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Abstract—This paper describes an improved large-signal model
for predicting an intermodulation distortion (IMD) power char-
acteristic of MESFET’s in switching applications. The model is
capable of modeling the voltage-dependent drain current and its
derivatives, including gate–source and gate–drain capacitors. The
drain current and its derivatives are described by a function of a
voltage-dependent drain conductance. The model parameters are
extracted from a measured drain conductance versus gate voltage
characteristic of an MESFET. This paper also presents a new
fully symmetric equivalent circuit for switching MESFET’s. The
IMD power characteristics calculated with the use of the proposed
method are compared with experimental data taken from a
monolithic-microwave integrated-circuit single-pole double-throw
switch. Good agreements over the large gate voltages and input
power levels are observed.

Index Terms—Harmonic distortion, MESFET’s, nonlinear
model, nonlinearities.

I. INTRODUCTION

T HERE IS A growing need for high-performance mono-
lithic-microwave integrated-circuit (MMIC) control

circuits such as switches, attenuators, phase shifters, and
resistive mixers. These MMIC’s have been realized by the use
of MESFET’s as switching elements. The intermodulation
distortion (IMD) generated by MESFET’s is one of the im-
portant performance characteristics that must be addressed in
many switching applications. Therefore, to analyze the IMD
power characteristics of MESFET’s, a large-signal model for
switching MESFET’s must be developed. For this purpose, a
simple model was proposed [1]; however, the model neglects
a drain voltage dependency of the drain current. It was
shown recently that not only the voltage-dependent, but
also their derivatives have to be modeled correctly, especially if
the model is supposed to predict the IMD power characteristic
[2], [3]. In those papers, the and its derivatives are accu-
rately represented by the Taylor series expansion. Numerical
calculation of the derivatives from the measured
data is impractical because the MESFET’s drain current is
very small and its nonlinearity is often lost within measured
tolerances. Therefore, the method requires a very complicated
measurement procedure to extract the Taylor-series expansion
coefficients.
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To overcome this problem, this paper presents a different ap-
proach in large-signal modeling. First, we focus on a voltage-de-
pendent drain conductance , not on the , to describe the
drain current. Second, the Taylor series coefficients are numer-
ically extracted from the measured data. Finally,
we propose a fully symmetrical equivalent circuit and an im-
proved modeling function.

The paper is organized as follows. Section II begins with a
nonlinear drain current for switching MESFET’s. Section III
shows problems of conventional models. Section IV continues
with design of modeling functions. Section V shows an appli-
cation example for predicting the IMD power performances of
an MMIC single-pole double-throw (SPDT) switch.

II. V OLTAGE-DEPENDENTDRAIN CURRENT FORSWITCHING

MESFET’s

In switching applications, an MESFET is controlled by a con-
trol dc gate voltage , and a small-signal voltage applies
to the drain at the zero drain bias voltage. Under the condi-
tion, the small-signal drain current is described as a function
of the voltage-dependent drain conductance and its derivatives

(1)

The can be extracted accurately from measured-parame-
ters [4]. To extract equivalent element values of an MESFET
from the -parameters, we then propose a fully symmetrical
large-signal equivalent circuit based on the physical configu-
rations of switching MESFET’s. Schematic cross sections at
“on” and “off” states can be written by Fig. 1(a) and (b), re-
spectively. The symmetrical equivalent circuit proposed here is
shown in Fig. 2. The drain current is represented by a modeling
function of the . Since the drain is unbiased, and
the MESFET is physically symmetrical, both a gate–source ca-
pacitor and a gate–drain capacitor have identical gate
voltage dependencies. Parasitic elements, , , , ,

, and are assumed to be linear. The equivalent-circuit pa-
rameters can be extracted by using an optimization procedure
to minimize an absolute square error between the measured and
the modeled -parameters. Parameter extraction of the equiv-
alent circuit was done by GASMAP, Norwood, MA [5].-pa-
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(a)

(b)

Fig. 1. Schematic cross section of a MESFET. (a)V = 0 V. (b) V � V .

Fig. 2. Symmetrical equivalent circuit for a switching MESFET.

Fig. 3. A three-dimensional plot of the measured voltage dependent drain
conductance for an 800-�m MESFET.

rameter measurements for the MESFET with 800-m gatewidth
were done from 1–21-GHz frequencies, and the measurement
repeated the gate voltages over5 to 0.6 V, and the drain volt-
ages over 0–0.5 V. Fig. 3 shows measured data.
From the data, the coeffi-
cients are numerically derived by using (1).

Fig. 4. Comparison of the measured and modeledg characteristics for an
800-�m MESFET. The parameters of the Curtice’s modeling function are� =

0:647, � = 0:096, � = �0:259, andV = �3:55 V.

III. PROBLEMS OFCONVENTIONAL MODELING FUNCTIONS

Many modeling functions for the large-signal model cur-
rently being used are mainly derived from the Curtice’s
modeling function [6]–[10]. The Curtice’s modeling function
is described by formulas

(2)

where and are the intrinsic terminal voltages, is the
pinchoff voltage, andα, β, andλ are the model parameters. For
switching applications, (2) can be described as the voltage-de-
pendent drain conductance

(3)

Equation (3) models the MESFET’s adequately to obtain
switch’s isolation; however, (3) often fails the IMD power cal-
culation. This shortage is clarified by a comparison of the
coefficients of a real device with those of the modeling func-
tion, as shown in Fig. 4. The comparison results show that the
measured MESFET’s coefficients vary with in progressively
more complex manner asincreases; however, those of the Cur-
tice’s modeling function become simpler. From this compar-
ison, it is considered that the large-signal simulation using the
Curtice’s modeling function causes the error of the IMD power.
More sophisticated models [9], [10] also fail to represent the
coefficients because those models were developed to represent
the – characteristics and those partial derivatives with respect
to the gate voltage .

IV. I MPROVED MODELING FUNCTION

Conventional modeling functions being currently used
[6]–[10] are expressed as

(4)

However, from the Fig. 3, the versus slope varies with
the . In order to improve the modeling accuracy, we propose
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Fig. 5. The extractedA andA coefficients as functions ofV .

an improved modeling function including the dependency
of the as

(5)

For the , the hyperbolic tangent function represents the
dependency of the and its derivatives [10] well at
V. The is shown by

(6)

where is a modeled value at the center of the linear potion
of the modeled value versus slope , and the value
at the is . The is a power series function centered at

with as a variable, and is shown by

(7)

where , are the fitting parameters.
The represents the dependencies of the and its

derivatives at each individual gate voltage, and is represented as

(8)

where, are -dependent fitting
coefficients. The extracted and coefficients from the
800- m MESFET are shown in Fig. 5. and higher terms

became almost zero; hence, we neglected them.
From the figure, the can be represented by (6). The

is also represented by a modified modeling function
of (6), and is shown by

(9)

whereλ is a modulation parameter of and is the same as
the Curtice model. The modeled and parameters are also
shown in Fig. 5.

The measured of the 800- m MESFET were represented
by the improved modeling function. In order to obtain accurate
representations of the , we fitted the improved modeling func-
tion to the all higher terms of the measuredby adjusting the
model parameters. The extracted parameters for the modeling
function are shown in Table I. The measured and the modeled

are shown in Fig. 6, and excellent agreements are achieved.

TABLE I
EXTRACTED PARAMETERS FOR THE

IMPROVEDG MODELING FUNCTION

Fig. 6. Comparison of the measured and modeledg characteristics for an
800-�m MESFET.

The voltage dependencies of gate capacitors and
play an important role in determining the high-frequency perfor-
mance of MESFET’s. Since the drain is unbiased in switching
applications, these gate capacitors have identical gate voltage
dependencies, and this phenomena can be represented by a mod-
eling function. In the many modeling functions including the
Curtice model [6]–[8], the gate capacitors are represented as the
capacitor of the Scottky diodes [11] as follows:

(10)

where is the zero-bias junction capacitance, is the
built-in potential of the Schottky gate, is a fitting parameter,
and is the intrinsic channel voltage. A conventional modeling
function for the gate capacitors, shown in (10), is inadequate
for gate voltages smaller than the pinchoff voltage since the
conducting channel is totally depleted [12]. In order to improve
the modeling accuracy, we propose an improved modeling
function. Due to the similarity of and the gate
capacitors, a modified modeling function of (6) was applied
to represent the dependency on the gate voltage of the gate
capacitors as

(11)

where

(12)
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Fig. 7. Measured and modeled responses of the gate capacitors for an 800-�m
MESFET. The parameters for the improved modeling function areF =

0:438 pF,C = 0:219 pF,V = �2:748 V, P = 1:217,P = 0:364,
andP = 0:049. The parameters for the conventional modeling function are
C = 0:63 pF,V = 0:8 V, andm = 0:40.

Fig. 8. Equivalent circuit of the MMIC SPDT switch.

and is the value at .
Fig. 7 shows the comparison between the extracted and repre-

sented gate capacitors for the 800-m MESFET. From the com-
parison, we recognize that the improved modeling function rep-
resents the gate voltage dependency over the large gate voltages
with good accuracy.

V. VERIFICATION OF THEIMPROVEDLARGE-SIGNAL MODEL

To verify the improved model’s performance for the IMD
power characteristic analyses, the characteristics calculated
with the use of the improved model are compared with
the experimental data taken from an MMIC SPDT switch.
Small-signal simulation results are also compared with the
experimental data to verify the performance of wide-band
frequency applications. The MMIC SPDT switch was fabri-
cated from a GaAs MMIC process optimized for switching
applications. Fig. 8 shows an equivalent circuit of the MMIC
SPDT switch. For large- and small-signal measurements, an RF
signal was applied to the port “IN,” and RF performance mea-
surements were done at the port “OUT1.” The port “OUT2” was
terminated by a 50- termination. The control voltages were

V, V for an isolate state, and V,
V for a transfer state.

A. Verification of the IMD Power Characteristic Analyses

Fig. 9(a) and (b) show the measured transfer and isolate state
IMD power characteristics of the MMIC SPDT switch and the
predicted IMD power characteristics for the improved and Cur-
tice models. The IMD power characteristics were measured by

(a)

(b)

Fig. 9. IMD power of the MMIC SPDT switch.F1 = 10:0 GHz andF2 =

10:1 GHz. (a) Transfer state. (b) Isolate state.

Fig. 10. Measured and simulated TOI point as a function ofV at the
transfer state (V = 0 V, V = �7 to �1 V). The TOI was measured by
the relationship from 10.0 to 10.1 GHz.

the relationship from 10.0 to 10.1 GHz. The predicted results of
the improved model agree well with the measured data. How-
ever, the predicted results using the Curtice model show signif-
icant discrepancies between the measurements and predictions.

To verify the accuracy of the model at different gate voltages,
third-order intercept (TOI) points were measured as a function
of the control voltage and compared with the predicted per-
formance from the improved model. Fig. 10 shows a comparison
result, and very good agreement is achieved.

B. Verification of the Small-Signal Analysis

The predicted small-signal performances from the improved
model agree well with the measured performances. Fig. 11(a)
and (b) show the measured transfer and isolation state small-
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(a)

(b)

Fig. 11. Comparison of the measured and calculated small-signal responses
for the MMIC SPDT switch. (a) Transfer state. (b) Isolate state.

signal performances of the MMIC SPDT switch and the pre-
dicted performances for the improved model, as well as the Cur-
tice mode using the conventional modeling function for the gate
capacitors. A dramatic improvement in the high-frequency per-
formance prediction of the measured data is accomplished by
using the improved model since the improved modeling func-
tion for the gate capacitor is applied to the improved model.

VI. CONCLUSION

The practical and accurate large-signal MESFET model
and its parameter-extraction procedures for switching applica-
tions have been proposed. The small-signal drain current has
been described as a function of the voltage-dependent drain
conductance and its derivatives. The voltage-dependent drain
conductance and its derivatives including gate capacitors have
been represented by the improved modeling functions. The
improved modeling function has been applied to predict the
MMIC SPDT switch’s performances, and has been compared
to the measured performances. The results verified that the im-
proved model is useful for both large- and small-signal circuit
analyses for MESFET’s in the control circuit applications.
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