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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 (q) al-

lows smaller and lighter power sources, lower cooling require-

ments, and enhanced reliability y.

Achievements in high efficiency amplifier design include:

● 1981 qPc = 72% f=2.4GHz Pout = 1.2 WGain=8.OdB [1]

● 1982 ~Pc = 38% f=9.5GHz Pout = 0.7 WGain=4.W3 [2]

● 1986 qP. = 45% f=l.OGHz Pwt = 1.0 WGain=5.8dB [3]

● 1987 qP. = 75% f=l.7GHz Pout = 2.7 WGain=9.OdB [4]

● 1988 qPc = 70% f=2.OGHz Pmt = 5.0 WGain=9.OdB [5]

● 1989 qpc = 36% f=5.5GHz Pmt = 1.5 WGain=5.OdB [6]

● 1990 VP. = 61% f=lOGHz Pmt = 0.45 W2ain=7.OdB [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 mafimized power-added efficiency (qPa ) for a GaAs single-

MESFET power amplifier. Previous investigations of high

efficiency tuning were based upon Fourier series analysis of

ideal terminal waveforms. For thk study, no a priori as-

sumptions of ideal input and output loadlng 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 ~P= x 80% at 5GHz.

Power-added efficiency is defined as qpa = * x 100
This definition of efficiency is preferred over others ~ecause it

takes the source fundamental conjugate mat ch into account,

and therefore provides more realistic estimates of amplifier

performance. Other efficiency definitions, such as drain ef-

ficiency (qd = & x 100), are useful but do not provide as

much information as qP~.

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). Thk con-

dition can be approximated by placing short circuits at the

even harmonics and open circuits at the odd harmonics[9].

wbias
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Figure 1: Amplifier Topology and Output Waveforms
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Class B amplifiers are typically 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 50’70 available from

class A circuits[l].

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%, alt bough 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).

Figure 2: Harmonic Spectrum of Ideal Output Waveforms

Optimization of qPC

A physics-based MESFET simulator, TEFLON [10], was

used to investigate the effect of circuit tuning on an am-

plifer’s qP.. Mathematical 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 0.5pm, a gate width

of 1250pm, and a peak doping of 1.6 * 1017cm–3. 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 thk device before matching circuit

opt imizat ion 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 v.. obtained with

~his simple matching circuit is” about 50%. ““

Figure 3: Measured and Simulated qPa Before optimization

The probability of finding a good combination of the 12

impedance variables is extremely low. For example, if 10~o of

the guessed region for each variable is considered to be near

the qP._ point in the 12d space, then the probability that a

given guess will have all 12 variables in that region is 10-12.

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

st artistically likely to cent ain the qPa~.= 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 OQ < R < 1000 and

– 100Q < X < 100Q. All combinations of impedances in

this first data set achieve qP. 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 Otl < X=, ~ 50fl.
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Figure4: Seleeted Scatter PIotsof~.O ptirnization

The center plat of Figure4 shows thesoume 2nd har-

monicresistance from the third data set of theuptimization.

The upper edge of this plot has a subtle trend which suggests

that lower values of R.z will eorre.spond to higher efficiency.

In fact, l?.z =Olater proves to bea, necessary condition for

%Om.. .
In the rightmost plot of Figure 4, alI impedance variables

have been Optimized totheirbwt or near-best v&es. The

harmonic impedance values which ccmwspond to the qm=..

point are shown in Figure 5.

Elgure 6 shows the eaicxdisted VW, output pawer, and

gain as a function of inpat power fer the best combination of

impedances. !lle device simulations predict 28.4d?3m output

power at 10.4dB gain with rlm = 80.5% and qd = 88,7% when

driven by an 18d&n input signal at M21h.
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Figure 6: Simulation Results at T.?r.mc.
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Characterization

Once the optimum impedances were found, the sensitiv-

ity of q~= to changes in each variable was examined. Thk

was accomplished by sweeping each impedance within a IOOQ

range and plotting the resulting qp@ surface.

Figure 7 shows contour plots of the variation of VW with

impedance near the qwnm. point. Note that these plots do

not represent the entire 12d space because 10 variables were

held at their best vrdues for eaeh plot. Though further char-

acterization is needed, the plots in Figure 7 can be used as

general guidelines when matching a device for high qP~.

F&ure & Impedances at qP.~..

This study demonstrates the importance Qf scmrce har-

monic tuning. The source 2nd harmonic contour of Figure

7 shows that changes in the source 2nd harmonic impedance

can vary the ~Pa from 30?4 to WYO. The reswmnt effect also

occurs at the load 2nd harmonic.

The 3rd harmonic contours of Figure 7 indicate that qPmis

relatively insensitive to third harrmmic impedance. However,

certain values of Wd harmonic impedance cm lower qn~

from 80% ka 55%

By mcx-lelkg, the MESFET as a Thevenin same, the

dependence of q?. on the seccmd harmonic impedances can

be demxihed w a Iiwmx kctkra of the phase shift of the

Thevetin source’s output, vsdhge. The MESFET can be

m~dekd as a Thevenh equivakmt sQUICe with voltage V;h
and impedance Z&. Commpondingly,, the load ean be mod-

eled wit h impedance & mid output voltage ~z. For this

model, pkase. shift of the output d$.age with respect to the

Thevenin voltage can be plotted as a fumctio~ of #W

The remdting surface has the same ckwa.+ristic shape

that VP has when plotted as a, ikmetkm of z& or ~12., If

appropriate valum of m, VP60, I&h and XTfi are determined,

then the abwe function qP.(R2, -Yz] 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 7570

can be achieved at microwave frequencies, This has been

accomplished mostly by adjusting the input and output bi-

ases, conjugate mat thing the input and output fund amen-

t al impedances, and controlling the output second harmonic

impedances or signals in creative ws,ys. 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 qP. to Harmonic Impedances

References

1. F. N. Sechi, <’High EffiCien~y Microwave FET pOWeK AmP~fiers” !

Microwave Journal, pp 59-62+, 1981.

Z. M. Cohn, J. E. Degenford, and R. G. Freitag, “Class B Operation of

Micrwave FETs for Array Modnle Applications”, IEEE MTT-S Digest,

Pp 169-171, 1982.

3. J. R. Lane, R. G. Frietag, H. Hahn, J. E. Degenford. and M. Cohn,

“High-Efficiency 1-,2-, and 4-W Class-B FET Power Amplifiers”, IEEE

Transactions on Microwave Theory and Techniques, Vol. MTT-34, No.

12, December 1986.

4. S. Nishiki and T. Nojima, “Harmonic Reaction Amplifier - A Novel

High-Efficiency and High-Power Microwave Amplifier”, IEEE MTT-S

International Symposium Digest, pp 963-966, 1987.

5. T. Nojima and S. Nishikl, “High Efficiency Microwa~e Harmonic Re-

action Amplifier”, IEEE MTT-S International Symposium Digest, pp

1007-1010, 1988.

6. I. J. Bahl, E. L. Griffin, A. E. Geissberger, C. Andricos, and T. F.

BruK1ewa CCla~S-B Power MmIC Amplifiers with 70 pelcent pOwer-

Added Efficiency”, IEEE Transactions on Microwave Theory and Tech-

niques, VOI. 3’7, NO, 9, September 1989.

7. M. A. Khatibzadeh and H. Q. Tserng, “Harmonic Tuning of Power

FETs at X-Band”, IEEE MTT-S International Symposium Digest,

1990.

8. D. M. Snider, “A Theoretical Analysis and Experimental Confir-

mation of the Optimally Loaded and Overdrive RF Power Amplifier”

IEEE Transactions on Electron Devices, December 1967.

9. H. L. Krauss, C. W. Bostian, F. H. Raab, Solid State Radio .%gi-
rseerzng, 1980.

10. M. Ali Katibzadeh and Robert J. Trew, “Large-Signal, Analytic

Model for the GaAs MESFET”, IEEE Transactions on Microwave The-

ory and Techniques, Vol. 36, No. 2, February 1988.

126


