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Consistent Small-Signal and Large-Signal Extraction

Techniques for Heterojunction FET’s
Ph. Jansen, D. Schreurs, Student Members, IEEE, W. De Raedt, B. Nauwelaers, Member, IEEE, and M. Van Rossum

Abstract— A new method is reported to extract large-signal
current and charge sources from the small-signal S-parameters of
pseudomorpbic heterojunction field effect transistors (PHFET’s).
This method produces a new intrinsic small-sigual equivalent

circuit topology with less constraints concerning the extraction of
the large-signal current and charge sources. The main advantage

of this new topology is charge conservation. The S-parameter
measurements of a 0.2-pm PHFET agrees well with the small-

signal S-parameter data, obtained after evaluation of the new
large-signal model at different bias points.

I. INTRODUCTION

I N RECENT years, a large effort has been undertaken to

accurately model the characteristics of the active devices

used in monolithic microwave integrated circuits (MMIC’ s).

First, linear MMIC functions such as amplifiers have been in-

tegrated, requiring broadband small-signal equivalent circuits

to optimize the designs. Presently, nonlinear functions such

as mixing and frequency multiplication are being integrated,

requiring accurate knowledge of the nonlinear characteristics

of these active devices.

One of the most popular active devices for integration is

the heterojunction field effect transistor (HFET). In order to

facilitate circuit design with commercial software, empirical

large-signal models are preferred. In this paper we present a

method to extract a consistent large-signal model from the

small-signal characteristics of a HFET, under the quasi-static

assumption. Several large-signal models for MESFET’s exist

[1]–[5], but for HFET’s only a few empirical large-signal

models have been published [6], [7]. They are all based on

the same small-signal topology (Fig. l(a)). We propose a

new topology with less constraints on the extraction of the

large-signal current and charge sources. It is based on the

small-signal topology of Fig. 1(b). Charge conservation is

the main advantage of this new topology. Another advantage,

especially useful in circuit simulators, is that it isn’t required

to calculate the terminal voltage Vgd.
The remainder of this paper concentrates on the intrinsic

part of the device, but of course we first have to consider

the extrinsic components. These elements, inherent to the

geometry of the transistor, are evaluated using the well-known

cold modelling technique [8]–[ 10]. The extrinsic components
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are in general the parasitic gate and drain capacitances Cpg and

Cp& source, drain, and gate parasitic resistances R., Rd, Rg
and inductances LS, Ld, Lg. The position of these components

with respect to the intrinsic circuit is shown in Fig. 1(a)

and (b). We suppose that these are independent of gate and

drain voltage. They can be subtracted from the measured S-

parameters using S-Z and S-Y transformations. So the problem

is reduced to the modelling of an intrinsic circuit.

In Section II the basics of consistent large-signal modeUing

under the quasi-static assumption are reviewed. In the subse-

quent sections a new equivalent circuit with less components

and less stringent conditions is proposed. In the final sec-

tion, some experimental results of the large-signal extraction

techniques for 0.2-~m &doped pseudomorphic HFET’s are

presented.

II. CONDITIONS FOR LARGE-SIGNAL MODELLING

The principles of consistent large-signal modelling am re-

viewed here. With a II-topology, the large-signal circuit is

as in Fig. 2(a). This large-signal circuit can be transformed

into a small-signal equivalent circuit, but this leads to special

conditions between the small-signal components: the integra-

bility conditions. These conditions are necessary to integrate

the small-signal (trans)conductances and (trans)capacitances

towards the six state variables lW and Qp with p being

gs, ds and gd, respectively. Detailed information is found in

[11]–[14]. The small-signal approximation of the nonlinear

n-model is given by:

(1)

(2)

where Vgso and Vdso are the DC bias VO1%% Vgs ~~~ vds

are the small-signal voltage excursions.

If we define

then the conditions for consistent large-signal modelling are

expressed as follows:
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(a) The classical small-signal equivalent cu-cuit for HFET’s (b) The new large-signal compatible circuit.

formulas express the existence of the second deriva-These

tives in I& and Qv. From this derivation it follows that

only (trans)conductances and (trans)capacitances can be state

variables. So, components that are independent of voltage, like

the resistor Rg,, have to be banned from the intrinsic large-

signal equivalent circuit. By comparison of the Y-matrices of

the small-signal approximation of the nonlinear T-model and

the conventional small-signal equivalent circuit (Fig, 1(aj) we

obtain for the real part:

and for the imaginary part

The integrability conditions 5 become:

(14)

with

G,n = g., . cos (T) and Cm = –gm . sin (T)

Best known large-signal models complying with these con-

ditions, are the Curtice Quadratic and Curtice Cubic models

[1], [3]. These models, however, do not comply with the
accuracy required for large-signal modelling. More precisely,

the behavior of the capacitors (charges) is only accurate in a

rather small bias range.

III. LARGE-SIGNAL COMPATIBLE EQUIVALENT CIRCUIT

When analyzing the generat large-signal circuit, it is obvious

that the six state variables 1~~, Igd, Ida, Qg~, Q~~ and Qda

or the derived small-signal equivalent circuit carJ never be

uniquely defined by the four measured complex S-parameters

at each bias point. Therefore, the six state variables of the

general circuit will be reduced to four state variables that

will be uniquely defined. The standard H-topology is thereby
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Fig. 2. (a) Generat IJ -topology for large-signal analysis. (b) Topology for

the standard small-signat circuit. (c) Newly proposed topology.

changed into two separate circuits with common ground. In

Fig. 2(b) and (c), the topology and naming of the components

in the circuits are given. Thereby, we will prove that this circuit

is at least as general as the standard small-signal equivalent

circuit.

From the measured intrinsic Y-parameters, one obtains the

small-signal topology of the previous and the new equivalent

schemes.

Yll = Yg,l + Ygdl ++ Yll = Ygsz (15)

Ylz = ‘Ygdl ~ Y12 = ‘ydm2 (16)

YZI = –Y&l – Ygdl - Y21 = ‘ygm2 (17)

YZZ = Yd,l + Ygdl H Y2Z = yds2 (18)

Starting from the condition 12 for the gate-drain admittance

in the first circuit

one can prove that

and that

This consistent large-signal circuit is more physical than

the circuit of the Cttrtice and related models because it deals

with one gate charge Qg~, depending on gate-source and

gate-drain voltage and not with two gate charges, Qg, and
Qgd, whose values are rather arbitrarily determined by their

position. Consistency problems can occur at Vd. = O, when

charge is exchanged between Qgs and Qgd, as discussed

in [ 15]–[ 17]. This can lead to nonconvergence and chmrge

nonconservation.
Finally, the former intrinsic resistances Rg, and Rgd have

to be added. As these resistances together with the series

capacitances Cgs and 6’gd are simulating distributed effects,

the time constants Rg8 * Cg6 and Rgd * cgd should be more

important than the absolute values. Therefore, the complex

ratio of Yg, and ydm has been calculated as a function of

frequency. No frequency dependence is noticed and a real

value is calculated as ratio. In the large-signal compatible

equivalent circuit, this can be implemented as a resistor Ri
added in series with Cgs and Cdm, both in parallel. The

complete equivalent circuit is shown in Fig. 1(b).

The addition of the extrinsic resistor Ri, however, implies

that the gate-source current Ig$ is also modelled externally.

This does not increase the complexity of the circuit, although

it looks so at first sight.

Finally, the equations to extract the different elements of

the new equivalent circuit from the measured intrinsic Y-

parameters, using the following conventions, are presented:

()I&J
ratio = mag

Ygs

~(yd. )
cd. = —

w

R, = 7?(l/Yg~)

Rgd = O

Gd. = ~(yd.)

Tgs = Ri * Cgs

Gm =7?(Yq~(l +.?’* W * ~gs))

cm=(u .Z(Ygm(I;lj * w * T&)))

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

This new configuration is simpler than the conventional

configuration because we only need to know two internal ter-

minal voltages (Vg~ and V&). It is not required to calculate the

terminal voltage v’d, which is an advantage to irnPlernent this

topology in commercial software packages for circuit design,

like MDS from Hewlett-Packard and Microwave Harmonica,

IV. LARGE-SIGNAL MODEL EXTRACTION

After extraction of the component values according to

the large-signal compatible equivalent circuit of Fig. 1(b)

from the measured S-parameters at different bias points, one
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TABLE I

EXTRINSIC ELEMENTS

c,, (fF’)
c,, (f??)

L. (PH)

Ld (@)

L. (PH)

Rs (0)
Rd (fl)
R, (0)

Value % Std. Dev.

24.78 8.7

25.64 6.9

6.38 -

29.18 -

34.24 -

2.92 7.5

3.94 4.5

3.00 15.0

has to determine the equations for the four state variables
Ig,, Ids, Qg., and Qd~ in terms of the internal terminal voltages

Vg, and V~s. Of course, any physical or empirical function or

series expansion can be used. The following empirical curves,

based on exponential and hyperbolic functions, serve as an

example. They are obtained by extending the physical formulas

for DC-curves by several correction terms using the program

SIMPAR II [18], which is a parameter extraction and model

evaluation software package developed at IMEC.

1) the gate-source diode current

1,.(V,S) = a[exp (~vg.) – 1] (33)

2) the source-drain current ‘

[
l~.(Vg~, }k) = a. Vgs + ~ lncosh (bV,, + cV& + d)

— : exp(evg. + j’) +g
e 1.tanh (hVd8) + iV& + jv$, (34)

3) the gate-source charge

Q,. (%> %) = uin Cosh(~vg,+ cM, + CO
+ elncosh (fV~, + gVg~ + hVd5 + i)

+ .jvgs + kvds + 1V9% + rnv~s

+ ?zVg,vd, + Ovg,v;, (35)

4) the source-drain charge

Q~,(v,., v~,) = ~lncosh(bV,, + C% + d)
+ elncosh (f~g2, + g~g, + hvd, + i)

+ jvg. + Ikvds + ~Vg~ + rnv~a

+ exp (~vgs + Ovals + P) (36)

The diode current Igd was not considered here, but can be

added externally. Ig~ is modelled as a classic diode. No further

improvement of the gate diode behavior is required, as further

forward biasing generally destroys the device.

These functions for the current and charge sources of the

broadband large-signal circuit are suited for simulation of

nonlinear microwave analog and transient time domain digital

circuits.

gm (d)
C,. (m)
c,, (fF)
Cdm (fF’)
G&. (mS)

cd. (i-l’)

R,, (0)

R,~ (0)

Tau (pS)

cm (fF)

Gg~ (mS)

G,~ (mS)

Ell %
Elz %

E21 %

E22 %

TABLE II
SMALL-SIGNAL EXTRACTIONS

Model la

Value % Std. Dev.

95.43 0.4

166.61 2.9

33.21 4.8

0.00 0.0

4.91 1.5

17.77 24.4

2.87 50.7

16.84 65.2

0.78 27.2

0.00 0.0

0.00 0.0

0.00 0.0

2.30

4.80

1.50

2.70

Model lb

Value % Std. Dev.

95.34 0.4

199.73 2.1

0.00 0.0

33.19 4.8

4.95 1.3

51.03 7.3

2.30 42.8

0.00 0.0

0.00 0.0

110.03 15.3

0.03

0.00 -

2.30

4.90

2.20

4.50

TABLE III
LARGE-SIGNAL CURRSNTSAND CHARGES

Id. %; Q(is
i] [A] [c]

a 5.7E-11 5.2E-02 12.5E-15 -4.3E-15

33.9 5.40
0.18
0.14
4.90
-2.70
0.14
6.00

4,5E-03
4.7E-04

4.5

0.4

-0.3

5.7E-15

4.4

-3.5

5.8

-1.2

1.6E-13

-7.9E-14

-1.7E-14

2.3E-15

-1. OE-15

5. OE-16

6.7
0.25
0.35

-8.OE-15
3.5
-3.4
5.7
-1.2

1.08E-13

-9.70E-14

2.00E-14

-2.80E-15

7.0
-20.0

P -33.5

V. EXPERIMENTAL RESULTS

The microwave characteristics of the heterojunction FETs

are extracted from S-parameters measurements performed on

a HP 8510B Network Analyzer using Tektronix coplanar mi-

crowave probes for a frequency sweep from 45–25 GHz. The

extracted values for a 0.2 x 100 ,um2 6-doped pseudomorphic

AIGaAs/InGaAs HFET of IMEC, according to the equivalent

circuits shown in Fig. 1(a) and (b) can be found in Table I

(extrinsic elements) and Table II (intrinsic elements).

The extrinsic components CPg, Cpd, R., Rd, Rg, L,, Ld and

Lg, have been extracted using the cold modelling technique.

For the capacitances and the resistances, the mean value and

the relative standard deviation are given in Table I for the
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Fig. 3. Measured and fitted S-parameters for a 0.2-pm &doped pseudomorpbic AIGaAs/InGaAs HFET at bias point 1~, = 0.25 V, ~~, G 200 V,

Ids = 30,2 mA and at bias point Vg, = 0.20 V, Vd~ = 0.20 V, I& ‘“ -
Curtice Cubic model ( . at 25 GHz)

= 12.5 nuk 0: measurement —: thk paper’s model (+ at 25 GHz) . . . .

measured frequency range. As the inductances were found by

fitting the admittance as a function of frequency in the band

of 5–25 GHz, only best fit values are listed. For the intrinsic

components (Table II), the mean value and relative standard

deviation are listed. Lower spread for the component values

as a function of frequency is obtained for the large-signal

compatible equivalent circuit than for those of the classic

topology (Fig. l(b)).

The error terms El 1, E12, 1321 and 1322 represent the mean

relative distance over all frequencies between the measured

S-parameters and the ones simulated by the two equivalent

circuits. A graphical comparison between the S-parameters

calculated from the large-signal compatible equivalent circuit

and the measured values is presented in Fig. 3. It can also be

seen that the Curtice Cubic model does not comply with the

accuracy required for small signal modelling at low V&.
The nonlinear large-signal current and charge sources are

obtained by fitting the extracted small-signal components

towards the functions 33 to 36, listed above. This fitting was

performed using SIMPAR 11. The values of the parameters of

the current and charge functions can be found in Table 111.Fig.

4 shows a comparison of the G~-curve fitted by the Angelov
model [7] and by our model. In order to design nonlinear

circuits based on this model, a good fit in the nonlinear region

of the G~-curve is required. Therefore, a lot of terms in the

series expansion of the Angelov-model have to be used, which

results in a bad fit of the Gin-curve at maximum Gn. The

new proposed formula for the G~-curve, which is tk first
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Fig. 4. Comparison of the G~-curve [mS] injunction of Vg6 [V], using

Angelov’s model (a) and the new proposed model (b) with measurement data
(n).

derivative of the Ids-curve to Vg,, fits well the Gin-curve over

the whole Vg3 region.

This consistent large-signal model was successfully im-

plemented as a symbolically defined device in the Hewlett

Packard computer aided design program ‘Microwave Design

System’.

VI. CONCLUSION

The analysis of the principles of large-signal modelling

leads to the definition of a new small-signal equivalent circuit,

consistent with the modelling of large-signal current and

charge sources under the quasi-static assumption. The main

advantage of this new topology is charge conservation.

A possible implementation of this broadband large-signal

model, suited for simulation of nonlinear microwave analog

and transient time domain digital circuits, is presented using
hyperbolic and exponential functions.

ACKNOWLEDGMENT

We wish to thank P. Richardson for the processing of the

devices and A. Vanhelmont for high-frequency calibration. We

also thank A. Vander Vorst, E. Van Lil, and Y. Baeyens for

useful discussions and critical reading of the paper. Ph. Jansen

acknowledges the support of the Instituut tot Aanmoediging

van het Wetenschappelijk Onderzoek in Nijverheid en de

Landbouw (IWONL). D. Schreurs acknowledges the support

of the Nationaal Fends voor Wetenschappelijk Onderzoek

(NFWO).

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

REFERENCES

R. Walter Curtice, ‘“A MESFET model for use in the design of GaAs

integrated circuits:’ IEEE Trans. Micnnvave Theory Tech.., vol. 28, pp.
448456, 1980.
T. Kacprzak and A. Materka, “Compact dc model of GaAs FET’s for
large-signal computer calculation,” IEEE J. Solid-State Circuits, vol.

SC-18, pp. 211–213, 1983.
R. W. Curtice and M. Ettenberg, “A nonlinear GaAs FET model for

use in the design of output circuits for power amplifiers,” IEEE Trans.

Microwave Theory Tech., vol. 33, pp. 1383-1394, 1985.
H. Statz, P. Newman, L W. Smith, R. A. Pucel, and H. A. Haus, “GaAs

FET device and circuit simulation in spice,” IEEE Trans. Electron
Devices, vol. ED-34, pp. 160–169, 1987.
J. A. McCamant, G. D. McCormack, and D. H. Smith, “An improved
GaAs MESFET model for SPICE,” IEEE Trans. Microwave Theory
Tech., vol. 38, pp. 822–824, 1990,
J. Staudinger, M. Miller, M. Golio, B. Beckwith, and D. Halchin,
“An accurate HEMT large signat model usable in SPICE simulators,”

MTT-S, p. 99-102, 1991.
I. Angelov, H. Zirath, and N. Rorsman, “A new empirical nonlinear
model for HEMT and MESFET device s,” IEEE Trans. Microwave
Theory Tech., vol. 40, no. 12, pp. 2258-2266, 1992.
M. Berroth and R. Bosch, “Broad-band determination of the FET small-
signal equivalent circuit,” IEEE Trans. Microwave Theory Tech., vol. 38,
no. 7, pp. 891–895, 1990.
G. Dambrine, A. Cappy, F. Heliodore, and E. Playez, “A new method
for determining the FET small-signal equivalent circuit,” IEEE Trans.

Microwave Theo~ Tech., vol. 36, no. 7, pp. 1151-1159, 1988.
K. W. Lee, K. Lee, M. S. Shur, T. T. Vu, P. C. T. Roberts, and M. J.
Helix, “Source, drain, and gate series resistances and electron saturation
velocity in ion-implanted GaAs FET’ s,” IEEE Trans. Electron Devices.,
vol. ED-32, no. 5, pp. 987–992, 1985.
D. E. Root and B. Hughes, “Principles of nonlinear active device
modeling for circuit simulation,” presented at the 32nd ARFTG Conji,
1 Dec. 1988.
G. Kompa and F. van Raay, “Automatic large-signal measurement

system for nonlinear device modeling and model verification,” in Proc.
19th Europ. Microwave Conf., London, Sept. 47, 1989, pp. 587–594.
G. Kompa, “Small- and large-signal characterization methods,” in

“Workshop on Measurement Techniques for Microwave Device Charac-

terization and Modeling,” MIOP ’90, Stuttgart, Apr. 1990, pp. 67–97.
G. Kompa, “Large-signal characterization and modelling of microwave
FETs,” IAF Short Course on Ultra-High Speed Semiconductor Electron-
ics and Optoelectronics, Course 13, pp. 1–27, Aug. 19-21, 1991.
H. Statz, P. Newman, L W. Smith, R. A. Pucel, and H. A, Haus, “GaAs
FET device and circuit simulation in SPICE,” IEEE Trans. Electron
Devices., vol. ED-34, no. 2, pp. 16&169, 1987.
D. Divekar, “Comments on ‘GaAs FET device and circuit simulation
in SPICE’ ,“ IEEE Trans. Electron Devices., vol. ED-34, no. 12, pp.
2564-2565, 1987.
L W. Smith, H. Statz, H. A. Haus, and R. A. Pucel, “On charge

nonconservation in FET’ s,” IEEE Trans. Electron Devices., vol. ED-34,
no. 12, pp. 2565–2568, 1987.
W, Maes, K. De Meyer, and L. Dupas, “SIMPAR: A versatile technology
independent parameter extraction program using a new optimized fit

strategy,” IEEE Trans. Computer-Aided Design, vol. 5, no. 4, pp.

320-325, 1986.

Philippe Jansen (SM’86) was born in Brussels,
Belgium. He received tbe MS. degree in electrical
engineering in 1988 and the Ph.D. degree in applied

sciences in 1993 from the Catholic University of
Leuven, Leuven, Belgium.

His Ph.D. research was performed at the Interuni-

versity Micro Electronics Center (IMEC), Leuven,
Belgium. He is presently on a l-year visiting re-
searcher position with Hitachi Ltd., Central Re-
search Laboratory, Tokyo, Japan. His research in-
terests include the quantum and ballistic effects

in Heterojunction Field-Effect Transistors and the improvement of their
characteristics for high-frequency analog and digital integrated circuits.



JANSENetal.: CONSISTENT SMfiL-SIGNAL AND LARGE-SIGNAL EXTRACTION ~CHNIQUES 93

Dominique M. M-P. Schreurs (S’90)was born in
Hasselt, Belgium on April 27, 1969. She received
her M. SC. degree in electrical engineering from

the Catholic University of Leuven (K. U. Leuven),
Leuven, Belgium in 1992. She is currently working

as a research assistant of the NFWO towards a Ph.D.
degree at the division ESATiTELEMIC of the K. U.
Leuven.

Her research interests include nonlinear model-

ling of GaAs and InP HEMT’s and designing of

nonlinenr MMIC’S
microwave engineering

Walter De Raedt received his M.Sc. in electrical

engineering at the Katholieke Universiteit Leuven in
1981. Subsequently, he joined the ESAT laboratory

as a research assistant and worked on electron

beam technology. In 1984 hejoined IMEC, where
he currently is involved in reseurch on MMIC’S
and submicron technologies for advanced HEMT

devices.

Bart K. J. C. Nauwelaers (S’8&M’86)wasborrr
in Niel, Belgium on 7 July 1958. He received the
M.S. and Ph.D. degrees in electrical engineering

from the Catholic University of Leuven (K.. U.

Leuven), Leuven, Belgium in 1981 and 1988, re-

spectively. Since 1981, with aone-year interru]ption
for military service, he has been with the department

of electrical engineering of the K. U. Leuven, where
he has been involved in research on microwave

antennas andrnicrowave circuits, and wireless corn-
munications. Since 1991, he has thought acourseon

at the same university.

Marc Van Rossum obtained his Ph.D. (1976) in

Physics and his habilitation (1981) from the Catholic

University of Leuven. After a post-doctoral stay at

the California Institute of Technology, he juined

IMEC in 1985 as head of Compound Semiconductor
Processing and became head of VLSI Materials and

Technologies in 1989. HIS main research interests
are in the physics and technology of advanced

semiconductor devices. Dr. Van Rossum is also an
associate professor at the University of Leuven.


