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A New Method for Determining the FET
Small-Signal Equivalent Circuit

GILLES DAMBRINE, ALAIN CAPPY, FREDERIC HELIODORE, AND EDOUARD PLAYEZ

Mstruet —A new method to determine the small-signal equivalent cir-

cuit of FET’s is proposed. This method consists in a direct determination

of both the extrinsic and intrinsic smafl-signal parameters in a low-

frequency band. This method is fast and ‘accurate, and the determined

equivalent circuit fits the S-parameters very well up to 26.5 GHz.

I. INTRODUCTION

K NOWLEDGE of the small-circuit equivalent circuit

of a field effect transistor is very useful for the device

performance analysis (gain, noise, etc.) in designing of

microwave circuits and characterizing the device techno-

logical process. Usually, the small-signal equivalent circuit

is obtained by optimizing the component values to closely

fit the small-signal microwave scattering parameters mea-

sured on the device. However, this equivalent circuit de-

termination has several drawbacks:

(i)

(ii)

(iii)

Accurate broad-band S-paraineter measurement is

required.

For small differences in the error function, the

optimum element values can vary depending upon

the optimization method and the starting values.

To have a physical significance, the equivalent

circuit requires a preliminary determination of cer-

tain parameters (gate resistance or inductances, for

example).

In order to overcome these difficulties we have chosen to

develop a new method to determine the FET small-signal

equivalent circuit. This method consists in a direct, fast,

and accurate measurement of the different elements per-

formed at relatively low frequency. Although this method

was developed in our laboratory for chip devices in a test

fixture, it is very well suited for wafer-probing systems,

and the first results obtained using such probes are very

promising. Therefore, a large amount of data directly

connected with the design or the process of FET’s can be

obtained without any very high frequency measurements

or important computational effort. The aim of this paper is

to describe this novel method. In Section II, the theoretical

basis as well as a description of the different steps required

to determine the equivalent circuit elements is presented.

In Section III, a measurement technique of the extrinsic

elements (series resistances and inductances, parasitic

capacitances) is proposed. The experimental results are
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Fig. 1. Small-signal equivalent circuit of a field effect transistor.

deicribed in Section IV. First, the text fixture perfor-

mances are presented. The evolution of the equivalent

circuit elements versus Vg, and V~, are then shown. In

order to check the validity of our method, a comparison

between the measured S parameters and the S parameters

calculated from the equivalent circuit is carried out. Quite

good agreement between theoretical and experimental S

parameters, proving the validity of our approach, is pointed

out.

II. THEORETICAL ANALYSIS

The conventional small-signal equivalent circuit of a

field effect transistor is shown in Fig. 1. Basically, this

equivalent circuit can be dividecl into two parts:

(i)

(ii)

Since

the intrinsic elements g,., gd, Cg,, Cg~ (which in-

cludes, in fact, the drai-gate parasitic), C& R,,

and ~, which are functions of the biasing condi-

tions;

the extrinsic elements L;g, Rg, C’g, L,, R,, - R d,

Cpd,’ and Ld, which are independent of the biasing

conditions.

the intrinsic device exhibits a PI topology, it is
convenient to use the admittance (Y) paramet&s to char-

acterize its electrical properties. These parameters are [1]

RiC:~U2 c
Yll = ~ + ju

()
: + Cgd (1)

y12 = – jaCgd (2)

gmexp(–~~~~)

‘Y21= 1 + jR,Cg,w
— – jtdCgd (3)

Y22 ‘gal+ jti(cds+ Cgd) (4)

with D = 1 + U2Cj,Rf.

0018-9480/88/0700-1151 $01.00 01988 IEEE



1152 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 36, NO. 7, JULY 1988

Sll

S21

S12

S22

+ s--z -

Z1l-iolg Z12

z 21 zzz-i~ld

+
z -Y

.

Ym-iwCpg YI2

Y21 Yzn-iwcpd

+
Y-z

ZII-RS Z12-RS
-Rg-iuls -iwls

Z21-RS Z22-RS
-i~Ls -Rd-iels

t

z-y -

Ti J\ ‘.
intrinsic

device

?+2
(a)

!
(b)

T
(c)

(d)

Fig. 2. Method for extracting the device intrinsic Y matrix.

For a typical low-noise device, the term a2C~R~ is less

than 0.01 at low frequency (F< 5 GHz) and D = 1 con-

stitutes a good approximation. In addition, assuming

UT <<1, we have

Y1l = R, CS%J2+ .M (Cg. + Cgti) (5)

ylz = – jtiCgd (6)

y~~=g~-~~(Cgd+g~(R,Cg.+~)) (7)

Y22=a+j~(%, +cgd). (8)

Expressions (5)-(8) show that the intrinsic small-signal

elements can be deduced from the Y parameters as fol-

lows: Cgd from y12, Cg, and R, from yll, g~ and ~ from

YZ1, and, lastly, gd and Cd, from y22. Therefore, the
problem is to determine the Y matrix of the intrinsic

device from experimental data. Assuming that all the ex-

trinsic elements are known, this can be carried out using

Gate

\
\

\
\
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Fig. 3. Sketch of the distributed RC network under the gate yielding
equations (15), (16), and (17).

the following procedure (Fig. 2):

a)

b)

c)

d)

e)

measurement of the S parameters of the extrinsic

device;

transformation of the S parameters to impedance

(Z) parameters and subtraction of L~ and L~ that

are series elements;

transformation of Z to Y parameters and subtraction

of CPg and CPd that are in parallel;

transformation of Y to Z parameters and subtraction

of R~, R,, L,, R~ that are in series;

transformation of Z to Y parameters that correspond

to the desired matrix.

Therefore, the determination of the intrinsic admittance

matrix can be carried out using some simple matrix ma-

nipulations if the different extrinsic elements are known.

The measurement technique of these elements constitutes a

key point of our method and it will then be described now.

III. MEASUREMENT OF THE EQUIVALENT CIRCUIT
EXTRINSIC ELEMENTS

A. Determination of the Parasitic Resistances and

Inductances

As Diamant and Laviron have suggested, the S-parame-

ter measurements at zero drain bias voltage can be used

for the evaluation of device parasitic bec~use the equiv-

alent circuit is much simpler [2]. Curtice and Camisa [9]

have used this biasing condition to optimize the device

parasitic using the p~ogram SUPER-COMPACT. An al-

ternative approach is proposed in this work where all the

pw-asitics are directly deduced from measurements per-

formed at Vd~= O. For this purpose, Fig. 3 shows the

distributed RC network representing a FET channel under

the gate at V&= O. For any gate biasing conditions [3], [4],

the impedance parameters z,, can be written

.211= RC/3 + Zdy (9)

Z12 = Z21 = RC/2 (lo)

Z22= RC (11)

where R ~ is the channel resistance under the gate and z~Y

is the equivalent impedance of the Schottky barrier. zdY

can be written
R dy nkT

‘dy = 1 + jaCvRdY
(12)with RdY= ~

where n is the ideality factor, k the Boltzmann constant, T

the temperature, Cg the gate capacitance, and 1~ the dc

gate current.
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Fig. 4. Evolution of the Zparameters’ imaginary part versus frequency
under forward gate bias voltage andzero drain bias voltage

As the gate current increases, R~Y decreases and ~g

increases but the exponential behavior of R ~Y versus V& N

the dominant factor; consequently the term R ~Y.C~. Q

tends to zero for gate current densities close to 5. 107–108

A/m2. In that case, we have

nkT
Zdy — —‘Rdy–~. (13)

For such a gate current, the capacitive effect of the gate

disappears and the Zll parameter becomes real:

nkT
Zll= RC/3+ ~. (14)

In addition, the influence of the CPg and Cpd parasitic

capacitances is negligible and consequently the extrinsic Z

parameters are simply determined by adding the parasitic

resistances R,, R~, Rd and inductances L~, L,, Ld to the

intrinsic Z parameters. Then we have

Z12 = Z21 = R. i- RC/2+ jaL, (16)

Z22=R, +Rd+RC+ju(L, +Ld). (17)

These expressions show that the imaginary part of the Z

parameters increases linearly versus frequency while the

real part is frequency independent. In addition it must be

noted that the real part of Zll increases as I/Ig.

As shown in Figs. 4 and 5 the theoretical expressions

(15), (16), and (17) are in quite good agreement with

experimental findings. To obtain these figures, the S

parameters of the device were measured using the HP 8510

network analyzer and then transformed into Z parameters

using the well-known translation formulas. These figures
show a linear evolution of the Z parameters’ imaginary

parts while the real part of Zll increases as l/lg. AS a

consequence, the parasitic inductances can be provided by

these plots: L, from Im( Z12), Lg from Im ( .%), and Ld

from Im ( Z22). In addition, the linear extrapolation of the
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Fig. 5, Evolution of the Zll real part as a function of l/Z~.

plot Re( Zll) versus l/lg to the ordinate gives the value of “

R, + R ~ + R./3. Therefore the Z parameters’ real parts

provide three relations between the four unknowns R,,

R ~, R d, and R.. At this step, an additional relation is

needed to separate the four unknowns. This additional

relation can be:

(i)

(ii)

(iii)

(iv)

The value of the sum R,+ Rd determined by the

conventional method 15], [6]. It must be empha-

sized that this determination can be carried out

with the network anal yzer using the real part of

z.

T;e value of R~ if it can be provided from the

resistance measurement t from pad to pad.

The value of R, and R ~ provided by dc measure-

ment [7].

The value of R ~ if the channel technological

parameters are known

Therefore, the determination of the four parameters R.,

Rg, Rd, and R. does not constitute a real problem since

some redundant relations are available in most cases.
At this step, it should be noted that the gate resistance

introduced in expression (15) is the gate resistance at

relatively high gate current. In that case, a gate finger has

to be considered as a ladder containing incremental series

resistances, shunt Schottky diodes, and series channel re-

sistances [8]. This results in a nonlinear character of R ~

that becomes different to its value when the FET is

normally biased as an amplifier. However, for gate me-

tallization resistances commonly encountered (100–300

O/mm), the error introduced by the distribution effect is

less than 10 percent. In the case of higher metallization

resistances, the distribution effect has to be taken into

consideration.
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Fig. 6. Small-signal equivalent circuit of a FET at zero drain bias

voltage and gate voltage lower than the pinchoff voltage.

In conclusion, the previous analysis shows that, except

perhaps for high gate metallization resistance devices, the

series parasitic elements R,, R~, R~, L,, L~, and L~ can

be provided by S-parameter measurement performed un-

der zero drain bias and forward gate bias voltage condi-

tion.

B. Measurement of the CP~ and CP~ Parasitic Capacitances

In the previous section it has been shown that suppress-

ing the capacitive effect of the gate provides the series

elements. Following the same philosophy, the input and

output CPg and Cpd parasitic capacitances are measured
by suppressing the conductivity of the channel. As a

matter of fact, at zero drain bias and for a gate voltage

lower than the pinchoff voltage VP, the intrinsic gate

capacitance (i.e., under the gate) cancels, as does the

channel conductance. Under these biasing conditions, the

FET equivalent circuit is shown in Fig. 6. In this figure C~

represents the fringing capacitance due to the depleted

layer extension at each side of the gate. For frequencies up

to a few gigahertz, the resistances and inductances have no

influence on the imaginary part of the Y parameters,

which can be written

Im(Yll) =j~(CPg+2. C~) (18)

Im(Y12) =Im(Y21) = – juC& (19)

Im(Y,2) = jti(C. +CPd). (20)

Thus, the three unknowns C~, CPg, and Cpd can be

calculated using (18)–(20).

From an experimental viewpoint, the FET is biased as

mentioned before ( Vd, = O, P’& < VP) and the S parameters

are measured and transformed into Y parameters.

As shown in Fig. 7 the imaginary parts of the experi-

mental Y parameters increase linearly versus frequency,

which is in quite good agreement with expressions

(18)-(20). In addition it can be easily verified that the two

CPg and CPd capacitances provided by the previous plots

are independent of Vg, when Vg, < VP. Therefore these two

capacitances can be considered as parasitic.

This new method for determining the parasitic capaci-

tances values is very useful for two main reasons.

(i) A FET design can be characterized by means of

parasitic capacitances.

(ii) The intrinsic gate-to-source capacitance can be ac-

curately defined if CPg is known. As a consequence

Fig. 7.

0 2.3 a

FREQUENCY (GHz)

Evolution of the Y parameters’ imaginary part versus frequency,
yielding the CPg and CPd pad capacitances. Vg$= – 3 V.

it is possible to determine the intrinsic device cutoff
frequency fC = g~/2vC~,, that is one of the main

device quality factors.

Finally it has been shown that all the device parasitic

elements can be measured under zero drain bias voltage

conditions. Consequently it is possible to determine the

intrinsic Y parameters and the equivalent circuit compo-

nents for any gate and drain bias voltages following the

method described in Section II.

Before presenting some experimental results concerning

the small-signal equivalent circuit, it seems important to

discuss the frequency range used for these measurements.

In fact, the frequency has to be low enough in order for

expressions (5)–(8) to be valid, while the low frequency

boundary is mainly determined by the network analyzer.

In addition, the frequency range has to be wide enough in

order to accurately define the parameter evolution laws

versus frequency. In the following part, the results will be

given in the case of measurements performed in the range

1–5 GHz. This frequency range has been successfully used

for gate length in the range 0.25–1 pm and for gate width

in the range 100–400 pm.

In the case of higher gate length structures, the upper

frequency limit has to be reduced in order for the ap-

proximation D = 1 to be valid. On the other hand, for

high-frequency devices with ultrashort gate length ( <0.3

pm) and small gate width ( <100 pm) the Y parameter

becomes very low. Hence, the measurement frequency

range has to be translated towards higher frequencies in

order to provide higher values of the intrinsic Y parame-

ters, which are less sensitive to the measurement noise.

IV. EXPERIMENTAL RESULTS

As previously mentioned, this new method for determin-

ing the FET equivalent circuit is quite suitable for micro-

wave wafer probing equipment. However, since such a

system is not yet in operation in our laboratory, the

method was developed for chip devices in a test fixture. A

test fixture photograph is shown in Fig. 8. This test fixture
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Fig. 8. Photograph and drawing of the test fixture. All dimensions are in mm.
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Fig. 9. Return and insertion losses of the test fixture with a through line.
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comprises a center block sandwiched between two lateral

blocks. The chip is mounted on the center block and

bonded to 50 Q microstrip lines on 0.01 in. thick alumina

substrate that are mounted on the lateral blocks. Male and

female K connectors are used to interface the mjcrostrip to

the coaxial system. This text fixture is very well suited for

the TSD calibration which is used to deduce the S parame-

ters of the device only. Fig. 9 shows the return and

insertion losses of the fixture with the through line. At 26.5

GHz the insertion loss is 0.7 dB while the return loss is

– 14 dB.

A. The Equivalent Circuit Parameters

In the case of a commercial 0.3x280 pm2 gate structure

device (NE 67300), Fig. 10 shows the evolution of the

small-signal paHiIIEtt2rS gm, gd, Cg,, c@, cd., R i and ‘T

versus V.. for two different drain-to-source bias voltages..,
These e&lutions are quite similar to those obtained us&g

the conventional least:squares fit of the S parameters [10],

although a few seconds of computing time are needed only

with our method to obtain these plots.

In terms of accuracy, it should be noted that the five

main parameters gn, gd? I& Cgd and Cd, are precisely

obtained since the associated experimental Y parameters

are in quite good agreement with expressions (5)–(8).

These four parameters are determined within a 2–3 per-

cent estimatec! accuracy. On the other hapd, the real part

of yll, which provides the Ri value, has a very low value

(a few 0.1 ms) and is rather sensitive to the measurement

noise. As a consequence, the R i detern@ation errQr can be

as high as 50 percent, which also introduces about a 20

percent inaccuracy on the transit time.
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Element values

nH ohm m

Extrinsic
L, Lg Ld R, Rx Rd Cpz Cpd

0.039 0.27 0.38 1.5 1.4 1.5 48 92

pF mS
—— ohm pS

Intrinsic
c cgd gm gd R, ~

0.3t8 0.032 74 6,1 2.4 3.2

B. Broad-Band S Parameters noise in the experimental data can be noted. This figure
In order to show the validity of our approach, the S shows that the calculated S parameters are in quite good

parameters were measured in the range 1–26.5 GHz and agreement with experimental findings for the three param-
compared with the S parameters computed from the eters S1l, ~21, S22 while the main difference concerns S12,
equivalent circuit. The results of this comparison are given which is not surprising. Therefore, the equivalent circuit
in Fig. 11 in a typical case. The absence of resonances or deduced from low-frequency measurements can fit very
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well the device S parameters up to 26.5 GHz. The equiv-

alent circuit determined in a low-frequency range can thus

be used as an electrical characterization of the technologi-

cal process as well as for the design of both hybrid and

monolithic microwave circuits.

V. Conclusions

A new method for deterrpining the small-signal equiv:

alent circuit components of FET’s has been described.

This method consists in a direct determination of all the

FET parasitic elements, including the CPg and Cpd pad

capacitances. The knowledge of these parasitic element

values allows us to determine the intrinsic small-siyd

parameters after a few simple matrix manipulations. Com-

pared with the conventional method, based on S parame-

ters fit in a broad frequency range, this new method has

several advantages:

(i) All the extrinsic and intrinsic components are di-

rectly determined.

(ii) This new method is fast and accurate and only a

network analyzer is needed.

(iii) The method @ very well suited for wafer-probing

systems since it is very fast and is performed in a

low-frequency range.

(iv) The method is very well suited to obtain a large

amount of data directly connected with the design

or the process of FET’s.
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