
2344 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 12, DECEMBER 1998

Characterizing the Gate-to-Source Nonlinear
Capacitor Role on GaAs FET

IMD Performance
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Abstract—This paper discusses, in a mathematical form and
supported by a complete special experimental characterization,
the gate-to-source nonlinear capacitor contribution on small-
signal intermodulation distortion (IMD) as well as other nonlin-
ear related phenomena such as the onset of phase distortion and
gain compression in GaAs FET devices. A simplified one-sided
version of our previously proposed test setup and its corre-
sponding characterization formulation are shown to conform a
direct and trustful technique to extract the second- and third-
order coefficients for theCgs(V gs) Taylor-series expansion. The
extracted terms let us evaluate some of the most widely em-
ployed equations for this reactive nonlinearity according to their
capability of reproducing its small-signal nonlinear distortion
contribution. They are also shown to be responsible for some
previously detected differences on IMD behavior at high frequen-
cies and for significant variations on the load selection criteria
for high carrier-to-intermodulation ratio and high output-power
tradeoffs.

Index Terms—Intermodulation distortion, MESFET’s, micro-
wave measurements, modeling, Volterra series.

I. INTRODUCTION

T HE nonlinear distortion prediction in microwave circuits
is still an important open field in today’s research efforts.

The modern wireless communications systems require the
development of new simulation techniques, such as spectral
balance and envelope-transient analysis, for handling a large
number of noncommensurate tones, as well as an accurate
characterization of the most employed nonlinear devices for
these purposes. This second element is the one discussed in
this paper.

It has been accepted as a law in [1] that reproducing the
small-signal second- and third-order intermodulation distortion
(IMD) and the related phenomena—AM/PM conversion, gain
compression, etc.—on a nonlinear device is only possible if
its model not only accurately describes the nonlinear cur-
rent/voltage I/V and charge/voltage Q/V characteristics, but
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also their respective derivatives at least up to the same order.
As a mild nonlinear device, either successive numeric differ-
entiations or least-squares fittings of the commonly measured
characteristics for an FET have been proven to be inadequate
for extracting these derivatives [2]. Maaset al. gave the first
solution to this problem in [2] and [3] for the predominant
nonlinearity with a direct and very simple technique
based on harmonic measurements at the drain side. That
effective procedure was later extended in [4] for the complete
bi-dimensional Taylor-series expansion. The
reported experimental extractions, still scarce, have permitted
evaluation of the equations for IMD purposes since then,
and have lead to important conclusions on bias and load
control for low nonlinear distortion designs. The reactive
nonlinearities have been considered of secondary or minor
effect; however, not disposing of an experimental procedure
for extracting their power-series terms has determined the
current incapacity for evaluating the extent of its minor role
as it has been recently considered [5].

In this paper, we intend to show the accurate role
nonlinear capacitor plays on IMD performance and phase-
distortion onset for applications in the saturated region. This
will be accomplished by extracting its second- and third-
order Taylor-series coefficients versus the gate-to-source bias
voltage through a simplified procedure of the one
recently proposed in [6] for the complete bi-dimensional

expansion. The modified test setup, its cor-
responding direct formulation, and the solution to the detected
problems in [7] for the region where relative
importance could be small, conforms a trustful technique for
getting its second- and third-order derivatives. It also allows
the analysis of its responsibility, along with , in
the IMD performance versus bias and load impedance at high
frequencies, something experimentally reported in previous
significant works such as [8] for gate mixers and [9] for
amplifiers.

Some of the currently most employed equations
are analyzed for the first time according to their second-
and third-order derivatives behavior and their resulting IMD
prediction. The output power and carrier-to-intermodulation
(C/I) ratio load–pull contours, which are so widely employed
for designing low-distortion amplifiers, are obtained for both

linear and nonlinear, supporting significant differences
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Fig. 1. MESFET nonlinear equivalent circuit.

in the optimum-load-condition selection due to the
contribution now available.

Gain compression and phase-distortion contours give us
some further insight into the reactive derivatives nonlinear
distortion role, and could confirm, in a mathematical way (just
for the small-signal regime where third-order Volterra analy-
sis is valid), previously published experimental results [10].
However, large-signal multitone behavior, also experimentally
reported in [9] and [10], would require an adequate analysis
tool for evaluating the role on IMD.

II. M ATHEMATICAL FORMULATION AND EXPERIMENTAL SETUP

It is well known that the nonlinear currents technique for
Volterra-series analysis ([11], [12]) is a simple and powerful
tool for small-signal nonlinear distortion calculations. We
have used this methodology for extracting the
Taylor-series coefficients, just as it was employed for the
derivatives extraction [2]–[4]. We consider the widely accepted
equivalent circuit of Fig. 1 for an FET, where
dependence is not taken into account, and is assumed
linear, a common practice for applications in the saturated
region. The mathematical formulation considers the complete

nonlinearity due to the important contribution
of its cross terms on the IMD predictions with load condition
control, although we will also show the possibility of ap-
proximately extracting the reactive derivatives for a simplified
transconductance description of

The complete Taylor-series expansion up to third order for
in

(1a)

would result in the simplified (1b), under the mentioned
assumptions

(1b)

Accordingly, the and expansions
are as follows:

(2)

and

(3)

and represent the static
dc values at the bias control voltages , , and

The upper cases , , , , and are
the total magnitudes and the lower cases their corresponding
time-varying components. Finally, the’s and ’s are the
respective resistive and reactive coefficients associated to the
derivatives, as in [4] and [6].

In Fig. 2, we present a block diagram of the test setup
we propose for the derivatives characterization.
It is a simplified version of the one proposed in [6], and
a complement of the one Maas suggested in [2] and [3]
for the transconductance derivatives extraction. We measure
second- and third-order harmonic power levels for a sinusoidal
excitation with amplitude high enough to produce levels over
the spectrum-analyzer noise floor, but within the small-signal
regime where Volterra-series analysis is valid. There have to
be two distinguishing differences from Maas setup if we want
to extract terms of an input reactive nonlinearity: first, we
have to measure the harmonic power levels in gate instead
of drain because the relative contribution of the predominant
nonlinearity is much lower there, not hiding effects;
and second, we have to increase the excitation frequency up to
about 1 GHz to make nonlinearity generate measurable
harmonic power levels in GaAs FET devices.

The second- and third-order harmonic amplified power
levels are referred to the first harmonic (fundamental) reflected
power level measured via the directional coupler in order to
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Fig. 2. Test setup forCgs(V gs) nonlinear characterization.

(a)

(b)

Fig. 3. Nonlinear currents topologies. (a) First-order circuit. (b) High-order circuits.

define two IMD ratios (4) and (5) reducing the spectrum-
analyzer absolute-power-level error as follows:

(4)

(5)

With an adequate calibration technique, based on the test
setup characterization, these measured ratios ( ) can
be easily related to the “corrected” ratios . These cor-
rected ratios relate the powers, dissipated by the corresponding
harmonic and fundamental, in the Thévenin equivalent genera-
tor resistance at the device terminals [in Fig. 3(a) and (b)].
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The circuit solution through the nonlinear currents technique
is obtained from successive analysis of linear circuits, one for
each order up to the one of our interest. These linear topologies
are shown in Fig. 3(a) and (b) for the first and higher orders,
respectively. We have placed ports 1 and 2 at the nonlinearities
and ports 3 and 4 at the load and generator in respective order.
Although port 3 is not necessary for the extraction procedure,
it will be useful for later IMD calculations. The linear elements
in the transistor equivalent circuit, as well as the generator and
load impedances, are included in the four-port linear associated
circuit, as in [12]. The capacitors in Fig. 3(a) and (b) have been
represented by their susceptance, while the inductors by their
reactance.

The matrix equation results in

(6)

where and represent the nonlinear current sources
for and nonlinearities, respectively.

for every order since was included in the linear
associated circuit.

With the previously corrected ratios and the equiva-
lent generator available power , we can determine
the magnitudes of the second- and third-order nonlinear trans-
fer functions and , relating the
phasors and in Fig. 3(b) for the second- and
third-order harmonic components of the gate current to the
excitation phasor in Fig. 3(a) as follows:

(7)

(8)

The second- and third-order nonlinear transfer functions are
easily related to the second- and third-order coefficients of both
nonlinearities once we have successively analyzed the first-,
second-, and third-order associated linear circuits. We can then
extract once we know , , and (or simply
the equivalent for Maas extraction, see Appendix), as we
show in (9)

(9)

where is the unknown phase of ,
and is the nonlinear transfer function relating
the phasor of the nonlinear current source to the

corresponding excitation

(10)

and come from the first-order equiv-
alent circuit applying linear-circuit analysis techniques

(11)

while and can be calculated for
the second-order circuit

(12)

with
In an analogous way, can be determined with the

previous knowledge of , , , and (or
for the transconductance characterization, see Appendix) and
both the second-order resistive and reactive coefficients

(13)

where is the unknown phase of
and is the nonlinear
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transfer function relating the phasor of the
nonlinear current source to the corresponding excitation

(14)

has three components:
associated to the third-order resistive coefficients, plus

and accounting for the
second-order resistive combinations of the first-order control
voltages and the second-order ones due to both second-
order nonlinear currents for and

for . They can be computed as
in (15)

(15a)

(15b)

(15c)

and are two of the
three components in They analogously
consider the second-order reactive combinations of the first-
order control voltages and the second-order ones caused by
the second-order nonlinear currents for

and for

(16a)

(16b)

is the second-order nonlinear transfer func-
tion relating the phasor of this nonlinear current
source to the corresponding excitation, a function that can be
easily computed once we extracted

(17)

and are obtained from (12)
with , while , , , and

can be calculated with linear analysis for the
second-order circuit, as shown in (18), at the bottom of this
page, with

The unknown phases and can
be obtained taking into account that and in (9)
and (13) are real magnitudes. There are a couple of possible
values in each case, but the variation of the coefficient of
previous order with give us the clue for selecting the
proper one. There is a pattern, just as it happens with the

derivatives, for this selection; thus, once we have made
a first consequent extraction, it is quite easy to reproduce the
results for other FET’s. The above expressions seem to be
complex at a first glance; however, they are very simple and
direct—neither iterative, nor time-consuming—two significant
advantages of Volterra-series analysis.

III. EXPERIMENTAL DERIVATIVES EXTRACTION AND

USUALLY ADOPTED CLOSED -FORM

MODELS PERFORMANCE

The proposed test setup and the extraction procedure
have been recently employed to characterize different FET
devices in their saturated region. The extracted and

terms for a very typical NE72084 MESFET are
shown in Fig. 4(b)–(c) for bias voltages :
and It can be appreciated that

and for the
whole range, thus confirming the self-consistency of
the proposed experimental procedure. Standard least squares
fitting and successive numeric differentiations of

(18)
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(a)

(b)

(c)

Fig. 4. Experimental versus model prediction ofCgs Taylor coefficients:
(a) Cgs1, (b) Cgs2, (c) Cgs3: [(���) = Experimental, (-�-�-) = Statz,
(-+-+-) = Scheinberg, (——)= Schottky].

extracted from scattering measurements, the only existing
solution up to now [5], are far from producing these smooth
results. On the other hand, as we will see further, some of the
existing reactive models suffer from high-order derivatives
consistency problems.

Moreover, we detected that a careful extraction of the
extrinsics, specially , is the key for a successful char-
acterization, and that some important remarks derived from
quasi-linear analysis can give us a complementary tool for
validating the different existing techniques for this extraction.
One of the most widely employed techniques [13], with the

fourth equation obtained as in [14], but using the
real part of from parameters measurements, seems
to be the most trustful procedure for the reactive derivatives
characterization, as it also seems for the Taylor-terms
extraction in the linear region.

The characterization results for and confirm the
exponential nature of the soft MESFET behavior near pinchoff,
as it was expected from and previous extractions
and some common control mechanisms for the depletion
region that determine both nonlinearities in these devices. The

dependence is certainly more complex than what
a uniform doping profile would suppose; the most commonly
used Schottky junction equation does not provide an adequate
fit to the gate-to-source-capacitance values extracted from
parameters [15], and its second- and third-order derivatives
differ a lot from the experimentally extracted ones, as we can
appreciate in Fig. 4(b)–(c). The Statz equation [16] for the
gate charge, probably one of the best solutions, improve the
fitting results and provide a much better performance
for the higher derivatives shape versus , although the
third derivative lobes are symmetric and the null in the
high-gain region (an interesting bias point for this nonlinearity
slightly to the left from the sweet spot) is not always
properly described. The Scheinberg equation [17], of expo-
nential nature, besides providing greater fitting accuracy in the
linear and saturated regions, has acceptable higher derivatives
with the same particular problems in the high-gain-region
behavior than [16]. We will include the derivatives of the
Schottky equation in the C/I ratio calculations of Section IV
in order to quantify the effects of the mentioned differences
in the IMD role of this nonlinearity.

IV. NONLINEAR ROLE ON C/I DISTORTION RATIO

Fig. 5 shows the evolution of the carrier-to-third-order inter-
modulation ratio (C/I) for two-tone excitation (something more
revealing than the single-tone case) versus frequency and gate
bias with a simple 50- load, for linear, nonlinear, and
the Schottky equation. The tones were 10-MHz apart, with
an input power ( ) of 10 dBm each. We can notice the
growing significance of the IMD role when the
frequency increases in the microwave region and certain bias
shift of the mentioned sweet spot (the relevant peak for
in the high-gain region, useful for low-distortion designs). The
interesting frequency behavior experimented by the sweet spot
is highlighted by a solid line.

The observed differences in C/I between Fig. 5(a) and
(b) can go up to 20 dB in the microwave range, which is
mainly due to a relative stronger contribution of the
load current component caused by the reactive nonlinearity.
However, there is not appreciable contribution, as we
could expect, in the low-frequency region; thus confirming
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(a)

(b)

Fig. 5. Two-tone excitation C/I versus bias and frequency. (a)Cgs linear. (b)Cgs nonlinear.

the validity of the high-order derivatives’ extraction
methodology at a few hundred megahertz [2]–[4].

The small-signal C/I prediction with the Schot-
tky equation in Fig. 5(c) differs from the results shown in
Fig. 5(b), especially for high frequencies because of its poor

and reproduction.
As was considered in [12], the reactive nonlinearity compen-

sation—see maximum point in Fig 5(b)—would be significant
and valuable for narrow-band applications around the optimum
bias points, where an accurate characterization, as

the one we propose, could give us the possibility of predicting
such situation; but its high selectivity could also limit its
extension for some important current wide-band applications.

The C/I load–pull contours, for two-tone excitation at 10
and 10.01 GHz with dBm per tone, using the
complete expansion and either linear
[Fig. 6(a)] or nonlinear [Fig. 6(b)] give us some further insight
into its IMD role with load impedance control. We have swept
the load reflection coefficient for the first band

, we have assured
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(c)

Fig. 5. (Continued.)Two-tone excitation C/I versus bias and frequency. (c) Schottky equation. Solid line represents sweet-spot evolution.

stability, and we have corrected the source available power
according to the transistor input reflection coefficient, in order
to guarantee a constant input power at the device terminals
as it is usually made in measurements of this kind. The bias
point: V and V was employed for
the remaining analysis. Output power contours ( 2,

5, 8, and 10 dBm) are also shown.
Having placed a port at the load in Section II results in

a great help for these sections calculations. , , and
lets us now obtain the phasors at the frequencies of

our interest, and the correspondingphasors and powers in a
simple and direct way. We have considered the
complete expansion due to the contribution of the cross terms
on IMD cancellations for certain load conditions, as it has
been considered in [4]–[5].

The differences, imposed by and terms, are
not precisely in the load–pull C/I contours’ general shape,
but in certain rotation of the contours, smoother cancellations,
and an important shift of the optimum load point for high
C/I and high-output-power tradeoffs, a valuable criteria for
designing low-distortion small-signal class-A amplifiers. The
C/I load–pull prediction with the Schottky equation in Fig 6(c)
confirms its inaccuracy for IMD analysis purposes.

Besides showing the typical load–pull contours, we present
in Fig. 7 an interesting diagram proposed some years ago by
Sechi [18], which presents the output power and C/I evolution
versus , where represents the reflection-coefficient vector
from the maximum output power point to the points of either
the highest C/I (represented for the positivevalues) or the
lowest C/I (represented for the negativevalues) in each
output power contour. The obtained behavior is similar to
the one reported, although the points’ position differs from a
straight line, Fig. 7(b), when we move apart from the optimum

power point because of a more complex characterization. This
diagram, as well as the C/I range dependence with output
power (CIR diagram) in Fig. 8, representing in a simple way
the C/I range we can obtain for a given output power, result
very didactic for evaluating the nonlinear role on
low-distortion designing criteria.

The point of high C/I at , previously
represented by “” in Fig. 6(b), corresponds to an output
power about 1 dB below the maximum value, a good design
tradeoff for a low-distortion amplifier. With linear, the
optimum selection would have differed.

V. SECOND-BAND SOURCE–PULL

AND LOAD–PULL C/I CONTROL

In this section, we intend to evaluate the influence that
second-order frequencies’ terminating impedances

and at gate and drain
terminals could have on the C/I behavior for a small-signal
class-A amplifier employing a MESFET whose reactive and
resistive derivatives were experimentally characterized. We
selected the load impedance at the first band for the maximum
output power, the “” point in Fig. 6(b), and the source
impedance for input matching, following a typical power gain
design. Then, we varied both second-band source and load
impedances to see if the output contribution of the
second-order nonlinear transfer function for nonlinearity
could introduce an important extra C/I control with respect
to the transfer-function role due to nonlinearity.
For this typical MESFET, in a small-signal class-A-amplifier
application with the referred first-band load conditions, and for
the classical two-tone input signal, these terminations result
in no practical significance (1 dB or less), validating the
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(a)

(b)

(c)

Fig. 6. C/I (——) in decibels andPout (- - -) load–pull contours. (a)Cgs
linear. (b)Cgs nonlinear. (c) Schottky equation. [(�) = maximumPout, (�)
= maximum C/I,(�) = design point].

(a)

(b)

Fig. 7. Sechi diagrams: (a) C/I (——) andPout (- - -) versus reflection co-
efficient. (b) C/I border locations. [(���) = maximum,(���) = minimum,
(�) = design point].

Fig. 8. C/I range versus output power [(-�-�-) = maximum, (-�-�-) =
minimum].
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(a)

(b)

Fig. 9. C/I [decibels] contours for second-band control. (a) Source–pull. (b)
Load–pull [(�) = maximum C/I].

predominant contribution of nonlinearity for the second-
order components. The supporting computed C/I contours are
shown in Fig. 9.

For other conditions, as class-B amplifiers or first-band
load conditions where the contributions from third-order terms
are small, the second-band impedance control could be more
significant.

VI. NONLINEAR ROLE ON PHASE

DISTORTION AND GAIN COMPRESSION

Volterra-series analysis up to third order has been proven
to be valid [12] for AM/PM conversion, gain saturation, and
some other nonlinear related phenomena calculations for input
power levels up to approximately the 1-dB compression point,
while the device has not been driven into strong saturation. The
load–pull contours for phase distortion have been published
in a few papers, such as [10], and can be considered in the
optimum-load-condition selection.

(a)

(b)

Fig. 10. Relative distortion vector contours. (a) Gain Compression [deci-
bels]. (b) Phase distortion [�]. [(�) = maximumPout, (�) = design point].

For a single-tone excitation, once we have characterized
the device and numerically computed the nonlinear transfer
function relating the third-
order phasor with the corresponding excitation , we
can easily evaluate both phase distortion and gain compression
through the relative distortion vector as in [12]

(19)

The load–pull contours for its magnitude in decibels (gain
compression) and its phase in degrees (phase distortion) are
shown in Fig. 10 for a single tone at 10 GHz with an input
power that drives the device near the small signal regime limits

dBm). The previously selected load condition for
high C/I and output power provides an
almost null phase distortion supporting our designing criteria.
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VII. CONCLUSIONS

In this paper, Volterra calculations based on a complete
experimental nonlinear characterization, now including the

Taylor-series coefficients extracted for a GaAs
MESFET with our proposed test setup, are employed to justify
the extent of this reactive nonlinearity increasing role on
MESFET IMD performance for high frequencies. Several rep-
resentative models for this reactive nonlinearity are analyzed
for IMD purposes, pointing out their pros and cons. Some
variations on the optimum load selection for high C/I and high-
output-power tradeoffs due to derivatives are also
considered, as well as their minor role on second-order source
and load-distortion control for small-signal class-A amplifiers.
Other nonlinear phenomena are also characterized through
load–pull contours, giving the possibility of including them in
the load condition selection if the phase distortion results are of
interest. The suggested characterization procedure is based on
the existing techniques for the predominant nonlinearity
and intends to complement them in order to have an accu-
rate device characterization for nonlinear distortion purposes.

IMD role for multitone excitation and other impor-
tant applications in the saturated region, such as gate active
mixers, could be also analyzed with the derivatives knowledge
and making use of the proper simulation techniques.

APPENDIX

The previously reported and derivatives in (A.1)
for the transconductance expansion [2], [3], extracted from
single-tone low-frequency harmonic measurements at drain
side, and the ones in (3) for the complete expansion [4]
with two-tone characterization, can be shown to be approx-
imately equivalent for the 50- load condition, giving us the
possibility of also extracting derivatives from the
transconductance characterization

(A.1)

For extracting , we would only have to substitute
in (9) for (A.2) instead of (10)

(A.2)

In the calculation, ,
, and in (14) should be

analogously substituted for (A.3a–A.3c) in place of (15a–15c)

(A.3a)

(A.3b)

(A.3c)

The expected C/I and related nonlinear distortion prediction
for 50- load condition would be approximately similar,
differing significantly when we move apart from this value,
as in the contours analysis.
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José Angel Garcı́a (S’98) was born in Havana,
Cuba, in 1966. He graduated (with honors)
in Telecommunications Engineering from Insti-
tuto Superior Polit´ecnico “Jos´e A. Echeverr´ıa”
(I.S.P.J.A.E.), in 1988, and is currently working
toward the Ph.D. degree at the University of
Cantabria, Santander, Spain.

From 1988 to 1991, he was a Radio System
Engineer at an HF Communication Center, where
he designed antennas and RF blocks. In 1991,
he was appointed Instructor Professor at the

Telecommunications Engineering Department, I.S.P.J.A.E. His main research
interests include nonlinear characterization and modeling of active devices, as
well as nonlinear-circuit-analysis tools for amplifiers and mixers applications.



GARCIA et al.: GATE-TO-SOURCE NONLINEAR CAPACITOR ROLE ON GaAs FET IMD PERFORMANCE 2355

Angel Mediavilla Sánchez(M’92) was born in San-
tander, Spain, in 1955. He graduated (with honors)
from the University of Cantabria, Santander, Spain,
in 1978 and received the Doctor of Physics degree
in 1984.

From 1980 to 1983, he was Ingénieur Stagìere at
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