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Abstract—A comprehensive large-signal model of a GaAs
MESFET is presented to account for charge conservation and
effects of dispersion and self-heating. An improved set of capac-
itance and charge equations, along with an enhanced Triquint
Own model (TOM)-like drain current model, is used for con-
sistent small- and large-signal simulations. Charge conservation
is satisfied by deriving the capacitance part of the model from
charge equations. Transconductance and output conductance
dispersion is modeled by combination of a feedback network
and a subcircuit, which describes the self-heating effect. An
improved description of the near-pinchoff characteristics, high-
voltage breakdown, and gain compression at high-current region
in the TOM is introduced. The new model accurately predicts
the I–V, CV , bias-dependentS-parameter, waveform, power, and
linearity characteristics of the MESFET.

I. INTRODUCTION

GaAs MESFET’s exhibit complex nonlinear behavior
under large-signal operation and present numerous

challenges for accurate device modeling.I–V curves of the
MESFET show strong dispersion effects causing a discrepancy
between the static and dynamic characteristics. A significant
difference exists between the dynamicI–V characteristics
which fit transconductance and those which fit output
conductance . In addition, charge conservation has to
be satisfied for consistent extraction of large- and small-
signal models [1], [2]. The charge expressions , which
adequately describe capacitance behavior as a function of port
voltages , are difficult to obtain. In particular, there is
a crossover in measured versus characteristics with
varying . This crossover was previously overlooked [3]–[5],
except for the Chalmers model [6], in which the capacitance
curves are fitted with the , but not the equations.

In this paper, we introduce a model which accounts for the
dispersion effects, including self-heating, and accurately fits
the measured characteristics. It includes a low-pass sub-
thermal circuit to account for the effects of self-heating and a
feedback circuit to account for an increased at high fre-
quency. The model satisfies charge conservation and predicts
the crossover behavior. The modeling results were
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Fig. 1. Equivalent-circuit model of the MESFET to account for self-heating,
dispersion, and charge conservation. Gate current is not shown here.

verified by dc, -parameter, power, waveform, and linearity
measurements.

II. DRAIN CURRENT MODEL

Triquint’s Own model (TOM) [7] was used as a basis
for our drain current model. TOM is popular because it can
accurately fit the dc behavior of the MESFET. It predicts the
negative output conductance at a high dissipated power region,
which occurs due to self-heating. However, the negative output
conductance is strictly a low-frequency phenomenon (

MHz) and may cause inaccuracies in high-frequency sim-
ulations. Similar to heterojunction bipolar transistors (HBT’s)
[8], we modeled self-heating with a thermal circuit, which
incorporates a normalized unit thermal resistance and a
normalized thermal capacitance , the product of which
is equal to the thermal time constant of the device (see
Fig. 1). This allows an accurate phenomenological description
of self-heating without the knowledge of actual device thermal
resistance. The node voltage of this circuit represents
the normalized rise in temperature, which at dc is equal to
the dissipated power in the device. The self-heating causes a
decrease in drain current expressed as

(1)

where is the self-heating current-reduction parameter,
which is equivalent to the parameter in TOM at dc. The
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TABLE I
PARAMETERS OF TOM, INCLUDING DISPERSION

Parameter Description Unit Dispersive

�
Transconductance

coefficient
A/V No

Vt0 Threshold voltage V No

�
Current saturation

parameter 1/V No



Drain–pull
parameter unitless Yes

�
Self-heating

feedback
coefficient

1/W Yes

Q
Power-law
exponent

unitless No

low-pass nature of this thermal subcircuit results in decreased
current reduction with increased frequency. From (1), the
reduction of is proportional to the dissipated power
when is small, and approaches zero when is
extremely large. The dc curves are, therefore, represented
as a combination of a TOM description with dc self-heating
parameter and a separate self-heating model. With
this approach, in the saturation region is positive at high
frequencies, as in reality, since the self-heating cannot follow
a high-frequency excitation. The measured RF , on the
other hand, is reduced with increased dc power dissipation
due to increased temperature.

From our experimental results, calculated from the
-parameter measurements is considerably higher than the

TOM prediction. To address this discrepancy, we modeled
the dispersion of with a high-pass feedback circuit from
drain to gate (see Fig. 1), similar to [9]. Unlike the seriesRC
representation of dispersion (e.g., EEFET3 or TOM in LIBRA
or [10]), this approach allows RF trajectories to reach the
pinchoff region without being restricted by the RF resistance.
This results in better prediction of power-added efficiency. The
effect of this dispersive feedback is translated to setting the
parameter in TOM to be frequency dependent. The product
of and , shown in Fig. 1, sets the time constant for

dispersion. A small part of RF is fed back to the
gate of the MESFET via a voltage-controlled voltage source
(VCVS). The gate voltage , which appears across ,
is combined with this feedback voltage by means of another
VCVS. The drain current is dependent on the total voltage
appearing across both VCVS. In this way, the feedback signal
does not directly affect the charge terms. Table I summarizes
the TOM parameters and specifies which model parameters
are dispersive in our new model. The TOM parameterhas
been replaced with the thermal parameter, and the thermal
subcircuit parameter . The dispersive in TOM is replaced
by the dc parameter, feedback parameter , and associated
feedback circuit parameters and of the new model.

Most modern power amplifiers for wireless communica-
tions are operated under high-impedance loading conditions
to achieve high power-added efficiency. In this case, an
accurate modeling of the near-pinchoff region is crucial for
power performance prediction. In our new model, an additional
parameter is introduced to fit the gradual pinchoff behavior.

The new equation is the same as that introduced in [11]

(2)

where is expressed in (1) and

(3)

where , , , and are the model parameters specified
in Table I. Equation (3) is the current in TOM with
and . The current in (2) reduces to
when and gradually approaches zero when

. This allows a more realistic pinchoff
behavior compared to most classic models.

Breakdown effects are important for power amplifiers, es-
pecially under high-efficiency loading conditions, since the
instantaneous drain–gate-voltage swing can reach three times
that of the drain bias voltage. Two types of breakdowns exist
for MESFET’s: pinched- and open-channel breakdowns. The
open-channel breakdown is neglected in this paper since, in
most power amplifiers, high swing occurs when is near
or below the pinchoff region. The pinched-channel breakdown
is described by a diode placed between drain and gate with
a leakage current and a large factor, ranging from 50
to 70, depending on the breakdown voltage. Finally, the gate
forward current is modeled in conventional way, as in the
Curtice model.

III. CAPACITANCE MODEL

Consistency of large- and small-signal models requires
charge conservation condition to be satisfied. Therefore, a
small-signal capacitance model ought to be derived from
the charge model . In general, there exist four partial
derivatives of the two charge terms, and with regard
to and , respectively, [see Fig. 2(a)]. However, there
are only two capacitance elements present in the small-signal
equivalent circuit, namely, and . These four charge
derivatives can be grouped as follows:

(4)

(5)

It can be shown that, for equivalence between the charge
and capacitance representations, an additional transcapacitance
term must be added, as shown in Fig. 2(b). The
derivation of equivalency between Fig. 2(a) and (b) is straight-
forward by comparing the -parameters of both circuits. For
the forward parameter computation, port 2 is a short, hence,

and one obtains

(6)

(7)

For the reverse parameter computation, port 1 is a short, hence,
and and one obtains

(8)

(9)



1640 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 11, NOVEMBER 1998

TABLE II
OVERVIEW OF THE EQUATIONS USED IN THE MODELING

(a)

(b)

Fig. 2. (a) Capacitance equivalent circuit of the MESFET consistent with
charge conservation, which consists of the charge elements. (b) An equivalent
of (a), which consists of capacitance elements.

The left equations in (6)–(9) are derived from Fig. 2(a), while
the right equations represent conversions from Figs. 2(a) to
(b). Full equivalency between the two capacitance representa-
tions of the MESFET is achieved by defining a transcapaci-
tance as follows:

(10)

This transcapacitance can be translated to a delay timeby
combining it with as follows:

(11)

(12)

In this way, conventional small-signal circuits can still be used
to satisfy the consistency condition with a large-signal model
if the two charge terms are appropriately chosen and the delay
time is adjusted. Fig. 2 shows the nonlinear capacitance
equivalent circuit consistent with the charge conservation
condition. To account for the crossover in , , a
modification of the Vitesse capacitance model [12] is made by
introducing a cross-product term as follows:

(13)

(14)

where

(15)

(16)

and , , , , , , , and are model param-
eters. All the model equations are summarized in Table II.

IV. PARAMETER-EXTRACTION PROCEDURE

Model extraction was performed using Optotek’s LASIMO
software,1 which allows incorporation of user-defined equa-
tions for the and dependencies, element value ex-
traction, and optimization for multiple bias conditions. Since
the individual fitting target can include the or I–V expres-
sions, path independence is not required, and separate sets of
equations for and can be independently defined.

The extraction procedure is as follows.

1) Extract parasitic resistance and inductance element val-
ues using the cold-FET model [13].

2) Extract 11-element small-signal equivalent-circuit pa-
rameters at multiple biases from measured-parameters.

1LASIMO User’s Manual, OPTOTEK Ltd., Kanata, Ont., Canada K2K 2A9.
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Fig. 3. Measured (symbols) and modeled (lines) gate–source capacitance of
a 2-mm MESFET versusVds. Vgs = 0:6; � � � ;�1:8 V top down.

Fig. 4. Measured (symbols) and modeled (lines) gate-drain capacitance of a
2-mm MESFET versusVds. Vgs = 0:6; � � � ;�1:8 V top down.

3) Extract nonlinear capacitance model parameters by fit-
ting and only. The transcapacitance or delay
time are used for verification of charge conservation.

4) Extract TOM parameters with and self-heating
parameters by fitting and , where

(17)

(18)

TOM parameter is optimized to yield , which
includes the contribution of RF feedback to fitting of

. Note that due to a large thermal time constant, the
self-heating effect or the , which is equal to power
dissipation in measurement, is affected only by the bias
point, and results in the decrease of both measured

and with increased power dissipation, but
always remains positive.

5) Fit the dc characteristics by keeping all parameters
unchanged and enabling onlyto vary. The difference
between the newly obtained and is the feedback
parameter .

The model was developed for a standard 0.7-m gate Alpha
Industries’ MESFET. Approximately 400 dc and-parameter
measurements were taken at different biases, including ten bias
points for cold-FET ( V) extraction. The bias ranges
included from 2 to 0.6 V for and from 0 to 5 V for .

The modeling results were compared for the Statz, modified
Statz, Vitesse, and our new model. In the modified Statz model,
parameters in the expressions can be tuned independently
of those in theI–V expressions. On the contrary, the con-
ventional Statz model in conjunction with the TOMI–V

Fig. 5. Modeled (lines) versus measured (symbols) delay time as a function
of Vds, Vgs of a 2-mm MESFET.

Fig. 6. Illustration of clockwise and counterclockwise integration paths in
the Vgs–Vds plane for current calculation.

model has several parameters shared by theI–V and
characteristics. After optimization, the errors in fitting the
characteristics were 16.7%, 8.9%, 9.5%, and 5.8% for the
Statz, modified Statz, Vitesse, and the new model, respectively,
indicating a better fitting for our new model. Figs. 3 and 4
show the fitting results for and as a function of
with varying . Clearly, the crossover in behavior is
predicted well. Fig. 5 plots the modeled delay time (lines)
based on (10) and (12) with the measured (symbols). Note that
the charge parameters are extracted by fittingand , but
not . Nevertheless, the delay timeagrees reasonably well
with the measured data, as shown in the figure. This relative
consistency verifies the charge conservation as formulated by
(10) and (12).

The I–V model was generated by fitting the RFI–V charac-
teristics, which were obtained by integration of the measured

-parameters at 1 GHz. It is assumed that integration is
frequency-independent. Integration of and

for calculation of was performed via
the clockwise and counterclockwise paths on the–
plane indicated in Fig. 6. The integration of drain current is
composed of two parts: I and II. The first part of integration
results in a small contribution to the current, as specified in the
figure as , and the major contribution comes from the second
part of integration, represented by, where and



1642 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 11, NOVEMBER 1998

Fig. 7. Comparison between modeled output RFI–V characteristics of a
2-mm MESFET obtained by fittingGm (lines) and I–V characteristics
obtained by counterclockwise integration in theVgs–Vds plane (symbols).
Vgs = 0:6; � � � ;�1:8 V top down.

Fig. 8. Comparison between modeled (lines) and measured (symbols) output
dc I–V characteristics of a 2-mm MESFET.Vgs = 0:6; � � � ;�1:8V top down.

Fig. 9. Comparison between the measured characteristics (points), and those
predicted by the new model (line) of the dc transfer characteristics of a 2-mm
MESFET atVds = 2 V. The dotted line near pinchoff was the simulated
results with the TOM model.

play the dominate role in the clockwise and counterclockwise
paths, respectively. Therefore, the data obtained by counter-
clockwise integration were fitted by optimizing with other
parameters being relaxed, whereas in the case of clockwise
integration, is optimized. The resulted counterclockwise
RF curves are found very close to the dc characteristics. The
clockwise RFI–V curves, as shown in Fig. 7, show positive
slopes, indicating that the negative resistance in the higher
current region is purely a low-frequency phenomenon. Fitting
of the dc I–V characteristics was accomplished by setting

. The measured and modeled dc output characteristics
are shown in Fig. 8. To minimize the overall fitting error of the
dc and two sets of RFI–V characteristics, model parameters
other than and are adjusted.

Fig. 9 shows that the new model accurately describes the
near-pinchoff region of the measured transfer characteristics
at V. The fitting is improved compared to the
conventional TOM description, which predicts abrupt pinchoff.

TABLE III
PARAMETERS OF THENEW MODEL AND THEIR EXTRACTED VALUES

Table III summarizes the extracted model parameter values
for the 2-mm MESFET.

V. MODEL VERIFICATION

The new model was implemented as a user-defined element
in LIBRA. Small- and large-signal characteristics of the 2-mm
MESFET were simulated and measured in the 50-system.
The thermal time constant was set to 50s, while the
dispersion time constant was set to 1s F,

for continuous wave (CW) simulations. For compar-
ison, the TOMI–V model in conjunction with the Statz
model was extracted and implemented in LIBRA.

Fig. 10 shows the comparison between the measured and
simulated , , and based on the large-signal model
at V and V. The modeled results
with dispersive TOM model are also shown. The conventional
TOM model does not take into account the difference between
the dc and RF and, hence, gives erroneous results,
which significantly deviate from measurements. Therefore, a
built-in LIBRA dispersive TOM model was then used for
a comparison. The dispersive TOM model is generated by
fitting the dcI–V’s, RF and the ’s and assuming that
dispersion parameters M and fF. Fig. 11
shows that for the new model, the modeled and measured

-parameters are in good agreement for both the lower current
bias of V and V and higher current
bias of V and V. For the dispersive
TOM model, much higher and for higher
current bias were obtained. This happened because in order
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Fig. 10. Measured (symbols) and modeled (lines)S-parameters of a 2-mm
MESFET atVds = 4 V, Vgs = �1:6 V. Results for the TOM model are
also shown for comparison.

Fig. 11. Measured (symbols) and modeled (lines)S-parameters of a 2-mm
MESFET atVds = 4 V, Vgs = 0:2 V. Results for the TOM model are also
shown for comparison.

to fit the dc I–V curves and RF at the lower current
region, this model always predicts higher output resistance
over a wide bias range, and even negative resistance at high
current region, resulting in of either large magnitude or
outside the Smith chart.

Fig. 12 shows the simulated power performance of the
device biased at V and V. It can
be seen that the model predicts well the power gain, output
power, and power-added efficiency. The slight discrepancy
between the measured and simulated results is attributed to the
extrapolation error outside the region where the-parameters
used for extraction were measured. The simulated results using
the dispersive TOM model are also plotted in Fig. 12 for
comparison. It is seen that the TOM model predicts higher
than measured gain, power output and power-added efficiency.

Fig. 13(a) and (b) shows that a good agreement is obtained
between the measured and simulated voltage and current

Fig. 12. Measured (solid symbols) and modeled (lines) power, power-added
efficiency, and gain performance of a 2-mm MESFET atVds = 3 V,
Vgs = �1:7 V. Results for the TOM model are shown by broken lines.
The arrows show the difference between measured characteristics and those
modeled with the TOM model at selected input powers.

(a)

(b)

Fig. 13. Measured (symbols) and modeled (lines) (a)Vgs, Ig and (b)Vds,
Id waveforms of a 2-mm MESFET atVds = 5 V, Vgs = �1:4 V, and
Pin = 10 dBm.

waveforms of the MESFET at V and
V and input drive level of 10 dBm. The waveforms

were measured in the 50-system at 0.85 GHz by using a
microwave-transition-analyzer-based system reported in [14].
It can be seen that the model predicts clamping of both the
drain voltage and drain current waveforms by the pinchoff
and linear regions of the outputI–V characteristics. The output
waveforms, therefore, contain higher harmonics, whereas the
input waveforms contain some degree of the second harmonic
only. Waveform analysis serves as a direct verification of
the model.

MESFET intermodulation distortion was simulated under
two-tone excitation conditions at V and
V. Tones were separated by 10 kHz andwas 0.85 GHz. For
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Fig. 14. Measured (symbols) and modeled (lines) single-tone power (P1),
third intermodulation (P3), and fifth intermodulation (P5) of a 2-mm
MESFET versus input power per tone.Vds = 5 V, Vgs = �1:4 V.

simplicity, 50- matching was chosen on both input and out-
put. Fig. 14 shows that the simulated single-tone output power
and the third- and fifth-order intermodulation products versus
input power per tone are in agreement with the measured data.

VI. CONCLUSION

A new comprehensive and robust model for GaAs
MESFET’s was presented. The model takes into account
dispersion and self-heating effects and satisfies charge
conservation criterion. This results in consistency between
the large- and the small-signal models. The model parameters
associated with , I–V and dispersion were extracted without
extensive cross-tuning. The verification of the new model
includes dcI–V, , bias-dependent-parameter, CW power,
two-tone linearity, and waveform analysis.
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