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A Nonlinear GaAs FET Model for Use in
the Design of Output Circuits for
Power Amplifiers

WALTER R. CURTICE, SENIOR MEMBER, IEEE, AND M. ETTENBERG, LIFE SEﬁIOR MEMBER, IEEE

Abstract — A nonlinear equivalent circuit model for the GaAs FET has
been developed based upon the small-signal device model and separate
current measurements, including drain-gate avalanche current data. The
harmonic-balance technique is used to develop the FET RF load-pull
characteristics in an amplifier configuration under large-signal operation.
Computed and experimental load-pull results show good agreement.

I. INTRODUCTION

HE GENERAL-PURPOSE nonlinear circuit analysis

programs that exist were designed primarily for tran-
sient (time-domain) analysis of silicon integrated circuits
[1], [2]. By adding new models for GaAs devices, Curtice
[3] and Sussman-Fort et al. [4] show that these programs
can be used for the study of GaAs integrated circuits.
However, a more sophisticated model is required to study
GaAs power FET’s operated at high dc-to-RF conversion
efficiency. Such a model must contain an accurate descrip-
tion of all important device nonlinearities and also effi-
ciently analyze the external microwave circuit interaction
over many RF cycles. The circuit reactances lead to time
constants large relative to the RF period. Time-domain
analysis is thus inefficient and, in fact, unnecessary since
the reactances are linear.

Rizzoli et al. [5] described a general-purpose nonlinear
microwave circuit design technique that efficiently analyzes
the device—circuit interaction by application of the
“harmonic-balance” technique [6]. Camacho-Penalosa [7]
described the application of this technique to the micro-
wave FET.

In GaAs power amplifiers, the load-pull method is often
used to experimentally obtain optimum load conditions at
large-signal operation [8]. Sechi [9] developed a graphical
extension of this technique to maximize the RF power
output subject to a specified maximum value of intermod-
ulation distortion. However, the load-pull measurements
are time consuming and difficult at high RF frequencies.
An analytical technique would be very advantageous.

Tajima and Miller [10], Willing et al. [11], Peterson et al.
[12], and others have reported nonlinear GaAs FET models
for the design of power amplifiers. We have extended the
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work of Peterson et al. and made detailed comparisons of
computed and measured load-pull characteristics using a
nonlinear analysis program for the GaAs FET amplifier
based upon the harmonic-balance technique.

Materka and Kacprzak [13] recently proposed a large-
signal analysis of a GaAs FET amplifier. Our model is
similar but has significant differences in detail. We meas-
ure avalanche breakdown voltage for devices and use these
values in the analytical model. The nonlinear gate-to-source
capacitance variation that we measure is different from the
ideal variation assumed by Materka and Kacprzak. We
also include second- and third-harmonic voltages in the
analysis and show this to be significant. Nevertheless, the
agreement shown by Materka and Kacpzak between their
measurements and model calculations is excellent.

Our nonlinear device model has evolved from the self-
consistent GaAs FET small-signal model reported by
Curtice and Camisa [14]. This program provides a com-
puter-aided means to develop output circuit designs that
optimize the amplifier performance (i.e., efficiency, band-
width, etc.). Accurate prediction of large-signal load-pull
performance is essential to accurately design output net-
works. In addition, we operate the program on Hewlett-
Packard 1000 RTE minicomputers to reduce the cost of
computation.

Section II reviews the nonlinear analysis program. The
FET model and the method of evaluation of the nonlinear-
ities are presented in Section III. Mathematical equations
are presented in Section IV. The remaining sections de-
scribe analytically generated load-pull results and their
comparison with measured load-pull data. Large-signal
FET simulations by the nonlinear program are also com-
pared with simulations from a two-dimensional device
model. This comparison shows the importance of including
the third harmonic of voltage in the output circuit.

II. THE NONLINEAR FET PROGRAM

This program consists of a time-domain model of the
GaAs MESFET coupled with frequency-domain models
for the input and output matching circuits. The nonlinear
FET elements must be analyzed in the time domain to
preserve their physical nature. The linear circuit response
to the FET current excitation can be analyzed in the
frequency domain by standard techniques. Transformation
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Fig. 1. Program flow chart.

between the time and the frequency domains is accom-
plished using a discrete Fourier transform. A valid physical
solution is obtained when the voltage waveform at the
input (or output) of the FET produces a current waveform
into the device that is the negative of that into the RF
circuit to within some small error. The program flow chart
is shown in Fig. 1. The method of successive approxima-
tion is used with less than 100-percent update to assure
convergence,

III.

Fig. 2 shows the equivalent circuit model assumed. This
model is noticeably different than used by Curtice and
Camisa for accurate small-signal modeling of GaAs
MESFET’s. The drain-channel capacitor is omitted to sim-
plify node current equations. This produces some loss of
accuracy. In addition, two new current sources are used.
The drain-gate voltage-controlled current source represents
the drain-gate avalanche current that can occur at large-
signal operation. The gate-source voltage-controlled cur-
rent source represents gate current that occurs when the
gate-source junction is forward biased. The third current
source 1,(V,,, V) is the large-signal form of the usual
small-signal transconductance.

Fig. 3 shows the measured dc current-voltage relation-
ship for an RCA device studied. This data is measured in

EvALUATION GaAs MESFET NONLINEARITIES
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the automated Fukui [15] equipment, and Kelvin probes
are used (and required) to obtain accurate data. Fig. 4
shows data on the same device for larger drain-source
voltages. The data for higher currents in Fig. 3 are appre-
ciably influenced by heating effects. However, this should
not cause large error in the nonlinear model. Fig.. 4 shows
that the device pinchoff voltage increases appreciably at
larger drain-source voltage. The early version of the nonlin-
ear program assumed a square-law relationship between
the (saturation) current and the gate-source voltage. Real
devices often do not exhibit such a relationship and it is
more accurate to use a cubic approximation

I;,= (Ao + AV + AV A+ A3V13)'tanh(Y'Vout(t))

where V] is the input voltage. The coefficients 4, can be
evaluated from data in the saturation region at the same
time the data of Fig. 12 is measured. We use a simple
Fortran program for evaluation of the 4,’s with least-square
error. One disadvantage of the cubic relationship is that
untike the quadradic, a pinchoff voltage may result that
makes current zero or transconductance zero, but not both.

The following method is used to include the phenome-
non of pinchoff voltage increase with drain-source voltage
(Fig. 4). We assume

Vi=Via(t = 1) [14 B(V2 = Vo (1))]
where

B coefficient for pinchoff change,

V0, output voltage at which A, 4,, 4,, A, were
evaluated, and

T internal time delay of FET.

The form of this equation is not physically significant.
Measured RF data (see Appendix A) shows that 7 is a
direct function of drain-source voltage, or

T=A5'Vout(t)'

Fig. 5 shows the current-voltage relationship calculated
using these equations for the RCA device whose character-
istics were shown in Figs. 3 and 4. This technique produces
an accurate approximation to the measured data.

Pulsed measurement of drain-gate avalanche currents
were made on a number of devices. Fig. 6 shows data for
the device previously studied (Figs. 3 and 4). Notice that
the drain currents cannot be pinched off at large drain-
source voltages due to the gate current produced by
avalanche breakdown. This is an important phenomenon
that limits both RF current and power output. In this
model, the drain-gate avalanche current is taken to be

Vdg(t)_VB V. >V,
> dg B

0, Vg <V5
where V=V, + R, 1, R; is the approximate break-

down resistance, and R, is the resistance relating break-
down voltage to channel currents.
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The forward-biased gate current is taken to be
Vin t)— Vi
VulO =W, V1) 2V,

0, Via(8) <V

where ¥, is the built-in voltage and R is the effective
value of forward-bias resistance.
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Fig. 4. Same as Fig. 12 but for larger drain-source voltages.

The values of R,, R,, and R, are obtained from the
automated Fukui measurements. The values of C,,, C,,,
R, and C, at the bias point are obtained from the
small-signal model using the technique developed by
Curtice and Camisa. Although both C,; and C,, are non-
linear functions of voltage, computation including these
characteristics produced only small effects upon the RF

. saturation characteristics.
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Fig. 6. Pulsed current—voltage data for RCA device B1512-3A.

The drain-source resistance is also a strong function of
Vg and V.. However, differentiation of the drain current
in the model gives the following result for small-signal
output RF conductance:

\'YIds' SeCh2 [‘YV;)ut(t)]
tanh(YV;n]t(t))

8us - ngBI/in+

B Rds
where
8o = (A, +24,V, +34,V2) -tanh [y-V (1)].

The three terms comprising g, may be understood to be:

1) a fixed conductance term; 2) a substrate conductance .

term that causes the pinchoff voltage change with V,; and
3) a channel conductance term that is important only at
low drain-source voltages (i.e., below current saturation).
The net result is that the output RF conductance depends
upon V,, and V,, consistent with actual device behavior.

The small-signal intrinsic transconductance can similarly
be evaluated by differentiation of drain current with re-
spect to V.. The result is

8= Zmo |1+ BV = Vo (1))].

Coefficient B causes the transconductance to decrease with
increasing drain-source voltage, consistent with the behav-
ior of GaAs FET’s.
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In summary, the equivalent circuit model has been con-
structed with the simplified circuit shown in Fig. 2. The
principal nonlinearities are the voltage-controlled current
sources. These must be characterized for each device. It
was found to be important to include the bias dependance
of pinchoff voltage in the drain-current source. The small-
signal properties of the model were found to be consistent
with the FET behavior.

IV. DESCRIPTION OF THE COMPUTER PROGRAM NFET

The program NFET was described briefly in Section II.
We now describe the analysis of the FET amplifier using
this program.

Fig. 7 shows the lumped-element equivalent circuit model
of the GaAs MESFET amplifier. The two-port networks
[Y,] and [Y,,] are matching networks presumably de-
signed for maximum power transfer at the input and the
output, respectively. Notice that the gate and drain resis-
tances of the FET are absorbed into these networks. Fig. 8
shows a typical topology for a carrier-mounted FET. The
first design of these networks is usually done using
SUPER-COMPACT™ [16] to achieve conjugate matching
at input and output for small-signal operation. This pro-
duces the maximum gain condition. Once a trial design is
available, the Y-transfer characteristics can be evaluated.



CURTICE AND ETTENBERG: NONLINEAR GAAS FET MODEL

The input voltage is
Vi) +V, (8) =V + Y [a,sin(nwt)+b,cos(nwt)]

where V, (¢) is the voltage drop across the source resistance
and inductance which is assumed to be

V() =Vi+ Y [c,sin(nwt)+d,cos(nwt)].
n

The output device voltage is

Voud 1)+ V(1) =V + L[ £, sin(nest) + g, cos (nor)]
n
f

The present version of NFET uses dc, fundamental-,
second-, and third-harmonic voltage components. The
time-domain expressions for V,,(¢) and V_,(¢) are used to
generate device currents. For example, the total drain
current consists of drain-source current

V;)ut ( t) - Vo‘fxct
R

d
Ids[Vin(t)’ Vout(t)] +Cds£ Vout(t)+
ds

plus drain-gate displacement current

d
Cag 7 [Vou(1) = Via 1)]

and the avalanche current if [V, (¢)—V, (¢)] > the break-
down voltage V.

The drain and gate currents are then Fourier analyzed to
find their frequency components using a discrete Fourier
transform. Linear circuit elements, such as C,g» meed not
be included since the answers are known a priori.

V. FET Loap-PuLL SIMULATION

As an application of the nonlinear analysis program
(NFET), a load-pull program was written to simulate the
FET performance at high drive levels under variable load
conditions. The program runs interactively on the
HP1000,/A900 and plots contours of constant power out-
put on a Smith Chart.

The algorithm which controls the load pull relies on the
fact that the contours of constant power are closed curves
and that the power within a given contour is higher than
the contour power while the power outside is lower than
the contour power. The load pull is designed to proceed in
a counterclockwise direction from the first point desig-
nated as a contour point. A test point is taken by increas-
ing the radius vector of the reflection coefficient to the
given point. If the power at the test point is greater than
the contour power, the test point rotates clockwise to find
the next contour point. If the test point gives a lower
power, then it is outside the contour and the test point is
rotated counterclockwise to find the next contour point.
The “width” of the contour is programmable and is usu-
ally taken as 1 percent of the contour power. If the
calculated power points fall outside this limit, the al-
gorithm interpolates between the two nearest values.
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VI

Fundamental- and second-harmonic voltages are used
for the calculation presented in this section. Fig. 9 shows
the calculated RF power output as a function of RF power

COMPARISON WITH EXPERIMENTAL DATA

_input for RCA device B1512-3A for a case of output

matching for high gain. Strong output power saturation
occurs due to the large RF voltage amplitudes. As the
degree of saturation increases with increase of RF input
power, the computed average drain current decreases, the
average gate current increases, and the reflection coeffi-
cient at the input increases as seen in Fig. 9. These effects
are in agreement with experimental observations. These
calculations were made assuming a constant value of
gate-source capacitance. The dashed output power curve
shows the result for voltage-variable gate-source capaci-
tance. Here a square-root relationship was assumed with a
built-in voltage of 1 V. This variation is much larger than
measured but produces less than a 10-percent increase in
the output power. Therefore, the assumption of a constant
gate-source capacitance does not greatly effect the accuracy
of the results. The reason for this behavior is described in
Appendix B.

By reducing the shunt resistive loading of the output
circuit, higher RF power output can be achieved. Fig. 10
shows the input/output power relationship calculated at
two different output loadings. The case of lower shunt
impedance (73 §) is very similar to the measured data (also
plotted in Fig. 10). However, there is more gain and more
(forward-biased) gate current in the calculated results. This
indicates that the model does not fully reproduce the
operating conditions. ‘

The power data of Fig. 10 are replotted in Fig. 11 using
a logarithmic scale. Note that there is about 2-dB dif-
ference in the power gain for the data and the lower shunt
impedance case. A portion of the 2 dB is believed to be due
to input losses in the tuner used in the measurements.

Load-pull contours are developed as follows: The load is
adjusted for maximum output power for a given RF drive
power. Then the load is changed to produce less output
power (e.g., —1 dB), and a load contour for constant
power is measured.
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Fig. 12 shows the calculated and measured load-pull
contours (for a nominal maximum output power of 200
mW) for this device for 176- and 145-mW power output at
12 GHz. The agreement is good. Fig. 13 shows the calcu-
lated and measured points of the load for maximum power
output for various output power values. These do not agree
as well as seen in other devices.

Fig. 14 shows the effect of harmonic voltages upon the
input/output power calculated for this device with opti-
mized output loading. Note that neglecting the second
harmonic significantly changes the output power in the
saturation region. However, it is difficult to evaluate accu-
rately the impedance seen at each harmonic in a given
circuit. The impedance used for this calculation assumes
lumped-element matching.

Fig. 15 shows the calculated load-puil contour for 175-
mW output power for a second RCA device at 50-mW RF
input power. However, in the experiment, the RF input
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Fig. 16. Smith Chart display of calculated and measured RF output
loads for constant output power of 150 mW for device B1824-1C at
12 GHz.

power was 104 mW. Fig. 16 shows the same comparison
for an output power of 150 mW with the same drive
conditions. There is good agreement with regard to output
load-pull characteristics for a given output power, but
disagreement in driver power (and gain) by approximately
3 dB. Some of this error is attributable to losses in the
input tuner used in the measurements, although the actual
value of tuner loss was not measured.

The maximum RF power output for the simulation with
50-mW input power is 216 mW. In the experiment using a
104-mW RF drive, the maximum RF power output was
205 mW.

Fig. 17 shows the load conditions for maximum power
output at seven different output power values as computed
by the nonlinear program. Measured data are also shown
and are in good agreement.
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VII. COMPARISON OF THE NONLINEAR MODEL
WITH THE Two-DIMENSIONAL FET MoDEL

A direct comparison was made between the large-signal
operation of the nonlinear FET model and that of an
accurate two-dimensional (2-D) time-domain model for the
GaAs FET. The 2-D model [17] includes carrier heating
effects that produce velocity overshoot. In addition, the
2-D model produces voltage waveforms that are not re-
stricted in harmonic content. Thus, it is possible to evaluate
the accuracy of the nonlinear program with regard to the
harmonic content of the voltage waveforms.

Fig. 18 shows the 2-D FET model and the external
circuits and voltage sources. The gate is driven by a
sinusoidal voltage source so negligible harmonic impedance
will be assumed in the gate circuit for the nonlinear model.
The drain load is 110 @ shunted by a small capacitance to
produce a time constant of 0.1 ps which is necessary to
stabilize the solutions for the 2-D model. The FET is of
short gate length (0.33 pm), high donor value (1.5X
10'/cm’), and 100-um width. The average current under
the bias voltage shown is 20.0 mA, which makes the
average drain voltage approximately 3.0 V. The input RF
frequency is 25 GHz.

Time-domain simulations were made using the 2-D model
and circuit for RF input voltage amplitudes of 0.75, 1.5,
and 2.5 V. Each required considerable computational time.
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Fig 19 shows the drain Voltagé and current waveforms for
an input amplitude of 2.5 V. The simulation was made for
one and one-half RF cycles. The voltage waveform can be
seen to be repeating indicating that it is a steady-state
waveform. The current is not calculated as accurately and
has computational fluctuations that are not physically
meaningful. The voltage waveform was then Fourier
analyzed to find its harmonic content for comparison with
the nonlinear model.

The nonlinear FET model was developed in the follow-
ing manner. A small-signal equivalent circuit model was
evaluated for the 2-D FET operated at a drain-source bias
of 3.0 V. The elements values are:

R, =6.04
C,s = 0.0461 pF
Cie=4.90f{F
8, =17.50 mS
T=0.5ps
R, =5280Q
C,,=0
R,=51
R, =0
R,=0

Lsoyrce = 0.

The 2-D model was also used to calculate the steady-state
drain current as a function of gate-source and drain-source
voltages. The coefficients for analytic approximation of
1, (Vi Vour) were then evaluated. Avalanche breakdown
and gate forward biasing were neglected.

Using these device parameters, the nonlinear FET
amplifier program was operated assuming the RF load
shown in Fig. 18. The solid lines in Fig. 20 are values of
harmonic power delivered to the load as calculated by the

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-33, NO. 12, DECEMBER 1985

INPUT POWER (dBm)

-8 -6 -4 -2 0 2 4
20 1 T T T 1

/_.O

(s}
FUNDAMENTAL

o

- 4}
THIRD

OUTPUT POWER {(dBm)
[}
®

I"SECOND

HARMONIC o P
-12} SW

of
o

—20f N /

FOURTH FOURTH
_24 'LngfJOND

t THIRD

-28 ITHIRD, HARMONIC
-32}
-3el

Fig. 20. Output power at fundamental-, second-, and third-harmonic
frequencies as a function of input power. Solid lines are from NFET
and points are from the two-dimensional model.

nonlinear program and the points are results of the 2-D
simulations program.

The agreement is excellent for the fundamental output
power. The agreement for second- and third-harmonic
output power is good except at the lowest input power.
Here the harmonic power calculation is clearly inaccurate
in the 2-D program because all harmonic powers are the
same, which is nonphyswal Only three harmonics are used
in the nonlinear program so the fourth harmonic is not
evaluated.

Notice particularly that the third-harmonic output power
dominates in the FET. This effect has been observed
experimentally by Willing et al. [11] and leads, we believe,
to important third-order intermodulation distortion (IMD)
in GaAs FET amplifiers. In fact, the IMD could be
evaluated using the analytical model with some further
programming effort.

Fig. 20 clearly shows that the nonlinear program accu-
rately predicts saturation effects due to the nonlinear cur-
rent control characteristic and also predicts harmonic power
output accurately when harmonic impedances are accu-
rately known. Once the parameters of the nonlinear model
were known, it took 1,/300 the computation time to gener-
ate the curves of Fig. 16 than it did to get the three cases
with the 2-D model. The nonlinear model is clearly more
efflclent

VIIL

We have developed the FET model suitable for efficient
calculation in the large-signal region. It is useful for devel-
oping optimized output network designs for high-power
GaAs FET amplifiers. The program efficiency results from
the use of the harmonic balance technique wherein the

CONCLUSION
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nonlinear FET is analyzed in the time domain and the
linear circuit is analyzed in the frequency domain,

The principle nonlinearities of the FET are voltage-con-
trolled current sources. The nonlinearity of the reactive
elements does not affect the large-signal solution greatly.
However, it is necessary to evaluate the characteristics of
the current sources for each device to be simulated. The
simulation can be performed with a voltage waveform
containing fundamental- and second-harmonic frequencies
or fundamental-, second-, and third-harmonic frequencies.
All FET current harmonics are included. The third
harmonic is used only when accurate circuit impedance
data is available at the third-harmonic frequency.

The nonlinear FET model was coupled to a program to
generate constant output power contours on a Smith Chart.
Excellent agreement was obtained with the measured load-
pull characteristics at 12 GHz. However, the simulation
predicted more gain than was measured in the experiments.

Finally, a comparison was made with large-signal simu-
lations using an accurate 2-D model for the GaAs FET.
This model includes carrier heating effects that produce the
phenomenon of velocity overshoot. The output current and
voltage waveforms in time could be directly compared for
this case and the harmonic power contents were found to
be in good agreement.

APPENDIX A
DEPENDENCE OF THE FET PARAMETERS UPON BIASING

S-parameters were measured over a wide range of
drain-source and gate-source voltages. The objective was to
better understand the properties of the FET that contribute
to good dc-to-RF power conversion. These measurements
are useful because during large-signal operation, the device
operating voltages have large excursion. Lumped-element
circuit models were then constructed at each operating
point. .

The device tested (B1499-97) is capable of over 21-per-
cent power-added efficiency at 20 GHz. Devices from this
wafer have also operated at 35 GHz. This FET is repre-
sentative of good but not the best of our devices.

Tables I and II show the values of the important equiv-
alent circuit parameters as a function of gate-soutrce volt-
age (Table I) and drain-source voltage (Table II). Although
not presented here, we also have evaluated the circuit
parameters at various gate-source voltages at V, =1, 2 and
4 V. The parameters in the table are

& transconductance,

T current delay time,

C,,  gate-source capacitance,
R, gate-source resistance,
"C,, drain-gate capacitance,
R,  drain-source resistance.

The following conclusions can be drawn from these
measurements.

1) R, is a strong function of ¥V, and V,; and is
approximately proportional to V.

2) g, is a strong function of both V, and V..
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TABLEI
FET EQUIVALENT CIRCUIT PARAMETERS AS A FUNCTION OF
GATE-SOURCE BI1AS FOR DEVICE B1499-#97, 1, =8 V
v f

gs L t cgs Ri Cdg Rds
w) (mS) (ps) (pF) @ (pE) @)

0 56.38 8.65  0.949 1.14 0.0141  515.2
-1 49.9 8.37 0.799 1.64 0.0200 422.9
-2 47.0 8.19 0.739 2.27 0.0259 326.2
=3 45.33 7.20 0.688 2.13 0.0327 269.1

TABLEII
FET EQUIVALENT CIRCUIT PARAMETERS AS A FUNCTION OF
DRAIN-SOURCE BiAS FOR DEVICE B1499-#97, V, = -2V
vds &n t cgs Ri cdg Rds
w (m$)  (ps) (pF) ) (pE) €D}

1 66.03 2.56 0.495 2.04 0.1993 22.4

2 63.97 3.11 0.607 1.82 0.0883 95.9

3 57.31 4.91 0.6614 1.65 0.050 171.3

8 47.00 8.19 0.739 2.27 0.0259 326.2

3) = is a strong function of V,, being approximately
proportional to V..

4) C,, is a strong function of both ¥V, and V..

5) C,, is a function of both ¥, and V,.

It is usually assumed that GaAs FET’s follow a gate
control characteristic resulting from a depletion depth
calculable using a simple abrupt junction model. Neglect-
ing source resistance, the saturated drain-source current
I, is equal to

Ips= Ig(l- d/a)

where

a active layer thickness,

N, donor value,

Z  gate width,

v,  saturated election drift velocity,

d depletion depth,

V,s gate-source voltage,

Vy; built-in voltage,

V,  pinchoff voltage (gN,a*/2¢),
and

d/a= [(VBI - I/gs)/V;;]l/z
I,=qN,Zav,.

By differentiation of I, the intrinsic transconductance &m
is :

8n=¢€2Zv,/d.
The gate-source capacitance C,, is approximately equal to
C,y=€ZL,/d

2
where L, equals gate length. (Parasitic capacitances exter-
nal to the conduction channel are not included in C,,.) If
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TABLE III
FET AVERAGE VELOCITY CALCULATION AS A FUNCTION OF
DRAIN-SOURCE BIAS VOLTAGE FOR DEVICE B1499-# 97,

Ve=-2V
Vds tt:t: = Cgs/gm Vs7= Lg/ttt
w) (ps) (10" cm/s)

1 7.50 1.33

2 9.48 1.05

4 11.54 0.867

8 15.72 0.636

TABLE IV

FET AVERAGE VELOCITY CALCULATIONS AS A FUNCTION OF
GATE-SOURCE VOLTAGE FOR DEVICE B1499-#97, IV, =8V

VgSv Ids 1:tt = Cgs/gm Vs ; Lg/ttt
w) (mA) (ps) (10" cm/s)
0 190 16.83 0.594
-1 125 16.01 0.625
-2 95 15.72 0.636
-3 75 15.18 0.659

the transit-time under gate 7, is defined as L, /v,, then

Ttt = Lg/vs = Cgs/gm'

Notice that there is no obvious dependence upon drain-
source voltage although real devices show the following
several dependencies.

1) C,, increases strongly as ¥, increases. This indicates
a reduction in the depletion layer depth d, probably due to
increased lateral diffusion due to increased electron energy.

2) The transconductance g,, decreases as V;, increases.
Since d is decreasing, the saturated velocity v, must be
decreasing significantly as ¥, is increased.

3) C,,/8. increases strongly as V,, increases. This is
due to the decreasing v, with V, increase.

4) The time-delay factor for transconductance  changes
little with V,, but increases directly as V. Since T must be
directly related to 7,, this effect is also a result of v,
dependency upon V.

We will now quantitatively interpret the FET measure-
ments. Table I lists the calculated values of 7, and v, as a
function of V. Table III shows that there is a strong
dependence upon V.. However, the biasing power varies
greatly during variation of V,, so it is important to verify
that average heating effects are not responsible for the
changes in v,.

Table IV shows v, as a function of V,,. Here also there is
a large change in bias power. However, there is negligible
change in v, in Table IV. Therefore average temperature
effects are not important in the results of Table I. The
strong dependence of average electron drift velocity on
drain-source voltage clearly influences the FET frequency
respornse.
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Fig. 22. Gate-source capacitance as a function of drain-source voltage
as determined from small-signal measurements for two laboratory
devices with 1, =—1 V and for a two-dimensional simulation model
with V= ~2.75 V.

APPENDIX B
GATE-SOURCE CAPACITANCE NONLINEARITY

The gate-source capacitance of a GaAs Schottky-barrier
FET varies with both gate and drain voltage. However,
measurements show that the variation is not large and it
can often be neglected in nonlinear modeling.

Fig. 21 shows measured values of Cg';z plotted as a
function of V,,. The graphs are approximately linear as
expected but the slopes are much less than expected. From
the equations of Appendix A, it can be shown that, ap-
proximately

_i_ _ 2(VBI - Vgs)
2 272
Co gNZ°L,
Separate measurements of the built-in voltage V5, show it
to be about 0.75 V. Since the above expression for Cg‘s2
must go to zero value at V, =V, we must conclude that
there is significant fixed parasitic gate-source capacitance
that is independent of the junction capacitance. This fixed
capacitance reduces the percentage change in capacitance
due to changes in V,.
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Fig. 23. Operatmg loci of input and output voltages for nonlinear
simulations of FET B1512-3A with Vds =8V, ¥,=-1V, and output
RF power =154 mW,

Fig. 22 shows the variation in C,, as a function of ¥,
for two devices at ¥, = —1 V and for a 2-D model on the
VAX 11/780 computer. All devices show an increase of
C,, with V.

Clearly, C,, increases with increase of ¥, and decrease
of V,,. However, in steady-state amplifier operation, ¥, is
large when V,  is small and vise-versa. Fig. 23 shows a
typical relationship between ¥, (or V) and V;, (or V,,)
for large-signal operation of a typical device, as calculated
by the nonlinear program. Based upon the measured data
‘we assumed that

3.75-VE

35—V (1)
where C, is the value of C,, at V4 and V,,=8.0 V. The
variation for C, over the operatmg path of Fig. 23 as given
by the above equation is less than 20 percent. This is the
reason that nonlinear simulations that assume a fixed value
of capacitance give very nearly the same solutions for RF

power computations.

C,,=0. 909[1 +0.0125 V, t(z)]

®

ACKNOWLEDGMENT

The authors are indebted to Dr. B. S. Perlman of RCA
Laboratories for guidance in the program and for many
helpful discussions, to S. M. Perlow (RCA) for making the
load-pull measurements, to D. L. Rhodes (RCA) for the
graphics software, and to P. D. Gardner (RCA) for device
measurements.

REFERENCES

[1] L. W. Nagel, “SPICE2: A computer program to simulate semicon-
ductor circuits,” Electronics Res. Lab., Univ. of California, Berke-
ley, Mem. EPL-M520, May 9, 1975.

C. Davis and M. Payne, “The R-CAP program, an integrated
circuit simulator,” RCA Engineer, vol. 21, no. 1, p. 66, 1975.
W. R. Curtice, “A MESFET model for use in the design of GaAs

- integrated circuits,” IEEE Trans. Microwave Theory Tech., vol
MTT-28, pp. 448-456, May 1980.

S. E. Sussman-Fort et al., “A complete GaAs MESFET model for
SPICE,” IEEE Trans. Mlcrowave Theory Tech., vol. MTT-32, pp.
471-473, 1984.

12]
(3]

[4]

1393

[5] V. Rizzoli, A. Lipparini, and E. Marazzi; “A general-purpose pro-
gram for nonlinear microwave circuit design,” IEEE Trans. Micro-
wave Theory Tech., vol. MTT:31, pp. 762-769, Sept. 1983,

M. S. Nakhla and J. Vlach, “A piecewise harmonic balance tech-

nique for determination of periodic response of nonlinear system,”

IEEE Trans. Circuits Syst., vol..CAS-23; Feb. 1976.

C. Camacho-Pehalosa, “Numerical steady-state analysis of nonlin-

ear microwave circuits with periodic excitation,” TEEE Trans. Mi-

crowave Theory Tech., vol. MTT-31, pp. 724-730, Sept. 1983.

Y. Takayama, “A new load-pull characterization method for micro-

wave power -transistors,” in Int. Microwave Symp. Dig. Tech.

Papers, 1976, pp. 218-220.

F. Sechi, “Design procedure for high efficiency linear microwave

power amplifiers,” TEEE Trans. Microwave Theory Tech., vol.

MTT-28, pp. 1157-1163, Nov. 1980.

Y. Tajima and P. Miller, “Design of broad-band power GaAs FET

amplifiers,” IEEE Trans. Microwave Theory Tech., vol. MTT-32,

pp. 261-267, Mar. 1984,

H. A. Willing; C. Rausher, and P. De Santis, “A technique for

predicting large-signal performance of a GaAs MESFET,” IEEE

Trans. Microwave Theory. Tech., vol. MTT-26, pp. 1017 1023, Dec

1978.

D. L. Peterson, A. M. Pavio, and B. Kim, “A GaAs FET model for

large-signal applications,” IEEE Trans. Microwave Theory Tech.,

vol. MTT-32, pp. 276-281, Mar. 1984.

A. Materka and T. Kacprzak, “Computer calculations of large-sig-

nal GaAs FET amplifier characteristics,” IEEE Trans. Microwave

Theory Tech., vol. MTT-33, pp. 129-135, Feb. 1985.

W. R. Curtlce and R. L. Camisa, “Self—cons1stent GaAs 'FET

models for amplifier design and device diagnostics,” IEEE Trans.

Microwave Theory Tech., vol. MTT-32, pp. 1573-1578, Dec. 1984.

H. Fukui, “Determmanon of the basic device parameters of a GaAs

MESFET,” Bell Syst. Tech. J., vol. 58, no. 3, pp. 771~797, Mar.

1979.

COMSAT General Integrated Systems Inc., SUPER-COMPACT™

Users Manual, 1982..

W. R. Curtice and Y-H. Yun, “A temperature model for the GaAs

MESFET,” IEEE Trans. Electron. Devices, vol. ED-28, pp.
- 954-962, Aug. 1981. I

6]

(7]

{8

9]

(10]

11}

{12}

[13]

[14]

(15]

{16]

f17]

Walter R. Curtice (M’58-SM’69) received the
B.EE, MS, and Ph.D. degrees from Cornell
University, Ithaca, NY, in 1958, 1960, and 1962,
respectively. The subject of his Master’s thesis
was the ruby maser; research, for his doctoral
thesis was concerned with noise in linear-beam
microwave devices.

In 1962, he joined the Raytheon Microwave
and Power Tube Division, as a Senior Research
and Development Engineer. He participated in
microwave tube development and performed ex-
perimental and theoretical research on linear-beam and cross-field de-
vices. In 1967, he became Visiting Assistant Professor of FElectrical
Engineering at the University of Michigan, and in 1969 was appointed
Associated Professor. In addition to teaching courses on physical electron-
ics and microwave measurements, he was engaged in sponsored research
on microwave semiconductors with emphasis on transferred-electron de-
vices.

In 1973, Dr. Curtice joined RCA Laboratories, Princeton, NJ, as a
Member of the Technical Staff, in the Microwave Technology Center. For
several years he directed the development of second-harmonic-extraction



1394

TRAPATT amplifiers for X-band operation. He has developed two-
dimensional computer models of GaAs transferred-electron logic devices
and field-effect transistors and computer simulation programs useful in
the development of gigabit-rate GaAs and GalnAs integrated circuits. He
is presently directing small-signal and large-signal FET modeling pro-
grams. In 1984, he received an RCA Laboratories Outstanding Achieve-
ment Award for the development of advanced techniques for the com-
puter simulation of 7J7-V compound FET’s.

Dr. Curtice has authored over 40 technical papers and has eight U.S.
patents issued to him. He is also a member of Tau Beta Pi; Eta Kappa
Nu, and Sigma Xi. He was Chairman of IEEE’s Boston Section of the
Electron Devices group from 1966 to 1967, and Chairman of the South-
eastern Michigan Section of the combined MTT, ED, and AP groups for
1972. For 1985-1986, he is Chairman of the combined MTT/ED chapter
at Princeton, NJ.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-33, NO. 12, DECEMBER 1985

M. Ettenberg (A’45-M’50-SM’51-LS’82)
received the B.A. and M.S. degrees from City
College of New York, NY, in 1935 and 1936,
respectively. He was awarded the Ph.D. degree
from New York University, NY, in 1950.

Until 1958, he was at Sperry Gyroscope Com-
pany as Department Head. He served as Re-
search Professor at Brooklyn Polytechnical In-
stitute, Brooklyn, NY, until 1963, when he joined
the faculty of City College. He became Chairman
of the Electrical Engineering Department in 1968
and served in that capacity until 1973. In addition to being a faculty
member at City College, he has been a Consultant for RCA Laboratories
since 1980. His research and publications are in the field of microwave
tubes and semiconductor devices.,




