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EFFICIENT LARGE-SIGNAL FET PARAMETER EXTRACTION USING HARMONICS
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ABSTRACT

We present a novel approach to large-signal nonlinear
parameter extraction of GaAs MESFET devices measured under
harmonic conditions. Powerful nonlinear adjoint-based optimi-
zation simultaneously processes multi-bias, multi-power-input,
multi-fundamental-frequency excitations and multi-harmonic
measurements to uniquely reveal the parameters of the intrinsic
FET. One test successfully processed 111 error functions of 20
mode! parameters. The technique has been implemented in a
new program called HarPE.

INTRODUCTION

An accurate nonlinear large-signal FET model! is critical
to nonlinear microwave CAD. Various approaches to FET
modeling have been proposed, e.g., [1]-[4). The dominant
nonlinear bias-dependent current source, namely, the drain-to-
source current source, in these models is commonly determined
by fitting static or dynamic DC I-V characteristics only [, 2,
4, 5, 6], or by matching DC characteristics and small-signal S-
parameters simultaneously [3]. Other nonlinear elements in the
model are either determined by applying special DC biases
such as to determine the parameters of the gate-to-source
nonlinear current source in the Materka and Kacprzak mode!
[2], or by using small-signal S-parameters.

The FET models obtained by these methods may provide
accurate results under DC and/or small-signal conditions. They
may not, however, be accurate enough for high-frequency
large-signal applications [7], since they are determined under
small-signal conditions and then used to predict the behaviour
for large-signal operation.

In this paper, we propose, for the first time, a truly non-
linear large-signal FET parameter extraction procedure which
utilizes spectrum measurements, including DC bias information
and power output at different harmonics under practical work-
ing conditions [8]. The harmonic balance method [9] is
employed for fast nonlinear frequency domain simulation in
conjunction with ¢, and ¢, optimization for extracting the
parameters of the nonlinear elements in the large-signal FET
model. Powerful nonlinear adjoint analysis for sensitivity
computation {10] has been implemented with attendant advan-
tages in computation time.

Numerical experiments have shown that all the parameters
can be identified under RF large-signal conditions, demon-
strating the importance of higher harmonics in large-signal
parameter extraction. Numerical results have also been
obtained in processing actual measurement data.
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FORMULATION

Nonlinear intrinsic FET parameters are to be determined
using large-signal data. All linear FET model elements such
as parasitics are extracted using small-signal data.

The FET and its measurement environment are shown in
Fig. 1, where Y; and Y_, are input and output 2-ports, Yg
and Y, are gate and drain bias 2-ports, respectively. We apply
a large-signal power input P, to the circuit. DC voltages and
output power P_ . at several harmonics [8] are measured.

In addition to the multi-bias, multi-frequency concept we
pioneered for small-signal parameter extraction, we allow the
circuit to be excited at multiple input power levels. Various
combinations of bias points, fundamental frequencies and input
levels result in a variety of measurement information needed
for parameter extraction. Assume for the jth bias-input-fre-
quency combination, j=1, 2, ... M, the measurement is

S; = [S{0) Sjw) Sjwp) ... SiwT, M
where S.(0) is the DC component of the measurement, and
Si(wy)s i(:l, ..., H, are the kth harmonic components.
Clorresponding]y, the model response Fj(¢) can be expressed as

F(9) = [F{($.0) Fidw) Fdw) ... Fupll. (@
where ¢ stands for the parameters of the model to be deter-
mined.

The parameter extraction optimization problem can then be
formulated as

M H

min Y (Wg, | F;(4,0)-5;(0) [P+ ¥ wi [ Fid.w)-Siw) [P, (3)
¢ =1 k=1

where w;,. and w;, are weighting factors, and p=1 or 2 cor-

responds to £, or £, optimization, respectively.

Model responses FJ(¢) are computed using the harmonic
balance method [9]. The powerful nonlinear adjoint sensitivity
analysis [10] is implemented to provide gradients for optimiza-
tion. This significantly accelerates the optimization and makes
our parameter extraction approach computationally practical.

An automatic weight assignment algorithm has been deve-
loped, improving robustness and enhancing convergence speed.
Also, by converting measured powers to voltages, we achieve
a well-conditioned optimization problem.

NUMERICAL EXAMPLE

In our numerical experiments, we used the Microwave
Harmonica [11] modified Materka and Kacprzak FET model as
the intrinsic FET, as shown in Fig. 2. The nonlinear elements
of the model are described by [11]

Vb
ip = Flvg(t = ), vp(t)] (I + Sg —),

]DSS
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Intrinsic FET

Fig. 1  Circuit setup for large-signal multi-harmonic FET
measurement.
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Fig. 2 Intrinsic part of the modified Materka and Kacprzak
FET model.
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Cp=Cyll - KIVG)_IN + Cis

R; = Ryg(l - Kgvg),

R 0, >

1 = if Kgvg 1,

Ci=Cypv5 + Cyq, if Kyvg > 0.8,
and 12
Cr = Croll ~ Kp(v, - vp)I7/%

{ CroV5 ,
where Ipgs, Vpg, 7, E, Kg, Sy, Kg, 7, Sg, Igo» 2g» Ipgs 2p»

Bor Rigs Kp, Cip Ky, Cpg, Cyy, and Ky are the parameters
to be determined. Since only one of Ip; and Vg is indepen-
dent, we fix Vg and let

Cp if Kp(v, - vp) > 0.8,

¢ = llpss Vpo ¥ E Kg S; Kg 7 S, I ag Igg 0p

Ryg Ky Cyo Ky Cy5 Crg Kl (5)

The parasitics of the FET are illustrated in Fig. 1 and
their values are listed as follows
[Rg Ly R, L, Ry Ly Cy, Ry, Cg] = [0.01190 0.1257nH
0.37400 0.0107nH 0.00062 0.0719nH 0.1927pF 4400 1.5pF].

Test 1: Robustness of the Parameter Extraction Approach

Assume that the solution of the model is [3]

¢ = [0.1888 -4.3453 -0.3958 2 0 0.0972 -0.1678 3.654 0
0.5x107° 20 0.5x10°° 1 4.4302 0

0.6137 0.7686 0 0.0416 O0]T. 6)
The circuit is simulated at three bias points: (Vgp=0, Vpp=5),
(Vgp=-1.5, Vpp=5) and (Vggp=-3, Vpg=5). P =5 and 10dBm
are applied at (Vgp=0, Vpp=5), and P, =5, 10 and 15dBm at
the other two bias points, respectively. At each bias point two
fundamental frequencies (1 and 2GHz) are used, respectively.
There are 16 bias-input-frequency combinations in total. Six

" harmonics are considered in the harmonic balance simulation.
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The output power at the first 3 harmonics are measured and
used in the objective function, i.e., H=3 in (3). Therefore, we
have 20 variables and 64 error functions.

To examine uniqueness of the solution we uniformly per-
turbed the solution in (6) by 20 to 40 percent, and re-optimiz-
ed with the ¢, norm, i.e., p=1 in (3). Several starting points
were tested and all of them converged to the known solution
exactly. This verifies the strong identifiability induced by
considering the higher harmonics.

Two different starting points were used to compare the
CPU execution time with and without nonlinear adjoint analy-
sis for gradient computation. To reach the ¢, objective func-
tion value around 1.0x10™3 on a VAX 8650 computer, the
Fortran program with the adjoint analysis runs approximately
10 times faster than that without adjoint analysis, (about 200
sec. vs 2000 sec.)

Test 2: Parameter Extraction with Measurement Errors

In this test, we added 10% normally distributed random
noise to the simulated measurements used in Test 1. We used
the same bias-input-frequency combinations and the same
starting points as those in Test 1. We applied £, optimization,
i, p=2 in (3). Measurements at the first 4 harmonics are
used, i.e., H=4 in (3). Any signal below -35dBm was dis-
carded. After optimization, all points converged to virtually
one solution quite close to (6) except for Ige and ap because
of their relatively low sensitivities to the response functions.
Still, Igg and ap converged to their respective order of
magnitude.

Test 3: Fitting to the Curtice Model

Here we use a set of data generated by the Curtice model
[4,11]. The circuit is similar to that of Fig. 1 except that the
intrinsic FET is replaced by the intrinsic part of the Curtice
model. Some of the parameters of the Curtice model are taken
from Fig. 13 of [4]. See Table I.

We selected 32 bias-input-frequency combinations, as
shown in Table II. The first 3 harmonics were assumed as
measurement data. Any signal below -30dBm was discarded.
There were 111 error functions in total.

¢, optimization was applied to extract the model parame-
ters, resulting in

¢ = [0.05208 -1.267 -0.08774 1.269 -0.3224 0.07312 -0.6482
5.322 4.462x1075 8.782x10°° 34.04 5.96x10"12 4.245
0.03610 9.892x1073 1.066 1.531 0.03141 1.321 1.638)".

Fig. 3 illustrates the modeling results at a bias point other than
those considered in the optimization where P, is the available
input power. Excellent agreement is observed.

As for Test 1, parameters at the solution were perturbed
uniformly by 20 to 40 percent and re-optimized. Of six start-
ing points, four converged to the same solution with little
variances in R,y and Ky. The other two converged to dif-
ferent points with different final objective function values.
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Fig. 3 Agreement between the (Materka) model response and

the simulated measurements (using the Curtice model)
at Vgp=-0.5 and Vpp=5 in Test 3. Solid lines represent
the (Materka) computed model response. Circles denote
the simulated measurements at fundamental frequency
0.5GHz and triangles the simulated measurements at
fundamental frequency 1.5GHz. (a) Fundamental com-
ponent, (b) second harmonic component, (¢) third har-
monic component, and (d) DC component.

TABLE I

PARAMETERS OF THE CURTICE MODEL
USED IN TEST 3

Parameter 8, (1/V)  Ag (A) AL (A/V) Ay (A/VY
Value 0.04062 0.05185 0.04036  -0.009478
Parameter A, (A/V®) 7 (1/V)  Vpg (V) Ig (A)
Value -0.009058  1.608 4.0 1.05%x107°

* Parameter N (-) Cgso (PF)  Cgpg (PF)  Fg ()
Value 1.0 1.1 1.25 0.5

Parameter Gyn(1/2) Vg (V) Vgr (V) 7 (ps)
Value 0.0 0.7 20 5.0

see [4] and [11]

TABLE 11

INPUT LEVELS USED WITH DIFFERENT
FUNDAMENTAL FREQUENCIES AND
DIFFERENT BIASES IN TEST 3

P,, (dBm)
(Vgp: Vps)

f,=0.5GHz f,=1.0GHz f;=1.5GHz f=2.0GHz
(-03, 3) 0,4 0, 4 0, 4 0, 4
(<03, 7) 0, 4 0,4 0, 4 0, 4
(-1.0, 3) 0 0 0 0
(-1.0, ) 0 0, 4 0, 4 0
(-0.5, 3) -- 8 8 --
(-0.5, 7) 8 8 8 8

f, denotes the fundamental frequency

Fig. 4 shows the characteristics of drain-to-source non-
linear current sources of the Curtice model and the modified
Materka and Kacprzak model, and again we have reached an
excellent match. Notice that only 6 bias points are used in the
optimization which is even less than the total number of para-
meters for this current source. However, since we modeled
under actual large-signal conditions, employing higher harmonic
measurements, a much larger range of information has been
covered than single individual points on the DC I-V curve can
provide.

Test 4: Processing Measurement Data from Texas Instruments

Numerical results have been obtained from processing the
actual measurement data provided by Texas Instruments. The
measurements taken at 36 bias-input-frequency combinations
(two bias points, three fundamental frequencies and six input
power levels) were used to extract the nonlinear model parame-
ters. The match between the model response and the measure-
ment at one of the bias points which was not included in the
optimization is shown Fig. 5 where P is the available input
power.
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Fig. 4 Agreement between the DC characteristics of the
modified Materka and Kacprzak model and the simu-
lated measurements (from the Curtice model) in Test 3.
Vg is from -1.75V to 0.25V in steps of 0.25V, and Vp
is from 0 to 10V. (Curtice uses V; and V_,, respec-
tively.) Solid lines represent the (Materka) model, and
the circles represent the measurements.
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Fig. 5 Agreement between the (Materka) model response and
the measurements from Texas Instruments at fundamen-
tal frequency 6GHz, and bias point Vgp=-0.673V and
Vpg=4V. Solid lines represent computed model respon-
ses. Circles, triangles and squares denote fundamental,
second and third harmonic measurements, respectively.

CONCLUSIONS

In this paper an accurate and truly nonlinear large-signal
parameter extraction approach has been presented, where not
only DC bias and fundamental frequency, but also higher
harmonic responses have been used. Such information effec-
tively reflects the nonlinearities of the model. The harmonic
balance method for nonlinear circuit simulation, adjoint analysis
for nonlinear circuit sensitivity calculation and optimization
methods have been applied. Numerical results demonstrate that
the method can uniquely and efficiently determine the parame-
ters of the nonlinear elements of the GaAs MESFET model
under actual large-signal operating conditions.
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Consideration of the parameter extraction problem under
two-tone measurements is planned.

A computer program HarPE (Harmonic balance driven
model Parameter Extractor) has been developed by Optimization
Systems Associates Inc. It offers the technique presented in
this paper to the microwave community through a user-friendly
interface.
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