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Abstract —The use of GaAs FET’s under large-signal conditions re-

quires a knowledge of the nonlinear beha~ior of these devices. A computer
program, based on a circuit model with nonlinear elements, has been

developed wfdch provides this information. Results from the computer
model and examples of its use in microwave circuit design are given.

L lNTRODUCTION

T HE DESIGN OF power GaAs FET amplifiers,

mixers, and oscillators can be accomplished more

precisely and easily if the large-signal characteristics of the

active devices are known. In general, it has been difficult to

obtain accurate large-signal parameters for semiconductor

devices, especially at microwave frequencies. Most of the

data available for microwave FET’s have been obtained

experimentally by using some form of active or passive

load-pull measurement method or by measuring large-sig-

nal S-parameters [1]. Since large-signal S-parameters are

an extension of small-signal theory, a linear two-port model

is assumed, which is not entirely valid for nonlinear FET

operation. Also, S-parameters are defined with constant

(usually 50-!J) terminations for the source and load imped-

ances. Thus, the FET is not measured under actual circuit

conditions. The ability to vary the source and load imped-

ances presented to the FET is the main difference and

advantage of load-pull techniques over large-signal S-

parameter measurements. One of the advantages of large-

signal S-parameters is that swept-frequency measurements

can easily be made over wide frequency ranges. However,

load-pull techniques are difficult to implement and require

a significant amount of test time in order to characterize a

single device, although the data obtained simulates the

in-circuit performance of the FET.

A variety of models have been devised to aid in the

understanding of the large-signal behavior of FET’s. These

models range from the original low-frequency model pro-

posed by Shockley [2], which was valid for long gate-length

Si or Ge devices (along with attempts to improve the model

by incorporating velocity saturation effects [3]), to numeri-

cal solutions that solved the partial differential equations

describing the charge transport effects in the FET [4].

These time-domain solutions are inefficient and are not

practical for real-time computations. A significant amount
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of computer time can be saved by approximating the

solutions to the semiconductor differential equations [5],

but adding the effects of arbitrary input and output net-

works, which may be characterized by laboratory

frequency-domain measurements, are difficult in a time-

domain solution. Another, more practical, approach is to

attempt an extension of linear circuit theory to include

nonlinear elements [6].

In this paper, an efficient frequency-domain solution

based on small-signal S-parameters and pulsed 1-V mea-

surements will be presented. This work extends the model

developed by Willing [7], which was solved in the time-

domain, to include the effects of the drain-to-gate break-

down currents and forward gate conduction. Arbitrary

input and output networks that can either be represented

by measured data or computed by a microwave circuit

program, such as SUPER-COMPACTTM [8], are easily

included. Thus, an accurate in-circuit FET performance

can be computed on-line to complement other interactive

analysis methods.

This numerical model also allows the designer to observe

the performance variations of the FET as a function of

bias voltages, drive level, and terminal impedances. Changes

in device characteristics, such as the slice-to-slice variations

of g~, C~~, and breakdown parameters, can also be readily

accommodated in the model so that the production perfor-

mance of the FET can be analyzed on a real-time basis.

Since the model is based on physical measurements, no

knowledge of device geometry or doping profile is re-

quired, and thus any FET can be evaluated using this

model.

By combining this dynamic model with the frequency-

domain characteristics of the terminating networks, the

circuit performance for a typical amplifier, frequency mul-

tiplier, or single-gate FET mixer can be analyzed. Since a

full frequency-domain analysis is conducted and all the

circuit node voltages and loop currents are accessible by

the computer program, any desired parameter can be

calculated. Quantities, such as voltage waveforms, and

performance criteria, such as intermodulation distortion

and compression characteristics, which are sometimes dif-

ficult to obtain by conventional measurement methods, are

easily computed. The effects on circuit gain and power

output due to reflected or absorbed harmonic energy by

the terminating networks can also be simulated.
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Ls I
Fig. L FET circuit model with source and load impedances.

II. CIRCUIT MODEL AND NONLINEAR ELEMENTS

At small-signal levels, the behavior of GaAs FET’s may

be effectively modeled by a circuit with ordinary linear

elements, and the circuit model can be retained for large-

signal conditions if the proper elements are modified to

reflect the nonlinear behavior. In Fig. 1, an equivalent

circuit is shown which was used to model the GaAs FET

with the input and output matching networks. The circuit

model employs both linear and nonlinear elements which

are characterized by measurement or modeling.

The values for linear elements in the model are obtained

in three ways. First, physical measurements provide the

parasitic resistances associated with the FET (R~, RD, R~),
and the inductance values associated with bond wire con-

nections ( L~, LD, L~) are analytically determined. Second,

from a knowledge of the matching circuit topology, an

analysis can be performed on CAD programs, such as

SUPER-COMPACTTM, to provide impedance values (ZS

and Z~) for the signal and harmonic frequencies of i’nter-

est. If desired, the impedance information may also be

obtained from laboratory S-parameter measurements.

Third, a linear model for the FET, consisting of capaci-

tances between the source, gate, and drain ( CG~, CDs, CDG),

an internal charging resistance (RI), linear transconduc-

tance, output conductance, and a time delay (to model the

drain current), is used. The element values in the linear

FET model are found by determining model values which

will produce the best fit to measured small-signal S-param-

eter data for the device.

The greatest contribution to the nonlinear behavior of a

GaAs FET maybe attributed to the variation of the drain

current as a function of gate and drain voltages. Since this

current is the ultimate source of the power delivered to the

output load, it must be expected that deviations from

linear behavior in this current will have the largest effect.

In addition, at the extremes of positive gate voltage and

large positive drain voltage, respectively, the nonlinear

forward-bias gate current and gate-to-drain breakdown

current flow. The effect in both’ cases is to limit the current

delivered to the load and to clip the output voltage wave-

form. Thus, these currents will also affect the gain com-

pression at large-signal levels and contribute to the

harmonic content in the current and voltage waveforms.

In this model, the nonlinear currents ID (drain current),

1~ (forward-bias gate current), and 1~ (gate-to-drain
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Fig. 2. FET drain current characteristics for a 600-pm FET
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Fig. 4. FET forward-bias gate current for a 600-pm FET.

breakdown current), are assumed to be functions of the

instantaneous internal gate voltage VG and drain voltage

V~. This feature allows the use of essentially dc measure-

ments to characterize these currents. Pulsed 1– V measure-

ments may be made on the FET to be modeled, and an

analysis of this data, along with the values of the linear

circuit model elements, allows the calculation of these

nonlinear currents.

As an example of the use of the model, we have chosen

in this paper to examine the application of the model to a

600-pm X0.7-pm gate power GaAs FET. The drain-current

characteristics for this FET are shown in Fig. 2. In Fig. 3,

the gate-to-drain breakdown current characteristics for the

same FET are shown, and Fig, 4 illustrates the FET’s

forward-bias gate current, which is assumed dependent on

V~ only, and exhibits the typical Schottky-diode current

behayior. This information was obtained from 5-KS (gate)

and 2-ps (drain) pulsed 1– V data. The linear elements for

this FET have the values shown in Table L The input and
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TABLE I
600-ym FET LINEAR ELEMENT VALUES

RG = l.lc LG = 0.08 nH

Rs = 1.10 Ls = 0.015 nH

ID = 1.4<1 LD = 0.26 nH

R1 = 2.511 CGs -. 1.0 PF

CDS = 0.15 PF CoG = 0.035 PF

output matching circuits were modeled using SUPER-

COMPACTTM to provide their impedance values for the

signal and harmonic frequencies investigated.

III. NUMERICAL SOLUTION AND MODEL

VERIFICATION

An analysis of the circuit of Fig. 1 using Kirchhoff’s

laws in the frequency-domain results in coupled, complex,

simultaneous algebraic equations, with J& and V~ as the

independent variables. For each Fourier component (de,

signal, and harmonics) there are two complex equations

AVG+WD=C (1)

DV~+ EV~ = F (2)

where

~=1+j@[(Z2+~I)CGS

+ (Zl + Z~)(CG~ + cDG + juR~cGsc~G)l(3)

B =jQ[–(Z1 + zs)cDG+ ‘2CDS1 (4)

C=–(Zl+ Z2+Z~)lG +( Zl+Z~)IB– Z21D+V~

(5)

D = jtJ[ZzCG~ – (Z3 + Z~)(jdtlCG~CD~ + CDS)] (6)

E=l+jLJ[Z2CD~ +( Z3+ZL)(CDG+CGS)] (7)

F=– Z21G–(Z3+ ZL)IB–(Z2+ Z3+ZL)~D+VDD

(8)

and

ZI = RG+ jULG (9)

Zz = R~ i- jaL~ (lo)

23 = R~ + juL~. (11)

The nonlinearity in the equations is contained in the ele-

ments ID, 1~, and IG, which depend on VG and VD.

Equations (1) and (2) define VG and VD only’ implicitly

because of this fact, and the system is best solved computa-

tionally using an iterative technique.

The existence of nonlinear elements in the circuit model

in Fig. 1 complicates the circuit analysis, however. The

linear elements, R ‘s, L’s, and C‘s as modeled within the

FET, are primarily frequency-domain elements. In. the

time-domain, the expressions for inductance and capaci-

tance are no longer simple algebraic quantities, but must

be put in terms of time derivatives and integrals. The same

feature is true for the input and output matching networks,
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Fig. 5. (a) Gate and (b) drain vol~age waveforms at
20-dBm input power.

10 GHz and

where time-domain, expressions for microwave. element cir-

cuits may be very difficult to obtain. Conversely, the

nonlinear elements are functions of instantaneous voltages,

and thus are primarily time-domain elements with no

simple expression (even in. a nonlinear form) in the

frequency-domain. The technique for obtaining a self-con-

sistent solution for the nonlinear circuit must then use

Fourier transforms to alternate between the time- and

frequency-domains.

It should be noted that the nature of the nonlinear

problem required that two common simplifications be

avoided in obtaining a solution. First, one may not restrict

the solutions of the problem to only the signal frequency

[6]. The absence of the higher harmonics in the solution

would mean that the RF part of any current must be a

simple sinusoid. This would seriously violate the represen-

tations of the gate forward-bias and gate-to-drain break-

down currents which must appear as positive, and are

nonzero only in a portion of the voltage cycle. The drain

current characteristics, are also greatly different at the

maximum and minimum values of the current under large-

signal conditions, Thus, a sufficient number of harmonics

must be included in the analysis to adequately represent

the time-dependent b&havior of the nonlinear elements.

The computed effect of the harmonic content at large-

signal levels is indicated in Fig. 5 for the 600-pm FET

described earlier at 10 GHz with an input power of 20

dBm. As can be seen, there is considerable harmonic

content above the signal level, and this may be important

for the designer, depending on the application for which

the FET is used. In practice, we have found that the effects

of the higher harmonics contribute between – 1 dB to + 1

dB to the signal power, and that the shape of the broad-
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band signal output power versus frequency curve under

gain compression is modeled much better when the higher

harmonics are included. Typically, harmonics above the

fourth do not affect the signal output power significantly.

The effect of the higher harmonics is especially important

at the low end of the frequency band of interest because of

complex terminations; but care must be taken in the inter-

pretation of results at the high frequency end. At 2 GHz,

for example, the first three harmonics at 4, 6, and 8 GHz

may well lie within the frequency band being used, but at

18 GHz the harmonics at 36, 54, and 72 GHz maybe high

enough to introduce error due to poor circuit modeling at

these frequencies. Nevertheless, the higher harmonics in the

analysis cannot be excluded without substantial distortion

of the character of the nonlinear elements.

Second, the expression of the nonlinear currents as non-

linear conductance must be avoided. The definition of

such fictitious elements by use of the ratio of the Fourier

current component to the ,Fourier voltage component for

the fundamental and harmonic frequencies

Gn=+
n

(12)

is unjustified, because a nonzero Fourier current compo-

nent need not imply that the corresponding voltage compo-

nent is nonzero. As an example of this, consider a diode-like

element which permits current flow above a certain

threshold voltage, with zero current below the threshold. A

signal voltage at a single frequency can produce spike-like

current flows which have nonzero harmonic content. The

definition of conductance is inapplicable at the harmonic

levels because of the zero values for the voltage harmonics.

In practice, this causes, either large computational errors or

zero divide checks in the solution procedure.

The solution process is illustrated in Fig. 6. To begin the

iterative solution processi an initial approximation to the

solution is made by neglecting the gate forward-bias and

gate-to-drain currents’ and assuming a linear conductance

value for calculating, the drain current. As each iteration is

done, a Fourier transform produces the time-domain VG

and V~ functions, and from these functions the nonlinear

current functions are generated. A Fourier transform then

yields a frequency-domain expression for the nonlinear

elements, and the next solution iteration proceeds. Finally,

the accuracy of the solution is determined by examining

the circuit’s current and voltage values for consistency with

Kirchhoff’s laws.
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The 600-pm FET (described in the previous section)

with input and output matching networks was measured

for gain and output power using an automatic network

analyzer at the l-dB gain compression point, and the data

was used for comparison with the large-signal model. Fig. 7

shows the measured and predicted output powers in de-

cib-els referred to 1 mW for the l-dB gain compression

point of the operating FET in the 8–18-GHz band, and

Fig. 8 shows the measured and predicted gain values at the

l-dB gain compression point for the same frequency range.

For the comparison shown, three harmonics above the

signal frequency have been used in the analysis. The com-

parisons show a good correlation (less than 0.7-dB average

deviation over the band with a maximum of 1.3 dB), and

the differences may be at least partially attributed to
measurement errors and the fact that some losses (notably

radiation loss in the matching circuits) have not been

included in the model, In Fig. 9, a plot of computed output

versus input power is shown at the 1O-GHZ frequency,

which illustrates the deviation from linearity at high input

power levels.
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Fig. 10.

(a)

(b)

Constant power contours at l-dB gam compression at (a) 8 and
(b) 16 GHz.

IV. RESULTS AND APPLICATIONS

As mentioned earlier, one of the most difficult parame-

ters to obtain from either load-pull measurements or

large-signal S-parameter measurements is the optimum load

impedance. Since this impedance is dependent on drive

level, de-bias conditions, and source impedance, an accu-

rate impedance value is difficult to determine from mea-

surement; but, it can be easily determined using the large-

signal model. This impedance, which may vary greatly

from the conjugate small-signal FET output impedance, is

a function of frequency and is the impedance that must be

presented to the FET in order to obtain maximum output

power. However, it is usually very difficult or impossible to

synthesize an output load network that can present the

FET with the optimum impedance over very large band-

widths. If constant power and gain contours are calculated

for a sufficient number of frequencies throughout the band

of interest, an output circuit may be synthesized which

optimizes the resulting amplifier’s power output and gain
performance. The resulting FET and output circuit can

now be analyzed so that the required input network for a

particular amplifier can be synthesized. The total amplifier

performance can then be computed.

Typical constant power contours for the 600-pm power

FET for two frequencies are shown in Fig. 10. It should be

noted that these contours become smaller with increasing

frequency due to the performance degradation of the FET.

These contours are also a function of dc bias, drive power,

and harmonic terminations. The contours shown in Fig. 10

represent the optimum load impedance for the FET biased

at 60 percent of 1~~~ and driven at the l-dB gain compres-
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Fig. 11. Dynamic operating path at 20-dBm input power at 10 GHz.

sion point. With the impedance and gain data available,

single or multistage amplifiers can be accurately designed.

Since all the loop current and node voltages within the

circuit model are calculated by the computer program, the

gate and drain voltage waveforms as well as the gate–drain

transfer characteristics can easily be plotted. The gate and

drain waveforms are illustrated in Fig. 5 and the dynamic

operating path for the 600-pm FET (at l-dB gain compres-

sion) is shown in Fig. 11. By examining these waveforms,

the de-bias conditions required to establish a particular

class of amplifier operation (A, B, etc.), or to maximize the

power output, can be determined. In addition, information

concerning the harmonic distortion of a typical amplifier

can be gained. For instance, if the drive power and operat-

ing point are adjusted so that the drain voltage waveform is

symmetrically clipped (square wave), the second harmonic

output can be minimized. Conversely, if the drive power,

operating point and load-line are adjusted so that an RF

half-cycle is reproduced at the drain, the resulting amplifier

stage can be used in the design of push-pull amplifiers or

balanced multipliers. It should be noted that push-pull

Class B amplifiers at microwave frequencies are ‘con-

structed with 180° power dividers or baluns so that a full

RF cycle is present at the output port. Somewhat higher

values of the load impedances must also be presented to

the FET so that reasonable values of power gain are

obtained.

Because of the efficiency of the solution technique, the

model could be extended to include multiple FET’s and

their associated input, interstage, and output networks to

form multistage models. Composite circuit performance

can then be calculated or an optimization technique can

adjust the external circuit values to obtain a predescribed
amplifier performance.

V. CONCLUSIONS

Due to the stringent requirements imposed on modern

microwave components, the use of nonlinear modeling to

aid in the design of power FET amplifiers, mixers, and

oscillators is imperative. The model presented in this work,

which was developed from physical measurements, and

linear and nonlinear circuit tliem-y, accurately predicts the

large-signal behavior of power FET’s. Although this solu-

tion method is primarily carried out in the frequency-

domain, it is efficient and well suited for computer-
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aided interactive design and analysis. Because of the

frequency-domain treatment, measured or computed S-

parameter representations of any desired input or output

network can be included in the total circuit model. The

actual in-circuit performance of any FET may be simu-

lated, thus allowing the designer to better understand the

problems of device fabrication and high-volume compo-

nent manufacturing.

Similar performance information can be obtained from

load-pull techniques, but the FET evaluation and dynamic

circuit measurements required are time consuming and

tedious. Any changes in circuit bias conditions or drive

power can only be incorporated in new circuit design by

recharacterizing the FET. However, parameters such as

intermodulation distortion, optimum load impedances,

compression characteristics, harmonic content, and circuit

gain at any bias condition can be calculated quickly with

the nonlinear model described there. Thus, considerable

time and effort can be eliminated in the design of modern

microwave components.

ACKNOWLEDGMENT

The authors gratefully acknowledge the important assis-

tance in device measurement and in the verification of the

model provided by S. McCarter, S. Nelson, and C. Palmer.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

REFERENCE5

R. S. Tucker, “RF characterization of microwave power FET’s/’
IEEE Trans. Microwave Theory Tech., vol. MTT-29, pp. 776-781,
Aug. 1981.
W. Shockley, “A unipolar ‘field-effect’ transistor,” Proc. LW, vol.
40, pp. 1365-1376, NOV. 1952.
P. L. Hewer and N. G. Bechtel, ” Current saturation and small-signal
characteristics of GaAs field-effect transistors,” IEEE Trans. E/ec-

tron Devices, vol. ED-20, pp. 213-220, Mar. 1973.
M. Reiser, “A two-dimensional numerical FET model for dc, ac, and
large-signaf analysis: IEEE Trans: Electron Devices, vol. ED-20, pp.
35-45, Jan. 1973.
A. Madjar and F. J. Rosenbaurn, “A large-signal model for the GaAs
MESFET.” IEEE Trans. Microwave Theorv Tech., vol. MTT-29 PD.
791-788, ‘Aug. 1981.

. .

Y. Taiima. B. Wrona. and K. Mishima. “ GaAs FET lame-siznaf.. -.
model and’ its application to circuit designs,” IEEE Trans. Electron
Deuices, vol. ED-28, pp. 171-175, Feb. 1981.
H. A. Willing, C. Rausher, and P. de Santis, “A technique for
predicting large-signal performance of a GaAs MESFETfl IEEE

Trans. Microwaue Theory Tech., vol. MTT-26, pp. 1017–1023, Dec.
1978.
COMSAT General Integrated Systems, Inc., SUPER-COMPACTUser
Manual, 1982.

Darrell L, Peterson was born in Reno, NV, in
1952. He received the B.S. degree in physics from
the California Institute of Technology, Pasadena,
CA, in 1974, and the Ph.D. degree in physics
from Brigham Young University, Provo, UT, in
.1982. In his doctoral research, he investigated the
equilibrium and stability of a plasma in a mag-
netic fusion confinement device.

He joined Texas Instruments in 1982, and is a
Member of the Technical Staff of the Microwave
Laboratory. At Texas Instruments, he has been

responsible for developing nonliriear device models and programs for
computer-aided design and analysis.

*

Anthony M, Pavio, Jr. (S’70-M’72) was born in
Waterbum. CT. in 1949. He received the B.S.E.
and M. S~E.E. degrees in electrical engineering
from the University of Connecticut, Storrs, in
1971 and 1972, respectively, and in 1982 received
the Ph.D. degree in electrical engineering from
Southern Methodist University, Dallas, TX.

From 1972 to 1974, he was employed as a
‘Design Engineer at Raytheon Co., where his
tasks included the design of broad-band stnpline
components, antennas, and power hi-polar

amplifiers. During 1974 to 1979, he was employed at Rockwell Interna-
tional as a Senior Microwave Design Engineer, where his duties included
the RF design of communication satellite receivers. He is currently
employed as a Senior Member of the Technicaf Staff at Texas Instru-
ments, where he is responsible for computer-aided microwave design and
EW component development.

Bumman Kim (S’77-M78) received the B.S. de-
gree in electronics from Seoul Nationaf Univer-
sity, Seoul, Korea in 1972, the M.S. degree in
electrical engineering from the University of
Texas at Austin in 1974, and the Ph.D. degree in
electrical engineering from Carnegie-Mellon Uni-
versity, Pittsburgh, PA, in 1979.

From 1978 to 1981, he was engaged in
fiberoptic component research at GTE Laborato-
ries, Inc. He joined the Central Research Labora-
tories of Texas Instruments in 1981. Since then,

he has been involved in the development of GaAs power FET’s and

monolithic ficrowave integrated circuits.

Dr. Kim is a member of ,Sigma Xi and KSf2%


