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ABSTRACT In MOS transistors, low-frequency noise phenomena such as random telegraph signal (RTS),
burst, and flicker or 1/f noise are usually attributed to the random nature of the trap state of defects
present at the gate Si-SiO2 interface. In a previous work, theoretical modeling and analysis of the RTS
and 1/f noise in MOS transistor was presented and it was shown that this 1/f noise power can be reduced
by decreasing the duty cycle (D) of switched biasing signal. In this paper, an extended analysis of this
1/f noise reduction model is presented and it is shown that the RTS noise reduction is accompanied
with shift in the corner frequency (fc) of the 1/f noise and the value of shift is a function of continuous
ON time (Ton) of the device. This 1/f noise reduction is also experimentally demonstrated in this paper
using a circuit configuration with multiple identical transistor stages which produce a continuous output
instead of a discrete signal. The circuit is implemented in 180 nm standard CMOS technology, from
UMC. According to the measurement results, the proposed technique reduces the 1/f noise power by
approximately 5.9 dB at switching frequency (fs) of 1 KHz for 2 stage, which is extended up to 16 dB
at fs of 5 MHz for six stage configuration.

INDEX TERMS Low-frequency noise, RTS noise, 1/f noise, stochastic process, CMOS image sensors,
random process, cyclostationary process, autocorrelation, CMOS.

I. INTRODUCTION
The 1/f noise is a dominant noise source in the
low-frequency region and is one of the major bottlenecks
in applications like CMOS image sensors. The high noise
limits the dynamic range of an image sensor. The primary
sources of noise affecting the performance of a CMOS
imager are the thermal noise from the switches and the
low-frequency 1/f noise from the in-pixel buffer. The ther-
mal noise can be efficiently reduced using correlated double
sampling (CDS) and an image sensor with 0.7e− noise
has been reported [1]. The major limiting factor for the
dynamic range now is the 1/f noise from the source fol-
lower (SF) which is used as a buffer in the active pixel
sensor (APS), to isolate photo-diode (PD) node from the
readout circuit. The low-frequency noise has an inverse rela-
tionship with frequency and aspect ratio of the device [2],
which becomes more prominent as small size transistors

are needed to increase the spatial resolution of an image
sensor.
There are a few models available which define the 1/f

noise conditionally but no model exists that can explain
the 1/f noise phenomena completely [3]–[15]. Hooge’s �μ

model [14] considers that the 1/f noise is caused by fluc-
tuation in carrier mobility inside the bulk of MOS device.
Carrier density fluctuation (�N) model by McWhorter [15]
is based on the variation in the number of charge carri-
ers inside the channel due to random behavior of the trap
states present at the interface. This model states that the
1/f noise is a resultant of the RTS noise components from
each trap. These traps are bias voltage dependent and have
widely distributed emission/capture rates [16], [17]. Due to
time-varying biasing conditions, the non-stationarity is intro-
duced in the behavior of the trap state, which makes the RTS
noise and consequently the 1/f noise non-stationary.
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The 1/f noise in MOS transistor can be reduced by rapidly
switching the device between accumulation and strong inver-
sion region, which is introduced first time in [18] and
further investigated by many researchers. To model the
noise for systems with time-varying biasing conditions, a
proper stochastic model for trap state is required [18]–[26].
Tian et al. [27], [28] and Mahmutoglu and Demir [29], [30]
modeled the random activity of a single trap as a stochas-
tic process and presented the non-stationary RTS noise
model for switched biasing using autocorrelation analysis
of trap states in the time domain. The model in [27]–[30],
predicted that the noise reduction is independent of switch-
ing frequency (fs = 1/T , where T is the time period of
the switched biasing signal) and concluded that the corner
frequency (fc) of the 1/f noise is independent of time-
varying emission/capture rates. In these and other papers on
the low-frequency noise reduction [18]–[21], [23], [27]–[34]
the transistors are switched with either 50% or 25% duty
cycle rectangular waveform and without multiple stages
thereby leading to a discontinuous output for the circuits
like buffers/amplifiers.
In [35], we have proposed to use variable duty cycle

switched bias signal with multiple stages of transistors
for continuous output and have shown that such config-
uration can lead to 1

/
f noise reduction. The 1/f noise

is modeled for a complete range of duty cycle (0 to
100%) of the switched biasing signal and its effect on
the overall noise is studied. Decreasing the duty cycle
reduces the overall low-frequency noise by reducing the
time for which the trap states are correlated. It is addi-
tionally shown that if multiple transistors are used with the
same duty cycle (so as to ensure a continuous output), the
total noise would still be less than what is obtained by
using a single transistor which is ON all the time. Thus,
if n transistors are ON for time T

/
n (only one transis-

tor is ON at any given time so as to ensure a continuous
output), the total noise keeps decreasing as n increases.
This was shown using a mathematical model in our pre-
vious paper [35]. In this paper, an extended analysis of
this 1/f noise model is presented and conclusions are
verified with experimental results. A source follower imple-
mentation using multiple transistors, is presented to verify
the noise reduction while maintaining a continuous time
output.
The paper is organized as follows: The proposed math-

ematical model [35] for the RTS and 1/f noise power
spectral density (PSD), and the 1/f noise reduction
method using multiple transistors with variable duty cycle
switched biasing is briefly presented in Section II. In
Section III a circuit level implementation of the mul-
tistage SF with variable duty cycle switched biasing is
presented for CMOS imager with standard 3T or 4T
active pixel sensors. The experimental measurement results
are presented in Section IV. The paper is concluded
in Section V.

II. RTS AND 1/F NOISE MODELING AND ANALYSIS WITH
REDUCTION TECHNIQUE
As described in our previous work [35], the RTS noise mod-
eled in a time-varying biasing condition for a more general
case, where the duty cycle of switched bias signal varies
between 0 and 100 %. As the variable biasing condition is
periodic, the electron capture statistics of a single trap can
be modeled by considering its behavior as a cyclo-stationary
stochastic process [36]–[38]. The capture and emission
processes are random and governed by Poisson statistics.
This Poisson process is inhomogeneous and exhibits non-
stationarity, due to the dependency of capture rate (λc) and
emission rate (λe) on voltage-dependent variables like mean
time before emission (τe) and mean time before capture (τc).
Similar to other proposed models [16], [20], [27], [30], [41],
the RTS noise modeling presented in this work considers
the ideal trap model. The model is based on the assump-
tion that for switched biasing, λe = λc = λon for ON state
and λe = λoff , λc ≈ 0 for OFF state of the device. As
shown in [35] the trap state autocorrelation is almost zero
during the OFF state of the device. Switching the transistor
OFF between consecutive ON time period, for sufficient time
(>> λ−1

off ), resets the probability of trap occupancy (PTO)
to zero. During OFF state of the device the value of the
probability of trap occupancy (if λoff Toff >> 1) is close to
zero (during OFF state of the device) due to very high emis-
sion rate and negligibly small capture rate in the absence of
conduction [16], [20], [31], [39]–[41].
If the periodic ON time (Ton) is less than 1/λon, then the

trap state are reset in every time interval Trst = Ton + λ−1
off ≈

Ton (for λ−1
off << Ton). Thus, the trap states separated by

Trst ≈ Ton time interval or more, have zero correlation. As
ideal trap model is considered in this work, the real factor
for this zero correlation is in the condition of λoff Toff >> 1.
That is, every trap state becomes zero when the transistor is
switched OFF.
Considering the trap state N(t) as a cyclo-stationary ran-

dom process [42], the double sided RTS noise PSD of a
single trap, for ON state of the device, is calculated as:

Sλ,on(ω) = 1/4T
(
4λ2

on + ω2
)

⎡

⎣4Tλon

n
− A− Be

−2λonT
n

4λ2
on + ω2

⎤

⎦ , (1)

A = a24e
−4λonT

n +
(
16a2 + 8

)
λ2
on + a24ω2 − 2ω2

(
4λ2

on + ω2
) ,

B =
(

40a2 + 6
)

λ2
oncos

(
ωT

n

)
− 8ωλonsin

(
ωT

n

)
,

where ‘a’ is a constant which is dependent on the PTO
at initial condition (t = 0) of the ON state, ω is angular
frequency, and n is used to define continuous ON time Ton =
T/n and later part of the paper n is again used to define
number of stages.
In this work, a variable duty cycle is used for biasing

signal in which OFF time is higher. As OFF time increases
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FIGURE 1. The switched bias random telegraph signal (RTS) noise power spectral density (PSD) for single transistor, calculated from derived model given
in Eq. (1) using MATLAB tool, with variable duty cycle (D) to demonstrate that (a) The RTS noise corner frequency (fc) of a trap under switched biasing,
shifts to a new value and the new location of fc is ≈ T−1

on . For all graphs Ton (= T × D/100 = 5 × 10−11 s and T−1
on > λon) is kept same however, switching

frequency (fc) or time period (T) of switched biasing signal are variable. This shows the dependency of corner frequency shift only on Ton. The
downwards shift in the flat potion of the RTS noise PSD is only due to the higher OFF time. (b) The trap RTS noise fc shifts at different locations (≈ T−1

on
with the condition of T−1

on > λon)) with different values of variable Ton however, time period of switched biasing signal (T) or switching frequency
(fs = 1/T) are kept same for all graphs, and (c) Relationship between fc and Ton to show that the switching action affects the corner frequency of the
traps only when T−1

on > λon.

the probability of trap to be empty is high due to higher λoff
and to get filled again is very low as λon is very low [39],
[40]. Thus, the noise in OFF state of the device can be
neglected and the RTS noise PSD can be given as:

Ssλ (ω) ≈ Sλ,on (ω) . (2)

The 1/f noise is calculated by superposition of the noise
generated by individual traps with different capture/emission
rates. The overall 1/f noise PSD is given by [16]:

S (ω) =
∫ λH

λL

Ssλ (ω) g (λ) dλ, g (λ) = 4kθAtoxNt

λ log
(

λH
λL

) , (3)

where g(λ) is the distribution function of the emission and
capture rate. θ is the absolute temperature in Kelvin, k is
Boltzmann constant, A is the channel area (1 μm2), tox is
the effective gate oxide thickness (10 nm), Nt is the trap
density, λH and λL are the fastest and slowest transition
rates, respectively. These rates are related to tox through
the equation log(λH/λL) = γ tox, where γ is the tunneling
constant.
The 1/f noise voltage PSD [27] is given by:

S1/f (ω) =
(

q

ACox

)2

S (ω) , (4)

where Cox is the unit area channel capacitance and q is
electron charge.
The derived model is also validated as higher RTS noise

reduction can be obtained with an increase in the values of
‘n’, as per Eq. (1). Multiple transistors are connected between
the input and the output wherein the noise contribution of
each transistor is assumed to be non-correlated. Thus overall
1/f noise PSDs would be the summation of the noise PSDs
of each source follower and is given as:

So/pλ (ω) = n× S1/f (ω) , (5)

where S1/f (ω) is the worst case noise PSD of each stage.

FIGURE 2. Comparison of total 1/f noise PSD (n × S1/f (ω)) at the output,
given by Eq. (5), calculated using MATLAB tool, between the existing noise
models and this work with variable duty cycle (D) and multiple (‘n’ number
of) stages [35].

Equation (1) is evaluated using MATLAB tool to
demonstrate reduction in the RST noise. It is evident from
the evaluated results, shown in Fig. 1(a), that RTS noise
corner frequency (fc) of a trap under switched biasing, shifts
to a new value and the new location of fc is ≈ T−1

on . For all
graphs Ton (= T ×D/100 = 5 × 10−11 s and T−1

on > λon) is
kept same however, switching frequency (fc) or time period
(T) of switched biasing signal are variable. This shows the
dependency of corner frequency shift only on Ton. The down-
wards shift in the flat potion of the RTS noise PSD is only
due to the higher OFF time. For calculations the value of
λon has been chosen as 108 Hz. The RTS noise is plot-
ted for T varying from 10−6 s to 10−10 s and for each
value of T , Ton is kept equal to 5×10−11 s by adjusting
the value of n. The downwards shift in the flat potion of
the RTS noise PSD in Fig. 1(a) is only due to the higher
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FIGURE 3. (a) The 1/f noise PSD [n × S1/f (ω)] at the output, calculated from Eq. (5) using MATLAB tool, for switched biasing with a variable duty cycle (D)
and multiple (‘n’ number of) stages with (a) T = 10−3 s and T = 10−6 s, (b) T = 10−5 s and T = 2 × 10−7 s.

OFF time. From the results, it can be observed that for
each case the fc is shifted to approximately T−1

on , which
shows the dependency of corner frequency shift only on
Ton. This explains the RTS noise reduction only depends
on Ton and does not get affected from variable switching
frequency.
In Fig. 1(b), the RTS noise evaluated from Eq. (1) is plot-

ted for varying values of Ton from 5×10−7 s to 5×10−10 s
while keeping T = 10−5 s. As can be seen in this graph, for
the noise plots with T−1

on < λon, the corner frequency doesn’t
shift and remains approximately equal to λon (108 Hz). For
these plots the noise power reduces by ‘n’ time as com-
pared to stationary noise, which is only due to higher OFF
time of the device. Hence, there is no reduction in the RTS
noise. While for the plots with T−1

on > λon the corner fre-
quency (fc) shifts to T−1

on and the reduction in noise is n
times as compared to stationary noise. A higher shift in
the fc accompanies a higher reduction in the low-frequency
noise. It can be concluded from the results that the noise
reduction depends on the Ton rather than T or fs. Thus, the
same reduction can be achieved by switching the transistor
at a comparatively lower frequency by decreasing the duty
cycle of switching signal. The relation between T−1

on and fc
is plotted in Fig. 1(c). It can be seen that fc stays at λon (=
108 Hz), for all values of T−1

on less than λon, while shifts to
approx. T−1

on for all values of T−1
on > λon.

In Fig. 2, the 1/f noise PSD evaluated from Eq. (5) with
the multiple stages is compared with the 1/f noise PSD
from the standard model (stationary noise model), and other
models reported in [27] and [29]. Higher 1/f noise reduction
is obtained, as shown in Fig. 2, as compared to other models
while the output is still continuous in nature. The 1/f noise
evaluated from Eq. (5) is shown in Fig. 3 for varying time
period from 1 KHz to 5 MHz and the number of transistor
stages from 2 to 6. The stationary noise has also been plotted
in Fig. 3 for comparison. As Ton decreases with increase in
the number of stages and fs, it can be concluded that 1/f

noise reduction depends on the Ton and independent of fs
when Ton is kept constant.
From the above analysis, it can be stated that the noise

reduction increases with a decrease in value of Ton or
duty cycle of the switched biasing signal and following
conclusions can be derived.

• Decrease in the 1/f noise power for sampling frequen-
cies above T−1

on is due to the increasing correlation
between trap states. Here, the term sampling frequency
(in Hz) denotes the number of samples of the noise
power spectral density (in dB) per second. Due to
switching action, the correlation between the samples,
separated by more than Ton time, becomes very weak.
This makes the noise PSD “flat” for the sampling fre-
quencies T−1

on . Hence, The corner frequency is shifted
to a new value of T−1

on for Ton < λ−1
on , which causes

reduction in the noise power.
• For the trap states of a single transistor sampled dur-
ing ON time and separated by time interval less than
Ton, have the same correlation as DC biasing condition.
Hence, the noise power for sampling frequencies above
the T−1

on is 10log(n) dB less than the noise power of the
stationary noise PSD (reduction of 10log(n) dB in the
noise power is due to OFF state of the device).

• A higher noise reduction can be achieved by lowering
the value of Ton either by increasing fs or decreas-
ing duty cycle, as compared to the model presented
in [27], [29], and [37]. If Ton is kept constant by suit-
ably varying the duty cycle, the obtained noise reduction
is also constant for varying fs.

• The noise reduction is observed only for frequencies
below the corner frequency. Above the corner frequency,
the noise remains 10log(n) dB less than the stationary
noise due to OFF state.

• Device ON and OFF time may not be equal, as the
OFF time of the device (Toff ) increases as duty cycle
decreases. The PTO before commencement of ON time
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FIGURE 4. (a) Single transistor source follower (SF), (b) SF action achieved through multiple (5 transistors in this example) transistors with
programmable ring counter which produces periodic output signals (Vin,1, Vin,2, Vin,3 . . . and Vin,n) with amplitude of Vin = 1.3V equal to the amplitude
of the continuous time input of the single stage source follower (Vin), and (c) Timing diagram, generated from Cadence Spectre Simulator, for single
transistor SF and 5 stage SF action with fs = 100 KHz, D = 20 % and Ton = 2μs.

becomes negligibly small (Pon(0) ≈ 0), where Pon(0)

is the initial value of PTO function for ON time of
the device. As λoff is very high the PTO at time equal
to T(n − 1)/n during OFF state, is negligibly small
(considered as zero). Thus, OFF time PSD can be con-
sidered as negligible. Other assumptions taken to derive
the noise PSD are λonTon << 1 and λoff Toff >> 1 as
in [39] and [40].

III. DETAILED CIRCUIT IMPLEMENTATION
Based on the above analysis, a circuit level noise reduction
technique is proposed for the source follower transistor in
standard CMOS image sensors. The source follower, shown
in Fig. 4(a) is used to show the reduction of 1/f noise
reduction in an active pixel sensor (APS). A conventional
APS employs three or more transistors where all transis-
tors, except the SF, act like a switch. The switches mostly
contribute to the thermal noise, while the SF contributes
to the low-frequency noise. The SF low-frequency noise
is becoming more evident as transistor sizes are becom-
ing smaller with technology scaling. Thus, the 1/f noise,
as a dominant source of the noise at the imager out-
put must be reduced to improve the overall signal-to-noise
ratio [1], [20], [41], [43], [44].
The switching activity makes the output discrete in

nature, which is not suitable for image sensor applications.

Complementary switches are used to obtain a continuous
output in [45]. The two MOSFET switches are periodically
switched between strong inversion and cut-off regions which
lead to a reduction in the low-frequency noise. The circuit in
[9] is limited to two switches, which is extended to multiple
transistors configuration (in this work), with higher noise
reduction.
To achieve the action of single stage buffer/amplifier

shown in Fig. 4(a) with reduced low-frequency noise, cir-
cuit shown in Fig. 4(b) is implemented with multiple and
identical SF stages. Individual source followers, among the
multiple paths, are selected periodically for a small interval
of time as shown in Fig. 4(c). Thus, among multiple paths,
only one path from input to the output is ON at a given
time. Since one path is always ON between the input and
the output, the output remains continuous. If each transistor
is ON for Ton = T/n time in a time period T , to achieve a
continuous output, ‘n’ number of stages would be required
such that one stage is ON at a time. Thus, in this paper
‘n’ is number of stages and used for Ton = T/n, duty cycle
(D) = 100 × T/n%.

The single transistor source follower in Fig. 4(a) has Vin =
1.3V as continuous input signal. For switched biasing, a
programmable ring counter is used which produces non-
overlapped output waveforms (Vin,1, Vin,2, Vin,3 . . . and Vin,n)
where each output amplitude is set to Vin (= 1.3 V), as shown
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FIGURE 5. [Color online] (a) Measurement setup for design under test (DUT) (b) Chip microphotograph.

in Fig. 4(b) and (c). These outputs of programmable ring
counter act as inputs to the multistage source follower. Each
output has amplitude equal to Vin = 1.3V as high level (to
turn the transistor ON) and 0 V as low level (to turn the
transistor OFF). This way only one transistor, at a time, is
getting voltage equal to Vin at its gate terminal, while rest
other are getting 0 V and remain at OFF state. This makes
each transistor is ON only for a small time period which
is controlled by ring counter. As one of the transistors is
always ON, the output is always available and which is same
as the output of single source follower transistor. This way
every transistor is switching ON and OFF periodically while
output remains continuous and thus, this structure functions
as buffer. The frequency of the counter can be controlled by
an external clock, thus, allowing for varying the duty cycle
of each transistor, externally. As only one transistor is ON
at a time in the input to the output path, the noise generated
from each stage is non-correlated. Thus, the overall noise
at the output is equal to the addition of the noise power
of each stage transistor. This non-correlated noise sampling
is one of the major keys behind the total noise reduction.
All transistors in the programmable ring counter work as a
switch, adding only thermal or white noise to the output. The
ring counter does not contribute 1/f noise and thus, overall
low-frequency noise remains unaffected.

IV. MEASUREMENT RESULTS
To validate the proposed method, the low-frequency noise
measurements have been carried out on circuit implemented
in 180 nm standard CMOS technology, from UMC. The
measurement setup is shown in Fig. 5(a) while the micropho-
tograph of the test circuit, fabricated in 0.18 μm standard
1P6M CMOS process, is shown in Fig. 5(b). The DUT has
employed an array of nMOS transistors and a configurable
ring counter to generate periodic switched biasing signals
for turning the MOS transistors ON and OFF, periodically.
The devices used in test circuit are nMOS transistors with
W = 1 μm and L = 1 μm. The target application of the pro-
posed method is to reduce the 1/f noise in CMOS image
sensors. The device dimensions for noise characterization

are chosen to be small to maximize the fill factor of a pixel
and maintain the smaller area of the pixel for higher spatial
resolution.
The measurement setup is similar to that reported

in [46] and [47]. The low noise SR570 current preampli-
fier is used to provide the biasing current to the test circuit
and to amplify the noise power. As shown in Fig. 5(a) the
drain to source voltage VDS (or Vbias) of test transistors, is
equal to Vref of the preamplifier. The value of VDS can thus
be set to a desired value by varying Vref to keep transis-
tors in saturation region during ON state. The noise current
generated from the test circuit is amplified by the load resis-
tance Rgain, to produce the noise voltage at the output of
the preamplifier. The noise power at the output node of the
circuit shown in Fig. 5 (a) can be calculated by MOSFET
noise current (IDS,n) and the load resistance (Rgain, which
is a feed-back resistance present in the SR570 current to
voltage preamplifier). The current to voltage sensitivity of
the preamplifier was set at 10 μA/V to get amplified noise
voltage at the output. The input referred noise of current
preamplifier is as low as 5 fA/

√
Hz, which makes it quite

suitable for precise noise measurement. The load resistance
only contributes thermal noise, thus 1/f noise can be ana-
lyzed by measuring IDS,n at low-frequencies. IDS,n flows into
Rgain and is amplified by the preamplifier, the amplified noise
voltage is analyzed using Dynamic Signal Analyzer (DSA -
SR785). The DSA plots the Fourier transform of the noise
voltage signal from the preamplifier. The reduction in the
noise current of DUT, is shown in Fig. 5 (a). The input noise
of the SR785 inputs is about 10 nVrms/

√
Hz. The input noise

of the analog to digital (A/D) converter in SR785 is about
300 nVrms/

√
Hz (referenced to a full scale of 1 Vpk) and the

bandwidth is 102.4 KHz.
In the SR785 the input signal passes through an analog

anti-aliasing filter that removes all frequency components
above 102.4 kHz and then the incoming data samples are
digitally filtered and down-sampled to increase the resolu-
tion. The noise PSD is plotted with 400 line fast Fourier
transform (FFT) resolution and 400 Hz span to set 1 Hz fre-
quency resolution. As the maximum frequency was 400 Hz,
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FIGURE 6. Measurement results for the switched bias 1/f Noise PSD for single stage configuration with a variable duty cycle (D) or continuous ON time
(Ton) with (a) T = 10−3 s , (a) T = 10−5 s, (a) T = 10−6 s, and (d) T = 2 × 10−7 s.

the sampling rate is 1024 samples/sec with 1024 number of
points in a time record. In the measurement cutoff frequency
of the digital low-pass filter contained is set as 512 Hz
with flat response upto 400 Hz and roll-off from 400 Hz to
512 Hz. To improve the measurement accuracy, each noise
PSD curve is plotted after taking an RMS average of 100
measured samples.
The DUT has a configurable ring counter which gener-

ates non-overlapping signals (Vin,1,Vin,2,Vin,3 . . . , and Vin,n)
to select one MOS transistor at a time, as described in
Section III. Non-overlapping clocks make sure that the noise
components from different stages are non-correlated. The
noise measurements for DC biasing are carried out with
VDS = VGS = 1 V for nMOS transistors. For switched bias-
ing, VDS = VGS is set to 1 V during ON time to keep
transistors in the saturation region while VGS = 0 V for
OFF time to keep the transistor in cutoff region. First, the
noise measurements are carried out on a single transistor
with constant biasing. Then measurement are carried out for

single as well as multiple transistors, with switched biasing
and a variable duty cycle (D).
The measured noise power of a single stage transistor with

constant and switched biasing is shown in Fig. 6. The noise
plots, shown in Fig. 6(a), (b), (c), and (d) demonstrates the
reduction in the low-frequency noise power of single tran-
sistor, switched bias at fs = 1 KHz, 100 KHz, 1 MHz, and
5 MHz respectively. For each fs, the duty cycle is taken
as 16.6 %, 20 %, 25 %, and 50 %. The average reduc-
tion in 1/f noise power for single stage configuration with
varying duty cycle, (for sampling frequency up to 40 Hz
and fs = 1 kHz) evaluated from Eq. (3), using MATLAB
simulation, is 29.57 dB, when the duty cycle varies from
100 % (DC biasing) to 50 %. After which when the duty
cycle reduces to 25 %, 20 % and 16.6 % the average noise
reduction increases to 35.5 dB, 37.6 dB, and 39.11 dB,
respectively. While the measurement results (Fig. 6) shows
an average reduction obtained in 1/f noise, for fs = 1 KHz
is 7.02 dB when the duty cycle varies from 100 % to
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FIGURE 7. Measurement results for the switched bias 1/f noise PSD for multiple (‘n’ number of) stages and a variable duty cycle (D) or continuous ON
time (Ton) with (a) T = 10−3 s , (a) T = 10−5 s, (a) T = 10−6 s, and (d) T = 2 × 10−7 s.

50 %. As the duty cycle further reduces to 25 %, 20 % and
16.6 %, the noise reduction increases to 15.5 dB, 17.3 dB,
and 18.72 dB respectively. The sampling frequency has been
chosen only up to 40 Hz, to show the low-frequency noise
reduction.
The measured noise power of single stage nMOS with con-

stant biasing and multiple nMOS transistors with switched
biasing, for a varying duty cycle, is shown in Fig. 7.
The output noise power for 2 to 6 stages, switched with
fs = 1 KHz, 100 KHz, 1 MHz, and 5 MHz are presented
in Fig. 7 (a), (b), (c), and (d), respectively. For the mea-
surements, the ring counter is configured to select 2 to 6
transistor stages, as shown in Fig. 4(b). fs is varied from
1 KHz to 5 MHz for a variable number of stages. The duty
cycle is varied from 50 % to 16.6 % for 2 to 6 transistor
stages. From the measured results variation can be seen in
the integrated noise reduction (for sampling frequency up to
40 Hz) from 5.9 dB, for 2 stages to 12.3 dB, for 6 stages,
with fs = 1 KHz. Reduction in the noise is increased with

increase in a number of stages (or decrease in the duty cycle)
and fs. In both the cases, the noise reduction is increased
due to the decrease in continuous ON time of the transistor,
as predicted by Eq. (1).
The average reduction in the 1/f noise power (for sam-

pling frequency up to 40 Hz) is summarized in Fig. 8,
for fs = 1 KHz, 100 KHz, 1 MHz, and 5 MHz. The 1/f
noise power calculated by Eq. (5) (the noise PSD shown in
Fig. 3) predicts the average reduction varies from 24.8 dB
to 31.32 dB when the number of stages vary from 2 to 6,
for fs = 1 KHz. It can be concluded from results that the
1/f noise power depends on the continuous ON time of
the device rather than fs. For higher sampling frequencies
the switched bias noise PSD is approximately equal to the
stationary noise PSD, as the thermal noise start dominating
above the 1/f noise corner frequency.

One drawback of using multiple transistors with switched
biasing is that switching action of the transistors introduces
ripples at the output. These ripples are generated due to clock
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FIGURE 8. Average reduction in the measured 1/f noise power for
sampling frequency range from 10 Hz to 40 Hz, with multiple (‘n’ number
of) stages, duty cycle (D), and switching frequency fs (or T−1).

feed-through of the overlapping capacitance present between
drain and gate of the switching transistor. The ripples can
be filtered out through a switched capacitor low-pass filter.
The low pass filter can be placed in the column of the
CMOS image sensor, which will not affect the fill factor
of the pixel. The mismatch of the source followers would
increase the column fixed pattern noise (FPN). The column
FPN needs to be characterized with an imaging array in
place. The focus of this work is to show the noise reduction
obtained using multiple stages as compared to simply duty
cycling a single device. In future, an imaging array with
the proposed low-frequency noise reduction method will be
fabricated and the effects of multiple source followers on
the column FPN and other imaging performance will be
characterized.

V. DISCUSSION AND CONCLUSION
In this paper, a mathematical model of the RTS noise, for
a MOSFET device with time-varying biasing conditions, is
presented. It is concluded that the RTS noise and conse-
quently the 1/f noise of a MOS transistor decreases with a
decrease in the Ton. It is shown that reduction in the noise
occurs due to varying correlation between trap states which is
a function of Ton rather than switching frequency. Based on
this conclusion a circuit level low-frequency noise reduction
technique is presented. It is observed by measurement that
the noise reduction which is 5.9 dB with fs = 1 KHz for 2
stage is extended up to 16 dB for 6 stages with fs = 5 MHz.
The proposed technique and measurement results are shown
in Fig. 6 and 7 do not indicate the suppression of mecha-
nism of the 1/f noise generation. The present technique only
exploits the properties that the switching ON and OFF (with
conditional Ton and Toff) alters the correlation of the trap
states of a MOS transistor and the noise components from
different transistors are uncorrelated, to achieve the low-
frequency noise reduction. There is no correlation between
fluctuating traps in different transistors.

The nature of the low-frequency noise measurement
results presented in this paper is similar to the results
given in literature. There is some discrepancy in the low-
frequency noise behavior between the measurement results
shown in Fig. 6 and Fig. 7, and the theoretical results
shown in Fig. 3. As per the theoretical results the noise
PSD is flat for low-frequencies while, the measurement
results show a decreasing profile. There are two possible
reasons for the discrepancy between theoretical and mea-
sured results. Firstly, the autocorrelation function (ACF)
calculated in the theory (Eq. (19)) and the autocorrelation
obtained from the measurements are different. Secondly,
there is a reappearance of 1/f noise in the low-frequency
region.
The theoretical autocorrelation is calculated by time aver-

age value of ACF given in Eq. (19). In Fig. 9 (a) the values
of time averaged ACF is plotted for a device which is ON for
Ton time period during a time interval of T . This graph has
been compared with the ACF calculated for the experimen-
tally measured noise data with 50% and 25% duty cycles.
The measurement ACF is obtained from the measured noise
samples. There are mainly two important differences between
these ACF plots which could be the reason for the discrep-
ancy observed between the theoretical and measured FFT
plots;

• The experimentally obtained curve is not as smooth
as the theoretically obtained curve which also causes
discrepancy in the nature of PSD plots.

• It can be seen that the theoretical correlation plot has
non-zero values only for time samples between −Ton to
Ton. However, the experimentally obtained correlations
are non-zero beyond this range.

The other reason for the discrepancy is the reappear-
ance of the 1/f noise. This effect has been discussed
in [29]–[32]. Our model is based on the assumption that
λoff Toff >> 1, as λoff is very high for all traps. However,
this condition need not be true for all traps, and thus
all traps might not be affected uniformly in OFF con-
dition during switching [31], [32]. The distribution of
λoff depends on a space dependent parameter ‘m’ [32].
Emission rate during off time is not uniform and can
be given as:

λoff (emission) = m.λon(emission) (6)

The value of ‘m’ needs to be ∞ to ensure that the trap is
empty during OFF state. However ‘m’ is not uniform among
all traps as it depends on the location of the trap with respect
to the surface of the channel [31], [32]. The value of ‘m’ is
less for slow traps which are located away from the channel
surface. If ‘m’ for a trap is small enough to make sure
that λoff Toff << 1, then it’s state (filled or empty) does
not change with switching and hence, the noise PSD from
these traps represents the noise similar to the stationary case
which decreases with increase in frequency. Hence, another
factor is added in the expression of the noise PSD to take
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FIGURE 9. (a) Autocorrelation function (ACF) plots for the theoretical calculated and measurement data. (b) The 1/f noise PSD [S′
1/f

(ω)] at the output,
calculated from Eq. (7) [MATLAB simulation], for switched biasing with a variable duty cycle (D) and multiple number of stages (n).

account of the reappearance of the 1/f noise. The modified
1/f noise can be given as:

S′
1/f (ω) = n

∫ λH

λL

Ssλ,on(ω)g(λ)dλ +
∫ λ′

H

λ′
L

γ λ

λ2 + ω2
g(λ)dλ,

(7)

where n is number of stages, λ′
L and λ′

H are the minimum
and maximum transition rates, respectively among the slow
traps during OFF state. γ is the fitting factor used to match
the measured results with theory. The noise PSD calculated
from Eq. (7), is plotted in Fig. 9 (b) and shows a similar
behavior as the measured noise PSD. In first region of the
curves (sampling frequency up to λ′

H), the noise decreases
with increase in the sampling frequencies. In this region, the
stationary noise part of Eq. (7) dominates over the switching
noise PSD. In the remaining portion (sampling frequencies
higher than λ′

H), the noise is from the switched noise PSD
as given in Eq. (3) and first part of the Eq. (7).
In this work, a previously reported and standard measure-

ment setup has been used, however, a possible third reason
for the discrepancy between measured and theoretical results
could be artifacts resulting from the measurement setup it’s
surrounding like internal noise (from DSA) and external
noise (from near electric and magnetic field) interference.
Although, the potential reasons behind the discrepancies

in the proposed noise model and measured results have been
extensively discussed in this section, the exact reasoning of
these inconsistencies requires more analysis. This could be
the future scope of this work.

APPENDIX
TIME DOMAIN AUTOCOVARIANCE ANALYSIS TO DERIVE
THE RTS NOISE PSD IN A VARIABLE DUTY CYCLE
SWITCHED BIASING CONDITION
As the trap state N(t), for periodic biasing condi-
tions, is considered as a cyclo-stationary process,
here time averaged ACF function, for N(t), is derived

for one time period. A pulsed wave with time period T
with ON time of T/n, is applied to the gate of MOS
transistor as the biasing signal. Let’s suppose pon(t) is the
PTO at time t during ON time of the device. As pon(t) is a
time varying function, the probability of any event in very
small time interval �t, can be given as: As the trap state
N(t), for periodic biasing conditions, is considered as a
cyclo-stationary process, here time averaged ACF function,
for N(t), is derived for one time period. A pulsed wave
with time period T with ON time of T/n, is applied to the
gate of MOS transistor as the biasing signal. Let’s suppose
pon(t) is the PTO at time t during ON time of the device.
As pon(t) is a time varying function, the probability of any
event in very small time interval �t, can be given as:

pon (t + �t) = pon (t) .(probability of zero emission event in

�t) + (1 − pon (t)) .(probability of acapture event in �t),

= pon (t) . (1 − λe�t) + (1 − pon (t)) λc�t. (8)

As for ON state of transistor λc ≈ λe ≈ λon, the probability
of a capture or emission event in �t time is equal to λon�t
and if �t is infinitesimally small, (17) can be simplified as:

dpon (t)

dt
+ 2pon (t) λon = λon. (9)

Pon (t) = 0.5 + ae−2λont, 0 ≤ t < T/n, (10)

where ‘a’ is a constant which is dependent on the PTO at
initial condition (t = 0) of the ON state.

Similarly poff (t) is the PTO at time t, during OFF time
of the device. As poff (t) is also a time-varying function, the
probability of any event in infinitesimally small time interval
�t, can be given as:

poff (t + �t) = poff (t) .(probability of zero emission event

in �t) + (
1 − poff (t)

)
.(probability of a capture in �t),

poff (t + �t) = poff (t) . (1 − λe�t) + (
1 − poff (t)

)
λc�t.

(11)
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For OFF state of transistor, the probability of trap to capture
an electron is almost zero, as the number of charge carriers
are negligible, then λc ≈ 0 and λe = λoff ,

poff (t + �t) = poff (t) . (1 − λoff�t) . (12)

dpoff (t) /dt = −poff (t) λoff . (13)

Poff (t) = be−λoff t, for T/n ≤ t < T, (14)

where ‘b’ is the constant depends on the PTO at initial
condition of the OFF state of transistor.

a = − (1 − β) / (1 − αβ) ; b = (1 − α) / (1 − αβ) , (15)

where α = e−2λon
T
n , β = e−λoff

(n−1)T
n .

In order to calculate the ACF function for trap state N(t),
it is necessary to calculate condition probability of trap to
be filled at time (t + τ), with the condition that p(t) = 1
(applicable for both ON as well as OFF time). This way
conditional probabilities for trap occupancy at some arbitrary
time (t+ τ), with the condition that trap is full at time t, is:

Pon,11 (t) = 1

2

(
1 + e−2λon|τ |) , 0 ≤ t < T/n, t ≥ 0. (16)

Poff ,11 (t) = e−λoff |τ |), 0 ≤ t < (T − 1) /n, t ≥ 0. (17)

Derivation of time averaged ACF function Cλ(t, τ ) of N(t)
for ON and OFF time of transistor:

Cλ (t, τ ) = E
[
N (t − τ/2) .N (t + τ/2)

]

− E
[
N (t − τ/2)

]
.E

[
N (t + τ/2)

]
. (18)

ACF function Cτ
λ,on(t, τ ) for ON time

Cλ,on (t, τ ) = pon (t − τ/2) pon,11 (τ )

− pon (t − τ/2) pon,11 (t + τ/2) ,

= 0.25e−2λon|τ | − a2e−4λont, (19)

for |τ/2| ≤ t < T/n− |τ/2|with |τ | ≤ T/n.

Time average of Cτ
λ,on(t, τ ) for ON state of the transistor:

Csλ,on (τ ) = 1

T

∫ T
n−

∣
∣∣ τ2

∣
∣∣

∣
∣∣ τ2

∣
∣∣

Cτ
λ,on (t, τ ) dt,

= (1/4T)

[
e−2λon|τ | (T/n− a2/λon − |τ |

)

+
(
a2/λon

)(
e−

4λonT
n .e2λon|τ |

)]
,

for |τ | ≤ T/n. (20)

The RTS noise PSD for ON state of switched bias transistor
is calculated by the Fourier transform of time averaged ACF,
Csλ,on(τ ):

Sonλ (ω) = F (
Csλ,on (τ )

) =
∫ T

2

− T
2

Csλ,on (τ ) e−jωτdτ. (21)

ACKNOWLEDGMENT
The authors thank Space Applications Center (SAC)−ISRO,
Ahmedabad, India for help in conducting the experiments.

REFERENCES
[1] Y. Chen et al., “A 0.7e−rms-temporal-readout-noise CMOS image

sensor for low-light-level imaging,” in Proc. IEEE ISSCC, Feb. 2012,
pp. 384–385.

[2] M. V. Dunga, “Nanoscale CMOS modeling,” Elect. Eng. Comput.
Sci., Univ. California, Berkeley, CA, USA, Rep. UCB/EECS-2008-20,
2008.

[3] P. Dutta and P. M. Horn, “Low-frequency fluctuations in solids: 1/f
noise,” Rev. Mod. Phys., vol. 53, no. 3 pp. 497–516, Jul. 1981.

[4] T. Ando, A. B. Fowler, and F. Stern, “Electronic properties of two-
dimensional systems,” Rev. Mod. Phys., vol. 54, no. 2, pp. 437–672,
Mar. 1982.

[5] C. Surya and T. Y. Hsiang, “Theory and experiment on the 1/f γ

noise in p-channel metal-oxide-semiconductor field-effect transistors
at low drain bias,” Phys. Rev. B, Condens. Matter, vol. 33, no. 7,
pp. 4898–4905, 1986.

[6] M. S. Keshner, “1/f noise,” Proc. IEEE, vol. 70, no. 3, pp. 212–218,
Mar. 1982.

[7] C. Hu, G. P. Li, E. Worley, and J. White, “Consideration of low-
frequency noise in MOSFETs for analog performance,” IEEE Electron
Device Lett., vol. 17, no. 12, pp. 552–554, Dec. 1996.

[8] G. Ghibaudo and T. Boutchacha, “Electrical noise and RTS fluc-
tuations in advanced CMOS devices,” Microelectron. Rel., vol. 42,
nos. 4–5, pp. 573–582, Apr./May 2002.

[9] A. van der Ziel, Noise in Solid State Devices and Circuits. New York,
NY, USA: Wiley, 1986.

[10] A. van der Ziel, “Unified presentation of 1/f noise in electron
devices: Fundamental 1/f noise sources,” Proc. IEEE, vol. 76, no. 3,
pp. 233–258, Mar. 1988.

[11] E. Simoen and C. L. Claeys, “On the geometry dependence of the
1/f noise in CMOS compatible junction diodes,” IEEE Trans. Electron
Devices, vol. 46, no. 8, pp. 1725–1732, Aug. 1999.

[12] L. K. J. Vandamme and F. N. Hooge, “What do we certainly know
about 1/f noise in MOSTs?” IEEE Trans. Electron Devices, vol. 55,
no. 11, pp. 3070–3085, Nov. 2008.

[13] M. Niemann, H. Kantz, and E. Barkai, “Fluctuations of 1/f noise and
the low-frequency cutoff paradox,” Phys. Rev. Lett., vol. 110, no. 14,
Apr. 2013, Art. no. 140603.

[14] F. N. Hooge, “1/f noise is no surface effect,” Phys. Lett. A, vol. 29,
no. 3, pp. 139–140, Apr. 1969.

[15] A. L. McWhorter, “1/f noise and related surface effects in germa-
nium,” M.S. thesis, Dept. Elect. Eng., Massachusetts Inst. Technol.,
Cambridge, MA, USA, 1955.

[16] M. J. Kirton et al., “Individual defects at the Si:SiO2 interface,”
Semicond. Sci. Technol., vol. 4, no. 12, pp. 1116–1126, Dec. 1989.

[17] A. L. Burin, B. I. Shklovskii, V. I. Kozub, Y. M. Galperin, and
V. Vinokur, “Many electron theory of 1/f noise in hopping conduc-
tivity,” Phys. Rev. B, Condens. Matter, vol. 74, no. 7, Aug. 2006,
Art. no. 075205.

[18] I. Bloom and Y. Nemirovsky, “1/f noise reduction of metal-oxide-
semiconductor transistors by cycling from inversion to accumulation,”
Appl. Phys. Lett., vol. 58, no. 15, pp. 1664–1666, Apr. 1991.

[19] B. Dierickx and E. Simoen, “The decrease of ‘random telegraph sig-
nal’ noise in metal-oxide-semiconductor field-effect transistors when
cycled from inversion to accumulation,” J. Appl. Phys., vol. 71, no. 4,
pp. 2028–2029, 1992.

[20] A. P. van der Wel et al., “Low-frequency noise phenomena in switched
MOSFETs,” IEEE J. Solid-State Circuits, vol. 42, no. 3, pp. 540–550,
Mar. 2007.

[21] S. L. J. Gierkink et al., “Intrinsic 1/f device noise reduction and its
effect on phase noise in CMOS ring oscillators,” IEEE J. Solid-State
Circuits, vol. 34, no. 7, pp. 1022–1025, Jul. 1999.

[22] E. A. M. Klumperink, S. J. Gierkink, A. van der Wel, and B. Nauta,
“Reducing MOSFET 1/f noise and power consumption by switched
biasing,” IEEE J. Solid-State Circuits, vol. 35, no. 7, pp. 994–1001,
Jul. 2000.

[23] A. van der Wel, E. A. M. Klumperink, S. L. J. Gierkink,
R. F. Wassenaar, and H. Wallinga, “MOSFET 1/f noise measurement
under switched bias conditions,” IEEE Electron Device Lett., vol. 21,
no. 1, pp. 43–46, Jan. 2000.

[24] M. Pioro-Ladrière et al., “Origin of switching noise in
GaAs/Alx6Ga1−x as lateral gated devices,” Phys. Rev. B, Condens.
Matter, vol. 72, no. 11, pp. 115331–115338, Sep. 2005.

430 VOLUME 6, 2018



JAINWAL et al.: ANALYSIS AND VALIDATION OF LOW-FREQUENCY NOISE REDUCTION IN MOSFET CIRCUITS

[25] N. Nishiguchi, “Shot-noise-induced random telegraph noise in shuttle
current,” Phys. Rev. Lett., vol. 89, no. 6, Jul. 2002, Art. no. 066802.

[26] T. Kuhn, L. Reggiani, L. Varani, and V. V. Mitin, “Monte Carlo method
for the simulation of electronic noise in semiconductor,” Phys. Rev.
B, Condens. Matter, vol. 42, no. 9, Sep. 1990, Art. no. 5702.

[27] H. Tian, “Noise analysis in CMOS image sensor,” Ph.D. dissertation,
Dept. Appl. Phys., Stanford Univ., Stanford, CA, USA, 2000.

[28] H. Tian and A. El Gamal, “Analysis of 1/f noise in switched MOSFET
circuits,” IEEE Trans. Circuits Syst. II, Analog Digit. Signal Process.,
vol. 48, no. 2, pp. 151–157, Feb. 2001.

[29] A. G. Mahmutoglu and A. Demir, “Analysis of low-frequency noise
in switched MOSFET circuits: Revisited and clarified,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 62, no. 4, pp. 929–937, Apr. 2015.

[30] A. G. Mahmutoglu and A. Demir, “Modeling and analysis of nonsta-
tionary low-frequency noise in circuit simulators: Enabling non Monte
Carlo techniques,” in Proc. IEEE/ACM Int. Conf. Comput.-Aided
Design (ICCAD), Nov. 2014, pp. 309–315.

[31] A. van der Wel, E. A. M. Klumperink, L. K. J. Vandamme, and
B. Nauta, “Modeling random telegraph noise under switched bias
conditions using cyclostationary RTS noise,” IEEE Trans. Electron
Devices, vol. 50, no. 5, pp. 1378–1384, May 2003.

[32] A. Arnaud and M. R. Miguez, “Very low-frequency cyclostationary
1/f noise in MOS transistors,” in Proc. Int. Conf. Noise Fluctuations
(ICNF), Jun. 2013, pp. 1–4.

[33] D. Lee and M. Lee, “Low flicker noise, odd-phase master LO active
mixer using a low switching frequency scheme,” IEEE J. Solid-State
Circuits, vol. 50, no. 10, pp. 2281–2293, Oct. 2015.

[34] N. Park and K. K. O., “Body bias dependence of 1/f noise in NMOS
transistors from deep-subthreshold to strong inversion,” IEEE Trans.
Electron Devices, vol. 48, no. 5, pp. 999–1001, May 2001.

[35] K. Jainwal, K. Shah, and M. Sarkar, “Low frequency noise reduction
using multiple transistors with variable duty cycle switched biasing,”
IEEE J. Electron Devices Soc., vol. 3, no. 6, pp. 481–486, Nov. 2015.

[36] A. S. Roy and C. C. Enz, “Analytical modeling of large-signal cyclo-
stationary low-frequency noise with arbitrary periodic input,” IEEE
Trans. Electron Devices, vol. 54, no. 9, pp. 2537–2545, Sep. 2007.

[37] K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, “A unified model for
the flicker noise in metal-oxide-semiconductor field-effect transistors,”
IEEE Electron Device Lett., vol. 37, no. 3, pp. 654–665, Mar. 1990.

[38] C. Jakobson, I. Bloom, and Y. Nemirovsky, “1/f noise in CMOS
transistors for analog applications from subthreshold to saturation,”
Solid-State Electron., vol. 42, no. 10, pp. 1807–1817, Oct. 1998.

[39] Y. Maneglia, F. Rahmoune, and D. Bauza, “On the Si-SiO2 inter-
face trap time constant distribution in metal-oxide-semiconductor
transistors,” J. Appl. Phys., vol. 97, no. 1, Dec. 2004, Art. no. 014502.

[40] N. Zanolla et al., “Reduction of RTS noise in small-area MOSFETs
under switched bias conditions and forward substrate bias,” IEEE
Trans. Electron Devices, vol. 57, no. 5, pp. 1119–1128, May 2010.

[41] X. Wang, “Noise in sub-micron CMOS image sensor,” Ph.D. dis-
sertation, Electron. Instrum. Lab., TU Delft, Delft, The Netherlands,
2010.

[42] A. Papoulis and S. U. Pillai, Probability, Random Variables, Stochastic
Processes, 4th ed. New York, NY, USA: Tata McGraw-Hill Educ.,
2002.

[43] R. J. Kansy, “Response of a correlated double sampling circuit to
1/f noise [generated in CCD arrays],” IEEE J. Solid-State Circuits,
vol. 15, no. 3, pp. 373–375, Jun. 1980.

[44] C. C. Enz and G. C. Temes, “Circuit techniques for reducing
the effects of op-amp imperfections: Autozeroing, correlated double
sampling, and chopper stabilization,” Proc. IEEE, vol. 84, no. 11,
pp. 1584–1614, Nov. 1996.

[45] J. Koh, D. Schmitt-Landsiedel, D. Thewes, and R. Brederlow, “A com-
plementary switched MOSFET architecture for the 1/f noise reduction
in linear analog CMOS ICs,” IEEE J. Solid-State Circuits, vol. 42,
no. 6, pp. 1352–1361, Jun. 2007.

[46] A. Blaum, O. Pilloud, G. Scalea, J. Victory, and F. Sischka, “A new
robust on-wafer l/f noise measurement and characterization system,”
in Proc. IEEE Int. Conf. Microelectron. Test Struct., vol. 14, Mar. 2001,
pp. 125–130.

[47] C. Q. Wei, Y.-Z. Xiong, and X. Zhou, “Test structure for character-
ization of low-frequency noise in CMOS technologies,” IEEE Trans.
Instrum. Meas., vol. 59, no. 7, pp. 1860–1865, Jul. 2010.

KAPIL JAINWAL received the B.Eng. degree in
electronics and instrumentation from SGSITS,
Indore, in 2005 and the M.Tech. degree in
electronic systems from the Indian Institute
of Technology Bombay, India, in 2008. He
is currently pursuing the Ph.D. degree in
low-frequency noise modeling and reduction
techniques for CMOS image sensors with
the Electrical Engineering Department, Indian
Institute of Technology Delhi, India. Since 2013,
he has also been an Assistant Professor with

the Department of Electronics and Communication Engineering, LNMIIT,
Jaipur. His professional interests include analog/mixed-mode circuits and
CMOS image sensors.

MUKUL SARKAR received the M.Sc. degree from
the University of Technology, Aachen, Germany,
in 2006 and the Ph.D. degree in biologically
inspired CMOS image sensor from the Delft
University of Technology, Delft, The Netherlands.
He was a Full-Time Resident of IMEC from
2007 to 2011. From 2003 to 2005, he was a
Research Assistant of detection and analysis of
bio-signals with the Philips Institute of Medical
Information, Aachen. Since 2012, he has been
an Assistant Professor with the Department of

Electrical Engineering, Indian Institute of Technology Delhi. His current
research interests lie in the areas of solid-state imaging, bio-inspired vision
systems, analog/digital circuit design, and machine vision.

KUSHAL SHAH received the B.Tech. and
Ph.D. degrees from the Electrical Engineering
Department, Indian Institute of Technology
Madras, India, in 2005 and 2009, respectively.
From 2009 to 2010, he was a Post-Doctorate
Fellow with the Weizmann Institute of Science,
Israel. In 2010, he joined Jawaharlal Nehru
University, New Delhi, India, as an Assistant
Professor and later as the GN Ramachandran
Fellow. In 2012, he joined the Indian Institute of
Technology Delhi, India, as an Assistant Professor

with the Department of Electrical Engineering. Since 2017, he has been
an Associate Professor with the Department of Electrical Engineering and
Computer Science, Indian Institute of Science Education and Research,
Bhopal, India. His areas of interest are electromagnetic fields, plasma
physics, dynamical systems, and applications of random processes. He was
a recipient of the INAE Young Engineer Award 2014.

VOLUME 6, 2018 431



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


