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Analytical Modeling of MOSFET'Ss
Channel Noise and Noise Parameters
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Abstract—Simple analytical expressions for MOSFETs noise
parameters are developed and experimentally verified. The ex-
pressions are based on analytical modeling of MOSFETSs channel
noise, are explicit functions of MOSFETs geometry and biasing
conditions, and hence are useful for circuit design purposes. Good
agreement between calculated and measured data is demon-
strated. Moreover, it is shown that including induced gate noise
in the modeling of MOSFETs noise parameters causes ~5%
improvement in the accuracy of the simple expressions presented
here, but at the expense of complicating the expressions.

Index Terms—Analytical noise modeling, channel noise, induced
gate noise, MOSFET noise, noise parameters.

I. INTRODUCTION

MOS TECHNOLOGY is being extensively used in analog

and RF applications [1] because of the improved RF per-
formance characteristics of downscaled MOS devices. To help
circuit designers cope with the increasingly important issue of
noise in devices and circuits, especially in short-channel MOS-
FETs, several MOSFET noise models have been developed in
recent years [2]-[6]. The main focus of these models is the
channel thermal noise of MOSFETS, since it is the dominant
noise source in the device. However, these noise models are ei-
ther physically questionable [7], or lack the ability to show the
explicit dependence of MOSFETS noise on its terminal voltages
and current in a simple form, hence making them not easy to use
for circuit designers.

The goal of this paper is to develop simple MOSFET noise
models that are suitable for circuit design purposes. In the
second section of this paper, a simple, accurate analytical
channel noise model for MOSFETs is developed. This model
is based on the drain current model in [8] and is only a function
of the MOSFETSs geometry and biasing conditions. However,
channel noise model per se is not enough for circuit design
purposes. Therefore, in the third section of the paper, our model
is used to develop simple analytical expressions for MOSFETSs
noise parameters, i.e., minimum noise figure, noise resistance,
and optimum source admittance that are used by circuit de-
signers to estimate the noise performance of MOS devices and
circuits. To the best of the authors’ knowledge, these are the
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Fig. 1. Cross section of the channel of a MOSFET, divided into two regions:
(I) gradual and (II) velocity saturation regions. L is the point in the channel
where the channel field E(x) is equal to the critical field Ec and the velocity
of carriers is equal to their saturation velocity vg,¢ .

first analytical expressions that explicitly show the effect of
MOSFETs geometry and biasing on its noise performance in a
simple form. Experimental verification of the models developed
here is presented in Section IV. The effect of downscaling of
MOSFETs channel length on its noise performance is discussed
in the last section of the paper.

II. ANALYTICAL MODELING OF MOSFET CHANNEL NOISE

We start modeling the channel noise by dividing the channel
into two sections: the linear and the velocity saturation regions
(see Fig. 1). It is assumed that most of the drain current noise
of the MOSFET is generated in the linear region, and the noise
of the velocity saturation region is negligible. This is because
of the fact that in this region, carriers travel at their saturation
velocity and therefore they do not respond to the electric field
fluctuations caused by the voltage fluctuation in the channel [6].

The MOSFETS drain current in strong inversion is dominated
by the drift current and can be expressed at any point z in the
channel as

= -WQ(x)o(x) ()

where W is the width of the device, Q(z) is the channel charge
per unit area and v(z) is the velocity of carriers in the channel.
Although, in this paper, all of the equations are developed for
n-channel devices, the same approach also applies for p-channel
devices.

According to the BSIM model [8], the channel charge per
unit area can be expressed as a function of the position in the
channel z as

Q(z) = —Cox(Var — aV(2)), 2
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where C is gate capacitance per unit area, Vgr = Vgs —
Vin, and Viy, is the threshold voltage, « is the bulk-charge effect
coefficient (in this work, « = 1.2 from (4) in [8]) and V' (z) is
the source referenced quasi-Fermi potential that varies along the
channel from O at the source side to Vpg at the drain side. The
carrier velocity is given by a piecewise model [9] as

.U’eHE(x)

14 2@
Vsat

E(.Z?) < F¢ 3)

v(z) =

where F(z) is the longitudinal electric field along the channel,
E¢ is the critical field and equal to 2vgat / fheft, Usat 1S the satu-
ration velocity of carriers and p.g is the effective mobility that
is only a function of the gate voltage. Substituting (2) and (3) in
(1), one obtains in the linear region of the channel

E(x)

B @

I = pegWCox (Vo — V() —=—
1+ Fo

As the drain voltage of the device is increased, the longitudinal
field increases gradually along the channel until it reaches to the
critical field somewhere near the drain. This situation is depicted
in Fig. 1. The point in the channel where ¥ = E¢ is denoted as
L, and V¢ is the corresponding channel potential. Substituting
E(z) = dV(z)/dz in (4) yields

I = l,l,oﬂ‘wcox(VGT - OéV(.T}))ld% (5)

Integrating the above equation from 0 to = and solving for V(x),
one has

V(z) =

i X [(2VGT — Vg) — ((2VGT — V0)2 — 406EOV0£E)%j| (6)

2

where Vo = I/(WCoxUsat ). Using (6), F(z) in the linear part
of the channel is obtained as

FE
Blz) = cVo

[(2Var — Vo)? — 4aEcVoz]?

)

Since the longitudinal electric field is continuous along the
channel L¢ can be obtained by equating F(x) to F¢ as

_ Var(Var — Vo)

L
“ aEcVy

®)
It is assumed that at any point in the channel beyond L, carriers
travel at their saturation velocity.

To calculate the drain current noise, the linear part of the
channel is divided into small sections of length dz. Each sec-
tion acts as a resistor of value d R, which can be obtained from
(5) as

ar=" - e
I ll/effWQ(x) + E

)

The current noise A¢?(x) generated from a small section of the
channel located at = is the product of the square of the local
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conductance gpgs(z) and the voltage noise generated from each
section Awv2(z) [10]. Therefore

Ai2(z) = ghs(r)Av?(z) = 4kTgps(x)dRAS.  (10)

The local conductance can be expressed in terms of the device
parameters as [6]

B et WCox(Var — aV () 1

gps () = T : (1 " %:)) :

(11)

The spectral density of the drain current noise, S; p, is the sum of
the drain current noise generated from each section. Therefore,
one can write [11]

Lc
Sip = 4kT / gbs(x) dR. (12)
0
Substituting for dR and gpg and from (9) and (11), and using
(7), the drain current noise spectral density of the device is ob-
tained as

War + VE - 2VoVar

S;p = 4kT
P 3VG2T(VGT - VO)

al. (13)

It can be observed that the model presented in (13) is analytical
and takes into account mobility degradation due to the channel
electric field. Moreover, (13) is an explicit function of the device
geometry and biasing conditions.

From (4), it is seen that at the point along the channel where
the carrier velocity is saturated, i.e., v(x) = vga¢, the drain cur-
rent, I, is equal to I = WCox(VaT — @Vp sat )Vsas [8]- There-
fore, Vo = Vot — aVp sat, Where Vj is defined after (6). Con-
sequently, (13) can be simplified as

1 a2VD sat
S;p = 4kT1 =4kTI[. 14
b VD sat + 3VG2T /B ( )
where 8 = [1/Vpsat + @*Vpsat/(3VE1)]. Equation (14)

is similar to the traditional channel noise expression, i.e.,
Sip = 4kT~ygqo [12], where gq¢ is the drain transconductance
at Vps = 0 and # is called the channel noise coefficient. In
long-channel devices gap = g and v = 2/3. However, in the
case of short-channel devices, both g49 and v are complicated
functions of the device parameters [13]. Therefore, although
(14) looks similar to the traditional channel noise expression,
it is much simpler in the case of short-channel devices. In the
following section, the channel noise model developed here will
be used to develop analytical expressions for MOSFETSs noise
parameters, i.e., minimum noise figure, noise resistance, and
optimum source admittance.

III. MODELING OF MOSFET’S NOISE PARAMETERS

A. Noise Parameters of a Two-Port Network

The minimum noise figure NF,,;,, noise resistance R,,, and
optimum source admittance Y, of a two-port network in terms
of its noise correlation matrix entries Cy1, C2, Cs1, and Cos are
given by (15)—(17) from [14]. The matrix entries are given by
(18)—(20) as functions of the input referred noise voltage, v2

ne
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(a) Equivalent compact circuit model of MOSFET with thermal noise sources, where S;p and S; are drain current and induced gate noise and (b) the

noise free MOSFET compact circuit model with input referred noise voltage and current.

and noise current, i%, of the network as well as Y parameters of
the noise free two-port network [14], [15] shown in Fig. 2(b)

R, =Cn (15)
Yopt = Gopt + jBopt
1
C Im{Cy,}\*|°  .Im{C
- (=22 _ < m{ 12}) ny m{C1p} (16)
Ci1 Ci1 Cn
NFmin =1+ 2(R6{012} + CllGopt) (17)
?)_2 S, SiG 2
Cip=—21 = Ry+n-29R2 (18
NE rAr T Ry et g tle (18
Viin Yi1-Sip Sia
Coy=Cly= —20 = 2% R, (19
2= 00 = At T e T aer e 19
i2 Yiu|?- S S;
O = o =Ml S0, (20)

T AKTAf T AkT|Yxn|? CART
Here, S, is the power spectral density of the induced gate noise
of MOSFET and is equal to S;¢ = 4k'T77(wC’gs)2 /Gm, Where n
is called the induced gate noise coefficient [16], and n is either
0 or 1, corresponding to neglecting or including the induced
gate noise, respectively (the correlation between the drain noise
and induced gate noise is neglected). It should be noted that in
developing (25)—(28), n = 0 is chosen to keep the simplicity
of the models. However, it will be shown in Section IV of this
paper that the error caused by neglecting S; not significant.

It is also noted that IR, is the effective gate resistance of
MOSFET and is extracted based on the equivalent circuit model
of Fig. 2 and (21) and (22). Moreover, R, can be expressed
in terms of the sheet resistance and geometry of the device as
Rg = IiRgSth/(:iLfo), where Rgs},, Wf, Lf, and Nf are
the sheet resistance of the gate material, the width of the de-
vice, the channel length of the device and the number of fin-
gers, respectively. k is either 1 or 1/4 representing the device
with one-sided or double-sided gate contacts, respectively, and
factor three accounts for the distributed nature of the gate region
[16].

B. Analytical Expressions of MOSFETs Noise Parameters

The Y parameters of the noise-free MOSFET can be obtained
from the simple compact circuit model, shown in Fig. 2(b), as

sC,
Vig= — 28 21
e o @1)
—sC!
Vi °ed (22)

T i+ 5Cye Ry

gm — $Cgd
Yo = 22— TBC 23
2= O R, (23)
1 m — SCgg|5Ced R
Yoo = - 4 sCyq + I = $CualsCually o)

Tds 1+ sCg Ry

where s = jw, Cgg = Cgs + Cgq. Using (14)—(24) and n = 0,
MOSFETS noise parameters can be expressed as

B GBI
Rn:Rg‘szRg-l-—g (25)
o MullalVBTR, (Y /ATR, o6
P BI A+ Ry|Var fr) R,
—wCggfl f\ _BI
Bo, = —— 2Pt (_) .
P BI+ R,V 2 fr) gmRn @7)

NFpin & 1 + 2 <fi> VBIR, <1 + <fi> w//HRg) :
JT JT
(28)

Here f is the frequency of operation, fr = gm/(27Cgg) the
drain current unity gain frequency, and [ is defined in (14).

To derive (25)—(28), it is assumed that (wCyeRy)? < 1,
which is a reasonable assumption up to frequencies ~10 GHz
for MOSFETs in a typical 0.18-um technology. Equations
(25)—(28) explicitly show the relationship between the
MOSFETs noise parameters and its biasing conditions, i.e.,
voltages and current, and they contain no empirical param-
eter. Moreover, the simplicity of these equations makes them
suitable for circuit design purposes, with I, R, and g, as
design parameters. It can be found from these expressions that
to minimize the noise 74 should be minimized and the drain
current I has to be chosen where g,, is maximum. Experi-
mental verification of the channel noise and MOSFETSs noise
parameters models is presented in the next section.

IV. EXPERIMENTAL RESULTS

In this section, we first verify our channel thermal noise
model, i.e., (14), using noise measurement results of MOSFETSs
with three different channel lengths. Second, MOSFET noise
parameters obtained from (25)—(28) will be compared with mea-
sured noise parameters as well as calculated noise parameters
using (15)—(20) with inclusion of S;¢ = 4kTn(wCygs)?/gm.
i.e., n = 1in (18)—(20), at different bias points.

Fig. 3 shows the simulated and measured channel noise of
MOSFETs with W = 6 x 10 ym, and L = 0.97,0.42, and
0.18 pm, versus gate to source voltage Vs. It is found that our
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Fig. 3. Channel thermal noise of MOSFETs with different channel lengths

versus Vgs. Symbols and lines are measured and simulated data, respectively.
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Fig. 4. Channel thermal noise of MOSFETs with different channel lengths
versus Vps. Symbols and lines are measured and simulated data, respectively.

model, i.e., (14), is able to predict the channel thermal noise of
these devices with less than ~10% error. The channel noise de-
pendence on drain to source voltage, Vps, is depicted in Fig. 4.
Once again our model matches the measured data with ~10%
error.

The comparison between simulated and measured MOSFETSs
noise parameters at Vgg = 0.9,1.2,and 1.5 V,at Vpg = 1.8V
versus frequency is demonstrated in Figs. 5-10. In this case,
the device under test is a MOSFET with W = 20 x 5 um,
and L = 0.18 um. Note that the elements of the compact
circuit model of MOSFET, shown in Fig. 2, are extracted
using measured Y parameter values and (21)-(24). Also,
ropt = (Zopt - ZO)/(Zopt + ZO)’ where Zopt = 1/Yopts
is the optimum source reflection coefficient and NF,;,, is the
minimum noise figure given in decibels. In Figs. 5-10, the
symbols are measured data, the solid lines are noise parameters
from (25)-(28) and the dashed lines are values obtained from
(15)-(20) with n = 1, respectively. The coefficient 7, in S;g
expression above, is chosen to be n = 0.1, to give the best fit
between calculated and measured data.

It is observed that (28) can be used to estimate the value of
NF i, with an average discrepancy of ~10% at all three Vg
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Fig. 5. Minimum noise figure NF,,i, (in decibels) and noise resistance R,
versus frequency at Vos = 0.9 V, and Vps = 1.8 V. R, is normalized by
50 Q.
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Fig.6. Magnitude and phase of the optimum source reflection coefficient ', ¢
versus frequency at Vs = 0.9 V, and Vps = 1.8 V.

points. The increase of NF,,,;;, and its trend as a function of fre-
quency, which is shown in Figs. 5, 7, and 9, is evident from
(28), as the only parameter on the right hand side of this equa-
tion that is a function of f is the frequency itself. In addition,
as it can be found from the Figs. 5, 7, and 9, higher Vg re-
sults in higher NF,,;,, at a specific frequency, which is also pre-
dicted by (28). The reason is that the effect of any increase in
fr, caused by higher Vg, is cancelled by a larger increase in
the channel noise, i.e., larger 31 [see (28)]. Moreover, it is found
that the relative error between modeled and measured values
of [Topt|, Zlope and Ry, is ~10%. The slight decrease in noise
resistance versus frequency is due to the slight increase in the
value of |V |2 as the frequency increases, as expected from (23)
with s = jw. It should also be noted that I2, plays a crucial role
in MOSFET noise modeling and cannot be neglected, as shown
explicitly in (25), (26), and (28) and in (27) through R,,.
Moreover, Figs. 5 to 10 show that taking into account the in-
duced gate noise, S;¢, in our modeling procedure has a negli-
gible effect on the accuracy of our models with a maximum im-
provement of around 5% in estimating NF;;,, at f = 10 GHz.
The effect of S; on R,, is so small that it cannot be seen in the



ASGARAN et al.: ANALYTICAL MODELING OF MOSFETS CHANNEL NOISE AND NOISE PARAMETERS

25
Ves=1.2V n
f_'? VDs=1 8V NFmin (dB)
[ W=20x5 um
N oo} "
[\]
£
A
2
~ 15
x
k-]
s
~ 1.0
om
)
/
o5k m
= R,/50
0.0 1 N 1 N 1 1 L
2 4 6 8 10

Frequency (GHz)

Fig. 7. Minimum noise figure, NF,,;,, (in decibels), and noise resistance R,,
versus frequency at Vs = 1.2 V, and Vps = 1.8 V. R,, is normalized by
50 €.
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Fig.8. Magnitude and phase of the optimum source reflection coefficient I'g ¢
versus frequency at Vs = 1.2 V, and Vps = 1.8 V.

figures. Therefore, it seems reasonable to ignore the slight im-
provements, caused by including S;¢ in (18)—(20), to keep the
simplicity of (25)—(28).

V. NOISE AND SCALING

The issue of noise becomes more pronounced when the MOS-
FETs channel length becomes smaller [5], [6]. One of the ad-
vantages of having an analytical noise model, such as (14), is
that one can explicitly observe how the reduction in channel
length affects the noise performance of MOSFETSs. Using V) =
Var — aVpsat, and (8), (14) reduces to

1 2

(0% EcLC
EcLc 3

(aEcLc + Var)? |~
(29)

Sip = 4kTWvgat Var

It can be shown that for very short-channel devices, (29) can be
further simplified to

1%,
Sip = 4kTwcoxuoﬂ% X (30)

1
L¢’
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Fig. 9. Minimum noise figure, NF,,;,, (in decibels), and noise resistance R,,
versus frequency at Vs = 1.5 V, and Vps = 1.8 V. R,, is normalized by
50 Q2
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Fig. 10. Magnitude and phase of the optimum source reflection coefficient
I'op¢ versus frequency at Vs = 1.5 V,and Vps = 1.8 V.

Equation (30) explicitly shows a reciprocal dependence of
the channel noise on MOSFETs channel length when it be-
comes very small. Using (29), the noise parameters of very
short-channel MOSFETs are given by (31)-(34) as explicit
functions of the channel length.

WCoxﬂleﬂ‘ 1
R,=R — X — 31
st 297, “Ic Gl
f) WCoxll/eﬂ’VGTRg 1
Gopt = | =— X\ — 32
ot <fT \/iRn LC ( )
f WCoxﬂ'eﬂVGT 1
Bope ~ — (L | Dooxllef 76T 0 2 33
v (fT 2gnfn Lo 49
2
NFpin ~ 1 + 2 <i> WCoxptentVarHy
It 2Lc
f ) \/WCOX/J'OHVGTRQ
+ | = _ < 34
(fT 2Lc G4

It can be observed that both R, and NF,,;, decrease when
channel length becomes smaller. However, in the case of ex-
tremely short-channel MOSFETs where ¢,,, & WCoxvsat [10],
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R, and NF,;, are, respectively, reciprocal and linear functions
of the channel length.

VI. CONCLUSION

Analytical modeling of the MOSFET’s channel noise was
presented. In addition, simple closed form expressions for
MOSFETsS noise parameters were developed and verified. The
expressions were explicit functions of MOSFET geometry and
biasing conditions, hence making them useful for circuit design
purposes and to be incorporated in simulators such as SPICE.
Moreover, it was demonstrated that the effect of induced gate
noise on the accuracy of our noise models was negligible.
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