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Radio-Frequency modeling and parameters extraction of
multi-cell MOSFET device
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Abstract: An improved small-signal model for nanometer metal-oxide-semiconductor field-effect transistor (MOS-
FET) device is presented in this paper. The skin effect and multiple-cell effect are both taken into account. In the
extracting procedure, the parameters of elementary cells are determined from the conventional model based on the
scalable rules. This small-signal model was validated by the good agreement between measured and simulated S-pa-
rameters of 8 X0.6 x 12 wm ( number of gate fingers X unit gatewidth x cells) 90-nm gatelength MOSFET under
three bias points up to 40 GHz.
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Introduction

Radio frequency integrated circuits ( RFIC) based
on CMOS processes are currently receiving a significant
amount of attention for the low cost and low-power char-
acteristics of CMOS technology relative to other technolo-
gies. Downscaling of minimum transistor channel length
makes the devices usable to frequencies in the gigahertz
range. The performance of integrated devices is updated
at a very fast pace. It is critical that these models are up-
dated at a similar pace''’. Designing RF circuits requires
accurate models to describe the RF behavior of the de-
vices.

Conventional models are based on device structures,
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which are made up of only one elementary cell. Those
models are not suitable for multiple-cell devices, and the
behavior of these devices cannot be predicted correctly.
A more reliable model is necessary to characterize such
multiple-cell devices.

The improved model adopting multiple cells to de-
scribe the RF performance of the large-size devices is
verified by 90-nm MOSFET devices fabricated by Infine-
on Technologies, Munich, Germany. The measurement
was performed at frequency range of 1 ~40 GHz at three
biases. In comparison with previous publications, this
model has following improvements ;

1) The skin effect of feedlines is taken into ac-
count.

2) The effect of connections between elementary
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cells is supplemented into this model.

Therefore the model is more suitable for large-size
devices consisting of multiple cells.

This paper is organized as follows. The equivalent
circuit model of small-signal and the basic theory of ex-
tracting parameters of MOSFET are presented in Sect. 1.
The extracting procedure is demonstrated in Sect. 2. In
Sect. 3, experimental validation of the proposed method
is described. The conclusions are presented in Sect. 4.

1 Theoretical analysis

1.1 Conventional Equivalent Circuit Model

The cubic diagram of conventional small-signal e-
quivalent circuit model of MOSFET demonstrating the
physical meanings of the parameters is shown in Fig. 1.
The parasitics of the pad are modeled by the capacitances
C, and C, in series with the resistances R, and R,,.
The resistance R, represents the effective gate resistance
that consists of the distributed channel resistance and the
gate electrode resistance. The source and drain resist-
ances, R and R, are dominated by the resistance of the
lightly doped extensions of the source and drain diffu-
sions. C,, C, and C, represent the overlap capaci-
tances merged with the correspondent intrinsic capaci-
tances. C, =C’, + (", is consisting of the gate-chan-
nel capacitance C”, and the capacitance of the gate-
source overlap C', , C,, is mainly due to the gate-drain
overlap, and C, is the drain-to-source capacitance. g, is
the transconductance, R, is the drain resistance and 7 is
the time delay associated with the transconductance.
MOSFET is fabricated on a resistive substrate, the sub-
strate coupling between the drain and the bulk terminals
is represented by the series connection of the substrate
resistance R, and the drain junction capacitance C,.
For applications of high-frequencies, the source is always
tied to the substrate. It is also noted that the gate to bulk
capacitance is incorporated into the intrinsic gate-to-
source capacitance C .
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Fig.1 Cubic diagram of conventional equivalent circuit
model of MOSFET
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1.2 Proposed Equivalent Circuit Model

Figure 2 shows the proposed cubic equivalent circuit
model of the test structure. It is better to take the skin
effect of the feedline into account. R, ,, R, and R, are

lga Isa

the losses of the feedlines, L,,, L,, and L,, are the cor-
responding inductances. Three pairs of parallel induct-

ances and resistances R, , L,,, R, Ly, R, and L,

Isa

model both the drop of inductances and the increase of
line resistances due to the skin-effect in the feedlines.

Figure 3 shows the schematic layout of large-size
MOSFET, which consists of multiple elementary cells.
The proposed equivalent circuit model is illustrated in
Fig. 4. The details inside the elementary cell are shown
in Fig. 5. The principal improvement over the conven-
tional model is that the proposed model considers both
the skin effect of feedlines and multiple-cell effect.
Large-size MOSFET actually consists of more than one
cell, multiple cells help to increase the currents flowing
from gate to source and from drain to source, then the
gain of the multiplier using the MOSFET is improved.
L,, L, and L; represent the effect of the interconnections
between the elementary cells.

Fig.2 Cubic diagram of the proposed equivalent cir-
cuit model of the test structure
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Fig.3 Schematic layout of MOSFET which consists of
multiple elementary cells
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2 Parameters extraction technique

2.1 Parameter Extraction of Test Structure

The parasitic elements of pad C,, C,,, C, ., R,
and R, are extracted through the measured S-parameters
of the open structure, R,gu, Rng , L ngz, , R, Ruys
Ly Lips Ry Ry, Ly, and L, can be extracted from

the Z-parameters of the measured short test structure u-
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Fig.4 Proposed model consisting of multiple cells
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Fig.5 Small-signal model for elementary cell
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sing the following equations ;
Zyy = Ry, +joly, +joR,Ly/(joLy, + Ry) , (1)
Z,y = Ry, +jwly, +joRy L,/ (joLy, + Ry) , (2)
Z, = Ry, +joL, +joRL,/(joLy, +Ry) , (3)
where Z, , Z,, and Z, represent the impedance of the
feedline connecting the gate to the pad, the feedline con-
necting the drain to the pad, and the feedline connecting
the source to the pad, respectively.
2.2 Parameters extraction of proposed small-signal
model with multiple cells

Step 1

First, the multiple cells are regarded as the one cell
in the conventional way. The Z-parameters of the one
cell Zx/os(p, g=1, 2) can be exiracted by de-embed-
ding pad and feedline parasitics. Then setting the initial
values of R,, R,, R , C, and R the Z-parameters of
the intrinsic part ZIIET can be obtained by subtracting the
parasitic effects associated with R, R,, R , C,,; and R ,
using Egs. 4-9 .
ZW" = (ZY + R+ Y,N)/[1+ (Zy +R)Y,] +R,

, (4

Zy" = (Zy +R)/[1+(Zy +RIY,] , (5)
70" = (Zy +R)/[1+(Zy +R)Y,] , (6)

Isa Isa

sub 9

Zy" = (Zyp +R)/[1+(Zy +R)Y,] +R, ,(7)
with

- de :”jwq;}l/(l +J.‘f"Rsuij(v1'> B (8)

N o= Z) I - 2N+ R(ZY 2 - 2N - 20

(9)

INT . INT
Z,, can be converted into the Y-parameters Y, ",
the values of intrinsic elements can be determined using

Egs. 10-15;
Rds = I/Re(Y;\ZJT) ’ (10)

€, = [n(V) + (V) /e, (D)
C, = [Im(Yﬁ“) + Im(Yﬂ')]/w , (12)
ng = Im(Y?;IT)/w > (13)
7 = arctan[ Im(Y3" = Y)') J/wRe( Yy - Y}3")
, (14)
g, = Re(Yy")/cos(wr) , (15)

where w is the angular frequency.

The values of R,, R;, R, C;; and R
to reduce the discrepancy of the simulated S-parameters
and the measured S-parameters €. ¢ is set as the optimi-
zation criterion. Based on the semi-analytical method, all
the elements can be extracted.

2 2 N1
&= 2 2 2 WP{I‘S§q<wi’Rg,Rs’Rd’Cj(]’Rsub)

p=1 =1 i=0
S;Z(wing’R; ,RdscjdsRsub) ‘ ° (16)

Superscript S denotes the simulated S-parameters,
and M represents the measured S-parameters.

Step 2

After all the parameters of the one cell in the con-
ventional way (shown in Fig.5) are extracted, using the
parameters, the values of the elements inside elementary
cells can be determined by Eqs. 17-20. The elementary
cells are in parallel with each other. As is shown in Eq.
17, the gatewidth of the conventional one cell equals the
total gatewidth of all elementary cells. According to pre-
vious investigation in Ref. [2], the extrinsic resistances
of elementary cell R,, R,, R, and series bulk resistance
R, are inversely proportional to device gatewidth, and
the drain-to-bulk capacitance C;, is proportional to the
gatewidth of the elementary cell. For the intrinsic part,
the capacitances C,, C_,, C, and transconductance g,

are updated

sub

gs
are proportional to device gatewidth, the channel resist-

ance R, is inversely proportional to the device gatewidth.

W = W/n , (17)
R(Eg,(l,.s,{l.s,.sub) = nR(g,d,x,ds,.s‘ub) ’ (18)
ngx,gd,ds,jd) = C(gs,gd,ds,jd) /TL ’ ( 19)

&n = &/ . (20)
where n is the number of the elementary cells. The pa-
rameters with superscript e are for the elementary cells.

Step 3

| Set L, L5 L, and = |<—\
i

Calculate ¢ and update
Lg, L, L¢, and °

@No )

Yes
| determine L¢, L, LS, and |

I Estimate the criterion & |

Optimize all the parameters to reduce the
discrepancy of simulated and measured
S-parameters

Fig.6 The flowchart of extracting parameters
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All the parameters can be obtained except L, L,

L; and 7°. In the optimization procedure, L, Ly, L; and
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Fig.7 Comparison of measured and modeled S-parameters for the MOSFET in the frequency range of 1 ~40 GHz, (a)V,, =
0.6 Vand V,=0.6V, (b) V,,=0.6 Vand V, =1.0V, (c) V,=0.8 Vand V,, =0.8 V

7 1 ~40 GHz {5 FlN MOSFET ##F19 i ik S SECHIBGHER AL H S ZHMXS I, (a) V,, =0.6 V and V, =0.6 V,
(b) V,,=0.6 Vand V, =1.0V, (c) V,=0.8 Vand V,, =0.8 V

7 are set as independent variables, the discrepancy of
the simulated S-parameters and the measured S-parame-
ters & (calculated as equation 16) is set as the optimiza-
tion criterion. L, Ly, L and 7° are updated to reduce

&. The flowchart to determine all the parameters is shown
in Fig. 7.

3 Results and Discussion

In order to verify the above method, the proposed e-
quivalent circuit model shown in Fig. 4 is implemented to
simulate the device in Advanced Design System (ADS) ,
the device is 90-nm NMOSFET transistor with 8 x0. 6 x
12 pm( number of gate fingers unit gatewidth cells). The
Infineon Technologies 90-nm CMOS technology is a sta-
ble and high-yield technology with low variation between
wafers or different lots. The measurement for extraction
and verification was performed in the frequency range of
140 G using an Agilent 8510C network analyzer. DC bi-
as was supplied by an Agilent 4 156 A.

Table 1 The parasitic elements of the test structure

&1 MAEHNTESH

Parameters Values Units Parameters Values Units
Cpe 121 fF Ry 3 QO
Cha 117 {F Ry 6.5 Q
Chpi 1.2 {F Ly, 30 pH
R,, 9.8 Q L, 31 pH
R, 10.5 Q Ly, 0.1 pH
Ry, 0.4 Q Ly, 10 pH
Ry, 0.34 Q Lig, 10 pH
Ry, 0.18 Q Ly, 5.5 pH
Ry 3 Q

Table 2 The elements of the elementary cells in the proposed
model

R2 WHRERTENESTHESE

Parameters Values Units Parameters Values Units
R, 12 Q R, 6 000 Q
R, 10 Q Cys 1.5 {F
R, 20 Q Cpy 2.8 {F
Ciu 1.5 fF Cy 5.5 n
R, 1 400 Q T 0.3 ps
&m 2.1 mS L, 140 pH
L, 200 pH Ly 60 pH

The parasitic elements of the test structure are listed
in Table I. Table II summarizes the extracted parameters
of the proposed model using the method above. The pa-
rameters obtained are physically meaningful, which is
validated by the agreement of the simulated and meas-
ured results.

The simulated result is confronted with measured
data in Fig. 7, notice that a good model-experimental
correlation is observed. This verifies the validity of the
extractions performed above.

To demonstrate the improvement over the conven-
tional models, the comparison of accuracy between three
models is displayed in Fig. 8. It can be clearly found
that the accuracy (relative error) of the proposed model
(C line) is better than the two conventional models ( A
line and B line ), especially in high frequency range.
The proposed model incorporates the skin effect of feed-
lines and multiple cells. Two conventional models are the
one - cell model considering skin effect and the multiple -
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Fig.8 Comparison of accuracy between proposed and conven-
tional models in the frequency range of 1 ~40 GHz at the bias of
V,=0.6 Vand V, =0.6 V. Curve:(A) accuracy of S-param-
eters of one-cell model with skin effect, Curve;(B) accuracy of
S-parameters of multiple-cell model without skin effect, Curve:
(C) accuracy of S-parameters of multiple-cell model with skin
effect
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cell model without skin effect. The deviation is 2% for
Sy, 3% for S,,, 1.5% for S,, and 4% for S,,.

4 Conclusion

An improved small-signal model for nanometer
MOSFET device is developed in this paper. The better
result is achieved by modeling the MOSFET with multiple
cells considering skin effect of feedlines. It is more desir-
able to take the effect of interconnection between elemen-
tary cells into account. According to the parameters of
the conventional one cell model, physically expected re-
sults are obtained for the parameters of multiple cells.
The validity of the new model is proven by comparison
with measured S-parameters up to 40 GHz.
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