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On-State Distortion in High Electron Mobility
Transistor Microwave and RF

Switch Control Circuits
Robert H. Caverly, Senior Member, IEEE,and Kennith J. Heissler

Abstract—The origin of the distortion generating mechanism in
microwave and RF control circuits using high electron-mobility
transistors (HEMT’s) is presented in this paper. A model is
presented for predicting the distortion in series-connected HEMT
switches. The theoretical discussion shows that turn-off voltages in
the range of 1.0–1.5 V provide the lowest distortion in series switch
configurations. A comparison of the HEMT switch with MESFET
switches shows that the HEMT switch generates more distortion
than its MESFET counterpart. In addition, the frequency response
of HEMT switches is the opposite of the MESFET switch, with
less distortion at low frequencies. The model is validated with
experimental data taken on a AlGaAs/GaAs HEMT in the series
switch configuration.

Index Terms—Microwave devices, microwave switches, nonlin-
earities.

NOMENCLATURE

Current–voltage expansion coefficients.
Dielectric permittivity of AlGaX layer
(farad/meter).
Low-field two-dimensional electron gas (2DEG)
mobility (meters2/volt second).
Mobility expansion coefficients (meters2/volt
-second).

relationship.
2DEG layer thickness (meters).
Drain, source capacitance (farad).
Drain–gate, gate–source capacitance (farad).
AlGaX layer thickness (meters).
2DEG electric field (volts/meter).
High electron-mobility transistor (HEMT)
drain–source current (amperes).
HEMT saturation current (amperes).
Second- and third-order distortion intercept point
(dBm).
HEMT gate length (meters).
2DEG electron carrier density (coulomb/m2).
Electronic charge (coulomb).
Gate, leakage resistance (ohms).
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Drain–source series resistance (ohms).
Saturation velocity (meters/second).
HEMT dc, ac drain–source voltage (volts).
HEMT dc, ac gate–source voltage (volts).
HEMT turn-off voltage (volts).
HEMT gatewidth (meters).
Characteristic impedance of system (ohms).

I. INTRODUCTION

T HE use of high electron-mobility transistors (HEMT’s) is
increasing in many microwave circuits and systems be-

cause of their high-frequency and high-speed response. These
applications span the range from photonic and satellite commu-
nication systems to high-performance analog and digital inte-
grated circuits [1]–[11]. In microwave applications such as in-
tegrated transceiver systems, HEMT’s are often used in transmit
and receive sections where each subsection shares a single an-
tenna [4]–[6], [9]. In these systems, HEMT’s can be used in se-
ries or series-shunt configurations as the signal control element
connecting the transmitter and receiver subsystems to the an-
tenna. In these microwave control applications, a dc voltage is
applied to the gates of the devices to effect the switching action
and allow microwave energy to flow with relatively low inser-
tion loss through the 2DEG channel region. A complimentary
gate voltage switches the device in the off state, creating high
isolation between the switch ports.

There are many linear specifications that must be considered
in designing an HEMT microwave control element, such as in-
sertion loss, isolation, and power handling. A number of pa-
pers have been published describing the operation of HEMT’s
in these and other such applications [4]–[6], [9]. To date, how-
ever, there has not been a treatment of the device parameters that
control the nonlinear distortion in microwave HEMT’s control
circuits. This nonlinear behavior of the HEMT while operating
in a control mode will cause the introduction of unwanted sig-
nals into the circuit, creating harmonic or intermodulation prod-
ucts that can adversely affect system performance. The under-
standing of the underlying physical mechanism in HEMT’s is
important in creating a model of this phenomenon so that dis-
tortion may be predicted and controlled.

This paper presents the theoretical background describing the
mechanism governing the nonlinearity in HEMT’s switches.
The general theoretical treatment allows the results to be used
with a variety of HEMT technologies such as AlGaAs/GaAs and
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AlGaN/GaN. From the theoretical discussion, a method to pre-
dict the distortion products as a function of HEMT electrical
parameters are presented. The current–voltage characteristics
of the HEMT operating in the linear region are derived using
a simple charge density and field-dependent mobility model.
From these characteristics, load referenced distortion intercept
points are computed for both AlGaAs/GaAs and AlGaN/GaN
HEMT control devices. The model is then verified against ex-
perimental data from a HEMT-based series switch.

II. THEORETICAL DISCUSSION

A. Background

The nonlinear drain–source current–voltage characteristic of
the HEMT will govern its production of unwanted distortion
products. A general – relationship for the HEMT that
includes its nonlinear characteristics can be written as

(1)

where the contain terms dependent on the HEMT’s elec-
tronic and microwave circuit parameters such as the gate bias
circuitry, gate–drain, and gate–source leakage, and the device
drain–source resistance . A frequently used measure of
distortion, the distortion intercept point, is derived for the mi-
crowave control element based on this – characteristic.
In general applications, the second- and third-order distortion
intercept points ( and , respectively) are of most
interest to microwave design engineers and will be discussed
here, although higher levels of intercept point may be readily
computed. General expressions for load-referenced and

can be written for the series reflective HEMT-based switch
in terms of the expansion parameters in (1) [12]. The series
reflective switch has been chosen for this discussion since
previous studies have shown that in single-pole double-throw
(SPDT) switch topologies, the series on-state element is the
primary distortion generating mechanism [12], [13]. With this
in mind, the intercept points for a series-connected configura-
tion can be written using the – expansion parameters

as [12]

(2)

The first-order expansion parameter is the inverse of the
channel series resistance . Similar intercept point relation-
ships can be derived for more complex switch circuit topolo-
gies. The equivalent circuit for the HEMT operating in a con-
trol mode is shown in Fig. 1. The gate bias resistoris used to
ensure that the gate is ac isolated from ground and the RF path
at all frequencies because of the capacitive coupling between
the gate–drain and gate–source. The resistancerepresents
the gate leakage component. This leakage path is modeled in
SPICE as a capacitor-diode parallel circuit; a leakage resistance
replaces the reverse bias diode in this representation to simplify
the analysis.

Fig. 1. AC equivalent-circuit representation for the HEMT-based microwave
and RF switch, showing the gate leakage and gate bias equivalent impedances.

Fig. 2. Idealized structure of the a HEMT based on an AlGaX/GaX
heterostructure (X denotes either arsenic or nitrogen). The AlGaX layer isd

thick and the 2DEG is�d thick.

B. HEMT – Characteristics

The fabrication of these high-frequency and high-speed
systems is achieved by creating a heterostructure between
materials with different energy bandgaps, typically the Al-
GaAs/GaAs system or, more recently, the AlGaN/GaN system,
which creates an interface 2DEG at the metallurgical junction
(Fig. 2). The electrons in this 2DEG are of very high mobility,
and when coupled with the high 2DEG carrier density, a very
thin, but highly conductive, layer is created. The carrier density
in this layer can be modulated by the application of a control
voltage on the device gate.

The – characteristics of the HEMT are strongly influ-
enced by the field-dependent mobility in the 2DEG. High
electric fields will occur in the conducting channel layer during
control of high-power signals because of narrow gate lengths,
with a corresponding reduction in the channel mobility with
increasing voltage drop across the drain–source. A simple
model for the velocity–electric-field profile is assumed, and
the expression for the mobility is derived from the derivative of
this profile [14]. Fig. 3 shows the model velocity–electric-field
profile for the AlGaAs/GaAs heterostructure system. Typical
values for the low field mobility and velocity saturation value
in AlGaAs/GaAs and AlGaN/GaN systems are presented in
Table I. In the 2DEG, a simple approximation for the electric
field is [10]; this approximation yields a mobility versus
channel voltage relation of the form

(3)

The – characteristic for the HEMT is derived in a similar
fashion as the MOSFET [16]; however, the carrier density in the
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Fig. 3. Plot of the velocity–electric-field model (3) for the AlGaAs
heterostructure. Values of mobility andv are taken from Table I for this
illustration.

TABLE I
TABLE OF LOW FIELD MOBILITY AND

SATURATION VELOCITY FOR THE 2DEG IN GaAs [15]AND GaN [11]
HETEROSTRUCTURESYSTEMS

2DEG above threshold is a function of the capacitance per unit
area of the gate–2DEG structure and the gate–source voltage
[16]

(4)

By assuming a linear variation of voltage in the channel (similar
to MOS square law theory [16]) and the mobility relation in (3),
the nonlinear drain–source current can be written as

(5)

where . Assuming low field conditions (
term only), the drain current can be shown to saturate at cur-
rent , which occurs at an approximate value of of

. The gate–source voltage in (4) and (5) is com-
posed of two terms: a dc control component and an ac
component caused by gate leakage, as seen in the ac equiv-
alent circuit (Fig. 1).

The gate bias and leakage circuits cause the gate voltage
to be frequency dependent and, hence, the ac operating point
of the HEMT to vary with frequency as well. The effects of the
gate bias circuitry manifest themselves through the gateRCtime
constant, which is composed of a gate bias resistor, the gate
leakage resistance , and the two gate capacitors or

. At low frequencies, the gate impedances are very high,
causing the gate to effectively float. At high frequencies, how-
ever, the gate–source voltage follows the drain–source voltage
due to coupling through or , with the gate being ref-
erenced above ground through the gate bias resistance. The

Fig. 4. Second-order distortion intercept point for the series-connected
AlGaAs/GaAs HEMT microwave switch plotted versus HEMT turn-off voltage
V with the saturated drain currentI as a parameter.

relationship between and can be written from the ac
equivalent-circuit representation of Fig. 1 as

(6)

where , and is the parallel combination of
and or . The capacitances and are as-

sumed equal in this result.
From (5) and (6), the ac component of the drain–source cur-

rent relationship can be written strictly as a function of the ac
drain–source voltage and the devices operating characteristics

(7)

where is the drain–source current at saturation for
equals zero. Equation (7) provides the means for deriving

the expansion coefficients , yielding the distortion parame-
ters of the HEMT. Of interest to microwave and RF design en-
gineers are the second- and third-order distortion components,
which can be found for the HEMT from the first three expansion
coefficients of (7). Expanding (7) in powers of and grouping
terms, the first three expansion coefficients may be written as

(8)

where is the mobility expansion coefficient from
(3).

The combination of (2) and (8) provides a means to compute
the second- and third-order distortion intercept points for the
HEMT switch. Using these equations, Figs. 4 and 5 were pro-
duced, showing and for an AlGaAs/GaAs HEMT se-
ries-connected switch as a function of the turn-off voltage
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Fig. 5. Third-order distortion intercept point for the series-connected
AlGaAs/GaAs HEMT microwave switch plotted versus HEMT turn-off voltage
V with the saturated drain currentI as a parameter.

Fig. 6. Second-order distortion intercept point for the series-connected
AlGaN/GaN HEMT microwave switch plotted versus turn-off voltageV
with the saturated drain currentI as a parameter.

at 1000 MHz and a zero gate voltage. The drain saturation cur-
rent is used as a parameter for this illustration. The results
indicate that HEMT turn-off voltages in the range of 1.0–1.5 V
provide the highest levels of the distortion intercept point (im-
plying the lowest distortion) for a given drain current saturation
parameter. The peak in the intercept point is caused by phase
cancellation between the nonlinearity in the 2DEG mobility and
the gate bias circuitry’s dependence on . The figures also
show improvements in distortion intercept point at any turn-off
voltage with increasing , which is due to the improved in-
sertion loss (lower channel resistance) in these devices. From
(2) and (8), the level of distortion in HEMT switches can be
reduced by decreasing the series [increasing ; see (2)]
of the HEMT. and may be improved by increasing
the gatewidth or decreasing the gate length. Smaller gate
lengths improve the frequency response, but increasingwill
increase device capacitance and, hence, degrade the frequency
response. A small positive gate voltage may also be
used to improve or . As a comparison, for the
AlGaN/GaN HEMT switch is shown in Fig. 6. Note this sim-
ilar peak in intercept point in the 1.0–1.5-V range. The overall
intercept point in the AlGaN/GaN technology is higher than its
AlGaAs/GaAs counterpart due to the higher saturation velocity
in this device.

The HEMT exhibits a slight frequency dependence in its dis-
tortion intercept point. Fig. 7 shows the results of and
simulations for an 0.25-µm gate AlGaAs HEMT with a satu-
rated drain current of 250 mA, a turn-off voltage of−2.0 V,
values of and of 0.5 pF, and a gate bias resistance

Fig. 7. Second- and third-order distortion intercept point for HEMT as a
function of frequency. The devices parameters for this simulation are given in
the text.

Fig. 8. Comparison of the second-order distortion intercept pointIP2 for the
HEMT and GaAs MESFET series-connected switch in the on state.

of 5 K . The results indicate that the distortion intercept point
is higher at low frequencies (less distortion) and changes to
a somewhat lower value near the gate bias circuit cutoff fre-
quency, approximately . This frequency
dependence is opposite to that of GaAs MESFET switch dis-
tortion, where lower intercept points occur at low frequencies
[12], [13]. This phenomenon can be explained in the following
way. In the HEMT, the gate–drain and gate–source circuit cou-
ples ac voltage to the gate, causing the 2DEG sheet density (4)
to vary with the applied ac signal. This effect is in contrast to
bulk channel switches, such as GaAs, where the Schottky de-
pletion layer varies with the ac signal and the channel carrier
density remains constant. At low frequencies, the 2DEG sheet
carrier density is somewhat higher than at high frequencies with
a corresponding slight decrease in nonlinearity, giving rise to the
decrease in intercept point with increasing frequency.

Fig. 8 illustrates a comparison of a second-order distortion
intercept point for both an AlGaAs HEMT and GaAs MESFET
series reflective switch showing the difference in frequency
response between the two switch types. The parameters for
each device were selected to provide identical insertion loss
and with identical to the channel pinchoff voltage for
the MESFET. Also note that the distortion intercept point
for the GaAs MESFET switch is somewhat higher than its
AlGaAs counterpart, with the difference becoming substantial
(greater than 10 dB) at frequencies above their respective gate
bias circuit cutoff frequencies. The third-order intercept point
comparison shows similar characteristics.

The preceding discussion has focused on use of the HEMT
in a series reflective switch configuration. In multithrow



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

Fig. 9. Comparison of second- and third-order distortion intercept point model
and measurement. The model data is denoted by a solid line and the data points
are denoted by plus (+) signs.

microwave switches (such as the common four-element SPDT
switch), an on-state shunt HEMT is often employed for addi-
tional protection across the receiver terminals. In these cases,
an off-state series HEMT provides the primary circuit isolation,
reducing the ac voltage drop across the shunt device. With this
reduced voltage, the nonlinearities associated with the on-state
shunt HEMT are small. However, for a single-shunt element
switch, i.e., SPST, the voltage across the shunt device is higher
than its series counterpart, and it is expected that the shunt
configuration will generate higher levels of distortion.

III. EXPERIMENTAL

Second- and third-order distortion intercept point measure-
ments were performed on a commercial AlGaAs/GaAs HEMT
used as a series microwave control element. The 0.25-µm pseu-
domorphic HEMT used in the measurement exhibited a turn-off
voltage of−1.3 V and a drain saturation current of approxi-
mately 55 mA with a gate voltage of +1.0 V. The gate con-
trol voltage was applied through a 5-kresistor. A series of
preliminary measurements indicated a 1-dB compression point
of +11 dBm and, thus, all input powers were kept well below
this level at−10 dBm. The gate capacitances were estimated
from the frequency response of the insertion loss. The gate bias
voltage was set for the minimum insertion loss that occurred for
a gate voltage of +1.0 V. Measurements of and were
performed from frequencies of 25 MHz up through 1.25 GHz,
the text fixture limits. Fig. 9 shows the results of these measure-
ments. For both and , the low-frequency intercept point
is higher than at high frequencies, consistent with the model.
Also plotted in Fig. 9 is the model simulations for the same
device. The measured data for both and are in good
agreement with the model simulations, indicating the validity of
the model presented.

IV. CONCLUSIONS

The origin of the distortion-generating mechanism in
microwave and RF control circuits using HEMT has been
discussed, and a model has been presented that can be used to
predict the distortion in series-connected HEMT switches. The
field-dependent mobility has been shown to be the dominant
mechanism in generating distortion in these devices. The
model uses such switch parameters as the channel resistance

and turn-off voltage for this prediction. The model indicates
that turn-off voltages in the range of 1.0–1.5 V provide the
lowest distortion in series switch configurations using HEMT
devices. The intercept point can be increased by decreasing the
channel resistance of the HEMT. This may be accomplished
by designing HEMT switch devices with smaller resistances
(which will also yield lower switch insertion loss) or by
applying a positive gate bias voltage in as-fabricated devices.
A comparison of the HEMT switch with MESFET switches
shows that the HEMT switch generates more distortion than its
MESFET counterpart. In addition, the frequency response of
HEMT switches is the opposite of the MESFET switch, with
less distortion at low frequencies. The model is validated with
experimental data taken on a GaAs HEMT in the series switch
configuration
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