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Abstract—An accurate large-signal BSIM4 macro 
model including new empirical bias-dependent 
equations of the drain-source capacitance and channel 
resistance constructed from bias-dependent data 
extracted from S-parameters of RF MOSFETs is 
developed to reduce S22-parameter error of a 
conventional BSIM4 model. Its accuracy is validated 
by finding the much better agreement up to 40 GHz 
between the measured and modeled S22-parameter 
than the conventional one in the wide bias range.     
 
Index Terms—CMOS, MOSFET, RF, modeling, 
drain-source capacitance, channel resistance, SPICE, 
parameter extraction, BSIM   

I. INTRODUCTION 

Recently, owing to the rapid growth of wireless 
communication markets, the demand for RF transceivers 
is increasing. Silicon integrated circuits (ICs) with 
excellent price competitiveness have been widely used. 
For the design of RF CMOS IC, the development of 
accurate RF large-signal MOSFET model to simulate its 
high-frequency characteristics is essential. 

BSIM4 [1] (Berkeley Short-Channel IGFET Model 4) 
macro model including external resistances, capacitances 
or diodes [2-5] has been widely used for SPICE RF IC 
large-signal simulation. However, an inadequacy to 

simulate output characteristics such as S22-parameter in 
various bias points has been well known. In particular, 
accurate large-signal output admittance modeling is very 
important to simulate output impedance matching 
circuits in designing RF ICs. 

Recently, it has physically been verified that the drain-
source capacitance Cds should be connected in series with 
the channel resistance rch in the intrinsic output of a 
small-signal MOSFET equivalent circuit in Fig. 1 [6]. It 
has also been observed that Cds and rch has strong bias-
dependence.  

However, in the conventional BSIM4 model, rch is not 
considered and Cds is bias-independent. Thus, the 
conventional model is not appropriate for simulating 
high-frequency S22-parameter in various bias points. 

Therefore, in this paper, we propose a new large-signal 
BSIM4 macro model including the empirical bias-
dependent equations of Cds and rch constructed from 
measured S-parameter sets of RF MOSFETs in various 
bias range. 

G D

 

Fig. 1. A small-signal MOSFET equivalent circuit model 
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II. PARAMETER EXTRACTION 

S-parameters are measured on multi-finger N-
MOSFETs with the gate length (Lg=0.13μm), the gate 
finger number (Nf=16) and the unit finger width 
(Wu=5μm). An accurate de-embedding procedure was 
carried out to remove pad and interconnection parasitics 
from measured S-parameters [7, 8]. After the series 
resistances (Rd, Rg, Rs) and substrate parameters (Cjd, Rbk, 
Cbk) are determined at Vgs = 0V by using the RF direct 
extraction method [9, 10], Yi-parameters are determined 
by subtracting them from the measured S-parameters.  

The intrinsic output equivalent circuit of most BSIM4 
macro models used in general has only one output 
resistance rds that is the DC drain-source resistance due to 
the channel length modulation in the saturation region. 
Thus, it is unable to model the frequency-dependent 
characteristics of intrinsic effective drain-source capacitance 
(1/ω)Im(Yi

22+Yi
12) and drain-source conductance Re(Yi

22+ 
Yi

12) shown in Fig. 2. 
In order to simulate the decrease of (1/ω)Im(Yi

22+Yi
12) 

as well as  the increase of Re(Yi
22+Yi

12) with the 
frequency simultaneously, a physically acceptable 
intrinsic output equivalent circuit with Cds and rch in Fig. 

1 should be used. 
However, a conventional BSIM4 macro model in Fig. 

3(a) is inaccurate to simulate output characteristics 
because Cds and rch are not considered. The parasitic 
capacitances between metal interconnects (Cgsm, Cgdm, 
Cdsm) and external resistances (Rg, Rsub) are added as 
external macro elements in Fig. 3. 

Thus, in this work, a new RF MOSFET macro model 
where Cds and rch are added to the conventional model of 
Fig. 3(a) is proposed in Fig. 3(b). The intrinsic 
drain/source-bulk junction diodes (Ddb, Dsb) are removed 
by setting AD=AS=PD=PS=0 in conventional BSIM4 
model for including Cds and rch in the new model. As 
shown in Fig. 3(b), the new model is constructed by 
adding Cds, rch, Ddb and Dsb to outside of BSIM4. 

In order to construct large-signal model equations of 
Cds and rch, bias-dependent Cds and rch data are extracted 
using small-signal MOSFET equivalent circuit model in 
Fig. 1. 

The Cds values are obtained from low-frequency(LF) 
data of Yi-parameter derived from Fig. 1: 

 

 22 12
1 Im( )i i

ds LFC Y Y
w

= +  (1) 

 
Fig. 4 shows the extracted Cds as a function of Vgs at 

various Vds using (1). This bias-dependence of Cds can be 
explained by a physical cross-section of MOSFET in the 
saturation region in Fig. 5. Since Cds is the depletion 
capacitance between the drain and the end of the channel, 
Cds rises with increasing Vgs or decreasing Vds due to the 
shrinkage of the depletion width [6].  

To determine the channel resistance rch directly, the 
following equation combining the real and the imaginary 
part of the Yi-parameters is derived by [6]: 
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Fig. 2. (1/ω)Im(Yi
22+Yi

12) and Re(Yi
22+Yi

12) versus frequency 

 

  

            (a)                       (b) 

Fig. 3. Two modified BSIM4 macro large-signal models (a)  
Conventional BSIM4 macro model, (b) A new BSIM4 macro 
model adding Cds and rch 
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r
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+ -
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         (2) 

 
where rds is extracted from 1/Re(Yi

22) in the low-
frequency region. 

Fig. 6 shows the extracted rch as a function of Vgs at 
various Vds using (2). It is observed that rch decreases 
with increasing Vgs or Vds. Since rch is the series 
resistance existing in the inversion channel in the 
saturation region in Fig. 5, the decrease of rch at higher 
Vds is caused by the channel length reduction due to the 
increase of depletion width between drain and channel 

end. In addition, the reduction of rch with increasing Vgs 
is explained by the rise of conductivity due to the 
increase of inversion charge. 

III. MODELING 

In order to model bias-dependence of Cds, a new Vgs-
dependent empirical equation with a hyperbolic tangent 
function is proposed: 

 

 1 tanh ( )gs th
ds gs

V V b
C a V d

c
é ù- -æ ö

= + +ê úç ÷ç ÷ê úè øë û
    (3) 

 
The abrupt increase of Cds after the channel formation 

in the Vgs range of above threshold voltage Vth in Fig. 4 
is modeled by a tanh function of Vgs in (3). The smaller 
increase of Cds at Vgs > 0.9V is due to the shrinkage of 
the depletion width between the drain and channel end, 
and is modeled by a linear function of Vgs in (3).  

The Vds-dependent data of a, b, c, and d are extracted 
by fitting (3) to match with the Vgs-dependent Cds data at 
each Vds in Fig. 4. To model these Vds-dependent data of 
a, b, c, and d empirically, the following Vds-dependent 
fitting equations are used:  

 
 0 1 2exp( )dsa a a a V= + -           (4) 
 0 1 dsb b b V= +            (5) 
 0 1 dsc c c V= +          (6) 
 0 1 2(1 ))dsVd d d d= + -  (7) 

 
The above parameters (a0=2.07257x10-14, 

a1=1.64342x10-13, a2=4.04279, b0=0.703933, b1= 
9.45667x10-3, c0=0.128652, c1=3.72167x10-2, d0=-4.2193, 
d1=4.82713, d2=2.66086x10-2) are determined by fitting 
(4)-(7) to the extracted Vds-dependent a, b, c, d data as 
close as possible, respectively.  

In order to model bias-dependence of rch, a new Vgs-
dependent model equation representing the channel 
resistance in the saturation region of Vgs ≥ Vth is proposed: 

 

 2
1

( )ch
gs th

r f
e V V d

= +
- +

       (8) 

 
where d is a minimum value set to avoid the infinity at 
Vgs = Vth.   
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Fig. 4. Extracted values of Cds against Vgs at various Vds 
 

 

Fig. 5. MOSFET cross-section showing Cds and rch components 
in saturation region 
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Fig. 6. Extracted values of rch against Vgs at various Vds 
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As shown in Fig. 6, e is related to the decreasing rate 
of Vgs < 0.8V and f is a saturated value at high Vgs. The 
Vds-dependent data of e and f are extracted by fitting (8) 
to the Vgs-dependent rch data at each Vds in Fig. 6.  

To model these Vds-dependent data of e and f empirically, 
the following Vds dependent equations are used: 

 
 0 1 dse e e V= +          (9) 
 1 2/ ( )ds dsf f V f V= +            (10) 

 
The above parameters (e0=0.0194103, e1=0.0480552, 

f1=272.274, f2=0.301099) are determined by fitting (9)-
(10) to the extracted Vds-dependent e and f data as close 
as possible, respectively.  

Substituting all parameters extracted above into (4)-(7) 
for Cds and (9)-(10) for rch, bias-dependent Cds and rch 
model equations are finally constructed. In Fig. 7 and Fig. 
8, bias-dependent data of Vds and Vgs are compared with 
the modeled curves, showing excellent agreement. 

In order to verify the accuracy of the new BSIM4 macro 
model with bias-dependent Cds and rch empirical equations 
in Fig. 3(b), S22-parameters for the new and conventional 

models are compared with the measurement data at various 
bias points. For simulating two models in Fig. 3, same 
values of Cgsm, Cgdm, Cdsm, Rg and Rsub determined from 
measured S-parameters at Vgs = 0V are used.  

As shown in Fig. 9, the new model shows much better 
agreement with the measured data up to 40 GHz than the 
conventional one, verifying the accuracy of the new one. 

IV. CONCLUSIONS 

In order to model the accurate RF large-signal output 
characteristics of RF MOSFETs, a new RF BSIM4 macro 
model is developed by connecting the series elements of 
Cds and rch in parallel into the intrinsic output of a 
conventional BSIM4 model. Using bias-dependent Cds 
and rch data extracted from S-parameter sets, the new 
empirical bias-dependent equations are constructed in 
various bias range. The new large-signal model has been 
demonstrated by observing the much better agreement up 
to 40 GHz between the measured and modeled data of 
S22-parameter than the conventional one.  
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Fig. 7. Extracted and modeled Cds against Vgs at various Vds 
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(e) 

Fig. 9. Simulated S22-parameter of conventional and new 
models compared with measured data at (a) Vds = 0.6V, Vgs = 
1.0V, (b) Vds = 1.2V, Vgs = 1.0V, (c) Vds = 0.9V, Vgs = 0.7V, 
(d) Vds = 0.9V, Vgs = 0.8V, (e) Vds = 0.9V, Vgs = 1.0V 

 

 



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.15, NO.5, OCTOBER, 2015 489 

 

ACKNOWLEDGMENT 

This work was supported by Hankuk University of 
Foreign Studies Research Fund of 2015. 

REFERENCES 

[1] BSIM4.6.0 MOSFET Model Manual, U. C. 
Berkeley, 2006. 

[2] D. R. Pehlke, M. Schroter, A. Burstein, M. 
Matloubian, and M. F. Chang, “High-frequency 
application of MOS compact models and their 
development for scalable RF model libraries,” in 
Proc. IEEE Custom Integrated Circuits Conf., May 
1998, pp. 219-222. 

[3] J.-J.Ou, X. Jin, I. Ma, C. Hu, and P. R. Gray, “CMOS 
RF modelling for GHz communication IC’s,” in Symp. 
VLSI Tech. Dig., June 1998, pp. 94-95. 

[4] S. F. Tin, and K. Mayaram, “Substrate network 
modelling for CMOS RF circuit simulation,” in 
Proc. IEEE Custom Integrated Circuits Conf., May 
1999, pp. 583-586. 

[5] S. Lee, C. S. Kim, and H. K. Yu, “Improved BSIM3v3 
model for RF MOSFET IC simulation,” Electron. Lett., 
vol. 36, no. 21, pp. 1818-1819, Oct. 2000. 

[6] S. Hong, and S. Lee, “Physical origin of gate 
voltage-dependent drain–source capacitance in 
short-channel MOSFETs,” Electron. Lett. vol. 50, 
no. 24, pp. 1879-1881, Nov. 2014. 

[7] J. Cha, J. Cha and S. Lee, “Uncertainty analysis of 
two-step and three-step methods for deembedding 
on-wafer RF transistor measurements,” IEEE Trans. 
Electron Devices, vol. 55, no. 8, pp. 2195-2201, 
Aug. 2008.  

[8] J.-Y. Kim, M.-K. Choi, and S. Lee, “A “thru-short-
open” deembedding method for accurate on-wafer RF 
measurements of nanoscale MOSFETs,” J. Semicond. 
Technol. Sci., vol. 12, no. 1, pp.53-58, Mar. 2012.  

[9] S. Lee, “Direct extraction technique for a small-
signal MOSFET equivalent circuit with substrate 
parameters,” Microw. Opt. Technol. Lett., vol. 39, 
no. 4, pp.344-347, Apr. 2003.  

[10] S. Lee, “Accurate RF extraction method for 
resistances and inductances of sub-0.1 μm CMOS 
transistors,” Electron. Lett., vol. 41, no. 24, pp. 
1325-1327, Nov. 2005. 

Seoyoung Hong was born in Seoul, 
Korea, in 1988. He received the B.S. 
degree in electronic engineering in 
2014 from the Hankuk University of 
Foreign Studies, Yongin, Korea, 
where he is currently working toward 
the M.S. degree in the Department of 

Electronics and Information Engineering. His current 
research work is focused on RF CMOS modeling and 
parameter extraction for RF circuit design. 

 
Seonghearn Lee was born in Junjoo, 
Korea, in 1962. He received the B.E. 
degree in electronic engineering in 
1985 from Korea University, Seoul, 
Korea, and the M.S. and Ph.D. 
degrees in electrical engineering 
from the University of Minnesota, 

Minneapolis, in 1989 and 1992, respectively. His 
doctoral dissertation work involved the design, 
fabrication, and parameter extraction of AlGaAs/GaAs 
heterojunction bipolar transistors. From 1992 to 1995, he 
was a Senior Member of the Research Staff with the 
Semiconductor Technology Division, Electronics and 
Telecommunications Research Institute, Taejon, Korea, 
where he worked on the development of polysilicon 
emitter bipolar transistors and Si/SiGe/Si heterojunction 
bipolar transistors. Since 1995, he has been with the 
Department of Electronic Engineering, Hankuk 
University of Foreign Studies, Yongin, Korea, where he 
is currently a Professor. Since 1996, he has carried out 
research on RF CMOS and bipolar compact modeling 
and parameter extraction for the RF circuit design in 
wireless communications applications. In 2013, he 
successfully developed SPICE model library for SOI RF 
CMOS Process at the National NanoFab Center, Taejon, 
Korea. His research interests are in the field of design, 
modeling, and characterization of silicon and compound 
semiconductor devices for use in high-frequency 
integrated circuits. Prof. Lee is a senior member of the 
IEEE Electron Devices Society and a member of the 
Institute of Electronics and Information Engineers He 
received the HUFS Excellence in Research Award from 
the Hankuk University of Foreign Studies, in 2001, 2003, 
and 2004. He has been listed in Who’s Who in the World 
and Who’s Who in Asia. 


