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Abstract —Equivalent circuit modeling techniques are described for both

small-signal and large-signal models of GaAs MESFET’S. The useof the
large-signal model in an interactive program for amplifier analysis is

shown. The computed load-pull results and lMD predictions are shownto
be in good agreementwith measureddataat 10 GHz.

I. INTRODUCTION

sTATE-OF-THE-ART computer-aided design (CAD)

methods for active microwave circuits rely heavily on

models of real devices. The equivalent circuit device mod-

els must be based upon accurate parameter extraction

from experimental data. One purpose of this paper is to

clarify the calibration of equivalent circuit models used for

GaAs MESFET’S. Both small-signal and large-signal mod-

els will be discussed.

The second purpose of this paper is to describe an

analysis technique used with the large-signal GaAs

MESFET model. This technique, called harmonic balance,

is allowing the development of new CAD tools useful for

the design of microwave integrated circuits (MIC’S) and

monolithic microwave intergrated circuits (MMIC’S).

II. SMALL-SIGNAL DEVICE MODELING

Previous attempts to construct FET models were based

only on S-parameter measurements. But Vaitkus [1] has

shown that the errors associated with measuring and de-

embedding device scattering parameters leads to signifi-

cant errors in the equivalent circuit element values for

GaAs FET’s. Some of these errors can be reduced with

improved S-parameter measurement techniques such as

the through, short, delay (TSD) approach [2] and the

technique of Bianco et al. [3], wherein the effects of RF

launchers are accurately removed. However, GaAs power

FET’s are carrier-mounted and therefore are surrounded

by more parasitic circuit elements and require additional

de-embedding.

Part of the problem is that there are too many variables

to create a unique solution based only upon a set of
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broad-band S’-parameter measurements. The situation is

even worse for characterization of GaAs dual-gate FET’s.

Tsironis and Meierer [4] attempt to resolve 28 circuit

element values from 3-port S-parameter data. As they

discuss, the optimization process is hopeless unless started

with accurate estimates of most circuit element values

from independent measurements or calculations.

In this paper, an accurate and unique equivalent circuit

model is developed by using three different automated

measurements of the carrier-mounted FET:

1) The FET mounted in its carrier is measured using a

test fixture where the chip is only a connector away from

the measurement reference plane where the calibration

occurs. A recent improvement in this technique is the use

of electrically short 3.5-mm connectors. These connections

are SMA compatible, low loss, and resonance free to 34

GHz.

S-parameter measurements with zero drain-to-source

voltage (“cold FET” data) are made. These data are used

to determine the external parasitic, such as bond wire

inductance and carrier stand-off capacitance (these mea-

surements must be made just before the hot, or drain-source

biased, S-parameter tests).

2) Hot FET S parameters are measured.

3) The gate (Rg), source (R,), and drain (Rd) resis-

tances are measured using an automated Fukui approach

[5].

With these additional measurements the number of un-

known variables is reduced from a total of 16 to 8. This

makes it much easier to determine an accurate and unique

model that fits the measured data for the FET.

A. Zero-Bias Measurements

As Diamond and Laviron [6] have suggested, the S-

parameter measurements for a device with Vd~ = O V per-

mit more accurate evaluation of device parasitic because

the equivalent circuit is much simpler. Fig. 1 shows the
lumped-element equivalent circuit of the carrier-mounted

FET for the case of zero biasing. Using S-parameter data

for device B1824-20C from 4 to 18 GHz, all circuit element

values were optimized for a minimum calculated error

function in the program SUPER-COMPACT [7]. For small

differences in the error function, the optimum values of

Rg, R., and R ~ vary widely depending upon the optimiza-

tion method and the starting values. For example, R,
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Fig. 1. Equivalent circuit of carrier-mounted F13T at zero drain-source
bias voltage,

TABLE I
OPTIMIZED CIRCUIT ELEMENTVALUESFORFET 1824-20C WITH

V,. = O V FOR 4-18 GHz RANGE WITH R.= 0.549 Q,
“- R. =1.048 Q, R~ =1.367 Sl, Cl= 0.844 PF,

C2 = 0.039 pF

v R c C.d ‘Lg Ld L,

(6 (Q) (pF) (pF) (nH) (nII) (pH)

0.0 0.335.4 0.2289 0.1730 0.3115 0.2514 10.71
-1.0 0.5143 0.1814 0.1726 0.3134 0.2507 10.73
– 2.0 0.7593 0.1620 0.1725 0.3158 0.2516 10.48

varied between O and 0.7 L?, R ~ varied between 0.9 and

1.53 Q, and Rd varied between 0.5 and 1.3 Q Clearly the

value of R, = O Q is nonphysical as one expects R ~ to be

very nearly the same as R ~ due to the construction of the

device. It is interesting to note that the values of L,, Ld,
Lg, R, and C did not vary more than + 1 percent for these

cases, even with widely varying resistance values.

To resolve this accuracy problem, we use resistance

values determined from dc measurements of the type de-

scribed by Fukui. These resistance values give the best

approximation available. Using tliese values, Table I shows

the values of the other circuit elements for three values of

V& for Vd, = O. The values of R and C vary with gate bias,

as expected, and the inductive circuit elements vary less

than 2 percent. The calculated S parameters for this

optimized model are extremely close to the measured data.

The values R and C are not used for subsequent modeling

at full bias but may be used for diagnostic information

about the gate and the conduction channel.

B. FET Iklodeling at Full-Bias Voltage

Subsequent S-parameter measurements at full operating

bias can then be used to resolve the FET chip into an RF

equivalent circuit of the type shown in Fig. 2. Using this

procedure, the final FET model has only eight unknown

elements (in the FET chip) out of a possible 16 [in the

carrier-mounted FET). The accuracy of this procedure has

been discussed earlier [8].

The circuit model of Fig. 2 has several important ad-

vantages over other configurations. The internal feedback

capacitor C, physically results from drain-to-channel

fee,dback and causes the reverse transfer conductance (i.e.,

drain-to-gate) to have positive sign and square-law

‘ATE-- C“’y “‘d‘R*’N
“11(( ‘ ~~‘

(&
Ci + ~mym: :Gd

Ri

SOURCE

Fig. 2, F13T chip equiw$ent circuit at normal operating bias,

frequency dependence. This behavior is also. observed in

our two-dimensional simulation [8] as well as m laboratory

measurements. The current source is controlled by the

total voltage across the (gate) capacitor C,g ~d the (chan-

nel) resistor R, rather than by the voltage across C,g alone.

This forces the time-delay factor ~, to account for all delay

effects under the gate and permits the value of R j to be

based only upon input loss. By comparing the Y parame-

ters of the chip’s equivalent circuit model with those of an

accurate two-dimensional FET model [9], we find the

equivalent circuit model to be accurate to about 50 G~z.

As discussed earlier, the resistance values Rg, R,, and

R ~ are obtained from F,ukui measurements, and induc-

tance values are obtained from the V~, = O measurements.

The remaining values of the FET circuit elements are

bptimized for best agreement with the experimental data.

It is interesting to compare ‘the Y parameters of the FET

chip model with experimental data. The experimental Y

parameters are obtained by ‘de-embedding the device from

the carrier at each RF frequency. In all cases, the induc-

tances used are fixed and equal to the values obtained

from zero drain-source bias measurements.
Fig. 3 shows the comparison of the final model and the

data for Yll for device B1824-20C. The agreement be-

comes progressively worse as frequency is increased and

the functional behavior of the experimental data with

frequency is nonphysical above 18 GHz. The parameters

Yzl and Yzz show similar behavior. This departure from

the theoretically expected behavior means that only data

up to 18 GHz are accurate. Notice that the actual error
between the data and final model is not large. The hori-

zontal scale has been expanded for clarity in Fig. 3. The

model was optimized for the frequency range 6–1 8 GHz.

Optimization over a larger (or smaller) range does not

change the functional form of the Y parameters.

Fig. 4 shows the Smith chart values of Sll and Szz

computed using the F13T model (including the carrier) and

the measured data. The errors are clearly more apparent in

Fig. 3 than in Fig. 4. Figs. 5 and 6 show S’12 and S21,

respectively. Errors are small. FET’s measured and qlod-

eled a second’ time (after disassembly from the test fixture)

show only small changes @ the values of equivalent circuit

elements.

A second example will illustrate the uncertainty of the

element values when determined from S-parameter data.



222 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 36, NO, 2, FEBRUARY 1988

100

(n

g

80
>=
LL
o

MODEL :H:

8

gy 20 19

?~’ >F:’8
t2/ /94

//0 /72

Z’
“lo

*6+3 ‘ds = 8.0”

6/

!

6 “gs = -2.0”

Ids = 128.OmA
4

4

01 1 I

o 10 20

REAL PART OF Y,l (mS)

Fig. 3. Admittance parameter Yll as function of frequency for the FET
chip and for the de-embedded data.
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Fig. 4. Smith chart display of measured data and model for Sll and S22

for the carrier-mounted FET.

A FET with mounting parasitic has 18 electrical elements

(or parameters). S-parameter data were taken in 1 GHz
steps from 6 GHz to 18 GHz and the program SUPER-

COMPACT was used to optimize the element values for

agreement with the data, starting with several different sets

of initial values. Each case converged but had slightly

different optimum values of each circuit element. The

variation in each element value is a measure of the uncer-

tainty in the element value (due to the optimization al-

gorithm).

Tables II and III present the results of this study in

comparison with the procedure recommended here. Table

II shows that the uncertainty in the source inductance is

over 25 percent, which is quite significant. Table III shows

A = MEASURED
0. MODEL Vd~ = 8 OV

vg~ = -20V

1~~ = 1280 mA

Fig. 5. Smith chart display of S12.

A = MEASURED
tJ = MODEL Vd~ = 8 OV

vq~= –20V

r,j~= 12f3.OmA

Fig. 6. Smith chart display of S21

that the uncertainty in the FET’s element values is signifi-
cantly larger when determined only from hot S-parameter

data.

There is also uncertainty introduced due to measure-

ment inaccuracies. That is, a second measurement would

produce slightly different data. This is an additional rea-

son for using data in addition to the usual (hot) S-parame-

ter data for the determination of FET element values. The

uncertainty produced in the procedure recommended here

is much less dependent upon the algorithm used for opti-

mization. Many of these conclusions were independently

verified by Vaitkus and the reader is referred to his study

for further information.
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TABLE II
PERCENTAGE CHANGE IN PARASITTC INDUCTANCES FOR SEVERAL

TRIALS WITH OPTIMIZATION PROGRAM (S-PARAMETERS

MEASURED 6 GHz-18 GHz, 1 GHz STEPS)

Cold FET 18-Parameter Model

(%) (%)
Lg 1.4 6.6
Ld 0.4 6.2
L. 4.6 25.7

GATE

TABLE III
PERCENTAGE CHANGE IN THE ELEMENT VALUES FOR

SEVSRAL TRIALS WITH OPTIMIZATION PROGRAM
(S-PARAMETERS MEASURED 6-18 GHz, 1 GHz STEPS)

7-Parameter Model 18-Pammeter Model

c g.
R,

c
dg

Cm
‘r

(%)
1.9

27.0

2.0
2.6
3.3
1.8
0.7
1.4

(’%)
7.4

52.4
7.9

10.0
4.6
6.6
3.8
2.4

III. TIME-DOMAIN FET MODELS AND SIMULATION

TECHNIQUES
.

Nonlinear FET operation produces nonsinusoidal cur-

rent and voltage waveforms at both the input and the

output ports. Since the nonlinearities of the FET depend

on the instantaneous voltages and currents, analysis of the

FET is most accurately accomplished in the time domain.

Analysis in the frequency domain by techniques such as

the Volterra series is limited to weak nonlinearities because

of the slow convergence of the series for strong nonlinear-

ity.

The general-purpose nonlinear circuit analysis programs

that exist were designed primarily for transient (time do-

main) analysis of silicon integrated circuits [10], [11]. By’

adding new models for GaAs devices, Curtice [12] and

Sussman-Fort et al. [13] show that these programs can be

used for studying GaAs integrated circuits. However, a

more sophisticated model is required to study GaAs power

FETs operated at high de-to-RF conversion efficiency.

Such a model must contain an accurate description of all

the important device nonlinearities and also efficiently

analyze the external microwave circuit interaction over
many RF cycles. The circuit reactance lead to time con-

stants that are large relative to the RF period. Time-

domain analysis is then very inefficient.

An additional problem encountered often with time-

domain simulation programs, such as SPICE [10], is the

lack of convergence for certain input data conditions.

Sometimes the program appears to converge but, in fact,

the results are nonphysical. The same problem has been

observed, R-CAP, RCA’s proprietary circuit simulation

program.

Although it may be possible to eliminate the numerical

instability we found in R-CAP, both R-CAP and SPICE

require lengthy execution times to reach steady state. Iron-

DRAIN
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c23(v23)
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C,3

4
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Fig. 7. Circuit model no. 1 of tie GRAS MESFET for use with a circuit

analysis program.

ically, it is the external linear circuit elements that cause

this effect. In addition, neither the recent model of Golio

et al. [14] nor the model of Curtice [12] is sufficiently

detailed for amplifier design. For instance, neither model

includes drain–gate avalanche breakdown currents. If- we

start with a very detailed two-dimensional (2-D) GaAs

FET model, such as that described by Curtice and Yun

[15], it is possible to add external circuits and develop

time-domain solutions, as with R-CAP. The problem here

is that the FET model is already quite- CPU intensive.

Adding external circuits increases the problem. Even with

simple external circuits, the 2-D model must run overnight

on a VAX 11/780 to reach a steady-state solution. This

clearly is not useful as an interactive design tool.

IV. GAAS MESFET MODEL No. 1

The JFET model in SPICE [10] is widely used for GaAs

circuit simulation studies. However, this model has several

deficiencies when applied for GaAs MESFET’S. As will be

shown, this model is quite in error with regard to drain

current–voltage relationships below current saturation.

Furthermore, electron transit-time effects under the gate

are omitted.

Fig. 7 is the large-signal model [12] developed in 1980

for the GaAs MESFET used in digital IC’S. It consists

primarily of a voltage-controlled current source

1( V23, V13, ~ ), three interelectrode capacitors, and a clampi-

ng diode between gate and source. Resistors RI, R 2, and
R ~ represent resistance of the contact regions. The nonlin-

ear elements are 1(~23, ~13, ‘r), C12( VIZ),” and C23( ‘23). The

important aspects of the evaluation of current will now be

described.
The drain current relationship to drain-source voltage

and gate–source voltage is usually known either from

experimental measurements of test devicei or from de-

tailed device calculations. The MESFET model must use

analytical expressions to approximate this relationship.
Often several parameters are required and must be de-

termined by curve-fitting techniques. Analytical analysis of

the symmetrical JFET model (see Sze [16]) reSults in a

(gate) voltage-controlled drain current source (in the cur-
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rent saturation region) of the form

[1Vg,+VI),N
IJ, =IP 1+

~
(1)

where 1P is the “pinch-off current” as defined by Sze and

more commonly called saturation current; VP is the pinch-

off voltage, which is gNOa 2/(2f) for uniform doping; V~,

is the built-in voltage at the gate (a negative voltage); Vg,

is the gate–source voltage; a is the active layer thickness;

and NO is the donor value. N is found to vary between 2.0

and 2.25, depending upon the charge distribution assumed.

It can be shown that the square-law assumption is quite

good for real devices [16].

Equation (1) can be put in a standard form as

‘d, =~l(vgs + ‘TO)2 (2)

where Vro is the threshold voltage measured from gate to

source, V~o = VP+ V~i, and & = Ip/ VP2.

Equation (2) is the form in the current saturation region

used in the general circuit analysis program SPICE. PI and

Vro are determined by plotting Id, versus J&. If actual

experimental values of Id, are used, then a current source

without source resistance is being described. To develop

the model of Fig. 7, the raw data must first be processed to

remove the effects of RI and R ~. This can easily be

accomplished once the values of RI and R ~ are de-

termined either by measurements [5] or by calculations.

Since the voltage drop across R3 is typically not negligible,

the presence of R ~ usually has a major effect.

The current saturation in GaAs MESFET’S occurs at

lower voltages than in silicon devices because of the much

larger low field mobility. This results in a much stronger

current saturation effect. Van Tuyl and Liechti [17] point

out that the hyperbolic tangent function provides a good

analytical expression for current saturation in GaAs. In

addition, one also wants to be able to describe drain–source

conductance effects. This is not adequately described by
adding a shunt resistor across 1( V&’, V13, ~) because cur-

rent pinch-off is lost. The expression used in SPICE seems

to fit experimental devices quite well in the region of

current saturation. The expressions used in SPICE are

derived from the FET model of Shichman and Hodges

[18].

The use of the hyperbolic tangent function greatly im-

proves the usefulness of the equation below saturation.
The following analytical function is proposed for descrip-

tion of the current source in GaAs MESFET’S:

[

P,(J2 + ~To)2”(1+-~V,3)tanh(aV,3)

I(V23$ V13) =
V23+ v~o>0

(o V23+ F“TO<0

(3)

where a and A are constants. Notice that there are four

parameters to be evaluated in this expression.

Equation (3) was used to approximate a set of measured

drain current-voltage relationships presented by Van Tuyl

and Liechti. The experimental data can be matched quite

accurately. Fig. 8 shows the characteristics calculated from

(3). For comparison purposes, the JFET model of SPICE

was also used and these computations are shown in Fig. 8

as dashed lines. Notice that although the gate control is

accurately given by both models in the region of current

saturation, the SPICE calculations are quite in error below

current saturation due to the lack of a parameter to adjust

the saturation point. This is a major deficiency of the

SPICE model and leads to significant error in computa-

tions of switching characteristics.

During transient operation, a change in gate voltage

does not cause an instantaneous change in drain-source

conduction current. This results because in order for con-

duction current to change, the electron depletion width

under the gate must be changed and this occurs by charge

transport at a velocity of approximately 1 X 107 cm/s.

Thus, it takes of the order of 10 ps for a change in current

after the gate voltage is changed in a 1 pm gate length

MESFET. (Notice that in the physical device, this charge

change is part of the gate capacitance change, whereas in

the model we have separated the capacitance and current

effects.) The most important result of this effect is a time

delay produced between gate-source voltage and drain

current. Therefore, the current source, (3),

I[v23(t), v13]

should be altered to

I[v23(t–’r), v13]

where t- is equal to the transit time under the gate.

The time delay effect is not easily added to most circuit

analysis programs. We have found a technique that accu-

rately approximates the effect but is simple to calculate.

The cur~ent source is assumed to be

dI(v)
@)-TT

where the derivative is evaluated as

dI(u) [d~(~)] .
— .

of the form

(4)

dV23
[5)

dt L dV ]V,, dt “
\~)

The second term in (4) is a correction term, which may

be thought of as the first term of the expansion of ~(t – T)

in time. If r is not included, an important source of delay

in any MESFET circuit is omitted.

The present model included transit time effects in driv-

ing and source-follower transistors, but not in transis-

tors used for active loads since dV23/dt = O. A MESFET

logic circuit would use all three types of operation

(Van Tuyl and Liechti [17]).

The model shown in Fig. 7 may be used with a circuit

simulation program to study complex integrated circuits.

The circuit simulation program used here is R-CAP [11]. It

is similar to SPICE in many respects but has the advantage

that a user-defined device model can be included without
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Fig. 9. Equivalent circuit model no. 2 of the GSAS MESFET.

difficulty. The model for GaAs MESFET was added to

R-CAP as a subroutine and used in many simulations of

IC designs being developed.

V. GAAS MESFET MODEL No. 2

Fig. 9 shows the equivalent circuit model assumed. This

model is noticeably different than presented earlier for

accurate small-signal modeling of GaAs MESFET’S. The

drain-channel capacitor is omitted to simplify node current

equations. This produces some loss of accuracy. In ad-

dition, 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 current source rep-

resents gate current that occurs when the gate–source

junction is forward biased. The third current source,

ld.(V,n, V..,), is the large-signal form of the usual small-sig-
nal transconductance.

Model no. 1 assumes a square-law relationship between

the (saturation) current and the gate–source voltage. Al-

though this form has advantages, it is more accurate to use

a cubic approximation:

Id, = (A. + AIVI+ z42V; -t- A, V;). tanh(yVOu,(t)) (6)

where VI is the input voltage. The coefficients (AZ) can be

evaluated from data in the saturation region at the same

time the data are measured.

The following method is used to include the phenome-

non of pinch-off voltage increase with drain-source volt-

age. We assume

V,= V,~(t - 7)” [1+~~(~~~~- V~~~(t))] (7)

where 62 = coefficient for pinch-off change, Vd,O= output

voltage at which A ~, Al, A ~, As were evaluated, and ~ =

internal time delay of FET.

Measured RF data show that ~ is a direct function of

drain–source voltage, or

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,

which limits both RF current and power output. In this

model, the drain–gate avalanche current is taken to be

{

v&)-vB

Idg = RI
Vdg > V*

(8)

o’ Vdg < VB

where VB = VBO+ R201d,, RI is the approximate break-

down resistance, and R* is the resistance relating break-

down voltage to channel currents.

The forward-biased gate current is taken to be

[

Vin(t) – Vbl
Vin(t) > v~l

Ig~ = RF (9)

where T’b, is the built-in voltage, and Rf is the effective

value of forward bias resistance.

Table IV’ summarizes the characterization tests required

for the FET. The values of R., Rd, and R, are obtained

from the automated Fukui measurements. The values of

Cdg, Cg,, R d,, and Cd, at the bias point are obtained from

the small-signal model using the technique described

earlier. Although both Cg, and Cdg are nonlinear functions

of voltage, computation including these characteristics pro-

duces only small effects upon the RF power saturation

characteristics.
In summary, the equivalent circuit model has been con-

structed with the circuit shown in Fig. 9. 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 dependence of pinch-off

voltage in the drain-current source.
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TABLE IV

FET CIRCUIT MODEL CHARACTERIZATION TESTS

* Fundamental Device Parameter Determination

(dc Z- V and Fukui method)

R.R,,>R.

Ig,(vg,)

● Linear Model and Parasitic Parameter Determination

(Wide-band S-parameter network analysis)
Cold FET ( Vd, = O)
Hot FET ( Vd$ > O)

e Pulsed Avalanche Measurements

Id, (%, ‘d.)

0

S]mul ated Measured
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——

I

_—. — -.-—+

40.0:

<. //e

‘:K::--’”””””’;-@ -_ _ – - .,–..-uy - - 7.–. –.7 -.

w -4

“0 0.5 1.0 1.5 2.0

VD [ Volts 1
TECRP 3!i. @@ VG = 0.00@ V TO -1.430 V

Fig. 10. Experimental data and best match for model no. 1 with maxi-
mum VD = 2.0 V (BETA1 = 0.02248, VTO = – 1.638, a = 1.489, k =

–0.02866).

VI. COMPARISON OF MODEL No. 1 AND No. 2

The program TECAP from Hewlett Packard was used

for comparison of the two models. TECAP is a very

versatile program for FET measurement, parameter extrac-

tion, and optimization. Hewlett Packard defines parameter

extraction as the process by which the initial estimates of

device parameters are obtained. Optimization is then de-

fined as the process by which the parameters are optimized

for best agreement with the data. The modeling commun-

ity, in general, defines parameter extraction as the com-

plete process by which optimized parameters are obtained.

Although both models were used to fit experimental

data, model no. 2 always produced the least error. The

P ~ameter extraction process was not found to be neces-
sary and optimization was successful for any starting val-

ues if certain precautions were taken.

For best results with either model it is necessary to set

the “true” flag for optimizing the absolute error. For cases

with the flag equal to “false,” good agreement with the

data (small RMS error) is obtained only if the initial

guesses for parameters are “good” guesses. With a true

flag, good agreement was obtained for all initial guesses,
including the default values in TECAP.

In general, model no. 1 works best for low-voltage

devices. The error becomes too large at larger drain–source

voltages. This means that model. no. 1 is suitable for GaAs
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Fig. 11. Experimental data and best match for model no. 2 with maxi-
mum VD = 2.0 V (BETA2 = 2. E-22, .40 = 0.05143, .41= 0.03745, A2
= – 0.02274, /43= – 0.01675, y = 1.613, VDSO = 4.0).
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Fig. 12. Experimental data and best match for model no. 1 for maxi-

mum VD =10 V (BETA1 = 0.01266, VTO = – 1.946, a =1.675, A =

0.02983).

digital IC’S that normally operate with low drhin-source

voltage.

Fig: 10 shows the comparison of the experimental data

(crosses) and the device simulation (dash lines) from opti-

mized parameters for model no. 1. Fig. 11 shows the same

comparison for model no. 2. The RMS errors in Figs. 10

and 11 are 4.61 percent and 2.49 percent, respectively. For

the low drain–source voltage range, either model is satis-

factory.

Figs. 12 and 13 show the same results for 10 V maxi-

mum drain-source voltage. Table V compares the RMS

errors for these cases. This table shows that the error

increases with an increase in drain–source voltage range

for model no. 1 but it decreases for model no. 2. Indeed, it

is extremely impressive that model no. 2 may be made to

have such small error for the large range of operating

conditions in Fig. 13.

The results for the two models for larger negative gate

voltage values are shown in Figs. 14 and 15. Fig. 15, model

no. 2, shows a problem at low drain–source voltage due to
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Fig. 13. Experimental data and best match for model no. 2 for maxi:
mum VD =10 V (BETA2 = 0.04062, ,40= 0.05185, Al= 0.04036, .42

= – 0.009478, /43= – 0.009058, y = 1.608, VDSO = 4.0).

TABLE V
COMPARISON OF ERROR BETWEEN MODEL No. 1 AND THE

EXPERIMENTAL DATA AND MODEL No. 2

AND THE EXPERIMENTAL DATA

RMS Error

Drain-Source Voltage Model No. 1 Model No. 2

(V) (’%) (%)

2 4.61 2.49
6 4.92 1.84
10 7.83 1.47

large negative gate–source voltages. This effect is non-

physical and relates to the & coefficient. ~z describes the

effect of pinch-off voltage changes with drain–source volt-

age.

It can be seen from Fig. 15 that during optimization the

gate voltage range must be restricted to values below

pinch-off. If this is not done, the effect of nonphysical

regions of the model interferes with the optimization pro-

cess.

VII. N-FET, THE NEW NONLINEAR SIMULATION

PROGRAM

Camacho-Penalosa [19], Petersen et al. [20], Gilmore and

Rosenbaum [21], and Materka and Kacprzak [22] all have

utilized an analysis technique known as harmonic balance

to find steady-state solutions for GaAs FET amplifiers

under large-signal operation. We have extended the work

of Peterson et al. using a more detailed FET model and

have developed a useful design tool for the microwave

engineer [23].

The program N-FET provides a computer-aided means

to develop an output circuit design that optimizes the

amplifier performance (i.e., efficiency, bandwidth, etc.).

This is made possible by accurate prediction of large-signal

load-pull characteristics. The program N-FET consists of a

time-domain analysis of the GaAs FET model no. 2 cou-

pled with a frequency-domain analysis of the input- and
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Fig. 14. Simulated characteristics for model no. 1 with maximum Vg =
– 2 V for device parameters the same as Fig. 12.
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Fig. 15. Simulated characteristics for model no. 2 wifi maximum Vg =
-2 V for device parameters the same as Fig. 13.

output-matching circuits. The nonlinear FET elements

must be analyzed in the time domain to preserve their

physical nature. The linear circuit’s response to the FET

current excitation can be analyzed in the frequency do-

main by standard techniques. Transformation between time

and frequency domains is accomplished by use of a dis-

crete Fourier transform. A valid physical solution is ob-

tained 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 uses Newton’s method of

successive approximation to minimize the error between

FET currents and external RF circuit currents. Table IV

summarizes the characterization tests required for the FET.

Pulsed, dc, and RF data are all necessary for accurate

characterization.

The amplifier simulation can be performed with voltage

waveforms containing fundamental and second-harmonic

frequencies or fundamental and second- and third-

harmonic frequencies. All FET current harmonics are in-

cluded. Third-harmonic voltages are used only when accu-
/
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rate circuit impedance data are available at third-harmonic

frequency.

N-FET is an interactive program for amplifier analysis

and design. It is necessary to create an input data file for

N-FET. This file should contain allthe device coefficients

described earlier and several others. It is necessary to

specify the fundamental operating frequency, operating

voltage biasing, number of voltage harmonics that need to

be included, number of subdivisions of the RF cycle to use

in analysis, and the harmonic impedances present at the

input and output. The harmonic impedances can be

evaluated from measured data or from estimations. These

impedances are often difficult to evaluate accurately. An

algorithm is used for calculating the load impedance con-

tours of constant power while the input-matching circuit

and the drive power are held constant. This feature simu-

lates the experimental load-pull technique [24]. The al-

gorithm is based on the fact that contours of constant

power are closed curves on a Smith chart and that a

contour of higher power will be enclosed within a contour

of lower power.

Load-pull contours are developed as follows: The user

specifies the RF drive power. The load for maximum

output power is found by the program. Then the load is

changed by the user to produce less output power (e.g., – 1

dB) and a load contour for constant power is generated.

VIH. EXPERIMENTAL COMPARISONS

Data presented previously [23] show N-FET to predict

load contours in good agreement with measurements for a

600-pm-periphery device. However, more gain is predicted

than measured. The discrepancy is thought to be due to

tuner loss. A 1200-pm-periphery GaAs MESFET (device

“ Y“) was recently tested with the RCA Programmable

Microwave Tuner (PMT) System. The PMT system is a

computer-controlled system capable of testing experimen-

tal characterization with regard to load impedance for

peak output power and load connectors. The final FET
load impedance data must be transformed from the stan-

dard reference plane of the PMT system to the device’s

reference plane. This transformation is done automatically

by PMT computer system given the reference plane offset

data for the APC-7 to SMA transition. The latter data are

provided from measurements using an HP851O network

analyzer. The error present in this measurement becomes a
very serious problem at higher microwave frequencies.

A double-stub tuner is used to match the input of the

FET for maximum power transfer. The tuner loss was

evaluated from measurements taken on the HP851O net-

work analyzer. All components, such as the bias tees,

directional coupler, and the pads, were also measured on

the HP851O to accurately determine their insertion losses.

The accuracy for any individual measurement was + 0.1

dB. The resulting uncertainty in the FET’s gain is, how-

ever, much larger than this because component parts were

measured separately and, in addition, the uncertainty in

the tuner loss measurement is larger than ~ 0.1 dB. We
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Fig. 16. Smith chart plot of the PMT load-pull data for FET Y oper-
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Fig. 17. Smith chart plot of the load-pull characteristics of FET Y as

predicted by N-FET, for the same operating conditions as in Fig. 16.

estimate the FET’s gain measurement uncertainty to be

about +0.5 dB.

Figs. 16 and 17 show the PMT data and the N-FET

results, respectively, for a case of high driver power. The

load-pull contours are in excellent agreement. Gain values

differ by about 0.7 dB. This is within measurement error.

Therefore N-FET quite accurately simulates large-signal

behavior.

Device Y was also used for evaluation of the harmonic

balance IMD program. These tests were made with two

equal input signals. This test is called a “two-tone” test.

Figs. 18 and 19 show the PMT data and the N-FET

load-pull results, respectively, for the single-tone tests of

FET Y with an RF input power of 9.5 mW. Again, the

agreement is excellent for the constant power contours.

The dashed lines in the figures are the IMD ratios mea-

sured from the two-tone tests of the same device. For these

data each input signal is 9.5 mW. The IMD values agree

best for the load condition of the larger values of IMD.

The analysis predicts about 5 dB less IMD for the load

conditions producing measured values of – 20 to – 25 dBc

IMD. Overall, the agreement is good. At the load condi-

tion for peak power, the analysis predicts – 31.2 dBc

whereas —26.5 dBc is measured. Fig. 20 shows the varia-
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Fig. 18. Smith chart display of PMT load-pull data (solid lines) for
FET Y at low RF input power. The dashed lines are the contours of
constant third-order IMD measured using two input signals in the
PMT system.
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Fig. 19. Smith chart display of the load-pull characteristics (solid lines)
and constant IMD contours (dashed lines) for FET Y as predicted by
N-FET, for the same operating conditions as in Fig. 18.

tion of two-tone IMD with RF input power for both the

calculated IMD and the measured data. Reasonable agree-

ment is present.

The increase in the IMD ratio as the load reflection

coefficient is moved toward the outer edge of the Smith

chart in Fig. 19 is directly traced to an increase in the

drain-source RF voltage amplitude. Likewise, the reduc-

tion in IMD ratio as the load reflection coefficient is

moved toward the center of the Smith chart is due to a
reduction in drain–source RF voltage amplitude. The

smaller RF voltage amplitude results in less nonlinear

distortion due to the drain-source current–voltage char-

acteristics. Therefore, to trade off output RF power for

improved IMD ratio, one should design the load imped-

ance for reduced RF voltage amplitude.

IX, CONCLUSIONS

A procedure has been developed for producing small-

signal equivalent circuit models for carrier-mounted GaAs

FET’s for both device design and diagnostic purposes. A

prominent feature of this procedure is the reduction of the

number of unknown element values to be determined by

-20 r
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Fig. 20. IMD data (points) and N-FET predictions as a function of RF
input power for FET Y when tuned for peak power at low RF drive

(see Fig. 18).

S-parameter data, by the use of dc measurements as well

as zero-bias measurements. The zero-bias data are used to

evaluate the circuit inductances and are taken just before

the full-bias data.

The uncertainty in the equivalent circuit element ,values

has been shown to be much less than that produced by the

usual method of parameter extraction from S-parameter

data. Each element value is then more closely related to a

physical effect in the FET.

We have also developed a GaAs FET model suitable for

efficient simulation of large-signal amplifier operation. The

model can be used in an amplifier simulation to develop

optimized output network designs for high-power GaAs

FET amplifiers. The program’s efficiency results from the

use of the harmonic balance technique wherein the nonlin-

ear FET is analyzed in the time domain and the linear

circuit is analyzed in the frequency domain. The principal

nonlinearities of the FET model are voltage-controlled

current sources.

The nonlinear FET model was coupled to a program to

generate the load required for constant output power

contours on a Smith chart. Excellent agreement was ob-

tained with the measured load-pull characteristics and

IMD at 10 GHz.
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