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Abstract — A novel cold-FET method using a capacitive
transmission line (CTL) model to extract extrinsic
capacitances for the small-signal equivalent circuit of field-
effect transistors (FET’s) is proposed. The extrinsic gate
capacitance (C,;) and drain capacitance (G, of the FET’s
are extracted on the basis of the distributed CTL model and
ABCD matrix representation for the depletion region beneath
gate under the pinched-off cold-FET condition. The
extraction method proposed is applied to obtain the small-
signal equivalent circuit model for the FET’s. The simulated
S parameters using the CTL model exhibit great agreement
with the measured § parameters.

1. INTRODUCTION

The small-signal equivalent-circuit model plays an
important role for evaluation of microwave performance of
field-effect transistors (FET’s) [1], [2] and design of
monolithic microwave integrated circuits (MMIC’s) [3].
The accurate extrinsic capacitance parameters are essential
for determination of the small-signal equivalent circuit
model [4], [5]. The pinched-off cold-FET methods [4]-[7],
in which the gate voltage (Vgs) was biased to turn an FET
off and the drain-to-source voltage (Vps) was set to zero,
have been widely studied to extract the extrinsic
capacitance parameters of the FET’s such as MESFET’s,
HFET’s and HEMT’s. These pinched-off cold-FET
methods reported use lumped capacitance model to
describe the intrinsic depletion region under the gate. The
extrinsic gate capacitance (C,,) and drain capacitance (Cpg)
can be determined from the Y-parameter frequency
response of the devices. On the other hand, the distributed
capacitance model has been used to represent the intrinsic
depletion region under the gate for the pinched-off cold
FET to extract the C,, and the C,; [8]. The length of the
depletion region was assumed to be linearly dependent on
the gate bias. However, the assumption can not be applied
to the common FET’s with a uniformly-doped channel.

In this paper, we present a fast and simple method for
extraction of extrinsic capacitances using a physically-
meaningful capacitive transmission line (CTL) model and
a linear regression technique [5]. The method developed
provides an accurate technique for the small-signal
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Fig. 1.  Small-signal equivalent circuit of an FET.

equivalent circuit modeling of MESFET’s, HFET’s and
HEMT’s.

II. PARAMETER EXTRACTION

Fig. 1 shows the small-signal equivalent circuit of the
FET’s which consists of the intrinsic parameters (g, Ces,
Coa, Casy Ri, Ry, and z) and the extrinsic elements (Lg, Ly,
Ly, Cp, Cpa, Ry, Ry, and R,) [4].

On the basis of the equivalent circuit of Fig. 1, the
small-signal equivalent-circuit model under the pinched-
off cold-FET condition is proposed as shown in Fig. 2. The
intrinsic depletion region of the pinched-off cold FET is
described by the distributed CTL model which contains
two kinds of the capacitances per unit length, the series
capacitance (C;) and the parallel capacitance (C,). The
ABCD matrix of the transmission line for the CTL model
is indicated by Mcrp and expressed by [9]:

cosh(f) Z,sinh(¥) 1
Moy = ___sm;()’l) cosh(¥) @

0

where 7 is the propagation constant, / is the length of
the transmission line, and the Z; is the characteristic
impedance. We have [8]
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Fig.2. Small-signal equivalent-circuit model of the pinched-
off cold FET with the distributed CTL model for the intrinsic
depletion region.
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Fig.3. Small-signal equivalent-circuit model of the pinched-

off cold FET represented by the Mcry, in conjunction with the
Mg and the M.
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The small-signal equivalent-circuit model of the
pinched-off cold FET can be represented by the Y
parameters. The imaginary part of the Y parameters are not
influenced by the extrinsic resistances (R,, R4, and R,) and
the extrinsic inductances (Lg, L4, and L) at the frequencies
up to a few GHz [4]. After ignoring the extrinsic
resistances and inductances, the small-signal equivalent-
circuit model of the pinched-off cold FET is described by
the Mcr, matrix in conjunction with the ABCD matrices
for the C,, and the C,y as shown in Fig. 3. The ABCD
matrix of the C,, is indicated by M, and that of the Cpsis

indicated by M,4. We get

1 0
M = @)
pg _)/pg 1
.
M=y, 1 ©
| “pd i

where Y, = jwCye and Yy = joCpy.

The ABCD matrix of the pinched-off cold FET is
indicated by Mgt and expressed by

MFET=Mpg‘MCTL.Mpd (6)
The elements of the Mpgr include

M gry, = cosh(W) +7Y,,Z, sinh(¥) 0

M ggry, = Z, sinh(¥) 3

Mygry = (ng + Ypd ) cosh(¥)
1 .

+ (Z +Y,,Y,,Z,)sinh(y]) ®

M ggry, = cosh(f) + Y, Z,, sinh() (10)

The Mgt is then transformed to the Y-parameter matrix,
Yrer. We have

1
- - 1t
Yegrin = T * Z, tanh(%) (b
I (12)

Yoersy = Yoy + o
FET22 pd Z() tanh('yl)

The imaginary part of the Yrer can be expressed by the
following equations:

I(Yepryy) _ " C,Cs 13)
0} 7§ tanh(y)

Im(Yegr ) _ + C,Cs (14)
1) 7 " tanh(yf)

For a fixed pinched-off cold-FET bias, the C,, C,, 7,
and / are constant.
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Fig. 4. Imaginary parts of measured Y, parameters versus

Imaginary parts of measured Y,; parameters represent the
relationship between C,; and C,4.
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Fig. 5. Frequency response of the Cp,, and the Cpq.

Fig. 4 shows the measurement characteristics of the
Im(Yy) o versus the Im(¥Y;)/@ The Im(¥Yy;)/ o is linearly
dependent on the Im(Y};)/w. The slope of the Im(Yy,)/w
versus the Im(¥y)/@ is obtained by the linear regression
technique [5]. According to the slope value and the
equations (13) and (14), we can determine the C,, and the

pd

Fig. 5 shows the resulted frequency response of the C,,
and the C,;. Both the C,, and the C,, are constant against
frequencies. The extracted value of the C,, is 0.299 pF and
that of the C,q is 0.154 pF.

II1. EQUIVALENT CIRCUIT MODEL

The developed extraction method for the C, and Cpq can
is to obtain the small-signal equivalent circuit model of the
normally-operated FET. The element values of the small-

signal equivalent circuit model for a submicron GaAs
MESFET are extracted as follows: L,=73.44 pH, L~71.31
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Fig. 6. Measured and Simulated § parameters. (a) Sy; and Sy,

and (b) S;; and Sy;.

pH, L~3.01 pH, C,=0.299 pF, C,~0.154 pF, C,=1.488
pF, Cg=0.1717 pF, Cy=0.0791 pF, R=0.35 Q, R~0.48
Q, R=046 Q, R=2.075 Q, R;=3442 Q, g,~179 mS,
7=2.186 pS. Fig. 6 shows the simulated S parameters
based on the extracted parameters of the small-signal
equivalent circuit model in comparison with the measured
S parameters. The excellent agreement between the
simulated S parameters and the measured ones is
demonstrated.
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VI. CONCLUSION

The extrinsic capacitances, Cp, and C,4 are extracted
using a new pinched-off cold-FET method. The distributed
CTL model is used to represent the intrinsic depletion
region under the gate. The ABCD matrix representation is
adopted for the equivalent circuit of pinched-off cold FET.
The frequency response of the C,, and the C,; are
determined according to the CTL model and the linear
regression technique. The accurate small-signal equivalent
circuit model for FET’s is achieved by the proposed
method.
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