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A Symmetrical Nonlinear HFET/MESFET Model
Suitable for Intermodulation Analysis of

Amplifiers and Resistive Mixers
Klas Yhland, Student Member, IEEE, Niklas Rorsman, Mikael Garcia, and Harald F. Merkel, Member, IEEE

Abstract—We propose a new symmetrical heterojunction FET
(HFET)/MESFET model to predict intermodulation distortion in
amplifiers and resistive mixers. The model is symmetric. That is,
drain and source of the intrinsic FET are interchangeable. This
reflects the characteristics of most microwave FET’s. The model
has few fitting parameters and they are simple and straightfor-
ward to extract. The model was installed into Hewlett-Packard’s
harmonic-balance program microwave design system and verified
by measurements. The verification shows excellent results for an
MESFET and an HFET in both amplifier and resistive mixer con-
figurations.

Index Terms—MESFET’S, MODFET’s, modeling.

I. INTRODUCTION

I NTERMODULATION (IM) distortion in microwave
receiver front ends is mainly generated in their mixers

and amplifiers. Since heterojunction FET’s (HFET’s) and
MESFET’s are common in both mixers and amplifiers, non-
linear modeling of these devices has become an important issue.
An FET model capable of predicting IM distortion in both
amplifiers and resistive mixers would, therefore, be attractive.

The nonlinear behavior of the FET is usually assumed to be
localized to its intrinsic part and can be described by and

characteristics. The characteristic is considered to be
the more nonlinear of these two characteristics. If the reactive
currents are low compared to the active ones, the reactive non-
linear contributions can be neglected. This is done by keeping
the fundamental frequencies below 10 GHz. In the following,
we will focus on the nonlinear characteristic of the FET.

For FET’s operated as amplifiers or gate mixers (where one
or two signals are input at the gate) several models have been
proposed [1]–[5]. These models predict gain or conversion loss
(CL) and IM products very well for such applications. For FET’s
operated as resistive mixers (where two signals are input at dif-
ferent terminals of the FET), several models have also been
proposed [6], [7]. All these models fit the drain-to-source cur-
rent ( ) and its derivatives with respect to the drain-to-source
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voltage ( ) along the line . This results in very good
predictions of IM levels for moderate amplitudes.

However, in [1] and its derivatives are modeled in only
one bias point, whereas in [2] and its derivatives with re-
spect to the gate-to-source voltage () are modeled for con-
stant . The models in [3]–[5] are limited to positive since
they do not reflect the inherent symmetry of the intrinsic mi-
crowave FET, and [6] and [7] are restricted to moderate input
amplitudes at the drain ( ). Consequently, none of the
above models are suitable for modeling the FET in both ampli-
fier and resistive mixer applications. Furthermore, no investiga-
tion has yet been conducted to determine which trajectory the
voltages in the FET will cover for high input amplitudes at the
drain in a resistive mixer.

Therefore, we propose an FET model [8] covering the region
of operation for the FET in both amplifier and resistive mixer
applications at high input amplitudes. The model is based on
the assumption that the intrinsic FET is symmetric with respect
to interchange of drain and source, reflecting the characteristics
of most microwave FET’s. The model has few fitting parame-
ters and the parameter extraction is simple and straightforward.
The model is verified for an HFET (NEC NE32400) and an
MESFET (NEC NE76000) in both mixer and amplifier appli-
cations with excellent results. Furthermore, we propose a new
concept, i.e., load area, to determine the most important region
in which to model the FET when applying two signals at dif-
ferent terminals.

II. M ODELING APPROACH

The nonlinear characteristic of the HFET/MESFET is
assumed to be localized to the intrinsic device and is symbolized
by the current generator in the equivalent circuit in Fig. 1.
We define the intrinsic device as the part of the FET where the
gate and channel overlap.

As mentioned earlier, we neglect the nonlinear behavior of the
FET’s characteristic. That is, , , and are kept
constant. This can be justified by the following. For the funda-
mental frequencies and the devices used in this paper, the phase
of the reflection coefficient will maximally vary 12over the en-
tire range due to capacitance nonlinearity and the magnitude
of the reflection coefficient will hardly vary at all. Hence, the
variation in the voltage waveform at the gate due to capacitance
nonlinearity is negligible at these frequencies. Simulations with
nonlinear capacitance models indicate that the frequency has to
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Fig. 1. Equivalent circuit of an HFET or MESFET device.

be increased to at least 15 GHz for the capacitance nonlinearities
to affect the IM products measured in this paper. These results
agree well with assumptions and results in [2] and [9] where
similar devices are investigated.

The intrinsic part of the equivalent circuit in Fig. 1 is
valid under the following two conditions. First, and the
gate-to-drain voltage ( ) should be kept between the break-
down voltage and the forward-current turn on voltage () of
the gate-to-channel junction. Second, the dc power dissipation
should not cause any large temperature changes.

Although the intrinsic part of most microwave FET’s is sym-
metric, the extrinsic part is not symmetric since most FET’s are
designed for common source operation. For this reason, the ca-
pacitance of the source pad is usually not modeled (it is shorted
to ground by ). However, if is disconnected from ground,
as in a common drain or common gate configuration, it be-
comes important to model the source pad capacitance. A conve-
nient way to physically achieve a “common drain” FET without
having an equivalent circuit containing a source pad capacitance
is to operate the transistor in the reversed mode (i.e., invert the
dc-bias current through the channel and interchange the names
of the drain and the source connectors). Of course, reversing the
dc bias of the FET requires a symmetric intrinsic model.

A. Selecting Independent Voltages to Make Modeling Simple

Our aim is to predict for both positive and negative .
Since the intrinsic FET is a symmetric device, it should be pos-
sible to select a set of independent voltages that reveal this sym-
metry.

Since the intrinsic FET has three terminals, gate, drain, and
source, it is possible to plot as a function of any two volt-
ages between these terminals. A common choice isand .
Fig. 2 shows a contour plot of versus and . Obvi-
ously, this choice of a coordinate system does not make use of
inherent symmetries (which makes it difficult to find a function
describing ).

The symmetry of the intrinsic FET can be preserved by se-
lecting and as independent variables (Fig. 3) since drain
and source are inherently equivalent.

We, therefore, regard as a function of and .

Fig. 2. Contour plot ofI versusV , andV measured for the MESFET.
The voltages are intrinsic.

Fig. 3. Contour plot ofI versusV andV measured for the MESFET.
The voltages are intrinsic.

In Fig. 3, the – plane is roughly divided into four re-
gions: one region where the device is approximately linear, two
where the device is essentially saturated, and one pinchoff re-
gion. In the linear region notice that is almost proportional
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Fig. 4. FET operated as an amplifier.

to . In the saturated region with is mainly de-
pendent on and in the saturated region with
is mainly dependent on . The characteristic when is
negative is not reflected in previous models designed for ampli-
fier or gate mixer analysis [1]–[5].

In the following, we assume that is perfectly antisym-
metric about the diagonal i.e., ,

, . This assumption is based on the fact that most
microwave FET’s have a channel that is symmetric with respect
to interchange of drain and source.

B. Load Line and Load Area

In this section, we roughly estimate the most important region
in the – plane in which to model the FET when using it
in amplifiers resistive mixers, respectively. To keep the calcula-
tions simple, this is done from measured data imported
into a table driven dc simulator.

We define “load line” as the trajectory that the voltages in an
amplifier will cover in the – plane. Since it is most inter-
esting to view the load line versus intrinsic voltages and since
we wish to compute the load line from measured data, values
for and have to be assumed. For the MESFET, 3.8,
respectively, 4.8 are used. An FET operated as an amplifier
is shown in Fig. 4. In Fig. 5, the corresponding load line and dc
operating point are marked in the – plane.

A similar approach can be used for the resistive FET mixer.
In this case, we have two input signals: LO and RF. Dual input
signals yield a load area rather than a load line. An FET operated
as a resistive mixer is shown in Fig. 6. The RF source impedance
and IF load impedance are incorporated in the same resistor and
it is not necessary to separate them to determine the load area.

The load area is determined by setting the LO (RF) voltage to
its extreme values and sweeping the RF (LO) voltage between
its extreme values. The asymmetry of the load area is due to
the mixer topology. In a mixer like the one in [10], the load
area will be symmetric. In Fig. 5, the load area boundary and
the dc-operating point are marked for the MESFET with power
levels and bias voltage, as in Fig. 6.

The load line in Fig. 5 shows that it is only necessary to model
the FET behavior for to predict amplifier performance.
This confirms earlier work done on FET models for amplifiers
or gate mixers [1]–[5]. On the other hand, the load area shows

Fig. 5. Contour plot ofI measured for the MESFET with the amplifier load
line and the mixer load area boundary marked. The square indicates the amplifier
dc operating point and the circle indicates the mixer dc operating point. The
voltages are intrinsic.

Fig. 6. FET operated as a resistive mixer.

the need for a model covering both positive and negative
to predict the performance of resistive mixers. If the RF ampli-
tude is increased further, the load area will enclose the load line.
Therefore, an FET model capable to predict the performance of
a resistive FET mixer at high RF amplitudes will also be suit-
able for amplifier analysis. However, FET models designed for
amplifier analysis are not necessarily useful in the analysis of
resistive mixers. Altering the source or load impedances on the
amplifier or mixer harmonics will change the shape of the load
line and load area. The load line and load area concepts will later
be used as a simple verification of different models.

III. T HE MODEL

As pointed out earlier, is antisymmetric with respect to
interchange of and . Therefore, we choose to express

in terms of and . The model is defined by (1)–(5).
The model parameters are, , , , , and as follows:

(1)
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Fig. 7. Contour plot ofI , load line, and load area boundary for the MESFET
predicted with the proposed model. The voltages are intrinsic.

where

(2)

and

(3)

The first part of (1) dominates for and the second part
dominates for . and define a coordinate system
rotated by the angle counterclockwise relative to the –
coordinate system (4)

(4)

and define a coordinate system rotated by the angle
clockwise relative to the – coordinate system (5). In the
saturated region, where , models the shift
in pinchoff voltage with . In the saturated region at high

, the parameters and model the slight effect on

(5)

The model is empirical, but it can be shown that the effect
on is approximated by the Rohdin–Roblin model
[11] and the Angelov model [4]. When , the transport
model ( effect on ) is also similar to the models above.
As suggested in [12], we use an exponential argument for the
hyperbolic tangent instead of a power series, as used in [4]. This
reduces the number of fitting parameters. The model is designed
to reproduce the first derivatives of correctly up to a few
tenths of a volt below .

Fig. 7 shows the prediction of , the load line, and load area
with the full proposed model. The bias voltages and signal levels

Fig. 8. Contour plot ofI , load line, and load area boundary for the MESFET
predicted with the Angelov model. The voltages are intrinsic.

are the same as in Figs. 4 and 6. The predictions agree well with
measured data in Fig. 5.

Fig. 8 shows the prediction of , load line, and load area
with the Angelov model [4], [5]. The bias voltages and signal
levels are the same as in Figs. 4 and6. Apparently this model
does not predict correctly for . However, it models

and its derivatives accurately for . It is, therefore,
useful for amplifier and gate–mixer analysis.

The contour plot of the Maas–Neilson model [3] is not shown
because of its similarity to Fig. 8. However, in this model, spe-
cial attention has been paid to fit the model to the measured
derivatives of with respect to for a swept . There-
fore, it predicts gain, CL, and IM products well for amplifiers
and gate mixers. The models [1], [2], [6], and [7] predict
along a strip in the – plane. Therefore, it is meaningless
to plot them in the entire – plane.

IV. PARAMETER EXTRACTION

A. Linear-Model Parameters

For the extraction of the linear parameters, we use a direct
extraction method [13]–[15]. In this paper, we neglect the non-
linear contribution from the intrinsic capacitances. Therefore,
we set , , and to small-signal values extracted at
an application-relevant bias point. Due to extraction difficul-
ties, and were set to a low value. Tables I and II present
the extracted linear-model parameter values for the HFET and
MESFET.

B. Nonlinear-Model Parameters

The model can be fit to data from either ac or dc measure-
ments. Fitting to ac measurements is generally better since it
allows fitting to the derivatives of . Furthermore, ac mea-
surements circumvent the problem with frequency dispersion
caused by traps in the semiconductor material. We first describe
a model parameter-extraction procedure based on small-signal
ac measurements.
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TABLE I
EXTRINSIC LINEAR-MODEL EXTRACTED

FOR THEHFET AND MESFET

TABLE II
INTRINSIC LINEAR-MODEL PARAMETERS EXTRACTED FOR THEHFET

AND MESFET

We use the direct extraction method [13]–[15] to extract the
first derivatives of with respect to and , i.e., and

(6), (7), from measured-parameters

(6)

and

(7)

We make two sets of -parameter measurements where the dc
bias is limited to . The first set covers the saturated and
pinchoff regions where and -parameters are measured
versus extrinsic with the extrinsic or as parameter.
The second set covers the linear and pinchoff regions where

and -parameters are measured versus extrinsicwith
. We choose because the load area of the

resistive mixer collapses to this line for low RF input levels.
From the first set, is extracted and, from the second set,
is extracted. The voltage drop over and is then subtracted
at each bias point giving the intrinsic and , which are the
actual control voltages of the model. The fitting of the model is
simple enough to be carried out manually. The following steps
are iterated a few times.

• The parameters, , , , and are used to fit the mod-
eled to the extracted from the first set of measure-
ments above. The parameteraffects the pinchoff voltage,
whereas accounts for the shift in pinchoff voltage with

. The parameters and affect the maximum ,
whereas accounts for the change of maximum with

.
• The parameter is now used to fit the modeled to the

extracted from the second set of measurements above.
If only dc measurements are available, the following extraction
method can be used. In this case, fitting to the derivatives of
is difficult since these would be computed by differentiating the
dc data, making them sensitive to measurement and roundoff
errors.

TABLE III
NONLINEAR-MODEL PARAMETERSEXTRACTED FOR THEHFET AND MESFET

Fig. 9. Layout of the mixer used for model verification.

Fig. 10. Output levels at one, two, and three times the IF frequency versus RF
power for the MESFET mixer.P = 4 dBm,V = �0:60 V.

We make two sets of measurements, also, in this case, we
limit the dc bias to . The first set covers the saturated
and pinchoff regions where is measured versus extrinsic
with the extrinsic or as a parameter. The second set
covers the linear and saturated region whereis measured
versus extrinsic with the extrinsic as a parameter. The
voltage drop over and is then subtracted at each bias point
giving the intrinsic and . The following procedure is then
iterated a few times.

• The parameters, , , , and are used to fit the model
to the measured from the first set above.

• The parameters, , and are used to fit the model to the
measured from the second set above.
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Fig. 11. Output levels at one, two, and three times the IF frequency versus LO
power for the MESFET mixer.P = �10 dBm,V = �0:60 V.

Fig. 12. Output levels at one, two, and three times the IF frequency versus
gate-to-source voltage for the MESFET mixer.P = 4 dBm,P = �10

dBm.

Fitting the model to dc measurements will, however, result in
less accurate predictions of the highest order IM products shown
in Section V.

Table III contains the parameter values for the HFET and
the MESFET extracted from small-signal ac measurements. No
tuning of the parameters has been done to fit the simulations to
the verifying measurements.

V. VERIFICATION

The model was implemented in Hewlett-Packard’s harmonic-
balance program microwave design system (MDS) and verified
by IM measurements with the MESFET and HFET in one mixer
and one amplifier setup.

Mixer single-tone IM levels were measured and simulated.
Single-tone IM products are easier to measure than two-tone
IM products since they only require two signal generators. We
believe they test the ability of the model to predict IM in mixers
just as well as more complicated two-tone IM measurements.

Fig. 13. Output levels atf , f �f , and2f �f versus input power for the
HFET amplifier.V = �0:60 V andV = 2 V.

Fig. 14. Output levels atf , f � f , and2f � f versus gate-to-source
voltage for the HFET amplifier.P = �21 dBm andV = 2 V.

For the amplifier, two-tone second- and third-order IM levels
were measured and simulated.

A. Mixer IM Measurements and Simulations

The mixer test setup consists of a resistive FET mixer re-
alized on a microstrip substrate (RT Duroid 5870). The mixer
was equipped with the MESFET and its layout is shown in
Fig. 9. The input-signal frequencies were 5 GHz ( ) and
4.5 GHz ( ) and the desired output-signal frequency ()
was 0.5 GHz. The mixer was not optimized to meet any specific
design goals since its only purpose was to verify the nonlinear
model. The output levels at , , and were measured
versus RF power ( ), versus LO power ( ), and versus

. was kept below 8 dBm to keep and below
of the MESFET.

The mixer had optimum CL of 6.1 dB at V dc
with dBm. In Figs. 10–12, measured and simulated
output levels at , , and are plotted. The level at

was measured with a power meter, while the levels at
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Fig. 15. Output levels atf , f � f , and2f � f versus drain-to-source
voltage for the HFET amplifier.P = �21 dBm andV = �0:60 V.

and were measured with a spectrum analyzer. The simu-
lated results are plotted with lines and the measured results are
plotted with error bars. We estimate the measurement error to
±0.5 dB for and ±2 dB for the other signals.

B. Amplifier IM Measurements and Simulations

The amplifier test setup consists of the HFET bonded to 50-
lines. For simplicity, no tuning of the amplifier was done. The
input frequencies of the amplifier were 2.500 GHz () and
2.525 GHz ( ). Output levels at , , and were
measured versus input power (Fig. 13), versus(Fig. 14), and
versus (Fig. 15). The measurements were made with a spec-
trum analyzer. The simulated results are plotted with lines and
the measured results are plotted with error bars. The measure-
ment errors are estimated to be ±0.8 dB forand ±2 dB for the
other signals.

VI. CONCLUSION

A symmetrical HFET/MESFET model suitable for predicting
IM in amplifiers and resistive mixers has been derived and eval-
uated in this paper. The model reflects the inherent symmetry
of most microwave HFET’s and MESFET’s. The load-line con-
cept is generalized to a load-area concept. This is used to deter-
mine the most important region in the – plane in which
to model the HFET/MESFET in resistive mixer operation. The
model contains few fitting parameters and the valid region is
expanded compared to other models [1]–[7]. The parameter ex-
traction is simple and straightforward. The model is verified
with excellent results for both amplifiers and resistive mixers.
We believe the model is also useful for predicting the perfor-
mance of gate and drain mixers.

ACKNOWLEDGMENT

The authors thank Dr. L. Lundgren, J. Stake, Dr. S. Maas, Dr.
C. Karlsson, and F. Ferdos for fruitful discussions.

REFERENCES

[1] J. C. Pedro and J. Perez, “Accurate simulation of GaAs MESFET’s in-
termodulation distortion using a new drain- source current model,”IEEE
Trans. Microwave Theory Tech., vol. 42, pp. 25–33, Jan. 1994.

[2] S. Peng, P. J. McCleer, and G. I. Haddad, “Nonlinear models for the in-
termodulation analysis of FET mixers,”IEEE Trans. Microwave Theory
Tech., vol. 43, pp. 1037–1045, May 1995.

[3] S. A. Maas and D. Neilson, “Modeling MESFET’s for intermodula-
tion analysis of mixers and amplifiers,”IEEE Trans. Microwave Theory
Tech., vol. 38, pp. 1964–1971, Dec. 1990.

[4] I. Angelov, H. Zirath, and N. Rorsman, “A new empirical nonlinear
model for HEMT and MESFET devices,”IEEE Trans. Microwave
Theory Tech., vol. 40, pp. 2258–2266, Dec. 1992.

[5] I. Angelov, H. Zirath, and N. Rorsman, “Validation of a nonlinear
transistor model by power spectrum characteristics of HEMT’s and
MESFET’s,” IEEE Trans. Microwave Theory Tech., vol. 43, pp.
1046–1052, May 1995.

[6] S. Peng, P. J. McCleer, and G. I. Haddad, “Intermodulation analysis of
FET resistive mixers using Volterra series,” inIEEE MTT-S Int. Mi-
crowave Symp. Dig., San Franscisco, CA, 1996, pp. 1377–1380.

[7] R. S. Virk and S. A. Maas, “Modeling MESFET’s for intermodulation
analysis of resistive FET mixers,” inIEEE MTT-S Int. Microwave Symp.
Dig., Orlando, FL, 1995, pp. 1247–1250.

[8] K. Yhland, “En Ny HFET Model,” Dept. Microwave Technol., Chalmers
Univ. Technol., Gothenborg, Sweden, Int. Rep. CCHA 4-97, Jan. 1997.

[9] J. A. Garcia, A. M. Sanchez, J. C. Pedro, N. B. De Carvalho, A. T.
Puente, and J. L. Garcia, “Characterizing the gate-to-source nonlinear
capacitor role on GaAs FET IMD performance,”IEEE Trans. Mi-
crowave Theory Tech., vol. 46, pp. 2344–2355, Dec. 1998.

[10] K. Yhland, N. Rorsman, and H. H. G. Zirath, “Novel single device bal-
anced resistive HEMT mixers,”IEEE Trans. Microwave Theory Tech.,
vol. 43, pp. 2863–2867, Dec. 1995.

[11] H. Rohdin and P. Roblin, “MODFET DC model with improved pin-
choff and saturation characteristics,”IEEE Trans. Electron Devices, vol.
ED-2, no. 67, pp. 664–672, Mar. 1986.

[12] N. Rorsman, “Heterostructure field-effect transistors and millimeter
wave integrated circuits,” Ph.D. dissertation, Dept. Microwave Technol.,
Chalmers Univ., Gothenborg, Sweden, May 1995.

[13] G. Dambrine, A. Cappy, F. Heliodore, and E. Playez, “A new method
for determining the FET small-signal equivalent circuit,”IEEE Trans.
Microwave Theory Tech., vol. 36, pp. 1151–1159, July 1988.

[14] N. Rorsman, M. Garcia, C. Karlsson, and H. Zirath, “Accurate small-
signal modeling of HFET’s for millimeter-wave applications,”IEEE
Trans. Microwave Theory Tech., vol. 44, pp. 432–437, Mar. 1996.

[15] M. Garcia, K. Yhland, H. Zirath, I. Angelov, and N. Rorsman, “Fast, au-
tomatic and accurate HFET small-signal characterization,”Microwave
J., vol. 40, pp. 102–117, July 1997.

Klas Yhland (S’95) received the M.Sc. degree in electronic engineering from
the Lund University of Technology, Lund, Sweden, in 1992, and is currently
working toward the Ph.D. degree at Chalmers University of Technology, Göte-
borg, Sweden.

From 1992 to 1994, he was with the Airborne Radar Division, Ericsson Mi-
crowave Systems. In 1994, he joined the Millimeterwave Group, Department for
Microwave Technology, Chalmers University of Technology. His research inter-
ests are nonlinear FET circuits and device models for MESFET’s and HFET’s.

Niklas Rorsman received the M.Sc. degree in engineering physics and the Ph.
D. degree in electrical engineering from Chalmers University of Technology,
Göteborg, Sweden, in 1988 and 1995, respectively. His thesis dealt with the
development of high electron-mobility transistor (HEMT) materials and pro-
cesses for and modeling of HFET’s and monolithic microwave integrated cir-
cuits (MMIC’s).

From 1996 and 1998, he was with Ericsson Microwave Systems, where he
was involved with the modeling of III–V devices and MMIC design. In 1998, he
returned to Chalmers University, where he is currently a Project Leader involved
in the SiC Microwave Devices Program.



22 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 1, JANUARY 2000

Mikael Garcia received the M.Sc. degree in electrical engineering and
the Ph.D. degree in microwave electronics from Chalmers University of
Technology, Gothenborg, Sweden, in 1992 and 1998, respectively.

In 1999, he joined the device modeling team at Raytheon RF Components,
Andover, MA. His research interests are in the area of HFET modeling.

Harald F. Merkel (M’95) graduated in electrooptics and optoelectronics and
received the Dr.-Ing degree in the “Graduiertenkolleg Numerische Feldberech-
nung” with an analysis of chaotic plasma states in microwave-excited low-tem-
perature plasmas from Karlsruhe University, Karlsruhe, Germany.

In 1995, he joined the Antenna Group, Chalmers University of Technology,
Göteborg, Sweden, where he was involved with the analytical Green’s functions
for electromagnetically hard and soft surfaces. Since 1996, he has been an As-
sistant Professor in the Millimeterwave Laboratory, Chalmers University, where
he is currently dealing with the modeling of superconducting hot electron bolo-
metric receivers for terahertz applications. His major interests are analysis of
nonlinear dynamic systems and quantum electronics.

Dr. Merkel serves as section secretary for the IEEE AP-S/MTT-S section of
the Göteborg region.


