
1484 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 8, AUGUST 2002

Briefs___________________________________________________________________________________________

Channel Noise Modeling of Deep Submicron MOSFETs

Chih-Hung Chen and M. Jamal Deen

Abstract—This brief presents a new channel noise model using the
channel length modulation (CLM) effect to calculate the channel noise of
deep submicron MOSFETs. Based on the new channel noise model, the
simulated noise spectral densities of the devices fabricated in a 0.18m
CMOS process as a function of channel length and bias condition are
compared to the channel noise directly extracted from RF noise measure-
ments. In addition, the hot electron effect and the noise contributed from
the velocity saturation region are discussed.

Index Terms—Channel length modulation, channel noise of deep submi-
cron MOSFETs, diffusion noise, high-frequency noise modeling, thermal
noise.

I. INTRODUCTION

In addition to the high levels of integration for digital circuit de-
sign offered by advanced CMOS processes, these MOSFETs are also
capable of operating in the GHz regime because of their very high
unity-gain frequencies of tens of GHz. Because of this, MOSFETs
have become very attractive for RF IC applications [1]. However, when
working at high frequencies, the noise generated within the device it-
self will play an increasingly important role in the overall RF IC per-
formance, for example in the noise performance of a front-end receiver
in an RFIC. Therefore, a physics-based noise model which can accu-
rately predict the noise characteristics of deep-submicron MOSFETs is
crucial for the low noise, RF IC design.

To date, there are many publications on the noise modeling of the
channel noise which is the most dominant noise source in short-channel
MOSFETs [2]–[11]. The noise model based on the Nyquist theory and
the dc model of MOSFETs successfully predicted the channel noise de-
vices working the linear region. However, for RFICs, the short-channel
MOSFETs usually operate in the saturation region for most applica-
tions, and it is often observed that the channel noise generated from
the short-channel devices is higher than expected from the conventional
channel noise theory for long-channel MOSFETs [7], [10]. Some ap-
proaches have been presented to explain the discrepancy by introducing
the extra channel noise from the velocity saturation through either the
hot-electron effect [10] or the diffusion noise [9], [12]. The noise from
the saturation region proposed in these models is neither physical nor
proven by the measured noise data of deep-submicron MOSFETs. In
this brief, a new analytical noise model using the channel length mod-
ulation (CLM) effect to calculate the channel noise of deep submi-
cron MOSFETs is presented and verified with the measured data ob-
tained using the direct extraction method [13], [14]. In addition, the
hot electron effect and the noise from the velocity saturation region are
discussed.
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Fig. 1. Cross section of a MOSFET channel divided into a gradual channel
region (I) and a velocity saturation region (II).

II. CALCULATION OF CHANNEL NOISE IN MOSFETS

The approach used in this paper to calculate the channel noise
is based on a two–section channel model in which the channel of
a MOSFET is divided into two regions: a gradual channel region
of lengthLelec = Leff � �L (region I in Fig. 1) and a velocity
saturation region of length�L (region II in Fig. 1) [4], [10], [15]. In
this brief,�L is given by [16]

�L =
1

�
ln

�(VDS � VDSsat) + ED

Ecrit

(1)
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ED = Ecrit 1 +
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2
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� = �
3

2

Cox

xj"si"o
: (3)

Here,Ecrit is the critical lateral electric field at which carriers travel
at their saturation velocity,xj is the junction depth of the source and
drain regions,Cox is the gate-oxide capacitance per unit area, and� is a
fitting parameter to adjust the channel length modulation and it is unity
in this work. Based on this channel model, the total noise current shown
at the drain terminal will be the sum of the noise current contributed
from both regions.

A. Channel Noise From the Gradual Channel Region (Region I)

In the derivation of the channel noise in the gradual channel region,
we assume that the electric field in thex direction for most of the sec-
tions in the gradual channel region is much less than the critical field
Ecrit (for example, see [17, Fig. 6(b)]). We will verify and discuss this
assumption for the modeling of channel noise with the measured noise
data in the next section. Using this assumption and the dc model of
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MOSFETs, then the channel resistance�R of a section�x at the po-
sitionxo in the gradual channel region is given by [6]

�R(xo) =
�x

W�(xo)(�Q(xo))
(4)

where�(xo) andQ(xo) are the mobility (cm2=V � sec) and the elec-
tron concentration (C=cm2), respectively, at the positionxo. The term
�Q(xo) is positive because of the negative chargeQ(xo) for electrons.
From the thermal noise theory (or Nyquist theory), the mean square
value of the noise voltage generated from�R(xo) is given by

�v(xo)2 = 4kT (xo)�R(xo)�f =
4kT (xo)�x�f

W�(xo)(�Q(xo))
(5)

wherek is Boltzmann’s constant,T (xo) is the absolute temperature
of the lattice at the positionxo, and�f is the bandwidth. If we treat
the part of the channel in the gradual channel region as a single tran-
sistor with the channel lengthLelec, then according to the channel noise
derivation presented in [6], the mean square value of the noise cur-
rent�i(xo)2 delivered to the drain terminal from�R(xo) is given
by �v(xo)2 multiplied by the square of its local output conductance
gDS(xo), andgDS(xo) is

gDS(xo) =
W�(xo)(�Q(xo))

Lelec

: (6)

Assuming that the electric field in thex direction for most of the sec-
tions in the gradual channel region is much less than the critical field
Ecrit, then the local mobility�(xo) is about the same as the effective
mobility �eff which is given by [18]

�eff =
�o

1 + (Ua + UcVbs)
V +2V

T
+ Ub

V +2V

T

2
(7)

whereTox is the oxide thickness andVth the threshold voltage. There-
fore, from (5) and (6), the mean square value of the noise current con-
tributed from�R(xo) is then by [6]

�i(xo)2 =g
2

DS(xo) ��v(xo)2

=�

4kT (xo)�fW�effQ(xo)�x

L2elec
: (8)

Note that (8) is only true for the region where the carriers do not travel
at their saturation velocity and it cannot be applied to the velocity sat-
uration region (region II in Fig. 1) because the Nyquist theory fails in
that region [12].

There is also a debate about the temperatureT (xo) in (8)-whether
it is the electron temperatureTe or the lattice temperatureTo. Let us
assume thatT (xo) is the electron temperature. In this case, we can use
the most commonly adopted equation for the electron temperature at
the positionxo [19],

Te(xo) = To 1 + �
E(xo)

Ecirt

2

; (9)

where� is a fitting parameter and its value is in the range of 5–20 for
values ofEcrit in the range of 2–4 V=�m [19]. The total noise spectral
densitySi from region I is then given by the integration of (8) from
x = 0 to x = Lelec divided by�f which is

Si =
i2d
�f

= �

4kTo
L2elec

�

L

0

1 + �
E(xo)

Ecrit

2

W�effQ(xo)dx

(10)

wherei2d is the mean square value of the total noise current. After rear-
ranging the (10), the spectral density of the channel noiseSi becomes

Si =
4kTo
L2elec

�eff (�Qinv) + �
4kToID
L2elecE

2
crit

VDSsat (11)

where�Qinv is the total inversion charge in gradual channel region
(region I). Equation (11) is general and can be applied to any com-
pact model. Different complexity and accuracy will be achieved de-
pending on the models used to calculate the inversion chargeQinv and
the channel length modulation effect�L. Note thatVDSsat in (11) will
becomeVDS andLelec will becomeLeff when the device operates in
the linear mode. Equation (11) is similar to (10) in [10], but it uses the
Lelec instead ofLeff for the noise calculation.

There have been two different approaches in the literature to calcu-
late the total noise spectral densitySi from region I. The first approach
is to obtain the spectral density of the noise current from each channel
section at the drain terminal and integrate each noise current density
along the channel as described above [2], [6]. The other approach is
to integrate each noise voltage density along the channel and then mul-
tiply the total spectral density of the noise voltage by the square ofgDS

[4], [9]. For a linear resistor, the output conductance is independent of
the location in the resistor, and the two approaches are essentially the
same because theg2DS can be taken out of the integration in (10). How-
ever, for a non–linear resistor like a MOSFET, the output conductance
is a function of channel positionxo as shown in (6), and the second
approach is essentially not correct. Therefore, in this brief, the channel
noise from region I is calculated based on the first approach.

B. Channel Noise From the Velocity Saturation Region (Region II)

For the noise current generated from the velocity saturation region
(region II), several models were presented in [4], [8]–[10] for example,
to calculate the noise current from this region. For the noise models
in [8] and [10], the equation based on the equation (8.5.18) in [6] for
the model derivation is only true in the absence of velocity saturation
[6]. On the other hand, because the Ohm’s law is not valid in the ve-
locity saturation region, the local resistance�R in (4) is not defined
and therefore the thermal noise (or Johnson noise) theory can not be
used in region II [12]. These reasons make the noise calculation in [4]
questionable in region II.

The key question for the noise calculation in region II is what is
the noise mechanism if the thermal noise theory fails? Different noise
mechanisms – diffusion noise model [20], [21] and drifting dipole layer
model [9], [12] have been proposed for the noise calculation in velocity
saturation region. However, in this paper, we will show that there is no
noise current generated from region II based on the following “thought”
experiment. Let us assume that there exists a noise mechanism that gen-
erates a finite voltage fluctuation at a local positionxo in region II. Be-
cause the carriers in region II travel at their the saturation velocity, the
carriers will not respond to the local change of the electric field caused
by the noise voltage fluctuation. Therefore, there will be no noise cur-
rent (or current fluctuation) generated by the finite noise voltage at the
positionxo in the velocity saturation region. This applies to all the lo-
cations in region II, and therefore it is assumed that the noise current
from region II is zero. This conclusion will be checked with experi-
mental data.

III. M EASUREMENTS ANDDISCUSSIONS

The devices–under–tests (DUT) are fabricated in a 0.18�m CMOS
technology with channel widthW = 10� 6 �m and channel lengths
L = 0:18 �m, 0.42�m and 0.97�m, respectively. Fig. 2 shows the ex-
tracted (symbols) and simulated (lines) spectral density of the channel
noiseSi versusVGS characteristics for the n-type MOSFETs with
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Fig. 2. Extracted (symbols) and simulated (lines) spectral density of the
channel noise versusV characteristics of the n-type MOSFETs with channel
width W = 10 � 6 �m and channel lengthsL = 0:97 �m, 0.42�m and
0.18�m, respectively, biased atV = 1:5 V with � = 0. The solid lines
are obtained by using L and the dashed lines are obtained by using L
in (11).

Fig. 3. Extracted (symbols) and simulated (lines) spectral density of the
channel noise versusV characteristics of the n-type MOSFETs with channel
width W = 10 � 6 �m and channel lengthsL = 0:97 �m, 0.42�m and
0.18�m, respectively biased atV = 1:0 V with � = 0. The solid lines are
obtained by using L and the dashed lines are obtained by using Lin
(11).

channel widthW = 10 � 6 �m and channel lengthsL = 0:97 �m,
0.42�m and 0.18�m, respectively biased atVDS = 1:5 V and with
� = 0. The inversion charge model in [18] is used to calculate theQinv

in (11). The solid lines are obtained by usingLelec and the dashed lines
are obtained by usingLeff in (11). It is shown that the CLM effect be-
gins to have some impact on the channel noise when the channel length
of the device is smaller than 0.5�m, and that is why the simulated
channel noise from region I in [10] predicts lower channel noise from
0.25�m and 0.18�m channel–length devices. Although [10] corrects
this degradation by the introduction of the channel noise current caused
by the hot electrons from the velocity saturation region, the equation
used in the model derivation cannot be applied to the location where
carriers travel at their saturation velocity, as discussed in Section II.
Another observation from Fig. 2 is that the hot electron effects sug-
gested in [2] and [22] and used in [3]–[5] and [10] does not show too
much impact on the channel noise of deep submicron MOSFETs, in
agreement with the conclusion in [7].

For theVDS dependence of the channel noise, Fig. 3 shows extracted
(symbols) and calculated (lines) spectral density of the channel noise
Si versusVDS characteristics for the n-type MOSFETs with channel
width W = 10 � 6 �m and channel lengthsL = 0:97 �m, 0.42�m

Fig. 4. Extracted (symbols) and simulated (lines)
 versusV characteristics
of the n-type MOSFETs with channel widthW = 10 � 6 �m and channel
lengthsL = 10 �m, 0.42 �m and 0.18�m, respectively, biased atV =

1:5 V with � = 0.

Fig. 5. Extracted (symbols) and simulated (lines)
 versusV characteristics
of the n-type NMOSFET with channel lengthL = 0:18 �m and widthW =

10�6�m and biased atV = 1:5V with � = 0. The solid lines are obtained
by usingL , and the dashed lines are obtained by usingL in (11).

and 0.18�m, respectively biased atVGS = 1:0 V and with � = 0.
The solid lines are obtained by usingLelec and the dashed lines are
obtained by usingLeff in the noise calculation. It is shown that the cal-
culated channel noise usingLeff in (11) predicts lower channel noise,
and cannot match the increasing trend of the extracted channel noise
caused by the CLM effect for the deep submicron devices. The slope
of simulated lines in the channel noise versusVDS characteristics will
depend on the accuracy of the model calculating the channel length
modulation�L.

Sometimes, the spectral density of the channel noise is expressed as
[2]

Si = 
 � 4kTgdso (12)

wheregdso is the output conductance at zero drain bias (i.e.,VDS = 0).
Based on the noise theory for long-channel devices, the value of
 is 2/3
[2]. However, when the channel length is reduced, the value of
 will be
increased [7], [13]. Fig. 4 shows the extracted (symbols) and simulated
(lines)
 versusVGS characteristics of n-type MOSFETs with channel
width W = 10 � 6 �m and channel lengthsL = 10 �m, 0.42�m
and 0.18�m, respectively biased atVDS = 1:5 V with � = 0. For the
long-channel devices, the calculated
 is 0.68 atVGS = 1:8 V, which
agrees with the theoretical value. When the channel length is decreased,
the 
 value will increase from 0.68 to 1.2 or 1.8 (depending on the
VGS bias), and the model agrees well with the data. Fig. 5 shows the
extracted (symbols) and simulated (lines)
 versusVGS characteristics
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of the n-type MOSFET with channel lengthL = 0:18 �m and width
W = 10 � 6 �m and biased atVDS = 1:5 V with � = 0. The
solid line is obtained by usingLelec and the dashed line is obtained by
usingLeff . It is shown again that the calculated
 usingLeff in (11)
predicts lower
 value and cannot match the decreasing trend which is
also reported in [7] when theVGS bias is increased.

Finally, we want to discuss the impact of neglecting the velocity sat-
uration effect in region I on the modeling of the channel noise and the
accuracy of (11). As presented in Section II.A., (11) is derived based
on the assumption that the electric field in thex direction for most of
the sections in the gradual channel region is much less than the critical
field Ecrit. That is, we ignore the velocity saturation effect for sec-
tions in region I close to the boundary of regions I and II. If we include
the velocity saturation effect in region I by modeling the local mobility
with the empirical relation [2], [6], then

�(xo) =
�eff

1 + E(x )
E

(13)

with E(xo) being the electric field at the positionxo in region I and
�eff being given by (7). Now the dc drain currentIds becomes

Ids =
W�eff (�Q(xo))

1 + E(x )
E

�

dV (xo)

dx

=
�V (xo)

�Rloc(xo)
(14)

where�Rloc(xo) is the local channel resistance at the positionxo. It
is difficult to derive an analytical expression for�Rloc(xo) from (14),
but it can be observed quantitatively that the local channel resistance
is increased due to the velocity saturation effect (i.e.,�Rloc(xo) >
�R(xo)), and this implies that a higher thermal noise voltage is gener-
ated from the section at the positionxo close toLelec. However, as can
be seen from (6), the local output conductancegDSloc(xo) at position
xo including the velocity saturation effect will be decreased because
the local mobility�(xo) is reduced (i.e.,gDSloc(xo) < gDS(xo)). The
good matching obtained between the calculatedSi using (11) and the

extractedSi indicates that the product ofgDSloc(xo)
2
��Rloc(xo) is

approximately about the same asgDS(xo)
2
��R(xo) or the difference

between these two products is negligible. This means that the impact of
the velocity saturation effect in region I on the channel noise modeling
is not as pronounced as that on the modeling of dc current, and it can
be considered as a secondary effect compared to the CLM effect in the
channel noise modeling of short–channel devices down to 0.18�m.

IV. CONCLUSION

The channel length modulation (CLM) effect begins to have impact
on the devices with channel length shorter than 0.5�m. For deep sub-
micron MOSFETs, if the CLM effect is not included, the calculated
spectral density of the channel noise will be much lower than the exper-
imental results. On the other hand, the noise contributions from the ve-
locity saturation region and from the hot electron effect seem to be neg-
ligible in the channel noise modeling of deep submicron MOSFETs.
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