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INTRODUCTION

Linear power amplifier operation, as used in SSB
transmitters, places stringent distortion requirements on the
high-power stages. To meet these distortion requirements
and to attain higher power levels than can be generally
achieved with a single transistor, a push-pull output
configuration is often employed. Although parallel operation
can often meet the power output demands, the push-pull
mode offers improved even-harmonic suppression making
it the better choice. The exact amount of even-harmonic
suppression available with push-pull stages is highly
dependent on several factors, the most significant one being
the matching between the two output devices. Nevertheless,
even in the worst case the suppression provided in push-pull
designs is superior to that of single-ended circuits. Device
matching however is not limited to push-pull circuits since
it is also required to a lesser degree in parallel transistor
designs.

Two linear power amplifier designs are to be discussed
in this Application Note. The 80 Watt design is intended for
mobile communications systems operating from a 12.5 V
power sources. The other supplies 160 W when operated
from a 28 V line and it is intended for fix location systems.
Both designs cover the 3 — 30 MHz band and utilize a driver
stage to provide a total power gain of about 30 dB. Each
amplifier requires some amount of heat-sinking for proper
operation. The 28 V amplifier requires a heat-sink with a
thermal characteristic of 0.85°C/W while the 12.5 V version
uses a heat-sink with a 1.40°C/W thermal resistance. With
these heat-sinks, cooling fans are not required for normal
conditions, since with speech operation the average power
is some 15 dB below peak levels. However, if two—tone
bench testing is to exceed more than a duration of a few
minutes, a cooling fan should be provided.

To assure ruggedness, engineering models of both
amplifiers were subjected to open and short circuit output
mismatches for several minutes at full power levels without
any apparent damage to any of the transistors. This is very
important in most equipment designs to avoid possible
downtime for transistor replacements.

A28V, 160 W AMPLIFIER

An amplifier which can supply 160 watts (PEP) into a 50
Q load with IMD performance of — 30 dB or better is shown
in the schematic diagram of Figure 1 and photos of Figures
2 and 3. Two 2N5942 transistors are employed in the design.
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These transistors are specified at 80 watts (PEP) output with
intermodulation distortion products (IMD) rated at — 30 dB.
For broadband linear operation, a quiescent collector current
of 60 — 80 mA for each transistor should be provided. Higher
quiescent current levels will reduce fifth order IMD products,
but will have little effect on third order products except at
lower power levels. Generally, third order distortion is much
more significant than the fifth order products.

A biasing adjustment is provided in the amplifier circuit
to compensate for variations in transistor current gain. This
adjustment allows control of the idling current for both the
output and driver devices. This control is also useful if the
amplifier is operated from a supply other than 28 volts.

Even with the biasing control, it is strongly suggested that
the output transistors be beta matched. As with any push-pull
design, both dc current gain and power gain at a midband
frequency should be matched within about 15-20%. This
matching may require more stringent limits if broad-banding
is necessary since broad-band operation requires more
effective cancellation of even harmonics. In the engineering
model used, the transistors were not perfectly matched. Four
“similar” pairs were selected from a total of ten randomly
chosen 2N5942 transistors. Table 1 shows the measured
harmonic suppression which is degraded by the mismatch
in the output transistor parameters. This data was taken with
a single frequency test and 80 watts average output.

Table 1. Harmonic Suppression of 28 V Amplifier at Full
Output Power

Harmonic 2nd 3rd 4th 5th

3MHz | -16dB | -30dB | —22dB | -37dB

6MHz | -15dB | -20dB | -21dB | -37dB

Frequency
12MHz [ -16dB [ -24dB | —22dB | —34dB

30MHz | -35dB | -20dB | -51dB | -44dB

A 2N6370 transistor is employed as a driver. This device
is specified — 30 dB IMD when delivering 10 watts (PEP).
However, at about 4.5 W (PEP) output, which is the
maximum necessary to drive two 2N5942 transistors, the
IMD is typically better than — 40 dB with Class B biasing.
A quiescent collector current level of at least 10 — 15 mA
provides best IMD performance with the 2N6370. Higher
current levels will not improve linearity, but will degrade driver
efficiency.
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C1 — 0.033 puF mylar
C2,C3 — 0.01 pF mylar

C4 — 620 pF dipped mica

C5, C7,C16 — 0.1 pF ceramic

C6 — 100 uF/15 V electrolytic

C8 — 500 pF/6 V electrolytic

C9, C10, C15, C22 — 1000 pF feed through
C11, C12 —0.01 pF

C13, C14 — 0.015 pF mylar

C17 — 10 pF/35 V electrolytic

C18, C19, C21 — Two 0.068 pF mylars in parallel
C20 — 0.1 pF disc ceramic

C23 — 0.1 pF disc ceramic

R1 — 220 Q, 1/4 W carbon

R2 — 47 Q, 1/2 W carbon

R3 —820 Q, 1 W wire W

R4 —35Q,5W wire W

R5, R6 — Two 150 Q, 1/2 W carbon in parallel
R7, R8 — 10 Q, 1/2 W carbon

R9, R11 — 1 k, 1/2 W carbon

R10 — 1 k, 1/2 W potentiometer

R12 — 0.85 Q, (65.1 Q or 43.3 Q 1/4 Q resistors in parallel,

divided equally between both emitter leads)

AN593

T1 — 4:1 Transformer, 6 turns, 2 twisted pairs of #26 AWG
enameled wire (8 twists per inch)

T2 — 1:1 Balun, 6 turns, 2 twisted pairs of #24 AWG
enameled wire (6 twists per inch)

T3 — Collector choke, 4 turns, 2 twisted pairs of #22 AWG
enameled wire (6 twists per inch)

T4 — 1:4 Transformer Balun, A&B — 5 turns, 2 twisted pairs
of #24 AWG, C — 8 turns, 1 twisted pair of #24 AWG enameled
wire (All windings 6 twists per inch). (T4 — Indiana
General F624-19Q1 — All others are Indiana General
F627-8Q1 ferrite toroids or equivalent.)

PARTS LIST
L1 — .33 pH, molded choke Q1 — 2N6370
L2, L6, L7 — 10 pH, molded choke Q2, Q3 — 2N5942
L3 — 1.8 pH, (Ohmite 2-144) Q4 — 2N5190
L4, L5 — 3 ferrite beads each D1 — 1N4001
L8, L9 — .22 pH, molded choke D2 — 1N4997

J1, J2 — BNC connectors

Figure 1. 160 Watt (PEP) Broadband Linear Amplifier
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although not shown here.
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Figure 4. Transformer Details for 28 V Linear Amplifier
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Feedback

To compensate for variations in output with changes in
operating frequency, negative voltage feedback is employed
on both the final amplifier and driver stages. At the low end
of the desired frequency band, approximately 4.5 dB of
feedback is introduced in the final stage and 15 dB in the
driver stage. With this feedback and the feedback networks
shown in the schematic diagram, Figure 1, a total gain
variation of 0.5 dB was measured on an engineering
prototype amplifier over a 3 — 30 MHz range. The total gain
differential in three identical amplifiers constructed for
evaluation was less than 1.5 dB.

Transformers Employed

In order to achieve the desired broadband response,
transmission line-type transformers were employed for
coupling and signal-splitting. These transformers utilize
twisted-pair windings and toroidal cores. Transformers T1,
T2 and T3 have turn ratios of 4:1, 1:1 and 1:4 respectively.
Additional information on these transformers can be found
in the references. A short description of each of the
transformers will follow.

Transformer T1 provides an impedance transformation
to match the 50 Q source to the low impedance level required
at the base of Q1. This transformer consists of six turns of
two twisted pairs wound on a toroidal core. The two pairs
(four separate wires), are twisted together and the two wires
from each original pair are soldered together at each end.
Each pair thus connected is shown as a single wire in
Figure 4. The pairs can easily be identified by choosing wires
with two different colors of insulation.

Transformer T2 is a 1:1 Balun consisting of six turns of
two-twisted pairs of wire (four wires total). As shown in
Figure 4 each of the pairs is treated as a single wire.

Transformer T3 consists of four turns of two twisted pairs.
Again both wires of each pair are soldered together at each
end.

Transformer T4 is a 1:4 ratio unbalanced to balanced
unit with three separate windings.

A lumped-constant equivalent conventional transformer
diagram of transformer T4 is shown in Figure 5. The two
windings in a single twisted pair are indicated by similar
capital and lower case letters (i.e. windings A and a). The
output line of the balun is in the same direction as windings
A and B while the grounded line is in the opposite direction
from the winding it is connected to. Windings A, a, B and
b consist of 5 turns of two twisted pairs while C and c are
formed from eight turns of a single pair. Connections are
shown in Figure 4. The three windings are bifilar wound,
although for simplicity the figures do not show this.

Referring to Figure 5 the equivalent connection diagram
of T4, it can be seen that the sum of the voltages across
¢ and C should be equal to the voltage across windings DE.
From this, winding cC (a twisted pair) should have twice as
many turns as twisted pairs aA and bB. Deviations of about
10 - 20% from the 2:1 ratio do not produce noticeable effects.

The ferrite core used for T4 in the parts list of Figure 1
has a specified maximum flux density of about 100 gauss.
The flux density may be computed from equation 1.
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where V = RMS voltage across the winding = 89

f = frequency in Hertz = 3 x 106

n = number of turns (windings Aa and Bb only.

Windings Cc cancel each other) = 20

A = cross sectional area of Toroid in Cm2 = 0.25

4.44 = 211x 0.707
therefore:

8
Bmax = 89 x 10 =133 gauss

4.44 (3 x 106) 20 (.25)

Despite this slight overrating, this density is not excessive.

Amplifier Performance

The data shown in the following curves was obtained from
measurement performed on an engineering model of the
28V 160 Watt (PEP) amplifier.
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Figure 6. IMD as a Function of Output Power
for 28 V Amplifier
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Figure 11. VSWR versus Frequency

AN 80 WATT (PEP) 12.5 - 13.6 V AMPLIFIER

To complement the 28 Volt amplifier discussed previously,
a second amplifier designed for 12 V operation was
constructed and evaluated. This amplifier is shown in Figures
12, 13 and 14. It utilizes a 2N6367 and a pair of 2N6368
transistors. The 2N6367 transistor is employed as a driver
and is specified for up to 9 watts (PEP) output. In the amplifier
design the driver must supply only 5 watts (PEP) at 30 MHz
with a resulting IMD performance of about — 37 to — 38 dB.
At lower operating frequencies, drive requirements drop to
the 2 — 3 Watt (PEP) range and IMD performance improves
to better than 40 dB. The 2N6367 data sheet suggests a
quiescent collector current of 35 mA, but it was found that
increasing this to 40 mA yielded somewhat better linearity
in broadband operation.

Two 2N6368 transistors are employed in the final stage
of the transmitter design in a push-pull configuration. These
devices are rated at 40 Watts (PEP) and — 30 dB maximum
IMD, although — 35 dB performance is more typical for narrow
band operation.

The 2N6368 data sheet suggests a quiescent collector
current level of 50 mA, but a level of 60 mA for each transistor
was used in this design for improved linearity.
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C1, C14, C18 — 0.1 pF ceramic

C2, C7,C13, C20 — 0.001 pF feed through
C3 — 100 pF/3V

C4, C6 — 0.033 pF mylar

C5 — 0.0047 pF mylar

C8, C9 — 0.015 and 0.033 pF mylars in parallel
C10 — 470 pF mica

C11, C12 — 560 pF mica

C15 — 1000 pF/3 Vv

C16, C17 — 0.015 pF mylar

C19—10pF 15V

C21, C22 — Two 0.068 pF mylars in parallel
C23 — 330 pF mica

C24 — 39 pF mica

C25 — 680 pF mica

C26 — .01 pF ceramic

R1, R6, R7 — 10 Q, 1/2 W carbon
R2 — 51 Q, 1/2 W carbon

R3 — 240 Q, 1 wire W

R4, R5 — 18 Q, 1 W carbon

R8, R9 — 27 Q, 2 W carbon
R10—33 Q, 6 W wire W

T1 — 2 twisted pairs of #26 wire, 8 twists per inch, A = 4 turns
B = 8 turns. Core — Stackpole 57-9322-11, Indiana General
F627-8Q1 or equivalent.
T2 — 2 twisted pairs of #24 wire, 8 twists per inch, 6 turns
(Core as above.)
T3 — 2 twisted pairs of #20 wire, 6 twists per inch, 4 turns
(Core as above.)
T4 — A and B = 2 twisted pairs of #24 wire, 8 twists per inch.
5 turns each. C = 1 twisted pair of #24 wire, 8 turns.
Core — Stackpole 57-9074-11, Indiana General F624-19Q1
or equivalent.

L1 — 0.22 pH, molded choke

L2, L7, L8 — 10 pH, molded choke

L5, L6 —0.15 pH

L3 — 251, #26 wire, wound on a 100 Q, 2 W resistor (1.0 pH)
L4, L9 — 3 ferrite beads each

Q1 — 2N6367
Q2, Q3 — 2N6368
D1 — 1N4001
D2 — 1N4997

J1, J2 — BNC connectors

Figure 12. Schematic Diagram of 12.5 VV Amplifier
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Figure 13. Photo of Top View of 12.5 V Linear Amplifier

Without frequency compensation, the completed amplifier
can deliver 90 Watts (PEP) in the 25 — 30 MHz band with
IMD performance down — 30 dB. If only the power amplifier
stage is frequency compensated, 95 Watts (PEP) can be
obtained at 6 — 10 MHz.

Gain Compensation

Negative collector-to-base feedback is employed in both
the driver and output stages for gain compensation. The
feedback networks consist of: a) a dc blocking capacitor, b) a
series resistor, to limit the amount of feedback at the low
frequencies and c) a series inductor with a parallel resistor
to determine the feedback slope.

In general, the use of negative feedback lowers the input
impedance, and reduces the gain of the amplifier. However,
it also improves the linearity since some of the output signal
is fed back to the input and reamplified, tending to cancel
the distortion originally generated. This is only true at the
low frequencies where the phase errors are small. The phase
error is caused by reactive elements in the feedback path.
Since the basis for the compensation is to introduce more
feedback at low frequencies, it will also equalize the input
impedance to some degree. This, in turn, should result in
a lower VSWR over the band.

The following two tables illustrate the affect of
compensation on the final amplifier stage. This data was
taken with a 9:1 ratio transformer connected between 50 Q
source and the input balun to the final stage.

From this table it can be seen that efficiency is reduced
by applying compensation. For this reason only 3 dB of
compensation was utilized on the final stage. The driver
stage, where efficiency is not of primary concern, was
actually over compensated. This stage has a gain of 16 dB
at 30 MHz but only 13 dB at 3 MHz.

Figure 14. Photo of Bottom of 12.5 V Linear Amplifier

Table 2. Performance of 12.5 V Output Stage With and
Without Gain Compensation

With Feedback

GPE EFF. IMD VSWR
3 MHz 16 dB 45.5% —-30dB 1.6
12 MHz 15.3dB 46.5% -31dB 2.1
30 MHz 12 dB 43.0% -31dB 1.05
Without Feedback

GPE EFF. IMD VSWR
3 MHz 19.2dB 48.0% —-26dB 6.5
12 MHz 16.2dB 46.8% -30dB 24
30 MHz 12.5dB 43.0% -33dB 1.05

Transformer T1 consists of two twisted pairs of wires
which can be wound on either a single or two separate
toroids. In the two core approach, both windings have an
equal number of turns (four). If a single core is utilized,
winding Aa uses four turns while winding Bb uses eight turns.
These lines must be wound bifilar on the core. See Figure 15.
The single core approach was used in the engineering
model.

A lumped-constant equivalent conventional transformer
diagram of transformer T1 is shown in Figure 16.
Examination reveals that since winding B is directly in parallel
with the series combination of aA, line Bb must have twice
the number of turns as winding Aa. (The lower case and
capital letters refer to the two wires in a given twisted-pair).
As an example of the voltage relationships for the various
windings in this transformer, an arbitrary 3 V input has been
shown in the Figure. It can be seen that the voltages
generated across windings b and B are out of phase and
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cancel each other. Therefore, the resulting output is 1 V
BV-2V).

Balanced
T4

Figure 15. Transformer Details for 12.5 V
Linear Amplifier (see Figure 4)

This transformer may be considered as a combination of
a 4:1 ratio transformer (aA) and a 1:1 balun (bB), where the
balun performs the voltage subtraction.

Transformer T2 consists of two twisted pairs on a single
core. Both wires of each pair are soldered together at each
end. See Figure 15.

Transformer T3 also uses two twisted pairs wound on
a single core. Each pair is treated as a single wire by
soldering the two wires at each end.

Transformer T4 uses three separate bifilar windings on
a single core. Windings aA and bB are balanced while Cc
is unbalanced. Both aA and bB utilize five turns and Cc uses
eight turns. This is the nearest whole number of turns
possible to the desired ratio of 1:1.5 for winding Aa and Bb
to winding cC. Deviations of 10 — 20% of this ratio are
allowable without noticeable effects.

IN
3.0V *-————

+2.0V { b
-20V { B

1.0V
p———> OUT

+20V

Figure 16. Equivalent Lumped Element Form of T1

Figure 17 shows the lumped equivalent transformer of
T4 and the ratio of voltages on the various windings if one
volt is applied to the input. It can be seen that the voltage
developed across ¢ and C must equal the voltage between
points D and E on the diagram. Since windings A and b are
paralleled and connected to the input, they see one volt. Thus
the voltage from point D to point E would be 3 V (1 V from
A and b plus 1 V from winding a plus 1 V from winding B).
Therefore, the output voltage is 3.0 volts and the voltage
across winding ¢ = — 1.5 V and winding C = 1.5 V.

When using twisted-pair transmission line transformers,
windings with four or more pairs should be avoided as it is
difficult to twist such lines uniformly.

A second amplifier was evaluated with T4 replaced by
a balun and an unsymmetrical 1:9 ratio transformer.
Performance results were very similar to that obtained from
the first version except that much more high frequency
compensation was necessary. This was required because
it is difficult to obtain the low characteristic impedance
required for the balun. For this reason capacitors C10, C11,
C12 and C25 were unusually large in value.
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Transformer Data

As with the 28 V amplifier, transmission line type
transformers are employed throughout the 12 V design.
Although this type of transformer does not provide optimum
impedance match, it is easy to duplicate for consistent
performance results. A similar amplifier was constructed with
a standard 2:1 ratio coupling transformer instead of the 1:1

ratio balun (T2). This amplifier featured a 40 — 60%
improvement in VSWR at all frequencies while gain and IMD
were basically unchanged from the performance of the model
using transmission line type transformers.

Splitting the compensating capacitor for transformer T2
into three parts (C10, C11 and C12) will result in considerably
lower IMD at higher frequencies. Capacitors C11 and C12
should be well matched and therefore should be either + 5%
or better tolerance fixed value units, or variable capacitors
such as Arco 466 and 469.

Two factors must be considered in the choice of toroidal
core materials. The first is core losses. The second is the
power handling capability which is limited by both magnetic
saturation and heat generation.

For the input transformer (T1) core losses are of primary
concern. For the material chosen in this design, a loss factor
of 1 — 2 mW/cm3 at 3 MHz is typical. This increases to
5— 10 mW/cm3 at 30 MHz. For the size of core used in T1,
a maximum core loss of 1.5 — 7.0 mW can be expected.
While this figure seems negligible, it is advantageous to use
the smallest practical sized core for the input transformer
consistent with the wire size and required number of turns.

Conversely the core of the output transformer (T4) should
be as large as possible to be able to handle the required
power levels and remain in the linear operating region of the
materials’ B-H curve. If the core is operated near the
saturation region of the core material, distortion will be
generated on the carrier and envelope. This saturation
occurs first at low frequencies. However, core heating due
to losses is most prevalent at higher frequencies, being a
function of flux density and operating frequency. The
maximum recommended flux density for a 1/2" O.D. toroid
(such as Indiana General F627-8 or Stackpole 57-9322), is
45 to 70 gauss. From the B-H curves it can be seen that
this is well into the linear region.

For the 12-volt amplifier, a flux density of roughly 180
gauss would be required for a 1/2" O.D. core. Use of a larger
core reduces the density to about 130 gauss. As stated in
the 28 V amplifier section, although this is in excess of the
100 gauss limit suggested for the particular core type, it was
not found to be excessive. In fact, some of the 1/2" O.D.
toroids were tested at three to four times the maximum
recommended flux density, and then compared to a larger
toroid of the same material. The distortion in each core was
small enough not to be noticed in an oscilloscope. However,
there was some amount of heat generated in the small toroid
at the high frequencies. Excessive heating is the primary
problem that one should be first concerned about.

As a rule of thumb, the required minimum transformer
inductance can be determined to have at least 4 — 5 times
the reactance of the high impedance port at the lowest
operating frequency. This means that for T4, the reactance
would be 250 ohms, which corresponds to roughly 14 pH
at 3 MHz.

Employing a different wire size or wire with a different
thickness of dielectric or changing the number of twists per
inch will alter the line impedance. However, this is one of
the least critical points in the design of broadband linear
amplifiers and will mainly affect the amount of high frequency
compensation required. The variations in the transistor input
and output impedance over a decade frequency range are
several times larger than the changes in transformer
impedance due to wire sizes or twist variations. Although

10
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compromises in matching are necessary to tune the wide
frequency range, they are most serious in the output stage
where a mismatch can significantly degrade total linearity.

The maximum theoretical linear output powers for the
28V and 12.5 V amplifiers would be 120 W and 50 W
respectively, when 4:1 and 9:1 output transformers are
employed.

However, due to stray inductances in the circuit, and line
impedances usually being higher than optimum, the actual
impedance ratios of the transformers will be somewhat
higher.

Thus, if the phase and even harmonic distortions are
minimized it is possible to obtain higher power levels with
fairly low IMD readings despite slight flat-topping of the
envelope.

Construction Notes (12.5 V Version)

The circuit board for both amplifier designs is made of
two-sided copper-fiberglass laminate. A full sized pattern is
given in Figures 25 and 26. The ground planes on each side
are connected together at several points with the
feedthrough capacitors, the BNC connectors and the
mounting screws. From experience with an earlier
broadband amplifier, it was learned that a good ground plane
is extremely important because of the high currents and low
impedance levels involved. The power supply impedance
must be as low as possible.

The ac impedance of the supply should not be higher than
0.01 ohm at the lowest envelope frequency.

All dc connections are made on the back side of the board
which is separated from the heat sink by 3/32 inches. The
base bias resistors (R3, R10), and all by-pass capacitors,
except the feed-throughs, are on the back side of the board
in each end of the heat sink. Diode D2 is press fitted into
the heat sink for temperature compensation of the quiescent
collector currents of the 2N6368 transistors. Ceramic
capacitors have been avoided, except for certain by-pass
applications, because they have spurious resonances and,
their capacitance values are voltage and temperature
sensitive. Parallel capacitors are employed to increase the
current carrying capability and to decrease the possibility of
self resonances. The peak RF current in the output
transformer primary is

80 W
6.25Q

=3.54A.

Half of this is supplied by each 2N6368. Thus, the collector
isolation capacitors will have to handle 1.77A peak and
1.26A average currents. Even the lead sizes in most capaci-
tors are insufficient for these current levels. In general, the
low impedances involved in a 12.5 volt amplifier of this power
level make the layout, construction and component selection
somewhat critical compared to a higher voltage unit.
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Figure 25. Bottom PC Board Pattern
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Figure 26. Top Side of PC Board

Table 3. Harmonic Suppression versus Frequency

Harmonic 2nd 3rd 4th 5th

3MHz | -19dB | -15dB | -26dB | —-29dB

6MHz | -17dB | -18dB | -23dB | -35dB

Frequency
12MHz [ -30dB [-20dB | —28dB | —34dB

30MHz | -35dB | -25dB | -50dB | —62dB

CONSTRUCTION NOTES (28 V Version)

The 28 volt unit is less critical than the 12.5 V amplifier
as far as the physical circuit lay-out is concerned. However,
the same precautions should be taken in grounding the
by-pass capacitors and the transformer high frequency-com-
pensation capacitors. It is recommended that variable
capacitors, such as the ARCO 460 line be used initially for
the compensating capacitors. Then after establishing
satisfactory operation of the unit, they can be changed to
fixed value capacitors.
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IMPROVED PERFORMANCE 3.

Since the original work on these amplifiers, device 4

improvements have been made. Both IMD and load
mismatch ruggedness characteristics can be enhanced by
substituting the MRF463 or MRF464 for the 2N5942 in the
28-Volt amplifier. The MRF460 is recommended for
upgrading the 12-Volt amplifier using the 2N6368. Neither
of these new devices require circuit modifications for
optimum operation.
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