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Thus, every vollage wave arriving at a port of the
nonlinear subcircuit is transformed to the time
domain using the Inverse Fast Fourier Transform
(IFFT). After the time domain analysis of the
nonlinear circuit voltages and currents, the results
are transformed back to the frequency domain. It
is to be noted that it is the intnnsic FET that makes
up the nonlinear subcircuit. In reference to Figs.
2 and 3 (with Z, = Z, = Z,, the mtrinsic FET can
be analyzed using the following network equations.
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where v, and v, are the incident voliages at ports
1 and 2, respectively. Q,, and Q,, are the charges
stored in the gate-source and gate-drain junctions,
respectively. For the actual computation, Egs. (3)
and (4) are rearranged and comhined with Eq. (2)
resulting in the following equations:
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The wvoltages v, v,, and v, are taken as
independent vanahles, while v," and v, are obtained
from the reflection algorithm and they change at
every iteration. The resulting system of 3n
differential equations is discretized by
approximating the time derivatives with secants
through neighbouring samples as:
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This leads to a system of nonlinear equations with
3n independent variahles where n indicates the
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Figure 2 The Nonlinear Transistor Model
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Figure 3 The Reflection Principle

number of time domain samples. This system is
solved by means of Newton's method as described
below. All derivatives can be explicitly calculated
and therefore by easily evaluated. Because the
multiple retlection algorithm requires the equations
to be solved many times with similar values, every
iteration uses the previous solution as an initial
guess. Only the very first iteration is supplied with
a guess based on the DC components.

NEWTON’S METHOD

The differential equations are discretized for all r
samples forming the wvector of independent
vanables as given in Eq. (7). On the other hand,
the left sides of Eqgs. (3), (4), and (5) are taken as
components of a 3n-dimensional vector eror
function F whose zero is found iteralively hy the
Newton’s method. That is to say F can be
expressed as shown in Eq. (8B).
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(12)

Z, 1s the chardacteristic impedance of the imaginary
transmission lines between the subcircuits. Its
choice is not so important, but fuast convergence can
be achieved if Z, is approximately laken to be equal
to Z{w,), i.¢ the port impedance of the circuit at the
fundamental frequency.

For a rapid convergence of the algorithm the
reflection factors at both ends of the transmission
lines must be kept small. The DC bias sources,
however, have an intemal impedance of nearly
zero.  In this case a larger value of Z (source
impedance) is assumed and the bias voltage V,, is
offset to compensate for this anificial increase in
the DC source impedance. The flow diagram of
the overall simulation is given in Fig. 4.

To determine the parameters of the Curtice-
Ettenberg model one needs the DC as well as the
S-parameter measurement results that descnbe the
transistor. Neither of the two measurement results
15 sufficient alone to determine all the equivalent

Input: Model parameter, \|
arcuit parameter, & )

estiumale vy, v, or
| take previous selution \

t
| FFT ip time domain

. t
solving the differentia fmJ

equations of the intrinsic
FET with Newtans meth

FFT in frequency demain

__Reffection: vi=yi+rv |

calculate S parameter )

Figure 4 Flow Diagram of the Simulation

circuit elements shown in Fig. 2. This means both
measurement results must be used and compared
with the vollages and currents that are obtained
during the simulation. Then, the model parameters
are varied and with the help of an appropnate
algorithm, the model is further optimized till a
good  agreement  between  simulation  and
measurement results is oblained. The algonthm
used to optimize the model parameters of the FET
is the so called ’evolution pnnciple’ and is well
descnbed in [6].

RESULTS

The model parameter extruction method descnibed
edriter has heen applied to a GaAs MESFET type
HLT dull-2.  From the measured DC and §-
parameters  at 15 different operating  points
consisting of the combination: V,  {-15V, -
0.5V,0.5V} and V,  {0.5V, 1.0V, 1.5V, 3V,
5V}, and measured over the frequency range up to
40 GHz, the parameters of the Curtice-Ettenberg
madel have heen extracted and given in Table 1.
The relevant equations are as given in the Appendix
section. Note that at first the parameters a,, a,, a-,
¢y, § and v are determined from the DC
measurements. By using these values and by
varying r.R,, C,,, C,,, and g, the curve-fitting
between the measured and simulated S-parameters
is performed.

Since the influence of the individual model
parameters in some cases 18 Interdependent with
one another, it may be necessary to do several
switching between the DC and S-parumeter
optimization cycles and search for optimum values
and use different optimization vaniables at each
stage. In other words, it is imporlant to note that
a,, as an example, influences both the DC
characteristics as  well the small-signal
trunsconductance gain and the paradox here is that
the two optimization procedures do not always lead
to the same value. For this reasen both procedures
must be interchangeably used to evaluate @, until a
compromise value is found.
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The transistor model whose parameter extraction is
shown above was used to design a 16 to 32 GHz
frequency doubler. Figure 5 shows the predicted
maximum achievable conversion gain of the
doubler as a function of the second harmonic load
reactance. The optimum load was found to be
120+j410 §. The measured and calculated
conversion gain of the doubler as 1 function of the
input power is given in Fig. 6. As can be seen
from the figure there is good agreement between
measurement and simulation results,

CONCLUSIONS
A simplified nonlinear GaAs MESFET model has

been simulated and implemented for the design of
nonlincar microwave circuits such ax a frequency

a) Conduction current:

.

v

0.

where:

.
(@, + av, + .y + vy tanh(yv,) ,

doubler, The harmonic balance technique has been
used for the simulation. The designed circuit has
been tested experimentally and proved to be in
good agreement with the simulation results, thus
verifying the validity of the approach used. The 16
to 32 GHz frequency doubler realized here has »
maximum coverison gain of -0.5 dB which 1s yuite
a good result for such a high frequency of
aperation.

APPENDIX

The {ollowing equations for the noudine g bement:
of the Cortice-Ettenhery mode [7] are impdemiente !
in the program:

forv, =2 v (AL D)

for v, = (
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In the sunulation, 7 is assumed to be zero.

by Diode Currents:
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where,
kT
V. = 2
g
and
- \J-,,' .
i(exp :N_'f; - 1) + gmin)v, , for vy = -INV,
by = |- I+ gV for - V,_ + 50V, < v, < 5NV,
Vnd + Vbr
1 AR DU exp(—T) Y RV for v, < -V, + 50V,
where,
1'9.1 = vgs - tds
Finally the Schotticy-contact capacitances are given by:
, for v, < F_V,
C =
[
C - FY
S T | for w2 FVv,
/ - 2Vl - FJ) ! -
vl — }-( i i
and
for vy < F.V,,
C, =
,  forv, = FV,
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