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Abstract—This paper is intended to evaluate the linearity that
can be provided by general-purpose MESFET’s. By a simple
physics-based analysis and a practical amplifier design, it will
be shown how educated device and bias-point selection can
approximate intermodulation distortion (IMD) performance of
some normal channel-doping profiles, for which previous theories
would not be able to predict good IMD performance, to the one
expected from MESFET devices with specially tailored doping
profiles.

Index Terms— Doping profile, intermodulation, linearity,
MESFET amplifier, Volterra series.

I. INTRODUCTION

M ANY are the telecommunications systems that require
solid-state MESFET amplifiers capable of providing

carrier to in-band intermodulation (C/I) distortion ratios as
large as 50–70 dBc. Such figures usually impose voluminous,
inefficient, and very expensive power-amplifier linearization
schemes. A more reasonable, but also more demanding, ap-
proach tries to develop techniques capable of optimizing
nonlinear intermodulation (IMD) performance of otherwise
common power amplifiers. The main difficulty associated with
that task is concerned with the poor understanding that one
has of the circuit’s IMD generation process. This, in turn, is
mainly due to the lack of computer-aided design (CAD) aids
appropriate to IMD simulation, and accurate enough MESFET
nonlinear models and characterization procedures. Fortunately,
in recent years, important developments in these areas have
been reached [1]–[3], which encouraged this power-amplifier
IMD optimization approach.

It is widely known that in highly linear amplifiers, nonlinear
distortion products of third-order dominate the circuit’s in-
band IMD performance. To maintain IMD at reasonably low
levels, their active devices are always biased for class-A
operation, and the signal excursions kept small compared to
the transistor’s maximum allowed clipping-free signal range.
This procedure prevents the appearance of a form of distortion,
which in most cases manifests itself as soft clipping, and
is imposed by the active device’s strong nonlinearities (I–V
curves’ knees). However, in quasi-linear operation, the residual
or mild nonlinearities of the drain–source current and of
the gate–source capacitance are the true sources of IMD.
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There they can be accurately described by a Taylor-series ex-
pansion to third degree around the bias point
[2]:

(1)

(2)

It has been observed many times that in a well-designed
class-A amplifier, and are the dominant coeffi-
cients. That is the reason why a great effort was made to
reduce them, by proper bias-point selection or in the foundry
field, by an appropriate device’s channel-doping control.

Bias-point control is generally driven either by optimized
large-signal performance, which leads to the geometrical mid-
point of the rectangle defined by and

, or by a careful search
of the so-called IMD sweet spots [4], [5].

MESFET channel-doping control enabled the optimization
of the device’s nonlinearity itself, as was shown by Williams
and Shaw [6] and Pucel [7]. In [6] and [7], a theoretical
result was used to demonstrate the influence of doping profile
on GaAs MESFET IMD performance. Pucel proposed the
ideal IMD-free cubic or spike profiles, while Williamset
al. also experimentally confirmed the superior linearity of
a retrograde exponential profile, compared to the traditional
uniform profile. From that point, the influence of various
doping-profile patterns was tested or simply modeled, which
included decreasing dopant concentration toward the substrate
(normal negative slope) or retrograde doping (positive slope)
[6], [8]–[10], Gaussian doping [8]–[10], and spike, step, or
delta doping profiles [6], [11]–[14].

However, almost all of these measurement or modeling
procedures suffer from two important problems which limit the
range of applicability of their conclusions. The first one con-
sists in mixing MESFET small-signal IMD with the distortion
observed on very large-signal regimes. This kind of IMD is due
to the above-referred strong nonlinearities, and thus cannot be
directly correlated with the device’s channel-doping profile.
That is clearly the case of the transition between the triode
and saturation regions, and gate–channel Schottky-junction
forward conduction or breakdown. The second problem is
related to the validity of analytical models based on the
depletion-region approximation. In those cases, Debye length

0018–9480/97$10.00 1997 IEEE



1990 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 11, NOVEMBER 1997

Fig. 1. Amplifier-circuit schematic for IMD calculations.

restrictions dramatically limit the usefulness of the conclusions
drawn from certain ideal doping profiles that include too steep
slopes.

Besides the achievements obtained with these specially
tailored channel-doping profiles, some very good results of dis-
tortion performance observed in amplifiers based on general-
purpose MESFET’s (biased in a IMD sweet-spot) have re-
cently been published [5], [15], which opens a promising field
of study. The initial purpose of this paper is to provide a
theoretical justification for these encouraging experiments and
the necessary analysis for the control of their physical origins.

II. THEORETICAL BACKGROUND

In this paper, a compromise between accuracy and sim-
plicity is adopted by using an equivalent circuit model, like
the one depicted in Fig. 1, where the nonlinear elements,

and are described by (1) and (2),
and whose coefficients are obtained from an approximate
physics-based analytical model. (The input and output para-
sitics pertaining to the extrinsic MESFET are assumed to be
included in source and load admittances, respectively).

In linear-amplifier applications, the MESFET is biased, and
for all range-of-signal excursions always maintained comfort-
ably inside the saturation region. There the MESFET
channel can be divided in two regions [16]: the linear region,
which is near the source and where an ohmic dependence
of current density on electric field applies, and the saturation
region, is close to the channel’s drain end where free electrons
move with their saturated velocity .

Using a two-dimensional (2-D) analysis, Yamaguchi and
Kodera [17] have shown that although charge carrier-density
contour lines are not absolutely horizontal, the equivalent
active-channel height is almost constant along the saturated
channel and independent on drain bias. This is a very important
conclusion, as it allows an approximate one-dimensional (1-D)
description of drain–source current control by the applied
gate–channel voltage , such that

(3)

where is the channel’s cross-section width (along-axis)
and , are the doped channel and substrate thickness (along

-axis), respectively. The free electron density must be
determined by solving the 1-D Poisson equation in conjunction
with the drift-diffusion current-density equilibrium equation,
which relate , the potential variation across the channel

, and the channel-doping profile [16], [17]. How-
ever, this type of numerical analysis provides little directly
useful information in terms of the sought relation between
IMD and doping profile, since the exponential dependence
of on imposed by the drift-diffusion equilibrium
current-density equation, makes the Poisson equation an ana-
lytically intractable nonlinear differential equation.

An alternative approach was proposed by Yamagushiet al.
[17] and Khatibzadehet al. [16] which consists of ana priori
assumption of the free electron-density functional form:

(4)

where is a transition function, dependent on the
equivalent channel height , and the extrinsic Debye length

. can then be determined by
comparing current resulting from the substitution of (4) on
(3), with the one ideally obtained from a model based on the
depletion-region approximation. In such a model, the depen-
dence of on is neglected, thus assuming abrupt tran-
sitions from the depletion layer
to the active channel ,
and from this to the undoped substrate (or buffer layer)

:

(5)

In this expression, is the effective or apparent doping
profile, as defined by Johnsonet al. [18], which comes directly
from a traditional differential-capacitance measurement tech-
nique. Numerical solutions of the Poisson and drift-diffusion
equations [18], [19] have shown that as long as dependence
of active-channel and depletion-layer heights ,

, on gate–channel modulation voltage variations
is concerned, the apparent doping profile may be
approximated by the real profile , provided
presents level transitions that span by at least the depletion-
to-neutral channel-transition width [16], [17].

Therefore, the analytical procedure provided by the deple-
tion approximation can be used to describe the drain–source
current control by the gate–source voltage , but its results
will have a validity limited to intermediate gate voltage’s
values that produce equivalent depletion-layer edges com-
fortably away either from both the gate–channel and the
channel–substrate interfaces (roughly

), or from any fast transition exhibited by the channel-
doping profile. The first boundary case is not believed to
produce a dramatic practical impact because in that zone
of forward gate bias, the nonlinearity associated with the
gate–channel Schottky junction conduction will dominate IMD
performance. However, near the substrate (or buffer layer),
the observed FET’s behavior is the well-known soft pinchoff
effect, which is similar in nature to what would happen near
any other fast doping level variation, e.g., in step- or pulse-
doped channels.
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In conclusion, bearing in mind this validity analysis associ-
ated with the depletion-approximation model, one can simplify
the Poisson equation by assuming that the charge is totally
due to the completely ionized atoms present in a precisely
defined depletion region located between the Schottky contact
and . It has already been shown [6], [7] that the
solution of this simplified Poisson equation, for an arbitrary
equivalent doping profile conjugated with (5), allows
the calculation of the and coefficients by
successive differentiation:

(6)

(7)

(8)

and

(9)

(10)

From expressions equivalent to these, Pucel [7] derived two
doping profiles that minimize the device’s in-band distortion,
i.e., produce low and or constant

. The first condition, which cannot be precisely
realized, and thus has been approximated by the spike doping
[7], [11]–[14], reduces , and so its derivative . It
can be seen from the relation of and that this doping
profile makes depletion-region’s height almost constant for
a fairly wide range of gate biases. Therefore, it would be
possible to produce a truly linear FET, i.e., one presenting
transconductance and input capacitance independent on gate
bias [13].

Even if this condition is not met, it is still possible to
minimize third-order nonlinear distortion. This is done with a
linear dependence of on bias or, in other words, a constant

. This is exactly what is meant by the second condition
constant or . It is easy to conclude

that this condition constitutes the solution of the differential
equation obtained from (8) for vanishing and :

(11)

III. PRACTICAL CONSIDERATIONS

From the device physics point of view, it should be clear
that neither of the above conditions can be exactly obeyed
for the whole range of gate biases. For example, as a real
MESFET approaches pinchoff, it cannot present at that point
(or in any other bias point) discontinuities in or in any
of its derivatives. It is known that below the threshold
region presents a constant value of zero, and then, due to

the stated Debye length considerations, softly increases for
higher values of . Therefore, it seems to be obvious that to
guarantee the continuity of the function and all its derivatives,

must take some positive non-null value, at least in that
zone. This discussion is really centered in the dependence of

on bias , which in a model like (1),
would be represented by the magnitude of the higher order
coefficients, . Bearing in mind the Volterra-
series techniques for nonlinear circuit analysis [20], [21], it
is easy to conclude that those higher order effects do not
contribute to the third-order IMD products, which correspond
to the device’s low-level IMD performance. In conclusion, as
long as high C/I ratios or other related nonlinear parameters as
third-order intercept point are concerned, it is not possible,
nor it is strictly necessary, to have the above conditions
verified for all ranges of gate biases, but at least one for a
given quiescent point. It will be shown next that this situa-
tion is verified for some channel-doping profiles commonly
encountered in commercially available general-purpose GaAs
MESFET’s, which allow them obvious advantages over the
specially designed devices already proposed.

The first group of doping profiles considered describes the
th power doping:

and (12)

Allowing to get positive or negative values, this expres-
sion really shows great flexibility to model decaying ,
uniform , and retrograde profiles. If is
positive, (12) will only give points of null (i.e., will
verify (11) for some value) for when ,
and for when . If , then (12) will
produce zero for all when (Pucel’s second
condition [7]). Finally, if is negative, (11) will present null

values for when .
The second group of profiles considered is the Gaussian

doping, often used to describe devices prepared by ion im-
plantation:

(13)

If , the Gaussian profile produces null and
for , and if

, but now provided that .
The above discussion shows that there are certain parame-

ters for these expressions capable of generating very good IMD
regions, which should be observed for gate voltages such that

.
Although actual channel-doping profiles may be originally

conceived to match the ideal uniform, retrograde, step, delta,
Gaussian patterns, etc., they always behave by ending up
in soft transitions between different doping regions, e.g., in
the channel to the intrinsic substrate or buffer-layer interface.
Therefore, the apparent doping profiles that must be
used in the present analysis will present a greater complexity
than the simple ideal starting forms. An interesting conse-
quence of this is that a device with such a specially tailored
doping profile will not be able to present the idealized IMD
performance predicted from (6) to (10). Also, on the other
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hand, it is possible to find bias points of null
and in thin-channel general-purpose MESFET’s (see
Section V), which afford them third-order IMD performance
comparable with the one actually obtained from those special
devices.

IV. MESFET INTERMODULATION

DISTORTION CALCULATIONS

In order to quantitatively evaluate the IMD performance
improvement provided by one or the other alternative doping
profile solutions, it is necessary to carefully study all contribu-
tions to nonlinear distortion in MESFET amplifiers. Although
this is a task that has already been approximately performed
for common MESFET devices, it is quite involved in this
present situation due to the special nonlinear behavior that
is being sought. In fact, it has been proven many times that in
normal-operation, MESFET’s third-order IMD is determined
by the term involving , exactly the one that
is now intended to produce a null effect. Thus, it should not
be surprising that the majority of the approximations often
followed can no longer apply, drawing of simple qualitative
conclusions appear to be more difficult, and that an useful
analysis requires careful nonlinear-device model extraction.
Despite all of these associated problems, finding closed-form
functions capable of describing IMD of an optimized MESFET
amplifier provides two important features. First, it will allow a
correct evaluation of the actual residual distortion that may be
measured in such a particular (but also of very high practical
interest) situation. Note that this remaining distortion will
now take the first role in determining parameters such as
C/I or , while the previous approximate analysis based
only on contribution would predict unrealistic IMD-free
operation. Second, as the full analysis identifies the remaining
IMD physical origins, it may also suggest ways for further
improvements in the amplifier linearity.

The methodology followed in this paper uses the nonlinear
currents method of the Volterra series [21], [22], and the
amplifier-circuit description shown in Fig. 1. There it was as-
sumed that all input and output parasitic elements pertaining to
the FET’s equivalent circuit model were included in the source

and load embedding impedances, respectively.
It was also admitted that the only IMD generating elements
were and , which is justified by the
fact that in the saturation region, the other possible nonlinear
element is almost constant, thus behaving as a
linear feedback capacitance.

Such an equivalent circuit model can be readily derived
from device physics simulations by numerically differentiating

and results to obtain the series
expansion’s coefficients of (1) and (2). Alternatively, if a real
device is being studied, an element-extraction procedure like
the one proposed by Dambrine [23] should be used to obtain
the equivalent circuit’s linear-components values. Because
measurement errors are magnified by numerical differentiation,
laboratory extraction of and expan-
sions’ coefficients becomes more delicate. For ,
Maas [1] and Pedro [2] proposed a direct extraction proce-

dure based on small-signal harmonic–distortion measurements.
However, no similar direct procedure has yet been presented
for coefficients. This leaves us no other choice than
to carefully differentiate smoothed data obtained
from the successive application of Dambrine’s method to a
sufficiently large number of bias points.

The nonlinear current contributions of , and
can be related to the output , and control

voltages and by
the following set of equations:

(14)

where the symbol * represents spectral convolution, and
is an equal amplitude two-tone narrow-band excitation

given by

(15)

Given that type of input signal, the following simplifications
can be applied:

and . In
order to obtain a useful analytical solution for this problem, it
is necessary to consider some other simplifying assumptions
in the FET’s equivalent circuit:

and also
.

In this situation, the expressions for the relevant
-parameters became quite simple:

(16)

(17)

(18)

(19)

with ,
and .
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The first-order control voltages are then

and

(20)

and thus, the second-order nonlinear current components that
contribute to third-order IMD are

(21)

(22)

Given the narrow-band assumption the contribution
of to third-order IMD may be neglected in compar-
ison to the one due to . Therefore, :

(23)

(24)

The correspondent second-order control voltages become:

(25)

(26)

(27)

(28)

Because of the obvious necessity to bias the drain terminal,
and of the common practice to short circuit the FET at low
frequencies in order to prevent parasitic oscillations, it is
almost sure that the load impedance at the difference frequency

will be very low, which makes and
. Furthermore, the admittance of at

will also be very low, making , and thus,
. The combination of these two conditions

implies that in a normal narrow-band microwave amplifier,
the only second-order product that can produce significant
contribution to in-band third-order IMD is the one at the
second harmonic .

Accordingly, third-order nonlinear-current components at
(or will be in compact form:

(29)

(30)

and finally, the IMD output-voltage component:

(31)

As this result is fully analytical, it can be used to extract
some qualitative conclusions on the possible improvement that
may be obtained by making (doping
profile with an IMD optimum point) or alternatively

and (special case of ideal
spike- or step-doped channel). For that, it is first necessary to
have ideas of the sign and magnitude of the
and coefficients.

Real coefficients’ values were extracted from a com-
mercially available 300-m GaAs MESFET, with the VHF
harmonic–distortion measurements procedure described by
Pedro [2], while coefficients’ values were obtained by
successive differentiation of data extracted from
measured -parameters. The obtained values for

V, V are as follows:

mS

mS

mS/V

mS/V

mS/V

mS/V

mS/V

mS/V

mS/V

pF

pF/V

pF/V
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TABLE I
EVALUATION OF VARIOUS COEFFICIENTS’ CONTRIBUTIONS IN A PRACTICAL MESFET AMPLIFIER

With these typical values it seems that third-order IMD
contributions (arising from second-degree coefficients) will be
about one order of magnitude below the contributions due
to third-degree terms. That conclusion has important practical
implications in the way that it discourages further amplifier
IMD optimization by second harmonic-terminations tuning,
unless some other measures are first taken to reduce the third-
degree coefficients’ contributions. Therefore, our attention
should now concentrate on the term of involving
and the last term of .

In an usual amplifier design where both input and output
ports will be tuned, and are nearly real, making
all parameters—except —also approximately real.
Therefore, we may expect possible compensations between
the terms of , , , and because of their
relative signs. IMD due to tends to appear at the output
in quadrature in these contributions, and thus, it cannot be
reduced.

These possible compensations will be mainly dependent
on the magnitude of the ratio, which is
approximately the device’s voltage gain .
Thus, voltage-gain control via appropriate selection
can be used to optimize amplifier IMD [2]. Another interesting
possibility to be explored consists of having a slightly
different from zero, which would even enable the compensa-
tion of other coefficients’ contributions. In that sense, it seems
it could be better to have a MESFET with a doping profile
that produces a zero-crossing , rather than one presenting
a broad range of for which , since it would
provide control over that coefficient’s magnitude and sign by
fine tuning of bias [5].

Although the above conclusions have been drawn from a
simplified model, they can be generalized for practical cases,
as is shown in Table I. In this table, we describe results
obtained at 2 GHz with the complete equivalent circuit model
of Fig. 1, using the coefficients’ values already indicated. Two
different load conditions were selected: for maximum
gain (first two columns), and for maximum output signal

power (third and fourth columns). In both cases, input termi-
nation was simply chosen to produce source matching, since
in-band unconditionally stable operation was guaranteed by
input resistive loading. These two examples are illustrative
of practical designs for low-level–high-dynamic range, and
low-distortion–high-output power amplifiers, respectively.

All rows represent output voltage values (magnitude and
phase) taken at the fundamental and IMD

for equal-output signal power. Because of the interactions
that are verified between second-order contributions to produce
products of third order, all values attributed to second-degree
terms were calculated assuming that all the other second-
degree coefficients were present. That was not necessary for
the third-degree terms, and so those values were obtained with
all coefficients set to zero, except the one under study. The
voltages corresponding to or have only comparison
purposes, and were calculated using values associated with
a slightly lower gate bias: V:

mS/V pF/V .
To evaluate the IMD improvement that one may expect

from vanishing and , and also and ,
four different totals were calculated for each termination’s
condition. In this example, the IMD improvement gained
by setting and (7 or 19 dB) is
obvious from the individual values of their contributions.
Note however, that in the high-gain example the relatively
high contribution of , which obviates more impressive
differences in the totals, is due to the high voltage gain induced
by the output matching condition. In the power amplifier
case, where was selected for power requirements (not
maximum gain), the voltage gain is lower, and therefore, much
higher improvements resulted. By observing the first, second,
and third totals, it can be concluded that the advantage of
having a special FET with an approximately constant (in
comparison to another common device with only one defined
point of null ), is approximately 10 dB for the output-
power optimized example, but not very significant for the
high-gain example (1.2 dB). Moreover, since that latter device
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Fig. 2. Normalized doping profileN�

D
(y) of general-purpose MESFET

NE70083, obtained from measured ratio ofGm3
=Gm2:

option allows the selection of convenient non-null and
mS/V pF/V —max gain

and mS/V pF/V —max output
power) that produced the fourth total results (as theoretically
predicted above), it seems that it could really represent a
better choice for a low IMD amplifier application (6- or 13-dB
improvement over the second totals).

V. EXPERIMENTAL VALIDATION

Those theoretical results induced the study of real-world
equivalent doping profiles, measured in general-purpose GaAs
MESFET’s, like the one shown in Fig. 2.

Using the approximation of this pattern by a piecewise
combination of appropriate th-power doping profiles like
the ones given in (12), two different depletion-depth values
corresponding to null were predicted. As each of these
depths has a -bias voltage counterpart, it was anticipated
that this device should present two distinct bias points of very
good IMD performance. That was truly confirmed by the direct
laboratory extraction of and from -parameters and
harmonic measurements [2].

Fig. 3 shows the nonlinear characterization results thus
obtained. It presents the ratio of (which is generally
taken as a figure of merit (FOM) of the device’s linearity) for
the whole range of negative gate bias. The observation of this
figure leads to the conclusion that this MESFET really shows
two points of high corresponding to two values
of null . The first null is located at
V, near the FET’s threshold voltage where is very small.
This is a point of little practical interest for linear power
amplification, because of its low associated gain. However, the
second null stands for V, i.e., in a zone of
high transconductance. Thus, contrary to the former, this latter

null constitutes a quiescent point of great importance as
it may be used to build low IMD amplifiers.

To prove that, another similar device was characterized and
used in a common single-stage-band amplifier. Fig. 4 rep-
resents the simplified schematic of the implemented amplifier.

The circuit was then submitted to a conventional two-tone
test. Measured results obtained with that experiment are plotted
in Figs. 5 and 6. Also plotted in these figures are simulated

Fig. 3. Ratio of measuredGm andGm3 of NE70083 showing the points
of very good third-order IMD.

results obtained with the Volterra-series model discussed in
the previous section.

Fig. 5 describes predicted and observed sensitivity of third-
order IMD output power on gate bias. It really confirms the
predicted two -bias zones of good linearity, one near the
device’s pinchoff V), and another in a region of
more useful class-A operation’s quiescent points. Inside the
normal zone of bias, i.e., for currents ranging from 20%
to 100% , an IMD output power variation of more than
20 dB could be measured.

On the other hand, Fig. 6 shows a 1-dB compression point
of 12 dBm and an extrapolated third-order intercept point
of 36 dBm. The departure from simulated to measured results
observed on the fundamental and IMD output powers for the
highest input levels is due to the third-order restriction imposed
on the adopted Volterra model. The observed and
figures are thought to be remarkable results for a general-
purpose MESFET biased with V and mA.
In fact, they correspond to FOM’s of and

dB, which compare to the
and dB published for a conventional power-
MESFET amplifier, and to and

dB obtained with a MESFET device with a spike-doped
channel [14].

VI. CONCLUSIONS

A different point of view on the MESFET linearity depen-
dence on doping profile was presented. It led to the interesting
conclusion that good IMD performance may be expected from
a MESFET with no specialized doping profile if its channel-
doping pattern is carefully studied and the bias point
precisely selected.

Two-tone test results observed on a practical amplifier
proved that the present procedure indeed produces linearity
FOM’s that are much better than obtained with conventional
power FET’s, and can even approximate the FOM’s of spe-
cially tailored devices.
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Fig. 4. Simplified schematic diagram of the implementedS-band amplifier.

Fig. 5. Measured and simulated results of IMD output power sensitivity on
gate-bias voltage.

Fig. 6. Measured and simulated results of output power at the fundamental
and third-order IMD and implemented amplifier.
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