
L-3

A LARGESIGNAL NONLINEARNODFETBNIDELFROMSNALL SIGNAL S-PARAMETERS*

J. M. O’Callaghan and J. B. Beyer

University of Wisconsin-Madison
Department of Electrical and Computer Engineering

1415 Johnson Drive, Madison, WI 53706-1691

ABSTRACT

A general technique for predicting the FET
large signal performance has been developed. The
technique is based entirely on experimental data
(small signal S-parameters at different bias
points) and therefore is independent of the
structure of the FET. Large signal measurements
confirm the validity of the model.
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1. INTRODUCTION

Modulation doped FETs (MODFETS) have already
been proven to have good noise performance for
microwave applications (l). MODFETSare also well
suited for class B amplifiers, since their trans-
fer characteristic can be approximated by a
piecewise linear curve and this leads to a large
signal transconductance independent of the signal
level. However, there are few large signal models
available and the determination of the parameters
of such models is difficult or requires special
equipment. Furthermore, the models cannot be used
conveniently in common CAD programs.

The model and measurement techniques pre-
sented here overcome these problems. Software
requirements include: a program (like TOUCHSTONE’”)
to fit an equivalent circuit to S parameter data;
a simple least square polynomial approximation
program; and the popular SPICE for nonlinear time
domain simulations. Hardware requirements are
basically limited to a network analyzer to carry
out the small signal S parameter measurements.

II. NONLINEARMODFETCIRCUIT MODEL

A. Circuit Elements

The nonlinear circuit proposed is an exten-
sion of a widely used small signal equivalent
circuit in which the nonlinearity of Cg$(vl) and
ldS(vl,vdS) is taken into account (see Fig. 1).
In this circuit Ids(vl,vds) models the nonlinear-
ities of the transconductance (gm) and the output
conductance (Go) through Eqs. 1 and 2:
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J Figurel.A:MODFET model
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Figure 1.B : Small signal equivalent of Ids
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B. Determination of the Linear Element Values

The values of Cds and th[s extrinsic elements
have been determined for a 3130umSONY MODFET by
measuring its S parameters at VOS,VGS = O and
fitting its equivalent circuit at this bias point
(Fig. 2) (2), (3) (Se;lTa~$ l);O I:eOU\o~~:~Y
only Cgs and Ids are
dependent. To describe this dependence we have to
adjust gm, Go, C s, Ri, C d
to match ! ‘%t cd~evel-!l ‘i~ialthe .!? parame ers
points. Only the first three parameters are
used to characterize the nonlinear behavior of

~?~$~) ;~;~~l~jll”a%%) ~~~ aLh’ef;;$~a;~z;;e~l~~~~
their values at these bias points. The obtained
values are:
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Ri = 1.22 Q; Cgd = 0.0438 pF; Cdc = 0.0518 pF
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Figure 2 Zero-bias equivalent circuit

Table 1: Linear elements from zero bias circuit

Ld = 0.0741 nH
‘9

= 0.0478 nH L~ ❑ 0.0588 nH

Rd = 1.39 Q
‘9

= 1.36 Q R~ = 1.22 n

Cd~ = 0.0219 PF
CP9

= 0.0267 pF Cpd = 0.0371 PF

c. Determination of Ids(vl~~

‘ds

*V
Vm ds

Figure3 Distribution of thetias points

Figure 3 shows the distribution of the bias points
for which a small signal equivalent circuit has
been determined. If ~e assume that Ids(vl,vds)

expressed as a product of two one-variablecan b
funct

Pg(vl
vds =

ens; i.e.:

Ids(vl,vds) = pg(v~)pd(vds) (3)

can be found from the transfer function at
VDSQ:

Id~(v1,VDSQ)
Pg(vl) =

‘d(vDSQ)
(4)

At this point we can set pd(VDS ) = 1; then
pg(vl) is forced to take the va?ues of the
transfer characteristic. From Eq. 2 and knowing
that

‘##f)sQ) = O (5)

(VT being the pinch-off voltage), we can write

pg(vl) =J- ‘1gm(LvD~Q)du (6)

‘T

which allows us to evaluate the V1 dependence of
Ids from the measured gm at several bias points.
Figure 4 shows the values of gm measured
for VGS ranging from -1.4V to 0.4V

= 2V and their corresponding values
~~d~’?~ ~~~?VI,VDSQ)) found with Eq. 6.

Similar steps are taken to determine the
dependence of Ids with vds: from Eqs. 1 and 3 we
know that

GO(VGSQ,vds) = Pg(VGSQ)P~(Vd5) (7)

solid line: lds (m) dotted line: gm (us)
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FIGURS 4: TSANSCONSVCTMCE AND TRANSFER CVRVE FOR Vds=VDSQ=2V

but P9(VGSQ) = Ids(VGSQ,VDSQ) so

$)(vGsQ,vds)
P:(vds) = ~

ds(vGSQ’vDSQ)
(8)

This equation, with the condition pd(VDSQ) = 1
leads to pd for the nonzero values of vd~:

Pd(vds) = 1 + Id5(VG~QYirDSQ)t‘ds Go(VGSQ,u)du

DSQ (9)

Also, since Ids(Vl,o) = O, pd has to be zero for
vds = O.

In Table 2, the practical application of
Eq. 9 is shown: Starting from the values of
‘O(vGSQ$\DSj and performing the numerical inte-

gration lndlcated in Eq. 9, the values of pd(VDS)
are found for VDS ranging from 0.5 to 4V.

D. Polynomial fitting of Pfl( VJ), pd(vds) and

qtil) for class B applications

The approach discussed so far has allowed us
to describe the voltage dependencies with one-
variable functions. What is needed now is to
express these functions in a form that can be

348



Table 2. Oetmnination of Pd(Vo~) from Output Conductance Oata (VGS = VGSQ = -0.2V)

VDS 0.5 1.0 2.0 3.0 4.0

Go(ins) 18.9751 8.?583 5.Z548 3.7447 3.4330

‘0$
j GO(.A) -13.5647 -6.7563 0 4.4995

Vtlso
E.01184

pd(v~~) 0.4408 0.7215 1 1.1855 1.3334

handled by a CAD program. Our work has been
focused towards getting a model for SPICE, whose
user-defined nonlinearities have to be expressed
in polynomial form.

There are several methods to fit a polynomial
to a set of data. Our choice is the one described
by Hayes (5) in which the sum of the squares of
the residual error is minimized by using a sum of
orthogonal polynomials. Other algorithms as well
as commercial software can be used for this
purpose.

For simulating class A operation we need to
get data ?ltvT<Vl<Va

? !J:!ORI’$Y:O:IE

fitting ofpg(vl) and C s vl . . .
ever, for class B and
necessary to take measurements in the whole range
of values of VI. This is because we know
beforehand that p (0) = O for VI < VT and that

$!~gs(vl) behaves smoo hly in this range. Advantage
IS taken of both facts to limit the measurement
range to VT < VI < Vlmax. In our case we are
interested in class B operation and our device
has VT = -IV and Vlmax = 0.4V which makes our
class B range -2.4~vl~ 0.4.

Extrapolation of pg below the pinch-off
voltage consists of adding zeros at discrete
values of v . Figure 5 shows the process for our

iparticular ase (5.4DA rms error with a 10 degree
polynomial).

x:points to fit line: fitting polyrmial
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FIGNRE5: FOLYNOMIAL F1lTING QF THE TFANSFER CURVE

Note that for the lower values of v1, Pg(vl) is
quite different from zero. This is a typical
characteristic of polynomial fitting, i.e. the
(absolute) error tends to be higher at the
extremes of the fitting interval. Therefore, we

can expect to have the highest relative errors at
the leftmost extreme of the transfer characteris-
tic where the currents are small but the fitting
error can be high. To avoicl this effect, a few
zeros were added at values of VI less than -2.4V.

Extrapolation of Cgs(vl] iS more involved.
First, a coefficient m has to be found to fit
the measured values of Cgs to the expression

c (o)
cgJvl) =-+—————

(1 - +y

which can be later used to find Cgs for
Figure 6 summarizes this process
particular case (m = 0.474). A 3.8 fF
is obtained with an 8 degree polynomial.
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FIGURE 6: FOLYNOMIAL F1lTING OF CW.(Vi) AT Vds=VDSQ=2V

Finally, .pd(vds) has to be interpolated to
:he values shown in Table 2 and the point pal(o) =

. Note that since interpolation is a particular
case of polynomial fitting, the same software that
has been used to fit P (vi) and Cgs(vl) can now

Ybe used to interpolate pd vds).

111. EXPERIMENTALRESULTS

Measurements at 10 GHz on a SONY MODFET
2SK677H5 were made to confirm the three basic
nonlinear effects:

● Nonlinearity in Cgs

e Nonlinear dependence of Ids with Vds

e Nonlinear dependence of Ids with V1

The accuracy of the nonlinear behavior of c S(vl)
?was checked by measuring the large signal 11 and

comparing it with simulated d,!ta. This is shown
in Figure 7, where the measured class A and
class B S11 are compared to the calculated ones
for two values of incident power.
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FIGURE z LARGE SIGNALSII

+ Measured Class A vDs-3v

)

Vas .-0,31V

A S!mulated Class A Pt~mh--5.86dBm Prom., -6.64dBm

}
. Measured ClassB VOS=3V V139- -Iv
m Simulated Glass B Pm~!. .-86dBmBm P, N~., .9.14dBm

-The arrows Indicate the change In S11 with increasing PIN

Similarly, the large signal S22 is expected
to be sensitive to the nonlinear dependence of
Ids with ‘/ds. Figure 8 shows comparative results
of this parameter at two bias levels. (This
parameter showed low sensitivity to the incident
power).

FIGURE & IARGESIGNALS22

)

+ Measured vD~_lv; vG, -.0,31v

A Simulated

● Measured

)
VDS .=3 V;VG9 --0,31V

m SImulabd

-incident Powec PIN.4.14dBm

-The arrow Indicates the chango In S22 with Increasing VIJS

Finally, the accuracy in the modeled transfer
characteristic was checked by comparing the
measured DC current generated in class B operation
to the calculated value. This is shown in Figure 9
and again, good agreement is found.

IV. CONCLUSIONS

Current in d x: measured solid line: calculated
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FET modeling can be done with little hardware
and common software. The proposed model does not
make any assumption as to the physical structure
of the FET, and the CAD simulations are in good
agreement with large signal measurements.
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