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Nonlinear Design Procedures for
Single-Frequency and Broad-Band GaAs

MESFET Power Amplifiers

THOMAS J. BRAZIL AND SEAN O. SCANLAN, FELLOW, IEEE

Abstract — The design and optimization of MESFET power amplifiers

are investigated using an intermediate-level or “functional” device model-

ing approach. The approximations involved are discussed, together with

considerations of required circuit terminations at harmonic frequencies.

Three variations of the approach, based on large-siguaf admittance, scatter-

ing, and hybrid parameters, are compared in the design of a single-frequency

amplifier, and the method is extended to broad-band power amplifier

design. In all cases, results are validated by comparison with a full

time-domain large-signal amplifier analysis, involving realistic, distributed

external circuits.

I. INTRODUCTION

PROCEDURES FOR the design of power amplifiers

based on GaAs MESFET’S are of continuing and

growing interest to microwave engineers. The practical

development of such amplifiers to date has relied exten-

sively on techniques based on experimental measurements,

commonly using either load-pull methods [1] or measure-

ments of large-signal S parameters [2]. Both these ap-

proaches have their merits and difficulties. The load-pull

method, for example, has the advantage of realistic test

conditions; however, it is complex and time-consuming to

implement. In addition, reliance on experimental data

means that it is difficult to relate power amplifier perfor-

mance directly to the structural and electrical parameters

of the device.

In order to improve insight into large-signal behavior, a

number of MESFET large-signal models have been re-

ported in the literature (e.g. [3]-[5]). Most of these models

are based on some form of nonlinear equivalent circuit,

with parameters often determined using combinations of

dc and small-signal measurements on the active device.
Alternatively, a physical device model may be developed

[6] based on a solution of the relevant carrier and field

equations. The solution for a complete power amplifier

requires that the device model be incorporated into an

external circuit, which realistically should have a distrib-

uted character. Obtaining a full solution for such a system

is a nontrivial numerical exercise, and a number of ap-

proaches have been described in the literature, often using

harmonic-balance techniques [4], [7] but also using time-

domain solution [6].
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While the computer-based analysis of a given amplifier

configuration is potentially of considerable value in

amplifier development and diagnostic work, the designer

would generally prefer to be able to carry out a computer-

based optimization of the input and output external circuit.

This kind of approach is now well established for broad-

band or low-noise small-signal MESFET amplifier design,

and well-known commercial software products are avail-

able for such applications. The difficulty in the large-signal

case is that any form of accurate nonlinear amplifier

solution for a realistic circuit environment is far more time

consuming than the corresponding small-signal solution.

Hence, standard optimization procedures requiring typi-

cally hundreds of solution runs become prohibitively costly

for the large-signal case.

The purpose of this contribution is to describe an inter-

mediate or “functional” level of device nonlinear char-

acterization, which, while sacrificing some accuracy, is

ideally suited to power amplifier optimization. Features of

the present discussion include a systematic comparison of

different formalisms of the intermediate level of nonlinear

characterization, together with special attention to har-

monic circuit termination conditions. The predictions of

the design approach in both narrow-band and broad-band

power amplifier applications are validated by comparison

with a full numerical analysis using the original nonlinear

device model and a fully distributed external circuit at

both input and output.

In Section II the nonlinear device model, which is used

as a vehicle to describe the design procedure, is introduced

and discussed. Also, the various forms of intermediate-level

circuit model are described together with their circuit

implications. In Section 111, the optimization of a single-

frequency amplifier is presented, and the results of three
variations of the design procedure are compared with each

other and with independent full numerical analysis. The

design of a broad-band amplifier is described in Section

IV, and this is followed by conclusions in Section V.

II. DEVICE MODEL AND FUNCTIONAL

LARGE-SIGNAL EQUIVALENT CIRCUITS

While the principles of the design procedures described

here are effectively independent of the type of device

equivalent circuit or large-signal analysis technique em-
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Fig. 1. (a) Norilinear MESFET equivalent circuit,

tics and operating point.

15 ‘DS

(b) DC characteris-

ployed, it is convenient to illustrate them with a specific

example. Fig. l(a) shows the assumed nonlinear equivalent

circuit for the GaAs MESFET. This circuit incorporates

the principal device nonlinearities, including voltage-

dependent drain current, gate–source nonlinear capaci-

tance, and gate–drain avalanche breakdown. The terminal

drain dc characteristics are sketched in Fig. l(b) together

with the chosen (class A) bias point.

. The large-signal analysis program used in the present

work is a modified version of the general-purpose circuit

simulator SPICE2, in which the circuit of Fig. l(a) is built

up as a subcircuit. The form of current source indicated in

the model was introduced into SPICE2 by editing the

source code to replace the existing level 1 MOSFET model

in SPICE2 which is contained in the subroutine MOSEQ1.

A standard stability/small-signal analysis may be car-

ried out for the device of Fig. 1, and a possible distributed

matching structure to achieve the computed maximum

available small-signal gain of 11.15 dB at 10 GHz is shown

in Fig. 2. This network is not expected to provide maxi-

mum added-power under large-signal conditions, however,

and this problem is considered further in the next section.

A central objective of the work described here is in fact

to develop and evaluate functional equivalent circuits for

the MESFET in order to allow optimization of large-signal

operation. Three different forms of such equivalent circuits

Fig. 2. Distributed matching network for maximum small-signal gain

(at 10 GHz)
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Fig. 3. Nonlinear functional equivalent circuits for MESFET. (a) Ad-

mittance model. (b) Scattering parameter model. (c) Hybrid model.

at a given frequency are indicated in Fig. 3: a large-signal

admittance (Y-) model, a large-signal scattering parameter

(S-) model, and a hybrid (H-) model. Other models (such

as an impedance model) are possible in principle, but the

three just listed have been found more convenient for

MESFET devices. The elements of the models shown in

Fig. 3 are, in general, complex-valued nonlinear functions

of the input and output signal amplitudes at the funda-

mental frequency.

There are several approximations inherent in this form

of large-signal modeling. In the first place, it can readily be

shown that decomposition shown~ in Fig. 3, with elements

which depend on the amplitude of one signal variable only,

is not strictly valid in the nonlinear case. In addition, each

model imposes specific requirements on the external cir-

cuit behavior at harmonic frequencies. For example, the

Y-parameter model requires that all current harmonics be

short-circuited by the external circuit. In principle, this

condition may be approximated to any arbitrary degree by

incorporating filters as shown in Fig. 3(a): filter F1 is

ideally a short circuit at the fundamental and an open

circuit at the harmonics, whereas F2 is an open circuit at
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Fig. 4. (a) Circuit for evaluation of large-signal Y parameters. (b)

Voltage dependence of MESFET Y parameters.

the fundamental and a short circuit at theharmonics. The

large-signal S-parameter approach (Fig. 3(b)) is based ona

fundamental-frequency combination of the terminal volt-

ages and currents with Z~ = Z= = 50 Q. This design ap-

proach is effectively analogous to the experimental large-

signal S-parameter method referred to earlier, and correct

practical implementation would require that the external

circuit present a matched load at the fundamental and

each harmonic component of frequency.

Finally, a hybrid parameter-type model is shown in Fig.

3(c). This description requires that the external circuit at

the gate appear as an open circuit at the harmonics, so that

the gate current becomes sinusoidal while the gate voltage

may be nonsinusoidal.

Using the nonlinear analysis program, it is quite

straightforward to devise suitable embedding circuits to

allow determination of the equivalent circuit parameters of

Fig. 3 at a discrete number of amplitudes. Values at other

drive levels may be determined subsequently by interpola-

tion. For example, Fig. 4(a) shows a possible arrangement

for Y-parameter evaluation, and Fig. 4(b) indicates the

R.

E t~

Input
Matching R.
N/W

Fig. 5. MESFET power amplifier configuration.

k-

Fig. 6. Optimized source and load admittances for MESFET amplifier

as a function of input drive level.

computed variation of three of the Y parameters with the

terminal voltage amplitude, at a frequency of 10 GHz.

III. OPTIMUM DESIGN OF SINGLE-FREQUENCY

POWER AMPLIFIER

The general configuration of the single-ended amplifier

considered is shown in Fig. 5, where the MESFET is the

device described in Fig. 1. It is assumed that the external

circuit conditions are required to achieve maximum added

power at a (fundamental) frequency of 10 GHz. The

optimization procedure is discussed in terms of the Y-

parameter model only, since the other cases may be treated

similarly. From Fig. 3(a) the following node equations may

be written:

l,– Y,([V2]). V2= [Y~+y(lvJ)].~1 (1)

–q(vll)”vl= [YO(IV21)+YL]” V2. (2)

A value is chosen for P’l( = IVII), and IV2I is then de-

termined as a root of the nonlinear equation defined by

the magnitude of (2). This allows Vz to be found from (2)

and hence 1~ is obtained from (l). The gain and added

power follow directly. This calculation forms the kernel of

an optimization procedure involving the real and imagi-

nary parts of Y~ and Y~. The voltage VI may be stepped

systematically to obtain an overall maximum added-power.

The optimized source and load admittances as a func-

tion of the input power are sketched in Fig. 6. As would be

expected, the optimized values tend towards the values

determined by the independent small-signal analysis and

indicated by arrows on the diagram, as the input power is

reduced sufficiently.

A number of plots of added-power versus input power

are presented in Fig. 7. The curve labeled “small-signal
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Fig. 8. (a) Circuit for maximum added power (H-model). (b) Drain

waveforms from time-domain simulation.

Fig. 7. Variation of amplifier added-power with input power.

TABLE II

TABLE I

COMPARISON OF MAXIMUM VALURS OF AMPLIFIER ADDED POWER

IKJDCLTYPE OPTIMUM1/7 PREDICTED TIME-DO!441N TIHE-DOK41N
DRIVE LEVEL If&4uN SOLUTION 34LUTION

(~dis] &ed (::$$anmnic
POWER

c{ rcui t)

Y-PARAMETER 23.3 dBm 606 mu 479 M 343 Mn

s-PAW4ETER 25.2 dBm 553 mu 455 mu 416 iA4*

H-PARAMETER 22.2 dBm 525 nu 451 MS 493 Uu

‘Traps used to produce sirmsoidaf terminal voltages.

design” was obtained by a time-domain analysis of the

circuit of Fig. 2(b), and confirms that this circuit is far

from optimal for power operation. The other curves show

the variation in the predicted maximum added-power using

optimization procedures based on the Y-parameter, S-

parameter, and H-parameter modeling approaches. Over-

all, there is fairly good mutual agreement between the

various approaches; however, some differences in dettil

are apparent.

In order to check the predictions of Fig. 7, the time-

domain analysis program was used to simulate the detice
(represented now by its full equivalent circuit of Fig. 1) in

a distributed circuit-matching environment chosen to real-

ize the circuit conditions for maximum added-power gen-

erated by each model. The analysis was continued until

transient effect: had been eliminated, and the input and

output waveforms’ were Fourier analyzed to check ampli-
tudes and phases. The results for added-power are sum-

marized in the last two columns of Table I.

Two variations on this checking procedure are adopted:

in the first, a general circuit of the type shown in Fig. 2(b)

is used, and the results for this case are listed in the third

column of the table. The second variation involves design-

ing a circuit which more nearly presents the circuit condi-

TinwDoinai n Si ml att on I 4 m_bud24
tions at the harmonics required by each type of model

through the inclusion of at most two simple transmission

line filter elements in the external circuit. These results are

shown under the last column of Table I. It is seen that

there is a consistent tendency for the design predictions to

overestimate the simulated added-power somewhat, al-

though generally the agreement between the two is quite

good.

While each of the three models produces broadly similar

results, it is seen from Table I that for the particular case

extined here, a design based on Y characterization pro-

vides a slightly higher added-power from the time-domain

simulation than the other two models, whereas the H

model gives best agreement bet ween design predictions

and time-domain solutions. Fig. 8(a) shows the form of

external circuit used for the H-parameter case, where the

design includes some provision for appropriate harmonic

termination. The waveforms at the drain obtained from -

time-domain simulation ‘are sketched in Fig. 8(b), and

Table II shows good detailed correlation between the

results of this simulation and the predictions of the H-

pardmeter design.

IV. OPTXMUM DESIGN OF BROAD-BAND

POWER AMPIIFIER

The extension of the procedures described in the last

section to broad-band power amplifier design is discu&d
here in terms’ of the Y-parameter characterization only.
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Fig. 9. Intrinsic maximum added-power capability of MESFET ampli-
fied at various frequencies.

The other cases may be treated similarity. The Y parame-

ters are determined at several discrete frequencies so that

they become complex-valued functions of two real vari-

ables (~ ( ~, IVII) etc.), and two-dimensional interpolation
may be used for intermediate values of frequency or ampli-

tude. Before a design specification is defined, it is useful to

assess the intrinsic added-power capability of the device as

a function of frequency. This information is presented as a

chart in Fig. 9, where each curve represents the optimized

added-power as a function of input power based on the

Y-parameter characterization at a given frequency. Lines

of constant gain are also shown.

Two points may be noted here. In the first place, con-

cepts such as “gain” and “available input power” must

generally be used with some care in the broad-band case;

however, for the system considered here (cf. Fig. 5), where

the matching networks are lossless, they effectively retain

their single-frequency meaning. In the second place, a

problem arises with the functional characterization when

the bandwidth exceeds an octave, since, for example, the

Y-parameter model applied at the lower band edge implies
that the external circuit is a short circuit within the upper

band edge, where the second harmonic of the lower

frequency will be found. In practice, this has not been

found to be a serious problem, since it is usually possible

to drive the device less hard at lower frequencies than at
higher frequencies to achieve a specified performance

within a band. Thus, it is normally sufficient to ensure that

the circuit admittance is high in the vicinity of harmonics

of the upper band edge to obtain essentially sinusoidal

terminal voltage across the band.

From the data in Fig. 9, it is possible to infer a realiz-

able gain–bandwidth specification for the device. Using an
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Fig. 10. (a) Example of broad-band MESFET power amplifier design.
(b) Amplifier specification and results.

optimization procedure similar to that described in the

previous section, source and load admittance functions

may be determined, for which a network synthesis may be

attempted. Alternatively, a real frequency matching ap-

proach [8] can be used. For the example given here, a

simple network topology of a cascade of three com-

mensurate lines at input and output is chosen (see Fig.

10(a)), and the six resulting characteristic impedance val-

ues are used as optimization variables.

The specification chosen (with reference to Fig. 9) is for

4 dB of gain at 300 mW output power over the frequency

range from 5 GHz to 15 GHz. The result of the Y-parame-

ter-based optimization is shown in Fig. 10(b) as a broken

line. When the optimized characteristic impedances are

used in the time-domain simulator, the frequency response

shown as a solid line in Fig. 10(b) is obtained, which is
very close to the required behavior. A number of similar

design exercises have been undertaken and checked using

different power levels, gains, and bandwidths, and com-

parable results have been achieved in each case. The

time-domain solution may also be used to check the stabil-

ity of the final design, by establishing that the output

power falls toward zero as the input drive is reduced.

V. CONCLUSIONS

A general approach to large-signal optimization of

MESFET power amplifiers has been described and

evaluated. While some sacrifice in accuracy is required and

circuit conditions at harmonic frequencies must be kept
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under control, very fast and flexible optimizations of nar-

row-band and broad-band power amplifier performance

become possible. Three types of large-signal functional

equivalent circuit have been investigated in a single-

frequency amplifier and their design predictions compared

and validated against a full time-domain analysis.

It maybe noted that in principle it would be possible to

augment each of the models in Fig. 3 to allow for higher

harmonics; however, even including only the second

harmonic would lead to a much more complex device

characterization procedure, while each amplifier solution

would require the solution of a series of nonlinear simulta-

neous equations in six unknowns. The results presented

here show that a fundamental frequency model alone

produces quite acceptable results.

The method has been successfully extended to broad-

band power amplifier design, and may in principle be

readily adapted to multistage amplifiers, balanced ampli-

fiers, or distributed power amplifiers. The method may

also serve as the basis for a MESFET oscillator design

procedure [9].
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