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Abstract— A new method for extracting n-type substrate
resistance model of RF MOSFETs based on 3-port measurement
is presented. Using NQS and macro-model with extracted
substrate components, it is verified that the new substrate
resistance model is accurate. Also, temperature dependent macro
model is developed. An analytical high frequency thermal noise
model for short-channel MOSFETs which covers all operating
regions is developed. A simple wide-band model for on-chip
inductors on silicon is presented. Finally, an RF model of an
accumulation-mode MOS varactor is presented.
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1. INTRODUCTION

The RF performance of CMOS transistors has been
improved considerably over the past years due to the
continuous downscaling of CMOS technology [1]-[4]. Thus,
standard CMOS technology has become a popular choice for
realizing radio frequency (RF) application. An important issue
for RF devices is the availability of compact RF models of both
the active devices and the passive devices to accurately predict
the RF characteristics at high frequencies, including the milli-
meter wave range. For modeling of RF MOSFETs, the
substrate-signal coupling network model and non-quasi-static
effect (NQS) are important at high frequency close to and
higher than f7. In this paper, an analytical parameter extraction
method of m-type substrate-signal coupling model based on
three-port device measurement data is proposed for the first
time. All the components of the substrate-signal coupling
network including junction capacitances and substrate
resistances can be directly extracted from the device
measurement raw data. It is verified that the NQS model using
the m-type substrate model agree well to the measured Y-
parameter data up to 110 GHz. Also, the macro model
composed of BSIM4 model, n-type substrate model, and
various extrinsic parameters is developed. The macro modeling
results at different temperature are compared to the measured
S-parameter data.

Noise in MOSFETS are classified into 1/f noise, shot noise,
thermal noise, and so on. The 1/f noise mainly affects the low-
frequency performance of the device and can be ignored at
high frequency. In addition to the channel thermal noise at the
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drain, at high frequency the local noise sources at the channel
are capacitively coupled to the gate and generate an induced
gate noise. Several noise models in integral forms have been
reported for short-channel MOSFETs. However, analytical
noise model is needed for circuit design application. In this
paper, analytical channel thermal noise and induced gate noise
current are presented, which considered velocity saturation
effect and are valid in all operation region ; linear and
saturation regions. The predicted niose power spectral density
is compared with noise measurements.

Also, we present a simple wide-band inductor model which
has the drop-down characteristics of the series resistance (R;)
as well as the increase characteristics in the R, as a function of
frequency. The inductor model shows high accuracy over
whole frequency range by taking the coupling through the
silicon substrate into account to model the decrease in the R, at
high frequency. Finally, an efficient and accurate parameter
extraction method of an equivalent circuit of varactors is
presented.

II. HiGH FREQUENCY MODELING OF RF MOSFETS

A.  Substrate resistance extraction method based on 3-port
measurement

The test device is an n-MOSFET having 16-unit gate
fingers with L = 0.13 tm and W¢= 1.8 ym. The two-port S-
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Figure 1. Equivalent circuit of an off-state MOSFET with ®-type substrate
resistance model.
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parameters were measured in the common source-body
configuration up to 110 GHz.

Fig. 1 shows a small-signal equivalent circuit of an off-state
RF MOSFET][1]. The three-port measurement for extraction of
m-type substrate resistance is performed by using Agilent
N5240A vectornetwork analyzer [2]. Coo and Cuqo represent
the gate to source and gate to drain extrinsic capacitances,
respectively. Cg, is the capacitance between gate and body. Ci
and Cjy represent the junction capcitance of source and drain,
respectively. m-type substrate resistance is adopted in the paper.
Ry, Ry, and Ry, represent resistances from source and drain to
body, and source to drain, respectively. R, represents the
resistance of the polysilicon gate. The small-signal equivalent
circuit shown in Fig. 1 can be analyzed in terms of Y-
parameters. Using the analyzed Y-parameter equation, Cgqo,
Cos0. Cop, Ciso Cig, R, Ray, and Ryy, can be directly extracted
from the real and imaginary parts of the Y-parameters. The
following equations (1)-(3) represent the results for Ryg,., Ryp,
and Rsb~

Re(f; )Re(Y ) _ Relf) )
= @’C2C% Rell,,) @*C2C?
1 Re(Y JRe(Y ) —Re(Yg, ) @)
Ry == 7=
@ CjRe(V)=C,C  Re(lg)
L ( s JRe(Vpp )~ Re(¥y, )* 3)
* @ C2Re(l,,)-C,C,Re(l,,)

B.  NQOS modeling of RE MOSFET

Fig. 2 shows a non-quasi-static small-signal equivalent
circuit of the RF MOSFET operating in the strong inversion
region. Ry, and R,y are the distributed channel resistance. Ry
and R, are the source and drain resistances, respectively.
Transport delay is represented by 7, in the transconductance
parameters. Cy, is the capaci-tance between the source and the
drain due to the DIBL effect in the short channel devices. The
substrate-signal-coupling network consists of junction
capacitances and 7-type substrate model. In Fig. 3, the Y-
parameters simulated with the extracted parameters were

compared with the measured data at Vs = Vps=1 V. The NQS
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Figure 2. NQS model of RF MOSFET operating in strong inversion region.
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Figure 3. The modeled (NQS) and measured Y-parameters at Vgs = Vps =1V
for 0.13 um RF nMOSFET.

model with n-type substrate model agrees well to the measured
Y -parameters up to and above fr (up to 110 GHz) as shown in
Fig. 3.

C. Macro-modeling for RE CMOS circuit design

Fig. 4 shows the macro-model of the RF MOSFETS, which
is implemented as a subcircuit extension to the BSIM4 model.
It consists of the BSIM4 model, gate electrode resistance Ry,
distributed channel resistance Ry, source/drain resistance R, /
Ry, parasitic compensation capacitances Cyay /Cosx /Ciax, and m-
type substrate model. Fig. 5 compares the measured and the
modeled S-parameters of RF MOSFET using the extracted
parameters and BSIM4 model. It shows that the modeled S-
parameters (solid line) fit the measured ones well without any
optimization after parameter extraction. The RMS modeling
error is below 10 % up to about 80 GHz. Fig. 6 shows the
macro-modeling results at high temperature (125 °C). Through
the extraction results from the measurement data, temperature
coefficient of substrate resistance was obtained to be 3760
ppm/°C. The RMS modeling error is below 10 % up to about
70 GHz even at 125 °C.
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Figure 4. The macro-model for RF MOSFETSs, which is implemented as a
subcircuit extension to the BSIM4.
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Figure 5. The macro-modeled and measured S-parameters at Vgs = Vps =1V

for 0.13 um RF nMOSFET (T =25°C).

The small modeling error indicates that the extrinsic
parameter extraction method and the BSIM4 parameters are
very accurate. Fig. 7 compares the Ips-Vpg measurement data
and simulation data of macro-model. The proposed macro-
model agrees well to the DC I-V curve as well as high
frequency Y- and S-parameter data.

III. HIGH FREQUENCY NOISE MODEL

A.  Analytical modeling of MOSFET thermal noise

Analytical noise models for the drain thermal noise,
induced gate noise, and their correlation coefficient in deep-
submicron MOSFETs, which are valid in both linear region
and saturation region, are needed for RF IC design and device
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Figure 6. The macro-modeled and measured S-parameters at Vgs = Vps =1V
for 0.13 um RF nMOSFET ( T = 125 °C).
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Figure 7. DC Ips-Vps measurement and simulation data of macro-model.

optimization. In MOSFETSs, the dominant noise contribution
comes from the channel thermal noise having a power spectral
density given by [5]

(i3, Y= 4KTAf G,y )
with
2
l-u+—
E ®)
y=—wf 3 gy
Ly | A=u/2)Y1+z) 1+z

where Gy, is the intrinsic drain conductance at Vpg=0,
u=oV,, 1V, 7 dVis V,=L, E,, Lejec=electrical

GT > elec

channel length. Lelec could be obtained as[6]

= Var Vor _Vv)

aE V'

I ©

elec T

where V'=Ips/] WC ., which can be extracted from dc and
S-parameter measurements.
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Figure 8. Measured noise parameters of MOSFETs with different channel

lengths.
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Figure 9. The modeled noise excess factor ¥ versus channel length for NMOS
with fixed W = 1.8 4M x 64.

At high frequency, the local channel voltage fluctuations
due to channel thermal noise coupled to the gate through the
oxide capacitance and it causes the induced gate noise having
a power spectral density given by

(@C )" )
2 V= 4T A —2
(i2) f G B
with
po OC L) Loy 8045 -90ut 63u’~18u" +2u) ®)
e L, 27 (2-u)°

Finally, the correlation between the channel thermal noise
and induced gate noise can be derived as

u(6—6u+u’)

<ignidn> =4kTAf (joWC , L,,.) 92 —uy

1+2° O

Then, the correlation coefficient C can be calculated by
using the above results.

u(6—6u+u’)
c (l@lﬁ} o 6(2-u)’

iy [

5

(1+2)* (10)

B.  Experimental results

The test devices have the unit finger width and the number
of finger of 1.8 um and 64, respectively. The noise parameters
(NFpmin, Rn, and Y,,) were measured in the frequency range
from 3 GHz to 15 GHz as shown in Fig. 8. Fig. 9 shows the
modeled ¥ by using our model. As channel length increases,

¥ in saturation region approches to long-channel limit 2/3[7].

Intrinsic noise source power spectral density (Sian, Sign) could
be extracted from measured noise parameters by using
correlation matrix method [8].

Fig.10 shows the extracted and modeled channel thermal
noise and induced gate noise as a function of frequency for

SISPAD 2006

T
L__=0.13,0.18,0.35 0.5 um
1E-20 sk -~
1E-21 E ] <
— idn
T
T e ]
g 1E23 @5 S @ ign
o
E 1E24 | E
w
g B L__=0.13pum
L =0.18 um
iEs6 L L,.=0.13,0.18,0.35,0.5 um L 29=0-35um 1
.Y L,.,=0.5 um

10
Frequency [GHZ]

Figure 10. Extracted and modeled channel thermal noise(S;m) and induced
gate noise(Sign) versus frequency characteristics for n-type MOSFETSs biased
at VGSZO.SV, and VDSZI.ZV.

various gate length L=0.13 /m,_ 0.18 /m 0.35 um and 0.5 um,
biased at Vgs=0.8V, and Vps=1.2V. Modeling results show
good agreement with the extracted data. The channel thermal
noise is white and the induced gate noise is proportional to

@ as shown in Fig, 10. The solid and dot lines in the Fig. 10
represent the modeled values of S;q and S;,, using proposed
equations, respectively. The drain thermal noise becomes
larger as the gate length scales down because the channel
conductance becomes large. On the contrary, since the channel
resistance becomes smaller as the gate length scales down, the
induced gate noise becomes smaller. We can expect that the
gate induced noise becomes less important for future scaled
devices.

IV. RF MoDELING OF ON-CHIP INDUCTORS AND VARACTORS

A.  Modeling of inductors

The on-chip inductor on silicon substrate can be treated as a
collection of metal strips with substrate coupling, and hence the
Ryw and C,y to represent the lateral substrate coupling is
introduced in our model as shown in Fig. 11 [9].
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Figure 11. Inductor model with Rgy, and Cgyp to model substrate effects.
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A parallel combination of Ry, and Cyy, is placed in the
silicon substrate similar to the equivalent circuit model for the
on-chip interconnects. C,, represents the oxide capacitance
between the inductor and the substrate. R, and C, are the
substrate resistance and capacitance to ground, respectively.
Moreover, the LR ladder circuit formed by Ly and R;, in
parallel to Ry, is used to capture the increase in the series
resistance due to both skin and proximity effects. In order to
verify the accuracy of our model, square spiral inductors with
various geometrical configurations were fabricated using 0.18
um 6-metal CMOS technology. The fabricated inductors have
metal width (W) of 14.5 #m and spacing (S) of 2 um. Two-port
S-parameters were measured using an Agilent 8510C network
analyzer and RF probes. After de-embedding pad parasitics
using open pad structure, the equivalent series resistance R(f)
and series inductance Ly(f) were extracted from Yo :

R (f)+jel,(f)== I &

And the quality factor was evaluated by

Q:_Im(Yn)/Re(Yn) 12)

Fig. 12 shows the Ry(f) and the Ly(f) curves for six test
structures with different number of turns. As the measurement
curves show, the series resistance increases with frequency at
first and drops down at higher frequency. The decrease in the
R,(f) is caused by the lateral substrate coupling among inductor
metal strips. As shown in Fig. 12 (a), the conventional model
(the model without the Ry, and C,y, in Fig. 11) could predict
the increase in the R, but could not model the decrease in the
R, at high frequency. Also, as shown in Fig. 12 (b), the model
predicts the change in inductance as a function of frequency,
but the conventional model does not. The conventional model
significantly overestimates the R, and underestimates the Ls at
high frequency, which introduces large error in the circuit
simulation such as transient analysis. As the number of turns
increases, the substrate coupling between metal strips becomes
larger because the C., and C,y, are larger. And therefore, the
R,(f) drops down at lower frequency.
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Figure 12. (a) series resistance and (b) series inductance comparison between
the measurement and the model.
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Fig. 13 verifies quality factor for different number of turns and
inner radius. The presented model matched accurately with the
measurement over whole frequency range of interest. Also, we
obtained excellent agreement in the peak Q, the frequency at
the peak Q, and the self-resonance frequency. The model
shows excellent scalability and wide-band accuracy.

B.  Modeling of varactors

The cross-section of an accumulation-mode MOS varactor is
shown in Fig. 14 [10]. An equivalent circuit with physically
meaningful components derived from Fig. 14 is shown in Fig.
15. In Fig. 15, Csrefers to the series connection of gate oxide
capacitance and depletion capacitance. Cr represents the
fringing capacitance associated with the sidewall of the gate.
Ly and Rpory are the inductance and resistance of the gate,
respectively. For accurate modeling of gate bias dependence
of channel resistance (Re), Race, Rp, and Rs have been used.
Race represents the accumulation resistance in the channel
region. R, is the n-well resistance in parallel with R and Rs is
the gate bias independent resistance of R.» in series with the
parallel connection of Ra.c and R, The resistance in the
source/drain regions is represented by R, Ruwen is the vertical
resistance of n-well, Cs; is the depletion capacitance between
n-well and p-substrate, and the parallel combination of Rsus
and Csu»2 models the lossy silicon substrate.

P2 (S/D)

. Rsd Rch Rch Rsd .
n+ region A N\ n+ region
n-well S Rwell
- Csub1
X []: depletion region or
P-sub Rsub CsubZ accumulation layer

Figure 14. The cross-section of an accumulation-mode MOS varactor.
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Rch=Rs + Race // Rp
iR
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Figure 15. An equivalent circuit for MOS varactor.

To verify the proposed equivalent circuit, we have
performed the direct extractions with Z-parameters of the
MOS varactor having gate length of 0.50 pm and total width
of 100 pm, fabricated in a standard 0.18-um CMOS process.
Two-port S-parameter measurements were performed in the
frequency range from 0.5 GHz to 18 GHz.

Assuming aR4CsCr<<Cs+Cr and @’Royn’Cs'Cy<<Cs+Cy in
Fig. 15, we can define Rger and Cger as the following
equations:

R 13)

gef = R

poly

+R,(C,/C,y F.Coy =C,+C,

From the equivalent circuit, Z-parameters can be obtained with
Eq. (13),
Z, :Zn_le:Rg,eﬁ"'j(ai’g_l/aﬁgﬂf) a9

as

(1 (16)
- +
[afsubl J

Using the above equations, all the parameters were
extracted. Fig. 16 shows that there is an excellent agreement
between the model and the measurement.
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V. CONCLUSION

Analytical parameter extraction method for w-type substrate
resistance network of RF MOSFETs based on 3-port
measurement was presented for the first time. The accuracy of
NQS and macro-model with 7-type substrate resistance
network were verified with the measured data up to 110 GHz.
The macro-model verification was performed through
measurement and parameter extraction at different temperature.
The analytical channel thermal noise and the induced gate
noise current have been presented, which are valid in all
operation regions for short channel MOSFETSs. The analytical
noise model was verified using noise parameter measurements.
A simple wide-band model for on-chip inductors on silicon
was presented. Finally, model verification for a RF model of an
accumulation-mode MOS varactor was performed.

Acknowledgment

This work was supported partly by NSI_ NCRC program of
KOSEF, Korea, and Samsung Electrons Ltd.

REFERENCES

[11 I M. Kang, Y. H. Jung, and H. Shin, “Small-Signal Non-Quasi-Static
Modeling of RF MOSFETs”, The 13™ Korean Conf. on

Semiconductors., , pp.843-844, 2006.

S. D. Wu, G. W. Huang, K. M. Chen, C. Y. Chang, H. C. Tseng, and T.
L. Hsu, “Extraction of Substrate Parameters for RF MOSFETs Based on
Four-Port Measurement,” IEEE Microwave and Wireless Components
Lett., vol. 15, no. 6, pp. 437-439, Jun. 2005.K. Elissa, “Title of paper if
known,” unpublished.

S. H-M. Jen, C. C. Enz, D. R. Pehlke, M. Schroter, and B. J. Sheu,
“Accurate Modeling and Parameter Extraction for MOS Transistor Valid
up to 10 GHz”, IEEE Trans. Electron Devices., vol.46, pp.2217-2227,
1999.

Y. Cheng, and M. Matloubian, “On the high-frequency characteristics of
substrate resistance in RF MOSFETs”, IEEE Electron Device Lett.,
vol.21, no. 12, pp.604-606, 2000.

J, Jeon, and S. Kim, et. al. “Analytical Thermal Noise Model Suitable
for Circuit Design Using Short-Channel MOSFETs”, IEEE RFIC
Symposium, pp.637-640, 2005.

S. Asgaran, M. J. Deen, and C. H. Chen, “Analytical Model-ing of
MOSFETs Channel Noise and Noise Parameters,” IEEE Trans. Electron
Devices, vol. 51, pp. 2109-2114, 2004.

A. Van Der Ziel, Noise in Solid State Devices and Circuits, New York:
Wiley, 1986.

H. Hillbrand and P. H. Rausser, “An efficient method for computer
aided noise analysis of linear amplifier networks”, IEEE Trans. Circuits
and Systems, Vol. CAS-23, no. 4, ,pp. 235-238, April 1976.

M. Kang, J. Gil, and H. Shin, “A simple parameter extraction method of
spiral on-chip inductors”, IEEE Transactions on Electron Devices,
vol.52, pp.1976-1981, 2005.

S. S. Song and H. Shin, “A new RF model for the accumulation-mode
MOS varactor”, IEEE MTT-S Int. Microwave Symp. Dig., vol.2,
pp.1023-1026, 2003.

[2]

[3]

[4]

[3]

[6]

(7]
(8]

‘]

[10]

1-4244-0404-5/06/$20.00 © 2006 IEEE



