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ABSTRACT already known parameters within narrow ranges of variation.

The paper discusses a new large-signal MESFET modelNonlinear data is used to identify suitable models for the for-
based on d.c., S-parameter and nonlinear measurementsvard and reverse (breakdown) gate conduction currents. This
Physical constraints incorporated in the constitutive relations allows the two principal physical mechanisms responsible for
guarantee the model consistency in large-signal operation andsaturation [1] to be incorporated in the device description. The
improve the reliability of the parameter extraction process. result is a universal model that can accurately reproduce the
Forward and reverse (breakdown) gate conduction effects areneasured d.c., small-signal, and nonlinear device performance
modeled from nonlinear data. Extensive comparisons with ex- over a broad range of voltages and temperatures, including

perimental results are presented. negative and zero drain-source voltages.
INTRODUCTION MODEL TOPOLOGY AND CONSTITUTIVE RELATIONS
In the simulation of nonlinear microwave circuits, the The model topology is shown in fig. 1. The model is for-

determination of suitable models for the active devices repre-mulated parametrically in terms of one thermal state variable
sents one of the most critical issues. From the general-purpos€SV) T(t) representing the peak device temperature, and three
CAD viewpoint, functional models extracted from measured electrical SV x(t), xx(t), X3(t), having the physical dimensions
information often represent the most appropriate choice. Suchof voltages, and satisfying the constraigttx= x(t) - X(t).
models are efficiently handled by nonlinear simulators, do not Thus only two electrical SV are independent, so that the con-
require the storage of large measured databases, and are fullgtitutive relations can be formulated in terms of a state vector
identified by a relatively small number of scalar parameters.
The latter is a very important advantage in view of the realiza- = tr
tion of extensive ¥10n|riJnear device Iibgr’aries, such as required X(0) =[xa(0, X2 (1), T(V] (1)
for commercial software and foundry services. From the engi- yheretr denotes transposition(®), X,(t), Xs(t) should be in-
neering viewpoint, the usefulness of a model is obviously es-terpreted as fictitious voltages, i.e., do not coincide with volt-
tablished by its ability to accurately repiuce the device per-  ages actually measurable between specific couples of points
formance under the broadest possible range of operatinginsige the device. The model topology satisfies the symmetry
conditions, from d.c. to microwave, from small to large signal. constraint originating from the observation that in the FET ac-
The achievement of this result depends on the type andijye region the source and drain terminals are normally indis-
amount of data used to identify the model, on theityuaf tinguishable, and any asymmetries are due to the electrode
the parameter extraction process, and on the physical likeli-shapes and positions. Also, this symmetrical structure lends it-
hood of the model, that is, itsiély to provide in a synthetic ~ ge|f paturally to the development of a two-sided FET model,
way a physically consistent global description of the complex equally valid for positive, zero, and negative values of the
phenomena that determine the device performance. drain-source voltage [2]. Continuity constraints are an obvi-
In this paper we propose a new modeling procedure for o5 corollary of this requirement, since the model constitutive
power MESFETSs, based on the introduction of physical con- yg|ations must be continuous together with their derivatives at

straints in order to improve the physical likelihood of the ;erg grain-source voltage, in order to ensure the consistency
model. Four kinds of constraints are imposed, namely, sym-of the device descriptions in the three regions.

metry, continuity, conservation, and dispersion constraints. ~  The |ogical construction of the model starts from a kernel
Rather than being a priori postulated, an equivalent circuit to- she|| 1) representing the quasi-static charge storage process.
pology is biit up stepwise, starting from a kernel describing The |atter is described as a standard electrostatic phenome-
the quasi-static charge storage process, by adding subsequeplon and is thus charge- and energy-conservative. As a conse-
shells that globally account for various aspects of the meas-quence, it is completely characterized by a state-dependent
ured behavior. The model constitutive relations are expressedenergy function B{] [2], [4]. A suitable expression of the en-

by closed-form parametrized equations depending on threeg gy “function was reported in [3]. The terminal charges are
state variables (two voltages and one temperature), and argnen expressed by the equations

devised in such a way as to formally incorporate the physical

constraints. This reduces the a priori uncertainty on the model 9E[] 9E[X]
parameters, and thus results in a more reliable and repeatable qg[x] =—— ; aplX] =—=
parameter identification. The measured database includes d.c., 0xy X, (2)

S-parameter, and large-signal information. The role of S-pa- qslx] = -ad ¥ - ag A

rameter fitting - usually the weak link obeventional model- S

ing approaches - is limited to finding starting points for the

true extraction process, or to obtaining minor refinements of so that the quasi-static displacement currents are given by
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- 09z [x(1)] (3) dispersion phenomena is of the order of a few hundred kHz. If

ioz(t .
oz®) ot all the spectral components of the signal waveforms have fre-
) qguencies larger than this (which is virtually always the case
where the subscript "Z" stands for G, D or S. for microwave applications), the following simple expression

Any deviations of the actual charge-storage process from may be adopted
the ideal electrostatic model will be referred tonasiquasi-
static charge-storage effects. These effects are globally mod- ips(t) =i gelXq(t = )X ot = T), T ()] + @
eled by introducing the nonlinear charging resistanggg$Xg O x
ReplX], RedX] connected in series to the terminals of shell 1 rms = ; s
(S%De[ f]ig. E)S[ I]n order to justify this choice, we introduce the +expEi—K X h %'DC KXo X 20T €)1 relC 16X 2T )]}
differential capacitance matri®[x] and the resistance matrix
R[x] defined by

where X, X5, define the FET bias point, % is the r.m.s.
value of the RF component ok()||, andk is a model pa-

(0%E[x] 0°HA U rameter. The exponential function in (7) provides a smooth
ox;  0x;05 transition between d.c. and RF operation, and ensures the
Clx] = 2E Y O model consistency under small- and large-signal itiong. T
(0“E[x] HX O has the meaning of a transfer delay whose purpose is to
@xlaxz ox3 E globally account for the channel delay and for the distributed
(4) effects arising from the finite gate width. Note that with (7)
the effects of a state-dependent transfer delay can easily be
x| + R R accounted for by téng 1 = 1[X]. For % = 0 the adopted con-
R[X] = %?CG[ ] cdX cb . stitutive relation is K

O
H RcdlX Redd + RegX 8

Considering then a small-signal sinusoidal regime of (angular)

frequencyw superimposed on a quiescent poigt and as-  Wheretg, &;, 3, are model parameters ang 16 a reference
suming thatw?C(xq)R(Xg)C(Xg)R(Xo) can be neglected and temperature. The extension t9x 0 is carried out in the way
that temperature changes are relatively slow, the common-discussed in [2]. It has long been recognized that in a
source admittance matrix at the terminals of shell 2 is ap- MESFET the transfer delay is temperature and voltage de-

X]= 1o+ (0x 1+ O X J[1+A((T-TR] ®

proximately given by pendent [8]. Nevertheless, this effect is ignored in most cur-
rently available nonlinear models, despite the fact that a state-
Yo(WiXo) = jwC(X o) + Ww2C(x 0)R(X 0)C(X o) (5) dependent delay time is the only way of accurately simulating

some aspects of power amplifier performance, such as the
phase droop in pulsed-RF operation [9]. The forward gate
conduction currents have been found to be adequately mod-
eled by the simple Schottky-barrier laws

This is the same effect produced by the nonlinear relaxation
time model [5], [6]. For x= O the following constitutive rela-
tions are adopted for the charging resistors:

_ . 0 Ogex, O .0
RealX] = Reo(l + Kgxp)™et (1 + Kgpx, ez icdX=1 Go@x%%%—lm
B
ReplX] = Rpo (1 + Kpyx )Fe? ®) H H ©)
_ 0 Oquxs O O
ReslXl = Rso i aplX = | com@xpee F-17

o DKgTO [
where Ryo, Rpg, Rso Ko, Ko Kpo, Egy, Ega Epp are model
parameters. Similar results may be obtained for the common-
drain configuration by interchanging the source and drain
terminals in the way discussed in [2].

where q is the electron charge ands Ks Boltzmann's con-
stant. The diode parameters are assumed to be equal due to the
el symmetry constraint. Also, the model performance has been
In order to complete the intrinsic FET model, a set of ¢5nq to be only marginally influenced by the dependence of
conduction currents must be added to the realistic (nonquasithe diode parameters on the SV, so thai h are simply
static) displacement currents modeled as discussed aboveyeated as (constant) model parameters. A number of experi-
These currents are globally described by a number of nonlin-ments have been carried out in order to devise a simple model

ear current sources (shell 3 in fig. 1) connected in parallel 10 5jowing the effects of drain-gate breakdown to be adequately
the terminals of shell 2. The contributions taken into account yascribed. Best results have been obtained by introducing a

are the channel curreniy{x]), the forward currents of the _

gate-source and gate-drain diodegdff]. igp[x]), and the state-dependent threshold of the form
drain-gate (source-gate in the reverse mode of operation) — 2

breakdown currents {iglx], isgdX]). The channel source Bpa[X]= cpeX1* dpeXi+ e +ocXe +dps  (10)
ipg[X] must account for the well-known low-frequency dis- L _

persion phenomena due to trapping effects [7]. This problem @Nd letting cp(X] = O for Bpg[X] < 0, and

is solved by introducing two independent determinations of

ipsX], namely, a d.c. channel sourgg[ix], and a microwave  ipge[X] = ! pol1+A pedT ~T RI{B pd A }(aDG_bDGXl) (11)
channel source;{X]. The adopted cotitutive relations were
reported in [4]. for Bpg[X] > 0. Ipgo @& bbs: e S e foe o are

The constitutive relations fop¢ and kg must be suitably model parameters. A similar expression can be used to model
combined to compute the channel current. This can be donesource-gate breakdown.
for instance, by means of dynamic operators [7]. However, in Finally, the outermost shell (shell 4 in fig. 1) contains the
most practical cases the cutoff frequency of the low-frequency series R-L parasitics of the FET terminals. Thduictances
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are considered constant (linear), but the resistances are treatethnce matrixG[x] over all the available quiescent points. Note
as nonlinear components in order to account for the role ex-that this procedure exactly enforces the current conservation
change of the source and drain terminals when the drain-constraint [7]. The extension tg X O is carried out in the

source voltage changes sign [2]. way discussed in [2]. The d.c. current soupgd] is directly
identified by fitting d.c. measured data. For all constitutive re-
MODEL PARAMETER EXTRACTION AND RESULTS lations, the temperature coefficients are determined by com-

The parameter extraction for the model of fig. 1 starts paring the results derived from measurements taken at two
with the identification of the extrinsic parasitics by fitting S- different ambient temperatures, and simultaneously account-
parameters measured in cold-FET and pinched-off conditions.ing for the device self-heating in the way discussed in [4].

This produces reasonably good values for the inductances, but  d.c. data cannot be normally used to extract the parame-
only coarse approximations for the resistances [10]. In orderters of the forward diode currents (9) and of the breakdown
to remove this uncertainty, we observe that as long as (5)current source (11), because biasing the device in the forward
holds, theY matrix of the intrinsic FET (at the terminals of or reverse gate conduction regions may result in permanent
shell 3) at a generic quiescent poigttakes on an expression damage. In practice, the device is virtually always biased at

of the form negative (or occasionally zero) gate voltage, and far from
breakdown; forward and reverse gate conduction may never-
Y (X ) = D(X )G (X o) + JWC(X o) + W?N(X o) (12) theless occur under strong RF drive for a short fraction of the

period. In fact, these are the two main saturating mechanisms
Where the matrice@(xo), C(XO), N(XO), are rea| and fre_ Of the MESFET [1] For the abOVe reasons Only the RF de'

quency independen€(x,), N(xo), are symmetric, anB(x) terminations of the current sources (9), (11) are of interest,
is the 2 x 2 diagonal matrix even though these sources are likely to exhibit low-frequency
dispersion in a way similar to the channel current source. The

— di i conclusion is that large-signal RF measurements should be

D(xo) = d|ag{1 exp{ Jot (XO)}] (13) used to generate the experimental information required for the

) . .. identification of (9) and (11). A detailed investigation was
The second step of the extraction process is thus to optimizecarried out in order to establish the type of data that is best
the extrinsic parasitics in such a way that (12), (13) be satis-syjted for a reliable identification of the model parameters.
fied at all quiescent points of interest. It has been found thatThe result is that with the functional form (11) and the simple
this goal can be met with e>_<ce||ent aCCUraCy for a wide Varle.ty diode laws (9)’ a good model for genera|_purpose CAD apph_
of devices up to frequencies of the order of 26 GHz. This cations can be obtained by fitting at two bias points the
method provides very sharply defined values of the extrinsic power-added efficiency (PAE) and the d.c. component of the
parasitics, of the state-dependent coefficieG{x], C[x], gate current measured as a function of input power. The fit-
N[x], and of the time delay{x]. A few representative results  ting is carried out by harmonic-balance (HB) based optimiza-
obtained for a 1-mm FET with 10 gate fingers (Alenia P11) tion with respect to the unknown model parameters, with the
are shown in fig. 2. The real and imaginary parts of the intrin- measured data replacing the design goals. The optimization
sic y-parameters extracted after optimizing the parasitics aretakes simultaneously into account a number of power levels
almost exactly quadratic and linear functionswafrespec-  arpitrarily selected within the range of interest, and is based
tively, so thaiG[x], C[x], N[x], are truly frequency independ-  on the exact derivatives of the objective function with respect
ent. The small errors on the real parts observed above 22 GHzg the nonlinear device parameters that were developed in
are nonquasi-static effects due to higher-order termstimt  [11]. Excellent results have been obtained in this way for sev-
are neglected by the approximation (5). However, these dis-gral power devices. A few representative examples are re-
crepancies may be completely removed by the subsequent opported in figs. 3 - 4. Fig. 3a) shows a typical comparison be-
timization of the charging resistances, as discussed below.  twyeen the measured and modeled power-added efficiency

The next step is to identify the parameters of the energy (pAE) of the Alenia P11 with 50 input and output termina-

function. For this purpose, the capacitance matrix is formally tions.” The PAE computed by the model in the absence of
expressed by means of the first of (4). The parameters arqimiting mechanisms is also shown for reference in this figure.

then found by ifting such expressions to the extractejk] Fig. 3b) shows a comparison between the measured and

over all the available quiescent points. A comparison of (5) modeled output power and d.c. gate current of the Alenia P11
and (12) then yields under the same coitions. The excellent performance of the
_ B model well into the power saturation region is evident from

RIXI=C{¥ N¥ Ct% (14) these figures. Fig. 4 shows that the model can also accurately

predict the harmonic levels measured under large-signal sinu-
SinceC[x], N[x] are known, (14) provides reasonable starting soidal drive up to the 4-th harmonic.
points (low-frequency limits) for the charging resistances of The small-signal performance of the device is equally
shell 2. The latter are then refined by fitting the Y-parameters well predicted by the model over a broad range of quiescent
at the terminals of shell 2 (exactly computed from the circuit points. Fig. 5 shows a typical comparison between measured
topology) to those extracted from measurements. (black squares) and modeled (solid lines) S-parameters of the
The final step is the identification of the nonlinear current Alenia P11 in the 0.5 - 26 GHz band. In order to check the
sources. Forx= 0, the common-source differential transcon- large-signal/small-signal consistency of the model, in this fig-

ductance and output conductance are given by ure the "modeled" S-parameters are computed by HB analysis,
) ) with the device excited by a very small sinusoidal signal (-50
_ Oige[X] . _Oird A dBm) superimposed on the bias sources.
Im[x]= “ox. o Sout X]=—"— (15)
X1 0X 5
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