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Abstract—An analytical method has been developed that gives
a simple and practical means of extracting small-signal equivalent

circuit parameters (ECP’S) of GaAs FET’s with negligibly small

bond-pad capacitances. Only the S-parameter measurement of

the pinched-off cold field-effect transistor (FET) is enough to

determine the extrinsic FET ECP’S. The intrinsic FET ECP’S

of a medhm-power Ku-band GaAs FET chip with a total gate
width of 800 ~m have been analytically extracted for two types of
eight-element intrinsic FET models; Model 1 (Curtice model) and
Model 2 that differ in the control voltage (V&) definition. Model 2

with 1-~ defined across the gate-source capacitance is found more
appropriate judging from the smaller frequency dependence of
the ECP’S and a better agreement between the calculated and

measured S-parameters over 2-20 GHz.

I. INTRODUCTION

sMALL-SIGNAL equivalent circuit parameters (ECP’s) of

microwave field-effect transistor @ET’s) are very useful

for the performance evaluation and analysis of not only

low-noise but also power devices. Various methods have

been reported [1]–[7] for extracting ECP’S, either intrinsic,

extrinsic, or both from S-parameter measurements by using

numerical optimization [1 ]–[3] or analytical methods [4]–[7].

Numerical optimization, however, may sometimes give rise

to the local minimum problem depending upon the given

initial values [1], [3] while the analytical method allows us

to extract the ECP’S straightforwardly. In order to deembed

the intrinsic FET, the so-called cold-FET or the zero-drain-

bias technique is widely used in various ways to determine

the extrinsic ECP’s. The cold-FET techniques reported so far,

however, require S-parameter measurements on a cold FET

under several forward-biased conditions [5], or pinched-off as

well as forward-biased conditions [6].

Two types of equivalent circuit models are commonly used

to represent an intrinsic FET; the seven-element model [2]-[6]

and the eight-element model [1], [7], and [8]. Contrary to

the eight-element model, the seven-element model cannot

account for the observed positive reverse transfer conductance,

i.e., Re (ylz > O) [1], [7] due to the lack of a drain-to-

channel feedback capacitance. The eight-element model is

further categorized into two, called Model 1 and Model 2. In

Model 1, sometimes called the Curtice model [1], the control

voltage VG is defined across CGs and RI [1], [7], while in

Model 2, VG is defined across CGS [8].
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The purpose of this paper is to propose a simple and

practical analytical parameter extraction method for GaAs FET

chips. Gate and drain bond-pad capacitances (CPG and ~pD)
are assumed to be negligibly small as compared to the input

and output admittances of the intrinsic FET, which is often

the case with medium-power GaAs FET’s. It is shown that

only S-parameter measurements on a pinched-off cold FET

are enough to analytically extract extrinsic ECP’s of the eight-

element models. The intrinsic ECP’s of a Ku-band medium

power GaAs FET are analytically extracted and compared for

both models.

II. EQUIVALENT CIRCUITS OF COLD AND HOT FET’s

The equivalent circuit of a FET chip can be represented by

Fig. 1(a), where LG, LD, and LS represent the inductances of

the gate, drain and source bond-wires, respectively, and CPG

and CPD represent the gate and drain bond-pad capacitances,

respectively. In our medium-power GaAs FET chip, Cpc: and

CPD are estimated to be 0.012 pF and 0.011 pF, respectively,

from the chip geometry to be mentioned later. R,G, RD,
and Rs represent the gate, drain, and source resistances,

respectively.

Since RG and RD are of the order of 1 0, we have

WRCCPG and WRD CPD z 10–3 for frequencies up to around

20 GHz, and without essential loss of accuracy we can transfer

CPG and CPD to the right of RG and to -the left of RD,
respectively, as shown in Fig. 1(b). Then CPG and CPI) can

be neglected as shown in Fig. l(c) if 1131I <<1 and IE2 I <1

hold (see the Appendix), where

@CPG 1 + ZS Eg
El=— (1)

WI ~ + zs~u ‘

Yll

~WCPD 1 + ZS ~Y
E2=— (2)

Y22 ~ + ZSAY ‘

Y22

.Z,S = Rs + jwLs, (3)

Xy =yll + ylt + ytl + yt~, (4)

Ay = y]lytt – ylzyzl (5)

and Y,J’s (i = 1, 2; j = 1, 2) are the Y-parameters of the

intrinsic FET. For our medium-power GaAs FET, IEl I and

IEz I have been found to be less than 6% for 2-20 GHz. ‘Thus

the following analysis is based on the simplified equivalent

circuit of Fig. 1(c).

The eight-element model of the hot-state intrinsic FIE3Tis

shown in Fig. 2(a). Model 1 (Curtice model) and Model 2 refer
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Fig. 1. (a) Equivalent circuit of FET chip mounted on microstrip test fixture,
(b) equivalent circmt for LJRG ~pG << 1 and ~~~ ~pD << 1, and (c)
simplified equivalent circuit for neghglbly small ~p G and ~pD.

to the cases with the control voltage V~ that develops between

CG,S + RI [1], [7] and CGs [8], respectively. The equivalent

circuit of the cold-state intrinsic FET can be represented by

Fig. 2(b) by applying a A – Y transformation to the cold-FET

equivalent circuit given in [3] and [6].

III. ANALYTICAL EXTRACTION METHOD

The extrinsic ECP’s in Fig. 1(c) can be analytically obtained

from the S-parameter measurement on a pinched-off cold

FET as in the following. Combining the equivalent circuits

in Figs. 1(c) and 2(b), one obtains the Z-parameters (ZC,j ) of

the pinched-off cold FET as

{

1
ZCll=RG+Rs+j W(L~+LS)– —

}
(6)

WCAB ‘

zf32 = Zczl

{ }
=R~+j w&& > (7)

{

1
Zcz2=l?D+Rs+j UJ(LD+LS)— —

}
(8)

wCBC

where C~~ = C~l + C;~ and C~& = C~~ + C~l.

From (6)–(8), we then have

RG =Re(Zcll – Zclz), (9)

lD=gmVGexp (–ju T )

(a)

(b)

Fig. 2. Equivalent circuit for intrinsic FET, (a) hot FET (Model 1 and Model
2), and (b) pinched-off cold FET.

RS = Re (ZC12)

= Re (Zczl), (lo)

RD = Re (Zczz – ZC12), (11)

1
wIm(Zcll) =W2(LG + LS) – —

CAB ‘
(12)

wIm (ZC12) =W2L,S – ~,
CB

1
wIm(Zc22) =W2(LD + Ls) – —

CB~

(13)

(14)

Equations (9)–( 11) mean that the values of R~, Rs, and

RD are readily determined at each frequency of measurement

by the Zrzj’s converted from the measured S-parameters

of the cold FET. Meanwhile (12)–( 14) indicate that, if we

plot uIm (ZC1l) w Im (ZC12), and w Im (ZC22) against W2,

each plot should be on a straight line with a slope equal to

LG + Ls, LS, or LD + Ls. From these slopes we can readily

obtain the values of LG, LS, and LD.
After determining the extrinsic parameters in this way, the

Y-parameters of the intrinsic hot FET, yij can be obtained by

deembedding from the measured S-parameters using matrix

manipulations as given in [4]. If the equivalent circuit param-

eters of the intrinsic FET are analytically expressed by the

yij’s, their values can be determined straightforwardly.

For both Model 1 and Model 2, the relations of

CGs, CDC, CGD, and RI with yl~’s are the same and

given by

cGs = IY1l + Y1212

wIm(yll + y12)’

CDC =
CG,SRe (ylz)

Re(yll) ‘

(15)

(16)

CGD = –
Im (ylz] W2TI T2~Gs

—

1 + (WT2)2 ‘
(17)

w

RI =
Re (yll)

WCGS Im (yll + y12)
(18)
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where

T1 = RICDC,

T2 = R1(CG,S + cDC).

For Model 1, g~, r, GDS, and C’Ds are

9m = IY21 – Y121,

1

{

Im (y12 – y21)
j- = —— tan–l

w }Re (ylz – y21) ‘

GD.s = Re (y22) –
W2TICDC

1 + (072)2’

CDS =
Im (YZZ) _ CG

[

W2T1T2
D–CDC ~– 11+(W2)2“(21d)

w

(19)

(20)

given by

(21a)

(21b)

(21C)

These expressions are the same as those given in [7], except

for (21a) and (21c) wherein low-frequency approximation is

not employed. For Model 2, g~, T, GDS, ad CDS = given

by (22a)–(22d) as shown at the bottom of the page.

IV. MEASUREMENT OF EQUIVALENT CIRCUIT PARAMETERS

ECP’S of a Ku-band 0.25 W power GaAs FET chip have

been extracted using the method described in the previous

section. The FET chip has a size of 370 x 480 &m with a

thickness of 100 #m, a gate length of 0.5 ~m. and a total

gate width of 800 ,um. The areas of the gate and drain bond-

pads are 8,200 ,um2 and 10600 #m2, respectively. The FET

chip are mounted on a 50-!2 microstrip chip carrier with 250-

pm thick alumina substrate. The gate and drain pads were

bonded to the microstrip lines with a single gold wire of

25 ~m diameter, while the source was grounded with six

gold wires. S-parameter measurements have been performed

over 2–20 GHz (2 GHz step) using an adjustable test fixture

(Inter-Continental Microwave, Model TF-2001-K) and a TRL

(thru-reflect-line) calibration kit (Inter-Continental Microwave,

Model TRL- 10-200).

In the cold FET measurement, the FET chip was bi-

ased at VDS = 10 V and VG,S = –5 V well below

pinch-off. After conversion of the measured S-parameters,

uIm(Zrgll), tiIm(Zclz), and w Im (ZCZ2 ) are plotted

against W2 as shown in Fig. 3, where straight lines obtained

by the least-square curve fitting are also shown. It can be

seen that the measured plots are fairly well on the straight

lines. From the slopes of the straight lines, the values of
L~, LS, and ljD have been determined to be 0.259 nH, 0.009

20 1 1 I 1 1 1 1 1 I 1 1 I 1 1 1 1 1 1 1
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Fig. 3. Measured@Im (Zc,J ) againstWzfor pinched-offcoldFET for 2-20
GHz(2 GHz step).

nH, and 0.291 nH, respectively. The values of RG, RS, and

RD have been calculated from (9)–( 11) at each frequency

of measurement. The average + standard deviation has been

found to be 0.89+ 0.150, 0.27+ 0.08fl, and 1.08+ 0.11 Q

for RG, RS, and RD, respectively, over 2–20 GHz.

The S-parameters have also been measured on a hot FET

biased at typical operating bias conditions of VDs = 10 V

and IDS = 120 mA (~~Dss/2). The plots of measured

S-parameters are shown in Fig. 4. The eight-element intrin-

sic ECP’s of the hot FET are analytically determined from

(15)-(21) for Model 1 and from (15)-(20) and (22) for Model

2. They are shown against frequency in Fig. 5. The average

+ standard deviation of the intrinsic ECP’S are also shown as

the insets to Fig. 5. As mentioned in Section III, the values of

CGs, CDC, CGD, and RI are the same for both models. C’D,S

and g~ are seen to be nearly independent of the models, while

r and GDs are model dependent. The value of T for Model

1 is about 50% larger than that for Model 2, being consistent

U’m=P
gm = IY21 – Y121

{m,
(22a)

1~=—

[{
– tan–l

:[::=::1}+’””-1 {:?=:}1 (22b)
w

GDS = Re (Y22 + Y21) –
/Jm(COS W’T – W’J2 Sh UT) + ti2~l(CDc + CGS’)

(22C)
1 + (WT2)2

CDS =
WT2 Re (yzz + yzl) + Im (y22 + !/21) — W’T2G’DS + .grrr sin wT

– CDC (22d)
w
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Fig.4. MeasuredandcalculatedS-parametersofhot FETfor2-2OGHzat
2 GHz step(l~s = 10 V, IDS = 120 mA).

with the fact that Model 1 forces T to account for all delay

effects under the gate [1].

While GDs is almost frequency independent for Model 2.

it decreases almost linearly with frequency for Model 1 and

its value at 20 GHz becomes nearly half of that at 2 GHz.

This suggests that Model 2 is physically more appropriate

than Model 1 (Curtice model) as far as the lumped-constant

eight-element model is concerned. Considering that GDS is

an important parameter affecting the output impedance level

of power GaAs FET’s, it is suggested that Model 2 should be

used to determine small-signal value of GDS.

The S-parameters of the hot FET have been calculated using

the anal ytically extracted ECP’s and are plotted in Fig. 4

together with the measured ones for comparison, showing a

generally good agreement between the calculation and the

measurement. So far as S11, S21, and Slz are concerned, there

can be seen essentially no difference between the calculations

for Model 1 and Model 2. The calculated SZ2 for Model 2,

however, agrees much better with the measurement than for

Model 1.

The present analytical extraction method is based on the

equivalent circuit shown in Fig. 1(c), i.e., CPG and CPD are

assumed to be negligibly small. For our FET chip, CFG is

estimated to be 0.012 pF by adding the air-bridge capacitance

of =0.0035 pF to the geometrical bond-pad capacitance. CPD

is calculated to be 0.011 pF. With the estimated values of

CpG and CPD, the relative errors, El and E2 for neglecting

CPG and CPD have been calculated using the measured S-

parameters. It has been found that 1~1 I and IE2 I are less than

4% in the case of cold FET, and less than 5.59t0 in the case

of hot FET for 2–20 GHz.
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Fig. 5. Analytically extracted intrinsic ECI?s for Model 1 and Model 2.
Insets show average + standard dewatlon over 2–20 GHz.

V. CONCLUSION

A method of analytically extracting small-signal ECP’S of

GaAs FET chips has been proposed. Only the S-parameter

measurements of the pinched-off cold FET and normally-

biased hot FET are enough to determine extrinsic and intrinsic

ECP’s. The method has been successfully applied to extract

ECP’s of a medium-power GaAs FET chip for 2-20 GHz,

demonstrating that, among the two kinds of intrinsic hot FET

models (Models 1 and 2), Model 2 gives less frequency-

dependent values of ECP’S and show a better agreement

with the measured S-parameters. Though the method is based

on a simplified equivalent circuit model, it gives a simple

yet practical means of extracting ECP’s of power GaAs

FET’s.

APPENDIX

Let us denote the Y-parameters of the dashed-line encircled

twoport in Fig. 1(b) as Y,j. Then we can obtain the following
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relations between Yij and yi ~:

y,l=y,l (1-%9
l+ Z.XY ‘

y,,=,,, (1+%)~ju~pD

1+ Z.q

= ,22(’+%3(1+~,)

{}

1 + Z.EY

where &, Ez, 2S, xv, and AV are defined by (l)–(5), re-

spectively. Denoting Y;j for the case of CPG = CF’D = O as

Yi~, we then have

=1,

and

Y22
—=1+E2.
Y;2

These expressions mean that the relative errors of Y1l and Y22

in neglecting CPG and CPD are EI and Ez,, respectively. If

IE1 \ and \E2 I <1, the relative errors of yll and YZZ are also

nearly equal to El and E2,, respectively.
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