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Abstract—A simple and accurate parameter-extraction method Ry ‘iald Cin=Cs—Cou
of a high-frequency small-signal MOSFET model including the the—'W il Drein
substrate-related parameters and nonreciprocal capacitors is pro- _I_ dv _I_
posed. Direct extraction of each parameter using a linear regres- CouT Cogp ImVgs S9us = Cou
sion approach is performed byY -parameter analysis on the pro- T
posed equivalent circuit of the MOSFET for high-frequency op-
eration. The extracted results are physically meaningful and good Cis 't Cia
agreement has been obtained between the simulation results of the Ryuns e R‘ubd%
equivalent circuit and measured data without any optimization.
Also, the extracted parameters, such ag,,. and gqs, match very L source l Substrate

well with those obtained by dc measurement.

Index Terms—CMOS, modeling, parameter extraction, micro- Fig. 1. Small-signal equivalent circuits of the MOSFET for microwave
wave, small-signal equivalent circuit. modeling.C;, and R...,, are excluded because the substrate is tied to the
source.C,, = Cas — Cya Is a trans-capacitance taking care of the different

effects of the gate and drain on each other.

. INTRODUCTION

MALL-SIGNAL modeling and parameter extraction ofPy Y-parameter analysis from measurSeparameters. Our
S’nicrowave transistors are not new issues. There are sevépgthod can be considered an initial method of an optimization
well-established small-signal models, along with their relatdfocedure for more complete models.
parameter-extraction methods for MESFETS, high electron-
mobility transistors (HEMTs), and HBTs [1], [2]. However, Il. PARAMETER-EXTRACTION METHOD
CMOS now can operate at microwave frequencies. Although\ve have proposed the small-signal equivalent circuit of a
CMOS technology has many advantages over others, SUC\RSSFET for microwave modeling shown in Fig. 1. It is com-
low cost, high integration, and the possibility of a single-chigosed of physics-based parameters, including nonreciprocal ca-
solution, it is not easy to adapt the conventional small-signghcitance and substrate-related parameters. The modeling and
models of compound semiconductors and parameter-extracipiameter extraction of a MOSFET with substrate-related pa-
methods to CMOS devices. CMOS circuits are fabricated ¢Ameter are much more complicated than that of a Ill-V FET.
a resistive substrate. To account for this difference, some pathis paper, we propose a direct extraction method of elements
rameters associated with substrate parasitics must be addeghfged to the substrate parameter for a three-terminal configu-
conventional models [3]-{7]. In addition, conventional modelgtion. This model is suitable for the case of zero source-body
that allow simple direct extraction of parameters do not includgas in circuit. In a three-terminal configuratiof,, and Ry

a nonreciprocal capacita'nce, and this hurts their accuragye excluded because the substrate is tied to the source, as in
Macro models were previously presented [3], a curve-fittingost high-frequency applications.

method for the extraction of the model elements was used [6],Four intrinsic capacitances, i€y, Cga, Cag, andC.y, are

and nonreciprocal capacitance was not considered [7]. required for the three-terminal model. The overlap capacitances
In this paper, we propose a simple, direct, and accurate pge merged with the correspondent intrinsic capacitances.
rameter-extraction method for a small-signal MOSFET model C,a andCy, are the two nonreciprocal capacitance compo-
including the substrate-related parameters and a complete #§its for the three-terminal model [8]. The capacitive effect of
of nonreciprocal capacitors [8], [9]. This study focuses on e drain on the gate is representeddyi, and the capacitive
physics-based small-signal equivalent circuit of the microwaygfect of the gate on the drain is represented’hy . In general,
MOSFET and an accurate parameter-extraction approa(g(rl]g is different fromCyq. C,, = Cug — Cya iS a transcapaci-

tance taking care of the different effects of the gate and the drain
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Without nonreciprocal gate—drain capacitance, it is impossiblg;,

to modellin[Y>;] andin[Y;,] accurately at the same time. In I

the case of a four-terminal model with separate substrate ter- Vy v —o

minals, a similar approach can be extended by including other ' jwCig

nonreciprocal capacitances. :gds+m
The resistanc&,, represents the effective gate resistance that ) jdstsubd .

consists of the distributed channel resistance and the gate elec-1 % Ca By (Cga+ O ) +5wgm Cga Hy

trode resistance [10]. These effects are approximated by a single 14jw(Cys+Cga) Ry

effective lumped gate resistance, as shown in the equivalent cir-. JwCia

cuit of the MOSFET shown in Fig. 1. For simplicity and ease ds 1+jwCiaBRsuna

of extraction, source—drain resistances were not included in the +jwCsq+jwCaa

model. Omitting source—drain resistances will have a slight ef- w2 CgqCugRy+jwgmCoa Ry

+jwcsd +jwcgd

fect on £, and g,, valge_s. However, these extractéj and + 14 jw(Cyst+Ca) Ry
gm are adequate for fitting network parameters and can also 2 o
.. . . i . w deRsubd

be used as initial values for further optimizatioli, signifi =0t ooy —
cantly affects the input admittandg; at high frequency. The 1+w?Cy R
drain junction capacitance and the bulk spreading resistance w?CyaCagRy+w? gm RECya(CyatCia)
are represented b§;q and R..,4, respectively. As the opera- + 14w (CyetCpa)? R2
tion frequency increases, the impedance of the junction capaci- jwCiy 7
tance reduces. Thus, the substrate coupling effects through the+‘2—2j2+jw05d+jw0gd

o . . s 14w C'desubd
drain junction and substrate resistance become significant for

the output admittanck.. The parasitic inductances were not +ngngng—jw?’ngCdg(Cgs+ng)R§

included since their effects are small up to 10 GHz. 14+w?(Cys+Cga)? K2 )
Direct extraction using a linear-regression approach is per-

formed byY -parameter analysis on the equivalent circuit of the For operation frequency up to 10 GHz, by using the assump-

MOSFET for high-frequency operation. In our approach, an opion thatw?(Cy, + Cga)*RZ < 1, the Y-parameters can be

timization process, which may have uncertainties in obtainiggproximated as follows:

physical parameters, is not required. The small-signal equiva-

(4)

lent circuit shown in Fig. 1 can be analyzed in termsepa- Yy, ~ w2(0g5+0gd)2Rg+jw(Cgs+ng) (5)
rameters as follows: 5 i
Yo~ —w ng(Cgs—i—ng)Rg—]ngd (6)
Yil Yél ~ grn,_WQCdg(Cgs +ng)Rg
_ £ _jwcdg_jWQng(Cgs‘i‘ng) (7)
Vil w? O3y Rouba )
. Yoo ® gastF 5555 — T W CeaCug R
_ jw(CatCra) 2T RO R, gd™dg Tty
1;rjw(0gs+c‘§d)Rg +w? g RECia(Cs +Cia)
W (Cgs+cgd) Rg+7w(cgs+cgd) jwCigq
1+w2(0gs+0gd)2R§ (1) +—1+w20j2dR52ubd +jwCea+ jwCed +JjwGmRgCed
Y1 , — j?ClgaClag (Cas+ Ciga) R2. )
-1
~ Valyi—o The validity of the assumption that*(Cy, + Cya)’R; < 1
B —jwCga will be checked after each parameter is extracted. All the com-
T 14 jw(Cye+Cua) Ry ponents of the equivalent circuit are extracted byithparam-
—w2Ca(Cget Coa) Ry — jwCia eter analysis and analytical equations are derived from real and
= 1g+w2?50 —fC )HQRQ = (2) imaginary parts of th& -parametersg,, is obtained from the
v g el y-intercept ofRe[Yz;] versusw? andgy, is extracted from the
21 y-intercept ofRe[Ys2] versusw? at the low frequency range.
= % R, Cga, Cgs, andCy, can be obtained by (11)—(14) as follows:
11vs=0
Im _jwcrn _jwcgd
= m — Re Y5 w2 = 9
1+jw(Coat+Ca) Ry g [Yo1] |u=o ©)
G — jwCag gas = Re[Yo] |wo—o (10)
" 14 jw(Cae+Ce) Ry Ry = Re[Y1]/(Im[Y11])* (12)
g~ w?Cug(Cas +Cad) Ry — jwCug — jwgm Ry (Cos + Cad) Cga = —Im[Y1s]/w 12
B 14+w?(Cgs+Cga)? R2 Cgs = (Im[Y1:1] + Im[Y715]) /w (13)

3) Cag = —Im[Y21]/w — gm Ry (Cgs + Cga)- (14)
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For the extraction of substrate compone#is,,4 andCjq, Yeun T ] ’s T i T
is first defined as follows: 1701 - 9,=16.6m W/L=100/0.35 -
165 A “‘=1V, v “=2V
Youp = Yoo — gds — WQngCngg - wQQWLR?]ng & 16.04 ]
X (Cgs + ng) - jwcsd - jUJng - ngrnRgng E ::z- ]
i3 2 5 e ]
+ J(A; C;gdcdg(cgs + ng)Rﬂ E 14.54 J
_ v CiaBsuba JwCia (15) 14.0- 1
1+ wiCHRE 1+ WICHRE 135 ]
13.0 T T T T T
R.u,q is obtained from the slope of the relationship for 00 05 ‘-°2 ‘-52‘ "’2-° 25 30
w? /Re[Yzup,] Versusw? by (16) as follows: o [x107 rad’]
()
w? 2p " 1 (16) 124 ' " i i ' ]
—_— =W —_—.
Re[You] subd C2 Rouba WiL=100/0.35
101 v v, v =2v 1
Cja is obtained from (17) as follows: 0.8 §
o
£
2 ,1/2 = 0.6 B
w R, bd 2 X
Ciq = | =225 —w’R . 17
id <Re[Y;ub] W™ Itgubd a7 ;D', 0.4 ]
4
. . . 024 - g, =0.31mS i
Finally, Csq is obtained from (8) as
0.0 —T T T T T
IIn[Yé 2] C 0.0 0.1 0.22 0.3 04 0.5 0.6
Cua = —Cg — —— o [ x10” rad’]
w & 1+ wQOJ?deub 1 (b)
2 2
- ngﬂng +tw ngcdg(cgd + CgS)Rg' (18) Fig. 2. Extraction results of conductanggs andg... (a) .. were obtained

from the Y -intercept ofRe[Yz;] versusw?. (b) g4. Was extracted from the
intercept ofRe[Y>2] versus.? at the low-frequency range.

Ill. EXPERIMENTS AND RESULTS

The proposed direct extraction method was applied to deter- 149 W/L=100/0.35 ]
mine the parameters of the test devices, which were multifin- _ Vo=1V, V=2V
geredn-MOSFETSs fabricated by 0.3pm technology.S-pa- "‘g 2] i
rameters are measured in the common source—substrate con- z 104 ]
figuration using on-wafer RF probes and an HP 8510C vector 3
network analyzer. The initial calibration was performed on a E‘ 084 |
separate ceramic calibration substrate using a SOLT calibration >~
method. Before the extraction process, parasitic components of ® s .
input and output pads have to be removed. To remove on-wafer . T . .

pad parasitics, a deembedding technique was carried out by sub-
tracting Y -parameters of the open pad structure frbrpa-
rameters of the measured device. The parameter extraction 'ﬁa-sf-
been performed for an-MOSFET with 100m width having of .

o [ x10%' rad?)

R..1,a Was determined from the slope ©f /Re[Y.,1,] as a function

20-unit gate fingers. All the small-signal parameters were ex- 1a0[ WrL=100/035 ' ' 70
tracted using (9)—(18). 120l %&-ﬁ c 160
Fig. 2 shows the extraction results of conductanggs ’_50
andgys at Vg = 1V and Vg, = 2V. Transconductance., E 1001 o goooeges 2 Cy
of 16.6 mS was obtained from thE-intercept of Re[Ya;] § sop &7 5 Gy "wa'
versusw?, as shown in Fig. 2(a), and the conductagge of £ 6o+ o« (R, {30—
0.31 mS was extracted from the intercepRefYs,] versus.?, § aof oo c 120 x
at the low-frequency range, as shown in Fig. 2(b). In Fig. 3, &8 [° s
w? /Re[Yaup] is linearly proportional tas2 and Rgypq of 1912 ol . 1
was determined from the slope. W" z e ot =Jo
In Fig. 4, the frequency dependence of extracted parameters
such asR,, Cyd, Cys, Cug, Cja, and Coq at Ve = 1V and Frequency [GHz]

s )
Vas = 2V are shown. The results show that the extracted parafiid- 4. Frequency dependence of extracted parameters forMOSFET

t in al t tant with f Thi ifies t having 100zm width and biased td,, = 1 V andVy = 2 V. Extracted
eters remain almost constant with irequency. [his veriiies l‘Iﬁ“‘irameters remain almost constant with frequency, verifying that the method

those components are frequency independent and the propasecturate and reliable.
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Fig. 5. Y -parameters of measurement (symbol), proposed model (solid line), and BSIM3v3 model (dotted line)fod@®FET biased td/,, = 1 V and
Vas = 2 V. (@) Y11. (b) Yi2. () Ya1. (d) Yz, The frequency range is from 0.5 to 10.5 GHz. The simulated results with the proposed model match the measured
Y -parameters very well without any optimization after parameter extraction.

TABLE | model, as shown in Fig. 5. The nonreciprocal capacitafntgs
AVERAGE VALUES OF THE EXTRACTED PARAMETERS FOR ANn.-MOSFET H H
HAVING 100:m WIDTH AND BIASED TO Vs = 1V AND V4, =2V and C‘lg coptnbute to matcmn_[Ym]_an_d_Im[YQl]. Excluding
transcapacitance could result in a significant errohaft>;] at

g 16.6 mS high frequency. The substrate coupling significantly contributes
Bas 0.31 mS to the real part of the output admittankg, at high frequency.

R, 253Q The discrepancy observed Re[Y>;] between the measured
—g&’ 123;£Fﬂ= and modeled data, as shown in Fig. 5(c), is probably because
Ef 36 IF Re[Y>:] data were not used in our parameter extraction. The
Rwa 1910 total error [11] between measured and simulatedarameters

Cia 81.1 fF of the proposed model calculated as follows by (19) is only
Cud -3.1 {fF 0.4%:

Y;;—simY;; |2 | 1
extraction method is accurate and reliable. Due to the nonre;  (y) = 100.= Z Z |measYi; 811121 il '
ciprocity, Cyg is larger thanCyq. For the extracted parameter 7 | freq |measY;| Nireq
values,w?(Cy: + Cya)*R? is calculated to be 0.055, even at (19)

10 GHz, which is much smaller than one. This verifies the va-

lidity of using the assumption in simplifying (1)—~(4) to (5)~(8)-The total error in thes-parameter calculated as follows by (20)
The average values of the extracted parameters are summarjzegl; gos-

in Table I.

In Fig. 5, the simulation results faf-parameters obtained by |measS;; —simSi;| 2 1
using the equivalent circuit shown in Fig. 1 with extracted valuese o (S) = 100~ Z > | . o Y N
are compared with the measured datalfgr= 1V and Vs = ij | freq measSij| freq
2 V. The proposed model is also compared with the BSIM3v3 (20)

model. It shows that the simulation results matched well with the
measurements without any optimization after parameter extracin Fig. 6, gate-bias dependences of the extracted small-signal
tion. The proposed model is more accurate than the BSIM3parameters for the-MOSFET biased t&,; = 2 V are shown.
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Fig. 7. Drain-bias dependence of small-signal parameters ferIOSFET
(b) having 100xm width and biased t&,. = 2 V. (a) Capacitances. (#}, and

Fig. 6. Gate-bias dependence of small-signal parameters forMOSFET Rowva-

having 100xm width and biased t&,, = 2 V. (a) Capacitances. (0}, and
Rsubd- .. . .
part of the parasitic capacitance. B{; = 0V, Cy, is the same

) ) ) asCyq andC,, = 0. C,, increases with &, increase in the

The gate-bias dependences of extracted capacitances is shgywa, region and is almost constant for higl, in the satura-
in Fig. 6(a).C,: andCyq are composed of the intrinsic compo+jon region.C.y becomes negative in the linear region because
nentsCy; andCyqq; and the overlap componertt§., andCydo-  rajsing the drain voltage will increase the effective reverse bias
In the saturation region, intrinsic capacitancgs; andC.a are gt the drain end and will cause the magnitude of the inversion
almost zero because the drain voltage does not influence the|g9er charges to decreases. In the saturation region for higher
vice charges. The total gate-to-drain capacitafiggis domi- V.., gate-to-drain capacitany is almost the same ;..
nated by the overlap capacitanCgs,. As gate bias increases The extracted capacitance parameters correctly model the
for constant/y;, Cza andCy, increase due to an increase of thgias dependence of the intrinsic capacitance. Since the conven-
intrinsic capacitanceCy; and ', increase withV;; near the tjonal CV measurements using a larg¥ test structure are less
threshold voltage at the onset of the strong inversion region agighsitive to extract small capacitance values in short-channel
are almost constant in the strong inversion saturation region.nicrowave MOSFETs, measurirfyparameters of microwave

The extractedR, and R, With gate bias are shown in MOSFETSs themselves in the high-frequency range of gigahertz
Fig. 6(b) and they are almost constant with gate bias in the straggetter than convention@V measurements. The proposed pa-
inversion region. rameter-extraction method can be applied to accurate intrinsic

In Fig. 7, drain-bias dependence of the extracted small-sigalpacitance modeling at the gigahertz operation. Extrakied
parameters for the-MOSFET biased td/,, = 2 V is shown. and E.,,q With drain bias are shown in Fig. 7(b) and they are
The drain-bias dependence of extracted capacitance is sh@amost constant with drain bias.
in Fig. 7(a). The vertical line aty. = 0.81 V is the boundary  In Fig. 8, g, and gq. extracted from the5-parameter mea-
between the linear and saturation regions. The transistor is &irement and those obtained from dc measurement are com-
ased in the linear region with loW;,, The intrinsic behavior of pared. Extracted,, andgqs as a function ol with gate bias
the transistor becomes symmetric in terms of drain and sourtm. V4, = 2 V are shown in Fig. 8(a) and extractegl andgqs
Thus, the intrinsic capacitancés,; and Cyq; are almost the as a function ofVy, with drain bias forV,, = 2 V are shown
same atlys = 0 V. In Fig. 7(a), the difference betweet,; in Fig. 8(b). They match very well with each other, verifying
andCyq at Vg, = 0 V is due to the parasiti€yy,, Which is in-  the validity of the extraction method. The extraction results cor-
cluded in theCy.. Cg, Of the gate contact pad component andectly modeled the bias dependenceggfandgys in the linear
poly-to-well capacitance in the field oxide becomes the majand saturation regions.
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(a) Extracted.,, andgq4. with gate bias foly, = 2 V. (b) Extracted

g and gqs with drain bias forV,, = 2 V. g,, andgq, extracted from
the S-parameter measurement and those obtained from dc measurement are

compared.

For a conventiond+V model,g,,, andg,, are derived by dif-
ferentiatingZ,,. Although I, fit well with the measurements,
the slope may have large errors. This can have very seri
consequences in analog circuit design. The proposed ext
tion method fromS-parameters can directly extract the condu
tances,,, andgys without differentiation, and these results ar

more accurate.

IV. CONCLUSION
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