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Transient RF Signals During the Switching
of MESFET Control Devices

Nitirt Jain, Ronald J. Gutmann, Senior Member, IEEE, and David M. Johnson

Abstract —An analytical model that predicts the intrinsic small-signal

switching transients for MESFET control devices is developed. Theoreti-
cal results for video-breakthrough and small signal RF switching wave-
forms are in excellent agreement with measurements on many devices.
Although the intrinsic transients are less than a few nanoseconds in
duration, FET material aspects (such as surface states) can induce
much longer transients. The 10–90% switching time, which is dominated
by intrinsic effects, can be lowered by reducing gate length and gate bias
resistance (the latter is more feasible with recently reported diode-gate

FET’s).

I. INTRODUCTION

G aAs MESFET’S are increasingly being used for such

broad-band control applications as switches and vari-

able attenuators because the control port (the gate) is iso-

lated from the RF ports (source and drain), the MESFET

consumes little prime power in either state, and the device is

compatible with conventional MMIC processing. Previous

work [1] has examined the steady-state small-signal perfor-

mance and high-power capabilities of MESFET control de-

vices, while in this paper transient characteristics are exam-

ined. The small-signal RF transients can be broadly classified

as intrinsic device-related transients or material-related tran-

sients.

The intrinsic device-related transients refer to the tran-

sient signals that originate as the depletion layer is switched.

For conventional control FET’s, lower limits to rise and fall

times and the video breakthrough (defined as the signal

induced in the output port by switching of the control signal)

result from intrinsic transients. When the device is switched

into the conducting state from the nonconducting state (i.e.,

switched “on”) the incremental gate capacitance progres-

sively increases during the transient. The bias resistance,

which usually is much larger than other resistances, together

with the gate–channel capacitance, determines the intrinsic

charging time (and, therefore, the RF signal rise time).

When the switch goes from the conducting state to the

nonconducting state (i.e., switched “off”), these processes

are reversed. The video breakthrough results from the deple-

tion layer charge being switched.

Besides these normal transients, abnormally long

material-induced transients are important for many applica-
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tions of MESFET control devices [2]–[4]. Surface states,
deep traps, and defects in the channel and S.1. substrate can
play a significant role in the beyond-microsecond switching
waveforms. The effect of these states is evident in extended
values for the last-l % settling time in the case of switches
and extended values for the 10–90% rise times in multibit
attenuators, variable attenuators, and phase shifters.

In addition to these issues, which are relevant to conven-
tional MESFET control devices with resistive gate bias cir-
cuits, the recently described diode-gate MESFET for base-
band applications poses new switching considerations. The
Schottky diode in the diode-gate MESFET can dominate the
switching transients unless properly designed [5], [6]. There is
a trade-off between the diode size and the peak positive bias
on the MESFET in the conducting state to allow intrinsic
RF switching transients in the nanosecond range [6].

In Section II, analytical models to simulate the intrinsic
switching transients are developed. The models can be easily
implemented on SPICE and are useful in predicting the rise

and fall times and the video breakthrough for conventional
control MESFET’S. In Section III, the results from this
model are compared with experimental results, and various
trade-offs are examined. In Section IV we examine the
material-induced abnormal transients. A technique to mea-
sure the last-l % settling time for a SPST MESFET switch is
presented together with measurement results on switches
and variabie attenuators. In Section V we discuss the impor-
tant results and indicate possible device improvements.

II. MODELING OF INTRINSIC TRANSIENTS

The transition between the nonconducting state and the
conducting state can be divided into two regions. In region 1,
the depletion layer extends into the substrate and the signifi-
cant intrinsic capacitance is the gate sidewall capacitance, as
shown in Fig. l(a). This incremental capacitance depends
upon gate voltage as given by [7]

where Vfl is the applied voltage at the gate to completely
deplete the channel, V& and .Vg,, are the gate-to-drain and
gate-to-source voltages respectwely (since we are considering
small-signal switching, these voltages are equal), Vbi is the
built-in bias voltage (positive), W is the gate width, and c is
the permittivity of GaAs, In the second region the depletion
layer is confined to the channel region, as shown in Fig. l(b).
The sidewall capacitance can be easily obtained using a
procedure similar to that of Takada et al. [7]. The capaci-
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Fig. 1. The relevant capacitances that determine the GaAs MESFET
small-signal switching transients. (a) Gate voltage less than pinch-off. (b)
Gate voltage more than pinch-off.

tance C,g is given as

C,g = Ew:. (2)

The other important capacitance is the depletion layer ca-
pacitance, Ci, in Fig. l(b). This depletion layer capacitance is
given as

(3)

where L is the gate length and Vg is the gate voltage with
respect to the channel (excluding the built-in voltage, V~,).

In addition to these intrinsic capacitances, additional ex-
trinsic capacitances are present owing to the gate-to-drain
and gate-to-source metal pad couplings and gate-drain over-
lay in interdigitated devices. These capacitances are layout
dependent [1] and are indicated as <,g and C.O in Fig. 1. C,x
is the coupling between the gate finger and the source or
drain finger, while C,O represents the total layout-dependent
coupling capacitances including the metal overlay capaci-
tances. Since the gate length is typically small (about a
micron) and the gate-bias resistance very large (in k Q’s), the
distributive effect of the gate-to-channel capacitance–resis-
tance network on the transient RF signal is very small.

With this approximation the gate-to-channel region can be
lumped into discrete nonlinear elements viewed from the
gate circuit. For most control MESFET’S the device resis-
tance is much smaller than the characteristic impedance, and
therefore the various capacitances can be combined into a
single capacitance in series with 25 Q and the gate bias
resistance, as is shown in Fig. 2. The capacitance C’ is equal
to [2(C,gd + C,g) + C,O] in region 1 of the switching transient
and [2(Cig + C,g) + C, + C,O] in region 2. The capacitance C’
decreases abruptly when the pinch-off voltage is attained,
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Fig. 2. The simplified equivalent circuit used for analyzing the small-
signal intrinsic switching transients.

because the depletion layer capacitance decreases abruptly
when the depletion layer meets the S.1. substrate. When the
conducting-state MESFET resistance becomes significant
compared with the characteristic impedance, additional re-
sistive elements accounting for the conducting state resis-
tance have to be introduced.

When the FET is switched “on” the control voltage
changes from Vbi~, toOV. Usually the off-to-on transition is
fast enough that generation current does not play any signifi-
cant role in determining the switching transients. Under this
assumption, the following equation for the gate-to-channel
voltage is obtained:

dV

(()

t

(Rb,a, +25)C’-# + V’ = ‘bias 1-; t ‘T” (4)

o t > 7[,

where the initial condition is V8(t = O)= Vti,,,.
Similarly the “on” to “off” transition is represented by the

following equation:

[

Vbia,~ t < !-t,

(%,,+W’:+L= T, (5)

Vb,,,, t > T,{

where the initial condition Vx(t = O)= O V.
Though only linear ramp voltages have been analyzed, the

right-hand sides of (4) and (5) can have arbitrary time depen-
dence. For such arbitrary switching waveforms these equa-
tions can be solved numerically. The gate voltage thus ob-
tained can then be used to calculate the transient RF signal.

When the control pulse can be approximated as a step
function, the right sides of (4) and (5) reduce to zero and
Vb,,is for all times, respectively. Equation (4) representing the
“on” transition can then be easily integrated to obtain

t = ( Rc<,,, + 2Rc,g ) in ~
,s

/
Vx(i) 2R~w TVhi– ~,

— tan -1 — dv
v

for V.(t) < If, (6a)
Vhl%(. ~,–v
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where R=(Rhl:,S +25). Equation (6a) models the transient
region where the channel is completely depleted (repre-
sented in Fig. l(a)). Equation (6a) can be used to calculate
T,, which is defined as the time when the channel has just
reached the point of complete depletion, i.e.,

T1=t(Pj, ). (6b)

For time tgreater than T,, the capacitance C’ is given by a

different equivalent circuit; therefore, a new equation relat-
ing t and Vg(t) is obtained for this region of the transient:

q
t = T1 + R(EWT +2Ceg + CcO)ln —

f+(f)

Similarly, the “off” transition is obtained by integrating
(5), and the following equation is obtained:

Vb,a,
t = R(cWT +2ceg + CeO)In Vb,,,– Vg,,)

/

EqNd
+ LW

2( ‘b] – Vtm)

[

,R ~n m-=+@b,-w)

--m-m
_,n FFKS+JZ

f’==-wi 1

for ~,(t) > VP (7a)

where R = Rb,a, +25 Q, Again, Tz (defined as the time when
the channel has just reached the point of complete deple-
tion) can be calculated from (7a), i.e.,

T2=t(Vp). (7b)

For time t greater than T2, the channel is completely de-
pleted and the equation relating t and Vx(t ) is given as

v,([)J[ 1
t=T2+2Re W

1[
tan

v,, Vblds–v

– v,
+ R(2CCX + c,,,) in Vvb::: v (~)

bais #

‘r]Vb,– Vp
dV

V/, -v

for ~r(t)< Vp. (7c)

The integrals in (6a) and (7c) can be approximated depend-
ing on Vh,aS.

III. RESULTS OF INTRINSIC TRANSIENTS

Equations (4) and (5) were used to generate the video
breakthrough signal by calculating the time-dependent volt-
age at the gate and then using circuit equations to generate
the output waveform, Fig. 3 shows the video breakthrough
signal for a single series mounted control MESFET when the
control pulse rise time is about 0.5 nS. The figure shows that
the actual experimental results are in excellent agreement

1-

Measured --

I I
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—
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Fig, 3. The measured and modeled video-breakthrough signals for a
series mounted control MESFET (with pinch-off of – 3.5 V). (a) Bias
voltage switched for – 7 to OV. (b) Bias voltage switched from Oto – 7
V. The horizontal scale is 5 ns/div and the vertical scale 5 mV/div.

with the theoretical results. The transition from the off state
to on state has a long tail because the flat-wall capacitance
increases as the gate bias is increased, and therefore the rate
of gate voltage increase with time successively decreases. In
the “on” to “off” transition the depletion layer width is
increasing, thereby decreasing the incremental capacitance.
As a result, the rate of voltage increase with time succes-
sively increases.

The complete RF response of a control component due to
the control generator pulse was simulated using SPICE. The
capacitances were approximated by polynomial fits while the
standard MESFET device model was fitted to give the ap-
propriate resistance in the linear region of the curve. The
capacitance C, changes abruptly at Vp; therefore no polyno-
mial fit for this capacitance is appropriate. However, it is
sufficient to have a good fit only below pinch-off, because
beyond pinch-off the channel resistance rises rapidly and the
exact value of Ci is immaterial (as it does not affect the
sidewall capacitance charging time),

The RF switching waveform of the modified dual 2-throw
control component described previously was studied [1]. The
experimental results of the RF response are given in Fig. 4,
along with the results of the SPICE simulation. The initial dc
offset in the RF signal can be understood in terms of the
video breakthrough being superimposed on the RF signal.
Notice that during the “off” to “on” transition the shift that
is observed is positive, as expected, while in the “on” to
“off” transition the RF waveform is lowered (again as ex-
pected).
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Fig. 5. The trade-off between the switching speed and the peak video
breakthrough for a discrete series mounted control MESFET.

An analysis was carried out using (4) and (5) to calculate
the peak video breakthrough and RF fall times (defined here
as the time in which the RF signal falls by 90’%) during the
off transition when the fall time for the control pulses was
varied. Fig. 5 plots the RF fall time and peak video break-
through signal with various control pulse fall times. The
graph shows that the peak video breakthrough signal can be
traded with fall time to a certain extent. Similar results were
also seen for the on transition. With control voltage tran-
sients below 1 nS, (6) and (7) can also be used to analyze the
switching transient.

IV. MATERIAL-INDUCED TRANSIENTS

Material-induced “off” to “on” transients are difficult to

measure for a discrete control MESFET because a typical
control MESFET in a 50 Q environment has a very low
impedance (about 2–3 Q) in the conducting state. Any small
variation in the effective impedance of the MESFET has
little effect on the output. When a number of these MES-
FET’s are cascaded the transient effects are enhanced, re-
sulting in extraordinarily long rise times. For example, rise
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Fig. 6. The unrealized RF signal with time for a 1.2 mm MESFET
control device. The data points represent scaled values from measure-
ment of 75 ~m MESFET devices.

times more than 1 KS are not abnormal for 32 control FET’s
in cascade. It is important to quantify and understand this
behavior.

As mentioned earlier, the material-induced transients are
extremely difficult to measure on a single control FET be-
cause the output RF waveform is only slightly modulated. To
measure the material-induced transients we used 75 pm
(gate width) FET’s instead of the 1.2 mm FET’s typically
used for circuit applications. These FET’s have a much
higher conducting-state impedance and, therefore, any chan-
nel impedance modulation would be quite large in a 50 Q
environment. A small-signal RF waveform was introduced at
the drain, and the RF waveform at the source was monitored
as the gate was switched. The magnitude of the waveform
was recorded at different times and the result scaled to a 1.2
mm device by dividing the measured resistance by the ratio
of the gate periphery. Fig. 6 shows the time dependence of
the unrealized signal (i.e., the difference between the
steady-state RF level and the time-dependent transient value
expressed as a percentage). Since in the first few tens of
nanoseconds the intrinsic transient signal is present, the
measured values have an additional transient in this region.

Besides measuring the last-l’% settling times of a control
MESFET. we also measured the 10–90$% rise time of a
variable attenuator. The variable attenuator contained a
single FET having a nominal pinch-off voltage of – 3.5 V
that was successively switched from – 7 V to a bias voltage
between Oand the pinch-off voltage. Fig. 7 shows the 1O-9O7O
rise time with various attenuation settings, where it is seen
that the RF waveform at higher attenuation settings has
higher 1O–9O’%Orise times.

These abnormal rise times can be explained qualitatively
in terms of surface states (which play the dominant role for
these transition) [3], deep traps in the channel, and S.1.
substrate related traps and defects. It is well known that the
GaAs surface is difficult to passivate and has substantial
surface states. When the gate is biased negatively, electrons
can easilv transit into available surface states. The surface
becomes” more negative with respect to the bulk, thereby
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loL————_
.-4 -3 -2
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Fig. 7. Rise time for a variable attenuator as the MESFET control
device is switched from – 7 V to a variable voltage shown on the x axis.

Horizontal Scale 5 mYdiv
Vertical Scale 10 mV/div

Fig. 8. The overshoot of the RF signal for a FET with pinch-off
voltage of – 4.5 V as the gate voltage is switched from – 4.95 to
– 4.05 v.

creating a depletion layer which extends beyond the normal
gate depletion layer. This effect can be represented by an
equivalent RC network, where the R represents the effec-
tive surface resistance (which is separated from the bulk
region by a surface depletion layer) and C represents the
resultant depletion layer capacitance. When the device is
switched “on” the charge stored in surface-to-bulk depletion
layer capacitance discharges through the large surface resis-
tance; thus the channel immediately adjacent to the gate fails
to respond to the new control voltage. We believe that this is
the most dominant mechanism in determining long-term
switching transients in FET’s and variable attenuators.

In the nonconducting state, the gate is biased beyond
pinch-off, and the voltage in excess of the pinch-off voltage is
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mostly supported in the S.1. substrate. Under steady state,
the deep traps in the S.1. substrate are deprived of electrons
and thus the S.1. substrate below the channel is more posi-
tive than at zero gate bias. When the voltage at the gate is
switched so that the channel is at least partially open, the
relative positive charge in the S.1. substrate tends to accumu-
late electrons in the channel region, which leads to an
overshoot in the transmitted RF signal.

The RF signal overshoot is shown in Fig. 8. Note the bias
voltages are chosen so that the effect of electron accumula-
tion has noticeable effect at the output. The deep traps in
the channel also affect the RF transient, though the exact
nature of the transient is now dependent on the characteris-
tic of the traps [8].

V. DISCUSSION

The analysis of the switching mechanisms in control MES-
FET’s reveals many important aspects of MESFET switches.
The dominant intrinsic switching speed limiting factor for a
single control FET is the gate resistance in series with the
gate-to-channel capacitance. The gate capacitance can be
reduced by reducing the gate length, which will also improve
the RF characteristics of the device [1]. The gate resistance
improves the small-signal characteristics (insertion loss and
isolation) and increases the dynamic power handling capabil-
ity of FET’s at high frequencies by effectively floating the
gate [1].

However, this can also be achieved using a diode-gate
FET [5], [6] with a low gate bias resistance (about 100 Q).
Thus, by reducing the gate length and gate bias resistance
the intrinsic switching speed can be increased substantially.

The intrinsic switching speed models indicate an effective
way of measuring the channel doping of the FET without
destroying the FET’s because the capacitance Ci is doping
dependent. The capacitance can be calculated from the
intrinsic signal transients. This procedure of measuring the
doping densities is straightforward, though its accuracy in
providing the exact doping profile requires further investiga-
tion.

Finally, the material-related transients determine the limit
of the switching capability of the control FET. For a 3-5 V
pinch-off device, the surface states determine the rise time.
Earlier work indicates that this effect can be minimized by
reducing the gate to recess separation [4]. For a multibit
attenuator, innovative circuit designs using fewer cascaded
FET’s can significantly improve switching speeds [9].

VI. CONCLUSIONS

In this paper modeling results show that the MESFET
control device is inherently capable of switching in shorter
times than are currently achieved (l-5 ns). Improvement in
the nanosecond range switching transients is possible by
using the diode-gate MESFET in series with a reduced
gate-bias resistance and reduced gate lengths. Microsecond-
to-millisecond transients are caused by material imperfec-
tions, particularly surface states, for present control devices.
The effect of the S.1. substrate appears important in control
MESFET’S only under restricted bias conditions, namely
when switching from slightly in pinch-off to slightly above
pinch-off.
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