F E A T UR E

MODEL PREDICTS
LARGE-SIGNAL
MODFET PERFORMANCE

Small-signal measurements at various bias points
yield a useful nonlinear equivalent circuit.

ODULATION
doped FETs (MODFETs) provide
low-noise performance in many me-
dium- and high-power microwave ap-
plications. Unfortunately, there are
few large-signal models available for
MODFETs, and determining the pa-
rameters of these models at high
power levels is often difficult. A good
large-signal model can be obtained
from small-signal measurements
that require relatively common mi-

crowave instrumentation.
MODFETs are useful for class B
amplifiers because their transfer
characteristics can be approximated
by piecewise linear curves. This fea-
ture yields large-signal transcon-
ductances that are relatively inde-
pendent of the input signal level.
Unfortunately, many MODFET
models cannot be conveniently used
in common CAD programs. Howev-
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1. In the equivient circuit used to model MODFETs, only Co¢ and 15, are considered nonlinear.

er, simple modeling and measure-
ment techniques yield polynomial
expressions for nonlinear elements.
These expressions can be used with
most CAD programs to design

matching networks for maximum

gain and output power.
The modeling and measurement
techniques necessary to obtain a
(continued on p. 114)
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2. The circuit used to
model the MODFET under
zero-bias conditions
ylelds C4, and the
device's extrinsic
elements.
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A similar procedure is used to de- 3 maximum RMS error of

termine py(vy,), which is the depen-
dence of I, on v,. From Eqs. 1 and
3, it is known that:

Gy (Vasq, Vas)

= Py (VasQ)pa (Vas)] (6)

where:
[pd(vds)]' - d p(l(vds)/d Vs .
Since p,(Visg) = La(Visq Vose) it
follows that:

[Pa (vas)] = Go (Vgsq, Vas)

+ Las (Vasq, Vbsg) (7)

Eq. 7, together with the condition
that p(Vpge) = 1, yields an expres-
sion for py(vy):

pa (Vi) =

1 + [Ias (Vasg, Vosg)] ™!

Vi

X [ Go (Vesq W du  (8)

Viisg

Normally, p,; approaches zero for
vgs = 0. Using values of Gy(Vssq, V)
and performing the integration indi-
cated in Eq. 8, py(v,,) was found for
vy ranging from 0.5 to 4.0 V, with
Vasg = -0.2'V (Table 2).

CURVE FITTING

After determining the one-vari-
able functions that describe the volt-
age dependencies of C, and I,
these functions must be expressed
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in a form that can be handled by a
CAD program. If the model is to be
used in SPICE, user-defined nonlin-
earities must be expressed in poly-
nomial form.

There are several methods to fit a
polynomial to a set of data. One such
algorithm minimizes the sum of the
squared residual errors using a set
of orthogonal polynomials.? Other
algorithms, including those found in
commercially available math pro-
grams, can be used for this purpose.

For simulating class A operation,
curves for p,(v)) and C,(v,) are re-

quired for the entire range of v, in
which the device operates. Similarly,
these parameters should be charaec-
terized for v, < V, for class Bor C
operation. However, it may not be
neccessary to measure p,(v;) and
Cys(vy) for v, < Vy because in this
range p,(v,) =1 and C(v)) is gener-
ally a smooth function. Extrapola-
tion of these parameters from val-
ues measured for v, > V, can re-
duce the number of measurements

required.
The MODFET is characterized as
(continued on p. 118)

I
<+ Measured class A
A Simulated class A
o Measured class B
B Simulated class B

P = +6.64 dBm

$41

+ Measured, Vpe = 1.0V
A Simulated, Vpe = 1.0V
& Measured, Vps = 3.0V
@ Simulated, Vps = 3.0V

Vos=-0HV
Py = +4.14.dBm

s22

7. The MODFET's input impedance was measured and compared to
calculated values for class A and 8 operation. The results enable rapid
design of optimum input-matching networks.

8. Output impedance was measured for class 8 operation at two different
bias points with constant input power. The sensitivity of S5, to drive fevel was
relatively small.
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Tqble 2: Numerical caiculntions
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(continued from p. 116)
having V; = -1.0 V with maximum
= +0.4 V. Therefore, v, ranges
from 2.4 to +0.4 V during class B
operation at full drive. Extrapola-
tion of p, below Vi requires adding
zeros at (ﬁlscrete values of v, (Fig. 5).
The curve obtained using a least-
squares algorithm and a 10-degree
polynomial for I, has a 5.4-uA RMS
error.

At low values of v,, the polynomi-
al approximation for p,(v,) deviates
considerably from zero. This is a
typical characteristic of polynomial
curve fitting, i.e., the absolute error
tends to be high at the extremes of
the fitting interval.

[]
Absolute errors

tend to be
higher at
the extremes
of the

fitting interval.
[

Therefore, the highest relative er-
rors can be expected at the leftmost
extreme of the transfer characteris-
tic, where current is small. To lessen
this effect, a few zeros were added
to the data at values of v, less than
-24 V.

Extrapolation of C,(v,) at values
below Vi is more invo glved The coef-
ficient, m, must be found to fit the
measured values of C,, to the fol-
lowing expression:

Cos (vi) = Co (1 — v1/0.8)™™ (9)
where:

C, = zero-bias capacitance, and

v, is in volts,

Eq. 9 is used to find C for v, <
V. For the 2SK67TH5 MODFET, m
= 0.474. Using an 8-degree polyno-
mial, the curve for C,(v,) has a 3.8-
fF maximum RMS error (Fig. 6).

The final step in modeling the
MODFET is to interpolate the calcu-
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lated values of py(v,.), including the
point py(0) = 0. Because interpola-
tion is simply a particular case of
polynomial fitting, the same soft-
ware that is used to fit pg(vl) and

C,s(v)) can be employed to interpo-
late pd(vds)'

EXPERIMENTAL RESULTS
Large-signal measurements of a
2SK677TH5 MODEFET at 10 GHz
were used to confirm the accuracy
of the model’s nonlinear elements,
C, and I, Simulations of the de-
vice’s input reflection coefficient,
3,1, are comparable to measured val-
ues (Fig. 7). Two values of incident
power (Py) were used for both class
A and B operation to show the varia-
tion of S,, with the drive level.
Similarly, the large-signal behav-
ior of S,, is expected to be sensitive
to the nonlinear dependence of 1, on
V4 Fig. 8 shows comparative re-
sults of this parameter at two bias
levels. (S,, demonstrated low sensi-
tivity to the incident power level).
The accuracy in the simulated
transfer characteristic was also
checked by comparing the measured
DC current generated in class B op-
| eration to that calculated using the
| model (Fig. 9). Again, there is good
agreement between measured and
| simulated values.
| The data shows that MODFETSs
can be accurately modeled for large-
signal operation using small-signal
data and common software. The re-
sulting model does not make any as-
sumptlons about the transistor’s
physical structure, and CAD simula-
ons are in good agreement with
rge-signal measurements. The
chnique should be accurate for
ost MODFETs if vy, is limited to
lues where V. is essentially con-
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» 9. The DC current
through a MODFET
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large-signal model.
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MODFET MODEL

(continued from p. 113)
large-signal model include a pro-
gram to fit an equivalent circuit to
S-parameter data. A simple least-
squares polynomial approximation
program, as well as a CAD program
such as SPICE to perform nonlinear
time-domain simulations, are also
required. Hardware requirements
are basically limited to an automatic
network analyzer to perform small-
signal S-parameter measurements.

NONLINEAR MODEL

The nonlinear circuit used to mod-
el the MODFET is an extension of a
widely used small-signal equivalent
circuit. However, the nonlinearities
of the gate-to-source capacitance,
Cgy(v)), and the drain-to-source cur-
rent, I, (v,,vy), are taken into ac-
count (Fig. 1). In the small-signal
equivalent circuit, I4(v,,v4,) is sub-
stituted with a transconductance,
2., in parallel with an output con-
ductance, G, The nonlinear nature
of I, is manifested in the dependen-
cies of g, and G, on bias voltages:

Go (v1, vas) = dlgs (v1, Vas)/dvas (1)

Zm (V1, Vas) = dlgs (vy, Vas)/dvy (2)
where:

v; = voltage across C,, and

vy = drain-to-source voltage.

Values for Cy, and the extrinsic
elements in the nonlinear model
were determined for a 300-um MOD-
FET, model 25K677TH5 (Sony Corp.,
Cypress, CA). The device’s S-param-
eters were measured at vy, = 0 and
vye = 0 to determine a zero-bias
equivalent circuit (Fig. 2).1%

For other bias conditions, C,, and
I, are considered voltage-depen-
dent.® Describing the dependencies
of these elements requires adjust-
ing g, Go Cyps Ri, Gy and Cy, to
match the S-parameters measured
at several bias points. Only g, G,
and C, are used to characterize the
transistor’s nonlinear behavior. The
linearized equivalents of R;, C,, and
C,. are found by averaging their val-
ues at several bias points (Table 1).

The distribution of bias points
used to determine the small-signal

Table 4: Linear elements

i 0.0741 nH
by 0.0478 nH
s 0.0588 nH
Ry 1390
Rg 1.36 0
R, 122 0
o 0.0219 pF
Ll 0.0267 pF
Coa 0.0371 pF

|Dg—mA

3. The distribution of bias points used to
determine the nonlinear variations of C,¢ and Iy
lie on curves corresponding to constant gate and
drain voltages.

|

equivalent circuit includes points
along the lines corresponding to v,
= Vpgq and vgg = Vigq (Fig. 3).
These are the DC voltages at the
drain and gate.

It is assumed that I,(v,, v4) can
be expressed as the product of two
single-variable functions:

Lys (v1, vas) = Pg (v) pa (Vas) (3)

where:
p,(v,) = variation with v,, and
P4(v4s) = variation with v,.
The function p,(v,) is found from
the transistor’s transfer function at

Vae = Vpsg!
Pg (vi) = Lgs (vy, Vas)/Pd (VDSQ) (4)

By setting pa(Vpgg) = 1, pg(vy) Is
forced to take the values of the
transfer characteristic. From Eq. 2,
and knOWing that IdS(VTYVDSQ) - 0,
p,(v)) can be expressed as:

Vi

Pg (V1) = fgm (u, Vpsq) du (5)

V-
where: r

Vi = pinch-off voltage.

Eq. 5 enables the calculation of I,
as a function of v, for vy, = Vpgq
from measured values of g, at sev-
eral bias points. For the 2SK677TH5
MODFET, g,, was measured for v,
ranging from -1.4 to +0.4 V with v,
= Vpsq = 2 V. The corresponding
values of p,, or equivalently, Iy (v,
Vpsq), were calculated using Eq. 5
(Fig. 4).

(continued on p. 116)
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4. The dependence of |4, and g,,, on gate voltage was calculated from small-signal measurements at

various bias points.
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