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High-Frequency Equivalent Circuit of GaAs
FET’s for Large-Signal Applications

Manfred Berroth and Roland Bosch

Abstract —The application of GaAs field effect tramsistors in digital
circuits requires a valid description by an equivalent circuit at all
possible gate and drain bias voltages for all frequencies from dc up to
the GHz range. This paper describes an equivalent circuit which takes
into account the gate current of positively biased transistors as well as
the symmetrical nature of the devices at low drain voltages. A fast
method to determine the elements of the equivalent circuit from mea-
sured S parameters is presented which delivers for the first time very
good agreement for all operating points.

1. INTRODUCTION

HE growing field of GaAs MESFET and MODFET

applications requires the development of circuit simula-
tion models. For MMIC designs, small-signal equivalent cir-
cuits of the type shown in Fig. 1 have been used up to 60
GHz [1], [2]. Recently developed MODFET’s with very high
transit frequencies have threshold voltages of about 0 V [3].
The operating point for maximum transconductance and
highest transit frequency is at a positively biased gate. How-
ever, at these bias points the gate current cannot further be
neglected. Another problem occurs in switching applications,
when the drain-to-source voltage of the field effect transistor
(FET) comes close to 0 V. In this case the symmetrical
nature of the physical device has to be reflected in the
equivalent circuit. A physically meaningful small-signal
equivalent circuit ificliding these features is not only an
important tool for circuit design; it will also give important
hints for device fabrication and improvement. We propose
an extended equivalent circuit together with a fast method to
determine its elemerits from S-parameter measurements for
all operating points and without frequency limitations. Only
an equivalent circuit which describes the transistor at all bias
points precisely can be used to evaluate the bias depen-
dences of the intrinsic circuit elements. This is essential for
large-signal applications.

1I. THE SMALL-S1GNAL EQuivaLENT CIRCUIT

A complete small-signal equivalent circuit is shown in Fig.
2. The circuit is divided into the external part, with eight
parasitic elements, and the intrinsic device, containing nine
clements defined by ten variables (g,, = Ig,,le /7). All ex-
ternal elements re considered to be constant for all operat-
ing points. All intrinsic elements depend on the applied gate
and drain voltages. For operating points with positive gate
bias, the differential resistances of the gate-to-source and
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gate-to-drain diodes are modeled by the resistances R, and
R,;. To ensure a smooth transition from the symmetric “cold
model” [1], [2], [4] to operating points in the saturation
region, the resistor R, is included. At low drain voltages,
the gate-to-drain capacitancé is about the sime as the gate-
to-source capacitance, and the series resistances R, and R ed
determine the real parts of Y|;, and Y),, respectively.

Our method to extract the element values from S-parame-
ter measurements is similar to [1] and [5] but is applied to
the extended circuit. Furthermore the frequency limitations
of [1] and [5] have béer overcome by a fully analytic solution
of the intrinsic Y-parameter equations as in [7] for the circuit
of Fig. 1. First, the external parasitic elements have to be
determined by so-called cold modeling at a drain-to-source
voltage of 0 V, as described in [1], [2], and [4]. Then “hot”
measured S parameters (V;, > 0 V) are de-embedded from
the external parasitic elements to obtain the equivalent Y
parameters of the intrinsic device. The measured § parame-
ters are converted to the corresponding Y and Z parameters
by well-known transformations.

Thereafter a fast procedure is applied to determine all
voltage-dependent elements of the equivalent circuit at each
operating point using an analytic solution of the Y-parameter
equations of the intrinsic device. This parameter extraction is
referred to as hot modeling. Detailed descriptions of the
methods used in the cold and hot modeling processes are
given in the following sections.

ITII. CoLb MODELING

For cold modeling, all S-parameter measurements are )
carried out at 0 V drain-to-source voltage. In this case the
transistor is a nonlinear symmetric device. The parasitic gate,
source, and drain resistances and inductances are deter-
mined first at a far positively biased gate. At these bias
points, the following simplified equations, given in [1], are
valid:

. nkT
Zy=R,+R_+—+ +jo(L,+L,) (1)
8 3 C]Ig g
RC .
Z122221:Ry+7+1w14s (2)
Zy=R,+R,+R.+jo(L,+L,). (3)

R, is the channel resistance at the applied gate voltage and
nkT /ql, is the differential resistance of the Schottky diode.
As there are four unknown resistors and only three equa-
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Fig. 1. Small-signal equivalent circuit of a field effect transistor [1].
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Fig. 2. Extended small-signal equivalent circuit of a field effect transistor including gate current and resistive feedback.

tions with corresponding real parts, one additional relation is  below pinch-off using the following simplified equations [1):

required. We use a method similar to that in [6] to determine _

the sum of R, and R, from S-parameter measurements. Im (¥,) = jao(Cpg +2C,) (4)

The three inductances are calculated from the imaginary Im(Y,) =Im(Y,) =~ joC, (5)
arts of these equations without making additional assump- .

?ions. 1 & P Im (Y2,) =]w(Cb+de)' (6)

The gate and drain pad capacitances C,, and C,; can be  C, is the residual coupling capacitance from the gate to the
extracted from S-parameter measurements at gate voltages source and drain region.
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An alternative method is to use transistor designs on the
same wafer without active area. From this passive structure,
the gate and drain pad capacitances, C,, and C,,, are
derived from measured S-parameter data of those metal

structures by means of (4) to (6).

IV. Hotr MobELING

The measured S-parameter data can be transferred to the
corresponding Z and Y parameters for any bias and fre-
guency. By means of these transformations, the S-parameter
data can be de-embedded from the parasitic external ele-
ments, as shown in [1]. The intrinsic device (Fig. 2) can be

By separating these equations into their real and imaginary
parts, eight circuit elements can be determined. However, in
our equivalent circuit (Fig. 2) the intrinsic transistor is mod-
eled by ten intrinsic variables. As additional relations for the
differential resistances Ry, and Ry, either dc measurements
or S-parameter measurements at very low frequencies can be
used. As can be seen from (7) and (8), the real parts of the
intrinsic ¥ parameters Y}, and Y;,,; diminish at low frequen-
cies, with the exception of & and 8fa The differential
conductances of the gate diodes, gy and 84> Can therefore
be determined at each operating point at low frequencies,
e.g. 50 MHz, by the following equations:

described by the following four complex Y-parameter equa- gra=—Re(Yy,,) (15)
tions:
=Re(Y;,)—g¢y
WR,CL @R, CL  (Cp Cpy &= Re (i) = 8 (19
Yin=8p+ 8t D1 Do ‘”( I 7)‘2—) At the same bias point the remaining eight parameters can
(7) be calculated for each measured frequency independently.
After separating (7) through (10) into their real and imagi-
®’R ¢aC g‘d Cou nary parts, the expressions for the elements of the small-sig-
Yii=—8 T Ty Jwﬁ (8) nal equivalent circuit turn out to be (see the Appendix)
2
_ Im (Y,,) Re (Y1p,) + 874 17)
8 w Im(Y},,) (
_Re(V)+ 2 8
87 wCeq Im(Yyy,) (18)
_ Im(Yyy;) +Im(Yyy,) + (Re(Ym)*Re(Ym)_gfy)“ (19)
gs 2
w (Im (Yy,) +Im(Yy,,))
R — Re(Yllz)+Re(Y121)_ng (20)
! wcgs(Im(Yllz)+Im(Y12l))
2 2
8m =V (Re(Yz1) ~Re (¥3,))*+ (Im(¥y,) ~Im(Y;5,)) ) D1 (21)
1 [ Im(Yyp,) —Im(Yyy,) — ngSRi(Re (Y2,) —Re(Yy,,))
7 = — arcsin (22)
w gm
Im(Yy,,) +Im(Y7y,)
ds = © (23)
84s=Re(Yy,) +Re(Yyy,). (24)
v N g e o wCy ©) Equations (17) through (24) are valid
210 ~ 8rd : —-J : . .
fd 1+ JoR,Cy 1+ joR;,Cpy i) for drain voltages greater than 0 V,
w’R .C2 C ii) for positive and negative gate voltages,
Yo = 874+ 8us + gd-gd +jw( Cyot —gd ) (10) ili) for all frequencies for which the equivalent circuit is
D2 D2 valid.
where As there are no time-consuming iteration loops in the hot
Di=1+ wngZS R? (11) modeling procedure, this method can e'ffectively‘ be used for
on-wafer S-parameter measurements with real-time parame-
D2=1+ chgZngd (12) ter extraction.
1 V. MEASUREMENTS AND RESULTS
8fs = R_fs (13) Several different types of FET’s have been investigated to
1 verify our method and to compare it with the results of other
(14) procedures. We examined heterostructure FET’s as well as

MESFET’s fabricated at our institute. The hot modeling



BERROTH AND BOSCH: HIGH-FREQUENCY EQUIVALENT CIRCUIT OF GaAs FET’s 227

Rfs= 433 Iamm
Rfd= 197.42 kOhm

S—Parameter
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Fig. 3. Comparison of measured data of a 0.6 um enhancement heterostructure field effect transistor (crosses) with
simulation results of our procedure (circles) and the method proposed in [1] (solid lines) at positive gate bias.

method, described in [1], is limited to frequencies below
5 GHz, which is a severe limitation for present and future
applications of GaAs FET devices. We compared the method
described in [1] with our fully analytical approach up to our
measurement limit, and the results shown in Fig. 3. The
crosses indicate the measured § parameters of a het-
erostructure FET with pulse doped layers on both sides of
the undoped channel with a gate length of 0.6 um. The gate
and drain voltages were +0.7 V and 1.0 V, respectively. The
solid line represents the results of the method described in
[1], and the circles show the results of our method. Obvi-
ously, our model yields better agreement with the measured
data at high frequencies, showing that extrapolations of our
model to higher frequencies are more reliable. The low error
averages, E,;, of our improved model should be noted.

Fig. 4 presents the intrinsic capacitances as calculated for
the operating point given in Fig. 3. We can use this plot to
verify the validity of the equivalent circuit at high frequen-
cies. The equivalent circuit remains valid as long as its
elements turn out to be independent of frequency, with the
deviation from the mean value being an indication of the
error of this eclement value.

As a further example, Fig. 5 shows a depletion-type het-
erostructure FET with a gate voltage of 0.6 V and a drain
voltage of 0.05 V. These low drain voltages occur in switch-
ing applications of FET’s. Again, our proposed method
(circles) neatly approximates the measured data, while the
solid line according to [1] cannot fit in particular the $;; and
S,, data points. As the influence of the differential resis-
tances is not considered in [1], the method cannot be used
for operating points with a significant gate current.
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Fig. 4. The intrinsic capacitances C,;, C,;, and Cy, versus frequency
calculated at the same bias conditions as in Fig. 3.

As the accuracy of our parameter extraction is high and
the computation time is well under a second on a uVAX II,
we can calculate the small-signal equivalent circuit elements
at many operating points. Thus the bias dependences of all
internal elements are quickly established. Owing to the valid-
ity of the equivalent circuit for all operating points, these
voltage dependences of the equivalent circuit elements can
be utilized for large-signal model development. The imple-
mentation of this model into SPICE will be reported else-
where.
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Re= 1220 Ohm Vds= 005 V
Ré= 120 Ohm Vgs= 060 V
Rg= 08! Ohm ids= 165 mA
R= 252 Ohm f=0.05 .. 25.05 GHz
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Fig. 5. Comparison of measured data of a 0.6 wm depletion heterostructure field effect transistor (crosses) with simulation

An extended small-signal equivalent circuit for GaAs field

results of our procedure (circles) and the method proposed in [1] (solid lines) at low drain voltages.

VI. CoNcLusION We can separate the real and imaginary parts:

g(cos(w7) = wR,ngsin(an-))

effect transistors is proposed. It includes the effects of the Re(Yyy;) = 5 +Re(Yyy)
differential resistances of the gate-to-source and gate-to- 1+(szCgs)
drain diodes as well as the serial resistance of the feedback (A3)
capacitance. A fast and accurate method to determine all .
elements of this equivalent circuit at all bias points without Im(Yyy) = — gm(leCgs(COS(wT) +sin(wr))

4

frequency limitations is presented. Direct computation from
analytical expressions, without iteration, allows this parame-
ter extraction procedure to be used for real-time on-wafer
parameter extraction. Large-signal calculations are possible
by inserting the voltage dependences evaluated for the ele-
ments into suitable simulation programs such as SPICE.

APPENDIX

With the exception of g,, and 7, all circuit variables can
be determined by simple algebraic operations. To solve for
g, and 7 we have to use (9):

gme 7 0C,y
Yo =— 8+ —J Al
T TR T 0RC,, 1+ joR,,Cy (A1)
which can be rewritten as
gn(1—joR,C,. ) (cos(wT) — jsin(wr))
2= + Y,

1+(wR,C,,)°

1+ (wR,C, )
+Im(Yyy,).
For simplification of the notation, we use
R =Re(Y,;;) —Re(Yy,,)
I= Im(YZh) —Im (YIZI)

d=owT1

b=wC,R;
8m

a=—-.
1+ b2

Then we get
R =a(cos ¢ — bsing)
I=—a(bcosd +sing)

This can be written as
R
cos¢p = — + bsing.
a
Now we can solve for ¢:
—I-bR

Sin¢=m.

(A4)

(A5)
(A6)
(A7)
(A8)

(A9)

(A10)
(Al1)

(A12)

(A13)
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Inserting (A13) into (A10) and using cos¢ =1 1—sin?¢ yields

/12 +R?
a=\ ——.
1+b2

(A14)
By resubstitution, we get g,, and 7: » »
' 2 2
Bm= \/((Re(yzli) —Re(Yp)) "+ (Im (Yyy,) ~Im(Yyy,)) )D1 (A15)
1 Im (Y1) ~Im(Yy;) — wC R;(Re(Yy;) ~Re (Y

= — aresin (Y121) (Ya1:) 2 (Re(Yyy,) (Y, )) . (A16)

) &m .
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