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Design of Broad-Band GaAs
FET Power Amplifiers

CHRISTEN RAUSCHER, MEMEtER, IEEE, AND HARRY A. WILLING, ~MBER, IEEE

Abstract-A direct systematic approach to designing broad-baud GRAS

FET power ampfiiiers for optfmrrm large-sigsurf gain performance is de-

scribed. Assets of tbfs approach inclnrfe its accuracy in predicting large-

sigoaf amptiiler performance and its basic simplicity. ‘l%e implementation

of the tecbniqne k facilitated by having to measure large-signaf device

bebavior at only one single frequency. The practicability of the method is

demonstrated through eomparismrs between measured and predicted re-

Sok.

1. INTRODUCTION

M ICROWAVE GaAs FET’s are being used exten-

sively in a wide variety of circuit applications. One

of their prominent uses is in large-signal quasi-class-A

amplifiers. This paper describes a systematic design proce-

dure for optimizing broad-band gain performance in such

amplifiers [1]. Principal assets of the approach are its

accuracy in predicting amplifier response at elevated gain

compression levels and its simplicity. The simplicity of the
method is attributed to the use of a special circuit-type
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model to describe large-signal device performance. The

principal function of the model is to cast device perfor-

mance characteristics into an easily manageable format

which ultimately permits the nonlinear circuit design

problem to be solved efficiently with existing linear

synthesis techniques. The derivation of the model proves

to be remarkably simple by itself, based solely on large-

signal device information obtained experimentally at a

single reference frequency, Important to the practical

significance of the method is, of course, that its underlying

simplicity not stand in the way of accurately predicting

large-signal amplifier performance. This is accomplished

by focusing on the device nonlinearities that control power

gain behavior, and by limiting design considerations to

amplifier performance at a designated fixed output power

level spec~ied by

A. Basic Design

the particular application.

II. THE METHOD

Philosophy

The design objective is to achieve maximum flat gain

across the frequency band of interest with the transistor

U.S. Government work not protected by U.S. copyright



RAUSCIiSR AND WLLLING: DESIGN BROAD-BAND (k% FBT POWER AMPLIFIERS 1055

‘t”:‘=-”
I

I I
I I

R, I

Fig. 1. Circuit-type model of a GaAs MESFET.

operating at a prescribed nominal RF output power level

~o~. Focus, thereby, is primarily on fundamental-P

frequency effects. The basic strategy adopted in the pre-

sent approach is to aim for broad-band conjugate match

at the transistor output, while essentially relying on the

input matching circuit to neutralize the intrinsic gain slope

of the device.
Establishing conjugate matching conditions at the out-

put intuitively appears to be the obvious choice, knowing

that nonlinear device-circuit interaction in amplifiers is

predominantly associated with the drain-source port of

the device [2]–[5]. This choice does, indeed, constitute a

viable assumption in the present context by providing the

basis for the conceptual simplicity of the technique to be

described without compromising the design objective. For

the sake of completeness it should be noted, nevertheless,

that a certain degree of design flexibility exists at the

lower passband frequencies where excess gain is available.

By introducing appropriate mismatch at the output, this

flexibility can theoretically be used to improve gain band-

width performance, or to improve linearity at the low end

of the band over that achievable at the high end. The

technique can be readily generalized to encompass these

possibilities. This option, however, has generally relatively

limited practical value and is hence not given further

consideration here.

The key to simplicity and numerical efficiency of the

design procedure is the use of a large-signal model repre-

sentation of the device which is compatible with standard

frequency-domain synthesis techniques. The derivation of

the model and its underlying justification are discussed in

the following.

B. Large-Signal Device Model

The topology assigned to the circuit-type device model

is shown in Fig. 1 and is similar to the basic configuration

associated with the quasi-static nonlinear model reported

earlier [4], [5]. Unlike the generalized cases addressed in

those investigations, only the transconductance GM and

the output conductance Go need to be considered nonlin-

ear elements in the present context. The validity of this
working assumption has been confirmed earlier through

numerical sensitivity analyses of large-signal effects in

quasi-class-A amplifiers in which GM and Go have been

identified as being predominantly responsible for these

effects.
According to [5], the combined currents through cur-

rent generator and output conductance can be expressed

in the form

iGoM(t) =iGoM(ol(t– T), vz(t)) (1)

with the para~meters defined in Fig. 1, and the time delay ~

included for generality. The relationship is constrained by

the requirement to approximate conjugate output match-

mg conditions within the pas~band Vet- ~. -, 1.: ~-- ~1

[~~, UB], thus (Fig. 1)

{ ‘%}%”aA<a<’”BIm{Yz(ti)}=Im –

(2)

Relation (2) can be interpreted as defining a frequency-

dependent load-line in the dynamic 1-V characteristics [5]

associated with the time-invariant expression (1). Due to

the load-line constraint, the voltage variables Vi(a) and

V2(U) become interrelated. This allows the device nonlin-

earities to be expressed, for instance, solely in terms of the

variable Vz(ti ).

From a practical point of view, it would be more

convenient tc) work with a quantity that can be readily

measured, such as the RF power POUT delivered to a

matched load, rather than with the intrinsic voltage V2(W).

The two variables V2 and Pom are, however, closely

linked to each other. Assuming perturbations in Pou~(@)

due to parasitic feedback and losses in source and drain

lead resistances to be small relative to POU.JU), and with

POUT(0) required to be in the vicinity of its specified

nominal value P~oM, the approximate relationship

may be used. For a broad-band conjugate match at the

output, the proportionality factor a(a) can be regarded as

essentially constant, thus permitting the device nonlineari-

ties to be expressed in terms of P~oM with the current

I ~M written as

IwM(~)= V1(~)eJ’’’’. ~M(P~oM)+ V2(U)”~o(pNoM).

(4)

Symbols ~~ and Go stand for the effective large-signal

values of tramsconductance and output conductance, re-

spectively. It is important to note that these values are

defined as frequency-independent quantities and are only

functions of the design-invariant PNOM.

With introduction of relationship (4), the initial nonlin-

ear synthesis problem is reduced to a linear design task to

which conventional frequency-domain techniques can ‘be

applied. Crucial to the viability of this approach is that

the linearized relation (4) is not only valid for conjugate

output matching conditions, but also provides a good

working approximation for near-conjugate conditions as
occur in practical amplifiers. This follows from the fact

that the incremental sensitivity of POUT with respect to

changes in load impedance vanishes by definition for a

conjugately matched output.

Determination of the complete large-signal model, and

the values of ~M(P~oM) and ~o(PNoM ) in particular,
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Fig. 2. Effective large-signat transconductance ~~ and output conduc-
tance Go for a single cell of an Avantek low-noise M 110 deviee. (Gate
length: 0.5 pm; gate width: 375 &m; Z~~~ at V~~= +3 V: 105 mA;
bias voltages: V~~= – 1 V and V&= +3 V).
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Fig. 3. ~ffective large-signal transconductance ~~ and output conduc-
tance Go for a Texas Instruments medium power device. (Gate length:
1.0 pm; gate width: 300 pm; Z~~~ at t’~~= + 6 V: 80 mA; bias
voltages: Ve~ = – 2 V and VD~= + 6 V).

starts out by finding the small-signal values of the ele-
ments in the topology given in Fig. 1. This is accom-

plished by fitting the model, in the standard fashion, to

small-signal device S-parameters measured with respect to

the bias point to be employed in the final amplifier. The

small-signal values of ~~ and Go are subsequently reopti-
mized in order for the modified linear model to accurately

represent the large-signal gain performance of the device

for optimally matched conditions at the output over the

entire frequency band of interest. The refitting process

calls for little additional numerical effort, as it merely

involves a circuit optimization with two real variables. It is

/
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Fig. 4. ~ffective large-signal transconductance ~~ and output conduc-
tance Go for a Texas Instruments power device. (Gate length: 1.7 pm;

gate width: 600 pm; Z~~S at V~~ = +6 V: 140 mA; bias voltages:
V~~=-2V and V~~=+6V).

important to note that — due to the frequency-

independence of ~~( P~o~) and GO( P~o~)—the reopti-

mization of the model need involve only a single reference

frequency. This frequency may be selected arbitrarily, in

principle, but for practical considerations is normally cho-

sen to lie within the band of interest. The large-signal

information utilized in the reoptimization process consists

of the load impedance value for conjugate match and the

associated gain measured at the selected frequency, with

the device operating at the designated nominal output

power level l’~o~. The simple measurement task can be

performed, for instance, with an experimental setup simi-

lar to the one described in [5].

C. E~perimental Verification of the Model

Parameters for the linearized large-signal model have

been determined as described for three individual devices

of appreciably differing physical and electrical character-

istics. The devices subjected to detailed investigation are

a) one cell of an Avantek low-noise Ml 10 device with a

0.5-pm X375-pm gate geometry, b) a Texas Instruments

medium power transistor with a 1.O-pm X 300-p m gate

geometry, and c) a 600-~m power device, also from Texas

Instruments, with a gate length of 1.7-pm. The effective

large-signal values of ~~ and GO have been evaluated for

these devices as functions of power delivered to a matched

load, For the purpose of illustration, these values have

been determined for a wide range of output power levels

POUT as depicted in Figs. 2–4. (It should be emphasized,

however, that when designing an amplifier for a specified

nominal output power level P~oM only one particular

point on each of the curves is required.) Except for

operation at very high gain compression, the values of Go
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Fig. 5. Gain versus output at 8.5 and 12.0 GHz for one cell of the
Avantek Ml 10 device, input port untuned. – o — o – Measured re-
sponse. – .– .– Predicted response, coincides with measured respome
at 8.5 GHz. ––- Exponential approximation to 8.5-GHz response.

prove to be considerably more sensitive to drive level than

the corresponding values of ~~. Gain saturation effects

for the chosen bias conditions are thus seen to be associa-

ted primarily with nonlinear behavior of the output con-

ductance.

Figs. 5-7 serve to demonstrate the ability of the model

to predict large-signal gain performance at frequencies

remote from the reference frequency used in the modeling

process. This ability distinguishes the current technique

from linearization schemes, such as the one employed in

[6], which basically applies to only one frequency at a

time. The inherent broad-band aspect of the present ap-

proach is illustrated by comparing model-predicted large-

signal gain behavior to measured device data. The input

of the device was deliberately left untuned (50-L? system)

for this comparison in order to simplify the acquisition of

reliable measurement results without affecting the rele-

vance of the comparison. The uppermost solid-line curves

in Figs. 5– 7 represent the gain responses of the three test

devices versus output power delivered to matched loads at

the chosen reference frequency of 8.5 GHz. Measured and

predicted points coincide by virtue of the modeling pro-

cess carried out for a representative number of discrete

power levels at that frequency. (The approximations to the

8.5-GHz responses indicated with broken lines are dis-

cussed in Section II-D.) Without further modifying the

parameters of the individual models, they were subse-

quently used to predict large-signal gain at the upper end

of X-band. The two lower curves in Figs. 5– 7 demonstrate

close agreement between these predictions and corre-

sponding experimental data.
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Fig. 6. Gain versus output power at 8.5 and 12.5 GHz for the Tezas
Instruments 1.O-pm device, input port untuned. –. — 0- Measured
response. – .–. - Predicted response, coincides with measured re-
sponse at 8.5 GHz. ––– Exponential approximation to 8.5-GHz
response.
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Fig. 7. Gain versus output power at 8.5 and 12.0 GHz for the Texss
Instruments 1.7-pm device, input port untuned. – . —. – Measured
respon8e. – .– .– Predicted response, coincides with measured re-
sponse at 8.5 GHz. ––– Exponential approximation to 8.5-GHz
response.

The reliability and consistency of the predictions serve

to further confirm the validity of the basic assumption

that device nonlinear performance in amplifiers can be

accurately :modeled with nonlinearity confined to trans-

conductance and output conductance. It is believed that

this observation represents a characteristic typical of C~aAs

FET’s in general, as it equally applied to all three devices

investigated, originating from two different manufacturers
and spanning the range of gate lengths from 0.5 to 1.7 pm.

In defining the nonlinear model element values as func-

tions of RF power, special care has been taken to assure

the accuracy of the performed load pull measurements as
well as to realistically assess device parasitic. It is cau-
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tioned that without such assurance erroneous conclusions

are likely to result, leading to an apparent necessity to

generalize the model by introducing additional nonlinear

elements, such as a nonlinear output capacitance.

The dependence of device input reflection coefficient

on drive level was also investigated. It was found that the

model with its two nonlinear elements at the output

provides correct predictions of this dependence. Varia-

tions in input reflection coefficient, which are generally

relatively small, are due to feedback effects and are di-

rectly linked to the variation of transconductance and

output conductance with drive level.

D, Choice of Nominal Output Power Level

The large-signal model is derived on the assumption

that amplifier performance is to be optimized relative to a

specified nominal output power level P~oM. This value is

generally determined by large-signal gain requirements,

such as limits imposed on gain compression. Tradeoff

considerations are easily dealt with on the basis of mea-

sured output power delivered to a conjugately matched

load versus input power at the highest passband frequency

@B, with Figs, 5– 7 serving as examples,

An alternate approach is to bypass most of the experi-

mental effort by relying on an empirical relationship [7]

for estimating gain 17as a function of drive level P1~:

P
r(~l~)~p.

{(
1– exp – + . I’PI~A

)}
(5)

IN MAX u=loB

where PM= denotes the maximum available saturated

output power. Unlike other empirical expressions investi-

gated in the present context, relationship (5) provides an

astonishingly good fit to measured data as indicated by

the broken lines in Figs, 5–7. It has also been found that

for obtaining a rough initial estimate of device gain com-

pression characteristics, the value of PM= in (5) may be

approximated

P
21

MAX= — “ — “ v:~mm

W2 RLL

(6)

where R~~ is the resistance of the load line that yields

maximum current-times-voltage swing in the lD~– V~~

plane, and VD~~aXis the associated maximum peak-to-peak

(square-wave) voltage swing.

III. AMPLIFIER EXAMPLE

As outlined in the previous section, the large-signal

model forms the foundation of the present approach.

Once the model has been defined, the design of the
amplifier, employing classical linear synthesis techniques,

is straightforward. To further illustrate the usefulness of

the method, it has been applied to the design of an 8- to

12-GHz power amplifier. The 1.O-pm device from Texas

Instruments referred to earlier has been used in this

amplifier. The design was intended to provide power gain

in excess of 5 dB across the band at an incident power

level of +15 dBm. The input and output matching net-

works are composed of five and four distributed micro-

Fig. 8. Example of an 8- to 12-GHz GaAs FET amplifier designed for

optimum large-signal gain performance.

‘t

I (b]

~

FREQuENCY (GHz]

Fig. 9. Gain performance of the 8- to 12-GHz GaAs FET power

amplifier (a) Small signal. (b) Incident power level of +15 dBm. —
Measured ---- Predicted.

strip elements, respectively. The implementation on a

0.635-mm (25-rnil) thick alumina substrate is shown in

Fig. 8. In order to avoid potential sources of uncertainty

in interpreting experimental results, external bias circuits

were used.
The comparison between measured (untweaked) and

predicted gain performance of this amplifier is given in

Fig. 9 for both small-signal and large-signal operation,

Although they are no real concern, the minor discrepan-

cies at the small-signal level were, nevertheless, investi-

gated more closely. It was found that these deviations

were largely due to the imperfections associated with the

SMA connectors used in the coaxial to microstrip adap-

tors. It is interesting to note that similar deviations are not

observed at the higher drive level. This is attributed to the

point stated earlier, namely that the performance of the

optimum large-signal design is insensitive to perturbations

of the terminating impedance values.

Curve (a) in Fig. 10 shows the measured saturation

characteristics of the amplifier at 12 GHz. The dot on the

curve indicates the nominal large-signal operating point

for which the amplifier was designed. Curve (b) represents

the measured characteristics of the same amplifier with its
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Fig. 10. Gain compressionas a function of output power measuredat
12 GHz. (a) Responseof the 8- to 12-GHz amplifier optimized for
large-signalperformance. (b) Responseof the sameamplifier, but with
its output circuit retuned externalityfor maximum small-signal gain.

output port retuned for maximum small-signal gain. The

retuning of the output was simulated with the aid of an

external tuning arrangement [5]. This experiment quanti-

tatively illustrates the reduction in large-signal gain which

would result if achieving the nominal output power level

had been attempted with only a small-signal design.

IV. CONCLUSIONS

A systematic procedure has been described for design-

ing GaAs FET power amplifiers for optimum large-signal
gain performance. The technique has been applied,

specifically, to broadband quasi-class-A circuits. The

principal merits of the method include remarkable sim-

plicity and numerical efficiency of the overall design

procedure, reliability in predicting large-signal amplifier

performance, and the need to acquire experimental large-

signal data only at one particular frequency. The viability

of this approach has been verified through various com-

parisons between measured and predicted results for three

individual devices exhibiting considerably differing

geometries and electrical characteristics.

ACKNOWLEDGMENT

The authors wish to thank Dr. H-Q. Tserng of Texas

Instruments, Inc. and Dr. M. Omori of Avantek for kindly

providing the devices used in this study, and Dr. B. E.

Spielman and IR. E. Neidert for their helpful suggestions.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

REFERENCES

C. Rauscher and H. A. Wiiiing, “A new approach to designing
broadband GaAs FET amplifiers for optimum large-signaf gain
performance: in Proc. 9th Eur. Microwaoe Conf., pp. 287–290,
1979.
F. N. Sechi and R. W. Pagiione, “Design of a high-gain FET
amplifier operating at 4.4-5.0 GHz,” IEEE J. So/id-State Circuits,
vol. SC-12,pp. 285–290, June 1977.
J. W. Monroe, J. G. de Koning, W. M. Keiiy, and H. Tokuda,
“Spot compressionpoints with equai-gain circles,” Microwaves, vol.
16,pp. 60-77, Oct. 1977.
H. A. Wiiiing, C. Rauscher, and P. de Santis, “A technique for
predicting large-signal performance of a GaAs MESFET: IEEE

Trans. Microwave Theoy Tech., vol. M’IT-26, pp. 1017–1023,Dec.
1978.
C. Rauscher und H. A. Wiiling, “Simulation of noniinear micro-
wave FET performance using a quasi-static model,” IEEE Trans.
Microwaue Th,eoty Tech., vol. MTT-27, pp. 834-840, Oct. 1979.
K. L. Kotzebue and E. R. Eiders, “Simple model of large-signal
properties of 1 W FET at 5 GHL” Electron. Lett., vol. 15, pp.
237-238, Apr. 197’9.
K. M. Johnscm,“Large signal GaAs MESFET oscifiator design
using large-signaf S-parameters: IEEE Trans. Microwaoe Theory
Tech., vol. MIT-27, pp. 217–227, Mar. 1979.

Power Combining Ladder Network
with Many Active Devices

KIYOSHI FUKUI, MEMBER, IEEE, AND SHIC+EJI NOGI

Abwraet—llda paper presents a tboretieaf treatment of a fine array of ahown that this system can provide output power just equaf to the sum of

van der Pol osciifators mntoaify coupled by inductmwx and coooeeted to a the avafiable powers from aff active devices @en it operatea at the fiit

load (i.e., a muitipbxievice ladder oacifiator) aiming to investigate its mode. In the case where the optimum load ta connected at an end of the

puwer-cmabif capahiity. A mode artaiysis approach is ua@ and it is iadder stroctorq some stabie modes otiter titan the fff mode existj but no
stable simuitanemw muitimodes are found. A method for suppressing

Manuscript receivedJanuary 11, 1980; revisedJune 12, 1980. ondesired modes is dkosaed. A dfstributed-ffne coupied iadder structure is

The authors are with the Department of Electronics, Okayama Uni- aisa treatedto give a timreticaf basis for iwdiding a microwave muttipk
versity, Tsushima-Naka 3-1-1, Okayama, Japan 700. device iadder osefitator.

0018-9480/80/ 1000- 1059$00.75 @1980 IEEE


