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Extracting a Bias-Dependent Large Signal
MESFET Model from Pulsed I/V Measurements
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Abstract—In this paper a new large-signal metal semiconductor
field effect transitor (MESFET) model suitable for applications to
nonlinear microwave CAD has been developed and the different
phenomena involved in the nonlinear behavior of the transistor
have been studied. The importance of this work lies in the fact
that multibias starting peints (hot and cold device) for pulsed
measurements are used to derive a single expression for /.. that
describes the dc as well as the small and large signal behavior
of the transistor, while taking into account the quiescent point
dependence. The algorithms of this new model can easily be
incorporated into commercially available nonlinear simulators.
The operating-point dependent current /.. is modeled by two
nonlinear sources: one of them is the dc characteristic nonlinear
equation, and the other represents the differences between dc
and pulsed characteristics at every bias point. A complete large-
signal model is presented for a 10 + 140 ym GaAs-MESFET
chip (F20 process) from the GEC-MARCONI Foundry and a
16 x 250 ;ym MESFET chip (DIOM process) from the Siemens
Foundry. Comparisons have been made between simulations and
measurements of pulsed characteristics at different operating
points. There was very good agreement between the I, /P,
measurements and the MDS simulations using the complete large
signal model.

I. INTRODUCTION

ODERN communications systems require more and

more sophisticated microwave integrated circuits
(MIC) and monolithic microwave/millimeter-wave integrated
circuits (MMIC) making it necessary to develop accurate
models for large-signal devices. Furthermore, the increasing
integration of the monolithic circuit has reinforced the need of
such models in order to minimize the number of design and
fabrication cycles required. Therefore, it is very important for
nonlinear software tools to have large-signal models which
take into account phenomena such as trap effects, heating,
noise, etc.

The most common way of modeling the nonlinear equation
of the channel current is to extract the parameters of this
equation from the dc characteristics and the S parameters
in the frequency band of interest at several operating points
(quasi-static approximation) [1]-[3]. Another way involves
using pulsed characteristics [4], [5]. This method is only valid
at a given operating point and provides a better simulation of
the actual operation of the transistor because it takes heating
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into account. However, none of these approaches reliably
predicts the behavior of the transistor because they do not take
into consideration low-frequency dispersion, dc operation, or
thermal phenomena, all of which affect the dynamic charac-
teristics. Recently, several authors have proposed improved
models that use a second nonlinear current source [6], [7],
and [15]. These models are able to predict the low-frequency
dispersion but do not take into account the dependence of the
model parameters on the operating-point or the problem of
pulsed measurements.

In order to develop a complete nonlinear device model it
is necessary to determine the different phenomena involved
in the nonlinear behavior of the transistor. In Section II,
we will demonstrate the importance of pulsed measurements
and the influence of the operating point on the behavior of
MESFET's. In the Section III, a very useful current source
model is developed that takes into consideration the real
heating (the operating point dependence). This current [y is
modeled by two nonlinear sources: one of them simulates
the dc characteristics and the other represents the large-
signal RF behavior at every bias point. This model is also
capable of simulating the low-frequency dispersion, taking
into account the heating of the transistor. The main aim
of the equation developed is to model large-signal GaAs-
MESFET's with CAD-oriented circuit topology, starting from
their drain and gate-pulsed characteristics. Section IV applies
this technique/equation to obtain a large-signal model of a
10 # 140 pm GaAs-MESFET chip (F20 bathtub process) from
the GEC- Marconi Foundry and a 16 + 250 ysm MESFET chip
(DIOM process) from the Siemens Foundry, extracted from
experimental dc. pulsed. and S parameters. The breakdown
effect has not been modeled because it is not the focus
of this work. MDS simulations based on the model of the
equation were compared with experimental measurements of
the transistor charged by 50 Ohrs at the input and output ports.
The agreement between the simulations and the experimental
results was found to be very good.

II. DESCRIPTION OF PHENOMENA INVOLVED
IN PULSED BEHAVIOR OF GaAs-MESFET"s

Several authors [8]-[10] have demonstrated the importance
of nonlinear characterization of transistors from pulsed I/V
measurements. Therefore, it is necessary to develop pulsed
nonlinear models capable of taking into account phenomena
such as low-frequency dispersion (associated with deep level
traps and surface state densities in GaAs-MESFET s [11]) and
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Fig. 1. GaAs MESFET equivalent circuital model.

thermal effects as well as dc. pulsed, and RF operation. The
following phenomena are involved in the large signal behavior
of the GaAs-MESFET transistors.

1) Trapping Effects and Surface States: From a macro-
scopic point of view, these phenomena provoke low-frequency
dispersion (from dc to some hundreds of KHz) of the
transconductance and output conductance [9], [L1]. This
behavior leads to significant problems when both dc and
RF operation must be modeled. The influence of these
effects on the pulsed characteristics is negligible because
they have ionization and recombination time constants from
microseconds to milliseconds, while the pulse rise time used
to obtain the I, characteristics is about 50 nS and the duty
cycle is around 1/1000. Therefore, these phenomena have
been included in the CAD-oriented circuit model of Fig. 1
[10], [12], They are represented by the current source Iyso
and the C); capacitor.

2) Operating-Point Dependence: The variations in the
pulsed I/V characteristics with the quiescent point are well
known [9], but it is very important to separate the different
phenomena that induce these variations in pulsed operation.
From a macroscopic point of view, assuming that the ambient
temperature remains constant, two main effects can be
distinguished. The first is caused by the self-heating at each
operating point, assuming that this variation depends only on
the average dissipated power Py = fab up(t) - ip(t)dt [111.

The second effect is due to the variation in channel resis-
tance as a function of gate and drain voltages. Fig. 2 shows the
variations in experimental pulsed characteristics when there is
no dissipated dc power (i.e., Visee = 0). In this case, the
variations are caused by the different channel widths of the

" transistor. Fig. 3 shows pulsed curves for constant dc power
at different quiescent points with Vi # 0 and it can be seen
that there are significant differences. Since it is.impossible to

separate these two effects, a bias-dependent equation is needed
to reproduce the nonlinear pulsed behavior.

Since the thermal time constant of GaAs-MESFET’s is on
the order of a few microseconds, the pulsed measurements
were made maintaining the transistor at each operating point
for several seconds in order to keep the operation temperature
constant. The pulsed I/V measurement system (PIVMS) used
is a high-speed automated setup controlled internally by one
main mathematical controller and two internal microprocessors
for gate and drain ports. This system permits control of the
frequency, the rise time, and the width of the pulses [14].

III. OPERATING-POINT-DEPENDENT
NONLINEAR MODEL FOR MESFET’S

Considering the effects described above, we have developed
a nonlinear double current source model of I4,. If the dc and
pulsed characteristics are known at a few bias points, this
model reproduces the Iy current behavior at any operation
point.

Fig. 1 shows the total nonlincar GaAs-MESFET model.
Veoer and Ve, are the internal values of the external operation
point (Visce, Viscc ), While vgi and vq, are the internal instanta-
neous voltages. Cp and L, are typical parameters of a low pass
filter used to obtain the intrinsic dc dependence. C¢ is a linear
capacitor and it contributes to simulate the low-frequency
dispersion. Its value can be obtained from low-frequency RF
measurements (from dc to beyond cut off frequency).

Considering the circuit of Fig. 1, we can write I4s as an
analytical function of Iy5; and Igg

Tas(vgis ais Vgecis Vaeet) = Tas1(vgi, vai)
+ IdsZ ('Ugh Udi» Vgcch Vdcci)~
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Ly.1(vg,, vq,) tepresents the dc characteristics of the tran-
sistor. which have been modeled using the Materka equation
[16].

Tas2(Vgy. vds, Vacar- Voo, takes into account the dependence
on the instantaneous voltages (v,,.vq,) and the internal oper-
ating point.

The total equation is given by (1)

Iy, = ]das(‘/vgccn ‘/:1((:1)

, (pt+8vy,)
X (1 — Ve )
"ft(yvg((i« I/:iui) + V(v:icci)vdi

‘/U‘CCM Vi I
X (1 + )\(Lrgvcu ‘fdccl)'vdl) - tanh (O((—DI—M
dss

Wdi) .

(1)

The multibias nonlinear (1) is based on the Materka equa-
tion. It has six parameters: J4e. V7. 7. and A are bias-dependent
parameters whereas 4 and ¢ are constant for each transistor.

The parameter 1., is the most influential one in the equation
because it multiplies the rest of the equation and it has a very
high value. This means that small variations in the rest of
the parameters result in large variations in the current value
of the equation. Of course, this effect is more important in
power MESFET transistors. However, the model smooths this
effect by using the parameter /4. to control the slope of the
linear part of the characteristics. The variation in /4. with the
operating point is given by

J5]
‘/rgcci - 1|p(1 -+ ‘/:iui)q

where Vi and V., are the independent voltages correspond-
ing to the operating point (Vesces Visee) being considered.
The exponents p and ¢ are independent parameters of the
quiescent point and /3 1s a function of Veea and Viee,. This
function takes into account two phenomena: one of them is the
change in the average dissipated dc power (self-heating) with

]dss - (2)




FERNANDEZ et al.: EXTRACTING A BIAS-DEPENDENT LARGE SIGNAL MESFET MODEL FROM PULSED I/V MEASUREMENTS 375

400
Device: 10*140 ym GEC-MARCONI Chip Transistor
300
<
£ 200
k]
- ~ Experimental ¥ Fitted

100

Vvds (V)

Fig. 4. Fitting of the pinch-off region using the new Iy, proposed equation.
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Fig. 5. Simulations of the I/V pulsed curves dependence on the value of A
parameter.

the operating point [11], and the other one is the variation
in channel resistance. Figs. 2 and 3 show the variation in
lyss when Voo = 0 and Voo # 0. G is a function of the
independent variables Voo and Vgey

/3 = ﬂOVYgCU + /81 + ((ﬂ2‘/gcci + /83)Vdcci)ﬂ4~ (3)

Returning to (1), the parameter V; represents the pinch-
off behavior, which is very common in nonlinear modeling
[16]. [17]. Analyzing the term that controls the pinch-off
region in (1), we can see that it is dependent on vy, through
the parameter . This means that the model is capable of
predicting accurately the very low current zone (Fig. 4). For
this reason, the operating-point variations of the parameters V;
and ~ have been studied together. The following function is
proposed to represent the variation in V

V} = V;fo ‘/gcci + (‘/tl Vdcci + ‘/tz) (4)

The pinch-off behavior resulting from variations in Vy..; are
corrected by using the parameter -y

¥ =7 + 71 ¥V Vacei (5)
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Fig. 6. I/V pulsed curves dependence of the linear region on the operating

point (o variations).

TABLE 1
VALUES OF THE DIFFERENT KEY POINTS
Point Vi, Va

P1 Vigsee™ Vi) 0

P2 Voree™ Vi (1is/2) 0

P3 Vo=V, (Pinch-Off) 0

P4 Vpc: = Vgl(Idss) Vigaee = VaMax
P5 Ve =V, (Pinch-Off) Vo = Vgymax
P6 Visee=Vu(lse/2) Ve =Vgmax/2

Equations (4) and (5) reproduce the behavior of the tran-
sistor in the low-current region, not only as a function of the
independent variables (v, vq;), but also of the operating point.
This provides excellent results as can be seen, for instance, in
Fig. 4.

The factor (1 + A-vg;) in (1) mainly reproduces the output
conductance function of the instantaneous voltage at the drain
terminal, and A, which has the dimensions of conductance, is
principally responsible for the slope of the I, curves in the
saturation region. .

In Fig. 5 it can be observed that changes in A result in
significant variations in the slope in the saturation zone (output
conductance) of the pulsed characteristics (RF and pulsed
operation). The variation law of this parameter is given by

A= + A Vieei + A2 Vg2cci + AsVaca + AaVig.  (6)

The parameter « in the hyperbolic tangent term of (1)
controls the linear region. The difference with respect to other
models [17] is that the argument of the hyperbolic tangent
contains « divided by the parameter .

Fig. 6 shows the variations in the linear zone of the pulsed
characteristic curves at different operating points. For instance,
pulsed curves at operating points near to Vgeoee = 0 and
Viasce = 0 have higher gradients in the linear zone than
characteristic curves at Vys. in the saturation region and
I4ss/2. The variation of the parameter « is given by

a = g + a1 Vgeei + @2Viooi + @3Vacei + @aViegs.  (7)
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TABLE II

VALUES FOR THE PARAMETERS OF THE COMPLETE NONLINEAR MODEL FOR A 10 * 140 prm GEC-MARCONI CHIP TRANSISTOR

Linear Parameters

R, (Ohm): 3.27 Ry (Ohm): 1.08 R, (Ohm): 0.87 L, (nH): 0.102 L; mH): 0.049
L, (nH): 0.006 Ly (nH): 0.097 Cy (pF): 0.37 C,, (pF): 0 Co (PF): O
R; (Ohm): 3.27 Cy (pF): 1*10° Transit time (ps): 3.5
Non-linear Parameters
C,, Schottky C,,, (pF): 1.801 v: 0.5 Vy (Volt): 0.47
L, Schottky a,: 30.58 L: 0.1025*10° I;; Linear R,,(Ohm): 1*10'° |
I, DC T, 0.4458 V. -2.577 v: -0.1089 E: 1.270
(Materka) K,: -0.05288 S,: -0.7663*102 S 1.927 K,: 0.4495
u: 1.337 §: -0.2178*10"! p: 0.14 q: 0.29
Bg: -11.73 By: 517.9 B, -41180 £5: 10850
L, PULSED 8. 3843 Vg -0.7012%10" V,: 0.925%10" V,: 2.819
{Our Model) ¥o: -0.07893 7,: -0.03537 v, 1.892126 Aot 0.3264%102
Az -0.7271%102 Ay 0.6534*10° Ay 1.267%107 A -0.1112%107
o 1.506 o 0.1921 oy 0.02383 oy 0.04551
oy 0.1695%10%
600 600 |
Experimental — Fitted Lg Experimental — Simulated |

500| pyised Characteristics
Bias: (-1.0, 3.0)

Vgs=0‘

15 25 3 35 4 45 5 55 6 65 7
Vds (V)

Fig. 7 Experimental and fitted I/V pulsed curves at (—1 3) operating point
for a 10 x 140 pm GEC-MARCONI device

The equations obtained to represent the different parame-
ters of (1) have been used to model transistors of different
technologies and sizes giving good results in all cases. Com-
parisons with experimental results will be presented in the
next section.

IV. SIMULATIONS AND EXPERIMENTAL RESULTS

Equation (1) reproduces the pulsed characteristic curves at
any quiescent bias point. To extract the different parameters of
the equation I, pulsed measurements must be considered at
six key operating points. These key points have been selected
so that the influence of the polarization on the parameters of
the equation is taken into account. Table I indicates the values
of the key points on typical dc characteristic curves.

500
Pulsed Characteristics

Bias: (-1.0, 5.0)

4 45 5 5.5

Vds (V)

Fig. 8. Experimental and simulated //V pulsed curves at (—1,3) operating
point for a 10 x 140 pm GEC-MARCONI device.

Py, P>, and P take into account the influence of the
different channel widths of the transistor and allow us to
study how the parameters of (1) vary with this effect (average
dissipated power Py = 0). Using this method. it was found
that the parameter vy does not vary with Vg, which is to
be expected because - corrects the pinch-off effect only with
the Vysce voltage. Points P,. P5. and Py take into account the
variations with the self-heating of the transistor (Igscc 7# 0).
Fig. 7 shows, as an example, the experimental and fitted pulsed
curves at a particular key point.

The parameters of the nonlinear function g1 (‘Ugl, v4;) have
been extracted by means of experimental measurement of the
dc characteristics. The access resistors Iy, R, andRy (Fig.
1) and the typical Schottky current parameters I, and o, [18]
have been obtained from dc measurements by three different
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Fig. 9. Experimental and simulated .S parameters using the complete non-
linear model for a 10 * 140 um GEC-MARCONI device.
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Fig. 10. Experimental and simulated P,/ Pous béhavior of the transistor
using the complete nonlinear model for a 10 x* 140 pm GEC-MARCONI
device. .

methods [16], [19], and [20]. The rest of the linear elements
of the circuit shown in Fig. 1 along with the parameters of the
nonlinear capacitors Cys and Cgg have been obtained from S
parameter measurements using hot and cold device techniques
together with multibias linear extractions, minimizing the error
function by optimization [9], [18], and [20].

In order to validate our equation, a complete nonlinear
model has been extracted for a 10 x 140 ym MESFET chip
(F20 Bathtub process) from GEC-MARCONI; which is given
in Table II. Fig. 8 compares pulsed measurements with simu-
lations by (1). It can be seen that the operating point is very
different from the fitted key points. This demonstrates that the
model is capable of reproducing the variations in .the pulsed
behavior with the quiescent operating point.

The total large signal MESFET equivalent circuit has been
implemented in the MDS nonlinear simulator. Fig. 9 shows the
agreement of the RF small signal behavior in the frequency
band. Fig. 10 shows that there is very good agreement between
simulations and experimental results of the output power
versus the input power of the first three harmonics of the
device of Table 1I, loaded by 50 Ohms at the input and output

1000

R Experimental — Simulated

Vgs=-0.25

800
~ Pulsed Characteristics

Bias: (-1.75,3)

—~ 600
L
E
=z
400
: —
200
Vgs=-2.5
“05 1 15 2 25 3 35 4 45 5 55 6
Vds (Voit.)
Fig. 11. Experimental and simulated I/V curves at (—1.75, 3) bias point for

a 16 = 250 pm Siemens device.

SIEMENS DIOM 16250 microns GaAs MESFET

+30 { [ 7 j
fo M /{({f s
5 R q
E 2-f0 ,{?’
e |
A : i
o ﬂ/ﬂ/P/ fo=19GHz |
3-fo// | o
-100
_%5/ Pin (dBm) +20

o o o MEASURED
—— MODELED

(Vgs, Vds) = (-1.75, 3)
Zsource = Zload = 50 Ohm

Fig. 12. Experimental and simulated P, / P,y behavior using the complete
nonlinear model for a 16 * 250 um Siemens device.

ports at 2 GHz and a bias point of (~—2.5,3). The P,/ Pin
measurements have been made using a HP8341B Synthesized
Sweeper and a HP438A Power Meter with two HP8485A
Power Sensors (attenuation accuracy +\ — 3%).

Using the same methodology we have modeled a
16 % 250 pm MESFET chip (DIOM process) from Siemens.
Fig. 11 shows the experimental and simulated pulsed curves
and the P,,:/P, behavior is shown by Fig. 12. The power
measurements of this transistor were carried out by IMST
Co. of Germany.

V. CONCLUSION

This paper analyzes some hypotheses about phenomena
such as low-frequency dispersion (associated with deep level
traps -and surface state densities in GaAs-MESFET’s) and
thermal effects as well as dc, pulsed, and RF operation. As
a consequence of this study, a suitable nonlinear equation
has been developed for the current source I4, which is
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capable of taking into account the operating point dependence.

I4s1 reproduces the dc behavior and Iy, represents the RF-

operating-point dependence. Experimental measurements of
the pulsed characteristics and simulations have been performed
for different kinds of transistors. Excellent agreement was
observed between MDS simulations using this model and
power measurements for two chip transistors (10 % 140 pm
from GEC-MARCONI and 16 * 250 pm from Siemens) loaded
by 50 ohms at the input and output ports.
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