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Abstract- A small-signal transistor model extraction tech-
nique is proposed. It partitions access and intrinsic elements
with a more accurate network for the intrinsic section. This
resolves problems of nonphysical parameters and inconsisten-
cies across bias. The technique uses low gate and zero drain
bias measurements to directly determine an access network.
There is no need to apply electrical stress to the device during
measurement. The procedure is deterministic.

Index Terms- Small-signal Modeling, HEMT, Transistor
Characterization, Microwave FET,

I. INTRODUCTION

Microwave transistors consist of an active region ac-

cessed via metal contacts and wiring. Apart from heating
and trapping effects, the active region is usually well
behaved across the frequency band. In contrast, the access

elements present significant impedances at high frequen-
cies, vary with device geometry, and introduce losses.
A correct lumped-element model of access impedances
enables accurate scaling with geometry and describes the
connection of the nonlinear active region to its circuit. The
access network is critical to the determination of equivalent
circuits for both linear and nonlinear models.

There are techniques for determining access elements
from measurements at zero drain-source bias (coldfet con-

ditions). At this bias, it can be assumed that at extreme
gate potentials the intrinsic region can be approximated by
very low or very high impedances [1], [2]. The choice of
intrinsic network can ameliorate non physical results [3].
The intrinsic network also includes channel and gate junc-
tion resistances, which are apportioned between the drain
and source. This gives more unknowns than measurable
relations, so one, usually channel resistance, must be set
a priori [4]. An incorrect setting can produce inconsistent
results across frequency and bias.

Optimization can produce a fit to a given lumped-
element model across a range of bias and frequencies [5].
It is still necessary to determine starting values for the
calculation, which also requires setting an element, such as

gate resistance, a priori [6]. The accuracy of the topology
and scalability of the model remains untested.

Correct representation of the intrinsic region is key to
accurate coldfet extraction of access networks. This can

lead to an intractable mathematical problem, but simplifi-
cation can lead to non physical results.

Fig. 1. Small-signal FET model with access elements and laterally
symmetric channel, which applies to zero drain bias and low gate current.

In this work, an accurate analysis of network parameters
retains frequency dependence in the relationships, so that
additional information is available for the extraction. The
result is a robust procedure that gives consistent results
at other biases and frequencies. The only assumption is
that the coldfet intrinsic region has lateral symmetry. The
topology used for the extraction is presented in Section II.

This is analyzed in Section III to extract access elements.
The nature of intrinsic capacitacnce at other biases is
demonstration in Section IV before conclusions are drawn
in Section V.

II. SMALL-SIGNAL MODEL

At zero drain bias with low gate current the intrinsic
regions is laterally symmetric and the conductance of the
gate junction is insignificant. The latter infers that the
device should be tested without undue gate-current stress,
so power dissipation at heavy forward gate biases is not a

consideration. This condition also applies to insulated gate
devices. Lateral symmetry can be assumed provided there
is no alteration to either end of the channel, such as field
plates or lightly doped drain regions.

The small-signal FET model for zero drain-source bias
in Fig. 1 includes access inductances, (LD, LG, LS)
and resistances (RD, RG, RS) and extrinsic capacitances
(CGP, CDP, CGD). As drawn, it is configured for a

back-side ground plane with a via to the source. The
intrinsic part of the model consists of a drain-source
conductance, Gd,, and a delta-network of capacitances
(Cg, Cg, Cd) arranged in symmetry around the gate. The

1-4244-0688-9/07/$20.00 2007 IEEE

LG RG CGD RD LD

Port 1 Cg Cg C Port 2

T CGP Gd
T T CDP

783
Authorized licensed use limited to: MACQUARIE UNIV. Downloaded on February 8, 2009 at 21:22 from IEEE Xplore.  Restrictions apply.



RD LD

Port 2

12

10

CDP + Cd
Cs 8
a)
g 6

a/)
P44

2

0

Fig. 2. An approximation to the model of Fig. 1, which is accurate for
frequencies low enough that the capacitive reactance is larger than the
access resistances and source reactance.

gate current is assumed lower enough that gate-junction
dynamic resistance is much greater than the reactance
of the gate capacitance. For typical devices, this simply
implies that a high gate bias (>+0.6 V) are avoided.

III. EXTRACTION PROCEDURE

The extraction follows a repeated sequence of determin-
ing outer elements and subtracting them from the data until
the intrinsic elements are reached. The data is converted
to conductance or admittance parameters as appropriate.

A. Access Inductance

The first step is to determine the access inductances LG
and LD from measured open-channel coldfet impedance
parameters. For this, the model of Fig. 1 is simplified
by combining the capacitances as shown in Fig. 2. This
is reasonable for source access impedances less than
the capacitive reactance, which sets an upper limit on

measurement frequency (z 40 GHz) and favors open

channel (0.2 V < VGS < 0.5 V) data. Simulations show
that the values of the drain and gate inductances are not
significantly changed by the approximation. Values for the
other elements are better set in later steps, however.
The impedance parameters for Fig. 2 are:

zll = RG +Rs +a2p(w)

+ J LG +Ls- 2Cd -T a2P(w)] (1)

Z12 = Z21 Rs+ap(w)+j[Ls- TTap(w)] (2)

Z22 = RD + RS + p(w) + jw[LD + LS- TT p(w)] (3)

which are expressed in terms of a partitioning ratio

a = (CGD + Cg)/(CGP + CGD + 2cg) (4)

a frequency-dependent intrinsic drain-source resistance

p(w) = (Gd5 (1 + W2TT2))-1

and a characteristic transit time

TT = (Cd + CDP +a(Cg + CGP))/Gds. (6)
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Fig. 3. Measured resistance parameters (real parts) for a 150 ,um HEMT
at VGS = 0.4 V and VDS = 0. The lines show (1)-(6) fitted to the 20 to
40GHz data, which gave RS = 2.72 Q, RD = 3.33 Q, RG = 3.01 Q,
1lGds = 5.28 Q, a = 0.48, and 1TT = 2wr x 22.4 GHz.
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Fig. 4. Measured reactance parameters (imaginary parts) for a 150 ,um
HEMT. The lines show (1)-(6) for LS = 8.1 pH, LD = 30.1 pH,
LG = 38.8 pH, CGD + Cg = 98.9 fF, and Gd, oa, and TT as for

Fig. 3.

These give six equations (real and imaginary parts of
(1), (2) and (3)) for the ten elements of Fig. 2. Additional
information is in the frequency dependence of p(w).
A fit to (2) provides an estimate of Rs, a/Gd5, TT

and LS. An extensive study has shown that the difference
between Figs 1 and 2 least affects Z12 and Z21, so the
frequency dependence of these is the best choice for fitting
ap(w). The quality of fit is evident in Figs 3 and 4.

With fitted values RS, LS, Gd,, and TT, and a = 0.5,
measured Z22 can be fitted to (3) to yield RD and LD.
Then fitting measured gate-resistance, R(zli), to the real
part of (1) yields RG in terms of the other estimated quan-

tities. To extract LG, a linear fit to a[zli]/w + TTra2p(w)
versus 17/2 yields a/Cgd from the slope and LG + LS
from the intercept.
An important point to note is that it is the low frequency

impedance parameters are significantly affected by p(w),
which in many processes can have a characteristic transit
frequency 1ITT much greater than 100 GHz. However, it
is only the source and drain inductances that are required
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Fig. 5. Variation of extracted access reactance elements with choice of
drain conductance, 1lp(w). The total drain resistance for this process is
R[Z22] = 1.5 Q-mm for which 112WTT 270 GHz, Cg = 670 fF/mm,
a = 0.48 was assumed.
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Fig. 6. Approximate model of the FET parameters for data from which
the impedances of LG and LD are removed. This is an accurate model
for zero drain bias for frequencies less than RsILs.

from this step and these are insensitive to a and G ds

Thus, if the transit frequency is beyond the measurement
frequency range then estimates of a, Gd, and TT can be
used reliably. The partitioning ratio, a, is slightly less
than 0.5 typically. The value of 1/Gd5 is bounded by
0 and (R[Z22] - R[Zl2])/a but a setting in the middle
of this range will provide a good extraction of drain
and gate inductances from open-channel data. The transit
frequency can be estimated by TT R[Z22](M[Y22]-
[Y12]a[Y21]/a[y11])- If 1ITT is greater than 50 GHz then

the error in LD relative to errors in 1/Gd5 is only 1 pH/Q,
which leads to worst case accuracies better than 99 %.

Figure 5 shows the variation of some of the extracted
parameters for a fast transit-time device versus the selec-
tion of Gd5. Provided gate current remains low, errors are

reduced in open channel conditions where Gds is large.
This step provides reliable estimates for source and

drain access inductances and reasonable estimates for the
access resistances.

B. Access Capacitances

The next step is determination of extrinsic capacitances
from measured coldfet impedances taken at pinch-off. The
source and drain inductances are subtracted from the data,
which is then transformed to admittances. The model of

Fig. 6 is used, which ignores the source inductance. This
gives reasonable results for low frequencies (<100 GHz).
The admittance parameters for the network in Fig. 6 are

a high-order polynomial functions of w that include a dom-
inant pole. The full expressions remain well approximated
when truncated to second order by:

Yii

Y12

Y22

where

W2T1lCg + j[2Cg + CGP + CGD]
Y21 = -W T12Cg -J[Cg + CGD]

r2 [RG(JgR + RS(d + RD(Cg + Cd)]

+ Gds
Gds(Rs + RD) + 1

+jWJ[Cd + Cg + CDP + CGD]

T11 = (4RG +RS +RD)Cg

(7)

(8)

(9)

(10)

T12 = (2RG + RD)Cg + (RD -Rs)Cd. (11)

At pinch-off, the approximation is accurate beyond
300 GHz for typical HEMTs provided that Gds is small
compared with the access resistances. The latter is the case

at pinch-off.
The real parts, or conductances, are not influenced by

extrinsic capacitances, but do have a frequency depen-
dence due the intrinsic capacitance elements. Thus, the
admittance parameters can be used to separate extrinsic
and intrinsic capacitances.

There are nine parameters in Fig. 6 to be determined
from six relations, so the three access resistances, RG, RS
and RD, are set to the values obtained in the previous step.
A fit of measured [yi1 ] to the real part of (7) yields Cg.
Then fitting measured a[Y12I or a[Y21I to the imaginary
part of (8) yields CGD. Also, fitting measured [yilj] to
the imaginary part of (7) yields CGP. Next, the drain
admittance, R[Y22], is fitted to the real part of (9) to yield
Cd. Finally CDP is determined from a fit to the imaginary
part of (9).

C. Access Resistances and Source Inductance

The final step is to determine the access resistances
and source inductance. The known values of LG, LD,
CGp, CDP and CGD are subtracted from the data and

the extraction in Section 111-A repeated. This yields values
for the remaining parameters with, as a check, near zero

values for the gate and drain inductances. In this stage, the
topology of Fig. 2 is no longer an approximation because
the external capacitances have been removed from the data.

IV. INTRINSIC PARAMETERS

With all access elements determined, the intrinsic re-

gion of the FET can be determined from measured data
across all biases. This yields four conductances of which
transconductance and drain-source conductance are signif-
icant. It also yields four reactances, which are shown in

785

5

4

0

C A

A

x

2

-1

Authorized licensed use limited to: MACQUARIE UNIV. Downloaded on February 8, 2009 at 21:22 from IEEE Xplore.  Restrictions apply.



i:l

ct

350

300

250

200

150

100

50

0

-50

gate drain

Cgd
Cgs

X
Cds

source

Cgs
Xds

_ % ~~~~~~~~~~~~~~Cds......
Cgd

..........======...................===.===== .= ==.
..........

0 1 2 3 4 5

Drain-source Potential (V)

Fig. 7. Intrinsic capacitance elements for a common-source configura-
tion with a drain-source transcapactance. This is for the 150,um FET of
Fig. 3 at VGS =-0.75 V measured at 15 GHz.
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Fig. 8. Intrinsic capacitance elements for a common-gate configuration.
This is same data of Fig. 7 with 42fF fringing capacitances subtracted
from Cgs and Cgd. Data for both 4 GHz and 30 GHz are shown to
demonstrate constancy over frequency.

Figs 7 and 8. Figure 7 shows the reactances implemented
by a typically small-signal model augmented with a tran-
scapactance (i d jW Xdsgs Vgs). The imaginary parts
of the common-source y parameters are given by:

Cgs + Cgd Cgd
-Xdsgs-Cgd Cds +Cgd

(12)

The transcapacitance is zero at zero drain potential
where the intrinsic region is laterally symmetric. Thus,
only three capacitances are required at this point because
Y12 = Y21, which is assumed in Fig. 1. It is interesting to
note that Cds is significantly large, so coldfet extraction

procedures that include only two intrinsic capacitances are

prone to producing non physical results, particularly in the
extraction of CGD and CDP.
The transcapacitance is significant and varies over bias.

Its inclusion in a small-signal model is essential to produce
consistency between coldfet extractions and results at other
biases.

Figure 8 presents the same intrinsic reactances in a

common-gate configuration, which is insightful. In terms
of the capacitances and transcapacitances of Fig. 8, the
common-source y parameters are given by:

(Y) (CgS-Xsggd-Xdgs +Cgd Xsggd-Cgd (13)

(, Xdggs -Cgd Cgd J

When examined with respect to gate-drain and gate-
source potentials, the four capacitances are found to be
symmetric functions with respect to zero drain source

potential. That is cgs(vgs, Vgd) = Cgd(Vgd, Vgs) and
Xdggs (Vgs, Vgd) = XSggd (Vgd, uVgs). This elegance and the

constancy of values with respect to frequency is a strong
indicator that true intrinsic parameters have been obtained.

V. CONCLUSION

The algorithm presented here extracts FET access ele-
ments with a deterministic analysis of small-signal param-

eters. Frequency dependence is exploited to provide re-

quried additional fitting relationships. The intrinsic section
of the FET is correctly represented to give consistent re-

sults at all biases. The intrinsic data obtained is remarkably
independent of frequency and has an elegant symmetry
with respect to gate-source and gate-drain potentials.
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