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ABSTRACT

Although there is still controversy about its origin, the
designer requires accurate models to estimate 1/f noise of
the MOS transistor in terms of its size, bias point and
technology. Conventional models present limitations; they
usually do not consistently represent the series-parallel
association of transistors and they may not provide
adequate results for all the operation regions, particularly
moderate inversion. In this work we review current flicker
noise models, paying particular attention to their behavior
along the different operation regions and to their series-
parallel association properties. We present a physics
based model for flicker noise following classical carr ier
fluctuation theory. With the aid of a compact, continuous
model for the MOS transistor it has been possible to
integrate the contribution to drain current noise of the
whole channel area arr iving at a consistent, continuous,
and simple model for the 1/f noise.

1. INTRODUCTION

Flicker noise or just 1/f noise is such that its power
spectral density (P.S.D.) varies with frequency

approximately in the form 
f

k
fS =)( . It also receives

the name “pink” noise in contraposition to “white” noise
because light with a spectral density of the same form
would appears as a weak pink color to the human eye. 1/f
noise is present in most natural phenomena. Wentai Li
[13] reports an extensive bibliography grouped into
several categories, ranging from 1/f noise in electronics,
biology and chemical systems to 1/f noise in music and
network traff ic. However, it is in electronic devices that
1/f noise has received most attention and particularly in
MOS transistors because it becomes an important
limitation in circuit design, especially for instrumentation.

The physics behind flicker noise in the MOS transistor is
still a topic of discussion. It is more or less accepted that

the sources of low frequency noise are mainly carrier
number and mobilit y fluctuations due to random trapping
– detrapping of carriers in energy states near the surface of
the semiconductor. However, the exact mechanism and the
statistics of the resulting noise current, as well as how it is
related to technology parameters like doping concentration
or surface quality, are still not 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 the polarization, size
and technology of the transistor. These models should not
be complex to compute and employ variables which are
easily handled by a simulator, like currents or charges in
the transistor nodes. Finally, these models should be
simple because the adjustment of several technology
parameters becomes diff icult when limited noise
measurements are available. It is also a condition for a
good model to preserve the symmetry of the transistor, to
be continuous in all the regions of operation and to give
consistent results for the series – parallel association. A
considerable effort has been made to set up MOS
transistor models providing them with the above
characteristics; but a consistent and continuous associated
flicker noise model has not yet been developed. As far as
we know, there is no reference in the literature to the
series-parallel association properties of MOSFET’s noise
models, and in fact most of the usual flicker noise models
are not consistent in this sense.

In this paper we develop a physics based model for the
flicker noise in MOS transistors. First we review noise
modeling for the series-parallel association of devices,
starting with resistors and ending with MOS transistors.
After that we present a brief description of common noise
models used for electrical simulation, discussing their
series-parallel association properties as well as their
behavior along the different (weak (W), moderate (M),
strong (S)) inversion regions of operation of the transistor.
Thirdly, we will discuss a simple physics based model of
the low frequency noise. Based on a few hypothesis, we



will deduce an expression for the noise due to carrier
trapping-detrapping in energy states inside the oxide. This
noise model results in the particular 1/f P.S.D. dependence
on the frequency. The background physics is the same as
that which has been presented in several papers on the
subject [2-5], but with the aid of an advanced compact
transistor model [8-10] we will be able to integrate exactly
the noise contributions along the channel, resulting in a
consistent, simple, and continuous 1/f noise model for the
MOS transistor, valid in all the operation regions. Finally,
we present some preliminary measurements of flicker
noise in MOS transistors where we cover all the operation
regions. We compare these experimental results with the
theoretical expression here derived and finally present
some conclusions.

2. SERIES-PARALELL ASOCIATION AND
CONSISTENT NOISE MODELS.

The most fundamental electrical noise is the thermal noise
present in every resistor due to the thermal random
movement of charges. The spectral density is a white noise
(does not vary with the frequency):
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kT
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where we represent noise as a current source in parallel
with the resistor. K is the Boltzmann’s constant, T the
absolute temperature and R the resistor value. As shown in
Fig.1, the noise formula (1) is consistent when applied to
the series association of resistors. If we calculate the
current variation ∆i in Fig. 1a due to currents in1 and in2

and then its spectral density S∆i , the result is  the same as
we would obtain applying Eq.(1) directly to the equivalent
resistor Req (Fig.1b).

In Fig.2 a similar procedure for the case of parallel
association is shown. In this case the equivalent noise
source in_eq is the composition of the two non-correlated
sources in1 and in2. The P.S.D. once again could have been
calculated by applying Eq. (1) to the equivalent resistor
Req.

Now consider the case of a MOS transistor. In Fig 3, a
scheme where a single transistor is split i nto two parallel
ones is shown. Small signal analysis is performed to
calculate the equivalent noise current in_eq. Considering
non correlated noise sources i1 and  i2,  it follows:

)()()( 21_ fSifSifSi nneqn += (4)

A similar analysis may be performed for the series
association of transistors (see Fig.4). In this case the small
signal analysis leads to the conclusion that to be
consistent, a model must verify:
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where Sin(1)(f) Sin(2)(f) and Si(eq)(f) are the noise power
spectral densities of the lower, the upper  and the
equivalent transistor respectively. The coeff icient k is

defined as 
2

1
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gm
k = .

The k factor depends only on the geometry of the devices.

In effect, considering the general expression for the

source (drain) transconductance )(DSgm  defined as the

derivative of the drain current with respect to the source
(drain) voltage [8]:
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Eq. (5) can be written:
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As an example we will consider the classical model for
thermal channel noise  [1]:
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where µ is the effective mobilit y and QI is the total
inversion charge in the channel. Substituting Eq. (8) into
the series composition of thermal noises given in Eq. (7),
we obtain:
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As expected, the classical thermal noise model of the
MOSFET is consistent regarding the series (parallel)
association.

3. COMMON SPICE MODELS FOR FLICKER
NOISE.

Table I summarizes common noise models that are
implemented in circuit simulators [11,12]. In the second
and third column we state whether noise models are
consistent with series and parallel association in the sense
of Eq. (4, 7). Note also that if this test is performed with a
simulator not only the noise model should be consistent
but also the DC and AC transistor models. In effect, noise
analysis depends on DC bias calculation, small signal
parameter values, as well as on the noise equivalent
sources.
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In the third column we analyze the behavior of the ratio
SID/ID

2 along the different operating regions of the
transistor. This ratio is assumed to present a plateau for
W.I. while it strongly decreases (proportional to 1/QI

2) as
the transistor goes in deep S.I. [4]. Note for example that
Spice NLEV=0 predicts a perfect noise performance in
W.I. with SID/ID

2 tending to 0. Spice NLEV=1 does not
reflect the variations on the bias condition while Spice
NLEV=2,3 in spite of presenting the plateau for W.I. does
not present a decay in the SID/ID

2 ratio as strong as
expected. The BSIM3v3 noise model [14] shows a correct
behavior for the SID/ID

2 ratio from weak to strong
inversion and is partially consistent for series and parallel
association. However the BSIM3v3 noise model is not
continuous [14] and it presents the additional diff iculty of
having 3 fitting parameters.

Modern designs tend to employ an increasing number of
transistors in W.I. so an adequate model is required
covering the whole range of bias conditions. In the
following section we will present a model for flicker

noise, based on the traditional number fluctuation theory
but supported by an advanced compact transistor model
 [8-10], to arrive at a noise model that is consistent,
continuous and simple.

4. A PHYSICS BASED MODEL FOR
FLICKER NOISE.

According to the classical number fluctuation theory, first
we consider a small volume dzdxWdV ..=  inside the
oxide (Fig.5). Traps in this small volume will capture and
emit carriers in a random process. Consider only traps
with energies within a narrow range between E  and

dEE + , and let '
VN∆  denote the fluctuations in the

number of occupied traps in this narrow energy range and
in the volume dV. The power spectral density of this

fluctuation '
VN

S
∆

 is given by [2]:
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where: ),( EzNt  is the trap density (eV-1.cm-3).

( ) 1/)(1
−−+= kTEE

t
fnef  is the trap occupancy

function , fnE is the electron quasi-Fermi level.

),( Ezτ is the trapping process time constant.

To calculate the P.S.D. of the total fluctuation VN∆ of the

number of occupied traps in the volume  of oxide of height

oxt  over a small channel area dxWdA .= we have to

integrate Eq.(10) over the energy and the z coordinate:
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To evaluate the integral in Eq. (11) two hypothesis are
made [3]:
•        The oxide traps have a uniform spatial and energy

distribution tt NEzN =),( .

        Because   ft(1-ft) is sharply peaked, it can be shown
        [3] that

                        ∫ ≈− kTNdEffN tttt ).1(       (12)

• The time constant of the process is given by a

tunneling process where λττ /
0

ze=  , φ=λ *m8
�

is the tunneling constant for electrons, 
*m their effective

mass, φ the energy barrier and 
�

is the Planck’s constant.
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The time constant τ  has a very large dispersion,
consequently [3]:
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Now Eq.(11) can be easily calculated:
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where we have defined the number of effective traps

tot NkTN λ= .

Eq.(14) predicts the P.S.D. of total occupied traps over a
channel region dA. These variations produce also small
variations in the number N of carriers in the channel in the
area dA. The ratio between both quantities is denoted

VN

N
r

δ
δ=  , and it has a general expression deduced by a

simple charge balance [4]:
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[9] . '
bC  is the depletion layer capacitance per unit area

and C´
ox is the oxide capacitance per unit area. The P.S.D.

of the fluctuations in the number of carriers in the channel
in the area dA is given by:
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But along the x coordinate the r ratio and the sheet
resistance of the channel may vary significantly and thus

)( fS N∆ . For example in strong inversion with the

channel pinched off , the channel charge density at the
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channel charge density at the source '
ISQ . Traditional

approaches to physics based models for MOS flicker noise
try to integrate noise contribution of all dA elements along
the channel but fail to do it with wide generality. What is
usual is to examine different operation regions like strong
inversion, weak inversion or linear region separately, and
with the adequate approximation for each case perform the
integration along the channel. To overcome this diff iculty
we will employ the ACM model for the transistor [8-10].
The fundamental approximation of this model is the linear
dependence of the inversion charge density on the surface

potential Sφ , which encompasses the weak, moderate, and

strong inversion regions

( ) S
'
oxS

'
ox

'
b

'
I dnCdCCdQ φ=φ+= (17)

where n is the slope factor, slightly dependent on the gate
voltage. The drain current in a long-channel transistor is
calculated with the aid of Eq.(17) and the charge-sheet
approximation [1]:
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Now let us return to the case of a noisy element in the
transistor. We separate the channel into 3 series elements:
the upper transistor, the lower transistor, and the noisy
element modeled as a noisy resistor (Fig.6). If we use
Eqs.(14) to (16) to calculate the noise current

i∆ produced by the element dA, then it is easy to calculate
by a simple small signal analysis the resulting drain

current noise DI∆ :

i
L

x
I D ∆∆=∆ (20)

Thus if we have the  noise current P.S.D. ),( fxSi  of the

current i∆ of a small channel area dA, then the total
noise current of the transistor is:
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Equations (20),(21) have a wide generality and could be
employed for any noise current model for the noise of
single channel elements like Hooge’s model [7], empirical
model [1], or thermal noise model of Eq.(8). Note also that
the use of Eq.(21) to compute total channel noise,

inherently result in a consistent noise model in the sense of
series association.

Eq.(16) does not predict a noise current P.S.D. but a
channel carrier number P.S.D.. Fortunately, Eq (20) can be
extended just by representing the noise current i∆  with a

variation of the noisy resistor value R∆  as is stated in
Fig.7.

σ
σ∆=∆ .DIi (22)

where σ denotes the conductivity of the channel element

dA. This conductivity varies with the carrier density in

the channel and also with the effective mobilit y effµ of
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carriers in the surface. For the sake of simplicity we will
consider only the former factor but the analysis could be
extended to include fluctuation in the mobilit y [5] with the
penalty of introducing two more constants to adjust. We
prefer to have a single constant to be adjusted in the noise
model.
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With (14) to (16), (22) and (23) we compute the
equivalent noise current of the small channel section dA.
Then we substitute expression (17) and perform the
integration of Eq.(21) to calculate the total noise current of
the transistor due to the random capture-emission of
carriers in the oxide traps:
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where the integration over the charge variable is carried
out  with the aid of Eq.(18). Now the noise current P.S.D.
is calculated as:
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• In weak inversion, tOXIDIS nCQQ φ''' , << . Using the

gate transconductance expression [8]:
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, (26)

and making a first order series expansion, it is posible to
rewrite Eq.(25) as:
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where it is clear that the 2
D

ID

I

S
ratio has the same bias

dependence as the gm/ID term and consequently must
present a plateau in the weak inversion region of
operation.

• In strong inversion and in the linear region,

 ( )TGOXIDIS VVCQQ −≅≅ '' ,  and the first order

expansion of the Eq.(25) leads to:
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5. MEASUREMENTS

In order to test the model of Eq.(25) some noise
measurements have been performed for a saturated NMOS
transistor from weak to strong inversion. The transistor,
fabricated in a 2.4µ technology, has an aspect ratio
W/L=480µ/16µ. We choose a wide transistor in order to
be able to comfortably characterise weak inversion
opertion. The experimental setup is shown in Fig.8; the
low noise ampli fier is a Stanford Research SR560, the
spectrum analyzer is a Hewlett Packard  HP3582A, and
different R values have been employed from 1k to 100kΩ.
To measure the drain current and fix the node’s voltages
we employed a Hewlett Packard HP4155 Semiconductor
Parameter Analyzer. The gate voltage VG is adjusted to
obtain a desired drain current while the VD value is
adjusted to obtain 3.5Volts in the transistor drain that
guarantees the saturation in all cases.

In Figure 9 the measured data as well as a comparison
with the model of Eq.(25) are shown. The solid triangles
represent the measured value SID of the flicker noise
P.S.D. for a frequency f=0.7Hz. With these values we
calculated the SID/ID

2 ratio that is represented in the open
triangles. To compare the measured values with the model
of Eq.(25) we have to calculate the channel charge
densities at source and drain. We measured the drain and

source transconductances SD gmgm ,  employing the

HP4155 and with the aid of Eq.(6) we calculated
'' , ISID QQ  in terms of the drain current. The otN

parameter has been calculated to best fit the measured

values with the result otN =1.4E7cm-2. The dashed line in

the plot of Fig.9 is the calculated SID/ID
2 ratio from

Eq.(25). In Fig.10  the transconductance gm and the

DI

gm
 ratio are shown. In Fig.11  the calculated channel

charge densities '' , ISID QQ  in terms of the drain current

are shown.
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6. CONCLUSIONS

The problem of the consistent representation of the noise
in series-parallel association of transistors has been
presented as well as a discussion of the properties of
common flicker noise models implemented in electric
simulators. A flicker noise model, consistent and
continuous in all the operation regions from weak to
strong inversion has been developed. The new model  is
based in usual physical hypotesis but we use a procedure
to integrate the contribution to the transistor noise current
of all the noisy elements in the channel that inherently
preserves the series association properties of the model.
With the aid of an advanced compact transistor model, this
integration procedure result in a simple, continuous, and
consistent model for flicker noise in MOS transistors.
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