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Optimum Design of Nonlinear
FET Amplifiers

CHAOYING GUO, MARC CAMIADE, DANIELLE ROUSSET, ANNIE CESSEY,
JUAN JESUS OBREGON, anDp ALAIN BERT

Abstract —In this paper, an efficient approach to the optimum design of
power amplifier stages is described. The impedances presented to the FET
are optimized independently of the topology chosen for their realization.
They are then synthesized by the usual methods of linear circuits. The
proposed method has been applied to the design of bread-band power FET
amplifiers. The realizations have given a good correlation between the
theoretical and experimental results. Moreover, the method is being used
in the optimum design of power FET multipliers.

I. INTRODUCTION

PTIMIZATION of nonlinear circuits will be a

formidable task for microwave engineering in the
coming years. A nonlinear circuit may be defined by at
least one semiconductor device and a linear embedding
circuit. Optimization of these circuits is usually done [1] by
first fixing a priori a topology, and then optimizing the
values of the linear elements afterwards. But is the topology
chosen the best one? In fact, this design method of
nonlinear circuits is directly derived from the linear
method.

In this paper, a new approach to the optimization of
nonlinear circuits is proposed. It allows a determination of
the upper limits that can be achieved by a given active
device. It has been successfully tested on power FET
amplifier design. The proposed method is explained in
Section II. In Section III the nonlinear FET model used is
described along with the experimental setup developed to
measure nonlinear characteristics of an FET with pulsed
voltages; the results of the optimization are presented in
Section IV. Finally, in Section V, the practical realization
and experimental results are shown and compared with the
theoretical predictions.

II. PrOPOSED OPTIMIZATION METHOD

Given a field-effect transistor (FET) defined by a time-
dependent nonlinear model, let us suppose that we want to
optimize the added power of the device, to use it in a stage
power amplifier.
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In mathematical form, the device model describes the
functional relationships between dependent and indepen-
dent port variables. For an FET, these relations may be
written in a general form valid for all nonlinear two-port
circuits as

i\(1) = Fyp (01(2),0,(2))

iy(1) =Gy (0:(2), v2(1)).
However, it is well known that the dependent variables in
an FET are in fact functions of v,(¢) and v,() (see Fig.

1). These latter voltages are now the independent variables,
and we may write

i(1)=Fy (Ugs(t)’ Uds(t))
iZ(t):GNL(UgS(t)7Uds(Z))' (1)

From these equations it is clear that the behavior of the
device is completely defined by a knowledge of the inde-
pendent variables v, (7),v,,(¢). In our example, let us
suppose that the working frequency is wj.

Voltages at the gate and drain of an FET may be written
in Fourier series:

Ugy([) = UgsO + Vgslcos(w()t + 4)1)

+ 0y, €08 (200t + P ) + - - -

U, (1) = 04,0+ V41 COS ol + Uygp €08 (20gt + ¢y )+ - - -

(2)
The transistor state is then defined by the vectors

v

850 Vyso
S g - _|v
Ugy = | Vas® and U, = | "dsl .

1L 23 v,e’?
Ugs€ ds

The vectors are the unknowns of the problem.
Introducing equations (2) in (1), the dependent variables
(port currents) may be written in Fourier series as

Iy Iy
[1 = |1’ and [, = 1216' 19,
I,e’" I,,e’%

Defining now the maximum added power of the FET as
the desired feature, one may write the function to be
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Fig. 1. Nonlinear FET model

optimized as

P, _P(V

1
gstds)"—"'z'R ( V21 I* 21_V11 1*11)

A standard optimization routine [2] may be used to
maximize P4, as a function of V,, and V.

During the optimization iterative process, the variables
are subject to two constraints: On the one hand, they must
verify the nonlinear equations (1); on the other, their
variations are limited by conditions allowing their physical
realizability. Once optimization is achieved, bias voltages
and FET loads are known from V slopt @nd Vdslopt as

bias voltages:

VgsO‘opt VdsO‘opt
FET loads:
at w,
*
= Vi - Y
Zy= IT" Zy=~- T
1 [ ope 21 opt
at 2w,
V, V.
— 12 22
Zy) = Zyp=~— _f_
12 | opt 22 o

Synthesis of the linear embedding circuit supporting these
optimized variables may be now undertaken.

Our proposed process leads to global optimization of the
overall nonlinear circuit. Indeed:

® The values of the access variables of the semiconductor
device have been optimized for the desired objective
function.
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® The linear embedding network is synthesized to sup-
port these optimized variables as input signals at their
own ports.
I11. NONLINEAR FET MODEL— DETERMINATION OF
THE NONLINEARITIES

A. Large Signal Dynamic GaAs MESFET Model

The transistor used is a 0.5X 800 pum FET. Fig. 1 shows
the equivalent circuit model, in which four main nonlinear
clements of GaAs MESFET have been considered. They
are

* the input Schottky diode C,, representing gate current
in the gate—source junction;

® the gate—source capacitance C;

e the drain current source I, ;

e the drain-gate voltage-controlled current source I,
describing the drain—gate avalanche current.

The current of the input Schottky diode is given by

I,=1,[exp(aV,,)-1]. (3)

The drain current I, proposed by Tajima [3] has been
modified as follows:

f(Vgs’VdS):Idss'FG'FD
1 1—ex mV,
FG=— Vsn— p( gsn)
K| ¢ m
Fy —1—exp[ (dm+ansn+de3sn)]
V.-V, ‘
ngn—l _u
' Y
Vd.v
V, =———
dsn v . WV/
+
dsp Vp
VP = Vpo+ pVa+V,
1—-exp(—m
kog_ imeel=m)
m

Vi=Veli=1) (4)

where I, m, a, b, w, V,, p, and V, are model
parameters. ¥, represents the pinchoff voltage and , the
transit time under gate. The parameter ¥V, has been put
into the original relation to make the simulation better fit
the measured curves in the saturation region, especially for
V,, around zero voltage, and G,, has been neglected for
the sarne reason.

The avalanche current /,, is simulated by the following
equation:

Ly =Toola+bV5) ™ (5)
where I, a. b, ¢, d, and e are model parameters. It must
be noted that the capacitances C,; and C,, may be mod-
eled as functions of V,, and V,, from the total charge
under the gate: Q. However, to a first approximation, C,,
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may be considered a constant, and C,, may be represented
by the well-known Schottky abrupt junction expression:

for V, <7, (6)

as

and for V, > 0.8V,

Cos =Cyil s, —0.5v,, = comst.

B. Determination of the FET Model Elements

1) Determination of Linear Elements: In order to obtain
more precise values, the measurements were performed in
two steps. DC measurements are used to calculate the
values of the resistances R, R, and R, while C,, of the
gate junction and the values of other linear elements are
determined from S parameter measurements in the 2-18-
GHz range.

2) Determination of Nonlinear Current Sources: To
minimize thermal and trapping effects, the pulsed setup
shown in Fig,. 2 has been developed.

Absorbers were needed to stabilize the FET from very
low frequencies up to microwaves. Synchronous, short-
pulse voltages V; and V, superimposed on the dc voltages
Vip and V,,, which are around the operating point, are
applied to the gate G and the drain D, respectively. These
pulses have variable amplitudes, widths, and repetition
rates.

In fact, the best method for characterizing a transistor in
the whole plane 1, = f(V,,, V), is to bias the transistor at
Veso=0 V and V,,=0 V and measure it by pulsed
voltages for different temperatures.

A comparison between several repetition rates and
widths shows that a 200-ns pulse width and a repetition
rate of 10-100 kHz are best for minimizing the thermal
and trapping effects. However these values depend on the
FET used.

The drain currents I, measured by pulsed voltages and
by dc voltages are both represented in Fig. 4. This setup
makes it possible to measure independently the different
current sources as functions of the external applied volt-
ages:

I,.(V,V,): field-effect current
I(V): Schottky current
I,V V,): avalanche current.

These currents, which are functions of V] and V,, are then
transformed to internal current sources depending on V,
and V,,, by taking into account the voltage drops in R,
R, and R,. One obtains

Idszf(Vgs7Vds)
]g=g(I/:gS)

Igd:h( gS’Vds)'
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Fig. 2. Pulsed measurement setup.
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Fig. 3. (a) Gate current I, as a function of gate voltage V, . (b)

Avalanche current /,, as a function of gate and drain voltages V,, and
V,.. ® Measured. Fitted.
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Fig. 4. Drain current J, measured by pulse voltages with 200-ns
widths and 100-kHz repetition rates. Pulsed. O Measured.
----dc.

These experimental curves are now fitted to the previously
given expression.

Experimental points are plotted in Figs. 3 and 4 together
with the simulated curves based on the (3), (4), and (5) for
comparison.

IV. OPTIMIZATION OF THE AMPLIFIER STAGE

The objective is to design a power amplifier giving the
maximum added power covering X- and K -band. Since
the bias voltages must be kept constant, they are optimized
at 18 GHz and taken as constant at the other frecuencies.

Optimization of the Amplifier

Let 171,, Vs I:,, and I;, be the complex voltages and
currents at frequencies if, (i=1,2,3,---) and ports 1,2.
The problem is to maximize

1 — — — -3
Poigea = '2' Re(— Vor I3 - Vu‘lf'f)

under the following constraints [4]:

1711 >C, i=1

Rel| = at port 1
111 SC,, l=2,3,
Vi

Re —I_,— <D, i=1,2,3,--- atport2

where C,, D, (i=1,2,3,- - ) are constants (C,; > 0, D, > 0).

In the first procedure of optimization, C; and D, (i=
1,2,3,--+) can be chosen equal to zero. If the optimum
impedances at ports 1 and 2 are difficult to realize, C; and
D, must be changed to the positive constants.

Optimum design is achieved by an iterative procedure.
A quasi-Newton method called the variable metric method
(Broyden-Fletcher—Goldfarb—Shanno [BFGS] method) is
used as an optimization method for minimizing the objec-
tive function F(X), where X7 = (x,, x,," - -, x,,). The vec-
tor X represents the set of unknowns. The method is
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Fig. 5. Theoretical impedances at fundamental frequency w,.
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Fig. 6. The influence of second harmonic frequency for the result of
optimization.

logically divided into two parts. The first part has the task

of selecting a direction d
d,=—H,vF(X") (7)

where

Skysz + HkYkSIZ

“SkTYk

v. Hy, 18,87
Hk+1=HA+ll+ - “] -

SZY/( 8/<TYk
6/‘ — XA+1 . Xk

v, =VF(X*") - vF(Xx*)
k. number of iterations
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Fig. 7 Equvalent circuit of one-stage power amplifier
while the second part searches along the direction d, to [dB]
find the minimum of the function F(X) along d,. The (@ 0
convergence speed of this method is faster than other
published methods when the number of unknowns is great- 25
er than 10. -5
From (7), the derivatives of the objective function VF( X) o
have to be calculated for determining the searching -75 I \o o
direction d. We can use numerical differentiations in place o o
. . . -10 Ff O —o—0—0TTN o—0—"
of derivatives, but the long CPU time and poor accuracy o0—o"
cannot be avoided. -12.5F
In faCt' from (1)’ —-15 L Lo PO N L L L L ! L [GH2]
il(t)=FNL(vgs(t)'vds(t)) 6 8 10 12 14 16 18
. (dBm)
12(t)=GNL(vgs([)7Uds(t)) )
®) 24 } coo experm}entol results
and the equations of nonlinear elements (3), (4), (5), and - theoretical results
(6), all derivatives of the objective function, could be 22 L 2
presented in analytical form. So the problems of long X s
computing time and accuracy are solved. 20 | °
. (-3
In order to make the unknowns have the same dimen- |
signs, Re (V,,), Im(V,,,). Re (V“,SJ)_, and Im (V) 18 b
(j=0,1,2,---, N) are chosen as the variables. In the pro- I
cedure of optimization, we first select initial values el e
Re(Vg\;)7 Im(Vg.)/)’ Re(Vds])’ Im(_,Vde)’ I/;g)s()’ and VdsO and 6 8 10 12 14 16 18
then use circuit analysis to find I,and I, i=1,2,3,---. Fig. 8. (a) Output return loss of the one-stage power amplifier (b)

Other feasible points are then calculated by using the
optimization algorithm.

Optimized bias voltages V,,, ¥V, and optimum imped-
ances Z,, are finally obtained for k=1,2; i=1,2,3,---.
In our design, we have obtained

V,o=—1V

g

at 18 GHz, and they have been kept constant at other
frequencies. Fig. 5 gives the theoretical impedances at
fundamental frequency w,, Z, and Z,. The influence of
higher harmonics (second and so on) is very small since the
maximum added power occurs in the “quasi-linear” region

Maximum added power of the one-stage power amplifier.

(around 1 dB gain compression). The effect of the second
harmonic is shown in Fig. 6.

V. AMPLIFIER REALIZATION — EXPERIMENTAL
RESULTS

FET’s from different sources have been characterized
and optimized by using the previous analysis. Taking into
account the results given by the nonlinear optimization,
linear embedding circuits have been synthesized.

Fig. 7 shows the circuit of a one-stage medium power
amplifier using a typical 0.5%X800 pm FET. The output
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Fig. 9. 26-dBm amplifier.
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Fig. 10. Experimental results of 26-dBm amplifier. (a) Linear gain (dB).

(b) Output power (dBm), with P, = —5 dBm. Frequency is in GHz.
The following temperatures were used: 1= —40°; 2 =20°; 3 =90°.
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return loss is given in Fig. 8(a), and the computed curve
and experimental points representing the maximum added
power versus frequency are shown in Fig. 8(b). Since
experimental results include the circuit losses, the cor-

telation is better than 1 dB. The same procedure has been -

used to design the output stages of a 26-dBm amplifier
(Fig. 9). Experimental results of this amplifier are given in
Fig. 10,

VI.  CONCLUSIONS

In this paper, a new approach to the optimization of
nonlinear amplifiers has been described. The key point of
this approach is that no topology of the embedding linear
network is to be chosen a priori. Hence the performances
of the active devices calculated by this method are the
upper limits that can be achieved by the given active
device. To validate the proposed method, it has been
applied to the design of a broad-band amplifier. Practical -
results- have shown very good correlation with the
theoretical prediction.

The method is being extended to the optimum design of
other components such as power multipliers and convert-
ers. ‘
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