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Abstract — X -band GaAs FET amplifiers utilizing the higher efficiency
of class-B operation have been designed and fabricated. This paper de-
scribes the design of these amplifiers and includes the results of a
computer time-domain simulation of one of the topologies, which gives
insight into the harmonic content of the output currents in different
branches of the FET and amplifier circuit. The performance is presented
of 1-W single-ended, 2-W push-pull, and 4-W dual push-pull amplifiers
having state-of-the-art power-added efficiencies of 45 percent, 40 percent,
and 35 percent, respectively, in a 1-GHz bandwidth, with associated gains
of 5.8 dB, 5.4 dB, and 5.0 dB. Data are given for 15-unit lots of the 1-W
and 2-W units to show the consistency of their performance [1]. In
addition to output power and efficiency data, this paper includes informa-
tion on AM-to-PM conversion, second-harmonic generation, and inter-
modulation products.

I. INTRODUCTION

LASS-B AMPLIFICATION is defined as that mode
C in which the active device amplifies during one-half
the input signal’s period and is idle the remaining time.
This mode of operation as applicable to microwave power
FET’s has several important advantages over class-A bias-
ing for many applications, such as in an array of
transmit/receive radar modules [2]. The higher theoretical
drain efficiency of class B, a maximum of 78.5 percent
versus 50 percent for the class-A full-wave mode, results in
a significant lowering of dc input power and heat dissipa-
tion. For an array design, this translates into large reduc-
tions in prime power and an easing of thermal design
considerations. Also, the self-turn-on and -turn-off char-
acteristic of class-B amplifiers under pulsed operation sim-
plifies or even eliminates the bias synchronization problem
inherent in class-A amplifiers.

The transconductance of almost all microwave power
GaAs FET’s is fairly constant over most of the gate-to-
source input voltage range but decreases rapidly as the
channel pinches off; this includes the FET’s (Fig. 1) used
in the amplifiers reported here. This degrades both the
small-signal and power gain of an amplifier when attempts
are made to bias it at or very near pinchoff,

As a reasonable compromise between high efficiency
and gain over a large dynamic range, the amplifiers in this
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Fig. 1.

i—v curve of Fujitsu FLK 102XV GaAs FET.

paper were biased to a quiescent drain current value of
I =10-percent I, Hence, they do not operate purely
as class B, but to a close approximation where the conduc-
tion angle is not much larger than 180°; this is to be
distinguished from general class-AB operation, defined as
having a conduction angle anywhere between 180° and
360°. As an illustration of this operating mode, measured
curves of RF power output (Pyyr), applied dc power
(Ppc), dissipated power (Pprgs), and power-added ef-
ficiency (np,) versus RF input power (Ppy) are plotted in
Fig. 2 for a typical 1-W high-efficiency amplifier biased at
10-percent I, At zero RF drive, P and Pp, ¢ are not
zero, which would correspond to true class B, but they are
a small fraction of the values they would have for class-A
operation.

II. FET DEevicE CHARACTERISTICS

The FET used in all the amplifiers was the Fujitsu FLX
102XV, used in chip form for size considerations and to
allow the input matching scheme described next. The
2400-pm-periphery device employs plated-through source
vias for bondless source grounding and good heat-sinking.
These FET’s were presorted by the manufacturer into
groups having pinchoff voltages matched to +0.05 V.
Nominal I,g; was 400 mA and the nominal pinchoff
voltage (at V=5 V) was —2.0 V, The selection process
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Fig. 2. Measured power characteristics of a high-efficiency FET ampli-

fier biased at 10-percent Ipqy.

was judged to more than offset the reworking and tuning
necessary if unsorted FLK 102XV’s had been used, espe-
cially in the case of the push-pull amplifiers.

Eight individual FLK 102XV’s were characterized at 9.7
GHz at both small-signal and rated power levels using
loss-corrected tuner measurements. The average chip out-
put power, gain, and power-added efficiency were 30.8
dBm, 6.0 dB, and 48 percent. Bias conditions were V=
8.5V, In, =40 mA (=10 percent Ipg), and V,=—2.0V
to —2.5 V (depending on the pinchoff voltage group).

111

A major goal of this effort was the flatness of both
output power and efficiency in the 9.2-10.2-GHz band.
Thus, the tradeoff of increasing the number of tuning
elements at the gate and drain of the FET to give flatter
response versus the additional loss introduced was a major
concern. Obviously, the efficiency is reduced more by a
given amount of loss in the output than in the input.

The averaged small-signal input model of the FLK 102
at 10-percent I,¢ quiescent bias and under conjugate
output power match conditions was 2.5 & in series with 1.8
pF, giving an input Q of 3.7 at 9.7 GHz. This small-signal
input Q was about twice as high as the Q under class-A
bias, since the gate—source capacitance at 10-percent 15
(Vg = —2.0 V) was roughly half that at 50-percent Iz
(Vgs = —1.0 V). The direct access to the gate pads of the
FLK 102 chips made the following input matching scheme
possible (illustrated in Fig. 3 for the 1-W design): bond
wires were connected from the outermost gate pads to RF
ground through 5-pF dc-blocking chip capacitors, parallel
resonating the FET’s input capacitance. This converted
and increased the 2.5-§ series input resistance to its paral-
lel equivalent by a maximum factor of (Q7 —1), with Q;,
given below. A series L/shunt C transformer section then
achieved the rest of the input match to a 50-f source with
satisfactory flatness.

Critical for this input matching approach was the
necessity of a gate shunt-resonating inductor having low
loss: since Qpn'=Qnipucror + QFer. any losses in the

FET MATcHING CIRCUIT
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Fig. 3. Single-ended 1-W FET amplifier matching circuit.

inductor circuit would lower the (Q2 —1) parallel reso-
nance factor, thereby 1) narrowing the input bandwidth
and 2) reducing the gain by absorbing input power. The
short ( ~ 0.012 in long) shunt bond wire inductances needed
were assumed to have low series resistance, and initially so
were the 5-pF blocking caps. First results on the 4-W
amplifiers showed good output power but narrow band-
width, low gain, and low power-added efficiency, implying
high input losses. This led to measurement of the blocking
caps and the discovery, through DeLoach resonance tests
of the original 5-pF chips, that the equivalent series resis-
tance of these high-dielectric-constant (e, > 400) capaci-
tors was 1.3 , giving a very low O, =2.5. Because the
blocking capacitor and bond wire inductor on each side of
the FET were in series, Qcsp = Ompuctor, and signifi-
cant loss could be expected at the FET input. Lower €,
( =110) chip caps were obtained and tested to have less
than 0.2-Q series resistance; they restored the gain and
efficiency of the gate-shunt-resonanted FET.

Load-pull tests on the FLK 102XV indicated a Q of 1.2
for its equivalent output circuit, where the drain current
was 10-percent I, quiescent and 50-percent I, under
RF drive at approximately 1-W output. Accordingly, only
a series L /shunt C section was needed for matching the
drain, minimizing the power loss caused by finite tuning
element Q’s.

IV. 1-, 2-, AND 4-W AMPLIFIER TOPOLOGIES

A. 1-W Single-Ended Amplifier

The 1-W single-ended amplifier used one FLK 102XV
with matching described as above. The series L/shunt C
sections were realized in 0.025-in alumina microstrip by
series lengths of transmission line and shunt open stubs,
respectively, with allowances made for bond wire induc-
tances. Drain bias was delivered by 90-8 shorted quarter-
wavelength (at 9.7 GHz) stub pairs; at the second
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Fig. 4. Two-watt push-pull amplifier. (a) Schematic. (b) Fabricated circuit.
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Fig. 5.

'

harmonic of the amplified signal, these stubs presented a
low impedance to reflect second harmonic back into the
drain. Experiments had shown an increase in output power
of up to 5 percent from this effect. However, no specific
second-harmonic tuning was done.

B. 2-W Push-Pull Amplifier

To obtain 2 W of output power, two of the FET’s were
combined. This was done in a push-pull configuration
(Fig. 4) using 0°-180° hybrid splitters (shown as part of
Fig. 5). This hybrid design, which is based on an approach
described earlier by March [3], was implemented here in
microstrip and modified for increased bandwidth. The
insertion loss of the hybrids was less than 0.5 dB in the
9.2-10.2-GHz band, and the phase difference between the
output ports was 180° +2°.

Since the hybrids combined the active devices antiphase,

the virtual ground symmetry between them permitted the
combination and reduction of some matching circuitry.
First, the separate gate-resonating inductance bonds on the
common side of the two FET’s were replaced by one
FET-to-FET gate bond across the symmetry line, eliminat-
ing two of the de-blocking capacitors. The gates of the
FET pair thus became dc-common, necessitating good
pinchoff voltage matching as described in Section I. Also,
the input and output shunt-open tuning stubs were re-
placed by beam-lead capacitor chips bonded between the
antiphase input/output transmission lines. Quarter-wave

Four-watt dual push-pull amplifier.

drain bias stubs were still used for second-harmonic reflec-
tion. '

C. 4-W Dual Push-Puil Amplifier

A 4-W dual push-pull topology was obtained by paral-
leling a pair of the 2-W amplifiers through X-band Wilkin-
son power splitters that had 0.2-dB dissipative loss each.
The complete 4-W amplifier is shown in Fig. 5. The slight
tuning that is evident was done to equalize the electrical
lengths of the two 2-W halves; note that the circuitry
around the individual FET’s is identical. Reductions in
both this amplifier’s size and the power dissipated in the
interconnecting 50-Q lines can be realized in future ver-
sions.

V. TIME-DOMAIN AMPLIFIER SIMULATION

The theoretical pure class-B half sine wave output of an
amplifier operated well below its active device’s cutoff
frequency gives a second-harmonic level only 7 dB below
the fundamental level. Since the amplifiers here were oper-
ated slightly class AB, it was expected that the second-
harmonic level would be less than —7 dBc, but not nearly
as low as was observed among measured units (Section
VI). While the average measured second-harmonic level of
less than — 48 dBc at rated power seen in the single-ended
amplifiers was a desirable characteristic, the causes of such

suppression needed to be explained. Direct measurement

of current and voltage waveforms at various points in a
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Fig. 7. Modeled :~v curve of Fyjitsu FLK 102XV GaAs FET.

microwave amplifier is impossible, so a time-domain simu-
lation of the single-ended 1-W topology was done, using
WATAND software (a University of Waterloo package)
run interactively on a VAX 780 computer. With this
simulation the relative levels of the fundamental and
harmonics at nodes in the amplifier circuit and even in the
FET model itself could be compared.

Fig. 6 shows the model of a Fujitsu FLK 102XV FET
embedded in the 1-W single-ended matching circuits. This
model includes two major nonlinearities. First (Fig. 7), the
nonlinear transconductance (g,,) as a function of Vg and
Vp is described by the modeled i—v curve (compare with
the measured i—v curve of Fig. 1). Second, the gate—source
capacitance Cg nonlinearity is plotted in Fig. 8.

The measured values of Cgq, Cgp, and Cpg were subdi-
vided to model the physical device more properly by
separating the junction and parasitic effects. The
drain—source conductance was implicitly taken into ac-
count by having I, expressed as a function of Vg as
well as V;¢. The electron propagation delay of about 6 ps
was accounted for by time-delaying the V¢ waveform.

Total current waveforms, including dc levels, were moni-
tored at three locations in the amplifier model: 1) under
the gate (I,4), 2) in the bond wire connecting the drain of
the FET to the output circuit (/zonpwire)> and 3) in the
50-§2 load at the output (I; oap)- The three waveforms are
plotted for the cases of operation below compression (P,
=25.5 dBm) and operation in slight compression (P, =
29.3 dBm). Below compression (Fig. 9), the current in the
FET under the gate did indeed appear quite similar to the
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Fig. 9. Current waveforms in simulated circuit ( Poyr = 25.5 dBm).

class-B half sine wave. In Table I, WATAND’s Fourier
analysis of I gave a second-harmonic level of —17 dBc,
a reasonable result considering 1) the slight class-AB bias-
ing and 2) the significant leakage drain current at simulta-
neous high drain—source voltages and large gate voltages,
where the FET should be pinched off and nonconducting.
The second harmonic in Iyonpwire Was —27.8 dBc, indi-
cating considerable low-pass filtering by Cp at frequen-
cies approaching the device cutoff. I;,,p had second
harmonic of —53.4 dBc, to be expected from the filtering
of the quarter-wave bias line and the output matching. The
second-harmonic content could be increased a few dB by
slightly varying the length of the quarter-wave line.

Fig. 10 shows the currents when the output power was
increased to 29.3 dBm. The magnitudes of all three wave-
forms are larger, and clipping distortion is quite evident in
15 In Table 1, the second-harmonic levels dropped in the
three currents, while the third harmonic increased about 5
dB. This was reasonable because clipping implies square-
wave-type currents that are richer in odd harmonics and
poorer in even harmonics.

Beyond illustrating the observed phenomenon of low
second-harmonic content in the single-ended amplifiers,
the time-domain simulation gave insight into the various
filtering mechanisms of the FET and output circuit. Time-
domain analysis should prove to be a valuable design tool
for large-signal nonlinear microwave circuits.
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percent Ipe.

V1. PERFORMANCE RESULTS

The measured results are described in three parts.

A. 1-, 2-, and 4-W Individual Amplifiers

This is a direct comparison of optimal 1-, 2-, and 4-W
individual amplifiers, each of which was made using high-Q
gate-blocking capacitors. The drain voltage of 9 V was
used to achieve an output of slightly more than 4 W from
the dual push-pull unit, in accordance with the require-
ments of the sponsoring program, and the 1. and 2-W
individual units were biased accordingly.

Fig. 11 gives output power and power-added efficiency
versus frequency for the 1-, 2-," and 4-W amplifiers.
Roughly, the output power doubles, the gain drops about
0.4 dB, and the efficiency decreases' 5 percent at each
upward step in the amplifier family. This is attributable
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mainly to losses in the Wilkinson and /or 0°-180° hybrids
used for power combining. The dual push-pull amp had
output power of 4.0 to 4.3 W, typically with 5-dB gain and
35-percent power-added efficiency in the 9.2-10.2-GHz
band. All three amplifier plots were made at about the
1-dB gain compression point; the drain current drawn
under RF drive (quiescent current 5, =10-percent ;)
was 45-50-percent [q. ’

B. 1-W and 2-W 15-Unit Performance

The performance of lots- of 15 of the 1-W and 2-W
amplifiers is presented to emphasize the repeatability and
the consistency of the design. All 30 of the amplifiers
initially contained the low-Q gate-blocking capacitors dis-
cussed in Section II; after discovering the impact of their
lossiness, capacitors of higher Q were retrofitted into the
fifteen 1-W amps. Since the 2-W push-pull topology inher-
ently eliminates two of these components, the smaller gain
and efficiency improvement anticipated by installing high-
0 capacitors in those units was judged unnecessary. The
drain voltage was set at 8 V in all 30 amplifiers in order to
simultaneously maximize efficiency and meet the output
power specifications of the sponsoring program.

Figs. 12 and 13 show the measured output power and
power-added efficiency of the 1-W single-ended and 2-W
push-pull groups across the 9.2-10.2-GHz band. The ret-
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rofit of the high-Q capacitors in the 1-W amplifiers had
increased their average midband efficiency by 5 percent, to
38 percent, and the gain improved 0.7 dB. At 9.7 GHz, the
standard deviations of the output power and efficiency
were 0.29 dBm and 1.88 percent for the 1-W single-ended
lot and 0.22 dBm and 1.86 percent for the 2-W push-pull
lot.

Figs. 14 and 15 give both output power and the trans-
mission phase shift (normalized to the small-signal trans-
mission phase) versus input power for the 1- and 2-W
groups. Note that the phase distortion was generally low
until gain compression of the amplifiers became signifi-
cant, giving low AM-to-PM conversion at rated power.
The capacitor retrofit had also improved the 1-W amplifier
phase distortion characteristics.

It is to be emphasized that once the prototype tuning
had been done for each type of amplifier, there was no
tuning needed on any of the 30 units fabricated to obtain
the consistency of performance exhibited by Figs. 12-15.
There were no extra or rejected amplifiers built.

C. Noise Figure and Distortion Measurements

Noise Figure: The noise figure for both the single-ended
and push-pull amplifiers was at least 1.5 dB lower at the
10-percent I, operating point than at 50-percent Iqq.
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Noise figure and small-signal gain are plotted for one of
the 1-W single-ended amplifiers versus bias current in Fig.
16; the smaller resulting gain—noise figure product can be
taken as an index of lower amplifier noise generation when
idling.

AM-to-PM Conversion: The normalized transmission
phase versus input power data, presented graphically in
Figs. 14 and 15, were used to calculate the worst-case
average AM-to-PM conversion. For the 15 1-W units, the
slope of the phase was generally worst in the +22 dBm to
+24 dBm input power range; here, the mean AM-to-PM
conversion was —0.62° /dB, with a standard deviation of
0.45° /dB. For the +25 dBm to +27 dBm input range,
the 15 2-W amplifiers showed a mean conversion of
—1.80°/dB and a standard deviation of 0.56° /dB.

Second-Harmonic Content: Measurements were made of
the second-harmonic content of each of the 15 single-ended
and 15 push-pull amplifiers at rated power levels using a
9.7-GHz input signal. The results, shown in the superim-
posed histogram of Fig. 17, indicate that the second-
harmonic output is well below the fundamental output,
with a mean suppression of —48.3 dBc in the 1-W units
(6.4-dBc standard deviation) and a mean of —38.7 dBc
(4.6-dBc standard deviation) for the 2-W amplifiers. The
higher average second harmonic in the 2-W units was
caused at least partially by the necessity of driving them
about 0.5 dB proportionally harder than the 1-W ampli-
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fiers to achieve rated power; this was because the push-pull
amplifiers still contained the low-Q gate capacitors. Inter-
estingly, the phase lengths of the 0°-180° push-puil hy-
brids could be adjusted to give slightly less than —60-dBc
second-harmonic levels at a single frequency.
Intermodulation Products: Extensive testing was not done
on the two-tone intermodulation performance of the high-
efficiency amplifiers. However, two-tone tests on one
single-ended and one push-pull amplifier were run. Fig. 18
plots the two-tone fundamental and third-order product
power levels to about the +23-dBm output power level, or

7 dB to 10 dB below rated power. At smali-signal input

levels (less than —4.0 dBm for the 1-W amplifier and less
than —1.0 dBm for the 2-W one), the single-ended ampli-
fier’s third-order intercept power was 28.7 dBm, and the
push-pull’s was 36.4 dBm, values only slightly above and
below the output power ratings, respectively. These inter-
cept power points would thus be useful for calculating
intermodulation products at output power levels 30 dB or
more below rated power.

VIL

The results of this effort have demonstrated the high
power-added efficiency obtainable in microwave FET
power amplifiers by biasing at drain currents approaching
pinchoff (10-percent I, here) instead of the more com-
mon 50-percent I,¢s value of class-A operation. A time-
domain computer simulation of a 1-W amplifier design
permitted visualization and analysis of the nonlinear out-
put currents and showed the progressive harmonic filtéring
effects of the FET drain-source parasitics and output
matching. ' ‘

A dual push-pull amplifier gave greater than 4.0-W
output, 35-percent power-added efficiency, and 5.0-dB gain
in the 9.2-10.2-GHz band. The data for lots of 15 1- and
2-W amplifiers showed the repeatability and consistency of
performance that is needed for many power amplifier
applications. Finally, measurements showed that AM-to-
PM conversion, second harmonics, and third-order inter-

CONCLUSIONS
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modulation products were low, and that the noise figure
benefited from the lower bias current.
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