
IFTH-18 

Accurate Small-Signal Model and Its Parameter Extraction in RF Silicon MOSFETs 

aJaejune Jang, bZhiping Yu, and bRobert W. Dutton 

aCypress Semiconductor, 3901 North lst, San Jose, CA 95134-1599 (408)545-6957, 

jangj@gloworm.stanford.edu 

bCenter for Integrated Systems, Stanford University 

ABSTRACT 
An accurate method to extract a small signal equivalent circuit 

model of RF Silicon MOSFETs is presented. Analytical calcola- 
tions are used for each inmnsic parameter and accuracy is within 
I% for the entire operatioml region. 2-D physical device simula- 
tton is used to andyze this methodology. A simple nonquasi 
static (NQS) model is reported, which offers good accuracy 
needed for circuit simulation, including wnple network represent- 
ing the coupling between soorce and drain. Accurate extraction 
method of extrinsic parameters have been also developed. The 
compact model and its parameter extraction are verified on Si- 
MOSFETs through s-parameter tneasurements. 

INTRODUcrlON 
Standard CMOS technology has become a popular choice for 

realizing radio frequency (RD application. A critical issue for RF 
design is the availability of accurate compact model. Unfortu- 
nately the most of the commercially available MOS transistor 
model IS not patricularly suited for high frequency. In this repat, 
we propose that the substrate network [4-61 is not necessary 
because its effect is overshadowed by the coupling between 
source and drain. Also accurate modeling of NQS effect is dis- 
cussed, which is closely related to Induced gate noise. Through 
the knowledge of accurate intrinsic characteristic, de-embeddmg 
of extrinsic pax&tics is developed. The complete small-signal 
model of the intrinsic device is developed from the physically- 
based device simulation. The methodology developed through the 
device simulation is applied to RF Si-MOSFET to verify iu 
rOh”S@leSS. 

SMALL SIGNAL EQUWALENT CIRCUIT MODEL 
Design of very high-frequency circuits is often done by using 

the so-called “y-parameters”. Without any awunption except that 
it has four terminals, general y-parameter model [I] is shown in 
Fig, 1. Thus by examining the ikquency response of ygs, y,d, y b, 
ym. ym,x YW ybs, ~mi ymb, and ymr through 2-D dewce son uf a- 
tion, circuit model is developed. 

NQS MODEL 
The distributed effect along the channel length IS commonly 

modeled as a bias-dependent RC distributed transmission line as 
shown in Rg. 2. The most widely used NQS model [7] is the 
series RC circuit as shown in Fig. 3. However, the character&c 
of the parameters, Rgl and Rpd,,are not well known. The come- 
sponding conductance and capacttance cm be written as: 

The Rp, and Rpd are bias dependent and Rgd < Rgr , except when 
V,,=O, in contrast to BSIM4 model. Van der Ztel has shown that 
the admittance to have a real part that grows as the square of fre- 
quency [31 as shown m Fig. 4. This frequency dependent admif- 
tame comes from the channel resistance coupled through gate 
capacitance and is the source of the gate induced noise. To extiacf 
accurate gate induced noise coefficient, gate resistance (i.e., gate 
contact resistance and poly sheet resistance) need to be de-embe- 
ded properly. The equation (L) accurately represeot~ the behavior 
of Y,, and Yz2. 

The ly,,,bl m Fig. 1 is about 10% to 30% of the lyml at low fre- 
quency. However a* frequency increases, y,bdecreases apprecia- 
bly compared to y,,, doe to the fact that effective ac voltage drop 
(V,,,) across source to substrate junction decreases as more volt- 
age drops in the substrate with increasing frequency. The ymx is 
usually ignored even at low frequency. The simulated ym, ymb. 
and ymi are compared in Fig. 5. Therefore ymb and ymr in Fig. I 
can be ignored without hurting the RF characteristics. 

The incremental charge method of capacitance calculation is 
absolutely inapplicable in the case of large conduction current in 
the device (i.e., between source and drain), which is often the case 
when the capacitance is negative and strongly frequency depen- 
dent (i.e., C,,, and C,,) 121 as shown in Fig. 6. This frequency 
dependence contradicts the most of the commercially available 
model such as BSlM4. The frequency dependence of ysd cao be 
modeled osmg the circuit shown in Fig. 3. Ihe Cb, C , Rb, and Rsds 
me model parameters fo represent the frequency be h awor of G, 
and C,. This coupling between source and drain dominates over 
substrate on the output characteristic (i.e.. CxdnGbd. and 
Csd~> C,,) as shown m Fig. 7, which means the sub\tate network 
is not necessary to represent the output characteristic (t.e., Y& 
Thus the y-parameter model in Fig.1 can be simplified as the 
model in Fig. 3. Note that ygb IS lumped wth y,, together. 

All the parameters in Fig. 3 can be analytically extracted given 
measured s-parameters. Fig. 8 Fhows some of the extracted 
parameters. Device simulations shows that the relative error 
between simulated and constructed s-parameters is within I % for 
the entire operational region confirmtog the validity of the model. 
Fig. Y shows S-parameters constructed from extracted model 
parameters compared with S-parameters from measurement. Vir- 
tually all agree very well. 

It is crucial to separate exbinsic parasitics to model intrinsic 
device behavior at the GHz frequencies. After standard pad de- 
embedding procedure (i.e., ISS, SOLT), parasnics such as contact 
resistance, poly gate resistance, or bond wire connecting the 
dewce need to be extracted. The general representation of the 
extrinsic parasnics are shown in Rg. 10. Through the accurate 
knowledge of frequency behavior of mtrinsic device at RF, the 
extrinsic par&tics are extracted using non-linear cuwe fitting at 

“8, = -, and V,, = 0 a~ shown in Fig. 11. This method is shown 
to have error less than 2%. 
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Fig. 1. General y-parameter model for 4 terminal device 

Fig. 4. Frequency response of measured G, (W/L = 30.24 urn 
/ 0.3 urn). The frequencies are 1.7 GHz, 9.2 GHzJ6.7 GHz, 
and 24.2 GHz. The box ‘increasing’ meam the absolute 
parameter value is increasing with increasing frequency. Note 
that all parameters in this report are normalized by ZQ = 5On 

Gate 

I 1 I I . . . 
T,+T, ,T,,T 

Substrate 

Fig. 2. Commonly used distributed RC network scheme 
to model NQS effect. 

Fig. 5. The frequency response of simulated ly,,l, Iym& and 
JymxJ from (W/L = 30.24 urn / 0.3 urn).. The \yJ becomes less 
thanO.l% of lyml at0.1 fT 

Fig. 3. Proposed RF small-signal model for MOSFET. 
g,,# is frequency dependent and shows decreasing char- 
acteristic as frequency increase. hdett and Csdeff are also 
frequency dependent and are represented by non-fre- 
quency dependent parameters CR,,,, 9, Cb, and Rb). 
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Fig. 6. The extracted Rsdee and Cdedeff from S-parameter mea- 
surements. C,, shows strong frequency dependence in lin- 
ear region. RTdeff also shows strong frequency dependence in 
subthreshold region 

Fig. 7. The simulated frequency response of C,, C,,. C,,, 
Gs+ Gt,,, and G,,. The frequencies ax O.lGHz, 5 GHz, and 
10 GHz. 

Fig. 8. The extracted parameters (C,, C, R,,, and R&. These 
parameters represent RJd and C, as in Fig. 8. 
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Fig. 9. Measured S-parameter (yellow) compared with model 
(others) (v&=zm v*,=z.ov) 
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Fig. 10. ,MOSFET with a generalized extrinsic pamsit- 
ics.Tbe z’ represents intrinsic device including SOUIC~ and 
drain. L,, Ld, L,, Rv R,, and 5 (i.e., contact resistance. 
bond wires) are extrinsic parasitics. 
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Fig. 11. Non-linear curve fitting (line) of extracted extrinsic 
parameters (symbol) at V,, = 0. ‘he extracted Rd, Rg and R, 
converges correct values when Vgs approaches infinite. 
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