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Abstract

Digital cameras are rapidly becoming the dominant image capture devices. They are
not only replacing film cameras, but also enabling many new applications. Among
the most important trends in digital camera design is the use of CMOS image sensors
instead of Charge-coupled devices (CCDs). Using CMOS technology enables the
integration of capture and processing on a single chip, which reduces system power
and cost. CMOS image sensors, however, have lower performance than CCDs mainly
due to higher temporal noise and nonuniformity.

Temporal noise sets the fundamental limit on image sensor performance under
low illumination and in video applications. In a CCD image sensor, noise is primarily
due to the photodetector shot noise and the output amplifier thermal and 1/f noise.
CMOS image sensors suffer from higher noise than CCDs due to the additional pixel
and column amplifier transistor thermal and 1/f noise, and noise analysis is further
complicated by the nonstationarity of the circuit models and the 1/f noise, and the
nonlinearity of the charge to voltage conversion.

The thesis presents the first complete and rigorous analysis of temporal noise in
CMOS image sensors that takes into consideration these complicating factors. Us-
ing time domain analysis, instead of the more traditional frequency domain analysis
method, we find that the reset noise power due to thermal noise is at most half of
its commonly quoted KTC value. This fundamental result is corroborated by sever-
al published experimental data including data collected in our lab. The lower reset
noise, however, comes at the expense of image lag. We find that alternative reset
methods such as overdriving the reset transistor gate or using a pMOS transistor can

alleviate lag, but double the reset noise power. We propose a new reset method that

v



alleviates lag without increasing reset noise. To analyze the effect of 1/f noise on
CMOS image sensors we introduce a nonstationary extension of the recently devel-
oped, and generally agreed upon physical model for 1/f noise in MOS transistors. We
show that this nonstationary model can be used to obtain accurate estimates of the
effect of 1/f noise in switched circuits such as ring oscillators. Using our model and
time domain analysis, we find that the conventional frequency domain analysis results
using the stationary noise model can be very inaccurate, especially in estimating the

1/f noise effect of the reset transistor.
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Chapter 1

Introduction

1.1 CCD and CMOS Image Sensors

As more and more people have gained access to the rapidly expanding internet and the
ever increasing personal computing power, digital cameras are becoming very popular.
Figure 1.1 plots the block diagram of a typical digital camera system. The camera
can capture the optical scene and convert it directly into digital format. All the
traditional imaging pipeline functions, such as color processing, image enhancement
and image compression, can also be integrated into the camera. This enables the
quick processing and exchange of images. In addition, they can be made with small
size, light weight, low cost, and low power. As a result, digital cameras are quickly
replacing traditional film cameras. The unique features of digital cameras also enable
many new applications, such as network teleconferencing, video phones, guidance and
navigation, automotive applications, and robotic and machine vision, etc.

Most of the digital cameras today use the charge-coupled devices (CCDs) to im-
plement the image sensors. Figure 1.2 depicts the block diagram of the widely used
interline transfer CCD image sensors. In the CCD image sensors, incident photons
are converted to charge and then accumulated by the photodetectors during expo-
sure time. During the following readout time the accumulated charge is sequentially
transferred into the vertical and horizontal CCDs, and finally shifted to the chip level

output amplifier, where it is converted to voltage signal.
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As the currently dominant image sensor technology used by digital cameras, CCD
image sensors can achieve superior noise performance and uniformity, with high fill
factor, small pixel size, and large formats. Some limited signal processing operations
have also been demonstrated using CCD. The reason that CCD image sensors have
low noise and high uniformity is that the charge from every pixel is sequentially
converted to voltage signal by the same chip level output amplifier.

However, this sequential readout of pixel charge limits the readout speed. Even
worse, because CCDs are high capacitance devices and all the CCDs are switched
at the same time with high voltages during readout, CCD image sensors usually
consume lots of power. Furthermore, since CCDs cannot be easily integrated with
CMOS circuits due to additional fabrication complexity and increased cost, it is very
hard to integrate all the camera functions onto a single CCD chip. Instead, multiple
chips have to be used. So normally CCD image sensors based digital cameras are
relatively large in size and consume high power, and thus are not well suited for
portable and embedded imaging applications.

To build portable and embedded imaging systems, it is critical to have the ca-
pability of integrating the image sensor together with the circuitry that drives the
image sensor and performs on chip signal conversion and processing. This high level
of integration not only enables small size of the imaging systems, but also reduces
the power consumption and simplifies the system interface. Since Complementary
Metal-Oxide-Silicon (CMOS) technology is well suited for implementing on chip sig-
nal processing circuits, people start looking at using CMOS technology to implement
the image sensors. This leads to one of the most important trends in digital camera
design, which is the use of CMOS image sensors instead of CCDs as the imaging
devices.

Figure 1.3 plots the block diagram of a typical CMOS image sensors. Unlike
CCD image sensors, it adopts a digital memory style readout, using the row decoders
and column amplifiers. By doing so, it overcomes many of the problems that CCD
image sensors have. Readout now can be very fast and consumes very low power.
Random access of pixel values becomes possible, allowing selective readout of windows

of interest. Analog signal processing can be integrated onto the same substrate, as
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already been demonstrated by some of the video camera systems on a single chip.
Analog to digital converters have also been integrated onto the same chip, making it
possible to perform the vast variety of digital signal processing and image processing

on chip.

Word

Row Decoder

Pixel: /
Photodetector

and Access

Devices Bit

Column Amplifiers —‘}

Output Amplifier

Column Decoder

Figure 1.3: Block diagram of a typical CMOS image sensors.

1.2 Noise in CMOS Image Sensors

Despite all the advantages, however, CMOS image sensors have poorer performance
when compared to CCD image sensors, and thus have been limited to low end imaging
applications so far. Because CMOS image sensors in general have higher temporal
noise, higher fixed pattern noise, higher dark current, smaller full well charge capaci-
tance, and lower spectral response, they cannot provide the same wide dynamic range

(DR) and superior signal to noise ratio (SNR) that the CCD image sensors enjoy. To
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see why this is the case, we briefly go over the history of CMOS image sensors here. A
detailed review of CMOS image sensors, including their ancestor MOS image sensors,
can be found in [10, 11] by Fossum.

Although MOS image sensors first appeared in the late 1960s [55], most of today’s
CMOS image sensors are based on the study around the early 1980’s. During that
time passive pixel sensor (PPS) was the CMOS image sensor technology of choice [8,
9, 39, 37, 38|, which contains a photodetector and a single pass transistor within each
pixel. Charge sensing is used to readout the signals.

In the early 1990s active pixel sensor (APS) [10, 33, 32] becomes popular. In
contrast to the PPS approach that uses a simple switch to connect the pixel signal
charge to the column bus capacitance, APS adds some more active transistors to each
pixel. The in pixel active transistors can provide both gain and buffering functions,
and thus achieve lower noise readout, improved scalability to large array formats,
and higher speed readout, compared to PPS. With the advent of deep submicron
CMOS technologies and microlenses, APS has now become the CMOS image sensor
technology of choice [30, 46, 36].

Most recently digital pixel sensor (DPS) [13, 58, 60] emerges. Unlike APS and
PPS, where the analog to digital (A/D) conversion is performed at chip level or
column level, DPS integrates an A/D converter into each pixel. By performing the
A/D conversion in parallel for all pixels, the DPS holds the promise of even faster
operation, lower power, and higher SNR, when compared with APS.

Because each pixel contains one or more transistors, fixed pattern noise (FPN)
had been the primary concern for CMOS image sensors. This was also one of the
major reasons that helped CCD image sensors to become the dominant solid state
imaging technology. Fortunately the development of both on chip signal processing,
mainly the correlated double sampling (CDS) technique, and off chip digital signal
processing (DSP) have helped to reduce the FPN to acceptable range.

However, temporal noise performance of CMOS image sensors still lag behind
CCD image sensors. Since it sets the fundamental limit in sensor dynamic range,
and reduces the sensor signal to noise ratio especially under low light conditions, high

end imaging applications usually have abandoned CMOS sensors so far. Thus a fully
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understanding of noise mechanism in CMOS image sensors becomes necessary, and
is essential to guide the development of the next generation of CMOS image sensors.

In a CCD image sensor, temporal noise is well studied and characterized. It
is primarily due to the photodetector shot noise and the output amplifier thermal
and 1/f noise. CMOS image sensors suffer from higher noise than CCDs due to the
additional pixel and column amplifier transistor thermal and 1/f noise, and noise
analysis is further complicated by the nonstationarity of the circuit models and the
nonstationary noise sources including 1/f noise, and the nonlinearity of the charge to
voltage conversion.

There have been extensive study on noise in CMOS image sensors. During the
whole procedure of design, fabrication, and characterization of CMOS image sensors,
noise is always one of the most important parameters to be considered. This previous
study helps us tremendously in understanding the noise problem in CMOS image sen-
sors. However, in previous work it is often assumed that the circuit is time invariant,
and that the noise sources are stationary. Stationary noise of a time invariant circuit
can be readily analyzed in the frequency domain using spectral density functions.

In real image sensors the situation is quite different. The voltages, currents,
conductances, and capacitances of the sensor circuitry are often changing rapidly. As
a result, the noise is not stationary and the circuit is not time invariant. Under such
conditions, the conventional frequency domain analysis often fails to generate results
that are consistent with experiments.

Since MOSFETSs are used inside each pixel, CMOS image sensors exhibit higher
1/f noise compared with CCD. This type of noise is particularly annoying to ob-
servers because of the low pass filtering characteristics of human eyes. The common
technique for reducing 1/f noise is to increase the gate area of the transistor. How-
ever, in CMOS image sensors one must conserve as much chip area as possible for
the photodetector. Even if the size can be increased, the use of a large area leads
to an excessive input capacitance, which can adversely affect the charge conversion
efficiency and bandwidth. The analysis of 1/f noise in a time varying circuit, again,
is not well established.

In this thesis, we present the first complete and rigorous analysis of temporal noise
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in CMOS image sensors that takes into consideration these complicating factors. We
focus on developing the methodology and models. Since APS is the technology of
choice for now and it well demonstrates the methods to analyze noise in CMOS image
sensors, we will use it as the example sensor throughout this thesis. The methodology
and models we developed here can be easily applied to analyze temporal noise in other

image sensors, including both PPS and DPS.

1.3 Thesis Organization

Chapter 2 introduces the backgrounds for analyzing noise in CMOS image sensors.
We first review the mathematical background for noise analysis, including random
variables and random processes. We then go over the noise models of basic integrated
circuit components, and introduce the superposition principle of finding the total
output noise power for a linear circuit. We also describe the circuit, operation, and
noise sources of CMOS photodiode APS, which we will use as an example throughout
the thesis.

Chapter 3 presents a detailed and rigorous analysis of noise due to thermal and
shot noise sources in photodiode APS. We show that during reset the conventional
frequency domain noise analysis method cannot be applied. To calculate reset noise
power we consider the time varying reset circuit model and perform time-domain
noise analysis using the MOS transistor subthreshold noise model. We find that reset
noise power is at most half of its commonly quoted % value, which corroborates the
published experimental results. The lower reset noise, however, comes at the expense
of image lag. We propose a new “pseudo-flash” reset method, which can alleviate
image lag without increasing reset noise. We then present an analysis of photodiode
shot noise that takes into consideration the nonlinearity of the photodiode charge to
voltage conversion.

Chapter 4 describes the setup and methods we use to characterize CMOS APS.
Using them we measure the capacitance, conversion gain, quantum efficiency, pattern
noise, and temporal noise for the test structures fabricated in 0.35u CMOS process-

kT

es. We find that the measured reset noise mean square value is indeed close to 55.
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The measured SNR curve also matches well with our analysis. We demonstrate the
incomplete reset induced image lag.

Chapter 5 proposes a nonstationary extension of the standard 1/f noise model,
which accurately models 1/f noise when the transistor is switched from the off to the
on state. We apply our nonstationary model to estimate the effect of 1/f noise on a
periodically switched transistor, and a ring oscillator, respectively. In both cases we
find that our estimates are consistent with the reported measurement results.

Chapter 6 presents the analysis of 1/f noise in CMOS APS. We analyze the 1/f
noise due to the pixel level transistors using time domain analysis and our nonsta-
tionary 1/f noise model. We show that the conventional frequency domain analysis,
which requires an arbitrarily defined low cutoff frequency, can produce very inaccurate
estimates of 1/f noise power.

Finally chapter 7 concludes the thesis and discusses the most likely directions for

future related research.



Chapter 2

Temporal Noise in CMOS Image

Sensors

2.1 Introduction

Temporal noise is the temporal variation in pixel output values under constant illumi-
nation. Usually temporal noise in image sensors increases when the illumination gets
stronger. At the same time the signal also increases, with a even faster speed. As a
result the signal to noise ratio (SNR) usually improves as the illumination increases.
Since it is SNR, instead of noise, that directly affects the image quality, the noise
effect is most pronounced at low illumination levels. Noise also sets a fundamental
limit on image sensor dynamic range (DR), which is another very important image
quality metric.

There are many sources that can cause temporal noise in CMOS image sensors.
Shot noise occurs when photo-electrons are generated and when dark current electrons
are presented. Additional noise is added when resetting the photodetector (reset
noise) and when reading out the pixel value (readout noise). If the output analog
signal is to be digitized, then quantization noise must also be included. Power supply
fluctuation can be coupled to the image sensor array and thus cause noise. Noise can
also be injected to the sensor from peripheral circuits through substrate coupling.

The environmental interferences such as temperature variation, light source humming,
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electromagnetic field, etc., can cause the fluctuation in the sensor output, and thus
cause the temporal noise.

Some of the noise can be minimized by good circuit design practice. For example,
substrate noise can be reduced by carefully implementing guard rings or by changing
the layout. The power supply noise can be reduced by increasing the readout circuit
power supply rejection ratio, or by simply using a cleaner power supply. Environmen-
tal interferences can be reduced by shielding, cabling, grounding, or by rearranging
the whole setup. In the thesis, we are mainly concerned with the intrinsic noise that
is generated internally by the CMOS image sensors. The intrinsic noise usually is
hard to suppress, and is resulted from the physics of the integrated circuit devices.
It includes three major types of noise, namely thermal noise, shot noise, and flicker
noise.

In this chapter we go over some of the math and circuit background that is needed
to analyze noise in CMOS image sensors. Then we describe the circuit and operation
of CMOS active pixel sensors (APS), which we will be using as an example throughout
the thesis.

The rest of the chapter is organized as follows. In section 2.2, we introduce the
mathematical background for noise analysis, including random variables and random
processes. In section 2.3 we describe the noise models of the basic integrated circuit
components, and introduce the superposition principle of finding the total output
noise power for a linear circuit. In section 2.4, we describe the circuit and operation
of CMOS Active Pixel Sensors (APS). We then summarize the noise sources in CMOS
APS.

2.2 Mathematical Background

Noise phenomena normally have the property that we do not specify precisely what
magnitudes are observed at what time, either because we do not have the complete
knowledge or because the precise description is not necessary. For this reason noise
samples are conventionally modeled as continuously valued random variables, and

noise waveforms are modeled as random processes. A continuous valued random
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variable X is completely specified by its probability density function (pdf)

fx@ 20, [ frlaydo =1, (2.1)

From pdf one can calculate all the moments of the random variable. Among them

the most important two for noise analysis are the mean

and the mean square

X? = /OO 2? f(x)dw.

—00
Mean square is often interpreted as the average power of a signal X. Square root
of this power (denoted as RMS) represents a equivalent constant signal with constant
power equaling to the average power of X. From the mean and mean square, we can
calculate the variance of X
ok = X2 — (X),

which is interpreted as the square distance of X from its mean. When X has zero
mean, its variance is equal to the mean square. Variance is often used to estimate
the noise power.

The most often used random variable in noise analysis is Gaussian random vari-
able. It is used to describe the magnitude distribution of a large variety of noise
sources, including thermal, shot, and 1/f noise. Gaussian random variable has the

well known “Bell Curve” pdf as depicted in Figure 2.1

] e
flz) = e x . (2.2)

\/2mo%

In noise analysis, we also need to know the relationship between the noise sam-

pled at different time points. This is conveniently modeled by a collection of multiple
continuously valued random variables, which is completely specified by the joint prob-

ability distribution function. In the simplest case of two random variables X and Y,
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Figure 2.1: Probability density function of a Gaussian random variable.

the joint pdf f(x,y) must satisfy that

f(z,y) >0, /O:O /o:of(x,y)dxdy = 1. (2.3)

The relationship between these two random variables X and Y is then described

by the correlation function
XY :/ / xy f(x,y)dzdy. (2.4)

If XY = X .Y, then X and Y are uncorrelated. If f(z,y) = fx(x)fy(y) they
are independent of each other. It can be easily shown that two independent random
variables must be uncorrelated. The reverse statement does not hold in general,
although for jointly Gaussian random variables it is true.

A random process X (t), —oo < t < oo is used to model the noise waveform.
It is an infinite collection of random variables (noise samples) indexed by time t.
For any time instances ty,ts, ..., ¢, , the samples X (¢;), X (t2),..., X (¢,) are random
variables. In noise analysis, it is often important to know the process mean X (¢) and
autocorrelation function Ry (t +7,t) = X (t + 7)X (t).

Many important noise processes are modeled as stationary random processes, ¢.¢.,

processes with time invariant statistics. If both mean and autocorrelation function
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are time invariant, i.e., X(t) = p and Rx(t + 7,t) = Rx(7), then X(¢) is a wide
sense stationary (WSS) process and its autocorrelation function has the following

properties

e Rx(0) = X?2(t), which has the interpretation of average process power.

e Rx(7) is an even function.

e |Rx(7)| < Rx(0), for all 7.

The power spectral density (psd) of a WSS process X (¢) is the Fourier Transform
of Rx (1)

Sx(f) = FIRx(M] = [~ R(re™rdr, —so<f<o0  (23)

It can be shown that the psd must satisfy

e Sx(f) >0, and is an even function.

o P=X2(t) = [ Sx(f)df.

o P[f1, f2] =2 [ Sx(f)df,

where P denotes average power, and P[f1, f2] denotes average power in frequency
band [f1, f2].
Of special importance to noise analysis is the band-limited white noise process. It

is a WSS process, with zero mean X () = 0, and a flat band-limited psd, as shown in

Figure 2.2
5, Ifl<B
Sx(f)=< 2’ 2.6
x(f) { 0, otherwise (2:6)
So the autocorrelation function is
in 27 B
Rx(r) = PB22""2T _ pBsinc2Br, (2.7)

2w BT

which is depicted in Figure 2.3. In Figure 2.4 we plot an example waveform of a

band-limited white noise process.
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Figure 2.2: Power spectral density of a band-limited white noise process.
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Figure 2.3: Autocorrelation function of a band-limited white noise process.
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Figure 2.4: Waveform of a band-limited white noise process.
Now let B — oo, we get a white noise process. This is also WSS with
X(t) = 0,
Rx(t) = 50(71), (2.8)

r
2
Sx(f ) = § Vf.

If X(t) is a Gaussian random variable, then the white noise process is a white
Gaussian noise (WGN). Two of the most important noise processes in integrated
circuits, thermal and shot noise, are modeled as WGN processes.

In noise analysis it is often required to estimate the mean and the autocorrelation
function of a stationary (and ergodic) noise process. There are two approaches to
estimate them: the ensemble average and the time average. In the ensemble average
approach, a large number of identical systems are constructed. They are measured
simultaneously to extract the statistics we are interested. Although very powerful in
theoretic noise analysis, this approach is not well suited for noise measurements. This
is simply because a large number of identical systems are not available in practical
experiments. Instead, the time average approach is often used to analyze experimental
noise data, as far as the noise process is ergodic. In this time average approach, the

mean is estimated by
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< X(t) >p= %/OTX(T)dt, (2.9)

and the autocorrelation is estimated by
1 /T
< Rx(1) >r= 7 / X(T)X(T + 7)dt. (2.10)
0

Power spectral density is then found to be

n

> Fl< Rx(7) >%). (2.11)

=1

Sx(f) = -

n
Note here that the psd cannot be estimated using the periodogram
F[< Rx (1) >7].

The estimator mentioned here estimates Rx(7) n times and takes the average of the

periodograms.

2.3 Noise in Integrated Circuits

In this section we introduce the physical models that are often used to analyze the
noise in integrated circuits. We first describe the basic noise sources in integrated
circuits. Then in subsection 2.3.2 we summarize the noise models of the most often
used devices in CMOS image sensors, including the photodiode and the MOSFET.
In subsection 2.3.3 we show how the noise contributions from different devices are

summed together, to get the total output (or input) referred noise power.

2.3.1 Fundamental Noise Sources

There are many sources that can cause noise in today’s integrated circuits, such as
power supply fluctuation, EM interference, substrate coupling, etc. Often times these
external interferences can be reduced to acceptable level, either by proper circuit

design practice, or by carefully applying shielding and grounding techniques. In this
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subsection we focus on the intrinsic noise that is hard to suppress, including thermal

noise, shot noise, and flicker noise.

Thermal noise is generated by random thermally induced motion of electrons in re-
sistive region, e.g., carbon resistors, polysilicon resistors, MOS transistor chan-
nel in strong inversion. It is zero mean, and has a very flat and wide bandwidth

(GHzs) Gaussian psd. Consequently it can be modeled as white Gaussian noise.

Thermal noise is represented either as a voltage source in series with a resistor

R, as shown in the left part of Figure 2.5, with psd
Sv(f) =2kTR, Yf (2.12)

or equivalently as a current source in parallel with R with psd

%T

S =50 VI (2.13)

as shown in the right part of Figure 2.5.

I(t)

=

R

@ /\/\/\/\/— R
_4\/\/\/\/__

Figure 2.5: Noise model of a thermal noise source.

Shot noise is associated with the flow of current in diodes and bipolar transistors. It
is generated by the fluctuations occurring when carriers cross a depletion region.
There must be both a flow of current and a potential barrier to generate shot
noise. Shot noise is also modeled as WGN;, since it is zero mean, Gaussian and

has a very flat and wide bandwidth psd. Shot noise is often represented by a



CHAPTER 2. TEMPORAL NOISE IN CMOS IMAGE SENSORS 18

® O

Figure 2.6: Noise model of a shot noise source.

current source in parallel with the dc source i as shown in Figure 2.6. Its psd

is proportional to ¢

Si(f)=gqi, Vf (2.14)

where ¢ is the electron charge in Col.

Flicker noise is caused by traps due to crystal defects and contaminants in electronic
devices. These traps randomly capture and release carriers, causing carrier
number fluctuation. As a result, it is associated with dc¢ current flow in both

resistive and depletion regions.

Flicker noise has zero mean and psd that falls off with f

<c<2 (2.15)

Often in semiconductor devices n = 1, and thus it is also called 1/f noise. The

typical double sided 1/f noise psd is sketched in Figure 2.7

2.3.2 Noise Models for Photodiode and MOSFET

In this subsection we describe the noise models for the most commonly used semi-
conductor devices in CMOS image sensors, the photodiode and the MOSFET.
The dominant sources of noise in a photodiode are shot noise and 1/f noise due

to the photocurrent and the dark current. In Figure 2.8 we plot the equivalent
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Figure 2.7: Power spectral density of 1/f noise.

OBOIROT

Figure 2.8: Noise Model of photodiode.

circuit model of a photodiode with two current sources representing shot and 1/f
noise respectively.

The two current noise source have zero means and psds

Sh(f) = Q(.iph_kidc) vf (2.16)
Si(f) = m for [ f] € [fmins frnaa), (2.17)

where 0.5 < ¢ < 2 and a is a constant that depends on the physical characteristics of
the diode.
Note that the two noise sources are statistically independent. Shot noise is caused

by the electrons that randomly cross the depletion region. 1/f noise on the other
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hand, is caused by the fluctuations in the surface recombination velocity and by
the fluctuation in bulk carrier mobility. Thus it is often proportional to the density
of surface states [27, 44, 52]. As a result, the 1/f noise is not simply related to
the total current in the diode, but rather depends on the mechanism by which the
current was generated. Typically the photodiodes in CMOS image sensors are reverse
biased, where only dark current generates 1/f noise. By comparison, the shot noise
is generated by the total current, including both dark current and photocurrent. In
normal operation, the photocurrent should be much larger than the dark current, and
thus 1/f noise in photodiode is much smaller than shot noise. Even if the currents
causing shot and 1/f noise are the same, i.e., under dark condition, 1/f noise is still
less than shot noise unless the diode is operated at very low frequency, e.g., below
1Hz.

Now we review the noise model for MOSFET, which is more complicated since
it depends on the operating point of the transistor. In the traditional analog circuit
design, MOS transistors are often biased into strong inversion regime. In this regime,
the MOS transistor channel is resistive, and thus the dominant source of noise is
thermal noise. Recently there are more and more circuit designs that use transistors
biased in subthreshold regime. By doing so the designer can lower the power con-
sumption, increase the circuit speed, or perform some analog signal processing. In
the subthreshold regime, i.e., for 0 < v, < vy, the dominant source of noise becomes
shot noise. This is because in this regime the MOS transistor is operated in a way
that is very similar to a bipolar transistor. In addition to the thermal or shot noise,
MOS transistor also suffers from 1/f noise, which is mainly due to the traps in the
gate oxide.

Noise in a MOS transistor is modeled by two statistically independent current
sources, I;(t) for the thermal (or shot) noise and I5(t) for the flicker noise, in parallel

with the drain current i4, as shown in Figure 2.9
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D D Do

Figure 2.9: Noise Model of MOS transistor.

The thermal (or shot) noise source is modeled as a WGN with zero mean and psd

2kT(2g,) saturation

Sn(f) =4 %I linear (2.18)
qiq subthreshold,

where ¢,, is the MOS transistor small signal transconductance, R is the transistor
(source to drain) resistance in the linear region, and iy is the drain current in sub-
threshold region.

The transconductance g, can be further expressed as a function of bias voltages

i W
= = pCop—(vgs0 — v1) (1 + Avgso), (2.19)

9m =
avgs Vds = Udso L

Vgs = Vgs0

where p is the majority carrier mobility, C,, is the gate capacitance density, vy, is
the drain source voltage, v, is the gate source voltage, vr is the transistor threshold
voltage, W and L are the transistor channel width and channel length, and A is the
channel length modulation coefficient.

Similarly, the resistance R is given by

Ovys %% B
=t ()ucowf(vgsﬂ —ur)) (2.20)

R = A
Oig
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provided that

Vds0 < (Ugsﬂ — 'UT)-

The drain current in subthreshold is an exponential function of the bias voltages,

and is given by

W kvgs—(1—k)vg v
i = fioe_g—vt Y(1—e ), (2.21)

where vy, is the gate to source voltage, vy, is the drain to source voltage, vy, is the
source to bulk voltage,  is the gate efficiency factor, v; = %, and 1 is a constant
that depends on the transistor threshold voltage. Here x can be computed from the

gate capacitance and depletion capacitance

Co:z;
Co:z; + Cdepletion

K =
The flicker noise source I5(t) has zero mean and psd

Si(f) = a% A?/Hz, (2.22)
where a depends on the physical characteristics of the transistor. We will discuss

flicker noise in detail in chapter 5.

2.3.3 Analysis of noise in linear circuits

In a practical circuit there usually exist multiple noise sources, and we are interested
in finding the total noise power at a particular node, which is often either the output
node or the input node. This requires the knowledge of transferring noise from its
source to that particular node. Since noise is typically much smaller than signal, we
can use linearized circuit models to analyze the effect of the different noise sources
on the total noise power at that particular node.

In this section, we first describe how the linearized models can be used to analyze
noise in linear circuits. We present two important examples that are often used in the
analysis of noise in CMOS image sensors, the integrator circuit and the RC circuit.

Then we discuss the noise analysis in linear circuits when multiple noise sources are
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presented.

We shall see soon in the later part of the chapter that these methods are not
sufficient to derive all the results we need to analyze noise in CMOS image sensors.
Even if we use linear circuit models, in general the analysis can be complicated if the
circuit is not in steady state, if the circuit parameters are time varying, or if the noise
is not stationary. Furthermore, under some cases, the linear model itself has to be
abandoned because the nonlinearity is pronounced.

We start with the integrator circuit as plotted in Figure 2.10. Assuming a zero
mean WSS current source process I(t) is applied to the integration capacitance at

time ¢ = 0, the output noise voltage for t > 0 is given by

Vi) == [ 1), (2.23)

t=20

1) () —C Vilt)

Figure 2.10: Integrator circuit.

Thus the mean is V,(t) = 0, and the average power is

720 = %/Ot/otl(tl)-l(tg)dtldtg

1 t rt
== @/0 /0 R[(tl—tg)dtldtg

1

= o [ - )R,
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X({t) —» h(t) — Y(t)

Figure 2.11: Linear time invariant circuit.

where R;(7) is the process autocorrelation function. If I(¢) is a white noise process

with psd £, then R;(r) = £4(r) and

V0 = [ 6=l strdr (2.21)
- £, (2.25)
2C7?

Now consider a linear time invariant circuit with impulse response h(t) and input
zero mean WSS voltage or current source process X (t), as shown in Figure 2.11. In

steady state, the output process Y (¢) is also WSS with zero mean and

Sy(f) = [H(f)I*- Sx(f), (2.26)

where H(f) = F[h(t)] is the circuit transfer function.

Equation 2.26 is the basis of analyzing noise in linear time invariant circuits. The
most often cited example using this equation is the RC circuit noise analysis, which
results in the well known kT /C noise.

In Figure 2.12 we plot this simple RC circuit, where V;(¢) is the thermal noise
associated with R with psd Sy,(f) = 2kT'R. The transfer function of the circuit is

given by .
Hf)=——— 2.27
(£) 1+ 527 fRC’ ( )
and thus
1

HNI = 1= 2n RO (2.28)
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R
+
Vi(t) —C v,m
Figure 2.12: RC circuit.
So the output noise voltage psd is given by
Sv.(f) = kT R— (2.29)
oA 1+ (2rfRC)?’ ‘
and the average output power is

2O = [ sulhdr
B /00 2kT Rdf
 Jeo 1+ (27fRC)?
_ 2KTR tan(z) [
= 5 po actan(z)|Z,
kT
-

Note that V2(¢) = &% is independent of R. This is because R is related to both the
noise source psd and the circuit noise bandwidth. If R is increased, the noise source
psd becomes higher, but the noise bandwidth becomes smaller in the same ratio. The
two effects cancel each other and the total output noise power is kept unchanged.
Now consider a linear time invariant circuit with multiple zero mean, uncorrelated

WSS noise sources Vi(t), Va(t), ..., Vi(t), as shown in Figure 2.13.
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Va(t) Vi(t)
Vi(t) Linear Time Invariant Circuit V,(t)

Figure 2.13: A linear time invariant circuit with multiple noise sources.

In steady state, the output noise voltage V, () is a zero mean WSS with psd

k

Sv, (f) = X [Hi(£)*Svi (f), (2.30)

=1

where H;(f) is the transfer function from the ith source to the output, and the average

output power is given by

V2O = [ Sundr = Y VED. (231)

2.4 CMOS Photodiode Active Pixel Sensors

In real CMOS image sensors, the noise may not be stationary, the circuit may not be
time invariant, and the circuit response may not be linear. To analyze noise under
these complicated conditions, one cannot directly apply the methods we summarized
in the previous sections. Instead, new methodology and models must be developed
to accurately estimate the noise.

Throughout the thesis, we will be using CMOS photodiode APS as a particular
example to demonstrate the development of these new methodology and models. So
in this section we first provide an overview of the CMOS photodiode APS circuit and

operation, and then describe the noise sources in this circuit.
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The photodiode APS circuit we analyze in this thesis is a typical 3 transistor
photodiode APS, as shown in Figure 2.14. The circuit can be divided into 3 levels:
pixel level, column level, and chip level. Each pixel circuit contains in addition to
a photodiode, a reset transistor M1, a source follower transistor M2, and an access
transistor M3. The pixel circuit is duplicated to form the sensor array. Column
circuit includes a bias transistor M4, which acts as the current source of the pixel
source follower amplifier, a storage capacitor C,, and some other column amplifier
and signal conditioning circuits. Column circuit is duplicated to form a row placed
at the bottom of the chip. Chip level circuit can be as simple as a buffer that drives
the output pad.

There are two signals connected to each pixel: signal Word and signal Reset. Their
states separate the sensor’s operation into 3 steps: reset, integration, and readout.
The sensor operation is illustrated by the timing diagram at the bottom part of
Figure 2.14. As can be seen, the sensor is reset, and read out one row at a time. At
the end of each row’s integration time, the pixel values are read out and stored onto
the column storage capacitors C,;. The whole row is then reset and the stored pixel
values are transferred to the output amplifier via the column multiplexer. Correlated
double sampling, which is typically performed to reduce fixed pattern noise (FPN), is
not shown in the timing diagram. Its effect on temporal noise can be readily analyzed
using the results derived in the thesis.

We are interested in finding the input referred RMS noise value at node IN in volts.
To compute it, we sum up the output referred noise power generated during each step
of the APS operation, i.e., reset, integration, and readout, and then transfer it back
to input node using the circuit transfer function. Noise generated during readout is
directly computed at the output node. Noise generated during reset and integration
are sampled onto C, first, and then transferred to the output during readout.

In analyzing noise generated during each step of the sensor operation, we will
pay special attention to the pixel level circuit. This is because in a typical CMOS
photodiode APS, pixel level circuit generates most of the noise. It is also because
the noise analysis of pixel level circuit best demonstrates the necessity of developing

new models and methodology. As we shall see in later chapters, the transistors of the
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Figure 2.14: CMOS photodiode APS circuit and timing diagram.
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Steady state Non-steady state
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Access (1/f)

Figure 2.15: Noise sources in CMOS APS pixel level circuit.

pixel level circuit work at almost every possible regime, including saturation, linear,
and subthreshold. They also cover all the combinations of steady/nonsteady state
circuit and stationary/nonstationary noise sources. Even worse, the pixel circuit is
quite nonlinear during the integration time.

Figure 2.15 summarizes the noise sources presented in a typical CMOS APS pixel
level circuit. As can be seen, the analysis of shot and 1/f noise due to the reset
transistor is particularly complicated, involving both a nonsteady state circuit model
(actually time varying) and a nonstationary noise source. By comparison, the ther-
mal noise due to the follower and the access transistor can be accurately estimated
using the stationary noise sources and steady state circuit models. This is the on-
ly combination in the figure that has been accurately analyzed by the conventional
frequency domain noise analysis methods. In the thesis, we will develop methods to
better estimate noise effects for all other 3 combinations.

In the following chapters, we will analyze thermal noise and shot noise, using time
domain noise analysis method to deal with the time varying circuits. Analysis of 1/f
noise then follows. Since the current 1/f noise models are not sufficient to handle
switched circuits, we will start from the basic theorem to derive a nonstationary 1/f
noise model first, and then use it to analyze 1/f noise in CMOS APS.
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2.5 Summary

We reviewed the basic math background that is necessary for noise analysis, including
random variables and random processes. We then go over the often used circuit noise
analysis models and methods, such as the noise models for fundamental noise sources
in integrated circuits, the noise models for basic semiconductor devices in CMOS
image sensors, and the methods to analyze noise in a linear circuit. CMOS photodiode
APS circuit is then presented together with its operation and noise sources. We note
that the pixel level circuit generates most of the noise, and involves all combinations
of steady/nonsteady state circuit models and stationary/nonstationary noise sources.
It is a good example to demonstrate the necessity of developing new models and
methodology to analyze noise in CMOS image sensors, and will be used throughout
the thesis.



Chapter 3

Analysis of Thermal and Shot
Noise in CMOS APS

3.1 Introduction

Hand analysis of thermal and shot noise in CCDs and CMOS APS have been pub-
lished by several authors [49, 19, 23, 3, 56, 34, 5]. Their analysis shows that at low
illumination the dominant source of noise is reset and readout transistors thermal and
shot noise, while at high illumination the dominant source of noise is the photodiode
shot noise. The noise power due to the reset transistor, which is sampled at the end
of reset, is often quoted to be %TV2. Recent experiments [57, 45|, however, showed
that the measured reset noise is significantly smaller than %T In analyzing noise due
to photodiode shot noise it is often assumed that the photodiode charge to voltage
relation is linear. As supply voltage scales with CMOS technology this relation is
becoming increasingly nonlinear.

In this chapter we present a detailed and rigorous analysis of noise due to ther-
mal and shot noise sources in photodiode APS that takes into consideration these
complicating factors. We show that during reset the reset transistor operates in sub-
threshold and steady state is not achieved. As a result, the conventional frequency
domain noise analysis method cannot be applied. To calculate reset noise power we

consider the time varying reset circuit model and perform time-domain noise analysis

31
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using the MOS transistor subthreshold noise model [53]. We show that reset noise
power is at most half of its commonly quoted % value, which corroborates the pub-
lished experimental results. The lower reset noise, however, comes at the expense of
image lag. Since steady state is not reached during reset, the final photodiode reset
voltage depends on its initial value. This problem can be alleviated by overdriving
the gate of the reset transistor or by using a pMOS instead of an nMOS transistor
for reset. These techniques, however, double the reset noise power. We propose a
new “pseudo-flash” reset method, which can alleviate image lag without increasing
reset noise. We then present an analysis of photodiode shot noise that takes into
consideration the nonlinearity of the photodiode charge to voltage conversion. We
again perform time-domain noise analysis using a time varying circuit model. We
find that the nonlinearity actually improves SNR at high illumination.

The rest of the chapter is organized as follows. In section 3.2 we present our
analysis of reset noise using time domain analysis. In section 3.3 we discuss the image
lag due to incomplete reset and present our pseudo-flash reset method. In section 3.4
we present the analysis of the photodiode shot noise that takes into consideration
the nonlinearity of the photodiode charge to voltage conversion. In section 3.5 we
use SPICE to estimate the noise contributions of the follower, access and column
amplifier transistors. We find that the contributions of these transistors to the noise

is negligible compared to reset and photodiode shot noise.

3.2 Noise Due to Reset

During reset the gate of the reset transistor M1 is set to a high voltage, typically
vgq- At the beginning of reset, M1 is either operating in the saturation region or in
subthreshold depending on the photodiode voltage at the end of integration. If the
photodiode voltage is low enough, M1 is in saturation at first and for a very short
amount of time before it goes into subthreshold for the rest of reset. Note that this
source follower reset circuit configuration and operation is widely used also in CCD
image sensors to implement the output stage reset.

The circuit noise model during reset is shown in Figure 3.1. The current source
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I4(t) models the transistor shot noise, while the current source I(t) models the shot
noise due to photodiode dark current i4. and photocurrent i,,. In subthreshold, I,(t)
can be modeled as a white Gaussian noise process with the two sided power spectral
density (psd) [53]

S1,(f) = qiq A?/Hz, (3.1)

where 7,4 is the drain current of M1. The photodiode noise source I4(t) is also mainly

due to shot noise and has the psd

S1,(f) = qliph + iac) A?/Hz. (3.2)
_Ydd_
128
[ iid(t) + I4(t)
Vo (t)

T (Dre Wimria

Figure 3.1: CMOS APS circuit noise model during reset.

If the reset time ¢, is sufficiently greater than the settling time #;e, ¢.€., the
time at which the transistor subthreshold current i; equals the photodiode current

iph + t4c, then steady state is achieved and the average reset noise power is given by

s e — 3)

C
—00 (gml + gmb1)2 1+ (2ﬂfm)2

where ¢,,1 and g5 are the transconductances of M1 in subthreshold, and the factor
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of 2 is due to the fact that in steady state ¢y = ipy, + iq.. Performing the integral we

get that

5 q(iph + tdc)
V2= . 3.4
" de(gml + gmbl) ( )

Since in subthreshold iy = %(gml + Gmp1 ), We get V2 = g—z;, which is the same as the
often quoted reset noise value.

This analysis, however, holds only if steady state is achieved during reset, which
can only occur if the settling time is shorter than the reset time. To find out whether
the circuit is in steady state, we need compute the settling time ¢y ... Applying

Kirchhoft’s current law we get that

dVoa(t)  iq(t) + In(t) — ipn — iac
dt Cpa(Vpa(?)) ’

(3.5)

where I,,(t) = I4(t) + I5(t) and V4 is the photodiode voltage. Assuming that the
signal is much larger than the noise, which is true for the circuit we analyze, we can
express the photodiode voltage during reset as the sum of a signal voltage v,4(t) and
a noise voltage V,,(t), i.e., Vya(t) = vpa(t) + Vo (t), and approximate the capacitance
Coa(Vpa(t)) & Cpa(vpa(t)) + %22V, (t). With these approximations, we can write the

dvpq

signal part of equation 3.5 as

dUpd(t) _ Iph + ldc id(vpd(t))
dt N Opd(vpd(t)) * Opd(vpd(t)) . (36)

To calculate settling time using this equation, we need first find the time ¢; at
which the reset transistor transitions from above to below threshold. The reset tran-
sistor then operates in subthreshold for a period of ty = t4.. — t1 until it reaches
steady state, 4.e., until its drain current almost equals ¢, + %gc.

While the reset transistor is operating above threshold, its drain current is given

by [35] o

ig(t) = ﬁc’oa:,un(vdd — v (Vpa) — Upd)2, (3.7)

where W and L are the transistor channel width and length, C,, is the gate oxide

capacitance (per unit area), p, is the electron mobility, and vy, is the threshold



CHAPTER 3. ANALYSIS OF THERMAL AND SHOT NOISE IN CMOS APS 35

voltage.

Note here vy, is also a function of v,

Vi (Upa) = vino + Y(\ 0pa + 2ln] — /214]) V, (3.8)

where vy, is the threshold voltage at OV source-substrate bias, 7 is the body effect
parameter, and ¢, is the bulk potential.

For most of the reset time M1 operates in subthreshold, and i; can be expressed
as [31]

w (vg —vpa)r  (vpg—vp)(l—k) | (vg—vpa)

ig(t) = ffge[ or or ](1 —e )s (3.9)

where v, is the gate voltage, vg is the drain voltage, v, is the source voltage, v, is
the bulk voltage, x is the gate efficiency factor, vy = %, and [, is a constant that

depends on the transistor threshold voltage.

The transition between above and below threshold occurs when the currents cal-
culated using equations 3.7 and 3.9 are equal. Assuming the circuit parameters of
the test structure which will be described in chapter 4, we find that the transition
voltage vy, i.e., the voltage at which this transition occurs, ~ 2V. The transition time
t1 is < 0.2ns even when the photodiode voltage vy4(0) is very low.

To find t,, we first set v; = 2V and assume that the capacitance Cpq(vpa(t)) = Cpa,

i.e., is independent of t. Defining K, = %Igeﬁ and substituting from equation 3.9

into equation 3.6 then solving it, we get that

ict vy
K K.e?T%ad 'C o
vpal(t) = vpln 0T R0 TP T (3.10)

- C
1.6 T %pd

where 4, = iy, + %4., and the time origin is shifted such that ¢ = 0 corresponds to the
time when the reset transistor enters subthreshold.

Combining equations 3.10 and 3.9 we can explicitly write i4(t) as a function of
time. Now assuming that steady state is achieved for i4(t) = i, we find that

K
In——r—. (3.11)

be iceﬁ — KO

vpC
t2: T»pd
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Thus we get the settling time tsye = t1 + t2, which is more than 1ms for typical
illumination conditions.

Figure 3.2 plots the settling time as a function of photocurrents, which shows that
tserre > 1ms even for very high photocurrents. This settling time is much larger than
the typical reset time, which is typically in the few microseconds range. Therefore
steady state is not achieved during reset and we must analyze the reset noise for a

time varying circuit model using time domain analysis.

20

— — — —
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T T T T
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e
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Figure 3.2: Reset settling time t,.4. vs. photodiode current.

To perform this time domain analysis, first note that iy is a function of (v,q(t) +
V,.(t)). Linearizing around the signal voltage v,q(t) we get that i4(t) ~ i4(vpa(t)) —
g(t)V,(t), where g(t) = —% is the total transistor transconductance. Also note that
during reset the photodiode capacitance changes very little, and thus we can write
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Cpa(Vpa(t)) = Cpa(vpa(t)). The noise part of equation 3.5 is thus given by

dV,(t)
dt

I,(t) = Cpa(vpa(t)) + g(t) Vi (t). (3.12)

Note that this is a general first order linear differential equation and the solution

at the end of reset can be expressed as a functional of the noise source current

ty I (T) _ [tr _g(r0) dro
Vot,) = | =—Fe Jr Gt 0, 3.13
= [ G (3.13)
When the noise autocorrelation function is a ¢ function, which is the case for

thermal and shot noise we get that

7y = [ B 2 i, (3.14)
" o C; (T) ’
where R(7) is the psd of the (white) noise source. For a more general noise process,
a similar formula was derived in [50].

It can be readily verified from equation 3.14 that the contribution from the noise
above threshold is extremely small, and can thus be ignored. We can also ignore the
shot noise associated with iy, + i4., since these currents are much smaller than the
reset transistor drain current. With these simplifying assumptions, R(7) = qiy(7),
and Cpq(7) is a constant, which we denote by Cpq.

To find V2(t,), we need to evaluate the inner integral in equation 3.14. To calculate
g(t), we need to calculate the signal voltage vyq(t) first. Given that iy, +i4. << ig(?),

we can approximate equation 3.10 by

Kyt o
Upa(t) = vpln(—a— + €77 ), (3.15)
UrUpd
where vy = %, K, = %Igeﬁ, vy is the transition voltage, and ¢ = 0 corresponds

v Cpq

to the time when the reset transistor enters subthreshold. We let § = 72 00) be the

thermal time, i.e., the time to charge the photodiode capacitance to vy using i4(0).

Substituting in the I-V characteristics of the MOS transistor in subthreshold, we get
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that

UTde
T+

id(T) ~

Now evaluating the inner integral in equation 3.14 with ¢, — ¢; replacing t,., and
g(t) = 49 we get that

T

(3.16)

=t g(Tp) /trtl 1 tr—t1+0
dry = drg =In————. 3.17
/T Cpa(T0) 7o - To+0 To = T+ ( )

Substituting into equation 3.14, we get the mean square noise voltage at the end of

reset

LT 52

V2(tr) - ic’—pd( - (tr —t +5)2)

n

(3.18)

Thus the mean square reset noise voltage is less than % of the often quoted g—z; value.
Since t, is typically in the few microsecond range, while ¢; < 0.2ns and 0 ~ 6ns for
our test structure circuit, the mean square reset noise voltage value is in fact very
close to % For example assuming C,4 = 22fF, which is consistent with the circuit
in our test structure discussed in section 4.3, we get an input referred RMS reset noise

voltage of 303V at room temperature.

The intuitive reason for the 2’2% result is twofold. First, by inspecting equa-

tion 3.14 we see that the noise decays exponentially while it is being integrated onto
Cpa- In subthreshold where the transistor I-V relation is exponential, the decay and
integration balance each other and the the circuit is in “virtual” steady state. The

second reason is that in the case we are considering, shot noise due to the reset

kT
3 [42].
If reset time is long enough steady state is eventually reached. In this case, the

noise power should become g—j; as calculated using conventional frequency domain
p

analysis. Now we show that time domain analysis gives the same result.

transistor drain current dominates, which in steady state contributes only

When steady state is reached, the noise due to the photodiode photo and dark
currents can no longer be ignored. To simplify notation we define i, = ¢, + i4.. The

autocorrelation function of the shot noise due to both the reset transistor and the
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photodiode is thus given by

1a(t) +qi', t < teertie
2q2:17 t Z tsettle-

Now define ¢' = kT, then for ¢ > tseme g(t) = ¢’. Using equation 3.14 we get the

mean square noise voltage

S Lsettle (17 +qiy - tr H(To)dT te Qqi!, _o [t 44
i = % 7 gy [ Mia 2] i g

tsettle de

_ /tset qld( ) _9 ftT g(TO)dT dT n tset ql 2ftr Q(TO)dTOdT
0

02 0 C’
tr 2q2d 9 ftr dTO
dr
tset C
tsettle 7 —92 tsettle 9(mg) _9 tr g_’
- / q dg )6 fT de dTOd’]' (& ‘ftsettle de dTO
0 Coa
ql:i tsettle (7‘ + 5)2 d _9 fttr Cg_’ddTO
2 B Te settle ~'p
de 0 (tsettle - tl + 6)
2(]@, tr 72—gl—(tr77')
> / e “w dr. (3.20)
Opd tsettle

Using the same method that we derived equation 3.18, equation 3.20 can be sim-

plified into

2 ’
V2(tr) — lk_T(l _ 5 ) 67209_M(trftsettle)
" 2 de (tsettle — tl + 5)2

1 qi}, 63 ~2 8 (tr—tertie)
P78 tse e t 6 - “pd e

+3 Czd(( ttl 1 + ) (tsettle _ tl + 5)2) € P
kT od

+_(1 —e 2de(t tsettle)) (321)
Chpa

—~ lk_T 6*2691:_(1(tr*tsettle) lqi&tsettle *QEng:—d(tr*tsettle)

kT (1 _ 6_2097"1 (tr _tsettle))‘
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The first term of the above equation is due to the reset transistor shot noise during

the non-steady state period. Similarly, the second term is due to the photodiode

v Cpd
tsettie +6

. As expected the second term is smaller

shot noise noise during the non-steady state period. Using i, = i4(tserr1e) ~
lqi:itsettle ~ 1 kT
3 Cg 3 Cha
than the first, since for ¢t < tgee iy < iq(t). The last term represents the noise

(equation 3.16), we get that

generated during ¢ > tsee.

72—9—(15 —t )
C T settle
AS t?" — OO, & pd

approaches zero and the first two terms vanish. This

confirms that the noise generated before ¢, finally decays to zero. The last term on

the other hand approaches (';—7;, which is the same as the steady state result obtained
D

using frequency domain analysis.

We now verify that the above derivation also leads to 2'§7Td for t < tgepe. It is
p

clear that in this case the third term of equation 3.21 does not exist. The second

term can be ignored, since i, < i4(t,), %qé%tr < %g—l; This leaves us with the first
pd p

term which is equal to the right-hand side of equation 3.18.

3.3 Image Lag Due to Incomplete Reset

In the previous section we found that reset noise power is at most half of its commonly
quoted % value. This reduction in noise, however, comes at the expense of image
lag. Since steady state is not reached, the final reset voltage can depend on the
photodiode voltage at the beginning of reset, and thus resulting in image lag. Note
that the source of image lag here is different from the source of image lag in CCDs,
where image lag is caused by incomplete charge transfer and can be eliminated using
a pinned photodiode [48]. In this section, we explore the image lag problem in CMOS
APS, and propose a new reset method, which alleviates lag without increasing reset
noise.

To analyze image lag we assume the standard APS circuit and operation described
in section 2.4. In Figure 3.3, we plot the simulated photodiode voltage waveform for
four different frame to frame illumination conditions assuming integration time ¢;,; =
30ms, reset time ¢, = lus, dark current 74, = 2.3fA, and bright level photocurrent
ipn, = DOfA. The bright condition in the figure refers to the case where the photodiode
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voltage at the end of integration is low enough so that at the beginning of the next

reset, the reset transistor operates above threshold.
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Figure 3.3: Simulated photodiode voltage waveform due to incomplete reset. r; and
ro refer to the end of reset for the first and second frames respectively.

As can be seen, if the first frame is bright, then the final reset voltages for the
two frames are the same. On the other hand, if the first frame is dark, the final
reset voltage for the second frame is noticeably different from that of the first frame,
resulting in image lag. To see why, note that at the beginning of reset, following a
bright frame, the reset transistor operates above threshold (for < 0.2ns). Therefore it
reaches the transition voltage v; very quickly and spends almost all of the reset time
in subthreshold. Thus, the final reset voltage is virtually independent of the initial

photodiode voltage. For example, assuming a 1us reset time, the final reset voltage
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can only vary by at most 54V as a function of the brightness of the previous frame,
which is much smaller than the reset noise.

Reset induced image lag can be eliminated using a pMOS reset transistor or by
overdriving the reset transistor gate as shown in Figure 3.4. In both cases the reset
transistor operates in the linear region during reset. Thus the final reset voltage is
vqq, independent of the initial photodiode voltage, and lag is eliminated. However,
reset noise is significantly increased. First the noise due to the reset transistor is
increased to g—zzl Secondly, noise may be introduced due to the resistive coupling to
the supply voltage [45]. Using pMOS transistor also has the disadvantage of increased

pixel area.

Vdd Vdd Vdd Vdd

Rese e Reset

Word i Word 1

Bit j - Bit j
4| e |_| W()rd 1 4| L |_| Wordi
lzifl'tegration Time| Reset i \:Integration Time«l_L

Figure 3.4: pMOS (left) and overdriving gate (right) reset methods.

To achieve both low reset noise and low lag, we propose the new reset method
shown in Figure 3.5. The reset transistor drain is connected to a signal called Reset_dr
instead of directly to the supply voltage vg4e. As shown in the figure Reset_dr is
dropped to a low voltage, e.g., ground, at the beginning of reset. This “pseudo-
flash” operation ensures that the reset transistor always starts above threshold, thus

eliminating lag. At the same time reset noise is not increased and is still equal to

kT
2Cpq "
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Figure 3.5: Pseudo-flash reset method.
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3.4 Noise Due to Integration

During integration, shot noise due to the dark current 74 and photocurrent ¢,, dom-
inates, with psd S;,(f) = q(ipn + tac) A?/Hz. To analyze noise generated during
integration we again consider equation 3.5 but with the reset transistor turned off. If
we assume that the photodiode capacitance is constant over the integration time, it
is easy to show that the mean square value of the noise voltage sampled at the end

of integration, i.e., at t;,, is given by

= Qi + g

V2(tmn) = %tm. (3.22)
pd

The photodiode capacitance, however, is a function of its reverse bias voltage and

can thus change significantly over integration time. So again we need to perform

time-domain noise analysis.

Assuming that the noise is much smaller than the signal, we can write the noise

part of equation 3.5 as

dVy(t)

1(8) = 1,(t) = Cpalvpult) =5

+9e()Va(?), (3.23)

where

1 dCpa(vpa(t))
Cpa(vpa(t))  dvpa(?)

is the varying capacitance induced conductance. Unlike the reset noise case, here we

ge(t) = — (iph + iac)

cannot ignore this conductance, because now wv,q varies in 1V range and thus g.(t)
can be fairly large.
Equation 3.23 again is a general first order linear differential equation and the

mean square value of V,, at the end of integration is given by

. . . tint 41/ Cpq(vpd(m0)))
L R [ T

Cpa(vpa(T))

dro

Vit (tint) = q(iph + ac) dr.  (3.24)

Note that equation 3.22 follows from this more general equation if we assume

that Cpq is constant during integration. To take the dependency of the photodiode
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capacitance on the reverse bias voltage into consideration, we make the simplifying

assumption of an abrupt pn junction to get that

Upd(O) + Qb

voalt) + & (3.25)

Cpa(vpa(t)) = Cpa(vpa(0))
where ¢ is the built in junction potential, and v,4(0) is the voltage on Cp4 at the
beginning of integration.

The signal part of equation 3.5 during integration can be written as

dUpd(t) iph + idc
=— : 3.26
G Coltpalt) (3:20)
Solving equation 3.26 we get that
. . . . . . 2t2
vpa(t) = vya(0) — Lontae) (ipn + iac) (3.27)

Cpa(vpa(0)) 4C34(vpa(0)) (vpa(0) + @)

The square term in equation 3.27 shows that the signal is actually reduced by the
nonlinearity.

We can now explicitly express Cpq(vpq(t)) as a function of ¢ to get

1

de(vpd(t)) = de(vpd(O)) 1 (iph+idc)t : (3'28)
 2Cpa(0pa(0))(vpa(0)+¢)
Thus we have
d(1/Cpa(vpa()) _ 1 LI (3.29)
dvpd(t) de(vpd(o)) 2(Upd(0) + QS) - %t

Substituting equations 3.27, 3.28, and 3.29 into equation 3.24, we get that the

mean square noise voltage at the end of integration is given by

Q(iph + Z‘dc) 1 iph + Z‘dc

Vi (tine) = mtmt(l ~ 2(0a(0) + 6) Cpa(vpa(0))

tint)?. (3.30)

To demonstrate the effect of varying capacitance during integration, we consider



CHAPTER 3. ANALYSIS OF THERMAL AND SHOT NOISE IN CMOS APS 46

an example with v,4(0)=2.1V, Cpa(vpa(0)) = 22f F, i4.=2.28fA, ¢ = 0.7V, and t;,,; =
30ms. These numbers are consistent with the parameters of our test structure circuit
and experiments. Figure 3.6 and Figure 3.7 plot the signal v,4(t;,:) and the input
referred RMS value of the noise as a function of the photocurrent ¢, for both constant
and varying C,4. Note that the effect of the nonlinearity is only pronounced for large
signal values, and results in reduction of both the signal and the noise. The signal
to noise ratio, however, improves as we shall see later. As technology scales or when
employing certain high dynamic range schemes [5], the nonlinearity effects on SNR

cannot be ignored.
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Figure 3.6: Signal voltage vs. photodiode current.

3.5 Noise Due to Readout

During readout, noise is due to transistors M2, M3, M4, and the column and chip
level circuits thermal noise. Ignoring the noise contributions of the column and chip

level circuits, which are very small, readout noise can be easily computed via the
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Figure 3.7: RMS noise voltage vs. photodiode current.

small signal circuit in Figure 3.8. In this figure, Iy (t), Viss(t), and In4(t) are the

thermal noise sources associated with M2, M3, and M4, respectively, g,,2 and ¢,,4 are

the transconductances of M2 and M4, g43 is the channel conductance of M3, and C,

is the column storage capacitance including the bitline capacitance. Assuming steady

state, which is well justified here, it can be easily shown that the bitline referred mean

square noise voltages due to M2, M3, and M4 are given by

2
Vn,MZ
5
Vn,MB

2
Vn,M4

2T 1

e e 3.31
3C, 1+ 2 (3:31)
kT 1
—————,and (3.32)
Co gd3(ﬁ + gﬁ)
2kT 1 1

(—+—), (3.33)

2~ Ima
300 " gd3 Im2

respectively. These equations show that different noise sources are associated with

different noise bandwidth, and thus have different effects on the bitline referred noise.

To obtain more accurate results for noise during readout, we use SPICE. We
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Figure 3.8: CMOS APS circuit noise model during readout.

sweep the IN voltage, perform DC analysis to determine the circuit bias point for
each IN voltage value, and then perform ac noise analysis. Using this methodology,
we simulated our APS circuit including the column and chip level circuits [59]. As
expected, the noise contributions from column and chip level circuits were found to
be very small. To compare the contributions of M2, M3, and M4 during readout
we plot the simulated output referred psd for each in Figure 3.9. Note that except
when the IN voltage is near its reset value, the noise from M3 is several orders of
magnitude lower than the noise from M2 and M4. Summing up the contributions
from the three transistors to the total output noise, we find that the output referred
RMS noise voltage from the readout stage to be around 631V, independent of the
IN voltage value. Using the simulated IN to OUT voltage gain value of 0.81, this is

equivalent to an input referred value of 78uV.
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Figure 3.9: Readout noise power spectral density due to M2, M3, and M4.
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3.6 Summary

We presented a detailed and rigorous analysis of thermal and shot noise in CMOS
photodiode APS. We found that typical reset times are not long enough to achieve
steady state. Using time-domain analysis, we found that reset noise is very close
to % This result, we believe, explains the discrepancy between measured reset
noise and the commonly quoted % value. We proposed a new pseudo-flash reset
method that alleviates image lag due to incomplete reset without increasing reset
noise. We analyzed noise due to the photodetector shot noise taking nonlinearity into
consideration and found that nonlinearity improves SNR at high illumination. For
completeness, we also analyzed noise during readout using both hand analysis and

SPICE simulation.



Chapter 4

Experiments

4.1 Introduction

Temporal noise is one of the most important parameters to measure when charac-
terizing CMOS image sensors. To measure temporal noise a number of other sensor
parameters must be determined first, including the sense node capacitance, readout
circuit conversion gain and linearity, etc. Once these parameters are known, some
other important image sensor characteristics, such as quantum efficiency, spectral
response, and sensor array fixed pattern noise, can be readily estimated.

Techniques for characterizing CCD image sensors have been well established,
which is excellently described by Janesick in [25]. In that paper the CCD trans-
fer concept is introduced and used to characterize such parameters as charge transfer
efficiency, quantum efficiency, linearity, gain, offset, signal to noise ratio, nonuniformi-
ty, dynamic range, and MTF. However, since the signal path for CMOS image sensors
is quite different from CCDs, the CCD characterization models and techniques cannot
be directly used for characterizing a CMOS image sensor. For example, in a typical
CCD sensor all pixels share the same output amplifier, and thus the output voltage
can be expressed as a linear function of the photogenerated charge plus shot noise
and readout noise, assuming constant gain across the pixels. As a result, differences
between pixel responses are primarily due to differences in their photodetector char-

acteristics, which are usually very small. By comparison, the output response for a

ol
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CMOS APS can exhibit significant nonlinearity[14], and pixel to pixel gain and off-
set variations, due to the presence of the column and pixel amplifiers which are not
shared by all pixels[32].

In this chapter, we describe the method to characterize CMOS APS. Similar to
Janesick’s photon transfer method, we rely on the Poisson statistics of shot noise to
estimate the sense node capacitance, and thus the conversion gain. The difference
is that here we take into consideration the CMOS APS output response nonlinear-
ity, pixel to pixel gain and offset variations, and readout noise. Using this method
we measure the capacitance, conversion gain, linearity, offset, quantum efficiency,
spectral response, fixed pattern noise, and temporal noise, for the test structures fab-

ricated in 0.35p standard CMOS processes. We find that the measured reset noise

kT

5c» as derived in chapter 3. The measured SNR

mean square value is indeed close to
value also matches well with our analysis. We also demonstrate the incomplete reset
induced image lag.

The remainder of the chapter is organized as follows. In Section 4.2 we describe the
experiment setup, and the procedure we used to characterize CMOS image sensors.
In section 4.3, we present our experimental results of temporal noise in the CMOS

APS test structures.

4.2 Experiment Setup and Procedure

The experiment setup for characterizing CMOS APS sensors is shown in Figure 4.1.
The optical part of the setup consists of a DC regulated tungsten halogen light
source, a monochromator, an integrating sphere, and a calibrated photodiode. The
monochromator is controlled by a PC. The output of the integrating sphere is used to
provide the needed uniform illumination to the image sensor. The electrical part of
the setup consists of a pattern generator, a logical analyzer, highly regulated power
supply, and a device under test (DUT) board. The DUT board holds the test struc-
ture sensor chip, a low noise amplifier, an analog to digital converter, some analog
bias circuits, and digital control signal interface. All of the electrical equipments and

the monochromator are GPIB programmable.
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A similar setup has been used to characterize digital pixel CMOS image sensors.
To test DPS, the optical part of the setup described in previous paragraph can be
kept the same, while the electrical part needs some modification. In this case, the
pattern generator is replaced by a field programmable gate array (FPGA) board, and
the logical analyzer is replaced by an image capture board.

To accurately measure the sensor parameters, special care has been taken to min-
imize the environmental interference such as light source fluctuations, temperature
fluctuations, electromagnetic interference, etc. We housed the setup in a well air con-
ditioned dark room. We used a light source with intensity fluctuations of less than
0.5%. The ripple of the dc power supply was limited to be less than 0.2%. Tem-
perature and light intensity were recorded each time data was taken. We remotely
performed all the experiments to minimize the human interference.

The analog sensor output is amplified using the on board low noise amplifier and
then quantized using an on board 16-bit ADC. The digital number is then collected
by a logical analyzer, and finally transfered to a computer. All the critical analog
signals are coaxed to shield the environmental interference.

To measure the sense node capacitance, and hence the conversion gain, the sensor
is irradiated by a monochromatic light source through the integrating sphere. In the
measurements, instead of varying illumination (common in CCD methods), illumi-
nation is kept constant and the pixel output is continuously observed and sampled
at regular time intervals during integration time. Using this method the effect of
amplifier offsets can be eliminated, and the nonlinearity of the sensor response can
be approximated by a piecewise linear response. The experiment is repeated multiple
times to obtain good estimates of the pixel output mean and variance at each sample
time. The sensor response is approximated by a piecewise linear function. Using the
Poisson statistics of shot noise, which is also used in the CCD method, the system
conversion gain, collected charge, and read noise are estimated for each line segment.
This procedure is repeated at no illumination so that dark current generated charge
may be estimated and subtracted from the total charge estimates.

Now we describe the method quantitatively. Let N be the number of the indepen-

dent experiments we performed. Each experiment started with reseting the sensor,
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Figure 4.1: Experiment setup for CMOS image sensors characterization.
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and then contiously sampled the pixel output. Let M be the samples we took in
each experiment. We denote the samples by V; ;, 1 =1,...,Nand j=1,..., M. We
approximate the nonlinear sensor response using a piecewise linear model consisting
of K > 1 segments. For each set of voltage output samples V;;, 7 = 1,..., M, the
first segment ranges from 57 = j, = 1 to ji, the second from j = j; to js, and the last
from jx 1 to jx = M. The number of segments K is determined as follows. We first
investigate several output sample paths, and then choose a K which is large enough
to provide a good fit, but small enough that the number of samples per segment is
sufficient for data analysis. The pixel output within segment s, 0 < s < K — 1 is
given by:

Vii=9sQij +Usi+ Zi;, (4.1)

where g, is the conversion gain from the pixel to the sensor output for segment s
measured in volts/electron, @); ; is the total charge (in electrons) collected at the jth
sample time (of path i), Uy, is the offset of path ¢ in segment s and is assumed to be
random with unknown mean and variance. The charge @); ; is the sum of the photo-
generated charge Qﬁyj and leakage or dark charge Q;{j. Z; ; is the readout noise which
is assumed to be independent and identically distributed for all 7 and 7, with zero
mean and unknown variance 0. The readout noise is also assumed to be independent
of the charge samples (); ;, and the offsets U ;. Note that the gain g, can vary from
pixel to pixel. The following discussion will consider the output from a fixed pixel.
After the measurements and analysis are repeated for all pixels in the image sensors,
we can further estimate the gain and offset fixed pattern noise.

To eliminate the offset we normalize with respect to the first sample in each

segment to get that
Xsi-is) = 95(Qijj — Qi) + Zijj — Zijs, (4.2)

where j = js+1,..., Js11-

The charge increments @; ; — @; ;, are samples from a Poisson process and thus



CHAPTER 4. EXPERIMENTS 56

are Poisson random variables with mean and variance equal to
Ml(j - js)T + :ud(j - js)Ta

where p! is the average photocurrent, u¢ is the average dark current, and 7 is time
interval between two consecutive samples. Thus, the mean and variance of the sample

Xsi (j—js) are given by:
B[X;i(-jn] = 9s(u' + ) (G = jo)T, (4.3)

and
Var[Xy; j—jo) = 92(1t + u®) (G — js)7 + 207, (4.4)

respectively.

Note that the sample means and variances can be estimated using

_ 1 XN
Xoj = NZXS,i,j; and (4.5)
i=1
2 1 a 2 ~ 2
USJ = N -1 = (Xs,i,j - Xs,j ) ) (46)

where j =1,..., Js11 — Js-

The charge collected in segment s is then estimated as

(g Jrud)f)2 . .
= e — s+1 — Js)- 47
(9200 + p9)7) et 0 w0

The same set of measurements and analysis is repeated under dark condition to obtain

an estimate of the dark charge in segment s

le = 7(js+1 - ]s) (48)
(g

Now let Xf(js+1—js) be the mean output value of pixel p in segment s at the last
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sample (js-i-l - js)a then

_ TX?, .
gg _ 57(.7-S+1 .75)_ _ (49)
(js-l-l - js)T Ef:_ol(Qi - Qg)

where 7' is the total integration time.

Once conversion gain is determined, we can measure the sensor fixed pattern
noise (FPN) and quantum efficiency (QE). FPN measurements involve irradiating
the sensor with uniform light and analyzing the intensity variations of the supposedly
uniform output images. Uniform irradiation is achieved by first shining the light
source into an integrating sphere. The uniform light emitted from the exit port of
the integrating sphere is then used to irradiate the sensor.

QE is the fraction of photon flux that contributes to the photocurrent in a pho-
todetector or in a pixel. To measure QE, the photon flux incident on the sensor must
be determined. The experiment setup is almost identical to that of FPN measure-
ments. The only additional step here is that, after collecting measurements with the
chip, the sensor chip is moved aside and a calibrated photodiode is placed at the same
position as the sensor chip, to measure incident light intensity. The spectral response
curve of the image sensor can be obtained by the procedure used to estimate QE. We
only need to illuminate the sensor with a monochromatic light source placed in front
of the integrating sphere and estimate QE at each wavelength of light. Note that in
FPN, QE, and spectral response measurements, the experiments must be repeated
many times under the same condition, to remove the temporal noise.

To measure the temporal noise, we only pick a group of representative pixels that
have normal QE and spectral response. The output value of these pixels must be close
to the average output value of all pixels when the sensor is irradiated with uniform
light. By doing so, we can reduce the amount of data to be processed, and can
increase the measurement accuracy. The experiment is again repeated many times
under the same condition, and the temporal noise is calculated using the variance
estimator. The requirement of removing environmental interference is most strict in
noise measurements, because the interference can often overwhelm the “true” noise

one intended to measure.
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4.3 Experimental Results

Using the setup described in the previous section, we characterized APS and DP-
S fabricated in several different CMOS processes by several different semiconductor
foundries. In this section, we present the characterization results obtained from a
64x64 APS test structures[59], which were fabricated in a 0.35u standard digital
CMOS process. A summary of the main sensor characteristics are provided in Ta-
ble 4.1.

Technology 0.35 pm, 4-layer metal
1-layer poly, nwell CMOS
Number of Pixels 64 x64

Pixel Area 14pmx14pm
Transistors per pixel | 3

Fill Factor 29%
Photodetector nwell /psub diode

Pixel Interconnect Metall and Poly

Table 4.1: 64x64 CMOS APS Test Structure Characteristics.

The output of a typical pixel irradiated with 1.76 x 10'? photons/(s-cm?) at A =
600nm is shown in Figure 4.2. As the output of CMOS APS is nonlinear in the
integration time, we used 3 linear segments to approximate the reponse. The first
segment consisted of 80 samples, while the second and third consisted of 81 samples
each. The APS output mean and variance as a function of time, after this linearization
are shown in Figures 4.3 and 4.4 respectively.

From these experiments, the sense node capacitance was estimated to be 22fF
at reverse bias of 2V. Conversion gain, QE, spectral response, and FPN were then
measured, as reported in [12] and [7]. We used the results to pick the representative
pixels for noise measurement

In taking the noise measurements we first determined the board level noise, includ-
ing the LNA noise and ADC quantization noise. This was done by directly driving
the node OUT with a low noise DC voltage source. The measured output referred
RMS noise voltage was found to be 82 pV, which is comparable to the simulated

readout stage noise, but much lower than the reset noise. As a result reset noise can
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Figure 4.2: CMOS APS output waveform
0

-0.15

Normalized Output Voltage (V)

I I I I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Time (s)

Figure 4.3: CMOS APS output mean as a function of time for segments 1, 2, and 3.
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Figure 4.4: CMOS APS output variance as a function of time for segments 1, 2, and
3.

still be accurately measured.

To measure the reset noise we reset the pixel and sample the output voltage twice.
The two samples are designated as S; and S, respectively. Each sample contains two
noise components, the reset noise and the other noise. The two noise components
are generated by different devices and thus are independent of each other. Hence for
every sample we get that

2 2 2
05 = Opeset + Oother-

Note that for each sample pair, the reset noise is fully correlated, while the other
noise is totally uncorrelated. We then subtract one sample from the other within the
pair, i.e., 8" = 57 — S5, and repeat the measurement and procedure many times. The
variance of S’ is simply the noise power of the other noise components, i.e.,

2 _ 2
Ogr = Oother-
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Thus the reset noise power is found to be

2 2 2

Oreset — 05 — Ogr-

Using this method, the RMS reset noise voltage was estimated to be 2621V, while
RMS of the other noise voltage was estimated to be 113uV. Applying the IN to OUT
voltage gain of 0.81, we get an estimated input referred RMS reset noise voltage of
323V, which is very close to the 3034V given by \/%, and much lower than the

g—z; value of 4281 V. The experiment was repeated at several reset times ranging
from 1 ps to 10 ps and under several low illumination levels, and the same results
were obtained.

We also measured the overall RMS noise voltage at different signal levels. In
Figure 4.5 we plot the measured and the calculated signal to noise ratios (SNR)
versus the output signal. Two calculated SNR curves are given, one assuming constant
photodiode capacitance and the other assuming varying photodiode capacitance as
discussed in section 3.4. Note that the measured SNR curve is very close to the
calculated curve assuming varying capacitance, but that the curve assuming constant
capacitance becomes slightly lower than the others at high illumination levels.

To illustrate the image lag caused by incomplete reset as described in section 3.3,
we performed experiments under dark and bright conditions. In Figure 4.6 we plot the
measured final reset voltage averaged over many trials and the simulated photodiode
voltage (as indicated by the dashed lines) for five consecutive frames. The figure
confirms that lag occurs following a dark frame. We repeated the bright experiment

under several illumination levels and did not observe any image lag.

4.4 Summary

We described the setup and the methods we used to characterize the CMOS APS. In
addition to using the shot noise statistics of photons, We take into consideration the
nonlinear sensor response and large FPN. We then characterized the 64x64 CMOS
APS test structure fabricated in a 0.35u standard digital CMOS process. We found
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that the measured reset noise is indeed very close to the half kT/C result derived in
previous chapter. The measured SNR is also consistent to the calculated shot noise

using the nonlinear model we developed in previous chapter.



Chapter 5

MOSFET 1/f Noise Models

5.1 Introduction

The analysis of 1/f noise in CMOS APS is typically performed in frequency domain,
using the standard 1/f noise model. A low cutoff frequency is typically used to get
reasonable noise power estimates. The choice of this low cutoff frequency is quite
arbitrary, however, and can cause significant inaccuracy in estimating noise power.
So in this chapter, we start from the first principles to derive a 1/f noise model that
is more suitable for analyzing 1/f noise in CMOS APS.

Historically, 1/f noise in MOSFETSs has been of concern mainly in the design of
low frequency linear analog circuits such as bias circuits, audio amplifiers, etc. [16].
As CMOS technology scaled down to the submicron regime, 1/f noise has become of
greater concern in a wider range of circuit designs. Scaling has enabled the use of
CMOS technology in many new applications such as RF circuits and CMOS image
sensors that are quite sensitive to 1/f noise. Moreover, as mentioned in [20] 1/f noise
in MOSFETSs increases rapidly with technology scaling. As a result it is becoming
more important to be able to accurately estimate the effect of 1/f noise for a wide
variety of circuits.

Analysis of 1/f noise in MOSFET circuits is typically performed using the well
established stationary 1/f noise model [22, 24|, which henceforth will be referred to as

the standard 1/f noise model. Recent experimental results, however, show that the

64
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estimates using this standard model can be quite inaccurate especially for switched
circuits. An important class of such circuits is the periodically switched circuits, which
are widely used in RF applications, such as switched capacitor networks, modulators
and demodulators, and frequency converters. In the simplest case of such circuits,
which involves only a periodically switched transistor, it was shown that the measured
drain voltage 1/f noise psd [1, 6, 15] is much lower than the estimates using the
standard 1/f noise model. Another example that has recently been receiving much
attention is 1/f-induced phase noise in CMOS oscillators [18, 17, 40]. Unlike the
amplitude fluctuations, which can be practically eliminated by applying limiters to
the output signal, phase noise cannot be reduced in the same manner. As a result,
it limits the available channel in wireless communication. Recent measurements [15]
show that the 1/f-induced phase noise power spectral density (psd) in ring oscillators
is much lower than the estimate using the standard 1/f noise model.

In this chapter, we propose a nonstationary extension of the standard 1/f noise
model, which accurately models 1/f noise when the transistor is switched from the
off to the on state. The model is based on the fact that when the MOSFET is
off the active traps are mostly empty. By modifying the random telegraph signal
(RTS) model for a single trap to reflect this fact, the noise autocovariance function
is derived. We will then show that this nonstationary model can be used to obtain
accurate estimates of the effect of 1/f noise in switched circuits. In particular we
consider the aforementioned example circuits.

The rest of the chapter is organized as follows. In section 5.2 we review the
standard 1/f noise model. In section 5.3 we present our nonstationary extension. In
sections 5.4 and 5.5 we use our nonstationary model to estimate the effect of 1/f noise
on a periodically switched transistor, and ring oscillator, respectively. In both cases

we find that our estimates are consistent with the reported measurement results.

5.2 Standard 1/f Noise Model

1/f noise (sometimes also called flicker noise, or low frequency noise), in the strictest

sense, refers to the noise whose power spectral density (psd) is inversely proportional
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1 1
[ 177
called 1/f noise (or 1/f like noise). In addition to electronic devices, 1/f noise also

to frequency, .e., Sy More generally, noise with Sy o for 8 > 0, is also
appears in many other devices and natural phenomena, such as oscillation of quartz
crystals, geophysical records, economic data, traffic-flow rates, image texture, heart
beat rates, ..., just to name a few. As a result, the origin of 1/f noise has been the
subject of numerous studies in many different fields. Unfortunately, since 1/f psd is
not integrable, it is not a valid psd of stationary processes and there is no agreed
upon universal mathematical or physical model to describe it.

In this thesis we are mainly concerned with 1/f noise in MOS transistors. Over the
last three decades, two main theories of 1/f noise in MOS transistors were developed,
namely the carrier number fluctuation theory, and the mobility fluctuation theory [54].
The carrier number fluctuation theory attributes 1/f noise to random capture and
emission of conduction channel carriers by traps in the gate oxide, while the mobility
fluctuation theory considers the 1/f noise as a result of the fluctuation in the carrier
mobility. Both theories succeeded in partially explaining some of the experimental
data. However, since it was very difficult to experimentally verify the noise generation
mechanism, there was no conclusive evidence to support either theory.

This controversy has, to a large extent, been resolved by recent studies of small
area sub-micron MOS transistors. In these transistors, very few, (sometimes only
one) traps are active in the gate oxide. Capture and emission of channel carriers by
this trap are represented by the trapped electron number N (t), which takes the value
1 if a carrier is captured and zero otherwise, as depicted in Figure 5.1. The trap is
active when its energy level is close to the Fermi level [28] in the bulk. In this case
the capture and emission rates must be nearly equal. Thus, N(¢) can be modeled as
a Random Telegraph Signal (RTS) with rate A. In equilibrium, the autocovariance
of N(t) is given by
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1

— |
Figure 5.1: MOSFET with single trap in its gate oxide (top) and the resulting trapped
electron number N (t) waveform (bottom).

In practical MOSFETSs there can be many traps in the gate oxide. Since each
trap captures and emits carriers independently, the psd of the total trapped electron
number is the sum of the psds for the individual trapped electron numbers. Traps can
have different rates depending on their location in the gate oxide. The distribution

of the rates is believed to obey a log uniform law [53]

AkT At oy IV
g(\) = N ‘
Alog 5L

, (5.1)
where kT is the thermal energy, A is the channel area, t,, is the effective gate oxide
thickness, N; is the trap density (in eV tem™3), Ay is the fastest transition rate or
high corner frequency , and Ay, is the slowest transition rate or low corner frequency.
The corner frequencies are related to t,, through the equation log i—f = Yoz, Where
is the tunneling constant. The psd of the total trapped electron number is thus given
by

St = [ S(Hex

L

kT AN,
2vf

, for A\p < f < Ap. (52)
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For f < Ap, S(f) is constant and for f > Ay it is o # In Figure 5.2 we plot the
psd of the total trapped electron number, as well as the trapped electron number
psds of three individual traps with highest, slowest, and intermediate transition rate
respectively. As can be seen, at practical frequency range, the psd of the total trapped
electron number is indeed inversely proportional to the frequency, as the name 1/f
noise indicates. At extremely high frequency, however, the psd falls with square of
the frequency, where only slow traps contribute noise. At very low frequency, the psd
becomes a constant, as fast traps now dominate the total noise. Note that because
the psd becomes flat at low frequency, the integration of psd over all frequency is not
infinity, which solves the infinite noise power problem that has bothered the 1/f noise

researchers for long time.

1010

S, (VEHz 1)

10_ | —— All traps ) N N '\'\ ]
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Figure 5.2: 1/f noise psd as the summation of psds due to multiple traps.



CHAPTER 5. MOSFET 1/F NOISE MODELS 69

The MOSFET charge-control analysis can then be used together with the derived
psd of the total trapped electron number to find the 1/f noise psd of the drain current.
For submicron n-channel MOSFET, carrier number fluctuations dominate [4, 2] and
the equivalent 1/f noise psd of the drain current is given by

1 1 q 9 °kKT N,
St (f) = g25v,(f) = gibc—gfnchh(f) = gfnc—gm(z)ZS(f) = 20T Av T (5.3)

where C,; is the gate oxide capacitance, g,, is the transconductance, Svg( f) is the
equivalent gate voltage 1/f noise psd, and Sg_, (f) is the channel charge density 1/f
noise psd. Note that Sp,(f) is inversely proportional to the gate area, which explains
the reason why 1/f noise is becoming more pronounced as technology scales.

Circuit designers typically use the SPICE 1/f noise model

kp

S‘/;](f) = ma

and are given the value of the SPICE 1/f noise parameter k. From equation 5.3, we

find that
o q2kTNt

kpr = .
i CozY

A unified number and mobility theory [22] can be used to extend these results to
p-channel MOSFETS.

5.3 Nonstationary 1/f Noise Model

In this section, we present our nonstationary extension of the standard 1/f noise model
discussed in the previous section. The main purpose of the extension is to be able to
more accurately analyze 1/f noise in switched circuits. We begin by considering the
case of a single trap in an n-channel MOSFET. The key observation that led to our
extension is that with very high probability the trap is empty when the transistor is
off. The physical reason can be explained via the MOSFET energy band diagram in
Figure 5.3. The energy levels By and E; represent the trap energy in the off and on

states, respectively. Note that for the trap to be active when the transistor is on F;
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must be very close to Ey, i.e., B, =& Ey. When the transistor is turned on the trap
energy shifts down by several hundred millivolts, which is the same as the shift in
the surface potential. This is the case since the difference between the energy level
of the trap and that of the oxide conduction band is independent of the gate bias
voltage. This means that EY — E, > kT. It is well known [28] that the ratio of the
trap capture rate \. to its emission rate A, is exponentially related to the difference
between the trap energy and the Fermi level. When the transistor is off, this gives
that

Ac Er =By o1
kT
Thus with very high probability, the trap is empty when the transistor is off. If we
let ¢ = 0 denote the time when the transistor turns on, we get that N(0) ~ 0.

Gate Oxide Substrate

Figure 5.3: Energy-band diagram for MOSFET, with an active trap inside its gate
oxide. Solid lines are used when the transistor is off, and dashed lines are used when
the transistor is on.

Now let p;(t) be the probability that the trap is occupied at time ¢ > 0, and let
p1.1(t, 7) be the probability that the trap is occupied at time ¢+ 7 (7 > 0), given that
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it is occupied at time ¢. The autocovariance function of N(t) is then given by

Cr(t,7) = pr(t)p1a(T) — pr(O)pr(t + 7)

To find p;(t) we note that

p(t+ At) = pi(t)(1 — AAL) + (1 — p1(2)) AAL. (5.4)
Thus in the limit
DO | gty = 59

Solving for p; we get that
1 _
p(t) = 5(1 — 7, (5.6)

To find py1(¢, 7) we let py o(t, 7) be the probability that the trap is empty at time
t+7 (7 > 0), given that it is occupied at time t. Note that p; o(t,7) =1 — p11(t, 7),
and that

pra(t+7+AT) =pia(t,7)(1 = AAT) + pro(t, T)AAT. (5.7)
Thus in the limit p
t
dpia(t,7) oApLL(t,T) = A, (5.8)
dr
Solving for p;; we get that
1 —2AT
pl,l(ta T) = p171(7—) = 5(1 + e ) (59)

Therefore the autocovariance function of N(t) is given by

Ci(t,7) = pi)pia(r) —pr(O)pa(t+7)

1
= Ze—%(l — ™), (5.10)

Ast — oo, Cy(t,7) — ie””, which is the stationary autocovariance function derived
in the previous section.

The autocovariance of the total trapped electron number is simply the sum of the
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autocovariances for the individual traps in the gate oxide, i.e.,
Ag

C(t,7) = /A Ca(t, ) g(\)dA.

L

Applying charge-control analysis, we get the resulted mean square gate voltage as

VIO = (i [ et g (5.11)

This integral does not have a closed form solution, and must be evaluated numer-
ically.

We now compare the 1/f noise power computed using the conventional frequency
domain method to the more accurate time domain method described. For the com-
parison and for the remainder of the thesis we assume a 0.35um CMOS technology
with t,, = Tnm, v = 108%cm™', Ay = 10%~!, and N, = 10"eV~tem 3. Using these
parameter values we get \;, = 4 x 1072}, Oy, = 5fFum=2, and kp = 5 x 1072*V2F at
T = 300K.

In Figure 5.4, we plot the RMS gate voltage \/V:g2 due to the 1/f noise as a function
of the circuit on-time ¢,, using both the standard model and our nonstationary ex-
tension. Shown in the bottom half of the figure is the error using the standard model
as a percentage, referred to the result using the nonstationary model. As expected
the error percentage decreases as t,, increases. In this example, we assume that the

channel area A = 1um?.

5.4 1/f Noise in a Periodically Switched Transistor

Periodically switched circuits are widely used in RF applications, such as switched
capacitor networks, modulators and demodulators, and frequency converters. Un-
like linear circuitry, these circuits typically undergo large signal periodic variations in
their operation and thus are often modeled as linear periodically time varying (LPTV)
systems. As well known, a linear time varying system can be completely described
by the time varying impulse response h(t¢,7). However, in order to fully exploit the

periodicity and to contribute to design insight, LPTV systems are usually analyzed
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Figure 5.4: RMS gate voltage of an nMOS transistor with 1um? channel area (top)
and the percentage error using the standard model (bottom).
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in frequency domain. According to the generalized Wiener-Khintchine theorem [29],
Fourier transform of h(t,7) with regards to 7 results in the periodically time vary-
ing system transfer function H(t, f). H(t, f) is then expanded using Fourier series
representation, leading to the harmonic transfer functions [47]. Using this approach,
It becomes obvious that an input signal at certain frequency could cause an output
signal that have different frequency content, which is in contrary to the behavior of
linear time invariant circuits. The statistics of noise in periodically switched circuits
is also vary periodically in time, leading to certain important effects such as up and
down conversion of noise spectra. A good such example is given in [41], dealing with
time varying shot noise.

In this section we use our nonstationary 1/f noise model to analyze the simplest
example of such circuits, a periodically switched transistor. Figure 5.5 depicts a
typical setup for measuring 1/f noise psd for a transistor. In the periodically switched
case the gate of the transistor is driven by a square wave voltage source that switched
between 0V and vy, which is high enough to bias the transistor in the saturation
region. Measured 1/f noise psd using this setup was reported in [1, 6, 15]. These
papers comment on the fact that the measured psd is significantly lower than the psd
estimated using the standard 1/f model. We now show that our nonstationary model
can be used to obtain results that are more consistent with these measurements.

We begin by considering a single active trap. To simplify the analysis, we assume
that when the transistor is off, the trap is empty. Using equation 5.10, we can write

the autocovariance function of the trapped electron number as

Lo—2xr(1 _ —4\(t—nT) T <t ¢t <nT T
CA(t,T):{ e —e ) rTstttrsnl+3 (5.12)

0 otherwise

Note that Cy(t,7) is periodic in ¢, and that the trapped electron number is a wide
sense cyclostationary process. As proved in [47, 21, 41], low pass filtering or band
pass filtering of a wide sense cyclostationary process results in a wide sense stationary
process when the filter bandwidth is less than half the switching frequency % Spec-
trum analyzers normally perform this conversion before the spectrum is determined.

Therefore the autocovariance of the resulting stationary process can be obtained by
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Figure 5.5: Spectrum analysis of a periodically switched nMOS transistor.

averaging the time varying autocovariance over one cycle to get

1 1— 6_2)\T 1 —2AT

Ci(7) = %/OTC,\(t,T)dt: (5~ )y (5.13)

Note that the standard 1/f noise model gives C§(7) = 3¢ "7, and thus predicts the
psd curve to be 3dB lower at all frequencies than a dc biased transistor.
Now performing Fourier transform on C3(7), and summing over the contributions

of all active traps, we get drain 1/f noise voltage psd

A 1 1 — —2\T 1
! ¢ Ao, (5.14)
AL

Sl =& =& [ TG - —5F )T

where &y relates the trapped electron number psd to the drain noise voltage psd.
Figure 5.6 plots the simulated drain 1/f noise voltage psd for both the standard
and the nonstationary 1/f noise models assuming switching frequency of 2MHz. For
comparison we also plot the drain 1/f noise voltage psd for the dc biased transistor.
Note that for f much higher than the switching frequency, the two models yield the
same result, which, as pointed out is 3dB lower than the noise psd in the dc¢ biased

case. For f lower than switching frequency, the two models deviate significantly.



CHAPTER 5. MOSFET 1/F NOISE MODELS 76

The standard model still predicts noise psd to be 3dB lower than the dc biased case,
while the nonstationary model predicts further noise psd reduction that increases as

f decreases, which is consistent with the behavior of the measured psd.
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Figure 5.6: Simulated 1/f noise psd for switched and dc biased transistors.

5.5 1/f-induced Phase Noise in a Ring Oscillator

Phase noise in CMOS oscillators have recently been receiving much attention [18, 17,
40] since it sets a limit on the available channel number in wireless communication.

It is typically represented by sideband noise power spectral density

P(wo + Aw, 1Hz)
P(wo) 7

L(Aw) = 101log

where P(wy+ Aw, 1 Hz) represents the sideband power at frequency offset of Aw from
the carrier frequency with a measurement bandwidth of 1Hz. Computing this number

requires knowledge of how the device noise current is converted into oscillator output
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voltage. In [17] this is done in two steps. The first step involves the conversion of
excess injected current into excess phase, which is done via a linear time varying
system (LTVS). The second step is phase modulation, where the excess phase is

converted into voltage. The LTVS is characterized by its impulse response

[(woT)

Qmaw

h(t,7) =

u(t — 1),

where ¢q; 1S the maximum charge displacement, u is the unit step function, and I’

is the periodic impulse sensitivity function (ISF). Expanding

[(wor) = 6—20 + Yy cos(nwet + 6,,),

n=1

Tk

o ixo» 1t can be

and assuming excess injected current due to 1/f noise with psd

shown that

C%’IT]CF 1
42 Cor A Aw3

max

L(Aw) = 10log(

) (5.15)

Thus the low frequency noise power gets upconverted to the sideband noise power,
which is usually at very high frequency. Note that its power is falling as ﬁ here.

This approach, however, cannot be used to explain the abnormal reduction in
phase noise when the transistors in a ring oscillator are periodically turned on and
off [15]. We now show that using our nonstationary 1/f noise model, we can explain
this reduction. To simplify the derivation, we consider the case where one of the
transistors has a much smaller area than the others, and thus its 1/f-induced phase
noise dominates. To study the noise due to this transistor, we first consider the case
where there is only one active trap. Using the periodic autocovariance function of the
trapped electron number as expressed in equation 5.12, we can find the time varying
psd [29]

(5.16)

L2 S(1—e D) o7 <tt+7<nl+72
0 otherwise
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Note that S(t, f) can be seperated as S(f)a(t), where S(f) = iw/\?rfﬁ and «(t)
is the remaining periodic function. For this class of cyclostationary noise sources, it
is shown [17] that phase noise can still be calculated using equation 5.15, with S(f)
representing the noise source, and ¢q computed using Icss(t) = I'(¢)(t) as the new
ISF. In [17] it is also shown that for independent noise sources the total phase noise is
simply the sum of the phase noise due to each source. We can use this fact to find the
1/f-induced phase noise psd in the case of many traps, since their trapped electron
numbers are independent.

To demonstrate that our nonstationary 1/f noise model can be used to explain the
reduction in phase noise consider a ring oscillator with the ISF shown in Figure 5.7.
The figure also plots the gate voltage for the transistor under consideration. Figure 5.8
plots the simulated phase noise psd using both the nonstationary and the standard
1/f noise models at 2MHz switching frequency. We also plot the phase noise psd of
a non-switching ring oscillator, where the transistor is always on. As can be seen,
the standard 1/f noise model reports phase noise that is 6dBc lower than the non-
switching case, for all frequencies. The 6dBc reduction, however, is too small when
compared to the reported measurements [15], which show over 10dBc¢ reduction in
the 1-10kHz range. By comparison, the plot using our nonstationary model shows
10-20dBc reduction in this frequency range. The reduction is caused by the decrease
in 1/f noise due to the switching of the transistor as discussed in the previous section.
Note that our model predicts an increase in 1/f-induced phase noise above 100kHz
relative to the estimates of the stationary model. This we believe is due to the nonflat
shape of the «(t) as shown in Figure 5.7, which can cause significant asymmetry in

the effective ISF, and thus can increase phase noise.

5.6 Summary

We described a nonstationary extension to the standard 1/f noise model. The model is
based on the fact that the active traps are mostly empty when the MOSFET is off. By
modifying the RT'S model for a single trap to reflect this fact, the noise autocovariance

function can be numerically evaluated. We then used our nonstationary extension of
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Figure 5.7: The gate voltage of the dominant nMOS transistor in a ring oscillator
(top), the associated ISF (middle), and «(t) for A = 31.6kHz (bottom).
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Figure 5.8: Simulated 1/f-induced phase noise psd for a ring oscillator.

the standard 1/f noise model to analyze the effect of 1/f noise in the switched circuit
examples, namely the periodically switched transistor and the ring oscillator. In both
cases we obtained results that are more consistent with reported measurements than
those obtained using the standard 1/f noise model. This not only validates our model
but also means that accurate estimates of the effect of 1/f noise on MOSFET circuits

can now be obtained for a wider range of applications.



Chapter 6

Analysis of 1/f Noise in CMOS
APS

6.1 Introduction

1/f noise in image sensors has been under study for many years [43, 26]. Because 1/f
noise is concentrated in low frequency range, human eye is particularly sensitive to
its effect. To estimate the noise power due to 1/f noise in a CMOS APS, frequency
domain analysis is typically performed using the standard 1/f noise model. A low
cutoff frequency f7 that is inversely proportional to the circuit on-time is typically
used to get reasonable noise power estimates. The choice of this low cutoff frequency
is quite arbitrary, however, and can cause significant inaccuracy in estimating noise
power. Moreover, during reset the circuit is not in steady state and thus frequency
domain analysis is inappropriate.

To more accurately estimate 1/f noise in CMOS APS, we use the time domain
analysis methods developed in chapter 3 and the nonstationary 1/f noise model de-
rived in chapter 5 to perform the noise analysis. We again use the photodiode APS
circuit as an example, which is shown in Figure 2.14. For simplicity, we will first
find the 1/f noise RMS value at node Bitline in volts. To compute this value, we
consider the 1/f noise generated during each step of the APS operation, i.e., during

reset, integration, and readout. Once the Bitline referred 1/f noise is determined, it
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is straightforward to get the input referred or output referred 1/f noise power using
the corresponding circuit transfer functions.

During reset, the 1/f noise is caused by the reset transistor. This transistor is
working most of the time in subthreshold and has time varying small signal circuit
model. During integration, the 1/f noise is primarily generated by the photodiode.
It is due to surface recombination of carriers, and the fluctuation in bulk carrier
mobility [44]. For a reverse biased photodiode, the 1/f noise is not directly related to
the total current. Instead, it is a function of the dark current, and is typically much
smaller than the dark current shot noise, and can thus be ignored. During readout,
1/f noise is mainly due to the pixel level transistors, including follower transistor
and access transistor. Column and chip level transistors also cause 1/f noise, which
however can be easily reduced to negligible level by simply increasing the transistor
area.

The rest of the chapter is organized as follows. In section 6.2 we analyze the 1/f
noise due to the follower and the access transistors using time domain analysis and
our nonstationary 1/f noise model. We find that the results are approximately twice
as large as the results obtained using frequency domain analysis assuming normal
readout speed. In section 6.3 we analyze the 1/f noise due to the reset transistor.
Here we use the subthreshold time varying circuit model in addition to our nonsta-
tionary noise model. We find that the conventional frequency domain results are very
inconsistent and very inaccurate: over a factor of 11 lower than time domain analysis
in some cases. We isolate the effect of noise model and find that nonstationary noise
model produces results that are more consistent with experiments that the standard

model does.

6.2 1/fNoise Due to the Follower and Access Tran-

sistors

During readout, the 1/f noise is mainly due to the source follower transistor M2, and

the access transistor M3. Depicted in Figure 6.1 is the small signal model of the APS
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pixel circuit during readout, where Iy/5(t) and Iy;3(t) are the 1/f noise current sources
associated with M2 and M3, respectively, ¢,,2 is the transconductance of M2, g43 is

the channel conductance of M3, and C|, is the column storage capacitance.

Ings(t)

? Inra(t)

Bitline

10,

Figure 6.1: Small signal model for 1/f noise analysis during readout.

Let Cpo = (14 5;:—5)00 and Cy3 = (1+ 5d—32)C’0, we get the Bitline voltage due to

the noise current sources

e ('M2
VM2 = /IM2 CM? dS (61)
CMQ
and »
670—]\/13 943
VM3 = /IMg e“ms3 dS (62)
Cus

Therefore, the mean square 1/f noise voltage due to each source is given by

29m2

m € CM2 Im2 (g 459
Vi = Gy [ [ [ aeston e = s T Pardsidsa, (63
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and

2943 4

T g
Virs(t) = (jggg 26 ' ///)\ A)Cx( 31;|82—81|)ecz§3(sl+s2)d)\d81d32. (6.4)

As a numerical example, we assume that the nMOS transistor mobility is p =
550cm?V!s~! the bias current is iy = 1.81A, the reverse bias voltage on the photo-
diode is v,q = 1.8V, and the threshold voltage is vy, = 0.9V (with body effect). The

transconductance of M2 thus is

Gmz =\ 2igCouW/L = 4.4 x 107°Q7L,

Since M3 is operating in the linear region and the voltage difference between its

drain and source is very small, we can write

9az ~ piCox W/ L(vas — vp3 — Vi), (6.5)
where vg3 = 3.3V is the gate voltage of M3. Note that

2,
puCoxW/L

Up3 = Upd — — Ugp.
Substituting into equation 6.5, we get that g;; = 8.7 x 107*Q~!. Consequently the
transconductance of M3
id —6()—1
Jm3 = =1.1x10"Q .
Vg3 — Usg — Ut

Now we can numerically evaluate equations 6.3 and 6.4 to find the Bitline RMS
noise voltages due to M2 and M3, as functions of the pixel readout time ¢,.,4. The
results are plotted in Figure 6.2 and Figure 6.3, together with the RMS 1/f noise
voltages calculated using the frequency domain method. Assuming the pixel readout
time of 1us, the RMS 1/f noise voltage is about 631V due to follower transistor, and
below 11V due to access transistor. They are twice as large as the values obtained

using frequency domain method. The difference between the results computed using
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the nonstationary model and the stationary model, as expected, is decreasing as t,cqq
gets larger. This is because the traps are approaching their steady states. Also
plotted in the figure are the noise voltages due to thermal noise. Note that RMS
1/f noise voltage is higher than thermal noise voltage for the follower transistor, but
much lower than thermal noise voltage for the access transistor. The reason for this
different behavior is that the follower transistor is working in saturation regime, while
the access transistor is working in linear regime. In saturation regime, both thermal
and 1/f noise is proportional to the transconductance. In linear regime, 1/f noise is
still proportional to the transconductance, while thermal noise is proportional to the
channel conductance, which can be much higher than the transconductance.

There is another importance fact that worth pointing out. It is well known that
by increasing the storage capacitance C, the output thermal noise power can be
effectively reduced, because the readout circuit bandwidth is reduced. Increasing C,
or reducing bandwidth, however, has no observable effects on the output 1/f noise
power. Since 1/f noise energy is concentrated in low frequency range, the reduction

of bandwidth cannot be used to effectively reduce 1/f noise power.

6.3 1/f Noise Due to the Reset Transistor

During reset, the 1/f noise is mainly due to the reset transistor. The source follower
reset circuit is not only used in the pixel circuit of a CMOS APS, it is also commonly
used in the output stage of a CCD image sensor. As depicted in Figure 6.4 during
reset, the gate of the transistor is set to a high voltage v,.s; for a short period of time
tr. To find the output noise power due to the transistor 1/f noise, frequency domain

analysis is typically performed using the standard 1/f noise model to get

o o Sfd(f)
‘/;)2ut(t7“) - 2/% g%b(tr)+4ﬂ-2f202df7

t

where gy, is the transistor transconductance, and Sy, is the transistor drain current
1/f noise psd. The choice of % as a low cutoff frequency is quite arbitrary, however.

Moreover the circuit is not is steady state [51] and thus it is inappropriate to use
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Figure 6.2: Bitline RMS 1/f noise voltage due to the follower transistor.
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frequency domain analysis.

_Vdd
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(a) (b)

Figure 6.4: CMOS APS circuit during reset (a), and the corresponding small signal
model for 1/f noise analysis (b).

In this section we use our nonstationary 1/f noise model and time domain analysis
to obtain more accurate noise power estimates. First note that at the beginning of
reset, the transistor is either operating in the saturation region or in subthreshold
depending on the value of v,,. Even if the transistor is first in in saturation, it
quickly goes into subthreshold and does not reach steady state. This was explained
in detail in chapter 3, where we analyzed reset noise due to thermal and shot noise
sources. The circuit noise model during reset is shown in Figure 6.4 (b). The current
source I4(t) models the transistor 1/f noise and g,, is the transistor transconductance
in subthreshold, which is time varying. The output noise voltage at the end of reset

is given by

tr I T gm (T
Vour (tr) = A %e_f: gT”des, (6.6)

The output reset noise power is thus given by

Vour(tr) = (Ge=a)’ Jo" Jo 9m(51)9m(52)C (51, |52 — 51])



CHAPTER 6. ANALYSIS OF 1/F NOISE IN CMOS APS 88

e L omdn g [ emCn g g (67)

e
Using the MOS transistor subthreshold I-V characteristics, we get that g,,(7) ~
7%57 where ¢ is the thermal time. Thus

& [ o, SO
t+0

Substituting this and equation 5.1 and 5.10 into equation 6.7, we get that

- q 1 tr pte pAm
V;)%Lt(tr) = (AC )2 (t +5)2/0 /0 //\ C)\(Sla |52 - 51|)g()‘)d)‘d31d32- (6'8)

Note that this result is virtually independent of the capacitance. This of course
is very different from the famous k7'/C reset noise due to thermal and shot noise
sources. The reason again is that 1/f noise power is concentrated on low frequencies,
and thus is less sensitive to circuit bandwidth and hence C.

In Figure 6.5 we compare the results using our method to the results using con-
ventional frequency domain analysis. To perform the frequency domain analysis we
need to decide on the value of g, to use. In that figure we plot the results of the
frequency domain analysis for two values of g,,, one at the beginning and the other
at the end of the reset time. Note the enormous difference between the curves for
the two g,, values. Depending on which g, value is used, the results can vary from
3.2V to 68u V at t, = 10us. This presents yet another serious shortcoming to using
frequency domain analysis.

To isolate the effect of using the standard versus the nonstationary noise models,
in Figure 6.6 we plot the curves for both models using the same time varying circuit
model. In calculating the noise assuming the standard model we simply replace the
Cx(s1,|s2 — s1]) in equation 6.8 by the stationary autocovariance Cy(|sy — s1|). As
can be seen from the two curves, the RMS noise voltage using the standard model
is much higher, e.g., 222,V versus 37.2uV at t, = 10us. The noise due to reset
transistor shot noise is also plotted and is around 2764V. Note that the RMS 1/f
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noise voltage predicted by the standard model is comparable to the effect of the shot
noise. Measurement results [51, 42] show however that shot noise dominates the reset

noise, which corroborates the analysis using our method.
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Figure 6.5: Simulated output referred RMS 1/f reset noise using frequency domain
analysis versus using the nonstationary extension and time domain analysis.

6.4 Summary

We applied the time domain noise analysis method and the nonstationary 1/f noise
model to provide accurate estimates of the effect of 1/f noise due to the pixel level
transistors in a CMOS APS. The computed 1/f noise due to the follower and access
transistors are found to be approximately twice as large as the results obtained using
frequency domain analysis. For the reset transistor, we found that the frequency
domain results are very inaccurate. The results depend on some arbitrarily picked
circuit parameters, and can be over a factor of 11 lower than time domain analysis
in some cases. We also isolate the 1/f noise model effect by performing time domain

noise analysis using both stationary and nonstationary 1/f noise models. The results
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Figure 6.6: Simulated output referred RMS 1/f reset noise using standard 1/f noise
model versus using the nonstationary extension, both assuming time varying circuit

model.

showed that nonstationary model produced estimates that are more consistent with

experiments.
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Conclusion

7.1 Summary

We have presented the first complete and rigorous analysis of temporal noise in CMOS
image sensors. It takes the time varying circuit models and nonstationary noise
sources into consideration.

Using time domain analysis, instead of the more traditional frequency domain
analysis method, we found that the reset noise power due to thermal noise is at most
half of its commonly quoted KTC value. This fundamental result was corroborat-
ed by several published experimental data including data collected in our lab. The
lower reset noise, however, comes at the expense of image lag. We found that alter-
native reset methods such as overdriving the reset transistor gate or using a pMOS
transistor can alleviate lag, but double the reset noise power. We proposed a new
reset method that alleviates lag without increasing reset noise. We analyzed noise
due to the photodetector shot noise taking nonlinearity into consideration and found
that nonlinearity improves SNR at high illumination. We also analyzed noise during
readout using both hand analysis and SPICE simulation.

We have developed methods for CMOS image sensors characterization. We char-
acterized the 64x64 CMOS APS test structure fabricated in a 0.35u standard digital
CMOS process. We found that the measured reset noise is indeed very close to the

half kT /C result derived in previous chapter. The measured SNR is also consistent
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with the calculated shot noise using our nonlinear model. We also demonstrated the
incomplete reset induced image lag.

We have proposed a nonstationary extension to the standard 1/f noise model. The
model is based on the fact that the active traps are mostly empty when the MOSFET
is off. By modifying the RTS model for a single trap to reflect this fact, the noise
autocovariance function can be numerically evaluated. We used our nonstationary
extension of the standard 1/f noise model to analyze the effect of 1/f noise in the
switched circuit examples, namely the periodically switched transistor and the ring
oscillator. In both cases we obtained results that are more consistent with reported
measurements than those obtained using the standard 1/f noise model. This not only
validates our model but also means that accurate estimates of the effect of 1/f noise
on MOSFET circuits can now be obtained for a wider range of applications.

We have applied the time domain noise analysis method and the nonstationary
1/f noise model to provide accurate estimates of the effect of 1/f noise due to the pixel
level transistors in a CMOS APS. The computed 1/f noise due to the follower and
access transistors are found to be approximately twice as large as the results obtained
using frequency domain analysis. For the reset transistor, we found that the frequency
domain results are very inaccurate. The results depend on some arbitrarily picked
circuit parameters, and can be over a factor of 11 lower than time domain analysis
in some cases. We also isolate the 1/f noise model effect by performing time domain
noise analysis using both stationary and nonstationary 1/f noise models. The results
showed that nonstationary model can produce estimates that are more consistent
with experiments.

Since temporal noise sets the fundamental limit on image sensor performance, it
is very important to be able to accurately estimates the temporal noise power. We
believe that the thesis contributes to better understand the noise mechanism and
thus leads to further noise suppression. This serves the purpose of improving imaging
quality of CMOS image sensors, and making it a superior choice among imaging

devices.
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7.2 Future Work and Future Directions

In the thesis we analyzed the intrinsic noise, including thermal, shot, and 1/f noise.
Other noise sources are generally reducible through judicious design practice. As
more functions are integrated onto the same chip that holds the image sensor, it
is, however, harder to suppress the noise due to those other noise sources. One such
example is the noise coupled into the sensor array from the peripheral circuits through
the substrate. When control, memory, and image processing blocks are integrated
together with the image sensors which might have over a million pixels, the cross talk
between the sensor array and those other function blocks becomes very strong and
hard to track. As a result, it is very difficult to identify and suppress the substrate
noise. A practical model that can efficiently calculate the substrate noise effect will
extend our knowledge of noise behavior in CMOS image sensors, and will greatly
benefit the design of the next generation of highly integrated image sensor systems.

While pursuing higher level integration, further image quality improvement is
also indispensable for CMOS image sensors. It is crucial to extend the use of CMOS
image sensors into high end imaging applications. The thesis focuses on how noise
sets a fundamental limit on dynamic range and signal to noise ratio. It would be
useful to extend the work to also consider the relationship between noise and other
important image sensor parameters. For example, since each pixel has different 1/f
noise characteristics, the 1/f noise may appear as different DC offsets among the
pixels. As these pixels are independent, the 1/f drift will be different and the pattern
will change with time. This time varying “fixed” pattern noise can cause problem for
video application. Noise may also change the sensor color response. In a color filter
array based CMOS image sensors, the different noise added to different pixels may
cause distorted color. Since human observer is more sensitive to the color distortion
than to the magnitude variation, it is important to fully understand the effect of
temporal noise on color image sensors.

To keep scaling the CMOS image sensors to even smaller pixel size and larger
format, without sacrifice the image quality, the requirement of low noise operation

becomes more strict. Because the full well electron capacity and quantum efficiency
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are generally reduced, the signal is becoming weaker, and thus it is desirable to
minimize the noise level. Noise on the other hand, cannot be reduced at will. It would
be interesting to find out if noise imposes limits on the sensor scaling. Similar question
can be asked for QE, full well electron capacity, and other parameters. Identifying
the limiting factor may help us to break the barrier of CMOS image sensor scaling.

Design for testing is another important field that needs improvement. The CMOS
image sensors is in general hard to test, because it involves optoelectronic response,
mixed signal operation, and has very limited area per pixel. Increased testability will
greatly improve the characterization accuracy, and thus help to identify the bottleneck
in sensor design. For example, the extra drain voltage line of the reset transistor has
been used to test the readout circuit response, which helped to better estimate the
sensor sense node capacitance, quantum efficiency, noise, and many other parameters.
Improvements of testability, however, must be done without adversely affecting the
sensor performance.

The nonstationary 1/f noise model presented in the thesis has been used to analyze
switched circuits including CMOS image sensors. It would be interesting to apply
the model to analyze other circuits as well. The better understanding of 1/f noise
behavior may lead to some novel 1/f noise reduction scheme. The model itself can
also be improved, e.g., by refining the modeling of the trap states when the transistor
is switched from on to off.

Finally, multiple sampling has been demonstrated to greatly improve image sen-
sor dynamic range by virtually increasing the well capacity. It is worth thinking if
multiple sampling can also be applied to efficiently reduce noise floor, thus increas-
ing both dynamic range and sensitivity. One simple algorithm is to average all the
samples. By intelligently picking the sampling time one can expect to achieve higher

noise reduction.
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