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Abstract — In this paper, a large signal table-based model for
SiC MESFET is presented. A packaged commercially available
high power MESFET device (CREE CRF24010) is adopted for
the model development. The extracted bias-dependent elements
of the small signal model as well as the measured DC data are
mathematically described by small modification of Angelov’s
formulation. Dispersion between DC and RF characteristics of
the drain current is also observed and interpreted. The new
model is capable to predict small signal as well as large signal 
performance accurately. A single stage ultra broadband 5 W
power amplifier has been developed to verify the derived model.
A good agreement has been obtained between simulated and 
measured results.

I. INTRODUCTION

Silicon carbide (SiC) has received remarkable attention
during the last decade as a promising material for high power,
high frequency, high temperature device applications due to
its high thermal conductivity and high breakdown voltage.
Furthermore, application of SiC-MESFETs simplifies
impedance matching and results in efficient power coupling
and broad bandwidth compared to Si and GaAs devices [1].
The interest in power amplifier design based on this
technology necessitates the development of accurate large
signal models that can predict the maximum output power
level, achievable power added efficiency (PAE), 
intermodulation behavior and other nonlinear phenomena over
the whole bias and frequency range, using harmonic balance
(HB) simulation. Today, empirical table-based models are the
most widely used models in nonlinear circuit simulators which
have the advantage of high flexibility and computation
efficiency. A lot of empirical nonlinear MESFET models for
microwave circuit simulators have been developed, e.g. [2, 3].
In this approach, the tabulated data that represent the extracted 
nonlinear elements of the small signal model are 
mathematically transformed into spline functions which
should be differentiable to a high order of derivatives in order 
to ensure a correct description of harmonics and convergence
applying harmonic balance simulations [3]. As an extension to
the previous authors’ work given in [4, 5], an empirical model
based on SiC MESFET has been developed and verified. This
paper is organized as follows: Sec. II presents the model
incorporating empirical expressions for DC, capacitance and 
frequency dispersion. The accuracy of the new model will be 
verified in Sec. III. Based on the derived model, a single stage 
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ideband PA has been designed and small signal as well
e signal simulations and measurements have been 

strated. The conclusion of the work is given in Sec. IV. 

II. MODEL DESCRIPTION

approach is based on a multiple bias small signal
 The extrinsic elements of the small signal model are 
ed from cold-FET operation whereas the intrinsic
ters are calculated directly from measured network
ters at various bias points [4]. The equivalent circuit of
oposed nonlinear model is shown in Fig. 1. The 
ear elements are the gate-drain diode dgd, the gate-
 diode dgs, the static drain current source IdsDC, the gate-
 capacitance Cgs, the gate-drain capacitance Cgd, the 
ource capacitance Cds as well as the dispersion current 
IdsRF.
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Large signal model of SiC MESFET. 

in Current Modeling

DC characteristics of the presented model are based on 
proach by Angelov [3]. We use a slightly modified
ion voltage parameter  to match the measured data of
 device: 

))tanh(( 21r          (1) 

model has been implemented in ADS from Agilent.
red and simulated DC characteristics for the Cree SiC
ET device CRF24010 are shown in Fig. 2. Excellent 
ent between measurements and calculations could be 

ed over a wide bias range Vds up to 60 V and Vgs
n –13 V and –5 V. The small letters (ds) and (gs)



indicate intrinsic device voltages. The device was mounted on 
a heat sink during the measurements providing a ground plate 
temperature of the device package of about 20°C.
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Fig. 2. Measured (symbols) and calculated (solid lines) DC
characteristics of the SiC MESFET device CRF24010, Vgs = - 13 V 
to - 5 V, step 1 V. 

Table 1 gives an enhanced comparison of the DC model
quality with state of the art work. The values of the error 
function (Table 1) indicate that our model achieves the lowest 
values of the error function compared with other CAD
models.

Table 1. Comparison of the error function values of the most used
CAD models in ADS.

Model Error
Curtice-Ettenberg model [8] 2e-3

Materka-Kacprzak model [7] 8.2e-4

Statz model [6] 7.14e-4

TOM3 model [9] 2.9e-4

Our model 4e-5

B. Capacitance Modeling

Capacitance modeling becomes more and more important if 
operating frequencies increase. At higher frequencies 
nonlinear capacitances have a raising influence on frequency
response, harmonic and intermodulation distortion. There are 
two main approaches for modeling of the gate charge, the
capacitance and charge approach. We use the capacitive 
approach and describe the capacitance voltage characteristics
of the device. Again, the formulation used here is similar to 
the model of Angelov et al [3]. Both capacitances show a dual 
voltage dependence and integration path independency of the 
capacitance functions has been verified. Unique charge 
functions and charge conservation are guaranteed this way
which are very important suppositions for stable and reliable 
harmonic balance simulations.

As an example for the capacitance modeling the extracted
and modeled gate source capacitance Cgs versus Vds
(parameter Vgs) is shown in Fig. 3. A very satisfactory
agreement between measured and simulated data can be
observed.
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Measured (symbols) and modeled (solid lines) gate-source 
ance Cgs versus Vds, Vgs varies from - 13 V (bottom) to - 6 V
tep 1 V. 

quency Dispersion and Thermal Modeling

surements at the SiC device have shown that the RF 
t characteristics are different from DC ones (low 
ncy dispersion) done by deep level trapping. This 
or can be described by using two different drain current 
s one for the low frequency and one for the RF range, 
tively. E. g., the RF current source can be obtained by
tion the small signal transconductance gm and output 
tance gds, respectively: 

dsdsgsmdsRF dVgVdgI   (2) 

way to eliminate the differences between high- and 
quency output conductances is to add a capacitive

d resistive branch (RC, CRF) to the output as shown in 
 The introduction of smoothing functions for matching
ferences between low and high frequency operation 
be another approach [10]. The resistance RC is selected
a bias dependent hyperbolic function in order to

ate dispersion effects in the entire large signal range.
 important with respect to the ability of the model to 
the nonlinear behavior in the whole operating range 

gh accuracy and reliability. 
))tanh(/11( 2max1min CCC RRR          (3) 

nd RCmax represent the minimum and the maximum
ion resistances, respectively and 1, 2 and  are 
ns of Vgs, Vds. The parameters of (3) are being found 
imization of S22 at several bias points. Verification of
ncy dispersion modeling is finally demonstrated in 
 
ynamic thermal model is introduced, too. A low-pass 
re which accounts for self-heating effects is shown in 
 The model based temperature behavior is presented in 
I. 

III. MODEL VERIFICATION

proposed model has been implemented as a user-
model into the harmonic balance circuit simulator



ADS from Agilent and large signal performance has been
studied as an extension of the work given in [4].
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Fig. 4. Dispersion of the output conductance at Vds = 30 V and
Vgs = – 11 V to – 6 V, step 1 V. 

For this reason, a single-stage wideband power amplifier
has been designed [5], built up and characterized using the 
Cree SiC MESFET CRF24010. A heat sink was used during
the experiments so that the device temperature was very close
to room temperature. In contrast to [5], in this work the
verification of the large signal performance of the model (not 
of the amplifier) is the main goal. The large signal model
presented here was not available at publication time of [5]. 

Simulated and measured power performances of the 
designed power amplifier are compared in Fig. 4 at 1 GHz.
Excellent agreement has been achieved for output power (Pout)
and power gain (GP). A 1 dBCP of 37 dBm can be taken from
Fig. 5. With respect to the PAE performance, 1 % error for 
maximum PAE value can be observed. 
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Fig. 5. Measured (symbols) and simulated power performance of
the designed PA based on the derived model (solid lines): f = 1 GHz,
Vds = 30 V, ID = 500 mA. 

Over the whole frequency band (10 MHz – 2.4 GHz), the
power performance as well as the linearity performance (two-
tone test) of the designed amplifier have been characterized 
and compared with simulations based on the proposed model.
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6 illustrates the overall simulated and measured
ances versus frequency. Regarding the power 
ance, excellent agreement between simulations and 

rements has been achieved. On the other hand, slight
nces of 4 dBm and 2 dBm between the measured and 
d second- and third-order output intercept points (OIP2
P3) respectively, can be observed. 
impact of case temperature variation has been studied,
ig. 7 shows the simulated and the measured power

ance of the single stage PA versus temperature. A
greement can be noticed with only 0.6 dB power gain 
on at 60 °C between simulations and measurements.
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Measured (symbols) and modeled (solid lines) power stage
ance versus temperature: f = 1 GHz, Vds = 30 V and

0 mA. 

is work we have also investigated the group delay. For
um distortion the variation of the group delay within the 
ation bandwidth has to be as low as possible. Group 

is defined as the slope of the transmission phase 
 frequency [11]

d
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where is the transmission phase in radians, and  is the 
radiant frequency in (rad/s). [1] S. 

an
M
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At an input power of 25 dBm, Fig. 8 illustrates the group 
delay variation over the operating bandwidth of the 
implemented SiC MESFET power stage. It can be seen that up
to 2.5 GHz, a low value of up to 1.4 ns has been achieved. [2] A.
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StaFig. 8. Simulated group delay of the implemented model based on 

SiC MESFET: Pin = 30 dBm, VDS = 30 V and ID = 500 mA. [8] W
Ga
TeIV. CONCLUSION [9] R.
M
SP

A new large signal table-based model for SiC MESFETs
based on Angelov’s formulation has been developed. 
Temperature dependence and dispersion effects are included. 
The new model has been implemented as a user-defined
model in the harmonic balance circuit simulator ADS. Based 
on an implemented single stage PA, the derived model has 
been verified. Measured small and large signal performances
as well as temperature behavior agree pretty well with 
simulations.
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