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Minimization of Intermodulation Distortion
in GaAs MESFET Small-Signal Amplifiers

ANDREA M. CROSMUN, MEMBER, lEEE, AND STEPHEN A. MA.AS, MEMBER, IEEE

Abstract —This paper examines the dependence of third-order intermod-

rdation dktortion on the source-reflection coefficient, r,, as a function of

frequency in an amplifier designed according to available-gain criteria. By

means of a numerical formulation of the Volterm series, a complete

equivalent circuit of the FET can be used, and intermodulation calculations

include all feedback effects. We show that the sensitivity of IP3 to r,

decreases with increasing frequency and can be related to the MESFET’S

stability.

I. INTRODUCTION

M ICROWAVE GaAs MESFET devices are used as

amplifiers in a variety of linear applications. How-

ever, nonlinear properties of the MESFET’S can cause two

or more signals applied to the device simultaneously to

produce intermodulation (IM) distortion. This distortion

has important effects on system performance, particularly

in broad-band communication systems. Thus, minimiza-

tion of IM distortion is often a critical requirement.

In this paper we show how the IM performance of a

small-signal amplifier can be optimized when the amplifier

is designed according to available-gain criteria. In this

process the MESFET’S output is conjugate-matched and

its input is mismatched to obtain a specified value of gain.

We choose this method because i.t generally results in

better dynamic range than do other options; these options

are (1) matching the input and mismatching the output or

(2) simultaneously matching both the input and output

(which, in many cases, is impossible). In available-gain

design the value of source impedance that provides the

desired gain is not unique and can be selected to optimize

IM levels.

In many cases the IM intercept point [1] is a valid figure

of merit for IM performance. To obtain the intercept point

one must first be able to predict third-order intermodula-

tion products, which result from the nonlinearities in the

circuit. Other researchers have attempted to model nonlin-

earities in GaAs FET’s by using the harmonic-balance

technique [2]–[4] or specialized, approximate techniques

[5]. The Volterra series has also been used to analyze

nonlinear distortion in MESFET’S [6]–[9]; however, much

Manuscript received December 8, 1988; revised April 20, 1989. This
work was supported by the U.S. Air Force Space Division under Contract

F04701-88-C-0089.

The authors are with the Aerospace Corporation, P.O. Box 92957, Los

Angeles, CA 90009. ~
IEEE Log Number 8928995.

of this work employs simplifying, approximations that re-

duce accuracy. For example, in the work by Gupta ef al.

[6] the second-degree terms in the Volterra-series expan-

sions were set to zero. However, these second-order prod-

ucts have an effect on the third-order products and

therefore must be taken into account. Minasian [7] and

Lambrianou et al. [8] employ simplified, unilateral equiva-

lent circuits of the MESFET.

These simplifying assumptions are employed to ease the

painfully difficult task of generating Volterra kernels in

algebraic form. In this work, however, we circumvent such

limitations by calculating the kernels numerically; thus, no

such simplifying assumptions are necessary, and we can

use a complete equivalent circuit of the MESFET. Further-

more, we include the effects c~f all of the MESFIET’S

feedback elements; these effects have not been examined

previously. Because Volterra-series analysis operates en-

tirely in the frequency domain, is noniterative, and re-

quires no convergence process, it is highly efficient and

thus is a practical technique for circuit optimization [1.0].

H. MC)DELING THE MESFET

This work is based on the packaged Avantek AT1065O-5

MESFET, a 0.5X 250 pm2 device that is similar in struct-

ure and performance to many commercial Ku-band MES-

FET’s. The MESFET chip and its package are modeled by

a lumped-element equivalent circuit in which three ele-

ments— the gate-to- scurce capacitance, drain-to-source re-

sistance, and controlled current source— are nonlinear.

The modeling process is performed in two steps: first, the

equivalent circuit’s linear elements are determined and the

characteristics of the nonlinear elements are measured. The

dependence of the nonlinear ellements on voltage is ex-

pressed via Taylor-series expansions of their current/volt-

age (1/ V) or charge,/voltage (Q/V) characteristics i]n the

vicinity of their bias points.

The FET’s used in this work were taken from a common

fabrication lot. S-parameter data were measured from 45

MHz to 17 GHz, and several FET’s having nearly identical

S parameters and 1/P’ characteristics were selected. The

high-frequency data covering the range from 2 to 17 GHz

were obtained with the transistor biased at a drain vc,ltage

of 3.0 V and drain current of 20 mA. The low-frequency S

parameters were used primarily to model the drain-to-
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Fig. 1. Linear lumped equivalent-circtut model of

AT1065O-5 MESFET.
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Fig. 2. Measured S parameters of the AT1065O-5 MESFET at 3 V, 20

mA bias over the 2–14 GHz range. The solid line represents measured

data; the dotted line shows the ,S parameters calculated from the

model in Fig. 1.

source conductance, Gd~; therefore these were obtained at

several bias points near this operating point.

The equivalent-circuit elements were derived from a

combination of dc and RF S-parameter measurements.

Low-frequency Y parameters were used to obtain initial

values for some of the elements, and the transconductance

was derived from dc measurements. The resistances of the

source and drain ohmic contacts were also derived from dc

measurements by means of a method similar to that of

Yang and Long [11], and modified by Fukai et al. [12].

The small-signal linear circuit was then optimized to fit the

measured high-frequency S parameters. When an adequate

fit to the S parameters was attained, techniques to model

the nonlinear elements were employed. The complete model

was simply a superposition of the nonlinear elements onto

the linear model. The final circuit topology chosen to
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Fig. 3. Nonlinear equivalent circmt of the MESFET in the vicinity of
the 3 V, 20 mA bias point, The IJ,,~ coefficients are UI = 0.041,

U2 = 0J317L a3 = –0.0145: Ld,~ coefficients are bl = 00030. fJ2 =
3.09.10-4, b~ = 3.99.10-5; to = 0.54 V, C, is modeled as an
ideal Schottky-barrier capacitance: C;, (0) = 0,3$1 pF and its dc bias is

– 0.544 v,

model the packaged device is shown in Fig. 1, and the

measured S parameters are compared in Fig. 2 to those of

the model.

Modeling the nonlinear transconductance and drain-to-

source resistance involves some subtleties. These two ele-

ments are derived from a single nonlinear drain-current

source, Id ( V~, V~), that is controlled by two voltages. In

the small-signal case, this current source must be repre-

sented by a two-dimensional Taylor series. The small-sig-

nal incremental drain current, id ( Vg, Ud), is

where V~Oand VdO are the bias voltages and Ug and Ud are

the incremental gate and drain voltages, respectively, as

shown in Fig. 3. In the linear equivalent circuit, the drain

current is expressed by the linear terms in (1): thus

(2)

or

‘d(”g, ud) ‘gm(vgo, vdo)~g+ Gds(vgo, vdo)ud (3)

and the small-signal drain current can be modeled by

means of a pair of separate elements, the controlled source

g~ and the controlled conductance Gal,,.

In the nonlinear case the controlled source and conduc-

tance are traditionally modeled as two separate nonlinear
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elements, each controlled by a single voltage; thus

~d(ug>ud)=zd,g(ug)+~d,d(ud) (4)

where

~d,g(~g)= slug + a,uj+u,uj (5)

and

i~,~(u~) = blv~ + b2u~ + bqv~. (6)

The an and b. coefficients are the il ‘1~/i3 V~” and

8 ‘1~/8 V; terms in (l); from (l)-(3), al - gn and bl - G~$.

This approach is an approximation because it neglects the

cross terms 8 ‘Id/6’ V~n8 V~” in (l). Although it is clear that

the cross terms are usually much smaller than the terms

involving V~, they are sometimes not small compared to

those involving V~. The terms involving V~ are rarely

dominant, but may still be significant; thus, these cross

terms may also be significant.

The modeling of id, ~ is further complicated by its weak

nonlinearity, especially near the bias points that would

normally be used for high-dynamic-range amplifiers. Be-

cause this nonlinearity is so weak, even small measurement

uncertainty and low levels of quantization noise may ob-

scure the curvature in id, ~. Even when the noise level is

low, the direct differentiation of id, ~ to obtain the deriva-

tives in (1) increases the noise level and makes unreliable

the derivatives beyond the second. Furthermore, least-

square fitting to a polynomial, a commonly used alterna-

tive, often fails because the ill-conditioned nature of the

normal equation makes the process overly sensitive to

small changes in the measured 1/V data.

Another problem is the well-known frequency depen-

dence of G~,, which is often attributed to traps in the

MESFET’S channel. These cause the value of G~~ mea-

sured above 1 MHz to be one fifth to one half the dc

value, and to have effects on the higher derivatives

8 “IA/8 V; which are difficult to characterize.

Because of these effects, it is usually not possible to

obtain the derivatives in (1) by dc measurements. The

cross terms are even more difficult to measure than the

others, so there is little choice but to neglect them and to

model id ( u~, Ud) as two separate, singly controlled nonlin-

ear elements. The consequences of this approach are ac-

ceptable in circuits in which i~, ~( u~) is the dominant

nonlinearity; this is the case in virtually all modern MES-

FET’s.

These considerations are not unique to Volterra-series

analysis. They apply to any form of analysis used to

calculate small-signal nonlinear effects in FET amplifiers;

in particular, to harmonic-balance analysis. Because har-

monic-balance analysis is applied primarily to large-signal

circuits, the models usually are designed to describe the

MESFET over the entire range of drain-to-source and

gate-to-source voltages. However, these models may not

accurately express the derivatives in (1) in the vicinity of a

specific bias point, and their use may result in incorrect

results when applied to small-signal distortion problems.

CIRCLE

5

Fig. 4. Gam and stabdlty circles and calculated third-order intercept
points of the MESFET at 2 GHz.

The a. terms in (5), which represent a nonlinear con-

trolled current source, were determined by the method

described in [13]. This method involves extracting the

source’s Taylor-series coefficients from harmonic measure-

ments at low frequencies. The bn terms in (6) represent a

nonlinear conductance. These were found by numerically

differentiating values of G~, obtained from low-frequency

Y parameters over a range of values of Ud; because the

curvature of G~,,( V~) was much greater than the uncertain-

ties in the data, and only two derivatives need be taken, a

multipoint derivative formula gave good results. Because it

is based partly on de measurements, this process only

partially compensates for the frequency sensitivity of Gd,.

The value of gate capacitance $g, varies with V~, the

voltage across the capacitor’s tertnmals. Cg, behaves iis a

uniformly doped Schottky-barrier diode capacitance hav-

ing the controlling vo!ltage Ug, and was modeled as such.

The nonlinear MESFE,T model was established by includ-

ing the nonlinearity of Cg,, G~,, and g~ in the linear

equivalent circuit of Fig. 1. The nonlinear equivalent cir-

cuit is shown in Fig. 3.

III. CALCULATIONS

The available gain of a two-port is a function solely of

the source reflection coefficient lr,; the locus of r, values

that provide a specific value of gain lie on a circle in th~er.

plane. The available-gain and stability circles of the GaAs

FET were plotted on a Smith chart for three frequencies:

2, 5, and 10 GHz. Intermodulation (IM) products were

calculated at points chosen periodically along the gain

circles to find values that would maximize the amplifier’s

third-order intercept point, IP3. The stability circles and

the corresponding intercept points are shown in Figs. 4, 5,

and 6.

In order to calculate the IPq values, it was necessary to

modify the FET model to account for differences between
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F]g. 5. (hm and stability circles and calculated third-order intercept

points of the MESFET at 5 GHz

the coaxial transistor test fixture (TTF) and microstrip

amplifier environments. The TTF measurements included

the inductance of a short section of gate and drain leads,

and these excess lengths do not exist in the amplifier. The

model was therefore modified by taking out these added

inductances, and the data shown in Figs. 4 through 6 do

not include them.

The process of calculating the intercept points is imple-

mented numerically, and thus is straightforward. In prac-

tice it is necessary only to create a data file that describes

the circuit elements and their nodal interconnections, along

with ancillary information such as frequencies and the

mixing product of interest (the data file is similar in

appearance to that of nodal-entry linear circuit-analysis

programs). The element catalog includes both lumped and

distributed elements, including a microstrip model that

accounts for loss and dispersion. It is necessary, in the case

of nonlinear elements, to include the Taylor-series coeffi-

cients, although the program can generate them for ele-

ments having well-established nonlinear characteristics (e.g.

diode-junction conductance and capacitance). Arbitrary

source- or load-impedance data are entered via a disk file.

The program requires only a few seconds per data point

when used on an 8 MHz IBM PC-AT computer.
The program is based on an implementation of the

Volterra series called the method of nonlinear currents [1].
This method converts the weakly nonlinear circuit into a

linear circuit and a set of current sources whose currents

are, at each order, a function of all lower order node

voltages. The program operates by first determining the

linear, or first-order, voltages at each of the circuit’s nodes.

Fig. 6. Gain and stabdlty circles and calculated third-order intercept

points of the MESFET at 10 GHz.

It then uses these voltages to generate excitation-current

sources at the second-order mixing frequencies; each non-

linear element is replaced by one such source. The remain-

der of the circuit is linear, and can be solved to obtain

second-order voltages by conventional nodal methods.

Similarly, the third-order mixing products are found from

the first- and second-order products. The method includes

the effects of all lower order mixing products on each

higher order mixing product.

IV. RESULTS

The intercept points calculated for the 10 GHz and

5 GHz amplifier gain circles were verified experimentally

by measuring the IM levels of several amplifiers designed

at these frequencies. Because the IM levels were relatively

independent of l_, at 10 GHz, only the point 17,= O was

tested, with the load reflection coefficient r~ equal to zero

and a conjugate match. For the 5 GHz case, however,

several configurations were built and tested in an attempt

to cover the range of values of r, that displayed significant

variation in IM level.

For the first 10 GHz case an amplifier was built with

r,, r== O. The measured gain of this amplifier was 4.5 dB,

and the intercept point was found to be 22.4 dBm. The

calculated values were 5.0 dB and 20.9 dBm, respectively.

With the output conjugately matched, the gain improved

to 6.8 dB and the output intercept point was 23.5 dBm.

Calculated values under these conditions were 6.1 dB and

24.1 dBm, respectively.

To verify the 5 GHz theoretical results, several points in

the I_. plane were tested experimentally. These tests re-

quired an amplifier whose input matching circuit could

have a range of r, values (from the worst to the optimum

intercept-point locations) on various gain circles. This in-
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Fig. 7. Gain and stabihty cmcles and thmd-order intercept points of the

MESFET at 5 GHz. Measured IP3 values are indicated by circles,

calculated values by solid dots.

put circuit consisted of a quarter-wave transformer and a

length of 50 Q line. 17, was varied by trimming the width

of the microstrip transformer; thus its impedance in-

creased each time it was cut. The output was conjugate

matched in each case by means of a tuner, and intercept

points were measured via a two-tone test. In this way, the

intercept points for eight r, values were obtained.

The transformer’s step-discontinuity reactance are an

important component of r,. Unfortunately, attempts to

model these reactance via closed-form quasi-static ap-

proximations were not successful because of the limited

accuracy of such formulations. To determine these values,

we note that the dominant effect of the transformer is to

change the magnitude of I’,, while the discontinuities

primarily affect the phase. Thus, one can find \r,l from the

transformer impedance, and ~r, as the point where the

]r,[ curve intersects the gain circle. This heuristic approach

treats the FET’s measured S parameters as a standard.

This is reasonable, because the FET’s S parameters—mea-

sured by an accurately calibrated automatic network ana-

lyzer—are known more accurately than the discontinuity

reactance.

The experimental intercept points and the calculated

data are plotted on a Smith chart in Fig. 7; the gain and

IP3 values are corrected for the loss in the output tuner (0.7

dB). The difference between the calculated and measured

IP3 values in most cases is less than 1 dB.

At 10 GHz, the MESFET is unconditionally stable. It is

evident from Fig. 6 that the intercept points in this case do

not vary much along the gain circles, or even from one

gain circle to another; the distortion levels are already

minimal for unconditionally stable conditions. This insen-
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sitivity of IP3 to 17, is a character ktic of unilateral circuits

[1]. We believe that the reason for the insensitivity of 11’3to

17, is a manifestation of the fact that feedback effects are

minimal in an unconditionally stable circuit. Thus,, in

terms of its IP3 characteristics, the amplifier behaves much

like a unilateral circuit.

At 5 GHz the MESFET is conditionally stable and has

optimum values of r, for minimizing third-order inter-

modulation distortion. Fig. 5 shows that the intercept

points are highest near the counterclockwise extreme of the

gain circles, and are nearly independent of gain. At the

clockwise extreme, the intercepts are lower and are much

more sensitive to g+n; the IP3 values increase as gain

decreases. In general, the intercept points are lower in

regions near the stability circle.

The same conclusions can be deduced from the 2 GHz

case shown in Fig. 4, except that the effects are more
pronounced. The best performance is obtained near the

counterclockwise end of the gain circle, and the worst

performance— a 12 d13 reduction in IP3 —occurs near the

clockwise end.

Figs. 8 and 9 show the sensitivity of IP3 to source and

load impedance when no gain constraint is imposed. It is
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clear from these figures that the intrinsic sensitivity of IP3

to load impedance is much greater than the sensitivity to

source impedance. (However, if IP3 were defined in terms

of available input power instead of output power, a defini-

tion that sometimes is more relevant, the sensitivity to r,

would be greater.) This sensitivity to load impedance is

reflected in the data o’f the earlier figures: at 10 GHz,

where the FET is unconditionally stable and thus feedback

effects are minimal, the value of 17L that results in a

conjugate match is close to SJZ and does not vary much as

r, is varied. Consequently, the IP3 does not vary signifi-

cantly with r,. However, at 5 GHz the FET is condition-

ally stable and I_’L varies more strongly with r,; the sensi-

tivity of rL to r, is especitilly severe at 2 GHz. It is

interesting to note that the worst values of IP3 are strongly

associated with highly reactive values of rL. These results

are consistent with an experimental study of IM in MES-

FET’s ,that identified I’L = S~2 as a good estimate of the
load impedance that maximized IP3 [14].

Fortunately, the values of r, that optimize intercept

point are generally in the same region of the input plane as

those that optimize noise figure. Thus, at a given bias level

the trade-off between noise and linearity in a FET ampli-

fier may not be very severe. However, the bias conditions

that optimize noise figure (Id = 0.151d,,) and those that

optimize IP3 (Id = 0.501~J~) present a substantial trade-off.

V. CONCLUSIONS

These results show that this approach to optimizing

intercept points is practical and accurate. The measured

and predicted intercept points fall within approximately

1.5 dB of each other, which is little more than the uncer-

tainty in the measurements themselves. The use of a com-

plete MESFET model makes the results particularly mean-

ingful, because no significant effects related to the circuit

topology (e.g., feedback phenomena) are ignored.

Under available-gain constraints, the MESFET’S output

IP3 is sensitive to r,. At low frequencies, where the MES-

FET is conditionally stable, the MESFET’S IP3 is most

sensitive to r,. However, as frequency is increased, that

sensitivity decreases and essentially disappears at the point

where the MESFET becomes unconditionally stable. This

sensitivity is the result of feedback effects that cause the

conjugate-match 17Lto be highly reactive. When gain con-

straints are removed, the sensitivity of output IP3 to rL is

greater than the sensitivity to I’,.

Conventional methods of modeling the drain-current

nonlinearity do not include potentially significant effects
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