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1. Abstract

This paper examines the problem of modeling GaAs
MESFETs for calculations of intermodulation and spurious
responses. We show that an adequate model must express not
only the absolute I/V characteristics of the device, but also the
derivatives of those characteristics. Finally, we propose a large-
signal FET model that models those derivatives more realistical-

ly than do existing models.!
II. Introduction

In recent years the availability of general-purpose har-
monic-balance and Volterra-series simulators has generated a
need for accurate nonlinear models of GaAs MESFETs, and

many such models have been proposed [1-10]. Missing from
virtually all of these, however, is an assessment of the properties
of a model that are necessary for accurate prediction of inter-
modulation-distortion (IM) and spurious-response levels.
Models are usually justified by their ability to reproduce the
device’s I/V or Q/V characteristics; rarely are the derivatives of
those characteristics of concern. We shall show that those deriv-
atives are in fact dominant in determining intermodulation
levels, and that most of the common approaches to modeling
MESFETs do not model those derivatives adequately. Finally,
we propose a new model for the MESFET gate I/V characteristic
(the dominant nonlinearity in most FETs) that is accurate
through at least the third derivative.

III. Amplifiers

We employ Volterra-series concepts and the method of
nonlinear currents [11] to derive expressions for the sensitivity
of a nonlinear analysis to model parameters. Although Volterra
concepts are used in the following derivations, the conclusions
are, of course, valid regardless of the method of analysis chosen
for any particular circuit.

Fig. 1 shows a MESFET equivalent circuit having a nonlinear
voltage-controlled current source and other nonlinear elements;
in modern FETs this element is by far the dominant nonlinearity.
One can show that the second-order output IM current [} ,gen-

erated by this element at some frequency ®, = 0, + 0, is

1
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Fig. 1 FET equivelent circuit including a nonlinear voltage-
controlled current source

where only the terms in the summation at ®, are retained,

H) (0, +®,,) is a linear transfer function,V, ., is the gate
voltage at the nth excitation frequency, and
a7,
8= 53 @
glv,=v,

V,, is the gate-bias voltage, I is the drain current, and
V,is the gate voltage. Egs. (1) and (2) show that the second-or-
der output current is proportional to g, i.e., to the second
derivative of the nonlinear element’s I/V characteristic.

Third-order products are analyzed similarly. The third-
order output current Iy 3 at @, + @, + 05 = @413

1
Ip3(03) = 733 3 Ha (@) X 3
mqlmq?-wﬂ
[0.58,V, 13V w2 + 016783V, 11V, 13V, 13

where ®, is a second-order mixing frequency, V, (o,) is the

second-order voltage and g4 is the third derivative of the I/V

characteristic. In MESFETs, the first additive term of (3) is
usually less than one tenth of the second. Therefore, the third-
order IM output current is approximately proportional to g5, and

third-order power is proportional to the square of g5, i.e., the
square of the third derivative.

Fig. 2 illustrates the variation in second- and third-order
IM output levels in an NECNE67300 MESFET as the g, and g4

1990 IEEE MTT-S Digest



0
g ] 2g3\\\
2
@ 1 8 &
‘E 22
£3/2 2/2
-40 ! ' B N N
0.0 Freq (GHz) 14.0

Fig. 2 Caculated second-order and third-order two-tone IM levels in an NEC67300

MESFET as a function of g2 and g3. Input power is 0 dBm, gm=0.0593, g2=0.01113

83=-0.008717. The second-order product is f2-f1; the third-order is 2f2-f1. The only
nonlinearity is the controlledcurrent source

coefficients of the drain controlled current source are varied in-
dependently. The IM levels vary in proportion (i.e., dB for dB)
with g, and g,. These calculations were made via the program

C/NL, a descendant of the program described in [12].

The same pattern follows for higher-order IM products.
We conclude, therefore, that (1) the nth-order IM output power
varies as the square of the nth derivative of the gate I/V charac-
teristic, and (2) accurate calculations of nth-order IM levels
require that the nth derivative of the I/V characteristic be
modeled accurately.

IV. Mixers

A similar phenomenon occurs in mixers. In a mixer,
however, we must employ a time-varying Volterra series, in
which the derivatives of the I/V characteristic g, (r) vary with

time at the LO frequency. For example, the time-varying
transconductance (g, (¢)) is simply the time-varying first de-
rivativeof I, (v 2 v,) evaluated at V; , (¢) the LO gate-voltage
waveform.
a7,
8 (1) = —5 @®

av2
8 Ve=Vio (9

and the function g, (#) affects the second-order IM level
in a manner analogous to that of g, in an amplifier. The lower
two or three harmonics of g, (¢) are the most important in estab-

lishing the mixer’s IM performance, but especially in strongly
nonlinear devices (e.g., Schottky diodes) or in heavily pumped
FETs, many higher harmonics may be significant. Again, in or-
der to calculate nth-order IM levels accurately, the nth-order
derivative of the FET’s gate-to-drain I/V characteristic must be
accurately modeled over the entire range of LO voltages at the
FET’s gate.

V.  Existing Models

A common approach to modeling the gate-to-drain I/V
characteristic [1-3] is to use an expression of the form
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I (Ve V) = (Ag+AVy+AVo+ ) tanh (aV,) ()

where V, and V, are the internal gate and drain voltage’s, i.e.,

they do not include the voltage drop across the source and drain
resistances. The polynomial describes the dependence of the
drain current /; on the gate voltage, V, and the tanh function

describes the drain-voltage dependence.

These expressions model 1, (V,, V) adequately for the

analysis of large-signal amplifiers and switching circuits, and
the cubic expression in (5) models the MESFET’s transconduc-
tance well enough to obtain accurate calculations of a mixer’s
conversion gain. However, accurate intermodulation analysis
requires that the higher derivatives also be accurate; the above
expression fails in this respect because the functional form of its
derivatives does not agree with those of the real device. Fig. 3
compares the derivatives of the polynomial expression in (5)
with those of an NEC NE67300 MESFET. It is clear that the
MESFET’s g, coefficients vary with V, in a progressively more

complex manner as n increases, but the derivatives of (5)
become simpler and, of course, disappear when # is greater than
the degree of the polynomial.

VI. An Improved Model

We have circumvented the problems inherent in a poly-
nomial expression by using sinusoids and a linear function as
basis functions. Our proposed function is

I,(V,V,) = (§)tanh(aV,) ®)

where the binomial or cubic function is replaced by

@ = a,+a,sin (x) +assin (2x) + a,sin (3x) @)
and
IS e T 8)
x—ﬂ:(Vf_Vt), t g f!( d (

and v, and V, are the internal gate and drain voltages. Vtis the
turn-on voltage, and Vf is the maximum gate voltage over which
the model is intended to operate.

We fit the gate-voltage portion of this model to the
measured I, (V,, V,;) and its derivatives by using singular-value

decomposition (SVD) to solve the equation

DA=1 )]
where I is the vector of measured values of / p (Vg, V) andits
derivatives, A is the vector [a,a,aa,] T and Dis the
design matrix of the basis functions and their derivatives at the

measured values of Vg [13]. The derivatives are measured via
the technique outlined in [14].

The process of fitting the a, coefficients to the measured
data requires some special care. First, because the form of (6)

does not automatically guarantee that the transconductance will
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Fig. 3 (a) The I/V characteristic of an NE67300 MESFET and
(b) - (d) its first three derivatives measured and modeled by the cubic
expression of Eq. 5.
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Fig. 4 Comparison of I/V characteristics measured and calculated
from the new model. (b) - (d) are the first three derivatives.



be zero at the pinchoff voltage V,, one must artificially set the
measurement tolerance for g, (Vp) to a value approximately

one tenth that of other transconductance points. Because the
tolerances in SVD act as a weighting function, the tight tolerance
forces the modeled Vg = Vp. Second, the form of (6) does not

allow the third derivative of the drain current to be zero at Vp;
thus, there is a discontinuity in the third derivative at V. The

effect of this discontinuity is minor in practice, but it may pre-
vent effective fitting unless the tolerance in the third derivative
is made very wide at V, 10 equal V,,.

Figures 4a-d compare the measured and modeled I/V
characteristics of an NEC NE67300 MESFET. The primary lim-
itation in accuracy arises from the fact that the measurement
inaccuracies often cause the measured derivatives to be inconsis-
tent, e.g., the integral of the second derivative is not precisely
equal to the transconductance, while the model’s derivatives are
perfectly consistent.

We have installed this model into the general-purpose
harmonic-balance program Libra, where it is being used to
model intermodulation in large-signal microwave circuits. Fig-
ures 5 - 7 compare the measured and modeled gain and IP3 of a
2 - 40 GHz coplanar distributed amplifier. Figure 7 shows the
1P3 calculated by Libra, by the Volterra series program CNL and
the measured data. Only the transconductance nonlinearity was
included. Differences between the calculated and measured re-
sponse can be attributed to difficulties in modeling small
devices.
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Fig. 5 2 - 40 GHz coplanar distributed amplifier
utilizing .25 x 65 pm MESFETs
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