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Abstract

Maximum efficiency tuning conditions for a microwave
power amplifier are determined by a statistical impedance
matching method. A physics-based MESFET simulator is
used to predict optimum device performance. Sensitivity of
efficiency to variations in source harmonic impedance match-
ing is described and shown to be significant.

Introduction

High efficiency microwave amplifiers are vital components
in phased array radars, mobile communications, and space-
technology applications. Higher amplifier efficiency (7) al-
lows smaller and lighter power sources, lower cooling require-
ments, and enhanced reliability.

Achievements in high efficiency amplifier design include:
01981 7 = 72% {=2.4GHz P,y = 1.2W Gain=8.0dB]1]
01982 7, = 38% f=9.5GHz P, = 0.7W Gain=4.5dB [2]
01986 7p, = 45% f=1.0GHz P,y = 1.0W Gain=5.8dB 3]
01987 Ny = 75% f=1.7GHz P,, = 2.7TW Gain=9.0dB [4]
01988 7, = 70% f=2.0GHz Py, = 5.0W Gain=9.0dB [5]
01989 7,, = 36% {=5.5GHz P, = 1.5W Gain=>5.0dB [6]
01990 7,, = 61% f=10GHz P,y = 0.45WGain="7.0dB[7]

In this work a harmonic balance microwave simulator
which employs a physics-based model for the MESFET is
used to investigate RF circuit tuning conditions that result
in maximized power-added efficiency {7pq) for a GaAs single-
MESFET power amplifier. Previous investigations of high
efficiency tuning were based upon Fourier series analysis of
ideal terminal waveforms. For this study, no a priori as-
sumptions of ideal input and output loading conditions are
made. Circuit impedances at the fundamental and harmonic
frequencies that must be presented to the device at both
the output and input ports are determined by means of a
stochastic optimization technique. Simulations indicate that
proper harmonic tuning can achieve 7,, =~ 80% at 5GHz.
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Power-added efficiency is defined as 7y, = fﬂ%ffm x 100
This definition of efficiency is preferred over others because it
takes the source fundamental conjugate match into account,
and therefore provides more realistic estimates of amplifier
performance. Other efficiency definitions, such as drain ef-
ficiency (74 = %f x 100), are useful but do not provide as

much information as 7p,.
Amplifier Classes

Class A amplifiers offer linear operation and low signal dis-
tortion at the expense of optimal efficiency. Class B and C
amplifiers address the problem of low efficiency by operating
at a bias point near pinchoff so that minimum DC power is
dissipated. Ideal high efficiency operation occurs when the
harmonics of the output voltage have the right magnitudes
and phases to form a square wave[8] (Figure 1). This con-
dition can be approximated by placing short circuits at the
even harmonics and open circuits at the odd harmonics(9].
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Figure 1: Amplifier Topology and Output Waveforms
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Class B amplifiers are {ypically impedance matched at
the source and load fundamental, but the harmonic termi-
nations are often formed by capacitive shunts. From ideal
waveform analysis, the maximum theoretical efficiency of
class B amplifiers is 78%, compared to 50% available from
class A circuits[1].

Class C amplifiers are harmonically tuned at the load.
Since the ideal square wave output voltage contains only
odd harmonics, it is desirable to reflect all even harmonic
energy back into the device with 180° phase shift so that even
harmonic cancellation occurs. The impedance of the load
2nd harmonic of class C amplifiers is adjusted to achieve this
reflection with series resonance, but the source 2nd harmonic
impedance is not tuned. The maximum theoretical efficiency
of class C amplifers is 100%, although this condition occurs
at zero output power.

Higher efficiency occurs at lower output power for class
C amplifiers because much of the spectral energy of the ideal
output voltage and current waveforms is contained in higher
order harmonics which cannot be matched with current tech-
nology. The harmonic distribution of energy is such that
higher voltages and lower currents produce higher efficien-
cies at lower output powers (Figure 2).
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Figure 2: Harmonic Spectrum of Ideal Output Waveforms

Optimization of 7,

A physics-based MESFET simulator, TEFLON [10], was
used to investigate the effect of circuit tuning on an am-
plifer’s 7,,. Mathematica and Unix scripts were used to
collect and plot the data from TEFLON. For a given set
of harmonic impedance values, TEFLON can sweep input
power to find the input power level which provides the high-
est efficiency in about one minute of workstation cpu time.
A novel technique was employed in which random impedance
values for the input and output matching circuits were se-
lected and simulated. After a sufficient number of simu-
lations had been accumulated the result was an unbiased,
statistically pure survey of the 12 dimensional space which
describes the problem.

The transistor model used for the simulation was an ion-
implanted device with a gate length of 0.5um, a gate width
of 1250pm, and a peak doping of 1.6 % 10'"cm~23. These val-
ues are from an experimental transistor which was designed
for good efficiency. The simulated and measured RF per-
formance at 5.5GHz for this device before matching circuit
optimization are shown in Figure 3. These results employed
conjugate impedance matching on the input and output at
the fundamental and untuned 2nd harmonic shorts on the in-
put and output. As indicated, maximum 7,, obtained with
this simple matching circuit is about 50%.
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Figure 3: Measured and Simulated 7,, Before Optimization

The probability of finding a good combination of the 12
impedance variables is extremely low. For example, if 10% of
the guessed region for each variable is considered to be near
the 7pq,n.. point in the 12d space, then the probability that a
given guess will have all 12 variables in that region is 102,
Fortunately, 4 of the 12 variables were found to have com-
paratively flat response surfaces, and the interdependence of
the variables is not very large.

The initial data set provided only subtle trends in the
most sensitive variables: the source and load fundamental
impedances. These mild trends gave enough information
to constrain the range of the source and load fundamental
variables. Hence, the next set of simulations was performed
in a region of the original impedance hyperbox which was
statistically likely to contain the 7,q,,,. point.

Figure 4 shows some selected plots of the random data
from various stages in the optimization. In the leftmost plot
of Figure 4, all resistance and reactance variables have been
randomly selected from the range 00 < R < 1009 and
—10002 < X < 100Q. All combinations of impedances in
this first data set achieve 7,, below 60%. The peak seen at
the top of the leftmost plot indicates a trend in the source
fundamental reactance variable which suggests that the op-
timum combination of impedances has a value of X,, in the
range 002 < X,, < 500.
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Figure 4: Selected Scatter Plots of ,, Optimization

The center plot of Figure 4 shows the source 2nd har-
monic resistance from the third data set of the optimization.
The upper edge of this plot has a subtle trend which suggests
that lower values of R,, will correspond to higher efficiency.
In fact, R,, = 0 later proves to be a necessary condition for
Mpamee*

In the rightmost plot of Figure 4, all impedance variables
have been optimized to their best or near-best values. The
harmonic impedance values which correspond to the %pa,..,
point are shown in Figure 5.

Figure 6 shows the calculated 7,,, output power, and
gain as a function of input power for the best combination of
impedances. The device simulations predict 28.4dBm output
power at 10.4dB gain with 7y, = 80.5% and 5y = 88.7% when
driven by an 18dBm input signal at 5GHz.
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Figure 6: Simulation Resulis at 7,
Characterization

Once the optimum impedances were found, the sensitiv-
ity of fp. to changes in each variable was examined. This
was accomplished by sweeping each impedance within a 1009
range and pletting the resulting n,, surface.

Figure 7 shows contour plots of the variation of 7,, with
impedance near the #p,,,,. point. Note that these plots do
not represent the entire 12d space because 10 variables were
held at their best values for each plot. Though further char-
acterization is needed, the plots in Figure 7 can be used as
general guidelines when matching a device for high 7.
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Figure 5: Impedances at n,,,,..

This study demonstrates the importance of source har-
monic tuning. The source 2nd harmonic contour of Figure
7 shows that changes in the source 2nd harmenic impedance
can vary the 7, from 30% to 80%. The resonant effect also
occurs at the Joad 2nd harmenic.

The 3rd harmonic contours of Figure 7 indicate that 7, is
relatively insensitive to third harmonic impedance. However,
certain values of third harmonic impedance can lower 7,4
from 80%, to 55%.

By modeling the MESFET as a Thevenin source, the
dependence of gy, on the second harmonic impedances can
be described as a linear function of the phase shift of the
Thevenin source’s output voltage. The MESFET can be
modeled as a Thevenin equivalent source with voltage Vs
and impedance Zry. Correspondingly, the load can be mod-
eled with impedance Z,, and output voltage V;. For this
model, phase shift of the output voltage with respect to the
Thevenin voltage can be plotted as a function of Z,.
d’(-—ZZ—) = axctan(- BrpXs — Ry Xrn ,

Vrn R'&(Rz + RT!&) + Xof X, — Xrn)’

Tpa( Rz, X2) = m¢(—wz——-) + s
Ven

The resulting surface bas the same characteristic shape
that 7, has when plotted as a function of Z,5 or Zip. If
appropriate values of m, pa,, Rrn and Xry are determined,
then the above function 7p.( Ra, X3} will very closely match
the second harmonic contours shown in Figure 7.

Conclusion

Previous work by others in high efficiency amplifier de-
sign has proven that power-added efficiencies as high as 75%
can be achieved at microwave frequencies. This has been
accomplished mostly by adjusting the input and output bi-
ases, conjugate matching the input and output fundamen-
tal impedances, and controlling the output second harmonic
impedances or signals in creative ways. This work shows
that it is also necessary to control the input second harmonic
impedance in order to obtain the best possible efficiency. For
a single MESFET amplifier, both the input and output sec-
ond harmonic impedances should be adjusted so that series
resonance occurs.
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Figure 7: Sensitivity of ,, to Harmonic Impedances
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