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Distortion in Broad-Band Gallium Arsenide
MESFET Control and Switch Circuits

Robert H. Caverly, Member, IEEE

Abstract —This paper will discuss the origins of MESFET distortion
in passive control applications, such as single transistor switch and
reflective anttenuator circuits. The discussion is based on a lumped
element equivalent circuit model and is limited to applications where the
MESFET is operating in its conducting state. In switch circuits, the
analysis indicates that distortion may be reduced by the use of MESFET’s
with pinch off voltages in the 2-3 V range and with large open channel
current capacities. In attenuators, the analysis shows extreme variations
in the level of distortion over a relatively narrow range of attenuation
levels. Distortion in the case of the reflective attenuator may be reduced
by the use of MESFET’s with small open channel current capacities.

I. INTRODUCTION

ALLIUM arsenide (GaAs) metal-semiconductor field

cffect transistors (MESFET’s) offer significant advan-
tages over conventional p-i-n diodes in many radio frequency
(RF) and microwave switch and control applications. These
advantages include low bias power consumption, the inher-
ent bias isolation of the MESFET, and easy incorporation
into monolithic circuits. The MESFET, however, has a spe-
cific nonlinear current—voltage characteristic. Thus, there
will be harmonically related signals generated by the device
when used as a control element. The interest in the distor-
tion generated by MESFET control devices has become
more significant recently with the increased use of mono-
lithic MESFET control circuits in RF and microwave sys-
tems. In these applications, particularly in sensitive receivers
where multiple signals are simultaneously received, the gen-
eration of in-band intermodulation signals can seriously af-
fect receiver sensitivity, Similar concerns may be applied to
phase shifter and signal routing applications.

A study by Gutmann and Fryklund [1] has shown that the
GaAs MESFET exhibits significant nonlinearities at power
levels less than 30 dBm. The investigators attribute the
resistive nonlinearities to the onset of current saturation in
the device. It is also expected that lower levels of nonlinear-
ity will occur in the presaturation or the so-called linear
region of operation. These nonlinearities in the conducting
state resistance can affect circuit and system parameters such
as insertion loss and distortion. More recent studies of GaAs
MESFET control circuits by Gutmann and Jain [2], [3] have
discussed significant implications in broad-band control cir-
cuits using MESFET’s due to the gate bias circuitry. This
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A series connected MESFET used as a broad-band RF and
microwave semiconductor control circuit element.

Fig. 1.

gate bias network is also expected to influence the device
and circuit nonlinearities. Absent in any of thése works,
however, has been a study of those device and circuit param-
eters that govern the level of distortion in single MESFET
switch and control circuits.

This paper analyzes the nonlinear mechamsms of the
MESFET in its passive control mode of operation, and
equations are developed that will allow designers to predict
second- and third-order harmonic and intermodulation prod-
ucts in the conducting state MESFET. The analytic expres-
sions are verified by experimental data.

II. THEORY AND ANALYSIS

A small-signal nonlinear model applicable to RF and
microwave frequencies is necessary to determine the distor-
tion characteristics of the MESFET. The basic circuit for the
model, shown in Fig. 1, shows a series connected MESFET
between a generator (Vs,Zg) and a load (Z,). Included in
the circuit are the gate bias resistance (R;) and the gate
control voltage (Vp ). Here, Z, = Zg = Z,, where Z is the
characteristic impedance of the transmission line, which is
assumed to be 50 . Fig. 2 shows a simple ac equivalent
circuit model for the GaAs MESFET in a typical broad-band
control application. The nonlinear current-voltage relation-
ship, Ipg — Vpg, and its relationship to the MESFET channel
resistance R, needs to be determined to understand the
distortion generated in the device. A general expression for
the nonlinear Ipg—Vpg relationship may be placed in the
form of a power series [4]:

Ins=

=20
Z anVIgS (]L)
n=1 ) .
where the «, describe the linear (n=1) and nonlinear
(n>1) behavior of Ing. The @, may be found from the
results of numerical simulations based on physical models
[5], [6], or from closed-form expressions for the drain-source
current using the gradual channel-abrupt depletion approxi-
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Fig. 2. The ac equivalent circuit of a MESFET used as a broad-band
semiconductor control circuit element.

mations [7], [9]. In both cases, the a, will include the effects
of the gate bias voltage, Vg, and the gate bias circuit
composed of Cs; and Ry,

From a study of Fig. 2, the gate capacitance C will affect
the magnitude of the gate—source voltage as the frequency
changes. This capacitance may be assumed constant, which is
only true at low power levels. At high frequencies, the gate
capacitance allows the gate to float and follow the drain. At
lower frequencies, the gate capacitance’s high impedance
forces the gate to near RF ground, with the resuit that Vg
tracks with the load voltage V;, (Vgg= —50 Ipg {2)). The
variation in Vgg will influence both the linear and the
nonlinear characteristic of R . This frequency dependence
due to the gate bias circuit has been discussed in terms of
the power handling capability of the MESFET by several
investigators [3], {10]. From Fig. 2, V;g may be written in
terms of Vg as

Vbs (2)

where B =wR;Cs.

Closed-form expressions for the «, may be found by using
a closed-form expression for the I,g—V g characteristic, but
now including the effects of the gate bias circuit through (2).
Assuming uniform channel doping, use of the gradual chan-
nel approximation [7}-[9] and (2) allows one to write /g as

Vs , V+(1+y)Vps) '™ ) V4 yVps) '
— + —_—
A A A

Ips=1Ip

(3)

where y is Vgg/ Vpg (eq. (2)), Ip is related to the open
channel current, Vp is the pinch off voltage, V =V, — V5o,
Vi is the built-in junction potential, and Vg, is the dc gate
bias voltage. The expression for Ipg in (3) is valid for Vg
less than the saturation voltage Vg, 1. This constraint limits
the results of the model to small-signal levels where the peak
RF voltage across the drain to source channel is less than
Vpsat Using (3), the first three coefficients («,,) of (1) may
be written as

S, [V .
= v (4a)
3, 142y
=W, T (4b)
I
a3=—-————P-—l—5(1+3'y +3y?) (4¢c)
8(Wp) -
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Fig. 3. Second-order intercept point (IP2) plotted versus pinch off
voltage Vp with the open channel current term Ip as a parameter. The
term vy is assumed to be unity.

where +y is a function of frequency (eq. (2)). Note that the
channel resistance R, is the linear term in (1), 1/«;.

The form for the nonlinear GaAs MESFET curtent given
in (1) is applicable to any circuit containing one or more
devices. A discussion of the distortion in single GaAs
MESFET attenuators and switches (in the conducting state)
in the presence of a single-tone RF signal follows. The
discussion will be limited to second- and third-order distor-
tion, but can be extended to higher order.

The single figure of merit commonly used as a measure of
distortion is called the intercept point [11]. The intercept
point is an extrapolation of the distortion power to the
power level of the drive signal, assuming no compression of
the drive signal. It is a fictitious power level, but provides a
useful number from which distortion at any drive power may
be derived [12]. For the single MESFET circuit shown in Fig.
1, the second (IP2) and third (IP3) order load intercept
points may be written as:

_ a{Z, 2
IP2 = 202 (1+2Z4a,) (5)
and
IP3 = afz"(uzz a)) (6)
2as 0%1)-
A. Switches

For switch circuits where R, is significantly less than Z,,
IP2 and IP3 may be written as

259223V, 13

P2= T (1= W V) /42y (Ta)
I)

and
648 Z2V Y215 4
== (1= /Vp) /1143y +37%1. (7o)
Figs. 3 and 4 show IP2 and IP3 plotted versus pinch off

voltage V), with the open channel current term I, as a
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Fig. 4. Third-order intercept point (IP3) plotted versus pinch off volt-
age Vp with the open channel current term Ip as a parameter. The term
v is assumed to be unity.
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Fig. 5. Frequency dependence of the second- and third-order inter-
cept points (IP2 and IP3) in a series connected switch. The MESFET
exhibits a pinch off voltage of 2.5 V and an open channel current term
of 200 mA. A gate resistance of 1 kQ and a gate capacitance of 0.5 pF
are assumed.

parameter for frequencies much greater than the gate circuit
time constant (y=1). Note that there is a peak in the
intercept point for pinch off voltages in the range of 2-3 V,
The decrease in intercept point for pinch off voltages below
approximately 2 V is due to the lowered value of Vpgar in
the device, with the resulting nonlinearities caused by opera-
tion near the onset of saturation [1]. Also, the intercept point
increases with the open channel current term. /p, and hence
the intercept point, may be increased in a circuit by increas-
ing the channel height or width, a condition consistent with
improved power handling, switch Q, and conducting state
resistance [1], [2], [13]. The distortion characteristics of the
p-i-n diode exhibit a similar improvement with reduced for-
ward bias resistance [12].

The frequency dependence of IP2 and IP3 is illustrated in
Fig. 5 for a MESFET with a pinch off voltage of 2.5 V and
an open channel current term of 200 mA, where the inter-
cept point is plotted versus frequency. In this example, a gate
resistance R of 1 k) and gate capacitance C; of 0.5 pF
are used. Note that there is a 20 dB increase in IP2 from its
low frequency value. The rapid change in intercept point
occurs in the vicinity of 1/27mR;Cq;.
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Fig. 6. Second- and third-order intercept point (IP2 and IP3, respec-
tively) plotted versus attenuation (A) for a MESFET with a pinch off
voltage of 2.5 V and an open channel current term of 200 mA. The
frequency of operation is 1 /27 R;C.

B. Attenuators

The identical circuit topology shown in Fig. 1 can be used
as a reflective attenuator. In this case, the conducting state
resistance R, is controlled by the gate bias voltage (Vygp). If
the level of attenuation is defined as

A 22, \* 8
"\ Ry +2Z, ®)

then IP2 and IP3 for the series reflective MESFET attenua-
tor may be written as

A
18Z313(1-VA)

IP2 = 6(Vbi_VGSO)/I1+27|2 (9a)

and

A3/2V1’3/2 3/2
P3= (Vi — Vaso) '/ 11 +3y +3y2. (9b)
2Z3(1-VA) I,

Here, improvements in attenuator distortion for a given Vg
may be observed with MESFET’s of low current handling
capacity (small ). In the attenuator, relatively large values
of conducting state resistance (up to several hundred (1) may
be required. The larger conducting state resistances may be
achieved with lower channel dopings, narrower gate widths,
and /or thinner channels, all yielding lower values of I, and
hence improved attenuator distortion performance. Fig. 6
shows [P2 and IP3 versus attenuation level (A) for a
MESFET with pinch off voltage of 2.5 V and an open
channel current term of 200 mA. Note the extreme range of
intercept point from 0 to 10 dB attenuation. The low inter-
cept point at the higher levels of attenuation can complicate
the design of single MESFET low distortion attenuators.

i

III. EXpERIMENTAL RESULTS

Second- and third-order distortion measurements were
performed using a commercial GaAs MESFET as the con-
trol element. This device had measured values of pinch off
voltage and open channel current of 2.0 V and 150 mA,
respectively. Gate bias was applied through a 1 k{} resistor
and the power available from the 50 Q source was kept less
than (0 dBm to keep the device out of saturation. The value
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Fig. 7. Experimental measurements of second-order intercept point
(IP2) in a series connected switch plotted versus frequency. Equation

(7a) is plotted for comparison. The MESFET used exhibited a pinch off
voltage of 2.5 V and an open channel current term of 150 mA.
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Fig. 8. Experimental measurements of second-order intercept point
(IP2) versus attenuation level (A) in a series reflective attenuator mea-
sured at 410 MHz. Equation (9a) is plotted for comparison.

of gate capacitance C was obtained from the manufacturer’s
specifications for the MESFET. The distortion test set and
measurement techniques were similar to one previously de-
scribed [12]. For the MESFET operating as a switch in its
conducting state (zero gate—source voltage), IP2 was mea-
sured from frequencies of 20 to 700 MHz. These measured
results are illustrated in Fig. 7, with (7a) plotted for compari-
son. At low frequencies, the increased distortion (low distor-
tion intercept point) is caused by the MESFET being driven
closer to saturation (and the resulting nonlinear operation)
during the positive RF swing. As the frequency is increased
beyond 1/27R;Cg, the floating gate condition reduces the
magnitude of Vg, allowing more linear operation and an
increase in the intercept point.

The distortion performance in a series reflective attenua-
tor was also measured. As the dc gate—source voltage Vg
approaches Vp, the MESFET channel is almost completely
pinched off. This results in a large value of R, and hence a
high circuit attenuation (A). This same operating point,
however, also coincides with operation near the MESFET
saturation point, a strongly nonlinear region of operation [1],
[2]. The result is an increased level of distortion (a lowered
intercept point) with increasing circuit attenuation. Figs. 8
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Fig. 9. Experimental measurements of third-order intercept point (IP3)
versus attenuation level (A) in a series reflective attenuator measured at
410 MHz. Equation (9b) is plotted for comparison.
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Fig. 10. Experimental measurements of second-order intercept point
(IP2) versus frequency for a series reflective attenuator set for 4 dB
attenuation. Equation (9a) is plotted for comparison.

and 9 show measured second- and third-order intercept
point data plotted versus attenuation level at 410 MHz.
Calculated second- and third-order intercept points using
(9a) and (9b) are plotted in Figs. 8 and 9 for comparison.
Note that for levels of attenuation greater than approxi-
mately 3 dB, IP3 is greater than IP2. This crossover attenua-
tion level is a function of both I, and V. The experimental
data shown in Figs. 8 and 9 verify the large variation in
intercept point in single MESFET attenuators.

Fig. 10 shows experimental measurements of IP2 versus
frequency at a specific level of attenuation, with (9a) plotted
for comparison. As in the switch case, IP2 shows an increase
with frequency, with the greatest variation in the vicinity of
F;. However, the degree of increase in intercept point is
smaller, only about 8 dBm at the 4 dB attenuation level. This
variation of intercept with frequency will decrease even
further at the highest levels of attenuation.

IV. CoNCLUSIONS

The results of a nonlinear analysis have been used in
determining the level of distortion generated by the
MESFET in RF and microwave control applications. The
fundamental conclusion reached is that distortion in
MESFET control circuits is directly related to the pinch off
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voltage and open channel current capacity. The results,
applied to series connected MESFET switches and attenua-
tors, show good agreement with experimental measurements
and indicate that V, and I, affect distortion performance. In
a MESFET switch, where the MESFET operates with zero
dc gate voltage, large I, MESFET’s will show lower levels of
distortion. A peak in the intercept point occurs for those
MESFET’s with pinch off voltages in the 2-3 V range. In a
MESFET attenuator, there is a wide variation in distortion
levels over a 10 dB range of attenuation. The distortion level
may be minimized by reducing the open channel current
capacity -in this application. This reduction in [, will, how-
ever, influence the minimum attenuation level obtainable in
the attenuator circuit. In all cases, the distortion is the
highest at low frequencies, lowering at frequencies signifi-
cantly above the gate bias circuit cut off frequency,
1/2mR5Cq. The analytic expressions derived will now allow
circuit designers to predict distortion levels in single
MESFET control circuits. These expressions will also enable
the device designer to modify the MESFET design for spe-
cific distortion requirements.
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