for this test. The amplifier tuning and
loading controls, aswell as any input network adjustments are then peaked for maximum indication on
the RF detector connected at the input. C1 is then adjusted for minimum response on the detector. This
null indicates that the neutralization circuit is canceling energy coupled from the amplifier output to its
input through tube, transistor, 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. Neverthel ess, the power gain of these tubes may be so great in somecircuits
that only a very small amount of feedback is necessary to start oscillation. To assure a stable tetrode
amplifier, it is usually 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 circuit to reduce stage
gain, provided that the driving stage has some power capacity to spare. L oading by tapping thegrid 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 aswamping resistor is connected between grid and cathode with very short leads, it may help reduce
any tendency toward VHF-UHF parasitic oscillationsaswell. In aclass AB1 amplifier, which drawsno
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 sufficient to assure
stability. If thisisnot practical or effective, the bridge neutralizing system for screen-grid tubes shown
in Fig 13.30may be used. C1 isthe neutralizing capacitor. The value of C1 should be chosen so that at

some adjustment of C1,
N

Cl_Cp "
C3 ™ Cpy (44)

/%Byposs
+V

where

Cgp = tube grid-plate capaci- ¢ -
tance

Cin = tube input capacitance.

N

N
AN

The grid-to-cathode capaci- N
tance must include all strays %03 ¢t
directly acrossthe tube capaci-

tance, incl Udm_g the CaPaC" Fig 13.30—A neutralization circuit uses C1 to cancel the effect of
tance of the tuning capacitor. the tube internal capacitance.
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THE SUNNYVALE/SAINT PETERSBURG KILOWATT-PLUS

This article describes a modern 1500-W output linear amplifier for the amateur HF bands. It uses a
relatively recent arrival on the transmitting tube scene in the US, a4CX1600B power tetrode made by
Svetlanain Saint Petersburg, Russia. The amplifier was designed and constructed by George T. Daugh-
ters, K6GT, who livesin Sunnyval e, California—hence the name“ Sunnyval e/Saint Petersburg” for this
project. Fig 13.31shows the completed amplifier and the power supply cabinet.

Power tetrodes such as the 4CX1600B feature higher power gain than do the power triodes (such as
the 3-500Z or 8877) often used in linear amplifiers. The increased power gain gives the designer
additional flexibility, at the expense of a somewhat more complex dc supply design. This amplifier
operates in the grounded-cathode configuration, with a 50-Q resistor from control grid to ground. This
provides a good load for the transceiver driving the amplifier, promotes amplifier stability and also
eliminates the need for switched-input tuned circuits. The advantages of such apassive-grigdgrounded-
cathode design outweigh the cost and complication of the screen-grid supply needed by the tetrode tube.

The Svetlana4CX 1600B is designed with a*“ striped-cathode,” where emission takes place mainly in
the spaces between parallel control-grid wires. This reduces the number of electronsintercepted by the
control grid under normal drive conditions. (The Eimac 4CX1500B isalso designed thisway.) However,
thelinearity of such ahigh-gaintetrodefallsoff rapidly if the control gridisallowed to draw any current
at all. Even a small positive voltage at the control grid can cause a large current to flow in the grid.

Note that the control grid in thistype of high-gain tetrode is only rated at 2 W dissipation. (The first
versions of the data sheet for the 4CX1600B specified the grid dissipation as 100 milliwatts!) By
comparison, the control grid dissipation of the venerable, but much lower-gain, 4-1000A tetrode is
25 W. Any circumstance where measurable control grid current flows in the 4CX1600B will result in
nonlinear operation, resulting not only in splatter,
but also in possible damage to the control grid. It
IS thus important to provide some sort of grid
current preventiorscheme or, at the very least, a
grid current warningalarm, for an amplifier us-
ing the 4CX1600B.

The grid of the 4CX1600B in this amplifier is
tapped down on the input resistor. With 100 W of
drive, the grid voltage cannot swing positive
enoughtoresultinsignificant grid current. Delib-
erate cathode degeneration (negativefeedback) is
also used to help prevent grid-current flow. This
is accomplished by placing a noninductive resis-
tor between the cathode and ground. In addition,
a sensitive grid-current meter is provided, read-
ing 1.3 mA at full-scale deflection. Finally, a
simple, yet sensitive, grid-current-activated
warningisalsoincludedinthisdesign, usingared
LED on the front panel as awarning lamp.

Inreceive, a1l00 Q resistor isswitched into the
screengridcircuitto chassisground. Thisremoves
the screen voltage and keeps the tube cut off to
avoid the generation of any shot noise. In trans- (B)
mit, a 17.5-kQ, 15-W resistor to ground is Fig 13.31—At A, photo of Sunnyvale/Saint Peters-

. . C burg Kilowatt-Plus amplifier RF Deck. At B, the
switched into the screen grid circuit to keep a g ver Supply cabinet.
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constant load of 20 mA on the series regulator. This allows the regulator to function properly with up
to —20 mA of screen current. (Negative screen current is a condition common to these types of power
tetrodes under someload conditions.) The 20-mA constant load isindicated on the screen-current meter
as “zero,” so that the meter reads actual screen current from —20 to + 80 mA.

BUILDING IT

The heart of the amplifier consists of the RF deck, the control and metering circuitry and the cooling
system. These are all mounted in a surplus 19-inch rack-mount cabinet of the sort picked up at surplus
stores and hamfests. The power supply is built into another cabinet.

Fig 13.32showsthe schematic diagram of the RF deck. The 4CX1600B is mounted in the Svetlana
SK-3A socket, modified as described below (to allow the cathode to operate above ground potential
for negative feedback). Svetlana’ s CH-1600B chimney routes the cooling airflow through the anode
cooling fins. An additional CH-1600B acts asachimney extension, discharging theair through thetop
of the RF deck’ s cabinet. The cooling fanisasquirrel-cage blower. According to the 4CX1600B data
sheet at 1600 W of plate dissipation, the blower should deliver at |east 36 cfm (cubic feet per minute)
of cooling air at an ambient temperature of 25°C, at a back pressure of 0.4 inches of water.

The low-cost filament transformer specified in Fig 13.32produces 13.5 V ac (with nominal mains
voltage), so two 0.1-Q, 5-W resistors were added to drop the voltage at the filament terminals of the
4CX1600B to the 12.6 V ac recommended by the tube manufacturer.

Theinput grid resistor is51.6 Q, with a dissipation capability exceeding 100 W. It consists of three
Caddock MP850resistors—two 71.2-Q resistorsinparallel, inserieswith 15 Q, all mounted on asurplus
heat sink (5.0 x 5.5 x 0.75inch or 12.7 x 14.0 x 2.0 cm). This passive grid resistor is mounted below
the chassis, near the SK-3A socket, and hasits own small cooling “biscuit” fan. Whilethe air below the
chassisis pressurized by the main blower to provide cooling of thetube, the auxiliary fan coolstheinput
resistors and keeps the air stirred up to prevent any stagnant hot air below the chassis.

Thegrid of the 4CX 1600B istapped at the 35.6-Q point of theinput resistive divider. Asafurther aid
tostability, a10-Q, 2-W composition resistor isplaced in serieswith the control-grid lead. Thisarrange-
ment resultsin aninput SWR of 1.0:1at 1.9 MHz, increasing to just over 1.6:1 at 29.6 MHz, mainly due
to the reactance of the 86 pF input capacitance of the 4CX1600B. No frequency compensation was
deemed necessary. The cathode resistor is made up of four 16-Q, 3-W noninductive metal-oxide film
resistors from the cathode terminal ring on the socket to each of the four socket mounting screws.

The plate tank circuit components include a heavy-duty bandswitch, a silver-plated inductor for the
high bands, ferritetoroidal inductorsfor the low bands and a plate choke wound on aDelrinform. These
components are those used in a Command Technologies HF-2500 amplifier but other suitable compo-
nents could be utilized. (As it is currently configured, the plate tank cannot be tuned to 30 meters.
Operation at full power on this band would require another position on the bandswitch and another tap
on the tank coil or compromises on other bands. These are options which the author considered to be
unnecessary and undesirable, since US hams have a power limit of 200 W on 30 meters.)

The anode connector is a Svetlana AC-2, and the plate parasitic choke is two turns of tinned copper
strap (0.032-inch thick x 0.188-inches wide, or 0.8 mm x 4.8 mm) over three 91-Q, 2-W composition
resistorsin parallel. (Any value from 47 to 100 Q will be satisfactory.) The antenna change-over relay
hasa 115V ac coil (12 V dc would be fine also). The author’ s relay had wide, gold-plated contacts.

CONTROL CIRCUITRY

The control circuitry isshown in Fig 13.32. The amplifier isturned on with the main switch/breaker
on the power-supply cabinet. When the switchisthrown, all voltages areready (after the step-start delay
inthe plate supply). The 4CX1600B filament beginsto heat; the cooling fans go on; thetime delay starts
and anode voltageisapplied to the 4CX1600B. After the mandatory three minutesfor filament warmup,
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Fig 13.32—Schematic diagram of the RF Deck of the 4CX1600B linear amplifier. Resistors are 1/, W
unless noted. Capacitors are disc ceramic unless noted and those marked with a + are electrolytic.

See the Address List in the References chapter.

B1—Squirrel-cage blower capable of
36 cfm at 0.4 inches of water back pressure
(Dayton 4C753 or similar).

B2—"Biscuit” blower, 12 V dc, 130 mA (Rotron
BD12A3 or similar) mounted inside the pres-
surized RF deck to aid cooling the input grid
resistor R1.

BT1—9 V transistor radio battery.

C1, C2—0.02 pF, 500 V disc ceramic.

C3, C4, C5, C6—0.05 pF, 50 V disc ceramic.

C7—Screen bypass capacitor (0.02 pF, 1 kV disc
ceramic at the screen terminal on the socket in
parallel with the internal bypass capacitor,
which is part of the Svetlana SK-3A socket).

C8—0.05 pF, 1 kV disc ceramic.

C9, C10—parallel 2500 pF, 10 kV ceramic door-
knob, Newark #46F5253.

C11, C12—2500 pF, 10 kV ceramic doorknob,
Newark #46F5253.

C1l3—Plate tuning capacitor; front section is 30-
150 pF; rear section is 25-90 pF (Command
Technologies P/N 73-2-100-41).

C14, C17—500 pF, 5 kV ceramic doorknob.

C15—200 pF, 5 kV ceramic doorknob.

Cl6—Plate loading capacitor, 35-700 pF (Com-
mand Technologies P/N 73-1-45-65).

D1—1N4001.

DS1, DS2, DS3—Indicator lamps (green: 120 V ac;
amber: 12 V; and red: 12 V).

DS4—Jumbo red LED.

FL1—IEC 110 V ac connector with 6 A line filter.

FT—O0.001 pF, 1000 V feedthrough capacitors.

FB, Cg—RF decoupling components used in
multiple places; ferrite beads FB-43-1801 and
0.01 pF, 1 kV disc-ceramic capacitors.

K1—110 V ac DPDT antenna changeover relay.

K2—115 V ac 3-minute time delay (Macromatic
SS-6262-KK).

K3—12 V dc relay, DPST.

L1—Plate tank inductor; /s-inch diameter, silver-
plated copper tubing, 6 turns with inside
diameter of 11/, inches, followed by 41/, turns
with inside diameter of 13/4 inches. Tap for 10
(and 12) meters is 4 turns from small-diameter
end; tap for 15 (and 17) meters is 2 turns
further down. All of L1 is used for 20 meters.

L2—Toroid coil; 5 turns #10 PTFE wire (40 inches
long, overall) on two T-225-8 cores.

L3—Toroid coil; 6 groups of 3 each #10 PTFE
wires (150 inches long, overall) on three T-225-
28 cores.

M1—200 pA meter movement, internal resistance
2000 Q.

P1—IEC power cable to J1 on Fig 13.34.

Q1 to Q6—2N3904 or similar (Silicon, general
purpose, NPN).

Q5—2N3015 or similar (Silicon, low V¢e (Sat),
NPN).

R1—15 Q, Caddock MP-850, mounted on heat
sink with R3 and R4.

R2—10 Q, 2 W composition.

R3, R4—71.2 Q Caddock MP-850, mounted on
heat sink with R1.

R5, R13—6.2 kQ, 1 W. (R5 is part of the cathode
current meter multiplier, as is R13. Their
values were chosen to provide 1.3 A full-scale
reading on the meter used.)

R6—4 Q, 12 W (4 each 16 Q, 3 W, noninductive
metal-oxide-film, in parallel on 4CX1600B tube
socket).

R7—20 M Q, 3 W (Caddock MX430).

R8—120 k Q, 1 W composition.

R11, R12—Filament dropping resistors; 0.1 Q,
5W.

R16—Screen bleeder; 17.5 kQ, 15 W (two 25 kQ,
5 W in parallel, in series with 5 kQ, 5 W).

RFC—1 mH RF choke.

RFC1—Plate choke, 91 turns #26 enamel on
l-inch diameter x 3.75 inch delrin form
(Command Technologies P/N RFC-1).

Tl—Broadband 2:1 transformer; 13 bifilar turns
#12 PTFE (120 inches, overall) on three FT-240-
61 cores. Note that plate tank inductors,
bandswitch, plate RF choke, and toroidal RF
transformer are part of Command Technolo-
gies HF-2500 plate tank circuit.

T2—Filament transformer, 12.6 V ac (center-
tapped), 6A (Triad F-182).

V1—Svetlana 4CX1600B power tetrode in modi-
fied Svetlana SK-3A socket. The anode
connector is a Svetlana AC-2, and the chimney
and the chimney extension are each a Svetlana
CH-1600B.

Z1—Parasitic suppressor; two turns of tinned
copper strap (0.032-inch thick x 0.313-inch
wide) over three 91 Q, 2 W composition resis-
tors in parallel.

[Schematic on next page.]
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the +12 V dc control voltage is enabled by the time-delay relay. At this time, the control circuitry

(consisting of transistors Q1 to Q5) determines whether screen voltage can be applied to the 4CX1600B

and whether to activate the antenna changeover relay. Q5 is the main switch activating T/R relay K2

whenever 12 V is available (that is, after the 3-minute warmup period). Screen voltage will thus be
supplied to the tube only when all of the following conditions are met:

1. Theanodevoltagefor the4CX1600B isavailable. Thisissensedinthe RF deck by theresistivedivider
R7/R8 shown in Fig 13.32. If the HV senselineislow, then Q1 and Q2 hold the base of Q5 at alow
level.

2. The negative control-grid bias is present. If this voltage is near zero, transistor Q3 is saturated, and
again Q5 is turned off.

3. The T/R switch from the exciter has pulled the base of Q4 low, allowing its collector to rise.

THE POWER SUPPLY

Remember that almost every voltage inside a power supply for a high-power linear amplifier is lethal
Turn it off, unplug it, and short it out before you touch anything! Always appl$yotie hand in the
pocket principle when working on anything above 24 V!

The high-voltage power supply uses a Peter W. Dahl ARRL-002 transformer, weighing 46 pounds.
Asshownin Fig 13.34 asimple step-start circuiusing K1 and K2 limitsthe current surge charging the
filter capacitorswhen power isfirst applied. Thetransformer’ soutput isrectified by abridge of K2AW’ s
Silicon Alley 10-kV diode arrays, and the filter capacitor is made up of a string of ten 470 pF, 400-V
electrolytic capacitors. These were removed from a laser power supply board, which was available at
alocal surplusstore (Alltronics, SantaClara, CA) for $14.95. The voltage is divided equally acrossthe
capacitor string by 25-kQ, 25-W resistors that also serve as the power supply bleeder. (This divider

Fig 13.34—Schematic diagram of the high-voltage plate and regulated screen supply for the
4CX1600B linear amplifier. K1, K2 and associated circuitry provide a “step-start” characteristic to
limit the power-on surge of charging current for the filter capacitors. Resistors are 1/, W unless
noted. Capacitors are disc ceramic unless noted and those marked with a + are electrolytic. Ad-

dresses for parts suppliers are given in the References chapter.

B1—Muffin fan (Rotron SU2A1 or similar).

C1 to C10—Filter capacitors; 470 pF, 400 V
electrolytic.

C11—600 uF, 50 V electrolytic.

C12—0.01 uF, 6 kV disc ceramic.

C13—220 puF, 450 V electrolytic.

C14, C22—0.01 uF, 600 V disc ceramic.

C15, C16—3300 pF, 16 V electrolytic.

C17, C18, C19—0.01 pF, 50 V disc ceramic.

C20, C21—100 pF, 63 V electrolytic.

CB1—2 x 20 A, 240 V ac circuit breaker.

D1 to D4—K2AW'’s HV-10 rectifier diodes.

D5—1N4002.

D6—Zener diodes, three 1N4764A and one
1IN5369B to total approximately 350 V dc.

D7, D8—1N5402.

D9, D10—1N4002.

D11—Zener diode, 1N5363B (30 V, 5 W).

D12—Zener diode, 1N5369B (51 V, 5 W).

DS1—120 V ac indicator lamp (red).

FL1—240 V ac/20 A EMI filter.

J1—110 V ac, 15 A receptacle for plug P1 on Fig
13.32.

K1—120 V ac DPDT relay; both poles of 240 V ac/
15 A contacts in parallel.

K2—24 V dc relay; 120 V ac/5 A contacts.

M1—200 A meter movement.

Q1—MPSUO010.

Q2—2N2222.

R1 to R10—Bleeder resistors; 25 kQ, 10 W.

R11—20 Q, 25 W.

R12—20 MQ, 3 W (Caddock MX430).

R13—3.9 kQ, 3 W.

R14—50 Q, 50 W mounted on standoff insulators.

R15—300 Q, 3 W.

R18—160 kQ, 2 W compaosition.

R19, R20—100 Q, 2 W compaosition.

R21, R22—10 kQ, 1 W compaosition.

R24—5 kQ potentiometer; sets control grid bias
for desired no-signal cathode current.

T1—Plate transformer (Peter W. Dahl No. ARRL-
002).

T2—Power transformer, 120 V / 275 V at 0.06 A,
6.3Vat2A,35Vat0.15 A.

U1l—600 V, 1 A rectifier bridge.

U2—7812, +12 V IC voltage regulator.

[Schematic on next page.]

RF Power Amplifiers and Projects  13.55



cB1
20A
240 Vac T K2AW
— | 4 * HV=10
I DSt D2
240 | 120 Vac R14 +3000 V
vac & Fut I 8+
| 200
n [ RI1 2t 0.01
? Py 25W 6 kV
20 A/240 Vac !
Filter 1
K1 1
D: 4|
120 Vac [ 200 wA
i 05 Y 1N4002 Plate
1 Voltage
i R3S 39K
! 3w
K2 n ARNT €10 +
600 uF 470 uF
24 Vde 50V 400V )g_
—so . {
2
3000 Q1
3W  MPSUOTI0  R17 9.10
+350V
220 uF
450V 500V
u2
D8 7812
1N5402 Reg )
in d¢:~ut 4 ! 4 { +12V
07 t =t l l
s402 AT c17 c18 c19
0.01 0.01
+ 100q | oo 0.01 0.01
3300 uF R20 0.01
3300 pF 16 — | 80 50V
=, - 50V
D10
1N4002 R23  1N53638
I ¢ Y ? Bias Pot
35V D9 c20 R21 S10ka T3k 30V —56V
F1N4002 A [+ w 5W
100 uF ol ooy Rop S 10KA S1v =2
63V + 1W 5W 600V
- - IN53698 "
7
13.56 Chapter 13




resultsin a considerably higher bleeder current than the typical 100 kQ resistors often seen. The result
is astiffer power supply, but more heat is generated.)

The author’s junk box produced a transformer with output windings of 275V ac at 60 mA, 6.3V ac
at 2 A, and 35V ac at 150 mA. These windings were dedicated to a regulated 350-V screen supply, a
regulated 12-V dc supply for relay and indicator lamps (using afull-wave doubler and athree-terminal
IC regulator), and the control-grid bias supply. The circuitry for these suppliesis very straightforward.
These supplies were built in the same cabinet as the plate high-voltage supply.

All power supplies are cooled by a muffin fan on the rear panel of the cabinet. Although the fan probably
isn’t necessary, cool componentsaresuretolast longer. The major source of heat inthiscabinet isthe bleeder-
resistor chain, which dissipates about 36 W when the plate voltageis3000 V. High voltageis monitored with
a 200 pA surplus meter movement through a Caddock M X430 20 MQ multiplier resistor.

All power to the RF deck is supplied from the power supply cabinet. Thereis a standard |IEC 120-V
ac cable for the 4CX1600B filament transformer and the antenna changeover relay, an auxiliary power
cableand ahigh-voltagelinefor theanode voltage. The shielded auxiliary power cable carriesthe screen
and control-grid biasvoltagesand the 12-V dc and the ground. The high-voltagelineisa40-kV #18 wire
obtained from alocal surplus store, with Millen 37001 connectors at each end.

Inthisdesignitispossibleto pluginandturnontheHV supply without any connection to the RF deck.
If you should forget to connect the ground wireand only connect the HV cableby itself, then apotentially
unsafecondition exists, with high voltage on the RF deck chassis with respect to the power supply
chassis. You canavoidthisinseveral ways: Useaspecial high-voltage cable/connector that incorporates
a chassis ground connection together with the HV lead. Or you could use an interlock system, with an
additional high-current relay in the 240 V ac line that is activated only when an interlock cable is
connected. (The interlock cable would contain a direct inter-chassis ground connection.) Finally, a
simple but effective approach is to bundle the HV cable with the other inter-cabinet cables, with a
distinctive bright warning label to remind the operator to make sure all connections are made between
the power supply and the RF deck.

Because no control-grid current flows, the control-grid bias voltage (nominally —56 V) is provided
by asimple half-wave voltage doubler, with low-power zener diodes and a potentiometer to allow grid
bias adjustment for the desired no-signal cathode current. The common practice of using a zener diode
in the cathode circuit to provide operating bias was rejected because of the need for actual resistance
between the cathode and ground for negative feedback.

The screen supply provides a dc voltage of 350 V by means of a series electronic regulator. The
regulator has a current-limiting feature, where the output voltage fallsif the screen draws more than 60
mA. This prevents the screen grid dissipation from exceeding its maximum rating of 20 W.

MODIFYING THE SK-3A SOCKET

Because the stock Svetlana socket has the cathode tied directly
to chassis ground (through the socket’s mounting plate) and be-
cause an internal bypass capacitor for the screen grid is placed
between the screen grid and the cathode, you must modify the
socket for thisapplication. Y ouwill need four insulating shoul der
washers (Teflon or other insulating material), made for 4-40
SCrews.

1. Drill out the four rivets holding the screen ring to the screen
contactors at the very top of the socket.
2. At the bottom of the socket, remove the four nuts from the

Fig 13.35—Inside view of RF

) i deck. Tank components are from
machine screws holding the socket assembly together. a Command Technologies HF-

3. Disassembl e the socket: 2500 amplifier.
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a) First remove the cathode contact ring. Be sure to mark its position relative to the underlying
bakelite layer.

b) Remove the bakelite socket layer, which has the factory markings and serial number, also mark-
ing its position relative to the socket mounting plate. (This is the 0.060-inch [1.5-mm] silver-
plated brass plate.)

c) Carefully remove the screen contactor assembly, freeing the contactor “ears’ by springing them
outward. Don’t drop the screen capacitor! It is the ceramic annulus with silver plating on each
side and it is very brittle.

d) Finish removing the spring plate, the capacitor and the other spring plate, if they didn’t already
come out with the screen contactor assembly in step (c) above.

e) Remove the mounting plate assembly, marking its position relative to the remaining socket
assembly.

4. Drill out the four holesin the mounting plate assembly using a#14 drill (0.180 inches). These arethe
second set of holesinfromthe outer edge, through which the socket assembly screwspass. (The screws
should still be in the top layer of the socket, with heater, grid, and cathode contactors.)

5. Put the new Teflon shoulder washers on the screws. When the socket i s reassembl ed, the cathode will
be isolated from the main mounting plate and the screen bypass capacitor.

6. Replacethe capacitor assembly inthefollowing order: spring, capacitor and spring. Now replacethescreen
contactor assembly and the bakelite bottom section, taking care to align this section with your previous
mark. Carefully guide the socket solder tabs through the bakelite bottom without bending them.

7. Cut the outer tabs off the cathode ring contact. After all of this work, you don’t want this ring (the
cathode terminal) to be grounded when you mount the socket in the chassis! Place the modified
cathode contact ring over the screws.

8. Replacethewashersand nutson the socket assembly machine screwsand tighten each alittleat atime,
until the assembly is snug.

This completes the socket conversion. The screen ring on the 4CX1600B is contacted exactly as
before. The internal screen bypass capacitor still appears between the screen grid and ground (through
the socket mounting plate). The heater, control grid, and screen contacts function exactly as in the
original.

The cathode annulus on the
4CX1600B is contacted ex-
actly as before, but the electri-
cal connection for the cathode
IS now isolated from the chas-
sis. The cathode contact on the
socket isnow madethroughthe
thin cathodering onthe bottom
of the socket. (Thering is sil-
ver-plated and easily soldered,
convenient for an application
like the present one, which re-
quires multiple contacts.)

METERING

The author obtained some
attractive meters with 200 pA
movements from a local sur-
plus store. The internal resis- Fig 13.36—Another view of RF deck during construction.
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tance was 2000 Q. One meter became a voltmeter on the anode power supply (0 to 4 kV); one became
atriple-purpose multimeter to measure anode current (0 to 1.3A), screen-grid current (=20 to +80 mA),
and control-grid current (0 to 1.3 mA). The third meter, not shown in the schematic, indicatesforward
(0 to 1500 W) and reflected power (0 to 150 W) at the output connector. After dc calibration against a
digital multimeter, he carefully removed the cover and face of each movement and attached ahomemade
laser-printed scale.

GRID CURRENT WARNING

Thecircuitry for thegrid-current warning indicator light isvery simpleand isshownin Fig 13.32 al so.
When control-grid current flows, it develops a voltage across R10. This causes the collector current of
Q6 to light ared LED indicator brightly when grid current is about 1.0 mA. (Although the battery is
alwaysconnected tothecircuit of transistor Q6, the current drain dueto collector-emitter |eakage current
is negligible, so battery life should be very long. If you don't like the floating 9-V battery, a small dc
power supply could be included or a small “wall-wart” type of dc supply could be built right into the
cabinet. It must, however, be capable of floating at the grid potential, about 60 V away from chassis
ground potential.)

When the grid-current warning LED flickerson voice peaks, it’ stimeto back off thetransceiver’ sRF
output control to reduce the drive. In CW mode, many transceivers will put out a high-power spike on
initial key closure, even when the RF output control is set to quite low values. If this happens with your
transceiver, the warning blink from the LED will aert you to the problem. The circuitry for the grid-
current warning indicator is built into a small aluminum minibox that uses feedthrough capacitors and
RF chokes to eliminate stray RF.

RESULTS

The zero-signal plate current is about 280 mA, resulting in a zero-signal plate dissipation of about
900 W. At full 1.5 kW output on 40 meters, the plate current is about 0.8 A and the anode dissipation
islessthan 1000 W. (Until the
TR switch is activated, the
screen voltage is zero and the
tube is effectively cut off, so
there is no plate dissipation

Table 13.7
4CX1600B, Class AB1, Passive Grid-Driven Service

Zero Signal Maximum Signal

except during transmit peri-

; Plate Voltage 3200 V 3040 V
ods.) After a heav.y_pe”Od of Control Grid Bias Voltage -56 V -56 V
operating the amplifier, letthe  gcreen Grid Voltage 350 V 350 V
fan run for a few minutes in  DC Plate Current 280 mA 800 mA
Approx. Plate Load — 2400 Q
standby moc_:le to cool the _tu_be Drive Power oW 56 W
before turning the amplifier  pgoyer Output oW 1500 W
off. Intermodulation Distortion Products
Performance figures for the ~ 3rd order — —35dB
lifi ted i 5th order — -43 dB
amplifier are presen iN Zth order _ _47 dB

Table 13.7
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A 6-METER KILOWATT AMPLIFIER USING THE SVETLANA
4CX1600B

The Svetlana 4CX 1600B tube has attracted a lot of attention lately because of its potent capabilities
and relatively low cost. Because of itshigh gain and itslarge anode dissi pation capabilities, the tube has
relatively large input and output capacitances—85 pF at theinput and 12 pF at the output. Stray capaci-
tance of about 10 pF must be added in aswell. On bands lower than 50 MHz, these capacitances can be
dealt with satisfactorily with abroadband 50-Q input resistor and conventional output tuning circuitry.

Seethearticle by George Daughters, K6GT, “ The Sunnyval e/Saint Petersburg Kilowatt-Plus” earlier
inthischapter for details on suitable control and power-supply circuitry. This6-meter amplifier usesthe
same basic design as K6GT’s, except for modified input and output circuits in the RF deck. See
Fig 13.37 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,
W1QWJ, used aT network so that the input impedance lookslike anon-reactive 50 Q to thetransceiver.
To keep the output tuning network’ sloaded Q low enough for efficient power generation, heuseda 1.5
to 46 pF Jennings CHV 1-45-5S vacuum-variable capacitor, in aPi-L configuration to keep harmonics
low. Y ou should use aquarter-wave shorted coaxial stubinparallel withthe output RF connector 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 abuilt-in screen bypass
capacitor, and augmented that with a50-MHz series-tuned circuit to ground. In addition, to prevent VHF
parasitics, he used a parasitic suppressor in the anode circuit.

Unlikethe K6GT HF amplifier, this6-meter amplifier usesno cathode degeneration. W1QWJwanted
maximum stable power gain, with lessdrive power needed on 6 meters. Heleft the SK-3A socket in stock
form, with the cathode directly grounded. Thisamplifier requiresabout 25 W of drive power to produce
full output.

Fig 13.38isaschematic of the RF deck built by W1QWJ. The control and power supply circuitry are
basically the same as that used in Fig 13.32 and Fig 13.34 in the K6GT HF amplifier, except that plate
current 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 13.39 In Fig 13.38, 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 isanon-reactive 50-Q 50-W resistor.

C6 is the built-in screen bypass capacitor 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 oth-
erwise place high voltage at the output connec-
tor.

CONSTRUCTION

LiketheK6GT amplifier, thisW1QWJampli-
fier is constructed in two parts: an RF deck and
a power supply. Two aluminum chassis boxes
bolted together and mounted to afront panel are  Fig 13.37—Photo of the front panel of W1QWJ's
used to make the RF deck. 6-meter 4CX1600B amplifier.
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Fig 13.38—Schematic for the RF deck for the 6-meter 4CX1600B amplifier. Capacitors are disc
ceramic unless noted. Addresses for parts suppliers are given in the References chapter.

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.

Cl1e, 17, 18, 19, 20, 21—1000 pF, 1 kV
feedthrough capacitors.

L1—11 turns, #16, 3/g-inch diameter, 1-inch long.

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

L3—8 turns #16, 3/g-inch diameter, “/g-inch long.

L4—1Y4-inch copper tubing, 41/, turns, 11/4 inches
diameter, 43/4 inches long.

L5—5 turns #14, 1/, inch diameter, 13/ginches
long.

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

PC—Parasitic suppressor, 2 turns #14, 1/, inch
diameter, shunted by two 100-W, 2-W carbon
composition resistors in parallel.

RFC1—10 pH, grid-bias choke.

RFC2—Plate choke, 40 turns #20, 1/, inch diam-
eter, close-wound.

RFC3—Safety choke, 20 turns #20, 3/g inch diam-
eter.
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Fig 13.39—Partial schematic of K6EGT HV power supply (see Fig 13.34), showing modification with
250-Q, 25-W power resistor to ground on B- line, allowing for metering of the plate current in the

amplifier.
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Fig 13.40showsthe 4CX 1600B tube and the 6-meter output tank circuit. Fig 13.41shows the under-
side of the RF deck, with the input circuitry shown in more detail in Fig 13.42 The 50-Q, 50-W
noninductive power resistor is shown at the bottom of Fig 13.42. Note 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 coversremoved. Y ou can usereadily availabletest instruments: an MFJ-259 SWR Analyzer and

aVTVM with RF probe.

1. Activate the antenna change-over relay, either mechanically or by applying control voltage to it.
Connect a 2700-Q, 1/,-W carbon composition resistor from anode to ground using short leads. Con-
nect the SWR analyzer, tuned to 50 MHz, to the output connector. Adjust plate tuning and loading
controls for a1:1 SWR. You are using the Pi-L network in reverse this way.

2. Now, connect the MFJ-259 to theinput connector and adjust theinput T-network for al: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. Connect the RF probe of the VTV M to the anode and run your

exciter at low power into theamplifier’ sinput connector. Tunethe
screen series-tuned bypass circuit for adistinct dip onthe VTV M.
The dip will be sharp and the VTV M reading should go to zero.

4. Now, disconnect the 2700-Q carbon resistor from the anode and
replace the covers. Connect the power supply and control cir-
cuitry. When you apply power to the amplifier, you should find
that only aslight tweaking of the output controlswill be needed for
final adjustment.

Fig 13.41—Underneath the 6-
meter kW amplifier RF deck,
showing on the left the tube
socket and input circuitry.

Fig 13.40—Close-up photo of
the anode tank circuit for
6-meter kW amplifier. The air-
cooling chimney has been
removed in this photo.

Fig 13.42—Close-up photo of
the input circuitry for the
6-meter kW amplifier. 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.
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A 144-MHz AMPLIFIER USING THE 3CX120027

This 2-m, 1-kW amplifier uses the EIMAC 3CX1200Z7 triode. The original article by Russ Miller,
N7ART, appeared in December 1994 QST.The tube requires a warmup of about 10 s after applying
filament voltage—no more waiting for three agonizingly long minutes until an amplifier can go on-line!

The 3CX1200Z7 is different from the earlier 3CX1200A7 by virtue of its external grid ring, rede-
signed anode assembly and a6.3-V ac filament. One advantage to the 3CX1200Z7 is the wide range of
platevoltagesthat can be used, from 2000to 5500 V. Thisamplifier looksmuch liketheeasily duplicated
WG6PO design. The RF deck isacompact unit, designed for table-
top use (See Fig 13.44and schematic in Fig 13.45).

Table 13.9givessomedataonthe3CX1200Z7 and Table 13.10
lists CW operating performance for this amplifier.

Input Circuit

Tuning is easy and docile. Grid bias is provided by an 8.2-V,
50-W Zener diode. Cutoff bias is provided by a 10-kQ, 25-W
resistor. A relay on the control board shorts out the cutoff-bias
resistor, to place the amplifier in the TRANSMIT mode.

The author didn’t use a tube socket. Instead, he bolted the tube
directly to thetop plate of the subchassis, using thefour holes(drilled
to clear a#6 screw) inthe grid flange. Connectionsto the heater pins
are viadrilled and slotted brass rods. The input circuit is contained
within a3, x 6 x 71/4-inch (HWD) subchassis (Fig 13.46.

Fig 13.44—This table-top 2-m
power amplifier uses a quick-

The control circuit (Fig 13.47) is a necessity. It provides grid ~ Warm-up tube, a real plus when

Control Circuit

the band suddenly opens for DX
and you want to join in.

Table 13.9
3CX1200Z7 Specifications

Maximum Ratings

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

Table 13.10
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

Fig 13.46—This view of the cathode-circuit compartment shows Input reflected power: 1 W

the input tuned circuit and filament chokes.
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Fig 13.45—Schematic diagram of the 2-m amplifier RF deck. For supplier addresses, see the Address

List in the References chapter.

C1-C4—100 pF, 5 kV, Centralab 850.

C5—1000 pF, 5 kV.

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

C7—Output-loading capacitor; see text and Fig
13.52 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.

J1—Chassis-mount BNC connector.

J2—Type-N connector fitted to output coupling
assembly (see Fig 13.52).

L1, L2—Plate lines; see text and Fig 13.50 for
details.

L3—5 t #14 enameled wire, /»-inch diameter,
close wound.

L4—3 t #14, °/g-inch diameter, 1/4-inch spacing.

RFC1—7 t #14, 5/g-inch diameter, 13/g inch long.

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

T1—Filament transformer. Primary: 120 V; sec-
ondary: 6.3V, 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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Fig 13.47—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 (Radio Shack 275-249 or equiv).

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

K3—Filament delay relay, SPST, 12-V dc coil, 2-A
contact rating (Radio Shack 275-248 or equiv).
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K4—Grid-overcurrent relay, DPDT, 12-V dc coil,
1-A contact rating (Radio Shack 275-249 or
equiv).

Q1, Q2, Q5—2N2222A or equiv.

Q3—MPF102 or equiv.

Q4—2N3819 or equiv.

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

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

Ul—+12 V regulator, 7812 or equiv.




overcurrent protection, keying control and filament surge control. To protect the tube filament from
stressful surge current, atimer circuit places aresistor in series with the primary of the filament trans-
former. After four seconds, the timer shortstheresistor, allowing full filament voltageto be applied. C2

and R4 establish the time delay.

Another timer inhibits keying for atotal of 10 s, to give the internal tube temperatures a chance to
stabilize. C1 and R3 determine the time constant of thistimer. After 10 s, the amplifier can be keyed by
grounding the keying line. When the amplifier is not keyed, it draws 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 isbuilt in: the keying circuit requires
+12 V from the high-voltage supply. This feature
ensures that high voltage is present before the
amplifier is driven.

The grid overcurrent circuit should be set to trip
if grid current reaches 200 mA. When it trips, the
relay latches and the NOorRMAL LED extinguishes.
Restoration requiresthe operator to pressthe RESET
switch.

Plate Circuit

Fig 13.48shows an interior view of the plate
compartment. A 4x21/4-inch tuning capacitor plate
and a 2x2-inch output coupling plate are centered
on the anode collet. See Fig 13.49 Sufficient
clearance in the collet hole for
the 3CX1200Z7 anode must be

Fig 13.48—This top view of the plate compart-
ment shows the plate-line arrangement, C1-C4
and the output coupling assembly.

left for thefingerstock. Thehole
diameter will be approximately
3%/ginches. Fig 13.50isadraw-
ing of the plate line, Fig 13.51
is a drawing of the plate tun-
ing capacitor assembly, and
Fig 13.52showsthe output cou-
pling assembly.
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Fig 13.50—Plate line details.

Fig 13.51—Plate tuning capacitor details.
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Cooling

Bevel-Head 6 /32

4/40 Screw to Hold Screw into Countersunk Theamplifier requiresanair
Output Capacitor Position Four #33 Holes to B Hole in Capacitor Plate , p eq
in Place, Once Amplifier Mount Flange to 1/4" Teflon and Tapped Hole in 1/4 eXhaUSt through the tOp cover,

|

from a 3Y/,-inch waste-water

s Tuned Chasse \(F"j v shert \ as the plate compartment is
_ § \ pressurized. Fashionachimney
/e ;r+ \ T coupling (black PVC) and a
‘ ‘ ‘ s /s 0o | ] . piece of Y/g-inch-thick Teflon
m— IL T sheet. The PVC shoul_d extend
Connector | —, L l down fromtheunderside of the
: /‘ A ommryer— \ Diom. amplifier cover plate by 1/g
N inches, with the Teflon sheet
Fingerstock extending down 3/4 inch from
T VA = Fingerstesk the bottom of the PVC.
The base of the 3CX1200Z27
Fig 13.52—Details of the output coupling assembly. is cooled using bleed air from

the plate compartment. Thisis

directed at the tube base,
through a ’/g-inch tube set into the subchassiswall at a45° angle. The recommended blower will supply
more than enough air for any temperature zone. A smaller blower is not recommended, asit is doubtful
that the base area will be cooled adequately. The 3CX1200Z7 filament draws 25 A at 6.3 V! It alone
generates a great deal of heat around the tube base seals and pins, so good air flow is critical.

Construction

The amplifier isbuiltinto a12x12x10-inch enclosure. A 12x10-inch partitionisinstalled 71/4 inches
fromtherear panel. The area between the partition and the front panel containsthefilament transformer,
control board, meters, switches, Zener diode and miscellaneous small parts. Wiring between the front-
panel area and the rear panel is through a 1/,-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 partition to a high-voltage standoff insulator made from nylon. Thisinsulator isfastened to
the partition near the high-voltage feedthrough capacitor. A 10-Q, 25-W resistor is connected between
the insulator and the feedthrough capacitor.

The plate lines are connected to the dc-blocking capacitors on the plate collet with 13/4 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 3CX 120027, cut a 21/,¢-inch hole in the center of
the plate. This hole size allows clearance between the tube envelope and the top plate, without putting
stress on the envelope in the vicinity of the grid flange seal.

Exercise carein placing the movabl e tuning plate and the movabl e output coupling disc, to ensurethey
cannot touch their fixed counterparts on the plate collet.

Operation

When the amplifier isfirst turned on, it cannot be keyed until:
* 10 s has elapsed
» High voltage is available, as confirmed by presence of +12 V to the keying circuit
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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 current. With 3200-V plate voltage, it
should bein the vicinity of 150 mA. Now, apply asmall 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 tuning for the desired output. Do not overcouple the output; once
desired output 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-m band if the SWR on
the transmission line is reasonably low.

When you shut down the amplifier, leave the blower running for at least three minutes 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 dissipation—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 good, solid-state high-voltage power supply is a necessity to ensure linearity in SSB operation.
Specificationsof the power supply aregivenin Table 13.11 The schematic and partslist for theauthor’s
power supply arein the Power Supplies and Project<hapter.

Conclusion

Thisamplifier isareliable and cost-effective way to generate a big 2-m signal—almost as quickly as
asolid-state amplifier. To ensure that the output of the amplifier meets current spectral purity require-
ments, a high-power output filter, as shown in Fig 13.53 should be used. The author reportsthat he can
run full output while his wife watches TV in a nearby room.

Table 13.11 a U L2 L3 92

Power Supply Specifications W
High voltage: 3200 V c 2
Continuous current: 1.2 A /; /L

Intermittent current: 2 A
Step/Start delay: 2 s

Fig 13.53—Schematic diagram of output harmonic filter.

C1, C2—27-pF Centralab 850 series ceramic transmitting capacitor.
J1, J2—Female chassis-mount N connector (UG-58 or equiv).

L1, L3—2 t #14 wire, 0.3125 inch ID, 0.375 inch long.

L2—3t #14 wire, 0.3125 inch ID, 0.4375 inch long.
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A 2-M BRICK AMP FOR HANDHELDS

Perhapsyou’ ve beenlooking for afun weekend project and need abit more output fromyour HT while
operating mobile. ThisBrick Amp project may be exactly what you’ relooking for—construction iseasy
and all the parts are readily available. The following was contributed by ARRL Laboratory Engineer,
Mike Gruber, W1IMG.

The Brick Amp is easily driven at the low-output power setting of most handhelds. The same
designisusedfor either a25 or a50 W version—only theamplifier module is changed. SeeFig 13.54
for aview of what’s inside a typical module, alongside the finished amplifier.

The low-power 25 W Brick Amp complies with the bioeffects guidelines set forth in the Safety
chapter. The full 50 W version can be built when more output isrequired. (Note: The bioeffects guide-
linesrecommend that field-strength measurements be made in mobile installations of greater than 25 W
output. Be sure to consult the Safety chapter before building the 50 W version.)

Circuit Details

The heart of this project isa Toshibaamplifier module. The S-AV7 isused for the 25 W output, while
the mechanically identical S AV 17 is used in the 50 W version. Both modules are biased as class-C
amplifiers, keeping their efficiency up and making them ideally suited for FM or CW use. Since they
are not linear, however, they are not useful for other modes, such as SSB or AM.

From abuilder’ s standpoint,
these modules keep the parts
count down to a minimum and
construction simple. All you
need to add for circuitry is
input drive attenuation, if
required, transmit/receive
switching, an output filter and
the usual dc filter and decou-
pling components. Beginners
and seasoned veterans alike
will no doubt appreciate this
Brick Amp’s simplicity!

DC Filtering and
Decoupling

Seetheschematicdiagramin
Fig 13.55 C1 through C6 and
chokes L1-L2 provide dc fil-
tering and decoupling. D5 pro-
vides reverse-polarity protec-
tion, by blowing F1 should
the +13.8 V line be wrongly
connected.

\
\\
.
B
S
N
§
A
W

(A)

The Input and Output
Circuitry

The Brick Amp’s input cir-
cuitry consistsof aresistive T-

Fig 13.54—At A, photo of
2-m Brick Amp assembly
and at B, a 25 W power
module with cover
removed.

(B)
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FB3 FB4 F1
° * ® . ° ® — 13.8VDC
cs |
0.01
RF SENSE D1 U #"'/; +| cs
1N4001 L2 47 uF
Cc1 35V
?pcl): 10 uk D5
c4
| 38V IN5401
+
1N914 c2
RS c1 Ql 0.01 uF 13%—”;
Tk 0.01 uF  2N2222
D3 C3 0.01 uF
FB2 N914 %
N
RF NO L3 L4 RF
70.5nH 70.5nH OUTPUT

K2-1
c7 I c8 I co I
22ij 39ij 22pF:

U1 (see text) 2

NO +13.8V
to XMIT
I Lamp

K1-2
NC

D2
1N4001

Fig 13.55—Schematic and parts list. Supplier contact information appears in the References chapter

Address List.

Case—Hammond cat. no. 1590D.

Heat sink—5 x 7 inches, RF Parts.

C1, C4—1.0 pyF, 35V dipped tantalum
(RS 272-1434).

C2, C3, C5, C11—0.01 pF, 500 V ceramic disc
(RS 272-131).

C6—47 uF, 25 V electrolytic (RS 272-1027).

C7, C9—22 pF, DM-15 dipped mica.

C8—39 pF, DM-15 dipped mica.

C10—5 pF, DM-15 dipped mica.

D1, D2—1N4001 diode.

D3, D4—1N914 diode.

D5—1N5401 diode.

F1—10 A for 25 W, 15 A for 50 W.

K1, K2—221DO012 relay, RF Parts.
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FB1, FB2, FB3, FB4—56590-65/3B Ferroxcube,
Communications Concepts Inc (CCI).

L1, L2—VK?200-20/4B Ferroxcube ferrite choke,
CCl.

L3, L4—70.5 nH, 7 t #20 AWG, 0.125 inch ID, 0.33
inch long, 0.10 inch leads.

Q1—2N2222.

R1, R2, R3—see Table 13.12.

S1—20 A at 12 V.

Ul—Power module, Toshiba S-AV7 (25 W) or
S-AV17 (50 W).

DS1, DS2—Pilot and transmit indicator lamps,
13.8 V.

J1, J2—connectors, BNC or UHF as desired.

Coax—RG-8X, 2 ft.




pad formed by R1, R2 and R3. The pad attenu-
ates the HT’ s output to the input level required
by the module. Select the proper pad values
based upon the HT output and the amplifier 25 W Module, S-AV7

module selected. Refer to Table 13.12for pad 7 poyer Attenuation R1,R3 R2
resistor values for typical HT output levels. (W) (dB) Q) Q)

Table 13.12
T-Pad Values

Reduced drive power resultsin lessthan full 0.5 1 2.9 430
rated output power, while excessive drive can  0-8 2 5.6 220
: ) ;T 1.0 4 12 100
result in exceeding the limits of the module. ;¢ 6 16 68
Proper T-pad selection is essential for full rated 2.0 7 18 56
output power without exceeding design limits. gg g gi gg
Be sureto use only noninductiveresistors, such ' 10 27 36
as carbon or metal oxide, with the specified 5.0 11 56/56*  62/62*
power ratings for the T pad. 50 W Module, S-AV17
CAUTION: SomeHTscangenerateamomen- g 4 12 100
tary high power output pulse when keyed inthe 0.8 6 16 68
low power mode, especially when first keyed. 1.0 7 20 o6
: . 1.5 9 24 39
Such gspl}(e coul'd gxcc_aed the amplifier modu!e 50 10 27 36
specified input limits if a low-power T-pad is 2.5 11 27 30
selected. Observe the HT output on an oscillo-  3:0 12 30 27
heck with it tact to mak 4.0 13 33 24
scope or check with its manufacturer to make ¢ 14 62/62*  43/43*

sure it doesn’t exhibit this characteristic.

The output circuitry is alow-pass filter con- RGeS Ra, 1/, W resistors for Ra.
sisting of C7_’ C8, C9, L3 and L4. Fig 13.56 All resistors are carbon comboszition or metal oxide:
shows the filtered output to be better than  * use parallel connected resistors: 2 W for R1 and R3;
—60 dBc, the FCC requirement for spectral pu- 1 W for R2.
rity for atransmitter at thisfre-

guency and power class.

0
The TR Switching Circuit IJRf—lmla_I

Whilein the receive mode,
signals from the antenna are
applied to the receiver
through the normally closed
relay contacts of K2-1 and
K1-1. The low-pass filter

used in transmit remains in ”
thecircuit for receive. Thisis 5o
a useful feature, since many

HTs are prone to overload -60

from strong out-of-band sig-
nals, such as from nearby
UHF-TV transmitters. Fur-
ther! harmonl CS generated by _800 50 100 150 200 250 300 350 400 450 500
the TR SVVitChi ng Ci rcuit are 06-09-1995 10:51:12 Frequency (MHz):

suppressed to better than Fig 13.56—Plot of output spectrum for 25 W Brick Amp showing

60 dBc in the bypass mode.  that it meets current FCC specifications for output purity, with
When the HT iskeyed, RFis second harmonic reduced by more than 60 dB.
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appliedto voltage doubler D3 and D4. The junction of D3 and D4 is biased to approximately 0.5 V

by R4 and R5 to facilitate diode turn-on at low RF levels. Once transistor Q1 is turned on, K2 is

energized. The K2-2 contacts then energize K1 by applying +13.8 V to its coil. The K1-2 relay
contacts provide power for an optional transmit light. Thistwo-relay system providestwo features
not possible with a single relay:

1. Improved isolation between the input and output relay contacts. Coupling between these contactsis
sufficiently small to prevent the amplifier from oscillating. (Initial experiments in the Lab with a
single two-pole relay resulted in an excellent 2-m oscillator.)

2. “Hot switching” the output relay is eliminated. Since K2 is activated first, RF cannot appear across
the K1 output relay contacts until K2 isalready closed. Contact bounce with output power appliedis
thus eliminated, resulting in improved switching reliability and enhanced contact life.

This sequence is reversed when switching from transmit to receive. Once the RF is removed, Qlis
cut off and relay K2 isdeenergized. DiodesD1 and D2 protect agai nst voltage spikes created by therelay
coils as their magnetic fields collapse upon deactivation. K1 is returned to the receive mode by the
opening of the K2-2 contacts.

Construction Details

A surface-mount circuit board was sel ected for the Brick Amp, with traces on the top of the board and
ground plane on the underside. Components connected to RF ground (such asthe output filter capacitors
C7,C8and C9), havetheir ground | eads sol dered on both top and bottom sidesto provide good RF ground
continuity. Otherwise, component |eads are soldered directly to top-side PC traces. The PC board is
mounted above the heat sink surface, using metal #6 flat washers as spacers. The amplifier module pins
and their associated PC board pads arein close vertical alignment, eliminating excessive bending of the
pins at solder time.

The heat sink and case were selected on the basis of availability, ruggedness and heat dissipation
ability. The heat sink may be overkill, especially for the 25 W version. It is, however, readily available
and adequate for the task, even in a hot car on a summer day after along-winded transmission (such as
the author has been known to make on occasion). If you intend to mount the Brick Amp in a car trunk,
the sharp edges of a heat sink could be hazardous to its other contents. Be sure to give your mounting
options careful consideration before making your final decision.

The caseisdie-cast aluminum, strong enough to withstand the most severe abusein acar trunk, or any
other mounting spot you may select. If you are budget minded and have a big junk box, here is where
cost saving substitutions may be made. The only critical aspects of the heat sink isthat it present aflat
surface upon which to mount the module, large enough to mount the PC board, and that it meet the heat
dissipating requirements for the conditions in which you intend to use the Brick Amp.

CAUTION: Before considering a heat sink, make sure that the module lies perfectly flat against the
sink’ s mounting surface. Attempts to mount a module on a surface that is not flat can cause permanent
damage to the module!

Begin construction by mounting the module at the center of the heat sink. Using the module as a
template, drill two holeswith a#36 drill bit. Remove any burrs around the holeswith an oversized drill,
and thread them both with a#6 tap. Clean the holes and heat sink mounting surface with arag. Lightly
rub 400 to 600 grit emery cloth (or fine steel wool) across the module and heat sink surfaces. It is not
necessary to remove the black finish from the aluminum of the heat sink shownin Fig 13.54. Clean both
surfaces and screw holes with a suitable solvent, such as denatured alcohol or flux remover, to remove
any dirt, grease or oil. Wipe the exposed surfaces with a clean cloth and let dry.

Apply avery thin coat of thermal conducting grease to module and heat-sink mating surfaces. Place
two #6 mounting screws through two flat washers and two #6 solder lugs (with internal lock teeth)
pointing toward the PC board, through the mounting flanges on each side of the module. Alternately
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increase the torque on each screw until full torque is achieved and wipe off excess thermal compound
with arag. Be careful not to bend the module leads during this process.

Next, slide the board in place, line up the pins with the correct pads, center the board and mark the
four mounting holes onto the heat sink. Drill holes with a#36 bit and tap them for #6 screws. Deburr
and clean with solvent as before. Next, solder jumper wires through the 6 holes so indicated. Bend as
shown intheinset to thelayout in Fig 13.57 and solder the wire on the top and bottom of the PC board.
These connectionstietheundersideground planefoil ontheboardto ground. Instal| thecomponentswith
ground connection through their holes now.

Mount the board to the heat sink using #6 screws and two washers as spacers. Make sure that the
soldered wires do not touch the heat sink astorque is applied to the screws. More washers may be
added as necessary to prevent the solder connections from touching the heat sink, but you must use
an equal amount for each screw. Solder the module pins to the appropriate PC board pads, but be
sureto leave sufficient free pin length to account for flexing from temperature changes and vibra-
tion.

Solder the ground lug at theinput side of the modul e to ground on top of the PCB. Solder ashort piece
of braid from the underside of the PCB to the ground lug at the output side of the module.

Carefully bend the pins on each of the relays outward. Pliers may be used to accomplish this, or you
may wish to try gently pressing all four lead tips against a hard surface. It is not necessary that they be
at right anglesto therelay, but they must be sufficiently bent to permit surface mount soldering. Avoid
any unnecessary reworking or bending of these pins. Before soldering the relays onto the board, make
certain they are oriented correctly. Carefully line up each relay pin with its pad and solder it in place.

Continue soldering the components on the board as shown in Fig 13.57. L3 and L4 can both be wound
onthe shank of a*/s inch drill bit. Other construction datafor these coilsisgiveninthepartslist. Finally,
install the coax and +12 V dc jumpers.

Fuse the Brick Amp with either aready-made cable having anin-linefuse pair, or afuse holder inthe

Soldgr lug .lo ¢ Solder lug to braid from
top-side foil bottom side of board

N F)} i | @/
Pin Vcon | Vce Pout

o Coax A o

To optional
transmit light

Braid (under board)

D4—o

+12

C1 0 RS +1 v cs8 +_ —
A D5 L5 a L3 %07_1- —
?k =

o

Insert short wire through hole.
Bend ends over and solder to
both board faces.

\

+12V dc RF Output

E = Component through hole
(solder both sides)
@ = Jumper through hole (see inset)

\ dc ground
(Solder to board and
both through jumpers)

Fig 13.57—Part-placement diagram for the 2-m brick. Inset shows how leads for through-hole jump-
ers are bent over on top and bottom of PC board to provide good continuity for RF ground currents.
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case. Temporarily connect the dc power cable (with fusesinstalled) to the proper PC board pads and test
the Brick Amp for operation and function.

Assuming the Brick Amp works correctly, install its case. Cut asquare holein the case large enough
to accommodate the PC board and modul e. Position the hole so that the heat sink will be centered on the
case. Mark and drill and tap (#6) holes for four mounting screws.

Install one or both of the optional lights, if desired. Make holesfor both input and output connectors,
dc power cable and on/off switch. (NOTE: A BNC for the input, and a UHF connector for the output
facilitates coax connection to the HT and prevents accidental input/output cable reversal.) Tailor the
input/output connectors and cabinet layout to suit your requirements. Install the heat sink and other
components in the cabinet. Be sure to install the ferrite beads before soldering the wires and cables!

A PC-board template is in Chapter 30, References
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