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A Compact Model for Flicker Noise in MOS Transistors
for Analog Circuit Design

Alfredo Arnaud and Carlos Galup-Montoro

Abstract—Designers need accurate models to estimate 1/f noise in MOS
transistors as a function of their size, bias point, and technology. Conven-
tional models present limitations; they usually do not consistently represent
the series-parallel associations of transistors and may not provide adequate
results for all the operating regions, particularly moderate inversion. In
this brief, we present a consistent, physics-based, one-equation-all-regions
model for flicker noise developed with the aid of a one-equation-all-regions
dc model of the MOS transistor.

Index Terms—1/f noise, compact modeling, flicker noise, MOSFET,
noise.

I. INTRODUCTION

Flicker noise or simply 1/f noise is such that its power spectral den-
sity (P.S.D.) varies with frequency in the form [1]–[7]

S(f) =
K

f
(1)
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with K,  constants, and � 1. The physics behind flicker noise in
the MOS transistor is still a topic of discussion. It is quite well accepted
that the sources of low frequency noise are mainly carrier number and
mobility fluctuations due to random trapping–detrapping of carriers in
energy states near the surface of the semiconductor [3], [4]. However,
the exact mechanism and the statistics of the resulting noise current,
as well as how it is related to such technology parameters as doping
concentration or surface quality, are not yet clear.

From the designer’s perspective, it is desirable to have noise models
that allow an accurate prediction of the noise power spectral density
in terms of bias, size and technology of the transistor. These models
should not be complex for noise calculation and should employ vari-
ables easily handled by a simulator, such as currents or charges in tran-
sistor nodes. A considerable effort has been made to set up MOS tran-
sistor models with the above characteristics, but a general, single-piece
flicker noise model has not yet been developed.

In this brief, we develop a one-equation-all-regions model for the
flicker noise in long channel MOS transistors. To calculate the total
current noise in a MOS transistor, the noise current caused by trap-
ping-detrapping of carriers in each channel element must be integrated.
To perform this integration we employ the MOSFET model from [8].
The fundamental approximation of this model is the linear dependence
of the inversion charge densityQ0

I on the surface potential�S , which
encompasses the weak, moderate, and strong inversion regions:

dQ0

I = C 0

b + C 0

ox d�S = nC 0

oxd�S (2)

wheren is the slope factor, slightly dependent on the gate voltageC 0

b

andC 0

ox are the depletion and oxide capacitance per unit area. The
drain current in a long-channel transistor is calculated with the aid of
(2) and the charge-sheet approximation [9]

ID =
�W

nC 0

ox

�Q0

I + �tnC
0

ox

dQ0

I

dx
: (3a)

W andL are transistor dimensions,� is the effective mobility, and�t
is the thermal voltage.

Because the derivative of the channel charge density with respect to
the channel potentialVX(VS � VX � VD) in [8] is nC 0

oxQ
0

I=(Q
0

I �

nC 0

ox�t), the drain current is also given by

ID = ��
W

dx
Q0

I � dVX : (3b)

Consequently, the model in [8] is fully consistent with the quasi-Fermi
potential formulation for the drain current [9, Annex J].

II. COMPACT MODEL FORFLICKER NOISE

To integrate the elementary noise contributions along the channel we
split the transistor into three series elements: the upper transistor, the
lower transistor, and a small channel element of length�x and area
�A = W � �x [Fig. 1(a)]. Small-signal analysis can be carried out,
considering the general expression for the source (drain) transconduc-
tancegms(d) defined as the derivative of the drain current with respect
to the source (drain) voltage [8], [9]

gmsu = ��
W

L� x
Q0

IX gmdl = ��
W

x
Q0

IX (4)

whereQ0

IX is the inversion charge density evaluated at a point X in
the channel and� is the effective mobility. We define the resistance
�R of a small element of the channel of length�x with the aid of
(3b):�R = �VX=ID = ��x=(�WQ0

I). Representing the channel
element by a resistance, and considering the transconductances propor-
tional to the inversion charge densities (4) [9], are both consequences
of the quasi-Fermi potential formulation for the drain current. Calling
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Fig. 1. (a) MOS transistor channel. (b) The transistor is separated into three
series components. (c) Small signal analysis to calculate the noise contribution
to the drain current of the noisy element�A. (d) Small signal equivalent circuit
showing current division.

the noise current produced by the channel elementi�A [Fig. 1(c)],
small-signal analysis allows one to calculate the resulting effect ofi�A
on the drain current noise. As shown in Fig. 1(d), current division be-
tween the channel element and the equivalent small signal resistance of
the rest of the channel gives�Id = (�x=L)�i�A. Thus, ifS�A(x; f)
is the P.S.D. ofi�A multiplied by�x, then the total noise current of
the transistor is

SI (f) =
1

L2

L

0

S�A(x; f) � dx: (5)

Note that sincei�A is related to the average of the local fluctuations of
the carrier densityN in the channel in the area�A, its P.S.D. must be
proportional to1=�A = 1=(W ��x). Equation (5) is widely general
and could be employed with any model for the noisei�A of a single
channel element such as the thermal noise model, Hooge’s model [5],
or the carrier number fluctuation model usually employed for the de-
duction of physical based flicker noise models [3], [11]. We will em-
ploy the latter so we must relate the carrier number fluctuation to the
noise currenti�A. Following [2], [3], and [11]

i�A = ID �
�N

N
(6)

where�N is the fluctuation of the number of carriers per unit areaN
in the channel element of area�A. For the sake of simplicity we will
consider only fluctuation in the number of carriers, but the analysis
could be extended to include fluctuation in the mobility [3].

To compute the total drain noise produced by the carrier number
fluctuation, we use the same hypothesis as Reimbold [2] and the models
of inversion and depletion capacitance per unit area of [8]. It follows

that the P.S.D. of the fluctuations�N of the�A carrier density in the
channel area can be written as

SN(f) =
Not � (Q

0

I)
2

�A � (Q0

I � nC 0

ox�t)
2
�
1

f
(7)

whereNot is the effective number of traps [7], a technology parameter
to be adjusted.

We obtain an expression of the P.S.D. of the drain current using (6)
and (7) to calculateS�A(x; f), and inserting the result into (5). With
the aid of (3a) the integration over the channel length in (5) is changed
into the integration over the channel charge density

SI =
q2Not�ID
nC 0

oxL2
�
1

f

Q

Q

1

nC 0

ox�t �Q0

I

dQ0

I : (8)

It follows

SI
I2D

=
q2Not�

L2nC 0

oxID
� ln

nC 0

ox�t �Q0

IS

nC 0

ox�t �Q0

ID

�
1

f
(9)

An expression similar to (9) is used in BSIM [10] to model strong in-
version noise due to charge trapping, but we must emphasize that (9)
is valid for any inversion level, including moderate inversion.

• In weak inversion,Q0

IS , Q0

ID � nC 0

ox�t. Making a first order
series expansion, it is possible to rewrite (9) in a more concise
manner

SI
I2D

=
Not

WLN�2
�
1

f
(10)

whereN� = nC 0

ox�t=q. Equation (10) is the same expression
used in BSIM3 and 4 [10] to model flicker noise in weak inversion
(Not = A � kBT= in [3]) and, is equivalent to the formula
proposed by Reimbold in 1984 [2].

• In strong inversion and in the linear region,Q0

IS
�= Q0

ID
�=

�C 0

ox(VG � VT ) and the first-order expansion of (9) leads to

SI
I2D

=
q2Not

WLC 02
ox(VG � VT )2

�
1

f
(11)

In this case also, the result is the same as that obtained by Reim-
bold in [2].

Summarizing the bias dependence of the drain current P.S.D., in sub-
threshold,SI increases withI2D following (10) while in saturation in
strong inversionSI increases withID as predicted by (9) if we neglect
the variation of the logarithmic term.

Finally, let us remark that the model in (9) is consistent when applied
to the parallel or series association of transistors. Effectively suppose
we do a virtual cut of a transistor, splicing it in two series elements
quite similar to those in Fig. 1. Suppose the upper transistor introduces
a noise current with a P.S.D.Si and the lower transistor a noise cur-
rentSi . Small signal analysis allows the calculation the noise current
Si of the series-composed transistor:

Si (f) = Si (f) �
1

1 + k

2

+ Si (f) �
k

1 + k

2

: (12)

The coefficientk is defined ask = (gmsu=gmdl). Equation (12) is
satisfied in all operation regions using the flicker noise model of (9) for
the calculation of the P.S. D.Si ,Si ,Si and the transconductance
expression (4) to evaluatek.

III. M EASUREMENTS

Some noise measurements have been performed in MOS transis-
tors covering all the regions of operation. Noise spectra were recorded
with the aid of a Stanford Research SR560 low noise amplifier, and
a Hewlett Packard HP3582A spectrum analyzer. To measure the drain
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Fig. 2. Measured flicker noise spectra for a saturated NMOS transistor
fabricated in a 2.4�m process. W=L = 40 �m=12 �m.

Fig. 3. Flicker noise P.S.D., and normalized P.S.D.S =I , at f = 1 Hz for
a saturated NMOS transistor(W=L = 200 �m=5 �m).

current and fix the node voltages, a Hewlett Packard HP4155 Semi-
conductor Parameter Analyzer with the addition ofRCfilters for noise
reduction was employed. In all cases the P.S.D. closely follows a1=f
dependence. This is consistent with the assumption = 1 associated
with a uniform spatial distribution of the traps inside the oxide [4]. For
the adjustment of the noise model, the measured noise spectra were
acquired from 0.3 to 30 Hz because in this region, the P.S.D. is high
enough to measure flicker noise particularly in weak inversion; we also
avoid the effect of the ac line and its harmonics. Once acquired, every
measured spectrumSI (f) is adjusted by means of least squares to
(1) to obtain the value ofK with  = 1. Each estimated K value is
used to a single point in Figs. 3–6; so in spite of the graphs show either
SI or SI =I2D at a frequency of 1 Hz, each point in the graphs rep-
resents information obtained over the whole frequency range of mea-
surement. In Fig. 2 several measured frequency spectra are shown; each
dashed line fits a measured spectrum, and corresponds to a single point
in Fig. 6. For the calculation of the theoretical model, the charge densi-
tiesQ0

IS(D) were estimated with the aid of a circuit simulator and the
ACM model [8] with typical parameters for the MOS transistor. The
parameterNot of the model in (9) is adjusted to best fit the measure-
ments in the logarithmic domain.

Figs. 3–4 show the simulation and measurements of flicker noise for
an n-channel MOSFET of a 0.8�m CMOS process. The transistor has
an aspect ratio W=L = 200 �m=5 �m. We chose a wide transistor in
order to be able to comfortably characterize weak inversion operation.
Fig. 3 covers all the operation regions for the saturated transistor, from
weak to strong inversion; note here the plateau of the normalized P.S.D.
SI =I2D in weak inversion. Fig. 4 was obtained for the transistor oper-

Fig. 4. Normalized P.S.D.S =I at f = 1 Hz for a NMOS transistor
(W=L = 200 �m=5 �m) in the linear region. Gate voltageV ranging up to
3 V with drain-to-source voltageV fixed at 100 mV.

Fig. 5. Normalized P.S.D.S =I at f = 1 Hz for a saturated PMOS
transistor(W=L = 200 �m=5 �m).

Fig. 6. Normalized P.S.D.S =I at f = 1 Hz for two saturated NMOS
transistors fabricated in a 2.4�m process.

ating in strong inversion and in the linear region. In Fig. 5 the flicker
noise is shown for a saturated p-channel transistor of the same tech-
nology and with the same aspect ratio. As in Fig. 3, is still possible to
observe the plateau in weak inversion.

Finally in Fig. 6, measurements and simulations of flicker noise for
aLmin = 2:4 �m technology are also presented. In this case the mea-
surements were performed for two NMOS transistors of different size.
Once again the measurements show a good agreement with the model
and the extractedNot value is similar to the values determined for the
0.8-� process.



1818 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50, NO. 8, AUGUST 2003

IV. CONCLUSION

A flicker noise model for long channel CMOS transistors, contin-
uous in all the operation regions from weak to strong inversion has been
developed. The new model is based on common physics hypotheses but
we use a procedure to integrate the contribution to the transistor noise
current of all the noisy elements in the channel that inherently pre-
serves the series association properties of the model. With the aid of an
advanced compact transistor model, this integration procedure results
in a simple, single piece, and consistent model for flicker noise in MOS
transistors.

Some measurements confirm that the presented model accurately
represents the behavior of flicker noise under various bias conditions.
Particularly, it has been observed that the normalized P.S.D. remains
approximately constant in weak inversion and decays with the pre-
dicted slope as the transistor enters the strong inversion region, for both
saturated PMOS and NMOS devices.

Although a compact model could hardly fit every transistor situa-
tion, we expect this work could help predict accurately and in a simple
manner, the behavior of flicker noise from weak to strong inversion of
nonminimum size transistors usually found in analog design.
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