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Empirical Modeling of Low-Frequency
Dispersive Effects Due to Traps and
Thermal Phenomena in 111-V FET’s
Fabio Filicori, Giorgio Vannini, Member, IEEE, Albert0 Santarelli,
Angel Mediavilla SBnchez, Antonio Tazbn, and Yolanda Newport

Abstruct- The modeling of low-frequency dispersive effects
due to surface state densities, deep level traps and thermal phenomena plays an important role in the large-signal performance
prediction of 111-V FET’s. This paper describes an empirical
modeling approach to accurately predict deviations between static
and dynamic drain current characteristics caused by dispersive
effects in 111-V devices operating at microwave frequencies. It is
based on reasonable assumptions and can easily be embedded in
nonlinear FET models to be used in Harmonic-Balancetools for
circuit analysis and design. Experimental and simulated results,
for HEMT’s and GaAs MESFET’s of different manufacturers,
that confirm the validity of the new approach, are presented and
discussed together with the characterizationprocedures required.
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1. INTRODUCTION

T

HE ELECTRICAL CHARACTERISTICS of 111-V
FET’s are usually affected by important low-frequency
dispersive phenomena deriving from the “long” time constants
(from fractions to hundreds of microseconds) associated with
deep level traps and surface state densities. The effects of
these phenomena can be macroscopically seen as noticeable
deviations between “statically” and “dynamically” measured
(e.g., pulsed) drain current characteristics. In particular, if one
thinks in terms of differential parameters, important frequency
dispersion of the trans-admittance and output impedance has
been measured in the range from dc to some hundreds of
KHZ [1]-141.
Although the frequencies of the signal spectra components
in microwave circuits are well beyond the upper cut-off
frequency of dispersive effects, these cannot be ignored when
accurate nonlinear FET models are needed. Large-signal performance prediction, in fact, involves accurate modeling both
of the ac and dc components of the drain current, which cannot
be dealt with separately in nonlinear operation. Therefore,
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Fig 1. Static (solid lines) and pulsed (dashed lines) dram current measurements for a NEC NE720 GaAs MESFET The pulsed measurements are
strongly dependent on the quiescent bias conditions. (- -) VGSO
= -1 V,
tDs0 = 3 v, (- -)
lkso = -075 v , VDSO = 5 v.

efforts have been made to take into account low-frequency
dispersion both in mathematical [5-91 and equivalent circuit
models [IO-281. In this context it must be emphasized that,
when nonlinear operation is involved, simply substituting the
static dc Characteristics with the dynamic ones, necessarily
leads to “local” models. The dynamic drain current deviations
from static dc are in fact strongly dependent on at least the
quiescent bias condition. This is clearly evident, for instance,
on observing the dynamic drain current characteristics measured by superimposing short-duration gate and drain pulses
to different quiescent bias conditions (see Fig. 1).
In order to take into account low-frequency dispersion due
to traps and surface states in equivalent circuit models of
m-V FET’s, additional equivalent circuit elements, pulsed
drain current measurements, and more complex expressions for
the drain current were proposed [1]-[28]. In such conditions,
additional problems may arise in the experimental characterization and parameter extraction procedures. Moreover,
some of the proposed modeling approaches show macroscopic
discrepancies with the actual device response. A common one
is that while the dynamic drain current behavior is reasonably
reproduced in the saturation region, the same is not true below
the “knee” of the W curves. As an example, the dynamic
drain current characteristics obtained for a NEC NE720 GaAs
MESFET model available in the HP/EEsof Chip FET Library
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implementation of the proposed model in RF large-signal
equivalent circuits are given in the Appendix.
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Fig. 2. Low-frequency dynamic drain current characteristics obtained by
simulations through the NEC NE720 GaAs MESFET model available in the
HPEEsof Chip FET Library. The IN dynamic curves do not pass through
the origin, in contrast with physical considerations and experimental evidence
(see Fig. 1).

DISPERSIVE
PHENOMENA

The physical bases of low-frequency dispersive phenomena
are not sufficiently well known to apply a rigorous theoretical
approach to electron device modeling. However, for “empirical” modeling oriented to the computer-aided design of
microwave circuits, a simplified approach can be efficiently
adopted.
In microwave circuit HB analysis the lowest RF spectral
component to be considered is usually well above the upper
cut-off frequencies (from tens to hundreds of KHz) associated
with low-frequency dispersive phenomena. Under such conditions, any possible set of state variables g (e.g., equivalent
surface potentials, trap level filling, etc.) used to describe the
“slow” dynamic phenomena associated with traps is practically
coincident with its dc value 3,
that is z(t) N &.The same
consideration is obviously valid for theinternal temperature
O(t) Y Bo, which, in the context of circuit-analysis-oriented
modeling, is assumed to be uniform along the channel. Thus, at
frequencies above the upper cut-off of dispersive phenomena,
but low enough to neglect microwave reactive effects due to
junction charge-storage or transit times, the drain current of a
111-V FET can be expressed in the form

are shown in Fig. 2. It is evident that the dynamic curves
do not pass through zero. This fact, beside contrasting the
experimental evidence (see Fig. 1), leads to the nonphysical
conclusion that a considerable amount of energy, associated
with “charge trapping,” should be “stored” in the device.
When large-signal operation involves significant power dissipation in an electron device, the dynamic deviations of the
drain current due to device heating should also be taken
into account. In this respect it should be observed that lowfrequency dispersion due to thermal phenomena cannot always
be dealt with separately from dynamic phenomena due to where @ is a purely algebraic nonlinear function and V G ,
“traps” (with this term hereinafter we intend both surface state U D (in the following, lower-case letters will denote timedensities and deep level traps). In fact, the time constants as- dependent quantities) are the instantaneous gate and drain
sociated with thermal effects [34], although somewhat longer, voltages.
are not always very different from those associated with traps.
Description (1) is obviously too general to be of practical
This paper describes an empirical approach, which takes into use, so some simplifying hypotheses must be introduced. The
account simultaneously both traps and thermal phenomena, empirical model proposed is based on the main assumption,
for the accurate modeling of deviations between static and which seems to be justified by experimental and simulation
dynamic drain current characteristics in 111-V FET’s. The aim results, that the vector X O of the dc components of the
of this work is to develop a model, based on static dc and state variables associated with the traps is dependent only on
a limited set of pulsed measurements, capable of predicting the mean values V&, VDO of the external voltages V G ( ~ ) ,
all of the different dynamic drain current characteristics (is., vD(t). This implies that 3 is not significantly affected
the channel current under any possible dynamic operation by the amplitude and “shape” of the alternate components
above the upper cut-off frequency associated with dispersive w~(t)-V&and w~(t)-Voo;
in other words, it is assumed that
effects), which are dependent both on quiescent bias conditions no relevant ac to dc conversion, due to traps, in the relation
and device heating. The proposed model can be embedded in between WG( t ), V D ( t )and ~ ( tE)X , is involved. It should be
a RF model for nonlinear microwave circuit analysis based noted that several large-signal equivalent circuits or numerical
on harmonic-balance (HB) techniques where the lowest RF physics-based models proposed by many authors directly or
spectral component to be considered is well above the cut-off indirectly lead to similar conclusions.
frequency of dispersive phenomena.
Assuming that 3 is dependent only on the mean values
The paper is structured as follows. Section I1 describes the of the external voltages enables the model to be identified on
low-frequency nonlinear dynamic model while in Section I11 the basis of conventional measurements (as will be shown in
the characterization procedures are discussed and experimental the following).
results for GaAs MESFET’s from different manufacturers are
On the basis of the above assumptions and by letting X , 2(
provided. In Section IV, additional experimental results are H(V&, VDO),
description (1) for i ~ ( tcan
) be approximated
presented concerning the large-signal microwave performance by
predicted by an RF model where our low-frequency dynamic
model has been embedded. Some results obtained for a HEMT
~D~@[~G,~D,~(~GO,~DO),~~I=-T[~G,~D,~GO,
(2)
have also been included in this section. Some details of the
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Use of the dynamic model (3) obviously requires the identiwhich shows how, in the presence of low-frequency dispersive
phenomena and operation above their upper cut-off frequency, fication (see Section 111) of the four functions F&, fe, fG and
the drain current is a function not only of the instantaneous fo. Their values, which can be determined empirically, can
voltages W G ( ~and
) W D ( ~ )but
, also of their mean values VGO; be stored in look-up tables and used, in conjunction with (3)
VDOand the time average 00 of the channel temperature.
(and suitable interpolation techniques), to predict any possible
The dynamic phenomena due to traps and device heating, dynamic drain current characteristic above the upper cut-off
although by no means negligible, are usually not so strong frequency associated with thermal and trapping effects.
For use in microwave circuit simulators the dynamic model
as to involve highly nonlinear effects.’ Moreover, many microwave circuits operate with practically constant values, or (3) must be embedded in an RF model. This can be accomwith limited variations, of the temperature 00 and dc voltage plished quite easily both for nonlinear equivalent circuits (see
components on active devices. Therefore, as a first level of Appendix) and mathematical models [5]-[9] to be used in
approximation, (2) could be linearized with respect to VGO, circuit analysis tools based on HB techniques [29]-[33].
VDOand 00 in the neighborhood of suitably chosen “nominal”
operating conditions VGo, VAo and L9:, leading (after simple
111. MODELCHARACTERIZATION
algebraic manipulations) to the simplified expression
AND EXPERIMENTAL
RESULTS
The identification of the four functions F&, fe, f G , and f~
requires
both static and dynamic measurements. The latter are
fG[vG,WD](uG
- VGO) + f D [ v G , W D ] ( ’ U D- v D O >
usually performed by superimposing gate and drain voltage
(3) pulses (with sufficiently “short” width and “long” repetition
3F
f G = -*I
f
a3
where fe = -I*,
860
avGo* I D
-%I*,
FiC = time) on quiescent bias conditions. Short-duration pulses are
chosen in order to characterize the dynamic response of the
31, f fG(v&- V G ) f D ( V & - W D ) .
Equation ( 3 ) has been derived by assuming that the “thermal device above the trap upper cut-off frequency. To this end,
drop” between the channel temperature 00 and the case tem- a high speed automated pulsed W measurement setup has
perature 0~ is a function of the average2 dissipated power been developed at the University of Cantabria [35]. This
T
Po =
v ~ ( t ) i ~ ( t ) that
d t , is 00 - BC = $(PO)and microprocessor controlled system can apply, at the same time,
Re = &,h/l3P01*,where Re is the device thermal resistance. both gate and drain negative/positive pulses superimposed on
The functions f~ and f ~in ,(3), take into account the devi- given dc levels and is thus capable of dynamically reaching
ations between the static and dynamic drain current response any VG, V D point starting from an arbitrary quiescent bias
due to the traps. The term fo,which is normally dominant, condition V&, VDO.
The low-frequency dynamic model (3) can be used to precan be assumed to be primarily related to trapping phenomena
at the channel-substrate interface, whereas f~ would mainly dict dynamic deviations of the drain current caused by trapping
account for surface state densities. The function fe, instead, effects, device heatinglcooling due to changes in power disaccounts for deviations due to device heatinglcooling (caused sipation and/or case temperature. However, depending on the
by variations in power dissipation and/or case temperature Bc) instrumentation available, on the possible a priori knowledge
with respect to an “ideal” equi-thermal3 dc characteristic F&. of the device thermal resistance Re and on the prediction
In dc operation, in fact, the contribution due to f~ and f D capabilities required from the model, different identification
is identically zero (since W G ( ~ =
) VGOand v ~ ( t =
) VDO);procedures and slightly different formulations can be adopted
thus, when the contribution due to fe is zero (this happens for the model (3).
Case 1-Model for Constant Case Temperature: When a
when 00 = 0; = Rep,* 0&), (3) represents an equi-thermal
constant
case temperature 0; is considered, we can let 0c =
dc characteristic FiC corresponding to a constant channel
0; in (3); moreover, since the explicit knowledge of the
temperature 0;.
The non equi-thermal static drain current characteristic can thermal resistance is not necessary in this context, we can
introduce a new function ~ P [ W GW D, ] = f e [ u ~ v, ~ ] R and
s (3)
be obtained by letting w ~ ( t )= VGO,
V D ( ~=
) VDO,
ZD(~) =
IDOand PO= VDOIDO.
In such conditions (3) can be rewritten can be rewritten as
as

+

+

+so

+

ZD

+

F$c[’uG,wD]fP[aG,’uD](pO
-

x

(VG

+ fG[vG,wD]

- VGO)f fD[uG,WD](WD
- VDO).

(5)

In this form, the thermal part of the dynamic model only
takes into account the influence of changes in the power Po
(4)
dissipated within the device.
‘The most important nonlinear phenomena in a field-effect electron device
The experimental characterization of model (5) can be
mainly derive from direct modulation of the channel conductance due to V G ( t )
carried
out using dc static and dynamic measurements. The
and U D ( t ) .
four functions Fit, fp, fG and fo can be identified, for
2The contribution to the dissipated power deriving from the gate port
can obviously be neglected. Moreover, periodic steady-state operation is
any given value of their arguments (i.e., the instantaneous
considered in the context of HB circuit analysis.
voltages WG and W D ) , by a model fitting procedure based on a
This characteristic could be, for instance, the “ideal” dc Characteristic
suitably large number (the minimum required is 4) of static and
obtained by conventional physics-based numerical device simulations where
channel temperature variations deriving from power dissipation are neglected. dynamic (e.g., pulsed) measurements performed for different
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Fig. 3. Measured (e) and modeled (-)
GEC-MARCONI GaAs MESFET.
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Fig. 4. Measured ( e , 0 ) and predicted (lines) dynamic drain current
characteristics for a 6 x 120 fim GEC-MARCONI GaAs MESFET: (-)
VGSO= -2 V, VDSO= 3 V; (- - -) VGSO -1.5 V, VDSO= 1 V.

quiescent bias conditions VGO,
VDO.
More precisely, for each
value of w ~ ( t )and w ~ ( t ) , a least-squares algorithm can be
adopted to solve, for the unknown terms F&, f p , f~ and f o ,
a linear system of equations of the type

k = 1,..., N Q B
(6)
where the first equation is associated with static measurements
and the other ones with pulsed measurements corresponding
to NQB different quiescent bias conditions V&o,V&. In (6),
we let P,k N V&,I&, as short-duration pulses with very low
duty-cycle are used.
The adoption of a least-squares algorithm based on a relatively large number NQB of dynamically measured drain
characteristics enables a “robust” identification procedure to
be carried out, since the number of “fitting” parameters (the
four terms F&, f p , f ~and, f ~ is )very low. This identification procedure is also intrinsically less sensitive to possible
measurement errors than an identification procedure based
on a minimum number of measurement sets. However, if
suitable quiescent bias conditions are chosen for the dynamic
measurements, model identification may be performed on the
basis of a very low number of measurement sets. Clearly,
only a careful choice can lead to a well-conditioned system
of equations; in other words, the corresponding (6) must
not be linearly dependent or ill-conditioned. In particular,
we have observed that four sets of pulsed measurements are
sufficient to obtain good accuracy if the associated quiescent
bias conditions are chosen according to the following criteria.
First of all, it is necessary to perform pulsed measurements
where the dependence of trapping effects on the quiescent bias
conditions V& and VDO
is significant; this can be obtained by
performing three sets of measurements with, respectively, low
VGOand low VDO,
low VGO
and high V ~ Ohigh
, VGOand low
VDO.
All of these conditions lead to a different state of the
traps but involve negligible power dissipation; thus, in order
to obtain another set of pulsed measurements that lead to a
linearly independent equation, the fourth measurement must
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Fig. 5. Measured (e) and modeled (-)
dc characteristics for a
10 x 140 p m GEC-MARCONI GaAs MESFET.

be performed under relatively high power dissipation, that is
with simultaneously high VGOand high VDO.
An experimental validation of the model (5) has been carried
on a NEC NE720, a 6 x 120 pm and a 10 x 140 pm GECMARCONI GaAs MESFET’s. The four functions F$c, f p ,
f ~and, f~ have been identified on the basis of only four
sets of pulsed drain current measurements (for instance, for
the NEC device the quiescent bias conditions were: V G ~
VDO
,
-1 V, $1 V; -1 V, +S V; -0.25 V, $1 V; -0.25 V,
+S V) plus the static characteristic^.^ In Figs. 3-8, static and
pulsed measurements are compared with the the drain current
responses predicted by means of the proposed model. The
good agreement confirms the model’s prediction capabilities,
since the dynamic characteristics predicted correspond to bias
conditions which are different from those used in model
identification.
In order to verify the validity of the minimum set of
pulsed measurements for the experimental characterization,
the identification of the model has also been carried out by
means of a least-squares algorithm on the basis of a larger
41t is not strictly necessary to include the static measurements in the model
identification procedure, since four dynamic measurements are sufficient to
identify the four functions FZc, f p , f ~ and
, fo; however, static measurements can easily be carried out and a slightly better accuracy in the
modeling of the dc characteristics has been obtained by including them in
the identification procedure.
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Fig. 6. Measured (e, 0)
and predicted (lines) dynamic drain current characteristics for a 10 x 140 p m GEC-MARCONI G A S MESET: (-)
VGSO
= -3 V, VDSO= 5 V; (- - -) VGSO
= 0 V, IDSO= 0.5 V.
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Fig. 8. Measured (0,
and predicted (lines) dynamic drain current char= -1 V, V h 0 =
actenstics for a NEC NE720 GaAs MESFET: (-) VGSO
2 V; (- - -1 P ~ S =
O -0.75 V, VDSO= 5 V.
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GaAs MESFET.
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dc characteristics for a NEC NE720

set of pulsed measurements. The validity is confirmed since a
similar level of accuracy has been obtained.
Although the availability of automatic instrumentation enables a large number of pulsed measurements to be performed
in a relatively short time, leading to an identification procedure
that is less sensitive to measurement errors, the fact that
model identification can be carried out consistently on the
basis of a minimum set of measurements clearly shows, in our
opinion, that the assumptions made in our empirical model are
reasonable and consistent with experimental evidence.
Case 2-Model for Different Case Temperatures (Re Known
a priori): When the device thermal resistance Re is known
a priori (from the manufacturer's data or by using one of
the conventional measurement techniques [34]), the above
characterization procedure for the identification of the four
functions F&, f p , f~ and f~ can still be applied and the
temperature sensitivity function fe = f p / R g can also be
directly computed. In this case the low-frequency dynamic
model (3) can be used to predict dynamic drain current
deviations caused not only by traps and device heatingkooling
due to power dissipation, but also due to variations of the
case temperature Bc. The thermal model can be identified on
the basis of measurements performed at a single, constant
case temperature (for instance the room temperature), and
using the known value of the thermal resistance, the static
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Fig 9. Measured (e) and modeled (-) dc characteristics for a Philips
CFX3 1 GaAs MESFET at the case temperature Bc = 20° C.

and dynamic low-frequency behavior at, theoretically, any
different case temperature can also be predicted. With the
linear approximation used good results are obtained over a
useful range of case temperatures. In order to test the accuracy
of the model in such conditions, the characterization procedure
has been applied to a Philips CFX3 1 GaAs MESFET at a case
temperature Bc = 20°C. The static and dynamic characteristics
corresponding to this temperature are plotted in Figs. 9 and
10, and the static and dynamic drain current characteristics
measured at different case temperatures BC = -10°C and
BC = 60°C are compared, in Figs. 11 and 12, with the
results predicted by the low-frequency, temperature-dependent
dynamic model on the basis of the thermal resistance RQ
provided by the manufacturer. The agreement is quite good,
despite the fact that this value of Re is obviously affected by
dispersion due to process variations.
Case 3-Model for DifSerent Case Temperatures (Re Unknown): When the device thermal resistance Re is not known,
the availability of static and pulsed measurements at different
case temperatures enables the different causes of channel temperature variations (Le., device heatingkooling due to either
variations in power dissipation or in the case temperature) to
be exploited for thermal resistance "extraction" [36].
All of the terms required in (3) can be identified using
static and pulsed drain current measurements under at least
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Fig. 10. Measured ( 0 ) and predicted (-) dynamic drain current characteristics for a Philips CFX31 GaAs MESFET at the case temperature Oc = 20’C;
V G S o = -2 v, VDSo = 3 v.
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Fig. 13. Measured ( 0 , V) and modeled (lines) dc characteristics for a Philips
CFX32 GaAs MESFET at the case temperatures Oc = 0°C (-) and 6 ’ ~ =
50OC (- - -).
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Fig. 11. Measured ( 0 , V) and predicted (lines) dc characteristics for a
Philips CFX31 GaAs MESFET at the case temperatures Oc = -1OOC (- - -)
and Oc = 60OC (-). Model prediction at these temperatures is based on the
value of the thermal resistance known from manufacturer’s data.
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Fig. 12. Measured ( 0 , V ) and predicted (lines) dynamic drain current
characteristics for a Philips CFX31 GaAs MESFET at the case temperatures
Oc = -10°C (- - -) and Oc = 60°C (-); V~so= -2 V, VDSO= 3 V.
Model prediction at these temperatures is based on the value of the thermal
resistance known from manufacturer’s data.

four different quiescent bias conditions and with at least two
different case temperatures. Model identification follows the
same least-squares-based procedure described above with Re
as an additional variable.
Static and pulsed measurements for different quiescent bias
conditions have been performed on a Philips CFX32 GaAs

Fig. 14. Measured ( 0 , V) and predicted (lines) dynamic drain current
characteristics for a Philips CFX32 GaAs MESFET at the case temperatures
Oc = 0°C (-) and OC = 50°C (- - -); VGSO= -1 V, VDSO= 1 V.

MESFET’s at different case temperatures. In particular, the
four functions F&, f 0 , f ~fD, and the thermal resistance
Re have been identified on the basis of the same sets of
static and pulsed measurements performed at two different
case temperatures OC = 0°C and Oc = 50OC. In Figs. 13
and 14, the measurements and model response at these two
temperatures are compared. The value of the thermal resistance
obtained ( 5 8 ” C N )by the least-squares “fitting” of the model
(3) is in excellent agreement with the value provided by
the manufacturer (60”CN). Moreover, in order to test the
capability of the model to predict deviations of the drain
current due to changes in the case temperature, static and
pulsed measurements have been also performed at a case
temperature BC = 20°C and compared with model prediction
(see Fig. 15).
The thermal resistance has also been “extracted” for other
GaAs MESFET’s. The values obtained are generally in good
agreement with those of the manufacturer’s data.
The dynamic, temperature-dependentmodel also enables the
“ideal” equi-thermal (Le., with constant channel temperature
6,) dc characteristic of a device to be obtained. As an example,
the equi-thermal dc characteristic for the Philips CFX32 GaAs
MESFET, corresponding to a channel temperature 00 = 60”C,
is plotted in Fig. 16. This curve does not show, in the
high VGO,VDO region, the negative slope which is mainly
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Fig. 15. Measured ( 0 , V) and predicted (lines) dc ( 0 ) and dynamic (V)
characteristics for a Philips CFX32 GaAs IvlESFET at the case temperature
6’c = 20OC. Model prediction at this temperature is based on the value of
the thermal resistance “extracted” by a least-squares “fitting” of model (3).
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Fig. 16. Plots of the measured ( 0 ) and modeled (-) static dc characteristics
for the Philips CFX32 GaAs MESFET. The equi-thermal dc characteristicF&
(- - -) at a channel temperature of 6OoC, computed according to the model
(3), is also shown.

due to channel temperature increase due to increased power
dissipation, in agreement with physics-based numerical device
simulations.
Iv.

ADDITIONAL

EXPERIMENTAL
RESULTS

In the previous section, the model capability of predicting
dynamic deviations of the drain currents has been tested on
GaAs MESFET’s. Since the basic assumptions which lead to
the model (3) are substantially technology-independent, the
model should also be valid for other hnds of 111-V FET’s.
Preliminary validation tests have been carried out for a 2 x
25 pm HEMT. In particular, the same identification procedure
described in Section 111, Case 1, has been used. In Fig. 17,
static and pulsed measurements and the performance predicted
by the model are compared. The agreement is fairly good,
confirming that the model can be applied to a variety of 111-V
FET’s.
The low-frequency dynamic model has been embedded in
the nonlinear integral model (NIM) proposed in [5] for the
large-signal RF performance prediction of microwave active
devices. The NIM, including the dispersive effects, has been
used to predict the large-signal performance at microwave
frequencies of a 0.6 pm x 600 pm Alcatel-Telettra GaAs

3

4

5

(V)

(b)
Fig. 17. Static (a) and dynamic (b) drain current charactenstics for a 2 x
250 p m HEW. The good agreement between measurements (e, V) and
model response (-, - - -), confirm that the low-frequency dynamic model
can be used also for HEMT’s.

MESFET. In Fig. 18(a), the power gain at 5 GHz is plotted
as a function of the input power for a large-signal 50 Clloaded amplifier. Fig. 18(b) shows a plot of the first three
harmonic components associated with the device output power.
The agreement between experimental results and large-signal
dynamic performance predicted by the NIM including the
low-frequency dispersive model, confirms the accuracy of the
proposed modeling approach.
V. CONCLUSION

A low-frequency dynamic modeling approach has been
presented which enables the deviations between static and
dynamic drain current characteristics of 111-V FET’s to be
accurately predicted in the framework of harmonic-balance
microwave circuit analysis. This empirical model takes into
account simultaneously the effects of surface states, deep level
traps and device heating due to changes in power dissipation
andor case temperature.
The identification procedures, based on static dc characteristics and a limited set of pulsed drain current measurements
carried out at a single case temperature, have been described.
It has also been shown that the availability of static and pulsed
measurements at different case temperatures enables the device
thermal resistance to be accurately extracted.
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Fig. 19. Large-signal intrinsic equivalent circuit of a GaAs MESFET including also low-frequency dispersive phenomena. Deviations between static
and dynamic drain characteristics are modeled through the nonlinear current
source ~ C Hwhich is defined according to (7).
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Fig. 18. Gain compression (a) and harmonic components (h) associated with
the output power for a 50 0-loaded large-signal amplifier using a 0.6 p m x 600
p m Alcatel-Telettra GaAs MESFET with fundamental input at a frequency
of 5 GHz. The large-signal performance predicted by using the NIM, where
also the dispersive model (3) has been embedded, is in good agreement with
the experimental results.

Experimental and simulated results confirming the accuracy
of the proposed approach have been provided for a relatively
large number of GaAs MESFET’s from different manufacturers. Some preliminary results presented for a 2 x 250 pm
HEMT confirm that the model is device-independent and can
be applied to other 111-V field effect structures.
The dynamic model has also been embedded within an
RF model (the Nonlinear Integral Model [ 5 ] ) for the largesignal performance prediction of microwave active devices
and excellent agreement between experimental and simulated
results has been obtained for a 5 GHz, 50 R-loaded large-signal
amplifier using an Alcatel-Telettra GaAs MESFET.

APPENDIX
MODELIMPLEMENTATION IN RF
NONLINEAREQUIVALENT
CIRCUITS
The low-frequency dynamic model proposed can easily be
used in microwave circuit analysis based on HB techniques.
To this end, (3) or (5) must be “embedded” in a large-signal
equivalent circuit which also includes RF nonlinear dynamic
phenomena.
Model implementation can be based, for example, on the
MESFET “intrinsic” equivalent circuit of the type shown

in Fig. 19, where the capacitances ChF and CbF provide a
“macroscopic” modeling of charge trapping. Suitable values
for the equivalent time constants r1 = RkFChF and r2 =
RkFckF can easily be chosen when, as is quite common in
microwave applications, the operating frequency is well above
the trap upper cut-off frequency. The equivalent resistors RkF
and RgF should assume suitably “large” values, in order
to make the currents across the capacitances CkF and CbF
negligible with respect to i~ and i ~The
. introduction of long
equivalent time constants through “small” capacitances and
“large” resistances is important in order to make the equivalent
circuit physically meaningful, as the amount of energy storage
associated with charge trapping is very small and practically
negligible. This choice leads to dynamic drain characteristics
which, in accordance with experimental results and unlike
other similar models, give zero channel current ZCH at any
time instant when u ~ ( t =) 0.
The channel current source i c in
~ the equivalent circuit
in Fig. 19 is defined, according to simple algebraic manipulations of the nonlincar dynamic model (3), by the following
expression
iCH

= F [ v c“~
D ] f f @ [ v c G > VD](R@PO - ~ G [ ~ C G > V D-LF
I V G- ~ D [ ~ , > V DLF
IVD

(7)

where G(,) = w(.)(t - ~ d ( ) ~ being
d
the delay associated with
the transconductance gm in classical equivalent circuits) and
fi.[zC, > V D ]
f G [‘C,
> “D]‘CG

FCr,[GC, 1 V D ] -

+ f D [‘CG

>

f@[zC,1 vDi(R@Po*-

02) f

‘DIVD‘

By taking into account that in the low-frequency range,
above the upper cut-off frequency of dispersive effects Gc, =
vcG(t - ~ d )N W G ( ~ )i7kF
,
= vkF(t - ~ d N
)
VGO and
uhF(t) 21 VDO,
it can be easily verified that (7) coincides
with the low-frequency dynamic model (3).
The computation of the average dissipated power Po in
(7) can be obtained according to well-known approaches [33]
when the vectors of the current and voltage spectral components are available through the HB circuit analysis program.
In commercial simulators it is always possible to include in
the FET equivalent circuit a nonlinearly controlled generator to
compute the instantaneous power p ( t ) N _ * D ( t ) i ~ ( t )followed
,
by a first-order low-pass filter providing the average dissipated
power Po.
The low-frequency dynamic model proposed is ideally
implemented using look-up tables. This can easily be accomplished in the software of HB simulators which make “com-
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piled models” (based on high-level programming languages)
available to the user (e.g., HP-EEsofLibra, OSA/OSA9@
hope) 01 which are intrinsically
Of managing look-up
tables with suitable interpolation techniques (e.g., HP/MDS).
conventional (i.e., similar to he classical defifar as
nition of nonlinear equivalent circuit models) implementations
are concerned, it is also possible to use analytical expressions
to describe the model functions F&, f ~fc, and f ~ .
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