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Abstract—This paper presents a new symmetrical field-effect
transistor (FET) model suitable for microwave switches. The
model takes advantage of the inherent symmetry of typical switch
devices, justifying a new small-signal model where all intrinsic
model parameters can be mirrored between the positive and
negative drain–source bias regions. This small-signal model is
utilized in a new and simplified approach to large-signal modeling
of these type of devices. It is shown that the proposed large-signal
model only needs a single charge expression to model all intrinsic
capacitances. For validation of the proposed model, small-signal
measurements from 100 MHz to 50 GHz and large-signal measurements at 600 MHz and 16 GHz, are carried out on a GaAs
pHEMT. Good agreement between the model and the measurements is observed under both small- and large-signal conditions
with particularly accurate prediction of higher harmonic content.
The reduced measurement requirements and complexity of the
symmetrical model demonstrates its advantages. Further, supporting operation in the negative drain–source voltage region,
the model is robust and applicable to a variety of circuits, e.g.,
switches, resistive mixers, oscillators, etc.
Index Terms—Field-effect transistors (FETs), GaAs, HEMTs,
large-signal model, microwave switch, modeling, semiconductor
device modeling, small-signal model, symmetrical model.

I. INTRODUCTION

M

ICROWAVE switches are a key component in many
advanced circuits, such as transceivers. Field-effect
transistors (FETs) are advantageous as switches due to low
ON-resistance, negligible power consumption, and easy integration with other active components in monolithic microwave
integrated circuits (MMICs) [1]. The majority of switch design
work has been done on high electron-mobility transistors
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Fig. 1. Switch FET operation in shunt configuration.

(HEMTs) due to the advantage of low insertion loss [2]. Due to
strict requirements on harmonic and intermodulation distortion
in many communication and sensing systems, nonlinearities in
switches are important to be modeled accurately.
As opposed to amplifiers, switches operate at both positive
and negative drain–source voltages
. This disqualifies
common FET models in [3] and [4] for switch design since
they are only valid for positive
. Some switch and resistive
mixer models have been published, which considers operation
in the negative
region [2], [5], [6]. However, the model in
[2] has two charge equations with a large number of parameters
to model, the capacitance model in [5] is dependent only
on one control voltage, while the model in [6] has constant
capacitances reducing its usage at a wider frequency range.
This paper presents a symmetrical model for switch FETs.
The traditional small-signal FET model in [7] is simplified
by introducing symmetry around the gate in Section II. With
this symmetry, it is shown that only one charge expression
is required to model all intrinsic capacitances of the device
in Section III. This significantly simplifies the switch device
measurement, extraction, and modeling. For demonstration
purposes, a symmetrical model is developed for a GaAs
pseudomorphic high electron-mobility transistor (pHEMT)
common source device using previously published models.
Nonsymmetrical charge models from [2], [8], and [9] are reformulated and used in the proposed symmetrical form to give
good agreement for both positive and negative
regions.
The proposed switch model is then validated with large-signal
RF waveform measurements in Section IV.
II. MODEL DESCRIPTION
The modeling requirements for a switch FET can be understood by looking at its operation. For a shunt switch (see Fig. 1),
the voltage waves at the drain are functions of the gate bias. If
the drain–source bias is kept at zero volts, which is common
in switch and mixer circuits, the RF swing at the drain terminal
will cause
to be both positive and negative over an RF cycle.
Clearly, the negative
region needs to be carefully considered in the modeling of a switch FET. For switch devices, which
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Fig. 2. General FET cross section showing the typical line of symmetry between the drain and source.

Fig. 4. Simplified traditional small-signal model with six intrinsic parameters.
TABLE I
EXTRINSIC PARAMETERS FROM COLD-FET EXTRACTION

Fig. 3. Photograph of the GaAs pHEMT DUT.

are typically symmetrical (see Fig. 2), negative
operation is
equivalent to positive
operation with the drain and source
being interchanged. One would therefore expect to be able to
model the negative
region by mirroring the properties of
the positive region. However, traditional small-signal models,
e.g., [7] do not reflect this symmetry between drain and source.
A new symmetrical model is therefore proposed and compared
to the traditional model in this section.
To demonstrate the symmetrical modeling, -parameters of
a 2 25 m on-wafer GaAs pHEMT1 are measured in both a
positive and negative
region (see Fig. 3).
A. Traditional Small-Signal Model
The traditional model in [7] and similar models are extensively used in previously published small-signal FET modeling
work [3], [4], [8], [10]–[12]. In order to simplify the derivation of the new model, the intrinsic model shown in Fig. 4
is used. In this model, intrinsic resistances in series with the
gate–source and gate–drain capacitances (e.g.,
in [7, Fig. 1]
are neglected since their effects will appear mainly at high frequencies [13]. This model topology is further modified by replacing with a transcapacitance
[14, p. 142]. The resulting
intrinsic common source -parameters are then given by

(1)
A cold-FET extraction technique [7] is used to obtain the
eight parasitics in the -configuration for the GaAs pHEMT device-under-test (DUT), see Table I. These parasitics are de-embedded from the measured data to obtain the bias-dependent
small-signal intrinsic admittance matrix
[7], [10]. The intrinsic parameters are then found from (1). The extraction result
of the intrinsic parameters from the GaAs pHEMT measurements is shown in Fig. 5. The small-signal equivalent circuit
1WIN

Semiconductor PP10 GaAs pHEMT MMIC process.

and the expected symmetry between drain and source implies
that
at bias point A (
V,
V) should be
equal to
at bias point B (
V,
V). This
behavior is clearly reflected in Fig. 5(a) and (b). However, no
other useful symmetries are observed for the other intrinsic parameters such as
and
. This demonstrates how the traditional model falls short when extracting symmetrical devices.
In Section II-B, the traditional model is modified to make the
small-signal model symmetrical. Later, it is shown that the proposed model will only require one-half of the bias region to predict the second half.
B. Symmetrical Small-Signal Model
To take advantage of the symmetry between drain and source
terminals of a switch device, a better choice of independent control voltages are
and
rather than the traditional
and
[6]. This symmetry also implies that since the model has a
-controlled current source
, it should also have
a
-controlled current source. Hence, it is proposed to replace
in the traditional model by two current sources
and
(see Fig. 6). Please note that
of the traditional model and
of the symmetrical model are different.
While
is a derivative in the constant
direction,
is
a derivative in the constant
direction. Since an FET is a
three-terminal device, the two current sources
and
are
sufficient to model the small-signal current parameters, making
redundant. Similarly,
is split into
and
, making
redundant. Together, these changes make the small-signal
model symmetrical, as shown in Fig. 6. The common-source
-parameters for the proposed model are then given by
(2)
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Fig. 5. Bias dependence of traditional small-signal model intrinsic parameters of DUT obtained using direct extraction in an intrinsic
region: (a)
(fF), (b)
(fF), (c)
(S), (d)
(fF), (e)
(fF), and (f)
(S).
both positive and negative

bias grid covering

useful symmetries for all intrinsic parameters. This is an essential step towards simplifying the large-signal modeling of switch
devices.
C. Small-Signal Model Validation

Fig. 6. Proposed symmetrical small-signal intrinsic model with two antiparallel current sources and two transcapacitances.

with
(3a)
(3b)
(3c)
(3d)
The symmetrical small-signal parameters in (3) can now be related to the traditional parameters in (1) by
(4a)
(4b)
(4c)
(4d)
The extracted ,
, , and
results are shown in Fig. 7.
It is now evident that model parameters are interchangeable with
respect to
and
and that the proposed model results in

The proposed model is validated by the following procedure.
1) Intrinsic model parameters are extracted from measured
-parameters at a bias point A (e.g.,
V and
V).
2) The intrinsic parameters from bias point A are mirrored
by swapping
and
,
and
,
and
(see
Table II).
3) -parameters are simulated from the mirrored set and compared to measurement at the corresponding bias point B
(
V,
V).
This validation procedure is applied to the GaAs pHEMT
DUT. For comparison, the pair of bias points (A, B) is chosen
such that the error between the simulated and the measured
-parameters is maximum at B, with the error being defined as
(5)
-parameters
Resulting
modeled
and
measured
(100 MHz–50 GHz) are shown in Fig. 8. Good agreement is observed between model and measurement even at the
bias point with maximum error. This not only confirms that
the model fits measured -parameters over a large-frequency
range at bias points A and B, but also that the measured device
indeed is intrinsically symmetrical. Therefore, a physically
symmetrical intrinsic device will have an electrically
symmetrical intrinsic model. Hence, for this and similar FETs,
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Fig. 7. Plot of proposed intrinsic parameters for the proposed symmetrical small-signal model in an intrinsic
region: (a)
(S), (b)
(fF), (c)
(S), and (d)
(fF).
negative
TABLE II
INTRINSIC PARAMETERS AT SYMMETRICAL BIAS POINTS

measurements and extraction at either the positive or negative
region is sufficient to predict and model the other region.
III. LARGE-SIGNAL MODEL
In this section, a new nonlinear model is developed from the
extraction results of the proposed small-signal model with a
focus on the nonlinear charge modeling. It is shown that a single
charge expression is sufficient to model the reactive part of a
symmetrical device.
A. Nonlinear Current Modeling
Several nonlinear current models are found in the literature,
which consider FET operation only in the positive
region,
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bias grid covering both positive and

e.g., [3], [4] and [15]–[17]. However, for a shunt switch shown
in Fig. 1, the drain–source current must be defined in both the
positive and negative
regions, e.g., [6], [18], [19]. For this
work, the nonlinear drain–source current for the measured DUT
is modeled using the symmetrical model in [6].
The model in [6] contains six parameters, where accounts
for change of maximum
with
and affect the maximum , and and account for pinch-off voltage and its shift
with
. The parameter accounts for change in saturation current with
as described in the original paper. These model
parameters were extracted by manual fitting to the measured dc
I–V data with the resulting parameter values listed in Table III.
In Fig. 9, the comparison between measured and modeled current characteristics shows good agreement at both positive and
negative
.
B. Nonlinear Charge Modeling
Similar to the nonlinear current modeling, this section shows
that a single charge expression is sufficient to model the reactive
contributions to the intrinsic drain–source current. The use of
charge as opposed to capacitance expressions ensures charge
conservation and good convergence properties in simulations
[20].
For typical FET charge modeling, a pair of gate and drain
charge expressions is widely used to model the reactive currents
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Fig. 9. Comparison of measured (marker) versus modeled (—) I–V characteristics.

results from Section II-B to develop a common charge expression. The charge expressions
and
are related to the
intrinsic capacitances in (2) by
(6a)
(6b)
(6c)
(6d)
From Section II-B, the extracted intrinsic capacitances are related to each other by
(7a)
(7b)

Fig. 8. Comparison of -parameters from 100 MHz to 50 GHz between meaV,
sured ( : Bias A, : Bias B) and model(-) at bias points A (
V) and B (
V,
V) where model at B is
and
, (b) magnitude of
obtained from measurement at bias point A: (a)
and
, (c) phase of
and
.
TABLE III
YHLAND MODEL [6] PARAMETERS FOR CURRENT

Therefore, from (6) and (7), the partial derivatives of the two
charge expressions must be symmetrical with respect to each
other. As a result, the charge expressions
and
must
also be symmetrical according to
(8)
It is therefore sufficient to model either
or
. To
demonstrate this, the focus is hereafter on the modeling of
for the GaAs pHEMT DUT.
Due to charge conservation,
is related to the traditional
gate and drain charge,
and
, respectively, by
(9)

[2], [4], [8], [9]. However, since the drain and source terminals
of a switch device are identical (see Fig. 6), it is advantageous
to instead model the drain and source charge,
and
,
respectively. This enables the immediate use of the small-signal

Several models for
and
are found in literature [2], [4],
[8], [9]. For the GaAs pHEMT DUT, none of the published expressions are capable of modeling the extracted intrinsic capacitances in both the positive and negative
regions. Hence, to
obtain a good agreement, a combination of gate and drain charge
functions is taken from [8] and [2], respectively. Further, a reduction function
from [21, eq. (7)] is introduced in [8, eq.
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TABLE IV
FITTING PARAMETERS OF THE CHARGE MODEL FROM [2], [8], AND (12)

Fig. 12. Measured ( -ON, -OFF) and modeled (—)
100 MHz to 50 GHz at ON and OFF-state of a switch. (a)

-parameters from
and
. (b)
.

Fig. 10. Comparison of: (a)
versus
and (b)
versus
between
and capacitance obtained using charge
extracted small-signal capacitance
expressions (13) (—).

Fig. 13. Large-signal measurement setup with LSNA, signal source, and
on-wafer DUT with 50- RF termination at gate. The reference plane of
measurement is at the probe tips.

(11)
(12)

Fig. 11. Proposed large-signal model for a symmetrical common source device.

(15)] to correct the behavior at higher
and
. The modified expression [8, eq. (15)], including the reduction function
, are given by

The complete source charge expression is given as

(13)
(10)
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Fig. 14. Comparison between magnitude of measured (fundamental frequency: , second harmonic: , and third harmonic: ) and simulated (—) reflected versus
V,
V, (b) 600 MHz,
V,
V, (c) 16 GHz,
V,
incident power at the drain of the DUT at: (a) magnitude 600 MHz,
V, (d) 16 GHz,
V, and
V, measured using setup shown in Fig. 13. Below 50 dBm, the noise floor of the measurement setup makes it
difficult to obtain good measurements.

Afterwards, the drain charge function
is obtained using
(8).
The parameters of the nonlinear charge model for the GaAs
pHEMT DUT (see Table IV) were extracted by manual fitting to
the extracted small-signal intrinsic capacitances. Fig. 10 shows
the comparison between extracted and modeled capacitances.
The agreement for
is good, but some mismatch is observed
in
at high
. The common charge function is not able
to model the change in peak of
with
. Therefore, the
common charge function
in (13) opens a new research
window for significant improvement over a wider bias range.
The new charge function can be modeled using the pair of directional derivatives given by (6) and it is left for further investigations. However, in this section, it is clearly shown that a
single charge expression is sufficient to model the reactive parts
in symmetrical large-signal models.
IV. GaAs pHEMT MODEL VALIDATION
The complete large-signal model for the GaAs pHEMT
device obtained from small-signal measurements is shown in
Fig. 11. The model contains the parasitics obtained by cold-FET
extraction (see Table I), the nonlinear current source [6, eq.
(1)], and the nonlinear charge expression given by (13). The

proposed model is validated for a shunt switch (see Fig. 1),
where the device either operates in open-channel (ON-state)
or in pinch-off (OFF-state) conditions. Small- and large-signal
measurements of the DUT at these bias conditions are therefore
used to experimentally verify the agreement with the model in
Fig. 11.
A. Small-Signal Verification
The small-signal behavior of the model is verified with -parameter comparisons in the ON state (
V and
V) and OFF state (
V and
V) of the
switch. Fig. 12 shows comparisons between measured and modeled -parameters. Some phase mismatch in
and gain mismatch in
is observed at the ON state of the device due to the
mismatch observed in
. Since extrinsic and current parameters are correctly modeled (see Figs. 8 and 9), further improvements in the charge model is required to correctly predict the
extracted small-signal intrinsic capacitances. However, the proposed model derived from the symmetrical modeling technique
shows an overall good agreement with the measured reflection
coefficient at the drain port [see Fig. 12(a)]. Due to the absence
of RF signal at the gate as in shunt switches, large-signal measurements can still verify the proposed model.

PRASAD et al.: SYMMETRICAL LARGE-SIGNAL MODELING OF MICROWAVE SWITCH FETs

Fig. 15. Comparison between the model (—) and the measured ( : 600 MHz,
OFF-state; : 600 MHz, ON-state; : 16 GHz, OFF-state; : 16 GHz, ON-state)
phase of reflected wave at the drain port at the fundamental frequencies of measurement performed with the setup in Fig. 13.

B. Large-Signal Verification
For large-signal verification of the model, waveform measurements are performed with the on-wafer DUT in a commonsource configuration. The large-signal measurement setup, as
shown in Fig. 13, is used to excite the DUT with RF at the drain
terminal with the gate terminated to 50 , forcing it into switchlike operation in both positive and negative
regions, similar to shunt switch in Fig. 1. A large-signal network analyzer
(LSNA) (Maury MT4463) is used to measure calibrated waveforms at the device gate and drain terminal reference planes. In
the ON state, the drain and gate are biased at 0 V, while for the
OFF state, the gate bias is set to 2.5 V. These bias settings allow
model validation with a large RF voltage swing at the drain terminal.
The harmonic response of the proposed model is simulated in
a similar environment as of the measurement setup. Measured
incident waves at the fundamental and the higher harmonic frequencies are injected into the model at the respective ports.
While the use of incident power at the gate compensates for
any mismatch due to 50- RF termination, the use of incident
power at the harmonics ensures identical harmonic terminations
in simulations, as seen in the measurements. Fig. 14 shows the
comparison between the measured and the modeled reflected
power at different harmonics. At 600 MHz, the harmonics are
mainly generated by the nonlinear current source. However, at
16 GHz, the harmonics are increasingly dependent on reactive
currents generated by the nonlinear charge model. At power
levels below the noise floor of the measurement setup, measured
noise will be injected into the model simulations. This explains
why noisy behavior is observed at lower power levels even in
the simulation. The measured noise will also influence the phase
of harmonics both in measurement and the simulation, making it
difficult to compare. Therefore, the phase of the reflected wave
at fundamental frequencies is compared (see Fig. 15). The good
agreement between simulated and measured power and phase
of the reflected wave at both low and high frequencies confirms
the accuracy of the model and the symmetrical modeling procedure.
For further validation, the measured and simulated time-domain drain–source current versus voltage waveforms are shown
in Fig. 16. The proposed model accurately reproduces measured
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Fig. 16. Comparison of modeled [600 MHz—black, 16 GHz—orange
(in online version)] and measured [600 MHz—red (in online version),
16 GHz—brown (in online version)] current versus voltage waveform at the
drain of the DUT in the ON and OFF state of the shunt FET with 50- RF
termination at the gate.

behavior both at 600 MHz and 16 GHz, thus confirming its validity.
V. DISCUSSION AND CONCLUSION
In this paper, a new modeling technique for microwave
switch FETs has been proposed based on the inherent geometrical and electrical symmetry of the intrinsic device with three
important conclusions. First, the small-signal model allows
mirroring of the intrinsic model parameters from the positive
to the negative
region. This allows a reduction in measurement and extraction effort for a symmetrical device. Second,
large-signal modeling considers the symmetry and uses a single
charge expression, clearly demonstrating the advantages of the
proposed model. Third, a model is developed for a commercial
GaAs pHEMT device using the proposed method, which is
validated with large-signal measurements.
Calling for future work, the charge expression used for the
GaAs pHEMT can be further improved to fit a wider range of
bias points. New charge equation can be formulated for other
switch FET technologies based on proposed model topology.
For high-frequency operation, additional model parameters
such as resistances in series with
and
may be employed
to improve the high-frequency response of the model. These
improvements open a window for further investigation and
future research on enhanced switch models. Finally, although
this work has focused on switches, other types of circuits
subject to operation in the negative
region can also benefit
from the robustness offered by the modeling approach in this
work, e.g., resistive mixer, oscillators, and amplifiers under
high mismatch conditions.
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