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A Scalable General-Purpose Model for Microwave
FET’s Including DC/AC Dispersion Effects

Vicentiu |. Cojocaru,Member, IEEE,and Thomas J. Brazilember, IEEE

Abstract—This paper addresses the issue of scalability in either by ignoring the issue altogether or by not addressing
equivalent circuit-based models for FET’s, emphasizing for the some of the more difficult aspects, such as the scalability of
first time the particularly difficult problems associated with the dispersion effects.

scalability of dc/ac dispersion phenomena. A study has been In thi t Its f t stud ied
carried out on devices from both MESFET (Lg = 0.5 pum) n this paper, we present results from a recent study carrie

and pseudomorphic high electron-mobility transistor (PHEMT) out on some FET foundry processes, both MESFET and
(Le = 0.2 um) foundry processes, with total gatewidths between pseudomorphic high electron-mobility transistor (PHEMT)
60-1200:m. Results are presented, showing that at least up to from different manufacturers, regarding among other aspects,
medium-size devices, dc characteristics, and most of the b'as'the scalability of a general-purpose model for microwave

dependent small-signal circuit elements scale in general, very well FET's | I |abilit t ticular difficulties i
provided a reliable parameter extraction methodology is imple- S. Ingeneral, scalability presents particular diificufties in

mented. However, in the case of dispersion phenomena, while the€quivalent circuit-based and black-box modeling approaches,
differential dc/ac transconductance obeys straightforward scaling since geometrical dimensions do not explicitly appear in
rules, the output conductance does not. The main features of a the model structure. In the case of equivalent circuit-based
general-purpose scaleable microwave FET modelGOBRA—are  qqals our study showed that up to medium-size devices
described. This includes an equivalent circuit-based solution to most of,the important equivalent circuit elements can be scaleo,l
account for dispersion effects. The solution is compact, obeys " ™ X p q
the required conservation constraints, and can “absorb” the Using straightforward linear rules. However, we have found
scaling inconsistencies observed in the output conductance. Thethat there are some second-order phenomena, i.e., the dc/ac
corresponding modeling methodology is also described. Finally, a dispersion of the output conductance, that do not obey these
comprehensive set of measurement versus simulation scalability simple scaling rules. This is likely to generate even more
test results are presented, including dc, small-signal, and large- difficulties in finding a solution to the scalability problem
signal tests. e g _ y pro ;
. ’ ) . within most of the modeling approaches currently in use.

Index Terms— Microwave FET's, microwave transistors, A ropust and relatively straightforward empirical equivalent

nonlinear modeling, parameter extraction, semiconductor device circuit solution and the associated modeling methodology are

modeling.
J introduced.
In Section I, we briefly present the most important features
. INTRODUCTION and strengths of the general-purpose scale@@8RAmodel

ESPITE intense studies in recent years into the profr microwave FET's. In Section Ill, we describe some of the

lem of nonlinear microwave FET modeling, the issuéindings from our study, related to the scaling inconsistencies
continues to cause concern to microwave and RF desi@hserVEd in the differential dc/ac transconductance and OUtpUt
engineers, as it remains one of the major sources of errorscgnductance. An equivalent circuit solution to account for
MMIC design. While significant progress has been achievéde nonlinear dispersive effects and the corresponding mod-
in some areas of the field, there are still some importafting methodology are described in Section IV. Finally, in
aspects that have been traditionally sidelined, such as scézction V, as well as in the previous sections, a wide range of
ability and yield analysis. The issue of model scalability i(est results are presented, comparing experimental data with
of prime importance, particularly to design engineers workirgjmulation results.
in monolithic-microwave integrated-circuit (MMIC) foundries,

who have to deal with circuits of increasing complexity, and
need to have the flexibility and confidence to use a widél. COBRA A GENERAL-PURPOSESCALABLE FET MODEL
range of device sizes in their designs. Consequently, forThis model belongs to the category of nonlinear equivalent
them, the availability of very accurate device models withorcuit models. A comprehensive and robust parameter extrac-
correspondingly good scaling qualities, makes little practicRbn methodology has been developed in connection with the
sense. Most Of the aVa"abIe mOde|S are IaCk|ng N thlS arqﬁodeL The genera' topology of the FET equiva'ent Circuit
model, including the parasitic elements, is presented in Fig. 1
Manuscript received March 31, 1997; revised August 15, 1997. This Woﬁ{‘d’ _ap_ar_t from the rather more ?Omplex structure of the drain
was supported in part by the European Commission under the ESPRIT-EDGIECUIt, it is seen to be very similar to the topology assumed
project. _ _ , _ b'y other commonly used models. HowevE)BRAstands out
The authors are with the Department of Electronic and Electrical Engineer- h h imil dels th h b " |
ing, University College Dublin, Dublin 4, Ireland. with respect to other simi ar models t. rough a number of nove
Publisher Item Identifier S 0018-9480(97)08352-X. features and strengths which are briefly described below.
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Fig. 1. A general-purpose equivalent circuit modeOBRA for microwave G D

FET'’s, accounting for dispersion phenomena.
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Fig. 3. Simplified FET equivalent circuit model topologies commonly used
for parasistic extraction. (a) “Below pinchoff” case. (b) “Above pinchoff”’ case.

Most of the techniques employed to extract the parasitic
elements of a microwave FET are based upon small-signal
Vi, Vi, 0 Vi S-data or dc data, measured @, = 0. The main reason is
Fig. 2. lllustration of the common errors encountered when extractin tthat under these conditions the equivalent circuit model can
inlgrins.ic gate capacitances, due to faulty values determined for the pagr]aslﬁ% 'S|mpl|f|ed to.a g_reat_ ?Xte:m' _Furthermolre’ one of the factors
resistances. which allows this simplification is the relative symmetry of the
active channel under these bias conditions, determined mainly
by the symmetry of the depletion region under the gate. The
small geometrical asymmetries that exist normally between the

Parameter extraction of equivalent circuit nonlinear modedsurce and drain contacts relative to the gate are not likely to
for microwave FET's has been an area well covered Ihave a significant impact in this case. The circuit topologies
researchers over the years and it is fair to say that it hesmmonly used for parasitic extraction differ between the
reached a certain level of maturity. Several approaches hagelow pinchoff’ case [Fig. 3(a)] and the “above pinchoff’
been proposed in relation to the extraction of the parasitase [Fig. 3(b)]. The partitioning rule for these resistances is
elements [1]-[4], most of them based on a combination of d@rmally chosen as follows:
and small-signab-parameters measured under certain special
bias conditions. As far as the de-embedding of parasitics and Rens = allon Rena = (1~ 0)Ran (1)
the extraction of the intrinsic elements is concerned, the vemhere Ry, is the total channel resistance aadhas a value
elegant method proposed by Dambrieteal. [1], and further that varies from author to author, between 0.33-0.5. It is quite
improved by Berroth and Bosch [2], is well established ansbvious that if the balance between those two resistances (i.e.,
very efficient. It is, however, interesting that many devicthe value ofa) is incorrect, the values determined for the
manufacturers still complain about problems and inconsistesburce and drain resistances will be affected.
cies when these extraction techniques are applied in practiceAlthough perhaps more convenient, there are a couple of
One important and persistent complaint regards the frequendigadvantages associated with the second topology. Firstly,
observed presence of very significant bias-dependent asymiités not consistent with the topology used in all the other
tries between the gate-to-source and gate-to-drain capacitargesimstances (below pinchoff and under normal bias con-
(Fig. 2) extracted a¥. = 0 [4]. This is in contrast to the ditions), which involves two gate capacitances. Secondly, it
relative symmetrical geometry presented by the large majoritgrries with it an uncertainty related to the balance between
of FET devices, under these particular bias conditions. Thege two channel resistancég;, and Rg,q.
consequences can be serious from a modeling point of viewWithin the extraction methodology associated with the
and designs based on these models can be badly affec@@BRAmModel, the parasitic resistances are determined using
especially in applications such as mixers and switches.  solely the “unbiased” and “pinched-off” FEJ-data. The same

A. Parameter Extraction
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Fig. 4. Example of extracted gate capacitance¥at= 0, for a 120um Vds [ v ]
PHEMT considering two sets of values &, andR,. In the first case, with
the correct values it is seen how the two gate capacitances are essentially (@
identical, as expected. In the second case, the value,ohas been altered
from 0.79 to 1.2Q2, and the capacitance extraction has been repeated. The
result shows major differences between the two gate capacitances above
pinchoff. * 600um MESFET
0.8 o scaled from 300um
“II” topology [Fig. 3(a)] is used to model the FET in both v b B
these bias conditions. For low enough frequencigs<(10 " ] oo 2 I . b
+ .
GHz, wherewR4,C < 1), the “II” structure Cgs—Cygq—Fcn 506 2 goer© t; o v 0" 2 2 2 5 ® b
can be related to theT” structure Cy—Res—Rena [Fig. 3(b)]  — 0300200 e ® 0 C e e o® © vy
. . £ ® ®
by comparing the input and outp@ parameters of the two &, 4 4 ggf’*;’z‘;wg °© % e ® ° SO o
- . . . ® ®
configurations [4]. This method returns a value of 0.25 for © ;@%@22‘;22@ ° S e s & ® ° : Y o 4
. . i1 ®
the parameterv. With this value, we can now use thd %égwg@w Z ¢ o 9 ° Z o o o ® °
topology and the technique described in [5] to determitie 0.2 gaigigiiii o 9 8 2
and Ry4. Another very important aspect is the frequency range 3
where the extraction of?,, R;, and Rq is carried out. The 0.0
frequency depend_ence of these ele_ments should be monitored =~ 1 2 3 4 5 6 7 3
during the extraction process, as it tends to vary from one

process to another. The frequency range should be chosen so vds [ V]
that the impact of inductive and/or capacitive reactances in (b)
the circuit is minimum. Fig. 5. lllustration of good scaling properties of the extracted multibias

The intrinsic elements are extracted using the classicalall-signal intrinsic elements. The results are determined from & @%b x

i : : : ) .1150) um MESFET and compared with those scaled from aX0®& x 75) um

small Slgné.'tl equn{alent circut mOdel_ topology for FET S WItrﬁAESFET. (a) Transconductance. (b) Gate-to-source capacitipce=(—1.2
both charging resistancds,s and Ryq included, and using for v to +0.6 v; Vi, = —1.1 V). )
extraction a technique based on that described in [2]. Again,
the frequency range where the extraction is carried out is ver _ . .
important, and different frequency ranges might be need§; tracted directly for a 60gm MESFET with those obtained
to extract different parameters. In Fig. 4 is an example

a simple scaling process from a 306+ MESFET. The
how, by implementing such an extraction methodology, M&caling properties are seen to be very good across the whole
reduce the risk for errors of the type commonly encountered {fiS range.

the extraction of gate capacitances above pinchoff and around
Vis = 0. More examples of that kind can be found in [4]. B:- DC Model

Regarding the scalability properties of a model, it has to The two diodes in the gate circuit are adequately described
be emphasized that the choice of a model circuit topolodpy the classical Schottky diode-V law. Results in Fig. 6
together with the parameter extraction methodology used dliastrates good scalability properties of such representation
crucially important. The closer the parameter values returnémt three different device sizes (area ratios 1:2:4) from the
by the extraction process are to the correct ones, the gredtSFET process.
the chances that the model will scale well. Having said that, The nonlinear model function implemented for the drain
we will see further that these are only necessary conditions farrrent (2) describes very well the FET behavior all around
good scalability, but they are not sufficient. To illustrate the ethe bias spectrum: linear, knee, and the saturation regions;
ficiency of our extraction methodology, in Fig. 5(a) and (b) weeverse bias region; it can also describe soft breakdown and

compare, for two of the most important bias-dependent smathild second knee behavior; it converges smoothly toward zero,

signal elements of the equivalent circuit model, the valueghen V. drops below pinchoff; has the ability to follow the
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Fig. 6. Scalability of the gate current model (illustrated for 300-, 600-, and
1200¢m MESFET's). 0.5
0.4
0.3
negative slope seen in real FET's in the saturation region - 0.2
at high values of the gate voltage due to electron traps and < 0.1
self-heating effects. The equations are § 0
A -0.1 |
Tu-VZ Vo | « measured
IdS,DC =p- Veff ' : tanh[a “Vas - (1 +¢- Veff)] -0.2 ‘—modelk&‘
1 -0.3 —
_ . 2 2
Veﬂ_z (Vg“Jr Vgst+6) 1 0 1 2 3 4 5 6 7 8 9
Vds [V
Vst = Vs = (14 #1%) - Vo + 9+ Vs 2) stvi

. , (b)
whereVzo is the pinchoff voltage and, 3, 3, v, 6, A, 1, &, Fig. 7. Scalability of COBRAdc model (area ratio 1:10). (a) Model applied

¢ are r_nOdel parame_ters, apkl is a_dimenSionleS_S parameteriga 0.2x (4 x 30) um PHEMT. (b) Model scaled to a 0.2 (6 x 200) xm
numerically equal with3 (when 1, is expressed in amperes)PHEMT (four model parameters have been scaled).

The model function is continuous over the entire bias plane
and its derivatives are continuous, which is very important for
a good representation of the intermodulation characteristics.drgeneral rule, it has been observed that the differential dc/ac
Fig. 7(a) and (b), the dc model is compared with the measurgdnsconductances follow a straightforward scaling pattern, as
data for two PHEMT devices (area ratio 1:10). The resulthown in a typical example in Fig. 8(a) and (b). However, in
are showing that the model still works well, even for veryhe case of the output conductances the scaling pattern is found
large-size devices. Its scalability is ensured by applying simge be significantly different. To better emphasise this phenom-
scaling rules to four of the model parametg¥gand implicitly enon, we have calculated the relative errors in estimating the
8, v, p, and 6. Up to medium-size devices, the scalinglifferential dc/ac conductances when straightforward scaling
accuracy remains very good even if only two of the modelles are employed as follows:

parameters are scaled.

Im diff _err = Im, dift _ggrn,diﬂ_sc - 100 [%]
. m
C. Other Nonlinear Elements . T T ” "
Suitable nonlinear functions are available for other non- Gds differr = s °

linear elements in the equivalent circuit model, which ar

traditionally cc_)nS|dere_,-d constant or ignored altogether, suglh ces. WhilE),n aift_oe ANAgas. aifr_oc are the differential de/ac
as the charging resistances. New gate capacitance m ductances as scaled from a device of a different size.

functions are also provided and the model extraction techniqlﬁ1e two relative errors are compared in Fig. 9(a) and (b) for
similar to the one described in [5], ensures that the WRe case of an 120- and 300n device. It is' seen that the
gate capacitances are identical B = 0. The charge elative error in the case of the differential transconductance

CO”_SeT"a“OU problem has been taken_ Into account I g, Jing generally below 3%, whereas in the case of the output
preliminary implementation of the model in HP'MDS’throug'&onductance, this error is about six to seven times higher.

the appropriate use of a nonlinear symbolically defined dev'?fesults compare in similar fashion for the other device sizes
(SDD) element. tested for this process.

However, this phenomenon seem to be process related, and
for that reason it will be very hard to model in a consistent

We have determined the differences between the dc amdy, regardless of what modeling approach is used. For
the small-signal transconductances and output conductaneeample, a low-power MESFET process also under study
for a number of PHEMT and MESFET foundry deviceshowed much less difference between the two relative error
with the total gatewidth varying between 60-120fh. As quantities described above, whereas for a power MESFET

here g,, iz and gys iz are the differential dc/ac conduc-

I1l. SCALABILITY OF DISPERSIONEFFECTS
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Fig. 8. The differences between dc and small-signal transconductances de- ®)
from a 120pxm device.

termined for a 30Qsm PHEMT (a) as extracted directly and (b) as scaleffig. 9. The relative error computed for the two differential dc/ac conduc-

tances in the case of a 3Q0n PHEMT between the values determined directly

and scaled from a 120m device. (a) Differential transconductance error. (b)
Differential output conductance error.
process from the same foundry, those differences were more

significant. Such inconsistent behavior is expected to constitute

a problem for any type of modeling approach, when it com&as been defined within so-called conservative FET models
to dealing with scalability issues. Possibly the best solution [1]. Other approaches, use a combination of supplementary
this problem will be to find a modeling methodology that caghalytical terms added in the drain—current function, with a
“absorb” such behavior for any individual process. RC network in the drain circuit [14]. Whatever the modeling
approach, for a model to be physically sound, the following
IV. DIFFERENTIAL DC/AC DISPERSION

conservation (or integrability) condition needs to be satisfied,
MODELING METHODOLOGY

as previously shown in [11], [12]:
A number of solutions have been proposed to deal with

modeling transconductance and output conductance dispersion

a(gnl(‘/gsv Vds) - gnl,DC(‘/gsa Vds))
in FET's, ranging from a simpleRC network [6], or an IVas
extra ac current source in the drain circuit [7], [16] within _ H9as(Vigs, Vas) — gas,pc(Ves, Vas)) ()
traditional equivalent circuit models to the introduction of a OVigs
correction term in the formulation of the total drain current

as a line integral over the differences between dc and smdlke two circuit model solutions mentioned above, although

signal conductances within the most recent look-up table-baggding reasonable results in many situations, do not identically
models [8]-[10]. In a similar fashion, the total drain currensatisfy (4).
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A way to correct this is by employing a circuit model as 100 e e
seen in Fig. 1, where the elements in the drain circuit [13] are 0.0 lomreo i oo oo gorsseeEe
determined following a sequence of steps as described below. _100 | ISR UE“D'E@E:Q

1) lyspc is simply determined by fitting the dc model _20'0 (“(./«f“‘ MUWW a\o

function on the dc data. F=Eiadl o 557 "

2) Differences are found between the small-signal and dcg 300 @oﬂ:@ A

transconductances. T 400 s© *
3) lus,em is described by a similar nonlinear function as 2 -50.0 ¢ /‘”‘/“‘
Iy po, but its parameters are determined by fitting a = - _g4 —=-~ Simulations
nonlinear function of the form: 700 | . g:::zzzgl)
o _ A Pou?:meas(3fo)
gm,AC(Vgsa Vds) = WIdS,DC(Vgsa Vds) ) 80.0 u  Gain,meas(fo)
gs -90.0

-20.0 -15.0 -10.0 -5.0 0.0 5.0 10.0

to the data calculated in step two. Pin [dBm]

4) Differences are calculated between the small-signal out-
put conductance and the output conductance determined (@
by I4s,pc and Iy gm combined.

5) The nonlinear conductanc&ys c..: is determined by 20.0 vees
fitting the data determined in step four to an appropriate 10.0 joeoo E‘“’”mm’jf?é?m’ﬂg;;ﬁm
empirical nonlinear function. 0.0 ./(((((f‘{{ 5606099

6) The capacitorC; can be implemented as a nonlinear — -10.0 j¢+** 5 OOA“/AA“
element and its value can be determined from pulsed dqg —20.0 | ‘/

measurements. However, our experience shows that fa°,

. S N -30.0
the large majority of applications of practical interest, as -

a first approximation, allocating a constant valueCip 2 ~40.0 oo Simulations
is very satisfactory. -50.0 ¢ +  Pout,meas(fo)
~60.0 o Pout,meas(2fo)
’ 4 Pout.meas(3fo)
V. RESULTS -70.0 o Gain,meas(fo)

This equivalent circuit modeling solution have been imple- 2200 —150 -100 -50 00 50 10.0

mented as part of the scalable general-purog®@8RAmodel .
for microwave FET’s. From the modeling technique described Pin [dBm]

above, it is quite clear that the scaling inconsistencies seen (b)

in the differential dc/ac output conductance can be accountagl 11. Single-tone large-signal test results for a &2(4x 30) pm
for in our model via the additional nonlinear conductanceHEMT, using theCOBRAmodel (o = —1.0 V). (8) Vs = —0.9 V,
Gas.cor: DY an appropriate choice of the empirical function thas = +0-6 V and ()Vea = =06V, Vas = +3.0V.

describes it. As an example, Fig. 10 represents the simulation

versus experiment test results of small-sighal- and S22- PHEMT'’s. Fig. 10(a) shows the simulation for the 120+
parameters (which are the most likely to be affected by thedevice, while Fig. 10(b) and (c) show the simulations with
effects) with the COBRA model for a 120- and 30pm the same model for a 30@m PHEMT, using straightforward
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applicable. Quantitatively, this behavior seems to be process
dependent. This is likely to create difficulties for most models
currently in use, regardless of the modeling approach, if
they are to be completed with adequate and accurate scaling
features. We have briefly presented the main strengths of a
general-purpose scaleable FET modeOBRA, which also
includes an empirical differential dc/ac dispersion modeling
methodology. This solution is compact, complies with the
required conservation constraints, and has the flexibility to
accommodate the scaling inconsistencies described above. A
wide range of test results have been included based on a study
carried on both MESFET and PHEMT foundry processes,
which emphasize the good scaling capabilities of i@BRA
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Fig. 12. Single-tone large-signal test results for a &2(6 x 50) um
PHEMT, using the COBRA model scaled from 0.2x (4 x 30) um
(Voo = =10 V). (@) Ves = =09V, Vg = +0.6 V and (b) Vgs = —0.6
V, Vgs = +3.0 V.

(5]
(6]

scaling rules forgys corx (D), and using a specific scaling rule [7]
for gqs.corr (C), respectively. The improvement introduced in
the latter case, particularly i$22, is quite obvious. In Figs. 11
and 12, the scaling performance GOBRAIs tested once
again, this time in single-tone large-signal tests performed af!
two bias conditions, for the same two device sizes. Similar
small- and large-signal tests have been performed at fiuo]
different bias conditions, and more of these results can be
found in [15]. [11]

VI. (12]

In this paper, we have shown that accounting for the
scalability of dispersive phenomena in microwave FET's modit]
els is not trivial. Up to medium-size devices, simple scal-
ing rules apply to most of the equivalent circuit parametet]
providing that a reliable parameter extraction technique is
employed. However, in the case of dispersive phenomenaji]
appears that differential dc/ac transconductance obeys, with
good approximation, straightforward scaling rules, and ch{G]
differential dc/ac output conductance, such rules are no longer
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