C4

GENERALIZED POWER SERIES ANALYSIS OF INTERMODULATION DISTORTION
IN A MESFET AMPLIFIER: SIMULATION AND EXPERIMENT

George W. Rhyne and Michael B. Steer

Department of Electrical and Computer Engineering
North Carolina State University
Raleigh, NC 27695-7911

ABSTRACT

Design of microwave integrated circuits requires accu-
rate simulation tools capable of predicting a variety of
nonlinear distortion effects including gain compression and
intermodulation distortion. This paper uses the recently
developed generalized power series analysis to simulate a
MESFET amplifier. For the first time, the simulations are
compared to experimental results for single-tone and two-
tone inputs. Good agreement is seen. This analysis is
suited to any complex analog circuits having arbitrary
input frequency spacing.

INTRODUCTION

Interest is rapidly growing in the computer-aided
design of microwave circuits. While a variety of powerful
design tools have been developed for linear circuits, few
tools are available for the analysis and design of nonlinear
circuits. Currently available simulators fall into two
categories: time-domain methods (e.g. SPICE [1]) and
harmonic-balance methods (e.g. N-FET [2]).

Time-domain simulators enjoy a wide range of appli-
cation including both analog and digital circuits having
either steady-state or transient responses. Several factors,
however, limit the applicability of these methods to
microwave circuit analysis. Distributed circuits are partic-
ularly difficult to model in the time domain. Convergence
of the numerical methods is a problem when the circuit
contains widely varying time constants or when widely
spaced frequency components are present, resulting in
lengthy computation times. The time-domain simulation
of systems with mult-frequency excitation requires mul-
tidimensional signal processing to determine intermodula-
tion levels. Both time domain simulations and multidi-
mensional transform techniques have severe dynamic
range limitations so that intermodulation levels even 30
dB below the fundamental signal level cannot be resolved
adequately.

Simulators based on harmonic balance can more
efficiently analyze microwave circuits since the linear por-
tion of the circuit is modeled in the frequency domain.
Because the nonlinear portion of the circuit is still modeled
in the time domain, Fourier techniques must be used to
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interface the models. This restricts all frequencies con-
sidered to be harmonically related (in special cases closely
spaced frequencies may be considered [3]). Thus, these
methods are very limited in their ability to simulate mix-
ing or intermodulation.

We have recently presented a frequency-domain tech-
nique for simulating nonlinear analog circuits having arbi-
trary input spectra [4], [5]. This technique, termed gen-
eralized power series analysis, is used here to simulate a
common source MESFET amplifier with single-tone and
with two-tone inputs. The simulated results are in good
agreement with experimental results verifying that the
generalized power series analysis technique is useful in
predicting the behavior of nonlinear circuits under a
variety of operating conditions including intermodulation.

DEVICE CHARACTERIZATION

The device used in this paper is a low noise medium
power GaAs MESFET (Avantek AT8250). The circuit
shown in Fig. 1 was chosen to model the transistor. This
model was developed from dc measurements and small sig-
nal microwave measurements and contains a number of
linear elements as well as nonlinear voltage-dependent ele-
ments.

The magnitude of the transconductance, G,, was
found from de measurements of the drain current at vary-
ing gate-source voltages with the drain-source voltage
fixed at the chosen operating point
(Vgs = 3V, Vg = —0.1V).

Small signal s-parameters were measured over the fre-
quency range 0.5-15.0 GHz at a variety of bias voltages. In
particular, measurements were made with Vy, fixed at 3 V
and Vg, allowed to vary, and with Vgs fixed at -0.1 V and
Vg4, varying. Measurements were also made with
Vg = Vg = 0V,

With zero drain-source voltage, the equivalent circuit
becomes much simpler and is useful in determining the
various parasitic elements [6], [7] TOUCHSTONE (8] was
used to optimize the simplified circuit to match the meas-
ured zero bias s-parameters over the frequency range 0.5-
10.65 GHz. With the parasitic elements determined, the
model of Fig. 1 was then optimized to match the measured
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s-parameters at each bias setting. resulting in a table of
element values as a function of bias voltage. Figures 2 and
3 show a comparison of the measured s-parameters and
the s-parameters of the transistor model.

The nonlinear simulation requires that the element
values be described by generalized power series in voltage.
A least squares routine was used to fit power series to the
data determined from the TOUCHSTONE optimizations.
As an example of the results, Fig. 4 shows the optimized
values of G, along with it’s power series representation,
while Fig. 5 shows the values of C,.

COMPUTER SIMULATION

The simulations described in this paper were done
using a program we have developed called FREDA (FRE-
quency Domain Analysis} which is based on generalized
power series analysis [4], [5] . Generalized power series
analysis is a technique similar to harmonic balance tech-
niques except that the entire circuit is analyzed in the fre-
quency domain so that no Fourier transforms are needed.
(The term harmonic balance is commonly used to refer to
techniques that iterate between the time domain solution
of a nonlinear circuit and the frequency domain solution of
a linear circuit.) This allows the method to be applied to
nonlinear circuits with multi-frequency inputs where the
input frequencies can be arbitrarily separated. It is more
appropriately termed a spectral balance technique since
the frequencies considered are generally not harmonically
related.

The circuit to be analyzed is input to FREDA along
with information about the frequencies and power levels to
be considered. In addition, FREDA requires an initial esti-
mate of the circuit voltages. This estimate can be made
for a low value of input power where it can be almost arbi-
trary. FREDA solves the circuit at this power level and
then increments the input power level and uses the previ-
ous solution, appropriately scaled, as the next initial esti-
mate. This continues until the desired range of input
powers has been covered.

The circuit of Fig. 1 (with 50 ) source and load
impedances and bias circuitry added) was simulated using
FREDA. Simulations were performed for the case of a

single tone input as well as for two input tones.

EXPERIMENTAL SETUP

For the single tone test, an input frequency of 3 GHz
was used and the output power measured at 3, 6, and 9
GHz using a spectrum analyzer. (The input power level
and the spectrum analyzer were computer controlled.)
The transistor was biased at Vgy = 3V and Vg = —0.1V.
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The input power was varied from -35 dBm to 10 dBm.
The small signal gain was observed to be approximately 10
dB and the power output in the fundamental saturated at
16 dBm.

For the two-tone intermodulation test, the transistor
was again biased at V4, = 3V and Vg = —0.1V. Two
equal amplitude signals were input, one at 2.35 GHz and
one at 2.40 GHz. The input power was varied from -35
dBm to 5 dBm and the output power measured at the fun-
damental frequencies, their harmonics, and the third order
intermodulation frequencies. (The frequencies and power
levels used were chosen entirely for experimental conveni-
ence and not for ease of simulation.)

COMPARISON OF SIMULATED AND
EXPERIMENTAL RESULTS

Fig. 6 shows the results of the simulation with one
input tone compared to the experimental results. The
simulation is continued until the gain is compressed by 3
dB from its small signal value of 10.1 dB. Shown are the
fundamental and first two harmonics.

The results of the two-tone intermodulation test are
shown in Fig. 7. The power output in one of the input
tones {2.35 GHz) is shown along with the power output in
one of the third-order intermodulation frequencies (2.3

GHz).

The agreement between the simulated results and the
experimental results is seen to be quite good, particularly
for the fundamentals and the third order products. The
agreement can be improved however and the range of
input power expanded by improving the power series
representations of the nonlinear elements through more
extensive device characterization.

CONCLUSION

In this paper, we have for the first time compared cir-
cuit simulations using generalized power series analysis to
experimental results for a MESFET amplifier circuit with
a single tone input as well as for a two-tone intermodula-
tion test. The simulated results were seen to be in good
agreement with the measured results. The agreement for
the two-tone test is particularly significant as these simula-
tions cannot be arbitrarily performed using currently
available software. Thus, generalized power series analysis
is a useful tool in simulating and designing nonlinear
microwave circuits having complex multi-frequency
inputs.
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Figure 2
Magnitude of S;; and S,y as a function of frequency. The
points are measurements and the curves are simulations
using the optimized circuit of Fig. 1.
(Vge = —0.1V Vg, = 3.0V)
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Figure 3
Phase of S;; and Sy; as a function of frequency. The points
are measurements and the curves are simulations using the
optimized circuit of Fig. 1. (Vg = 0.1V, Vg, = 3.0V)
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Circuit used to model the transistor.
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Figure 4
Optimized values of the transconductance, G, , as a func-
tion of gate-source voltage. The points are the optimized
values and the curve is the power series representation.
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Figure 5
Optimized values of the gate-source capacitance, Cg , as a
function of gate-source voltage. The points are the optim-
ized values and the curve is the power series representation.
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Figure 6
Results of the single-tone test. Power output in the funda-
mental (a), the second harmonic (b), and the third har-
monic (c) are shown as a function of input power. The
points are measurements and the curves are simulated
results.
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Figure 7
Results of the two-tone test. Power output in one of the
fundamentals (a), and in one of the third order intermodu-
lation frequencies (b) is shown as a function of input power.
The points are measurements and the curves are simulated
results.



