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A Novel Approach for Determining the
GaAs MESFET Small-Signal
Equivalent-Circuit Elements

Ban-Leong Ooi, Mook-Seng Leongylember, IEEE,and Pang-Shyan Kooi

Abstract—A simple way of extracting the small-signal equiv- In this paper, we describe a technique to determine the
alent circuit of a MESFET is proposed. The intrinsic elements MESFET equivalent circuit, which requires no additional
and one of the extrinsic parameters are described as functions of measurements except th§-parameters. Our method is a

the remaining extrinsic parameters. This drastically reduces the fund tal step t d d oD i del f
search space and the number of unknowns for optimization. It undamental step toward develioping a nonfinear model for

provides an important new insight into the correlation between MESFET. This proposed method is an extension of [4] in
the various extrinsic and intrinsic parameters. The method also that an additional equation is derived to further reduce the

reveals that there are two sets of solution for the parameterd?.  number of extrinsic parameters for optimization. As compared

and L, .WhiCh can fuInys%tisrf]y the global sglution.dAbnumericth to Kondoh's [5] and Shirakawa’s work [4], our search domain
comparison in terms of both accuracy and speed between the . . : ' :
proposed method and some conventional methods on a 4g@a 'S NOW smaller in extent and only five unknowns are required

gatewidth GaAs MESFET is presented. for optimization. For the first time, the dependence of any one
of the extrinsic parameters on the other extrinsic elements is
shown. The derived expression shows that there exist two sets
. INTRODUCTION of solutions for both the element®, and L,. A numerical
N ACCURATE characterization of the small-signacomparison in terms of both accuracy and speed between the
equivalent circuit is extremely important since it play$roposed method, the simulated annealing method [6], and the
a crucial role in the extraction of the large-signal model. TH&ondoh's method [5] on a 400m gatewidth GaAs MESFET
typical method for the determination of the FET’s equivalerié presented.
circuit has been through the minimization of the difference
between the measured and the computg&garameters. II. EQUIVALENT CIRCUIT
However, this procedure may not produce unique element
values for the equivalent circuit and the great number @f The Intrinsic Elements
variable elements produces an equivalent circuit strongly

depending on the starting values. Moreover, the correlatlggted in the figure, the intrinsic part of the device is enclosed

between either the intrinsic parameters or one of the extrin% the dashed box, and the respective intrifiSiparameters
parameters and the other extrinsic parameters is unclear. O ¥ described as '

recently has Shirakawa [4] shown the dependence of the

The adopted equivalent circuit is given in Fig. 1. As indi-

intrinsic parameters on the extrinsic parameters. ‘Miccgf}z + jwCyg —jwCyg
Numerous improvements on the characterization techniqueg  _ 1+ ‘gs i
have been proposed for GaAs MESFET [1]-[11], [13], but ™ gme 7T . .
; ! : —— — jwC, s +jw(C, Cls
they commonly require extra measurements at pinchoff, dc, 1+ jwCgsR; jwCag  gas +j(Cag + Cos)
very low frequencies, and in the “cold state” to determine 1)

the extrinsic parameters. The determination of these extrinr—1 L f th ) hich is | ) h
sic parameters is generally difficult, inaccurate, and timéN® extrinsic part of the device, which is located outside the
hed box of Fig. 1, is related to the intrinsic part through

consuming, and their bias dependence cannot be observet, ) i

even though theoretical considerations prove the existenceldf following expression:

these dependencies _[1_1], [12]. Thus, one can cqnclude that _the Yint = (Ziotal — Zext) ™" 2)
key problem of obtaining a good physical equivalent circuit

lies in the accurate determination of the extrinsic elements #here Zi.a1 is the overall Z-parameters ane; is the
equivalently, in the reduction of the number of unknowns faxtrinsic Z-parameters.

optimization so that a smaller search space exists. Once the extrinsic elements are known, along with the
equivalent circuit as shown in Fig. 1, we can analytically
Manuscript received November 5, 1996; revised August 22, 1997. determine the intrinsic elements. The overall measured
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Fig. 1. Equivalent circuit of GaAs MESFET. The dashed box contained the intrinsic part of the device.

(4)—(12)], but for brevity, they are expressed below as w@here
function of the remaining extrinsic elements. They are € = (Ro—jwLy)(|Zas|e ™90 4| Zaa| 9922 — | Zyp|e—4012

Cys = f1(w, Ry, Ry, Ly, Ly, Lq) (3) — | Za1|e™7%2 =)+ | Z1a| | Zay | e~ Or4020)
R; = fa(w, Ry, Ry, Ly, L, La) 4) (11)
Cag = f3(w, Rs, Ra, Ly, Ls, Lq) () (=Rg+ Ra—jw(Lg+ La) (12)
Cas = fa(w, Rs, Ra, Lg, Ls, Lq) (6) and z;; with subscriptsi, j being 1, 2 is the matrix element
9ds = fs(w, Rs, R4, Ly, Ls, Lqg) (7) of the overall Z-parameters.
gm = fo(w, Rs, Ry, Ly, Ly, L) (8) As described_ in the S_ect_ion_ [I-A, once the extrinsic ale—
7 = f(w, R, Ra, Ly, Ly, Ly) ©) ments are obtained, the intrinsic elements can be analytically

determined. Conventional optimizer programs often assume
wherew is the angular frequency. With reference to (3)—(9jhat all the elements have the same accuracy and correlation,
we use the function nameg to f- for convenience in the anc_l that the extrinsic parameters can flu_ctuate_ widely about
following discussion of our proposed method. Our methd&e'r |n|t|al values. At_m|crowave frequ_enqes, it is noted that
goes beyond what [4] has presented: an additional analyti¥4fh @ slight change in any of the extrinsic elements’ values,
equation has been derived to further improve the search spagge drastic changes in some of the intrinsic elements’ values
and reduce the number of optimization variables. The detailtf noted. For example, the frequency characteristic’qf
derivation of this equation is provided in the Section II-B. With respect toR; is plotted in Fig. 2(a). If the equivalent
circuit is valid at every measured frequency, the frequency
B. The Extrinsic Elements response of the element will be independent of frequency.
As shown in Fig. 2(a), there exist large fluctuations in the
Since the real part of the intrinsic matrix element, is frequency response of),, with changes in the values of
zero, an additional equation in terms of the extrinsic elemer}thS_ The changes in the intrinsic elements’ values with a
can be found using (2), which is reproduced here as small change in the extrinsic elements is solely governed
Re ([R, + jwL, — |Z12|equ2] by (2)—(10). In addition, (_10)_ indicates t,hat there is a strong
. correlation among the extrinsic elements’ values such that they
# [(|Zu1]e™ — Ry + jwly) cannot assume wide initial values as they will cause some of
(|Z11|e™ 0 — Ry + jwLy) —€]) =0 (10) the intrinsic elements’ values to be negative or eventually a
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Fig. 2. (a) Frequency response 6fs with Rs at Vas = 8 V, Ias = 0.614ss, gatewidth= 400 pm. (b) Frequency response &f, with different
Ry at Ve = 8V, Iye = 0.6 Iy, gatewidth= 400 pm.

termination to a local minimum. Equivalently, a bad matcfrequency, and cold state are required to narrow down the
between the measured and calculated will be observed. search [2], [3], [8], [9].

Fig. 2(b) plots the frequency response ®f with respect to ~ Our method is an extension of Shirakawa’s approach [4]
R;. As illustrated in the Fig. 2(b), a strong correlation between that the intrinsic elements as well as one of the extrinsic
R, and R, is observed, since the frequency responsdipf elements are used as an optimization criterion. The first
is not independent of frequency. With regards to [7]Rif or objective function for our approach is presented as

R, is bias dependent, the nonlinear effect can also be reflecteg
onto R, through (10). €1(fs; Ray Ly, Ls; La)

From (10), we also see that at least one of the extrinsic Nt
elements can be expressed in terms of the remaining extrinsic = 3 _7 > |oxfalwis Ry Ry, Ly, Ly, La)
elements. For clarity and simplicity in demonstration, we =0
choose to expres®, in terms of R, Ry, Ly, L,, and Lg, N_l 2
e, =" oufrwi, Ra, Ra, Ly, L, La)
Ry = fo(w, Ry, Ra, Ly, Ls, La). (13) =0

(15)
Other variations can be derived from (11) and will not be ) .
presented here for brevity. For clarity, only the expressiodherek varies from zero to seveny is the total number of

for R, is given in the Appendix. Equation (11) also reveal§equency pointsp; is & normalizing factor to makg; vary
that there exist two sets of solutions for bdgh and L, and, between zero and one, and the overbar indicates the mean

in general, the other solution of eithdt, or L, is usually Vvalue. For stable calculations, the discrepancy between the

negative in value. measured and calculatettparameters must also be checked.
Although Fig. 1 has been adopted for our analysis, (11) §r this reason, the second objective function is selected as

(13) can be extend_ed _to some other equivalent circuits. As an,(R,, R, Ly, Ly, La)

example, by substituting

2 N-1
S YlTlotal Y1T20ta1 ijpgs 0 -1 1 = Z Z qu|Sg:1(wi7 RS, Rd, Lg, LS, Ld)
2] = yjtetal  yLotal N 0 JwCpds (14) p=1 ¢=1 i=0

. . . . . . - g;q(Rsv Rd7 Lg7 LS? Ld)| (16)
into (4)—(10) and (13), the equivalent circuit with pad capaci-

tancesC,,q. andCpq, can be adopted. In here, the first term otvhere superscriptsandm denote, respectively, the calculated
the enclosed bracket of (14) is the total meastifegarameters and measured-parametersr,,, which is arbitrarily selected
and Cpes and Cpqs are the two added pad capacitances.  at 0.5 and is the weighting factor, and the overbar indicates
that the mean values gf to f7 are used to compute the-
IIl. THE ALGORITHM parameters. Taking the mean valueggto f; implies that the
lobal solution occurs at the mean values of these functions.

The conventional approach usually does not check circ%he extended error vector is then composed of

validity and determine extrinsic and intrinsic elemesisul-
taneously Extrinsic elements determined in this way often e(Rs, Ra, Ly, Ly, La) = e¥(Rs, Ra, Ly, L, Ly) '
invalidate the circuit when the operating bias is changed, and ~*~ " = 797 7% e2(Rs, Ra, Lg, Ls, La)

often additional measurements performed at pinchoff, dc, low a7)
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N TABLE |
A COMPARISON OF THETIME TAKEN BETWEEN THE
PROPOSEDMETHOD AND THE CONVENTIONAL METHODS

\
. ,L Classical The
Method Simulated | Proposed
Print results Items from [5] | Annealing | Method
: ! Method
- iil wl L | 93%4 | 623e5 1.45e-7
Fig. 3. The algorithm. Qe _ Qe
j=t =t ’ !
By selectively assigning values for the remaining extrinsic Time Taken 865 mm 14523 min | 1.2 min
parametersft,, Cgs, I, Cyg, Cas, gas: gm, and7 can then be
chronologically evaluated from (4) to (10) by iteration (13). A
flowchart of the iterative process is shown in Fig. 4. have also observed that the validity of the circuit is guaranteed
by the elements’ independence of frequency. The comparison
IV. EXPERIMENTS RESULTS AND DISCUSSIONS between the measured and calculatedarameters under the

A MATLAB program has been written based on the flowProP0osed method for a 40@m gatewidth GaAs MESFET s
chart given in Fig. 3. The values o, Ry, L,, L,, and presented in Fig. 4. Close agreement between the measured

Ly are initially generated by [13] and updated by the Levend calculateds-parameters is noted from the figure.
berg-Marquart methob. Slmll_ar to [4], our method can also be extended to multibias
Table I gives the comparison of the error contributed froffXraction. As noted, once the unknows, Rg, Lg, Ls,
the difference between simulated and meas\fiqrhrameters and Ly are known at all biases, the corresponding iterative

of a 400um GaAs MESFET using the proposed methocf!emen,ts' i.e., 0, Cus, Cug, Ri, Gms Ty Gds. ‘f’deg at al! )
Kondoh's method [5], and simulated annealing method [6lj>_|as po_lnts_can be found. For brevity and clarity, the multibias
The same initial guesses are applied for all these methods &¥fiaction is not presented here.
the time taken for these methods are also presented in Table I.

As noted from Table |, the proposed method has the lowest V. CONCLUSION
error of about 1.45e-7 as compared to the Kondoh's methody gjmple technique for the small-signal equivalent-circuit
(9'3_9_8'4) and the simulated annealing method (6.23e-5). dﬂrameter extraction has been proposed. For the first time, an
addition, the proposed method has a faster rate of convergepggiicit equation which results in a reduction of the number

and takes about 1.2 min for completion. In our simulation, We o imization variables is derived. In addition, a new insight

1The Math Works Inc. MATLAB High-Performance Numeric Computation'm0 the correlation betW?en the intrinsic anq the extrinsic
and Visualization Software Reference Guifet. 1992. parameters or the correlation between the extrinsic parameters
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and one of the extrinsic elements is presented. This ne] F. Lin and G. Kompa, “FET model parameter extraction based on
method is found to be more accurate as Compared to the optimization with multiplane data-fitting and bidirectional search—A

new concept,”|EEE Trans. Microwave Theory Techvol. 42, pp.

conventional methods. 1114-1121, July 1994.

[10] A. Eskandarian and S. Weinreb, “A note on experimental determination
of small-signal equivalent circuit of millimeter-wave FET'S|EEE
APPENDIX Trans. Microwave Theory Techupl. 41, pp. 159-162, Jan. 1993.
[11] T. Hariu, K. Takahashi, and Y. Shibata, “New modeling of GaAs MES-

The expression foiz, is given as FET's,” IEEE Trans. Electron Devicesjol. ED-30, pp. 17743-1749,

Apr. 1983.

Rg — [(Rs _Z121’)(WLQ{Z22i _WLd_WL5}+Rd(RS _ler) [12] S. T. Fu and B. Mukunda, “Accurate modeling of the source resistance

in modulation-doped FET's,IEEE Trans. Electron Devicesjol. 39,

— R (Z11r— Z12r — Zorp+ Zoor ) —wLg(wLs — Z11;) pp. 1013-1017, Dec. 1992.

[13] F. Lin and G. Kompa, “FET model parameter extraction based on
Fwls(Z11i— Zy2i— Zori+Z2i ) — Z11i 222+ Zr2i Loy optimization with multiplane data-fitting and bidirectional search—A
—Z12rZ21r+Z22rZ11r) +(WL5—2121) new concept,”IEEE Trans. Microwave Theory Techvol. 42, pp.

1114-1120, July 1995.
“(WLg(Ry+Rs— Zsoy) + Ra(wLs— Z11;)

+Rs(wLy— Z11i+ Z12i+ Zo1i— Za2i) —wLyZi1,
—wLs (2110 — Z19r — Zo1r+ Zoor) + Z110 Zo2i
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where subscript$ andr are, respectively, the real and imag-

inary terms.
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