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ABSTRACT 

 
This paper presents the effects of substrate current 

(Isub) in RFCMOS modeling and demonstrates that the low 
frequency region of the S22 and Y22 characteristics of a FET 
is sensitive to the Isub variation. To our knowledge, no 
prior studies have been done on the relationship between 
substrate current and RF performance. An accurate, 
compact and scalable substrate resistance (Rsub) network 
for the S22 modeling mainly in the medium and high 
frequency region is also proposed here. It works well with 
BSIM3v3 for a 0.24um RFCMOS technology up to a 
frequency of 25GHz. In addition, we investigate the bias 
dependence of noise figure within the BSIM3v3 model and 
the de-embedding of the parasitics from the NFmin data. 
 
Keywords: substrate current, RFCMOS, noise figure, 
modeling, de-embedding 
 

1 INTRODUCTION 
 
RFCMOS models focus on CMOS device performance 

in the high frequency region. To obtain a robust RF model, 
an adequate DC model is a prerequisite.  The substrate 
current is often regarded as unimportant in the DC model 
and thus ignored because the magnitude of Isub is much 
smaller than the channel current.  However, the low 
frequency region of the S22 and Y22 characteristics of a FET 
is determined by the total output conductance, which is 
sensitive to the Isub variation. For the first time this paper 
provides the comparison of measured and model data to 
clearly show the impact of the Isub model to S22 behavior. 

Accuracy in predicting S22 cannot be achieved without a 
reliable substrate resistance (Rsub) network in addition to 
the Isub model. Various Rsub networks have been 
published [1-3] to improve RFCMOS application, and 
moreover, the BSIM4 model provides an Rsub network that 
includes five resistance components.  Most of these either 
have a problem with geometric scalability or difficulty with 
the model parameter extraction.  An accurate and scalable 
Rsub network comprised of three components will be 
presented. 

We also analyzed thermal noise characteristics of the 
0.24um n-type MOSFET (NFET) device.  By careful 
modeling of various capacitance components and the use of 
a specific gate and substrate network, a good fit of the noise 
characteristics was obtained. This paper also investigates 

the padset parasitic de-embedding of RF noise parameter 
data.  The low-level gate wiring can couple to the substrate, 
yielding significant parasitics that can prove difficult to de-
embed. 

 
2 SUBSTRATE CURRENT EFFECTS 

 
The substrate current is the current generated by impact 

ionization and strongly depends on the electric field in the 
channel.  In a MOSFET device, the total drain current is 
written by  

 
IsubIdchIds +=                                                               (1) 

 
where Idch is the channel current. The output conductance 
(Gds) can be expressed as: 
 

dVds
Isubd

dVds
Idchd

dVds
Idsd

Gds
)()()(

+==                                   (2) 

 
Equation (2) indicates that the output conductance is not 
only the function of the Idch change ratio, but also 
impacted by the Isub change ratio even if Isub takes up a 
very small percentage of the total output current. Let us 
consider an example of an NFET with size of 0.24um 
length, 7.5um width per finger and 32 fingers at Vgs=1.5V 
and Vds=2.5V. Table 1 shows a very minor change in Ids 
when adjusting the Isub model, while Gds is significantly 
affected by the same adjustment to the Isub model.  
   

 ALPHA0 
= 0.84e-7 

ALPHA0 
=0.84e-6 

Difference 

Ids (A)   6.32e-2  6.39e-2  +1.13% 
Gds (S) 5.26e-3 8.19e-3 +55.65%  

 
Table1. A parameter, ALPHA0, of Isub model in BSIM3v3 

increases by one order of magnitude. 
 

Neglecting the gate resistance (Rg) and source to 
substrate junction capacitance (Cjsb), the simplified Y22 
based on Fig. 1 is given by [2] 
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where D=ωRsubCjdb. Furthermore, S22 is usually used to 
evaluate output characteristics of RF devices. Focusing on 

 
Figure 1. A basic small-signal equivalent circuit of the 

MOSFET for RF modeling. 
 
the low frequency region for this discussion, S22 can be 
converted from Y22 and reduced to 
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where Z0 is the intrinsic impedance. It is clear that S22 
characteristics in the low frequency region are significantly 
impacted by the Isub variation shown in Fig. 2, which is 
consistent with the combination of Eqs. (2) and (4). Also, 
the S22 behavior at medium frequency is impacted by Isub 
variation accordingly. 
   

            
    
Figure 2. The S22 behavior controlled by the different Isub 

model based on the Table 1. 
 
3 SUBSTRATE RESISTANCE NETWORK 

 
Equation (3) demonstrates that in the medium to high 

frequency region, Rsub plays a crucial role in obtaining the 
desired fit of Y22, and thus it is also a factor for S22 

capacitance (Cjdb). In this section, we propose a predictive, 
accurate and scalable Rsub network containing three “All 
Ground” components for RF circuit simulation shown in 
Fig. 3 (a).  The common-source connected to ground for S-
parameter two-port measurement and simulation is used 
here. We have incorporated the substrate resistance network  

 

modeling along with the drain to substrate junction 

)                                                 (b) 

  
Figure 3. (a) “All Ground” network. (b) “T” network. 

 
s a subcircuit with the BSIM3v3 model, which means Cjsb 

T layout and 

 
sub

(a
G

a
and Cjdb are set externally to enhance the validity of the RF 
model at  higher frequency [1]. Two side substrate resistors, 
Rsb and Rdb, are used to account for the resistance between 
Cjdb/Cjsb and the substrate contacts on both the drain and 
source sides. They are physically consistent with the device 
layout configuration shown in Fig. 4.  Additionally, Rsb and 
Rdb are essential to S22 modeling in the high frequency 
region (15GHz to 25GHz).  
 

 
Figure 4. Top view of multi-finger MOSFE

simplified corresponding one-finger cross sectional view. 
 

e use both the multi-finger NFET device with ringW
strate contacts and bias condition described in Section 1 

to evaluate and compare the proposed “All Ground” 
network with “T” network [4]. Fig. 5 illustrates that the 
“All ground” network is much more accurate than the “T” 
network.  We attribute this to the fact that the “All ground” 
network accounts for the two side resistors, Rsb and Rdb. 
Moreover, using this proposed network, we have achieved 
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accurate scalability with device geometry for S22 up to 
25GHz as shown in Fig. 6.   

 

       
 
Figure 5. The S22 comparison with different Rsub networks 
and device widths of 240um (32 fingers) and 120um (16 
fingers) at the fixed L=0.24um.   
 

             
 
Figure 6. Measured and modeled S22 by using “All Ground” 
network with an accurate Isub model on devices with 
geometry variation of W=30um (nf=4), 60um (nf=8), 
120um (nf=16), 240um (nf=32), 360um (nf=48), 480um 
(nf=64) at the fixed L=0.24um. 
 

4 NOISE FIGURE DISCUSSION 
 
Predicting high frequency noise performance is critical 

for RF circuits such as low noise amplifiers and mixers. 
The BSIM3v3 model supports two different channel 
thermal noise models, a SPICE model based on 
conductances (Eq. 5) and a Berkeley model based on 
inversion charge (Eq. 6). 
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where γ is set to a constant value of 2/3. 
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where Qinv is the total channel charge at operating bias. 

 While the SPICE thermal noise model is simple to 
calculate, it underestimates the noise in both the linear and 
triode regions. The Berkeley noise model utilizes inversion 
charge for noise calculation, which is taken directly from 
the capacitance model and has better bias dependence.  
The latest BSIM3v3 model (Eq. 6) [5], also includes a 
thermal noise contribution due to the LDD resistance, 
which is physical and improves model accuracy.   

By careful modeling of the total gate capacitance, 
which is needed for accurate charge calculation, accurately 
modeling small signal parameters, and using a  
combination of  Fig. 1 and Fig. 3(a) to define the 
subscircuit, a good model to hardware correlation of noise 
parameters can be achieved with the Berkeley noise model 
as shown in Fig. 7. 
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Figure 7. SPICE model and Berkeley model correlation 
with the data for NFmin and Rn vs. Vgs at 15 GHz 
Vds=1.5V, W=240um, L=0.24um and NF=32 

 
Fig. 7 also shows that the SPICE model under predicts 

channel thermal noise at higher Vgs. An additional bias 
dependent parameter is required to fix the SPICE model. 
BSIM3v3 model does not support any such parameter.  On 
the other hand, the Berkeley model predicts the channel 
thermal noise reasonably well across wide Vgs bias. 

It has been suggested that there is excess thermal noise 
[6] at short channel devices due to hot carrier effect. This is 
found to not be severe for devices in 0.24um technology.  
Also, the net effect due to gate induced thermal noise is 
minimal at this technology node. 
 

5 DE-EMBEDDING INVESTIGATION 
 
De-embedding the padset parasitics from the noise 

parameter measurements to obtain the noise parameters of 
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the intrinsic device is difficult at best. The on-wafer wiring 
and device layout must be such that de-embedding 
structures can be constructed to capture the parasitics and 
subsequently allow for them to be subtracted from the 
measured data.  One of the more difficult aspects of the 
device layout is the low-level wiring to the device and its 
interaction with the substrate. Even the most sophisticated 
parasitic de-embedding scheme will not be successful if 
coupling to the substrate exists, but the de-embedding 
structures do not capture it. 

Fig. 8 shows a device within a GSG S-Parameter 
padset, with a ground plane constructed of the lowest 
metal level under the C-shape gate wiring, to shield the 
device’s local wiring from the substrate.  A case where the 
layout with the ground plane under the gate wiring 
removed, resulting in coupling to the substrate, was also 
studied.  Industry standard open and short de-embedding 
structures were constructed and de-embedded from the 
measured noise parameters using the method in [7]. 

 

 
 

Figure 8.  Device and wiring layout with good shielding 
under local gate wiring to prevent coupling to the substrate. 
 

The results of de-embedding for the well designed 
layout vs. the layout where coupling to the substrate is not 
well controlled is shown in Fig. 9. The case without the 
ground shielding clearly yields erroneous de-embedded 
data. 

 

 
Figure 9.  Measured raw and de-embedded data, indicating 

successful and unsuccessful de-embedding. 

6 CONCLUSION 
 
The effects of the substrate current to the output 

characteristics of NFET multi-finger device have been 
demonstrated in the low frequency region by the adjustment 
of the Isub model in BSIM3v3. The main factor is the 
substantial influence of substrate current change ratio, 
d(Isub)/dVds, on the total output conductance. Also, we 
examined the S22 modeling accuracy and scalability using 
the proposed substrate resistance network containing three 
resistors. An excellent agreement between measured and 
simulated data was shown.  The layout discussion 
supported the rationale for the proposed Rsub network. 

The RF noise modeling was also discussed. An accurate 
extracted total gate capacitance model, the proposed Rsub 
network and the latest thermal noise model in BSIM3v3 
have predicted the RF noise behavior well. In addition, the 
investigation of the RF noise parameter de-embedding 
showed that the interaction between the low-level, local 
device wiring and the substrate affects the noise parameter 
measurement results and that care must be taken in the 
device layout, and in the design of the de-embedding 
structures used, to successfully obtain the intrinsic device 
noise parameters. 

 
REFERENCES 

 
[1]  W. Liu et al., “R.F. MOSFET Modeling Accounting for  
       Distributed  Substrate   and  Channel  Resistances  with  
       Emphasis  on  the  BSIM3v3  SPICE Model”, in IEDM 
       Tech. Dig., pp. 309-312, 1997 
[2]  S. F. Tin et al,  “A  Simple  Subcircuit  Extension of the  
      BSIM3v3 Model for CMOS RF Design”, IEEE J. Solid- 
       State Circuits, vol. 35, no. 4, pp. 612-624, 2000 
[3]  Y. Cheng et al, “On the High-Frequency Characteristics  
       of  Substrate   Resistance   in   RF   MOSFETs”,   IEEE  
       Electron Device letters, vol. 21, pp. 604-606, 2000 
[4]  R.  T.  Chang  et al.,  “Modeling  and  Optimization   of  
       Substrate  Resistance   for  RF - CMOS”,  IEEE  Trans.  
       Electron Devices, vol. 51, No. 3, pp. 421–426, 2004 
[5]  “Noise   Modeling   Technical   Note  -  BSIM3v3.2.4”,  
       University of California, Berkeley. 
[6]  B. Jagannathan et al., “RF FET layout and modeling for  
       design  success in RFCMOS technologies”, IEEE RFIC  
       Symposium, pp. 57-60, 2005 
[7]  Chih-Hung  Chen   and  M.  Jamal  Deen,  “RF   CMOS  
       Noise   Characterization  and  Modeling”,  International  
       Journal  of  High  Speed  Electronics and Systems, Vol.  
       11, No. 4, pp. 1085-1157, 2001. 
 
 

 

Device

C-Shape Gate Wiring 

GND Plane 

775NSTI-Nanotech 2006, www.nsti.org, ISBN 0-9767985-8-1 Vol. 3, 2006




