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Abstract
Since the first in troduction of digital cam eras, the cam era m arket has been taking trem endous
in terest from m any fields. This trend has even accelerated when the cost, size, and power
consum ption of such devices were reduced with the in troduction of cam era on a chip concept.
This concept is achieved by in tegrating photoactive and electron ics parts of digital cam eras
on a single chip with Com plem enta ry Meta l Oxide Sem iconductor (CMOS) technology but
resulted in reduced photon collection efficiency and increased noise. Since then , scien tists
and researchers have been putting a huge effort to im prove the quality of CMOS im age
sensors with advancem ents in lithography and fabrication process, by finding alternative
ways of increasing the fill factor, design ing lower noise circuits, and putting additional on
chip features. Despite these efforts and cost, in tegration , and power consum ption advan tages
of CMOS im age sensors, they have still not been preferred in m any application fields such
as biom edical im aging, where high quality im aging is targeted. Recen tly, with the process
related technological advancem ents, the cost of CMOS im age sensors have increased and this
has m ade the CMOS im age sensors loose their cost advan tage and attractiveness for low cost
applications.

In th is thesis, I sum m arize m y research effort in in tegrating the low-cost CMOS im age sensors
in biom edical applications and im proving their perform ance with novel circuits fabricated
with standard CMOS process, while m ain tain ing their cost advan tage. Towards th is aim , I
propose possible ways of im plem en ting pixel array sensors and noise reduction and read-out
related circuits with standard CMOS technology in order to m ake these low-cost sensors
applicable for biom edical applications. For th is purpose, th is research started by fabricating
a characterization chip that uses standard CMOS process com patible photodiodes and pix-
els. Using this chip, I obtained characterization data for an n-well 0.18μm standard CMOS
technology and m ade it available for designers using sim ilar technologies. Later, I developed a
sm all cam era prototype by using the characterization data of the first chip. This sm all cam era
chip includes efficien t p ixel circuits with colum n parallel fu lly differen tial noise reduction
circuits, and horizon tal and vertical access circuits. After obtain ing good quality im ages using
th is cam era prototype, I designed a larger array cam era chip, which offers Video Graphics
Array (VGA) resolution , using the sam e technology. This th ird cam era chip uses pixel sharing
techn ique, which results in 1.75 transistors per pixel. Moreover, th is design provides the flexi-
bility of changing the pixel array resolution with respect to the pixel size, aim ing to optim ize
the perform ance according to the application . In order to result in highest possible fill factor,
all of these fabricated chips use Active Pixel Sensor (APS) techn ique. Within the scope of th is
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thesis, I also propose novel Digita l Pixel Sensor (DPS) designs, which would bring chip-level
additional functions for biom edical im aging applications and hold the poten tial for fu ture
devices.
Keywords: CMOS im age sensors, CCD im age sensors, CMOS cam eras, CCD cam eras, biom edi-
cal im aging, digital cam eras, noise reduction circuits, CDS, correlated double sam pling, fluo-
rescence im aging, Active Pixel Sensor, Digital Pixel Sensor, APS, DPS, Charge Coupled Devices,
CMOS im ager, p ixel array, 3T APS, 4T APS, rolling shutter, global shutter, p inned-photodiode,
partially pinned-photodiode, even t-detection sensor, address-even t represen tation protocol,
AER
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Résu m é
Depuis l’in troduction des prem iers appareils num ériques, le m arché de l’appareil photo
a énorm ém ent gagné en in térêt dans de nom breux dom aines. Cette tendance s’est m êm e
accélérée lorsque le coût, la taille et la consom m ation d’énergie de ces appareils on t été
réduits grâce à l’in troduction du concept de cam era on a chip. Ce concept consiste à in tégrer
les élém en ts photosensibles et électron iques des appareils photo num ériques sur une seule
puce au m oyen de la technologie Com plem enta ry Meta l Oxide Sem iconductor (CMOS). Ce
procédé a toutefois pour conséquence une efficacité réduite dans la collecte des photons
ainsi qu’à une augm entation du bruit. Dès lors, les scien tifiques et chercheurs se son t efforcés
de consacrer leurs efforts sur l’am élioration de la qualité des capteurs d’im age CMOS. Cette
am élioration devait passer par d’im portan ts progrès au n iveau de la lithographie ainsi que
dans le processus de fabrication . Pour ce faire, il a fallu créer des solutions alternatives pour
augm enter le facteur de rem plissage, élaborer des circuits p lus silencieux ainsi que développer
les caractéristiques de la puce. En dépit de ces efforts et des perform ances com parables des
capteurs CMOS par rapport à leurs principaux concurren ts, les capteurs d’im age CMOS n’on t
toujours pas la cote dans de nom breux dom aines tels que l’im agerie biom édicale, discip line
nécessitan t une im agerie de très haute qualité. C’est surtout le processus lié aux progrès
technologiques qui a conduit à augm enter considérablem en t le prix des capteurs d’im age
CMOS, en traînan t de ce fait une im portan te perte d’attractivité.
Cette thèse est destinée à prouver qu’une utilisation de capteurs d’im age CMOS peu coûteux
est possible dans différen tes applications biom édicales. Pour ce faire, je propose des solutions
qui, d’une part, am élioren t la perform ance de ces capteurs par le biais de nouveaux circuits
fabriqués avec le processus CMOS standard, et d’autre part, perm etten t de conserver leur
avan tage en term e de coût.
À cette fin , je propose plusieurs m oyens de m ettre en œ uvre des conception de circuits
d’im age capteur avec la technologie standard CMOS afin de rendre ces capteurs à faible coût
applicable pour des applications biom édicales. A cet effet, cette recherche a com m encé par la
fabrication d’une puce de caractérisation qui utilise des photodiodes et p ixels com patibles
avec la technologie CMOS.
En utilisan t cette puce, j’ai obtenu les données de caractérisation pour la technologie UMC
0.18μm standard CMOS. Ensuite, j’ai développé un petit prototype de cam éra à l’aide des
données de caractérisation de la prem ière puce. La puce de la petite cam éra inclu t des circuits
de pixels efficaces com prenan t des techn iques parallèles de réduction du bruit en tièrem en t
différen tielles. Après avoir obtenu des im ages de bonne qualité en utilisan t ce prototype de
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cam éra, j’ai conçu une puce de cam éra grand tableau, proposan t le standard d’affichage Vidéo
Graphics Array (VGA), utilisan t la m êm e technologie.
Cette troisièm e puce d’appareil photo utilise une techn ique de partage de pixel de1,75 tran -
sistors par pixel. De plus, cette conception offre la possibilité de m odifier la résolution de la
m atrice de pixels en fonction de la taille des pixels, dans le but d’optim iser les perform ances
suivan t l’application donnée. Toutes ces puces fabriquées utilisen t la techn ique Active Pixel
Sensor (APS). Dans le cadre de cette thèse, je propose égalem en t des m odèles Digital Pixel
Sensor (DPS) novateurs, apportan t des fonctions supplém en taires au n iveau de la puce pour
les applications d’im agerie biom édicale.

Mots clés : Capteur photographique, CMOS Capteur d’im age, CCD Capteur d’im age, Micro-
scopie optique, Microscopie fluorescence, CDS, réduction du bruit
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1 In trodu ction

After the long evolution of cam eras, digital cam eras are the end products that have m ade
the cam era technology accessible to everyone today. The evolution towards digital cam eras
started with the inven tion of Charged-Coupled Devices (CCDs) in 1969 at the Bell Labs by
Drs. Willard Boyle and George Sm ith . Although the inven tion of Com plem enta ry Meta l Oxide
Sem iconductor (CMOS) technology dates back to late 70s, it was on ly early 90s when finally
th is technology was suggested for use in im age sensors. After the first in troduction of Active
Pixel Sensors (APS) in Com plem enta ry Meta l Oxide Sem iconductor (CMOS) im age sensors,
it has been straightforward to envision a single chip cam era that in tegrates the pixel array
with photo-device and pixel electron ics, tim ing and con trol electron ics, signal processing
electron ics, and analog to digital converter and in terface. The concept of electron ic cam era
on a chip paves the way to the inevitable rise of today’s m odern CMOS im age sensors. With
th is concept, CMOS cam eras started to provide higher in tegration capability, lower power
consum ption , sm aller area, and lower cost com pared to its m ajor com petitor, CCD cam eras.
These advan tages of CMOS cam eras have m ade them inevitable for portable and low-cost
devices.

In 1995, E. Fossum has stated that “If the cost of the cam era can be m ade sufficien tly low
(e.g. $100 or less per cam era), it is expected that m ost personal com puters will have at least
one cam era peripheral”[Fossum , 1997]. Now, 20 years after th is statem en t has been m ade,
considering how m any cam eras we have around right now is enough to understand how
aggressively the CMOS cam era m arket has been growing. Today, m ost of the people uses a
sm art phone that in tegrates one or m ore num ber of high resolution cam eras with m in im um 2
Mega Pixel (MP), p lus has laptops, digital cam eras, even toys and gam e stations, which are
all in tegrated with high quality cam eras. According to the IC Insights’ 2012 Optoelectron ics,
Sensors, Actua tors, and Discretes (O-S-D) Report, after having hard tim es in the second half
of the last decade, CMOS im age sensor sales have increased to $6.3B in 2012 and expected
to clim b to $10.8 billion in 2016 as presen ted by Fig. 1.1 [ICInsight, 2012]. Sim ilar to th is,
according to a recen t study from Yole Developpem ent (Lyon , France), the global CMOS im age
sensor m arket was worth about $7.8 billion in 2013 and will be worth about $13 billion in
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Figure 1.1: IC Insights’ 2012 O-S-D Report
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Figure 1.2: Im age Sensor Consum ption Revenue Forecast, 2012–2018 [IHS, 2012]

2018 [Optics.org, Jan 2014]. When considering such an aggressive m arket and innovations
and im provem ents to fill the need in the m arket, it is on ly straightforward to expect a growing
in terest towards CMOS cam eras from other application fields as well. Today, CMOS cam era
m odules are gain ing popularity and seeing increased dem and not on ly across portable and
low-cost devices but also for industrial, m edical, and autom otive sectors, which were in itially
dom inated by CCD cam eras. According to a recen t study by IHS Technology (Fig. 1.2), CMOS
im age sensors accoun ted for over 80% of im age sensor revenue in 2013 and is expected to
reach 98% in 2018.

In m edical im aging sector, standard CMOS cam eras have taken a lot of in terest especially
for applications where the inheren t advan tages of CMOS cam eras e.g. low cost, low power
consum ption , and high in tegration capability, are inevitable. Lab on chip (LoC) devices in -
tegrated with cam eras are som e exam ples of these type of applications, which usually target
cost-effective, easy-to-use, and relatively high quality testing solutions. Fluorescence im aging
is one of the m ain analysis m ethods in today’s biom edical LoC devices, which has becom e an
essen tial tool in biology and biom edical sciences after the in troduction of fluorochrom es. Biol-
ogists use fluorochrom es to stain cells and tissues com ponen ts, bacteria and pathogens, which
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are excited by specific wavelengths of light and em it light at another wavelength . Through
the use of m ultip le fluorescence labeling, differen t probes can also be used to sim ultaneously
iden tify several target m olecules at differen t wavelengths, which has led to further evolution
and in terest in th is dom ain . In the literature, we can find m any exam ples of LoC fluorescence
im aging devices such as; m in iature m icroscopes for brain im aging of freely m oving an im als
[Murari et al., 2010], m icro-optic/ m icro-fluidic devices for biochem ical analysis [Roulet et al.,
2002], portable fluorescence detection system s for Poin t-of-ca re (PoC) system s for cancer or
Hum an Im m unodeficiency Virus (HIV) diagnostics [Zhang et al., 2012], and LoC platform s fur
nutrition analysis [Ram adan et al., 2013].

Recen tly, with the in troduction of Scien tific CMOS (sCMOS) cam eras, CMOS cam eras have
also started to appear in high quality low-light m edical im aging applications e.g., optical
m icroscopy or optical fluorescence im aging. However, these cam eras cost m uch higher than
standard CMOS cam eras and no longer provide a cost advan tage when com pared with CCDs.
Thus, the use of sCMOS cam eras for low-cost biom edical applications is not applicable, in -
stead, new technologies and novel circuit solu tions should be considered to im prove the
perform ance of standard CMOS cam eras and to keep their cost advan tage. This is im portan t
not on ly for low-cost biom edical devices e.g., PoCs and LoCs [Greenbaum et al., 2012],[Ra-
m adan et al., 2013], [Ji et al., 2006], but also for increasing the accessibility to high quality
optical detection system s in tegrated with optical m icroscopy in under-developed or develop-
ing coun tries.

Hence, with in the scope of th is thesis, I investigated the possible ways of im plem en ting low-
cost, h igh quality optical detectors for use in the optical detection system s, m ore specifically
in the fluorescence im aging system s. As m entioned earlier, today, m ost of the m icroscopy or
biom edical im aging system s are in tegrated with CCDs, presum ably resulting in better data
collection efficiency in low light levels com pared to CMOS cam eras. However, CCD cam eras
cost approxim ately one order of m agn itude higher than CMOS cam eras [Köklü et al., 2012].
This is why the target of th is research has been the replacem en t of the high-cost CCD cam eras
of biom edical im aging system s with low-cost CMOS cam eras and showing the m erit of CMOS
cam eras in these applications [Köklü et al., 2012], [Köklü et al., 2013b]. Throughout th is thesis,
I have proved the concept of successful use and im plem en tation of standard CMOS cam eras in
biom edical applications. In addition , I have developed novel circuits and system s to im prove
the perform ance of curren t CMOS cam eras while keeping their cost advan tage. I also sen t
three cam era chips for fabrication towards th is purpose and provide their sim ulation and
m easurem en t results with in th is thesis.

Following the in troduction , the rest of th is thesis is organ ized as follows:

In Ch apter 2, I explain the basics of CMOS and CCD cam eras and discuss the advan tages
and the disadvan tages of each technology. I also define the cam era specifications with in th is
chapter, which are specifically im portan t for biom edical im aging.

After presen ting a brief explanation on available technologies for biom edical im aging and
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Ch apter 1. In trodu ction

providing their perform ance param eters, in Ch apter 3, I show exam ples of the state of the art
CCD and CMOS cam eras which are available in the m arket or in the literature and appropriate
for use in biom edical (m icroscopy) im aging applications.

In order to provide a proof of concept for use of low cost CMOS cam eras in high quality, low
light im aging applications, I build a CMOS cam era by in tegrating a CMOS im age sensor from
the m arket with an Field Program m able Gate Array (FPGA) platform . In Ch apter 4, I presen t
the details of th is cam era. In addition , I provide a quan titative com parison of th is CMOS
cam era with the default CCD cam era of an inverted m icroscope based on the application
specific collected im ages. After im proving the quality of these im ages with im age processing
algorithm s, I show that the low-cost CMOS cam era results in com parable perform ance with
the high-cost CCD for low-light fluorescence im aging [Köklü et al., 2012], [Köklü et al., 2013b].

After showing that the CMOS cam eras m ay reach com parable quality with CCDs, in Ch apter 5,
I start the design process of application specific cam era chips. Design ing application specific
cam era sensors gives the flexibility in choosing the optim um pixel p itch and photodiode size,
providing priority to som e specific circuits than the others, and in tegrating additional p ixel
level or chip level. This chapter includes the in troduction of differen t CMOS pixel sensor
circuits and techn iques that are com patible with standard CMOS process and the advan tages
and disadvan tages of each techn ique when used for biom edical im aging applications. In th is
chapter, I also presen t state-of-the art Active Pixel Sensor (APS) and Digita l Pixel Sensor (DPS)
designs, which are the two m ain types of CMOS pixels.

I start the cam era chip im plem en tation process by first design ing a pixel and photodiode
characterization chip. Since each CMOS technology has its own characteristics and photon
response and the foundries do not provide photon related characterization data, designers
always have the need to develop their own characterization chips. With in th is con text, in
Ch apter 6, I explain the details of m y characterization chip. This chip includes differen t
standard CMOS process com patible photodiodes and pixels. With in th is chapter, I also presen t
the characterization results of th is chip, which is specific to an n −w el l 0.18μm standard CMOS
process. I obtained the characterization data by testing the fabricated chip through an optical
setup. Then , when design ing the other cam era chips throughout th is research , I benefited from
the characterization results of th is chip. To the best of m y knowledge, with th is characterization
chip, I provide for the first tim e characterization results not on ly for an n − w el l 0.18μm
standard CMOS process but also for a process that uses Sha llow Trench Isola tion (STI) instead
of Loca l Oxida tion Isola tion (LOCOS), which im m ensely affects photodiode dark noise [Köklü
et al., 2013a].

In Ch apter 7, I dem onstrate m y first fu lly functional cam era chip that in tegrates a sm all active
pixel array (64 × 60) with photodiodes and surrounding pixel electron ics, noise reduction
circuits, and vertical and horizon tal access circuits. I have im plem en ted this chip according to
the data obtained from the characterization chip as m en tioned earlier. With in th is chapter, I
explain the design details of each block in th is cam era chip together with the novel m ethods
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to im prove the quality of th is cam era [Köklü et al., 2011]. After in troducing the design details
and m easurem en t results, I illustrate the im age acquisition in terface of th is cam era chip and
provide collected im ages from this cam era chip by using test patterns. This cam era chip
provides a fully functional prototype of a low-cost h igh quality CMOS cam era. However, since
th is cam era prototype has a sm all array size, a larger array form at cam era chip would be
required in order to achieve large form at sm ooth im ages with real biom edical sam ples.

In Ch apter 8, I presen t the design of the Video Graphics Array (VGA) form at cam era chip that
in tegrates active pixel array of VGA resolution , together with colum n parallel noise reduction
circuits, horizon tal and vertical access circuits, and two parallel Successive Approxim ation
(SAR) type Ana log to Digita l Converters (ADCs). This design benefits from an efficien t p ixel
sharing techn ique in order to increase the fill-factor and the light collecting efficiency. It also
provides to the best of m y knowledge for the first tim e in the literature a novel program m able
in terface to adjust the array size with respect to the pixel size depending on the application .

Within the fram e of th is research , I fabricated on ly APS cam era chips due to the high fill factor
and photon collection efficiency advan tages of these designs. However, DPS designs offer
m any advan tages as well e.g. avoiding analog design lim itations and providing extra pixel
level features. Even tough DPS designs bring pixel area penalty, these features are worthwhile
to consider in biom edical applications. Hence, in Ch apter 9, I propose novel DPS designs
that are optim ized for biom edical applications [Köklü et al., 2013c]. In the future, the use of
DPS designs with Back Side Illum ina tion (BSI) techn ique would certain ly om it the fill factor
lim itation of these designs and on ly then it is eviden t to reach good quality DPS cam era chips
sim ilar to APS cam era chips.
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2 CMOS an d CCD Cam eras

Today, CMOS im age sensors are disp lacing the CCDs in high volum e applications where
low cost, low power, low area and high speed are unavoidable. However, despite the huge
research effort, advancem ents in lithography, higher fill-factor and low noise achievem ents in
CMOS cam eras, CCDs are still the dom inan t choice in high quality im aging applications i.e.
biological and m icroscopic applications. Knowing that the budget constrain ts always exist for
every research dom ain , choosing the m ost profitable and cost-efficien t optical detector for the
specific research purpose is a very im portan t step. To do that, it is first necessary to understand
the basics of CMOS and CCD cam eras and their structural and in trinsic differences.

2.1 In trodu ction

The key to reach a good quality optical m icroscopy im aging goes through im proving the
efficiency of the optical light path of the m icroscope, as well as optim izing the optical detector’s
Signa l to Noise Ra tio (SNR) to detect as m uch light as possible [Frigault et al., 2009].

Traditionally, it is known that CCD cam eras target h igh im aging quality and they have always
been the dom inating optical detector choice in the m icroscopy im aging m arket. In the
literature, there are m any exam ples of use of CCD cam eras for detecting fluorescen t labeled
Deoxyribonucleic Acids (DNAs) or som e expressions on the stained, fixed or live cells by
using optical m icroscopy. Som e of the exam ples to that is im aging of growing DNA chains
[Ansorge, 2009], real-tim e detection of DNA hybridization to DNA m icroarrays [Sapuppo
et al., 2008], m on itoring of an ticancer effects of som e specific agen ts [Kang et al., 2010],
exam in ing of cell polarity on stained, fixed and live cells [Osm ani et al., 2010] and obtain ing
quan titative in form ation about the chrom atin -DNA distribution inside the nucleus [Nicolin i
et al., 1997], [Mascetti et al., 1996], [Mascetti et al., 2001]. In addition , m ost of the m icroscopy
com pan ies on ly provide CCD cam eras for optical m icroscopy applications and in m any related
review papers and books, CCD cam eras have been shown as the detector of choice for low-
light i.e.,fluorescence, m icroscopy im aging applications ([Frigault et al., 2009], [Spring, 2007],
[Moom aw, 2012], [Golden and Ligler, 2002]).
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On the other hand, CMOS cam eras and im age sensors have m ostly been used in low perfor-
m ance devices or portable devices un til recen tly [Fossum , 1993]), m ain ly due to their low
power consum ption , low cost, com pactness and high in tegration . Recen tly, th is traditional
m isconception of CCDs as a m ust for high quality im aging applications, started to dissolve
and CMOS im agers started to show up in high quality Digita l Single Lens Reflex (DSLR) cam -
eras as well as in biological and bio-m edical m icroscopy applications. A couple of exam ples
for the use of CMOS cam eras in biological applications include m in iaturized fluorescence
cam eras for brain im aging [Murari et al., 2009b], [Murari et al., 2010], [Ghosh et al., 2011]
and fluorescence lifetim e im aging with CMOS Single Photon Ava lanche Diodes (SPADs) [Li
et al., 2010], [Schwartz et al., 2008] where CMOS sensors’ speed advan tage becom e crucial. In
addition , recen tly som e of the m icroscopy com pan ies started to offer CMOS cam era solutions
for bio-m edical applications. Moreover, the poten tial use of low-cost CMOS cam eras has
been shown for fluorescence im aging when the collected im ages are em powered with im age
processing algorithm s [Köklü et al., 2013b].

In the following sections, first, I will put em phasis on the structural differences of CCD and
CMOS cam eras, second, I will in troduce the perform ance param eters of CMOS and CCD
cam eras and im age sensors, th ird, I will explain the m ethods that are used to com pare differen t
cam eras, and finally, I will show differen t im age processing algorithm s that are applicable for
im age enhancem ent and noise reduction in CMOS cam era im ages.

2.2 CCD/CMOS Im age Sen sors an d Cam eras

Fig. 2.1 illustrates the differences of CMOS and CCD sensors. The figure basically com pares
a CMOS Active Pixel Sensor (APS) design with an In ter Line CCD (IL-CCD) which are both
m ost com m only used sensors in the m icroscopy im aging cam era m arket. This figure shows
that CCD sensors are com posed of photosensitive area and registers, and produces an analog
output while the CMOS im age sensors are not on ly com posed of photosensitive areas but
also surrounding electron ics including scann ing and digital conversion electron ic circuits and
produces a digital output.

This structural difference between CCD and CMOS sensors usually leads to difficulties to
com pare their cam era perform ances. That is because the m ain noise sources in a CMOS
sensor include dark curren t noise, shot noise, tem poral noise, fixed pattern noise and digital
readout noise, but in a CCD sensor, it consists of on ly pixel level dark signal, shot noise and on
chip analog readout noise [Tian et al., 2001]. However, as m en tioned earlier, a CCD cam era
consists of not on ly a CCD sensor but also off-chip signal processing, noise reduction and
readout circuits. Thus, in a CCD, while the off-chip noise reduction circuit decreases the
generated noise, the readout circuit increases it. Hence, the com parison m ade on the sensor
perform ances does not provide enough in form ation to draw a conclusion to define these
cam eras’ noise floor or m in im um light detection lim it. That is why instead of relying on
the data-sheet perform ances of the sensors, which would be m isleading if a CMOS sensor
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Figure 2.1: General View of CMOS and CCD Sensors

is com pared with a CCD sensor, it is better to com pare the two cam eras directly based on
the application -specific collected im ages [Köklü et al., 2013b] or by using a very well known
cam era com parison techn ique called Photon Transfer Curve (PTC) [Janesick et al., 1987],
[Janesick, 2001]. PTC is a techn ique that p lots noise against signal and is used to m easure
m any of the cam era perform ance param eters. A straightforward com parison between a CCD
and a CMOS cam era can also be m ade based on their perform ance param eters, however th is
com parison should rely on the specifications given in the cam era data-sheets instead of the
sensor data-sheets. For the CMOS devices, the sensor and the cam era data-sheet specifications
are expected to be the sam e or sim ilar depending on the cooling and packaging of the device
however th is is not the case for CCD devices.

In the following section , I will explain the CMOS and CCD cam era architectures in m ore detail.

2.2.1 CCD Im age Sen sors an d Cam eras

There are m any differen t CCD architectures, m ain ly as Fu ll-Fram e CCD (FF-CCD), In ter-Line
Transfer CCD (IL-CCD), and Fram e Transfer CCD (FT-CCD) [Aikens et al., 1989]. Each of these
architectures have advan tages and disadvan tages where they can be m ore useful than the
other depending on the application . Electron Multiplying CCDs (EMCCDs) is also considered
as one of the CCD architectures, which have recen tly em erged in the m arket.

When the silicon and the light on the photo-active surface of CCDs react and excite the charges
from the silicon valence band to the conduction band, electrical charges are generated. A
CCD is com posed of serially connected capacitors and it benefits from the charge transfer
m echan ism by the m ovem ent of the excited electrical charges from one capacitance to another
with the digitally con trolled pulses [Boyle and Sm ith , 1970].
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Ch apter 2. CMOS an d CCD Cam eras

2.2.1.1 Fu ll-Fram e CCDs

In a FF-CCD, the charges are transported from one well to another on the sam e vertical line
by use of the parallel clocks. At the end of the in tegration period, the charge packets are
transferred to the horizon tal registers. The final transfer of the registered outputs are done
in single output form at by use of serial sh ift registers with the serial clocks, sh ifting outputs
sequen tially starting from the first colum n to the last. As seen in Fig. 2.2a, in FF-CCDs, the
CCD array is a fully photosensitive array with ideally %100 fill factor m ean ing that the en tire
p ixel array is used to detect incom ing photons during exposure to the object being im aged.
However, th is h igh fill factor com es with a price of speed. The FF-CCDs require m echan ical
shutters to con trol the start and stop of the im age capture process and the in tegration of
the next fram e can on ly be started at the end of the whole vertical and horizon tal sh ifting of
the registered outputs, which obviously lim its the speed of the process. In other words, the
use of the m echan ical shutter lim its the FF-CCDs to take con tinuous im ages. In low light
im aging applications (fluorescence im aging), although it is preferable to use Full-Fram e CCDs
(to capture m ore photons due to the increased fill-factor), since m ost of the m icroscopic
applications require con tinuous im aging, the use of the FF-CCDs is on ly restricted to the
digital SLRs in the m arket.

2.2.1.2 In ter-Lin e CCDs

IL-CCDs, Fig. 2.2b, operate with electron ic shutters and include a CCD register in each pixel
m ean ing that the speed lim itation caused by the m echan ical shutter and waiting tim e for
the full transfer no longer exist. In an IL-CCD, each pixel consists of a photodiode and one
cell of a CCD register which allows the new in tegration period to start right after the charge
transfer to the register. This of course reduces the fill factor drastically and brings it to the
sam e order as APS CMOS im agers but at the sam e tim e establishes a very fast im age capture
giving possibility to the im ager to be used in video m ode. Today, with the use of m icro-lenses,
in IL-CCDs, the fill-factor lim itation has been overcom e and the IL-CCDs have becom e the
m ost com m on CCD types in m icroscopy cam era m arket. The exam ples of th is type of cam eras
for m icroscopic applications will be given in Chapter 3.

2.2.1.3 Fram e Tran sfer CCDs

Unlike the other two types, FT-CCDs (see Fig. 2.2c) use half of the im ager area as photosensitive
area and the other half as optically shielded fram e store area. The operation at the top part
of th is type of CCDs is sim ilar to the FF-CCDs in term s of its requirem en t for a m echan ical
shutter and the quick transfer of the charges from top to bottom . The other half of FT-CCD
includes on ly vertical CCD registers which work in a sim ilar m anner as the vertical registers in
IL-CCD. The advan tage of FT-CCDs com pared to FF-CCDs is that the operation is p ipelined
since the new fram e can already start to be collected at the end of the charge transfer between
the photosensitive array and the light shielded array. In addition , since th is type of CCDs does

10



2.2. CCD/CMOS Im age Sen sors an d Cam eras

��������
�� �������

���������������

������������������ ����
�����������

���
�������

�������������
����������������

  ! �����"#�

$���%�����������

&����������' �' �
  ! ��

(���$���%������
) �����������

&���������������
  ! �����"�

��

(a) Full-Fram e CCD

�����������

��������  ! �
�����������

�����������  ! �
�����������

�*��*���
�� �������

���������*��*��

�������������������� ����
�����������������

 ���������������
���� �

��������������
��������  ! ��

�������������

����������������

�� ��

(b) In ter-Line Transfer CCDs

��������
�� �������

���������������

�������������������� ����
�����������������

�������������
���������������

  ! �����"#�

�������������
�&����������' �' �

  ! �����"#�

$���%�����������

�� ��

&����������' �' �
  ! ��

(���$���%������
) �����������

&���������������
  ! �����"�

&����������' �' �
  ! �����"�

(�����������
) �����������

(c) Fram e Transfer CCDs

Figure 2.2: CCD Types
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Figure 2.3: EMCCD applied to a IL-CCD architecture

not share active pixel area with the storage pixel area, they reach 100% fill factor. However, the
speed is again lim ited due to the required tim e for the charge transfer at the photosensitive
array un like the IL-CCDs. Sim ilar to FF-CCDs, FT-CCDs also on ly appear in professional
digital cam eras, but not in m icroscopic im aging due to their incapability of taking con tinuous
im ages.

2.2.1.4 Electron Mu ltip lyin g CCDs (EMCCDs)

EMCCDs in tegrate electron m ultip lying stages with the conven tional CCD architectures with
the aim of reducing noise in high speed applications e.g. live-cell real-tim e im aging. The
m ultip lication register is an extension of the norm al serial register and adds gain to the elec-
trons that com e out of the sensor’s active pixel array which m akes EMCCDs easily adaptable
to standard CCD designs. This type of CCDs do not have a trade-off between speed and
sensitivity as it is the case for regular CCDs. The m ain reason for th is trade-off is the increase
of noise generated at the charge am plification un it with the increase of speed, which reduces
the m in im um detection lim it of the sensor. In EMCCDs, since the charge m ultip lication
stage com es before the am plification stage, the noise generated in the am plifier no longer is
a problem since the signal is already m ultip lied and m uch higher than the noise generated
in the am plifier. Thus, EMCCDs are capable of reaching both high speed and high sensitivity
which m akes them highly preferable for low light live-cell im aging applications in real-tim e .
In the m arket, I can find EMCCDs of any three type of CCDs.

2.2.2 CMOS Im age Sen sors an d Cam eras

The m ost im portan t advan tage of CMOS im age sensors over CCDs is their in tegration ca-
pability of the photosensitive and electron ic parts, which gives the possibility to fabricate
photosensitive and electron ics part on the sam e chip. This advan tage of CMOS sensors m ake
the fabrication less costly and easier than CCDs in high volum es. As opposed, the fabrication
of CCD im age sensors require two differen t processes, a dedicated process to fabricate the
CCDs and a standard CMOS or Bipola r CMOS (BiCMOS) process to fabricate the electron ic
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Figure 2.4: CMOS Passive Pixel Sensor Architecture

parts of the cam eras. As m entioned earlier, th is would increase the cost and area of CCD
cam eras. However, in low volum e productions, due to the higher fabrication m ask costs in
CMOS devices, the in tegration capability of CMOS does not necessarily provide cost advan tage
over CCDs.

Main ly, CMOS im age sensors can be grouped in three categories; Passive Pixel Sensors (PPSs),
Active Pixel Sensors (APSs), and Digita l Pixel Sensors (DPSs). Am ong these, APS sensors are the
m ost com m on CMOS sensors in the m icroscopic cam era m arket.

2.2.2.1 Passive Pixel Sen sors

PPSs are the first MOS im age sensors that em erged in the m arket [Koike et al., 1980], [Nabeyam a
et al., 1981], [Ohba et al., 1980]. However, due to Signa l to Noise Ra tio (SNR) issues, its develop-
m en t was halted [Ohta, 2010]. They use a single switch in the pixel to read out the photodiode
in tegrated charge as shown in Fig.2.4. The switch transistor in the pixel is used for the row
selection and the output or the source term inal of th is transistor is a com m on node for all
the pixels in the sam e colum n. Because of th is sim ple structure, th is design reaches high
fill-factor and photon collection efficiency. At the end of each colum n, there is a colum n
select switch with horizon tal access circuit. The design also includes an off-chip am plifier
and Ana log to Digita l Converter (ADC). However, PPSs suffer from m any lim itations. First,
the com m on colum n line results in a high parasitic capacitance, which is also the charge to
voltage conversion region of the pixel. This high parasitic capacitance is required to be driven
by the pixel, which reduces pixel’s conversion gain . Moreover, the off-chip read-out schem e
in troduces high noise and slow read-out. Later, PPS designs with on-chip am plifiers and ADCs
have been in troduced. These designs have reached lower kTC noise in the sensor. However,
still they have not solved the high parasitic capacitance issue at the com m on colum n node,
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Figure 2.5: CMOS 3-Transistor Active Pixel Sensor Architecture

which is the lim iting factor for the detection of low light signals.

2.2.2.2 Active Pixel Sen sors

The PPS designs are later replaced by APS designs, where each pixel has an active elem en t
providing pixel-level am plification and im proving the im age quality com pared to PPS designs.
An exam ple to APS pixel circuits is the 3 Transistor (3T) APS pixel circuit. A top level represen-
tation of the APS design with a 3T pixel circuit is shown in Fig. 2.5. Chapter 5 will provide m ore
details on APS type pixel sensors.

Fig. 2.4 and 2.5 show the digital conversion un it per chip, which is connected at the end of
the horizon tal access circuity. It is also possible to generate colum n level or pixel level digital
outputs, where both techn iques are m ostly used to speed up the readout process.

2.2.2.3 Digita l Pixel Sen sors

The CMOS im age sensors with pixel level analog to digital conversion are called Digita l Pixel
Sensors (DPSs). Nowadays the trend in CMOS im age sensors is to increase the functionality
of the devices by benefiting from DPS designs, which in tegrate the pixel with ADC units as
presen ted in Fig. 2.6. The DPS designs require large am oun t of non-photosensitive/ m etallic
area causing a sign ifican t drop in the fill-factor and increase in the pixel p itch . However, DPS
architectures offer several advan tages over analog im age sensors including better scaling
with CMOS technology due to the reduced analog circuit perform ance dem ands, and the
elim ination of read-related colum n Fixed Pa ttern Noise (FPN) and colum n readout noise.
More details on the DPS architectures will be covered in Chapter 5. The DPS designs m ay
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Figure 2.6: CMOS Digital Pixel Sensor Architecture

also serve well in m icroscopic applications when in tegrated with Back Side Illum ina tion (BSI)
technology to com pensate the low fill-factor and high m etal density. However, to the best of
our knowledge, curren tly there are no DPS cam eras available in the m arket for m icroscopic
applications and it is the APS cam eras that benefit from BSI technology.

2.2.2.4 Fu r th er Advan ces in CMOS Im age Sen sors

Until recen tly conven tional Fron t Side Illum ina tion (FSI) techn ique has been used in CMOS
im age sensors. In FSI techn ique, the light travels to the photo-sensitive area through the fron t
side of the cam era chip, i.e., p ixel, it first passes through the transistors, the dielectric layers
and m etal circuitry, which can block or deflect it in to neighboring pixels, causing a reduced fill
factor and additional problem s such as cross talk between pixels. The solution to th is problem
has been found by reversing the sensor and illum inating it from the back-side. This techn ique
is called Back-Side Illum ina tion (BSI) [Nixon et al., 2002]. BSI provides m any advan tages
including high (100%) fill-factor, increased quan tum efficiency, efficien t im plem en tation
of an ti-reflection coatings, and im proved angular response, while being com patible with
the traditional im plem en tation of the pixels [Pain et al., 2005]. Recen tly, th is techn ique has
becom e very popular and is used in m ost of the high-sensitive CMOS sensors to im prove the
perform ance by allowing an easier travel path for the light before passing to the photo sensitive
area and has resulted in alm ost 30% im provem ent in Quan tum Efficiency (QE) com pared to
FSI designs (for details on QE see Chapter 3).

Most of today’s CMOS im age sensors are fabricated with CMOS Im age Sensor (CIS) dedicated
technologies where the standard CMOS technology has been im proved for better photon
sensitivity and lower noise. This trend has increased the cost of CMOS im age sensors and the
production cost has reached sim ilar to CCDs. However, in higher volum es, CMOS devices still
cost less than CCDs due to the single chip in tegration capability.
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Finally, sim ilar to IL-CCDs, CMOS im age sensors also benefit from m icro-lenses to im prove
their fill-factor and reduce cross talk between the pixels by redirecting and focusing the light
on to the active detector regions..

2.3 Su m m ar y

In this chapter, I briefly explained the CMOS and CCD cam eras and their architectures. Under-
standing the key advan tages of these sensors is of great im portance before com paring their
perform ances and considering their use in biom edical applications. In the following chapter, I
will exam ine the perform ance param eters given in the CCD and CMOS sensor and cam era
data sheets, then I will com pare CMOS and CCD cam eras and sensors that are available in the
m arket and proposed in the literature for m icroscopic im aging.
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3 Com par ison of CMOS an d CCD Cam -
era

With the data provided in the cam era and im age sensor data-sheets, th is part of the thesis
aim s to review differen t CMOS and CCD cam eras in the literature and in the m arket after
giving a detailed background on the perform ance param eters. The revision of the CMOS and
CCD cam eras available in the m arket or in the literature show us that a CMOS im age sensor
or cam era can perform as good as a CCD im age sensor or cam era on various grounds and
depending on the application specifications, the scien tists should consider to use low-cost
CMOS cam eras instead of high-cost CCDs. Of course, th is requires a good revision of differen t
cam era options specifically for each application , however it pays off with a serious reduction
in the cost of instrum en ts.

3.1 In trodu ction

Choosing the right cam era for a specific application is a very difficult and com plex task. It is
not enough to understand the basics of CMOS and CCDs cam eras and differences between
them but th is task also requires to have a detailed understanding and in terpretation of the
sensor and cam era specifications. On ly then , a straightforward com parison between differen t
cam eras can be m ade.

Since m ost of the biom edical im aging applications require good quality im aging in low light
conditions, som e perform ance param eters, e.g. spatial resolution , Quan tum Efficiency (QE),
Fu ll-Well Capacity (Nsa t ), Noise Floor (NF), Signa l to Noise Ra tio (SNR), Dynam ic Range (DR),
and Digita l Resolu tion are m ore im portan t for good quality im ages than the others. Due to
th is reason , these param eters should be well covered before com paring differen t cam eras’
perform ance.
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3.2 Per form an ce Param eters of CCD an d CMOS Im age Sen sors an d
Cam eras

In this section , I in tend to provide a detailed understanding and in terpretation of the sensor
and cam era specifications.

Spatia l Resolu tion The spatial resolution of a m icroscope system can be lim ited either by
the pixel spacing (pixel size or pitch) of the im age sensor or the optical resolution of the
m icroscope. The optical resolution or the collection efficiency of the m icroscope is m ain ly
defined by the Num erica l Apertu re (NA) of the m icroscope objective as well as the light
em ission wavelength of the sam ple [Castlem an , 1993]. The NA of the objective lens is defined
by

NA= n × sin θ (3.1)

where n is the refractive index of the im m ersing m edium adjacen t to the objective lens (1.0 for
air and 1.515 for oil) and θ is the angular radius of the collection cone [San tiago et al., 1998].
This form ula also explains why high-cost oil im m ersion objectives i.e, objectives with higher
refractive index, are preferred for better resolution , i.e., h igher NA.

The optical resolution lim it of a m icroscopy system is called diffraction lim it, which can be
calculated by Abbe’s diffraction lim it form ula [Abbe, 1873]

Rop t i ca l = 0.61× λ / n sin θ = 0.61× λ / NA. (3.2)

where λ is the light em ission wavelength and NA is the num erica l apertu re as defined above.

In order to m atch the optical and electron ic resolution of a m icroscopy system , the required
pixel size, i.e., p ixel p itch , of a cam era can be calculated by [Levoy et al., 2006]

PixelPitch = 1/ 2× Rop t i ca l × Magnifica tion (3.3)

where the 1/ 2 factor com es from the Nyquist Lim it Theorem , i.e., sam pling theorem [Grenander,
1959].

Thus, if we consider a system with 100Xm agnification objectives with NA= 1.4 and λ = 550n m ,
the resulting optical resolution would becom e around 239 nm which is close to the theoretical
lim it and the required pixel p itch for th is setup would be 10μm ( 200n m ×100

2 ).

The sm allest p ixel size requirem en t occurs in case of the use of 4X m agnification objectives,
with an approxim ate NA of 0.2, resulting in theoretical resolution lim it of 1.67μm . In order to
achieve th is theoretical lim it, the required pixel size would be 3.35μm m axim um ( 1.67μm ×4

2 ).
However, since a sm aller p ixel will result in lower dynam ic range, it should be preferred to use
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sensors with larger pixels and m atch the electron ic and optical resolution by use of a higher
m agn ification objection with high NA. However, the m agn ification of an im age spreads the
light out and decreases the in tensity per pixel in proportion to 1/ Magnifica tion 2 [Lichtm an
and Conchello, 2005]. However, as depicted by Eq.3.4, the light efficiency is also in proportion
to NA with a factor of NA4. This results in higher light efficiency with higher m agn ification
objectives due to their increased NAand m akes them m ore preferable in fluorescence im aging.
The dependence of the light efficiency to NA and m agn ification can be represen ted by the
following form ula [Lichtm an and Conchello, 2005]:

E ∝ NA4/ Magnifica tion 2. (3.4)

Table 3.1: Spatial Resolution vs Pixel Pitch

Objective Num erical Aperture Theoretical Lim it (Eq.3.2) Required Pixel Pitch (Eq.3.3) Efficiency (Eq.3.4)
100X (oil) 1.4 239n m 11.98μm %0.038
60X (oil) 1.4 239n m 7.17μm %0.106

60X 0.95 353n m 10.594μm %0.022
40X (oil) 1 335n m 6.71μm %0.062

40X 0.95 353n m 7.06μm %0.05
20X 0.75 447n m 4.47μm %0.07
10X 0.45 745n m 3.72μm %0.041
4X 0.2 1.677μm 3.35μm %0.01
2X 0.1 3.35μm 3.35μm %0.025

Table 3.1 sum m arizes the relation between the pixel p itch and the diffraction lim it for differen t
objectives and NAs. According to th is table, the sm allest p ixel p itch is required (3.35μm ) only
when lowest m agn ification objectives (2Xor 4X) are used. As opposed, for higher m agn ification
objectives, p ixel p itches above 6.71μm would even be enough to reach the diffraction lim it.
For low light im aging applications, low m agnification objectives should not be preferred,
since they reach lower photon collection efficiency than the higher m agn ification objectives
as shown in the table. For instance, an objective with 4X m agnification and 0.2 of NA can
on ly result in 0.01% efficiency while an oil-im m ersion objective, with 100X m agnification
with NA of 1.4 can result in 0.038% efficiency. This is a huge im provem ent especially for
fluorescence live-cell im aging applications where the cells are under risk of phototoxicity
i.e., cell cycle arrest or cell death [Hoebe et al., 2007], when the fluorophores are excited for
a long tim e. Therefore, it is required to target h ighest possible collection efficiency in the
m icroscopy system in order to keep the exposure tim e as low as possible [Frigault et al., 2009].
Moreover, the spatial resolution that can be reached with low m agnification objectives (2X or
4X) is on ly 3.35μm , while im aging cell details would require m uch lower resolution than this.
Thus, for low light biom edical im aging applications, 20X and higher m agn ification objectives
should be chosen . This m akes us to conclude that if we have the flexibility to change the
pixel p itch of a design , we m ay reach better collection efficiency by using larger pixels when
higher m agn ification objectives are used. However, despite the increased collection efficiency
with larger pixels, and increased Dynam ic Range (DR) and Signa l to Noise Ra tio (SNR), the
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Figure 3.1: Evolution of pixel size, CMOS technology node used to fabricate the devices and
the m in im um dim ension according to the ITRS Roadm ap. [Theuwissen , 2008]

trend in the m arket curren tly involves the shrinking of the pixel sizes and increasing the
num ber of pixels with in the sensor [Theuwissen , 2008]. Fig. 3.1 presen ts th is trend in the pixel
dim ensions, as well as the technology node, and the road m ap provided by the In form ation
Technology Services (ITS) [Theuwissen , 2008].

Sen sit ivity Another im portan t param eter for fluorescence im aging applications is the sensi-
tivity of the sensor, which m ay be referred in differen t ways e.g. responsivity (un its of V/ lux.sec
or Am ps/ Watt), m in im um detectable light (in lux), or Quan tum Efficiency (QEλ ). Respon-
sivity (Rp h ) in Am ps/ Watt is defined by the following form ula, where IL is the photo-curren t
produced when a un it power of P0 is presen t on the device.

Rp h =
IL

P0
(3.5)

QEλ , which refers to the fraction of photons inciden t on the detector surface that actually
generate electrons, can be calculated by using the Rp h in the following form ula:

QEλ =
IL/ e

P0/ (hν)
= Rp h

hν
e

(3.6)

where e represen ts the charge of an electron (elem en tary charge) and h v is the energy of a
single photon that is related to its wavelength by

h v =
h c
λ

(3.7)

c: speed of light in a vacuum
h : Planck constan t (6.62606957× 10−34 J·s)
λ : photons wavelength
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Figure 3.2: Spectral Sensitivity of Sony ICX274AL CCD sensor [Sony, 2014b]

In the literature and in the datasheets of the sensors, it is possible to find in form ation about
the sensitivity in all of these alternative ways, which usually m akes it difficult to com pare the
perform ance of one sensor to another directly by referring to their datasheets.

Spectral Sen sit ivity Spectral sensitivity is the relative efficiency of a sensor as a function
of the frequency or wavelength of the signal. It is not a m etric that can be used for com par-
ison purposes but it on ly provides a relative defin ition of the sensor response at differen t
wavelengths. Most of the CCD and CMOS sensors are sensitive to the light ranges between
200nm -1000nm and they m ake a peak at a specific wavelength as in Fig. 3.2. That is why,
in a fluorescence im aging application , according to the targeted fluorochrom es, the m ost
appropriate sensor should be chosen or if the cam era is already in hand, if possible the fluo-
rochrom e should be chosen according to the peak wavelength region of the cam era sensor.

Digita l Resolu tion The digital resolution param eter, given in Digita l Num ber (DN), is a
specification given in the cam era data sheets for CCDs and in the both sensor and cam era
data sheets for CMOS devices. It m ost com m only is defined according to the noise floor of
the device. Knowing the digital resolution of two cam eras, it can be approxim ately said that a
cam era with higher digital resolution has less noise. However, th is statem en t cannot be proven
un til the noise floor is stated in the cam era data-sheet or noise m easurem en ts are done by the
users. In addition , it is com m on to see in som e cam eras that ADCs with m ore than necessary
digital resolution have been used, although the noise floor of the sensor is h igher than the
voltage precision of the ADC.

Noise, Sign al-to-Noise Ratio (SNR), an d Dyn am ic Ran ge (DR) Read noise or noise floor,
SNR, and DR are given in m ost of the cam era data-sheets as another defin ition for the sensitiv-
ity of the cam era.

The Read Noise (n r ea d ) or the Noise Floor (NF) param eters refer to the sum of all detectable
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noise sources in a cam era and define the m in im um detectable signal level. SNR defines the
ratio between the signal and noise floor of the cam era. In the datasheets, SNR m ay be given as
m in im um , typical or m axim um , where in som e cases, the defin ition of these ranges are not
defined or in others the typical SNR refers to the DR. Thus, the Dynam ic Range (DR) param eter
is m ore reliable than the given SNR since it defines the lim its of the sensor and is form alized
as follows:

DR = 20.l og10(Nsa t / n r ea d ) (3.8)

where Nsa t represen ts the signal electrons in saturation level (defined by the full-well capacity)
and n r ea d represen ts the total read noise in electrons.

As m entioned earlier, the noise sources for a CMOS sensor and a CCD sensor are differen t.
The noise sources in CMOS im age sensors are divided in to three: tem pora l noise, inpu t-signa l
noise, and spa tia l noise.

The tim e-dependen t p ixel noise is called tem pora l noise and it includes
1- reset or kTC noise
2- therm al noise or Johnson noise
3- 1/ f noise or flicker noise
4- dark curren t shot noise
5- photon shot noise
5- quan tization noise
6- phase noise or tim ing jitter

The tem poral noise is “frozen” as spa tia l noise when a snapshot is taken . The spa tia l noise
sources include
1- dark Fixed Pa ttern Noise (FPN)
2- light FPN
3- leakers or hot spots
4- defect p ixels
5- cosm etic defects
and these noises are fixed per pixel, per colum n or per chip.

As opposed to CMOS sensors, CCD sensors on ly include dark signal and shot noise. The
read-out noise is not a part of the CCD sensor but is a part of the CCD cam era. Thus, the noise
perform ance of CMOS and CCD sensors cannot be com pared but the cam era data-sheets
should be used for com parison purposes as m en tioned earlier.

In m icroscopic im aging, for short exposures, read noise dom inates the noise in the im ages
and for longer exposures, therm al noise usually becom es the dom inan t factor. Therm al noise
results from noise in dark curren t, and the noise value is the square root of the num ber of dark-
curren t generated electrons. In order to reduce the therm al noise, m ost of the high quality
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im aging devices are in tegrated with cooling system s which results in higher perform ance.
Thus, the noise perform ance of the cooled cam eras for both CCDs and CMOS will largely differ
from the norm al cam eras, due to the reduction of the therm al noise with cooling.

Although these param eters are very im portan t to com pare differen t cam eras, it should be noted
that they never provide a true com parison m etric since they highly rely on the m easurem en t
conditions.

Sen sor Fu ll-Well Capacity The property that describes the capacity to hold the electrons in
each pixel that are generated from photons is called the Fu ll Well Capacity (Nsa t ). A larger
pixel can hold m ore num ber of electrons with a trade-off in spectral resolution depending on
the pixel design . However, by staying with in the lim its of the diffraction , the largest possible
pixel (photo device) should be im plem en ted for increased well capacity, which is im portan t
for both m axim um SNR and larger DR. However, it should be noted that there is also a trade-
off between the CMOS pixels’ Nsa t and the Conversion Gain (CG). This dependence will be
explained in m ore detail in Section 5.2.1.

In the following section , I will presen t a review of the existing sensor and cam eras in the m arket
and in the literature, which are appropriate for m icroscopy (biom edical) im aging applications.

3.3 Com par ison of CMOS an d CCD Cam eras

In this section , I presen t differen t CMOS and CCD cam eras that are recom m ended for m i-
croscopic applications, which are curren tly available in the m arket or in the literature. CCD
cam eras are represen ted in two differen t tables for IL-CCD type cam eras and EM-CCD cam -
eras. CMOS cam eras are also grouped under two differen t tables for sCMOS and standard
CMOS cam eras. Although there is no share in the m icroscopic im aging m arket, the standard
CMOS cam eras/ sensors in the m arket and in the literature are reviewed to show that these
sensors also provide good perform ance and m ay be preferred depending on the application .

Table 3.2 presen ts a sum m ary of CCD cam eras that are sold by differen t well-known suppliers
in m icroscopy m arket and they are grouped under each supplier. In th is table, I m arked the best
perform ance for each param eter in red. All these CCD cam eras recom m ended for m icroscopic
applications use the IL-CCD architectures to support con tinuous im aging as stated earlier
and are in tegrated with m icro-lenses to im prove the sensitivity. As seen in the table, m ost of
the sensors of these cam eras are m anufactured by Sony. Moreover, Sony’s ICX285AL [Sony,
2014c] sensor is the m ost com m on sensor choice of all the m icroscopy m anufacturers for
fluorescence im aging due to its h igh QE. However, according to Table 3.2, Ham am atsu ER-150
[Ham am atsu , 2014a], which is recom m ended by Olym pus Corporation , has higher QE (above
70%) than ICX285AL sensor. This sensor from Ham am atsu also reaches the m in im um NF
(6e− ), h ighest fu ll-well capacity (36000e− ) (although it has the sam e pixel p itch as ICX285AL),
digital resolution (12/ 16), and DR (71d B). In addition , surprisingly although Sony ICX414AL
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[Sony, 2014d] has a larger pixel p itch (9μm ) than Ham am atsu ER-150, Ham am atsu ER-150
has still h igher full-well capacity. As m entioned earlier in the spatial resolution section , all
these sensors reach the m in im um diffraction lim it when the objectives for highest efficiency
are chosen . In that case, there is no benefit of reducing the pixel p itch as it is the case of
Sony ICX274AL sensor [Sony, 2014b], which reduces the full-well capacity as well as the light
sensitivity.

Table 3.2: IL-CCD Cam era Exam ples Curren tly Available in the Market for Microscopic Appli-
cations

Provider Sensor Model Pixel Pitch QE(m ax) Nsa t NF DR DN
(Model) (μm ) (%) (e− ) (e− ) (dB) (bits)

ZEISS
Axiocam HSm 1 ICX414AL 2 9 ≈ 45 3 320001 17 1 65 1 121

Axiocam ICm 1 4 ICX267AL 5 4.65 ≈ 45 10366 6 11.48 6 59.11 Eq.(3.8) 12 4

Axiocam MRm 7 ICX285AL 9 6.45 ≈ 64 3 17000 7 <7.7 7 >66.8 7 12 7

NIKON
DS-Qi1 8 ICX285AL 9 6.45 ≈ 64 3 17000 8 8 8 66.5 Eq.(3.8) 12 8

DS-Vi1 10 ICX274AL 12 4.4 54 3 7969 6 8.35 6 60 6 12 10

OLYMPUS
XM10 11 ICX285AL 6.45 ≈ 64 3 17000 <10 11 64.6 Eq.(3.8) 14 11

ORCA-R2 18 ER-150 6.45 >70 36000 15 6 15 71 15 12/ 16 15

LEICA
DFC365 16 ICX285AL 13 6.45 ≈ 64 3 18000 16 6 16 >69 16 14 16

DFC345 17 ICX274AL 12 4.4 54 3 15000 17 <14 17 60 Eq.(3.8) 8/ 12 17

References:
1[Zeiss, April, 2005a], 2[Sony, 2014d], 3 [Poin tGrey, Jul, 2010a], 4[Zeiss, April, 2005b], 5[Sony, 2014a], 6[Poin tGrey, Jul, 2010b]
7[Zeiss, April, 2005c], 8[Nikon , 2014a], 9[Sony, 2014c], 10[Nikon , 2014b], 11[Olym pus, 2014b], 12[Sony, 2014b], 13[Sony, 2014c]
14[Ham am atsu , 2014a], 15[Olym pus, 2014a], 16 [Leica, 2014b], 17 [Leica, 2014a], 18 [Olym pus, 2014a]

Table 3.3: EMCCD Cam era Exam ples Curren tly Available in the Market for Microscopic Appli-
cations

Provider Sensor Model Pixel Pitch QE(m ax) Nsa t NF DR DN
(Model) (μm ) (%) (e− ) (e− ) (dB) (bits)

Ham am atsu Im agEM X2 1 16 1 >90 1 370k 1 <1 1 >110 Eq.(3.8) 16 1

Andor iXon 897 (BSI) 2 16 2 >95 2 180k 3 <1 2 105 Eq.(3.8) 16 2

Photom etrics Evolve 512 Delta 4 16 4 >95 4 ≈ 200k 5 <1 4 106 Eq.(3.8) 16 4

References:
1[Ham am atsu , 2014c], 2[Andor, 2014b], 3 [Andor, 2014a], 4[Photom etrics, 2014a], 5[Photom etrics, 2014b]

Table 3.3 shows three exam ples of EMCCD cam eras. As m entioned earlier, these cam eras
are fully com patible with regular CCDs and they can be used in two working m odes. These
cam eras should be considered for very high speed low light applications especially in live
cell im aging. They offer increased QE com pared to regular CCDs as well as below 1e− read
noise even for fram e rates above 10000 fram es/ s. All these EMCCD cam eras provide superior
perform ance in term s of QE and full well capacity com pared to both standard CCDs and
CMOS cam eras. Due to the huge increase in the full-well capacity, these cam eras reach above
100dB DR which is m ain ly due to the high pixel p itch of these devices. However, it should be
noted that none of the CCD and CMOS cam eras that are presen ted here have pixel p itches as
high as the EMCCDs (16μm ).
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Table 3.4: sCMOS Cam era Exam ples Curren tly Available in the Market for Microscopic Appli-
cations

Provider Sensor Model Pixel Pitch QE(m ax) Nsa t NF DR DN
(Model) (μm ) (%) (e− ) (e− ) (dB) (bits)
NIKON

Andor Zyla 4.2 (FSI) 1 6 1 72 1 30000 1 0.9 1 90.45 Eq.(3.8) 12/ 16 1

Andor Zyla 5.5 (FSI) 1 6.5 1 60 1 30000 1 1.2 1 87.95 Eq.(3.8) 12/ 16 1

OLYMPUS
ORCA-Flash2.8 2 Ham . FL-280 2 3.63 2 ≈ 68 2 18000 2 3 2 89.54 Eq.(3.8) 12 2

QIm aging optiMOS 3 BAE CIS1910F 3 6.5 3 55 3 30000 3 1.5 3 86.02 Eq.(3.8) 16 3

PCO AG
Edge Gold 5.5 4 CIS2521 6.5 4 >65 4 30000 4 0.8 4 91.48 Eq.(3.8) 16 4

Edge Gold 4.2 5 CIS2020 5 6.5 5 >70 5 30000 5 0.9 5 90.45 Eq.(3.8) 16 5

Edge Gold 5.5 6 CIS2521 6 6.5 6 >60 6 30000 6 1.1 6 88.71 Eq.(3.8) 16 6

Raptor Photon ics
Osprey 7 CMOSIS sCMOS7 5.5 7 >63 7 12000 7 <7 7 65 7 12 7

References:
1[Andor, 2014a],2[Ham am atsu , 2014b],3[Qim aging, 2014a],4[PCO, 2014c],5[PCO, 2014b],6[PCO, 2014a],7[Raptor, 2014]

Table 3.5: CMOS Im age Sensor/ Cam era Exam ples Curren tly Available in the Market and in the
Literature

Provider Sensor Model Pixel Pitch QE(m ax) Nsa t NF DR DN
(Model) (μm ) (%) (e− ) (e− ) (dB) (bits)
Aptina MT9P031 1 2.2 60 NA NA NA 12
Aptina AR0130 2 3.75 78 NA NA NA 12

QIm aging Rolera Bolt 3 Sony IMX035 3.63 ≈ 65 17000 3 75.06 Eq.(3.8) 8/ 12
Poin t Grey Flea3 4 Sony IMX035 4.8 >77 15491 6 67.55 12
Poin t Grey Flea3 4 On Sem i VITA1300 3.63 61 10226 26.26 51.64 12
Poin t Grey Flea3 4 e2v EV76C560 3.63 59 8384 25.14 50.29 12
Poin t Grey Flea3 4 Sony IMX036 3.63 67 10066 6.71 62.9 12

Literature5 R. Johansson et al. 1.75 53.3 NA 1.88 NA 11
Literature6 Y. Chae et al. 2.25 N A NA 1.9 NA 12-14
Literature7 M. Seo et al. 7.5 N A NA 1.2 NA 13-19

References:
1[Aptina, 2014b], 2[Aptina, 2014a], 3[Qim aging, 2014b], 4[Poin tGrey, Jul, 2010c],5 [Johansson et al., 2011],6 [Chae et al., 2010],
7[Seo et al., 2012]

After the long history of CCD cam eras, CMOS cam eras have recen tly becom e very popular in
the m icroscope im aging m arket with Scien tific CMOS (sCMOS) cam eras. Before that, none
of the m icroscopy m anufacturers provided CMOS cam eras, which would m ake sense to use
for som e applications due to a huge cost reduction . In Table 3.4, perform ance of the sCMOS
cam eras that are available in the m arket are presen ted. Am ong all, Andor Tecn logy’s Zyla FSI
4.2 [Andor, 2014a] cam era has the highest quan tum efficiency (%72), h ighest fu ll-well capacity
(30000e− ), alm ost the lowest read noise (9e− ), and highest DR (90.45d B). PCO AG’s Edge Gold
5.5 [PCO, 2014c] sCMOS cam era also provides sim ilar to the previous one, on ly with a slightly
less quan tum efficiency. The perform ance of all the listed sCMOS cam eras are better than the
CCD cam eras presen ted in Table 3.2 and slightly lower than the EMCCD cam eras presen ted in
Table 3.3 in term s of QE, full-well capacity, and as a result DR. However, as m en tioned earlier,
since there are no sCMOS cam eras providing pixel p itches as high as the ones of the EMCCDs
(16μm ), the full-well capacity and dynam ic range param eters cannot be com pared for these
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two differen t type of cam eras. In fact, by increasing the pixel-p itch in sCMOS cam eras, it
should be eviden t to increase the full-well capacity and the DR; th is is of course a m atter of
application , requirem en t, and m arket dem and.

Finally, although there is no m icroscopic im aging m arket share, in Table 3.5, perform ances of
the standard CMOS im age sensors that are available in the m arket and in the literature are
presen ted. In term s of spatial resolution , read noise, QE, and digital resolution , it is seen that
these CMOS im age sensors can also perform as good as standard CCD cam eras. Moreover, by
em powering the standard CMOS cam era im ages with im age processing algorithm s, it has been
shown that CMOS cam eras can also be used for low-light im aging of fluorescence sam ples
[Köklü et al., 2013b].

3.4 Su m m ar y

The com parison tables above have shown that sCMOS cam eras perform as good as EMCCDs
and m uch better than standard CCDs. There is no doubt that, for very high quality im aging
applications both EMCCDs and sCMOS cam eras can serve very well. On ly if the target applica-
tion requires very high DR and Nsa t , EMCCDs m ay be preferred since the EMCCD cam eras
that are curren tly available in the m arket offer larger pixels than sCMOS cam eras. However,
sCMOS cam eras are also quite costly like EMCCDs and CCDs and they are not appropriate for
applications, where the target is to reach low cost biom edical im aging devices. That is why
standard CMOS alternatives should be considered for such applications. Still, as seen in the
tables above, standard CMOS cam eras perform sim ilar to standard CCDs and with a special
atten tion on the noise reduction and the target m olecule extraction , these detectors m ay be
good enough to analyze the sam ples and m ake quan titative m easurem en ts.

In the following chapter, in order to show the reliability of standard CMOS cam eras in m i-
croscopy, I m ake a com parative study of a standard CMOS and a CCD cam era by acquiring
im ages of differen t fluorescen t sam ples with both of these cam eras. In order to im prove the
quality of the collected im ages, I benefit from differen t im age processing algorithm s especially
to reduce the noise in the collected im ages and to im prove the visibility of the target m olecules.
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4 Com parative Flu orescen ce Im agin g
Stu dy of a CMOS an d a CCD Cam era

The target of th is chapter is to provide a proof-of-concept in the sense that standard CMOS
cam eras provide com parable results with CCDs and can be used even for low-light m icroscopy
applications despite their low-cost. This chapter does not aim to m ake a com prehensive im age
processing study but uses the widely known processing algorithm s to draw a conclusion . I
in troduce an application -based com parative study between the default CCD cam era of an
inverted m icroscope (Nikon Ti-S Eclipse) and a CMOS cam era that I have built by using a
CMOS im age sensor that is available in the m arket. This study clearly provides a m ore reliable
conclusion than a straightforward com parison based on the cam era data-sheets.

4.1 In trodu ction

In this chapter, I im aged differen t fluorescen t sam ples by using a conven tional inverted
m icroscope, Nikon Eclipse Ti (Nikon Instrum en ts, Inc. Melville, N.Y.) in tegrated with a CMOS
and a CCD cam era. The chosen CCD cam era has been widely sold by Nikon for conven tional
m icroscopy applications and the CMOS cam era includes a m id-perform ance CMOS im age
sensor (Micron-MT9V032 [Aptina, 2014c]) and an FPGA platform . For th is experim en t, I used
real cell sam ples such as breast cancer diagnostic tissue cell and Caco-2 cell sam ples.

In the following sections, first, I describe the process of building a CMOS cam era and then ,
com pare the CMOS cam era with the com m ercially available Nikon CCD cam era. Then , I
presen t im age processing algorithm s that are used in th is experim en t such as noise reduction ,
auto-thresholding, im age registration , and im age resizing. Finally, I explain the biological
fluorescen t sam ples in detail and show their com parative results with collected and processed
im ages.
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Figure 4.1: System Level Represen tation of Im age Collection by CMOS Cam era

Figure 4.2: Self-m ade CMOS Cam era

4.2 Flu orescen ce Im agin g System with a Cu stom -Design ed CMOS
an d a CCD Cam era

Fig. 4.1 represen ts a block diagram of the en tire fluorescence im aging system with the CMOS
cam era that I have built. A m ore detailed picture of th is CMOS cam era is shown in Fig. 4.2,
where the CMOS im age sensor and the FPGA4U [Favi et al., 2009] board is visible.

The CMOS cam era enclosure in tegrates a con trol un it, i.e., FPGAplatform , and a CMOS sensor,
i.e., Micron-MT9V032 [Aptina, 2014c], in side one case and has two open ings from the back
and the fron t, where the form er is for the USB connector and the latter is for in terfacing output

28
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Table 4.1: Com parison of CMOS and CCD Cam eras Used in th is experim en t

Nikon CCD Cam era CD CMOS [Aptina, 2014c]
Sensor Sony ICX274AL [Sony, 2014b] MT9V032 [Aptina, 2014c]

Optical Form at (in ) 1/ 1.8 1/ 3

Pixel Size (μm × μm ) 4.40× 4.40 6.0× 6.0

Sensor Area (H × V)(m m 2) 57.8 12.99

Num ber of pixels (H × V) 1628× 1236 752× 480

Dynam ic Range (dB) 56 55

Quan tum Efficiency (QE) @515nm %54 %44

Pixel Read Noise (e− ) 12 25

Digital Output bits 8/ 12 10

Price CHF 11490 � 1949 [Lum enera, 2014]

CCD Cam era CMOS Cam era

optics of the m icroscope using a C-m oun t system . The screw on the left side of the C-m oun t
system is used to adjust coarsely the depth of focus.

As seen in Fig. 4.1, the cam era system includes an FPGA4u board and a Prin ted Circu it
Board (PCB) specifically built for th is CMOS im age sensor (Micron-MT9V032 [Aptina, 2014c]).
The FPGA4U board includes a USB in terface, which allows the connection of the board to
a com puter in order to both program the CMOS sensor and transfer the collected im ages. I
later post-processed the collected im ages by using MATLAB software. The im age sensor in
the cam era is a m id-perform ance black and white CMOS im age sensor with 752× 480 active
pixels and 10 bits Ana log to Digita l Converter (ADC) resolution [Aptina, 2014c]. The sensor is
connected to the FPGA board through a 20 pin connector, which carries the In ter-In tegra ted
Circu it (I 2C) bus and the cam era con trol signals. The I 2C in terface is used to configure the
in ternal registers of the sensor and m ore specifically the exposure tim e and analog gain for
th is application . I used the Altera Design Software to write the VHDL codes for the cam era
con trol and synchron ization un its and to test them .

Table 4.1 provides a com parison between the CMOS cam era that I have built and the CCD
cam era that is bought from the m arket. According to th is table, obviously, the CCD cam era is
expected to result in better quality im ages due to its h igher QE and lower NF. However, as seen
in Chapter 3, m uch better perform ing standard CMOS or sCMOS sensors from the m arket
can also be chosen depending on the application [Aptina, 2014b], [Aptina, 2014a]. Since I
have built the CMOS cam era and it is not from the m arket, I estim ated the cost of th is cam era
based on a cam era with sim ilar perform ance that is available in the m arket. According to
th is estim ation , the CMOS cam era costs alm ost one order of m agn itude less than the CCD.
Moreover, since our CMOS cam era is in tegrated with an FPGAplatform , it not on ly allows a low
cost replacem en t of the CCD cam era but also provides a highly flexible and re-program m able
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cam era un it. It also supports the im plem en tation of additional functionality and possibly
im age processing algorithm s directly and rapidly on board.

4.3 Noise Rem oval

Im age sensors suffer from several fundam ental and technology related non-idealities that lim it
their perform ance[El Gam al and Eltoukhy, 2005]. The goal of m any conven tional fluorescence
m icroscopy im aging is to deal with low light em itting sam ples and applications. This is why
noise con tributors should be dealt with by reducing their im pact on the useful signals. In
m ost of the m icroscopy software, no m atter which type of cam era is being used, im ages are
post-processed to rem ove m ost of the noise sources. Thus, the scien tists who are willing to
use standard CMOS cam eras and to reduce the cost of their instrum en ts, should post-process
their collected im ages by one or m ore of the below algorithm s.

CMOS im agers are known to suffer from various noise sources which can be classified either
as tem pora l noise or Fixed Pa ttern Noise (FPN) [Bigas et al., 2006]. Tem pora l noise, as defined
in Section 3.2 results from a stochastic process and cannot be fully determ ined nor m itigated
for every pixel and it sets the ultim ate lim it on signal fidelity [El Gam al and Eltoukhy, 2005].
However, the FPN is not a function of tim e and can be determ ined. It form s a constan t pattern
am ong the pixels/ colum ns of the im age sensor. This problem arises from sm all differences in
the individual responsivity of the pixels or the colum n am plifiers that are m ostly caused by
non-hom ogeneity in the m anufacturing process.

4.3.1 Fixed Pattern an d Tem poral Noise Redu ction for Stan dard CMOS Cam era
Im ages

The FPN is generally divided in to two com ponen ts: offset FPN and gain FPN. Offset FPN can
be due to device m ism atches in active circuits (QFPN ) and dark curren t variability which is
referred as Dark Signa l Non-Uniform ity (DSNU) (QDSNU ). In a CMOS im age sensor, QFPN is
corrected at the circuit level, usually in colum n level, by use of the Correla ted Double Sam pling
(CDS) or the Delta Double Sam pling (DDS) circuits. With th is m ethod, each pixel output is
sam pled twice and registered on capacitors; once when the pixel is under reset and once after
the in tegration . At the end of th is double sam pling phase, the pixel value after in tegration
is subtracted from the pixel value after reset, which suppresses the offset FPN (QFPN ). The
CDS techn ique also suppresses the reset transistor related noise in active pixel sensors as will
be explained in Chapter 7, Section 7.2.5. However, som e of the QDSNU still rem ains after th is
circuit level noise reduction process and it can be the m ain perform ance degradation source
for CMOS im age sensors especially under low light levels. That is why QDSNU is usually dealt
by calibrating the sensor in dark before taking the useful im ages. However, since QDSNU is
due to the variation in dark curren t, which highly relates with tem perature, it is not easy to
fully calibrate th is noise since the tem perature of the device also varies in tim e especially in
non-cooled cam eras.
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(a) Raw Im age: original im age of fluorescence m icro-beads
including dark signal non-un iform ity

(b) Master Dark Fram e: averaged im age of m ultip le im ages
when cam era is under dark

(c) Corrected Im age:im age achieved after the subtraction of
m aster dark fram e from the raw im age

Figure 4.3: DSNU Noise Elim ination (Con trast and Brightness Increased Im ages)
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Thus, DSNU is an offset related FPN and it is due to the offset between pixels in dark, is
independen t of the pixel signal, and varies with tem perature. In addition to offset related
FPN, there is also gain related FPN which is seen as a responsivity variation am ong pixels
under illum ination and it increases with the signal level. This type of FPN is called Photo
Response Non-un iform ity (QPRNU ). Since QPRNU increases with the signal level, th is type of
noise becom es m ore im portan t at h igh illum ination levels but not at low light im aging. This is
why, the QDSNU is m ore of a focus for fluorescence im aging than the QPRNU and will be dealt
with the following m ethod.

When the light in tensity received by the CMOS sensor through the fluorescence m icroscope
is weak, it is required to program the CMOS im age sensor at h igh exposure tim e and analog
gain . This causes a huge FPN to appear and a classic m ethod to m itigate part of the DSNU is
applied on the CMOS im ages [Schöberl et al., 2009] .

First of all, a Master Dark Fram e (MDF) is generated by com puting the m edian or the average
fram e out of a set of N dark fram es. Second, the MDF is subtracted from any regular captured
raw fram e (Fraw ) at the sam e exposure and gain as the MDF. This techn ique is sim ilar to the
circuit level noise reduction techn iques (CDS and DDS) and can be considered as the off-chip
version of these techn iques. The de-noised fram es can be com puted using;

Fcorrected = m ax(0,Fraw − MDF). (4.1)

In order to have the sensor tem perature stable during the calibration process (since the QDSNU

varies with tem perature), the system is kept “on” for a few m inutes before capturing the dark
fram es. The result of th is FPN rem oval is depicted in Fig. 4.3, where the CMOS cam era is
exposed to light for around 320m s with an analog gain of 7x.

In high-end cam eras, QPRNU and QDSNU are usually calibrated by in terpolating the data
written in the sensor m em ory as a reference, i.e., the QPRNU is calibrated as a gain property,
by m ultip lying each pixel signal with a factor stored for that p ixel in a m em ory [Purll, 1984].
However, th is calibration usually needs to be re-calibrated after a short period of tim e due to
the changes in the level of background flux or tem perature [Scribner et al., 1991]. Thus, th is
type of reference-based calibration techn iques are later replaced by adaptive/ dynam ic scene-
based non-un iform ity correction techn iques, which elim inate the need for re-calibration
[Scribner et al., 1991] and the halt of the norm al operation of the system [Torres et al., 2003],
by con tinuously updating the correction coefficien ts based on radiance levels of the scene
being viewed [Scribner et al., 1991]. In the literature, m ore algorithm s on the scene-based
techn iques m ay be found, which is im portan t especially in live-cell im aging [Scribner et al.,
1991],[Torres et al., 2003],[Vera and Torres, 2005].

Finally, as stated earlier, tem pora l noise is a function of tim e and includes differen t noise
sources such as photon shot noise, p ixel reset circuit noise, readout circuit therm al and flicker
noise, and quan tization noise. By collecting m ultip le im ages and averaging the collected
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im ages, tem poral noise can be reduced but not fu lly elim inated.

4.3.2 Rem oval of Hot Spots/Pixels an d Dead Pixels

There are dead and hot pixels in every CMOS and CCD cam era. The am ount of these defective
pixels depends on tem perature, technology, design , layout, and m icro-lenses. They m ay also
appear due to aging of the sensor. Hot pixels generate higher leakage or dark curren t than
norm al. When an im age is taken under long-exposure tim e, longer than causing the pixel
exceeding its linear charge capacity, they appear as bright spots and cause sa lt and pepper type
noise on the im age. This type of noise cannot be rem oved by MDF generation and subtraction ,
since they are on ly visible at h igh exposure tim e with light presen t on the sensor. On the
other hand, dead pixels are unresponsive stuck pixels and no m atter what the light in tensity
or exposure tim e, they do not respond to light. A com m on m ethod to rem ove hot pixels or
dead pixels is replacing them by the m edian value of the surrounding pixels. This rem apping
operation can be done by MATLAB m edian filtering, m edfilt2 operand [Lim , 1990], or by an
outlier rem oval algorithm . For th is experim en t, I used the following outlier rem oval algorithm ;

Δ = (|Ii j − m |) (4.2)

∀ i ∈ [1, v],∀ j ∈ [1,h ] : Ii , j =
�

m if Δ > Th,
Ii j else.

(4.3)

I : In tensity value of a pixel
h : Num ber of pixels at the horizon tal direction
v: Num ber of pixels at the vertical direction
Th: In tensity threshold
window: Defined array size (radius× radius).
m : Median value of the in tensity values of pixels in a certain window around the chosen pixel
Ii j

If the Δ value is above a defined threshold (Th), the in tensity value of the chosen pixel (Ii j ) is
replaced by the calculated m edian (m ) and else the pixel value is kept as it is. This m ethod
can be applied for both hot and dead pixels. Hot pixels are the pixels that exceed the level of
the brightest neighboring pixel by m ore than the Th and the dead pixels are the pixels that
are darker than the darkest neighboring pixel by m ore than the Th. In both cases, they are
replaced by the m edian of the surrounding pixels.

Thus by using the algorithm s m entioned above on the collected im ages, the tem poral noise
and the FPN can be reduced and the hot and the dead pixels can be rem oved, which results
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in enough good quality im ages to do quan titative analysis by using standard low-cost CMOS
cam eras.

4.4 Im age Processin g Algor ith m s

4.4.1 Morph ological Pattern Localization

In addition to the noise rem oval algorithm s, for the localization of the target m olecules and
to be able to m ake quan titative calculations, Otsu’s auto-thresholding algorithm [Otsu, 1975]
is com m only used. Thus, for the experim en ts that are stated in th is section , I used auto-
m atic thresholding m ethod in troduced by N.Otsu [Otsu , 1975] by using MATLAB’s graythresh
function .

During the thresholding process, individual p ixels in an im age with an in tensity value larger
than a defined threshold value are converted to 1 ( “object" pixels), where all the other pixel
values below this threshold are converted to 0 ( "background" pixels).

Otsu’s thresholding m ethod is a nonparam etric m ethod autom atically selecting a threshold
level for a gray-level im age based on its h istogram . The algorithm considers the im age to be
thresholded consisting of two classes of pixels as foreground and background and tries to
achieve a thresholding value which m in im izes the in tra-class variation while at the sam e tim e
allowing the m axim ization of the in ter-class variation .

Shortly, the algorithm aim s to select a threshold by m axim izing a criterion m easure that evalu-
ates the "goodness" of that threshold. The original m athem atical form ulation and discussion
can be found in [Otsu , 1975]. The following presen ts few equations for understanding Otsu’s
autom ated processing concept.

The on ly input of the m ethod is the norm alized gray-level h istogram of the im age, which can
also been seen as a probability distribution . The algorithm is aim ing at solving an optim ization
problem by m axim izing the "goodness" of the threshold. Given a threshold value, the L bins
of the histogram can be grouped in two classes; C0 gathering the bins indexed by [0, .., k − 1]
and C1 gathering the bins indexed by [k , ..,L− 1]. The gray level corresponding the bin k
corresponds to the selected threshold.

Finding the optim al threshold k∗ is reduced to solving

maxS∗
�
σ2

B(k )
�

(4.4)

where S∗ is the range of k over which the m axim um is sought

S∗ = {k ;ω0ω1 > 0,or, 0 < ω0 < 1} (4.5)
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and σ2
B is referred to as the between-class variance defined by

σ2
B = ω0ω1

�
μ1 − μ0

�2 (4.6)

for which ω0 and ω1 are the probability of class occurrences and μ0 and μ1 and the class m ean
levels.

4.4.2 Im age Registrat ion

The last phase, before com paring the two cam era im ages is registration and resizing of the
im ages in order to m ake a fair com parison between these two cam eras, which have differen t
array size, p ixel p itch , and digital resolution .

Im age registration is the process of align ing the pixels of two or m ore im ages of the sam e
scene when one im age is considered as a reference. In th is experim en t, the im age registration
algorithm s basically include rotation , cropping, resizing ,and in tensity scaling. Below are the
steps that I used for the registration of the CCD cam era im ages to the CMOS cam era im ages in
order to reach highest correlation between the two.

1) Rotation of the im age to solve the low or high angles of tilt issues that m ay appear when
m ounting the cam eras (with MATLAB’s im rota te function ).

2) Cropping of the CCD cam era im age to reach sam e area of in terest with the CMOS cam era
im age. In th is experim en t, MATLAB’s im crop function is used to crop the CCD cam era im age
of 1628× 1236 according to the field of view of the CMOS cam era im age and finally an im age
with an array size of 989× 631 is reached.

3) Re-sizing/ Scaling of the CCD cam era im age. The scaling factor for horizon tal and vertical
directions should be calculated separately depending on the size of the each cam era pixel.
In th is experim en t, both of the cam era pixels are in square shape which results in the sam e
horizon tal and vertical scaling factors. The scaling factor is calculated by dividing the CMOS
pixel size to the CCD pixel size which is 1.3159 (CMOS pixel size / CCD pixel size = 5.79μm /
4.4μm = 1.3159). By using the scaling factor, the cropped CCD im age of 989× 631 is re-sized to
an im age with an array size of 752× 480.

4) In tensity Scaling. Since the CMOS cam era has 10 bits resolution and the CCD has 12 bits,
their in tensity is represen ted differen tly in the im ages. Thus, the CCD cam era im ages are
downgraded for a fair com parison between the two.

4.5 Flu orescen ce Im agin g of Tissu e an d Caco-2 Cell Sam ples

In this section , the im age processing algorithm s explained in the previous section are applied
on the CMOS and/ or CCD cam era im ages step by step. First, due to the high exposure tim e in
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CMOS cam era, FPN noise becom es critical. Thus, I applied FPN noise reduction algorithm
on both Tissue and Caco-2 cells’ CMOS cam era im ages. Second, to rem ove both hot and
dead pixel outliers which are num erically distan t from the surrounding pixel values on the
im age, I used an outlier rem oval algorithm on the CMOS and CCD cam era im ages. Later, I
applied auto-thresholding algorithm for both cam era im ages for quan titative calculations
and com parison as well as for better visibility of the m orphological patterns expressed on
the cells. Finally, I registered and resized the CCD cam era im ages according to the CMOS
cam era im ages since the two cam eras have differen t resolution and pixel p itches. With th is
m ethod, the CCD im ages of 1200V × 1600H are converted to im ages of 480V × 752H . In order
to keep the experim en tal setup the sam e for both cam eras, the sam e light in tensity (Neu tra l
Density (ND) Filter= 1) and m icroscope optics and objectives (40X, Num erical Aperture=0.75)
are used for both cam era im age acquisitions. The light em itted from the Estrogen Receptor
(ER) expression in tissue cells and the Gabdh expression in Caco-2 cells both em it very low
light in tensity. That is why the sam ples have been im aged at very high exposure tim e (1s) and
analog gain (8X/ 16X) for both cam era experim en ts.

4.5.0.1 Tissu e Sam ple Im agin g

The sam ple is a breast cancer diagnostic sam ple that the nuclear Estrogen Receptor (ER) ex-
pression is m arked with fluorescence light at 665nm . ER is detected by indirect im m unohisto-
chem ical reaction [Song et al., 2009], [Ciftlik et al., 2010] using m onoclonal m ouse an ti-hum an
an ti-ER receptor an tibody as prim ary an tibody (clone 6F11, Leica Microsystem s) and Alexa-
Fluor 647 con jugated goat an ti-m ouse polyclonal IgG an tibody (Invitrogen) as secondary
an ti-body. First, I subtracted the MDF in Fig. 4.4b from the CMOS cam era row im ages (Fig.
4.4a) and obtained the corrected im age as seen in Fig. 4.4c. I enhanced the con trast of the
im age to increase the visibility of hot pixels/spots. Later, I used outlier rem oval algorithm on
this im age.

In order to com pare the in tensity distribution of the two cam era im ages, I extract the histogram
of the sam e row of the gray-scale im ages and obtained the data in Fig. 4.5a and Fig. 4.5b. In
th is p lot, X axis represen ts the in tensity values distributed over 65536 values and the Yaxis
represen ts the pixel coun ts corresponding to that specific in tensity. For clarity purposes, the
black pixels at 0 level in tensity are left out of th is graph and so the rest of the graph represen t
the biological in form ation on the im ages. According to these figures, large m ajority of the
pixels fall at low level in tensities in both im ages since they are predom inan tly dark and the
tissues show a large in tensity distribution ranging from 3000 to 16000. It is seen by these
histogram s that both im ages extract a very sim ilar in tensity distribution .

Finally, after the thresholding m ethod, I achieved the im age in Fig.4.4d with im proved local-
ization of the m orphological pattern . For the CCD im ages seen in Fig. 4.6, I again applied
the outlier rem oval algorithm as well as the auto-thresholding m ethod. Resulting im age after
auto-thresholding is seen in Fig.4.6b.
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(a) Before Noise Rem oval (with DSNU) (b) Master Dark Fram e (MDF)

(c) After FPN Rem oval (without DSNU) (Con trast
Enhancem ent for Better Display of Sa lt and Pep-
per Noise Caused by Hot Pixels

(d) After Otsu Auto - Thresholding Method

Figure 4.4: Tissue Sam ple Im aged by CMOS Cam era (Exposure=1s, Gain=8x) [Köklü et al.,
2012].
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(a) CMOS Cam era
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(b) CCD Cam era

Figure 4.5: Histogram s on Tissue Im ages Collected by the CMOS and CCD Cam eras (Expo-
sure=1s Analog Gain=8x)

(a) Gray-Scale Im age (Enhanced Contrast) (b) Black and White Im age after Otsu’s Auto-
Thresholding Method

Figure 4.6: ER detection from Tissue Sam ples: Im aged by CCD Cam era (Exposure=1s, Gain=8x)
[Köklü et al., 2012].

4.5.0.2 Gabdh Gen e Expression on Caco-2 Cells

Hum an colon adenocarcinom a (Caco-2) cells are very im portan t for new hum an health
system s as well as for exam inations for uptake and transport of the drug, Ferrum (iron), and
other nutrien ts through the gut barrier. Since the culturing of m ature in testinal epithelial cells
are very difficult, recen tly Caco-2 cell lines have taken a lot of atten tion . In the literature, there
are m any exam ples of Caco-2 cell m onolayers being proposed as a m odel for drug transport
across the in testinal m ucosa [Hilgers et al., 1990] and being used in investigations for the
postpandrial i.e., after m eal, inflam m ation in Gastro-In testina l Tract (GIT) epithelial cells
[Vergeres et al., 2012]. Thus, successful im aging of these cells with CMOS cam era system has
high im portance for applications related to hum an uptake and transport phenom ena through
the gut walls.

Sim ilar to the tissue sam ple im ages, again I corrected the CMOS cam era im ages with the
FPN rem oval algorithm and converted them to black and white with the auto-thresholding
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(a) After FPN Rem oval (without DSNU) (b) After Otsu’s Auto-Thresholding Method

Figure 4.7: Detection of Gabdh protein expression on Caco-2 cells. Im aged by CMOS Cam era
(Exposure=1s, Gain=16x) [Köklü et al., 2012].

(a) Gray-Scale Im age (b) Black and White Im age after Applying Otsu’s
Thresholding Method

Figure 4.8: Im age of Gabdh expression on Caco-2 cells: Im aged by CCD Cam era (Exposure=1s,
Gain=16x) [Köklü et al., 2012]

algorithm as seen in Figure 4.7. For the CCD cam era Caco-2 cell im ages, I applied the sam e
procedure as in the tissue sam ple im aging and results are shown in Figure 4.8. Three Caco-2
Cells are visible in these im ages and the Gabdh protein is expressed in the nucleus of the cells.

4.5.0.3 Com par ison of CCD an d CMOS cam era im ages

Fig. 4.9 helps to m ake a direct com parison on the CMOS and registered and resized CCD
cam era tissue and Caco-2 cell im ages.

In Figures, 4.9a and 4.9b, it is seen that both cam eras are capable of detecting the m orpho-
logical pattern of the ER receptor expression at the nucleus level that can be found in the
breast tissue. I calcualted the correlation am ong the im ages by using the 2 dim ensional cross-
correlation function corr2 of MATLAB. This function calculates the correlation am ong m atrices
or vectors of the sam e size and the result returns a scalar value. The calculated coefficien t
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(a) Tissue Sam ple Im age with CMOS cam era (b) Registered and Resized CCD Cam era Tissue
Sam ple Im age (752× 480)

(c) Caco-2 Cell Line CMOS Cam era Im age (d) Registered and Resized CCD Cam era Caco-2
Cell Line Im age (752× 480)

Figure 4.9: CMOS and CCD Cam era Im age Com parison [Köklü et al., 2012]

am ong these two im ages is 0.65.

In Figures, 4.9c and 4.9d, it is again visibly possible to conclude that both cam eras are capable
of detecting the m orphological pattern of the Gabdh protein expression at the Caco-2 cell
nucleus level. A correlation value am ong these two black and white im ages is 0.84.

These high correlation values confirm the conclusion that was drawn earlier that the CMOS
cam eras when em powered with im age processing algorithm s should be considered for cellu lar
level optical studies on localization .

4.6 Con clu sion an d Novelty

All fluorescence im aging system s are believed to require high-quality cam eras like CCDs, which
are one of the m ost costly of all the other instrum en ts of these system s. That is why I in troduce
a self-assem bled CMOS cam era as a replacem en t of the default CCD cam era of our optical
m icroscope and discuss the perform ance of it while decreasing the cost by approxim ately one
order of m agn itude. Since m ost of the biological applications focuses on the localization of the
in ternal features of the cells, I have m entioned that the perform ance of the im age sensors are
m ostly the key param eter in the success of these investigations. Even though the CMOS im age
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sensor used in th is experim en t is not the best of the m arket or the literature, it was capable of
extracting in form ation from the tissue and Caco-2 cell sam ples. I m ade a com parative study
between these CCD and CMOS cam eras with respect to their perform ances for im aging of
these tissue and Caco-2 cell sam ples by using the optical m icroscope. For the cell sam ples,
since ER expression for the tissue cell and Gabdh expression for the Caco-2 cell em it very low
fluorescence light, the effect of the noise reduction algorithm s have becom e very crucial and
visible. At th is high exposure rates, although the in itial CMOS im age has been very noisy, after
applying proper im age-processing algorithm s, the CMOS cam era was capable of generating
the sam e m orphological pattern as the CCD cam era im age.

Despite what is said in the literature about the CCDs being the recom m ended technology
for low-light biom edical applications, the results obtained in th is chapter proves us that the
standard CMOS cam eras are also good candidates in high quality im aging applications for
investigations on cells and tissues when em powered with efficien t noise reduction algorithm s
[Köklü et al., 2012], [Köklü et al., 2013b]. Thus, with in the fram e of these obtained results,
I recom m end to the scien tists a better analysis of their cam era options before m aking a
default decision . Undoubtedly, the trend towards using low-cost CMOS cam eras is even m ore
im portan t when standard m icroscopy is replaced by (possibly disposable) LoCs since CMOS
cam eras m ake a good com prom ise between the cost and the perform ance. As expected, an
application specific CMOS sensor would always perform better than a standard sensor from
the m arket. Due to th is reason , in the following chapters, I will in troduce details of differen t
p ixel architectures for CMOS im age sensors together with our proposed design solutions and
designed and tested cam era chips.
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5 CMOS Active an d Digita l Pixel Sen sor
Design s

CMOS im age sensors can be grouped as Active Pixel Sensor (APS) and Digita l Pixel Sensor -
(DPS). Both of these pixel architectures have advan tages and disadvan tages with respect to
each other which requires a good analysis to be m ade for the concerned application . This
challenge has led to m any differen t APS and DPS designs to em erge. Below is a sum m ary of
well-known APS and DPS pixel and read-out architectures together with a sum m ary at the end
of th is chapter explain ing the ones that are designed and tested during this thesis.

5.1 In trodu ction

After the first in troduction of electron ic cam era-on-a-chip concept, m any techn iques and
designs have been proposed by scien tists to overcom e the disadvan tages of the state of the
art CMOS im age sensor designs in order to reach com patible results with CCDs. Adding chip
or pixel level new features, design ing for m ore application specific constrain ts, reducing the
noise and increasing the sensitivity are som e of the achievem ents of these proposed designs.
Am ong these proposed designs, APS designs with few num ber (3-4) of transistors have been
the ones that are used m ost due to their sim plicity and low area overhead. However, the
APS designs suffer from the analog design lim itations since the output of each pixel value is
represen ted by an analog voltage signal and require a colum n or chip level ADC. To overcom e
the lim itations of APS designs, differen t types of DPS designs are proposed. The DPS designs
suffers less from analog design lim itations since the pixel output is carried out as a digital
signal and these designs do not require extra ADC units per colum n or per chip. DPS designs
are known to achieve high speeds, over 10K [Klein felder et al., 2001], [Posch et al., 2010] and
wide dynam ic range over 100 dB [Biderm ann et al., 2003], [Posch et al., 2010] and propose
additional features such as adaptive dynam ic range [Kitchen et al., 2005] and change detection
[Posch et al., 2010]. Pu lse Width Modula tion (PWM) and Pulse Frequency Modula tion (PFM)
im age sensors can also considered with in DPS architectures. These sensors produce an output
signal when the input signal reaches a certain value, as opposed to the APS designs where
the output signal value is read after a certain tim e has passed. Also these sensor’s result in
superior SNR perform ance since the SNR is fairly constan t at differen t light levels since the
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Figure 5.1: 3T APS Design

am oun t of charge to generate an even t is always fixed [Posch et al., 2010].

Sim ilarly, these type of architectures no longer represen t the pixel value in voltage dom ain
but in tim e or frequency dom ain [Nagata et al., 1999], [Shouho et al., 2005], [Yang, 1994],
[Culurciello et al., 2003].

In th is chapter, I will explore state of the art APS and DPS architectures with the advan tages
and disadvan tages of each design .

5.2 CMOS APS Design s

5.2.1 APS Pixel Circu its

5.2.1.1 3T APS Pixel Circu it

3 Transistor (3T) APS has three transistors for each pixel as the nam e recalls. The first transistor
is the reset transistor (MRS) that resets the junction capacitance of the photo-device. The
second transistor is the source follower transistor (MSF ) that converts the accum ulated charges
at the photo-device to voltage at its gate. It also m akes the output voltage to follow the photo
device voltage and works as a buffer to drive the high load capacitance of the colum n output
line without having the load capacitance in terfering in the voltage gain of the pixel as in
Transversa l Signa l Line (TSL) type PPS designs [Noda et al., 1986]. Finally, the th ird transistor
is the row select transistor (MSEL). Fig. 5.1 illustrates the pixel circuit and the tim ing of the 3T
APS design .

44



5.2. CMOS APS Design s

Thus, th is p ixel architecture in troduces pixel level am plification and a conversion gain that is
independen t of the load capacitance. The output voltage of the 3T APS is depicted with the
following form ula:

Vou t = GSF
1

CP D

�
IP D dt (5.1)

where GSF is the source follower gain , CP D is the photodiode capacitance, which is in fact the
junction capacitance, and IP D is the photodiode curren t. The junction capacitance can be
expressed as below and the required param eters can be found in the m odel param eters of
each design and calculated accordingly:

C j d ep =
CJ0 AD

(1− ( Vd
v j

))m
+

CJ0sw PD

(1− ( Vd
v j sw

))m j sw
(5.2)

where CJ0 and CJ0sw represen t zero-bias capacitance at the bottom and sidewall com ponen ts,
Vd is the voltage applied to the photo-diode, v j and v j sw stand for the built-in poten tial
of the bottom and the sidewall respectively, m and m j sw are the grading coefficien ts of the
bottom and the sidewalls, AD is the photodiode area in m 2 and PD represen ts the photodiode
perim eter in m .

However, 3T APS pixels have m any issues that should be addressed. The first of these problem s
is the difficulty in suppressing the kTC noise caused by the reset transistor. With 3T APS pixel
circuit, it is possible to reduce offset that causes FPN in the im age by using the noise reduction
m ethod of Delta Double Sam pling (DDS), however, th is techn ique does not totally elim inate
the kTC or the reset noise. Second problem of 3T APS pixels is having the photon collection
and conversion regions at the sam e node, which causes the photodiode junction capacitance
in relation with the output voltage as seen in Eq. 5.1. This creates a trade-off in between the
responsivity, Nsa t , DR and the conversion gain , which are the m ost im portan t perform ance
param eters in im age sensors. Nsa t of a 3T APS design as in Fig. 2.5 can be calculated by the
following form ula [Nakam ura, 2005]:

Nsa t =
1
q

� Vr eset

VP D (m i n )
CP D (V)d V (5.3)

where q is electron charge, Vr eset is the reset voltage of PD, VP D (m i n ) is the m in im um de-
tectable voltage, defined by noise floor, IP D is the photo curren t and CP D is the capacitance of
the photo-device.

In 3T APS circuits, there is also a direct relation between the Nsa t and the noise in the pixel,
since the kTC noise is inversely proportional with the value of the capacitance. Thus, having
a larger photodiode will result not on ly in increased responsivity, FWC and DR but also will
reduce the kTC noise but as m en tioned earlier, it will decrease the conversion gain .

Thus, to overcom e the in trinsic lim itations of 3T APS pixel circuit, later 3T APS transistors are
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Figure 5.2: 4T APS Design

evolved to 4 Transistor (4T) APS pixels, which will be explained in the next section .

5.2.1.2 4T APS Pixel Circu it

4T APS pixels alleviate the issues of 3T APS with on ly one additional transistor. Although this
additional transistor, MT X, has caused the fill-factor to decrease com pared to the 3T APS pixel,
it has m any advan tages. First, it separates the photo collection region , i.e., photon-to-charge
conversion region , and the charge to voltage conversion region . The separation of these two
regions allow a m ore efficien t m ethod for noise reduction . This techn ique is called Correla ted
Double Sam pling (CDS) m ethod, which allows the reduction of not on ly the FPN noise but
also the kTC noise by m aking two sam pling correlated in term s of tim e or fram e as opposed to
the Delta Double Sam pling (DDS) m ethod. I will provide m ore details on the differences of
these two noise reduction circuits in Section 5.2.2. Moreover, the Nsa t of th is design no longer
depends on the junction capacitance of the photo-device, but it is dependen t on the floating
diffusion capacitance, which is the total capacitance at the FD node as shown in Fig. 5.2a and
form ulized in Eq. 5.4 [Nakam ura, 2005]. This m akes the Nsa t usually sm aller than the 3T APS
pixels since the FD capacitance is a parasitic capacitance and expected to be lower than the
PD capacitance un less an external capacitance is added to the FD node. That is why, other
design techn iques are usually applied to im prove the DR in 4T APS designs [Yadid-Pecht and
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Fossum , 1997], [Mase et al., 2005].

Nsa t =
1
q

� Vr eset

VF D (m i n )
CF D (V)d V (5.4)

The output voltage of the 4T APS pixel is depicted by the following form ula:

Vou t = GSF
1

CF D

�
IP D dt (5.5)

The equation 5.5 shows that there is no longer a trade-off between the photo-device capac-
itance and the conversion gain in 4T APS pixels since the conversion gain depends on the
CF D but not on the CP D . This allows us to design larger photo-devices to im prove collec-
tion efficiency without reducing the conversion gain . However, increasing the CP D will no
longer decrease the kTC noise, on the con trary, the kTC noise gets worse in the 4T APS pixels
since the CF D is a parasitic capacitance on the order of 5 f F , which is usually lower than the
photo-device capacitance and is on the order of 20 f F . However, as m en tioned earlier, 4T
APS pixels allow a m ore effective noise reduction techn ique (CDS), which totally elim inates
the kTC noise. So, the low capacitance at the FD node does not cause a problem in term s of
noise. The m ain disadvan tage of th is im plem en tation is the risk of incom plete transfer of
the accum ulated signal charge from the PD node to the FD node. This incom plete charge
transfer m ay cause im age lag and noise and worsens the perform ance of the device. The
photodiodes im plem en ted by the CMOS Im age Sensor (CIS) dedicated technologies (Pinned
PhotoDiodes (PPD) guaran tee the com plete transfer of the charge but with standard CMOS
im plem en tations, th is is not certain . We will provide m ore details about the PPDs in Chapter 7,
where I explain the working princip le of 4T APS pixels with p + / n -well/ p -sub type photodiodes
in standard CMOS technology.

In the literature, the 4T APS pixels are always im plem en ted with buried or Pinned Photodiodes
(PPD), which solves the incom plete charge transfer issue. The PPDs require a special im age
sensor dedicated technology called as CIS dedicated technologies. Alm ost all the foundries
provide CIS dedicated technologies. However, these technologies cost m uch m ore than
standard CMOS technologies. More specifically, according to the 2014 general run prices
of Europractice-IC, the price for a 5m m x5m m block with UMC 0.18μm standard CMOS
technology for standard custom ers is 13300EU R while with UMC 0.18μm CIS dedicated
technology with conven tional and buried photodiode option is 21600EU R. Although, the
in tegration of the pixel with a photo-device im plem en ted with a standard CMOS process but
not with a CIS dedicated process would worsen the incom plete charge transfer issue from the
PD node to the FD node, th is is a com prom ise to be m ade in order to reduce the cost while
keeping the advan tage of m aking a true CDS noise reduction .

The dem ands for high perform ance im age sensors, such as low-power, low-noise, wide-
dynam ic-range have led to the exploration of differen t p ixel architectures e.g. 5T and 6T APS
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Figure 5.3: Traditional Noise Reduction with Two Sam pling Capacitances

pixels [Tsai and Hornsey, 2011], [Pates et al., 2011]. Especially for the im plem en tation of the
global shutter techn ique in CMOS im age sensors, additional transistors are required [Furuta
et al., 2007].

In the next section (Section 5.2.2), we will in troduce well-known DPS architectures that have
been the inspiration of our novel DPS designs which will be covered in Chapter 9.

5.2.2 APS Noise Redu ction Circu its

The APS noise reduction circuits im plem en t either Differen tia l Delta Sam pling (DDS) also
called Delta Double Sam pling or Correla ted Double Sam pling (CDS) operations. However,
these two term s m ay be used differen tly in the literature e.g. [Nakam ura, 2005] vs [Ohta, 2010]
and [Theuwissen , 2008].

In th is thesis, I call the DDS operation for noise reduction circuits in tegrated with 3T APS pixels
which on ly om its the pixel offset but not the reset noise and the CDS (true CDS) operation for
noise reduction circuits in tegrated with 4T APS pixels which om its both pixel offset and the
reset noise by having correlated reset noise at two sam pling phases.

Assum ing that the sam e sim ple noise reduction circuit as shown in Fig. 5.3 is used for both
3T APS pixel and 4T APS pixel circuits, the tim ing diagram s in Fig. 5.4 show the result of the
DDS and the true CDS operations. Thus, DDS techn ique results in vi + n i − n j during the φY

where n i is the reset noise of the curren t fram e and n j is the reset noise of the next fram e. As
opposed, the true CDS results in on ly the required signal itself as vi since it sam ples the reset
noise of the sam e fram e during both φR and φS phases.

Thus, the use of a transfer transistor and the addition of FD node in a 4T APS pixel has enabled
true CDS operation and im proved the noise perform ance of the sensor. The CDS operation
is usually done per colum n in the literature in order to be able to have colum n-parallel
noise reduction operations and speed up the process. However, due to the m ism atch in the
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Figure 5.4: Tim ing Diagram of DDS and CDS Noise Reduction Operations

am plifiers of the CDS operation , th is would cause additional colum n-parallel FPN to appear
in the system .

5.2.3 APS Read-ou t Tech n iqu es

The read-out of the pixel outputs in CMOS im age sensors can be done in colum n parallel
or serial. Usually, the noise reduction circuits are im plem en ted in colum n parallel. For the
rest, serial or parallel readout approach can be applied. The serial approach requires the
colum n parallel CDS outputs to be serialized, then connected to a chip level program m able
gain stage and an ADC unit. This m ethod is preferable for slow to high speed read-out im aging
applications. It requires less area than colum n parallel processing and at the sam e tim e it
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Figure 5.5: Shutter Techn iques in CMOS Im age Sensors

reduces the colum n level FPN by using a chip level am plifier. The alternative to the serial
processing is the colum n parallel processing. This im plem en tation uses colum n parallel
program m able gain am plifiers and ADC units. This m ethod achieves fully parallel read-out
and is preferred for very high speed applications. Since it requires chip level m em ory to store
the colum n level digital data, and colum n level am plifiers and ADCs, the area overhead with
th is approach is high com pared to serial processing and it in troduces extra colum n level FPN.

After in troducing the two read-out techn iques, now we m ention the two shutter techn iques in
CMOS im age sensors: rolling shutter and global shutter. In rolling shutter m ethod, the rows
and colum ns of the pixel array are scanned with horizon tal and vertical scann ing circuits. This
techn ique can start and stop exposure of one row of a pixel array at a tim e. This techn ique
is very efficien t in slow scenes but creates problem s in im aging of fast m oving objects. With
global shutter techn ique, the problem in rolling shutter techn ique with fast m oving objects
have been solved since the m ethod allows all the pixels in the im aging array to start and stop
the exposure at the sam e tim e. The tim ing diagram of these two shutter techn iques is shown
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in Fig. 5.5.

5.3 CMOS DPS Design s

The CMOS DPS designs can be grouped as how their exposure tim e is defined. Regular DPS
designs use fixed exposure tim e in tervals for every pixel sim ilar to the APS designs and outputs
a result according to the pixel value at the end of that exposure tim e. As opposed, Pu lse Width
Modula tion (PWM) and Pulse Frequency Modula tion (PFM) type im age sensors generate
outputs when the signal value reaches a certain value. The sim ple princip le of DPS designs
have been presen ted in Fig. 2.6 in Section 2.2.2.3. In the following sections, first, we will give
an exam ple to a regular DPS design , then in troduce PFM and PWM type im age sensors and
show exam ples of these type of sensors from the literature.

5.3.1 A High Speed DPS Design with Pixel Level Mem or y

Despite the high num ber of transistors and lower fill factor, DPS pixels can still be very useful
for m any applications. By em ploying an ADC and m em ory at each pixel, m assively parallel
A/ D conversion and high-speed digital readout, DPS designs provide poten tial for high-speed
im aging applications [Klein felder et al., 2001]. This type of sensors offer very high speed
im aging over 10000 fram es/ sec [Klein felder et al., 2001] and m ost frequen tly find use in the
high-speed video cam eras, while sacrificing from the resolution and spectral sensitivity due to
the increased pixel size. In Fig. 5.6, the DPS pixel presen ted in [Klein felder et al., 2001] that
offers parallel 8-bit A/ D conversion , and digital readout at con tinuous rate of 10 000 fram es/ s
is shown.

As shown in Fig. 5.6, the pixel circuit consists of a photo-gate device, a com parator, and
an 8-bit m em ory. The 8 bit m em ory is con trolled by the output of the com parator and the
exposure tim e in terval of the pixel is fixed, which is con trolled by the TX transistor. The pixel
has a data I/ O node, that is connected to the gray-scale coun ter that registers the value in the
coun ter when the com parator output is h igh. The pixel-level m em ory was im plem en ted using
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three transistor dynam ic m em ory cells [Kang and Leblebici, 2003], with a single read/ write
port which achieves sm all area and high-speed readout. The fill factor of th is p ixel is 15%
and the m em ory was designed for a m axim um data hold tim e of 10m s, which was enough for
high speed applications. The top level design includes a m em ory row read poin ter in order to
choose one single row m em ory to be read at a tim e. Finally, for the serialization of the outputs,
sh ift registers have been used.

Obviously, th is design suffers from large m etallic area in the pixel due to the high num ber of
transistors at each pixel m ain ly because of the 8-bit p ixel level m em ory. The storage of the
digital value of each pixel inside the pixel also lim its the digital resolution since a 12-bit design
would require 36 transistors instead of 24.

5.3.2 PWM an d PFM Im age Sen sors

PWM and PFM sensors operate asynchronously since each pixel can m ake its own decision
without depending on a clock. These sensors reach very high speed operations but are lim ited
in term s of area and m ay result in tim e collisions when m ultip le even ts happen at the sam e
tim e. These sensors are nam ed as Tim e to First Spike Sensors, Tim e to Sa tu ra tion Sensors or
Address Even t Represen ta tion Sensors. In figures 5.7 and 5.8, the pixel circuits of PWM and
PFM type im age sensors are presen ted together with their tim ing diagram s.

In the PWM pixel, one of the inputs of the com parator is connected to a fix reference voltage
or a ram p voltage. In the PFM pixel, the com parators are used as m odulators. These pixels can
also be im plem en ted by replacing the com parator with inverter chains, where the threshold
voltage of the inverter can be considered as the reference voltage of the com parator.

In the literature, m any exam ples of PFM based sensors for bio-m edical applications, m ore
specifically for ultra low light detection of biolum inescence sam ples [Nivens et al., 2004],
[Islam et al., 2007] and retinal prosthesis [Ohta et al., 2002] can be found. In addition to those,
extra features have been added to the PFM pixels such as change detection [Culurciello et al.,
2003], [Mallik et al., 2005], [Chi et al., 2006], [Posch et al., 2010], [Delbruck et al., 2010], [Posch
et al., 2011]. In the following section , I will explain one of the exam ples of a change detection
PFM sensor in m ore detail [Posch et al., 2011].

5.3.2.1 A QVGA PWM Sen sor with Ch an ge Detection

This design has been proposed by C. Posch et al., which has two pixel parts one for exposure
m easurem en ts and one for change detection [Posch et al., 2011]. A represen tation of the
exposure m easurem en t pixel circuit of th is design is shown in Fig. 5.9a and the change
detection pixel circuit is shown in Fig. 5.9b. The exposure-m easurem en t device is realized as a
tim e-based PWM circuit with an additional logic block that is used to allow true correlated
double sam pling based on two global in tegration thresholds. The differen tial operation with
two differen t reference voltages with in one in tegration cycle elim inates both com parator
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Figure 5.8: PFM Im age Sensors

offset FPN and reset kTC noise. The change detector p ixel in Fig. 5.9b responds to a relative
change in illum ination by triggering the Address Even t Represen t (AER) protocol and the reset
switch . With th is trigger, the exposure m easurem en ts are re-in itiated. AER is used in order to
provide efficien t allocation of the output transm it of the active pixels by using Request and
Acknowledge signals.

The change detector p ixel circuit consists of a photodiode, a differencing switched-capacitor
am plifier and a com parator-based even t generator. With th is m ethod, the change detector
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Figure 5.9: A QVGA PWM Sensor Pixel Design with Change Detection

generates output on ly when there is a relative change com pared to the previous voltage output
of the pixel. This design reaches a fill-factor of %30, where %20 belongs to the exposure
m easurem en t pixel and %10 to the change detector p ixel. Obviously, the change detector p ixel
has im m ensely increased the area and reduced the fill-factor.

5.4 Su m m ar y an d Discu ssion

In this chapter, I in troduced differen t APS and DPS designs and explained their advan tages
and disadvan tages with respect to each other.

With in the fram e of th is research , I designed, im plem en ted and tested three APS chips, i.e., a
characterization chip, a sm all array cam era chip, and a VGA cam era chip by using a standard
CMOS technology. For the characterization chip, I used 3T APS pixel circuit (see Fig. 5.1)
in order to characterize differen t photodiodes with differen t types, sizes and shapes. I will
provide m ore details of th is chip design and its silicon results in Chapter 6. For the sm all array
and VGA cam era chips, I used 4T APS pixel circuit since th is design solves the trade-off issues
of 3T APS and allows the im plem en tation of true CDS noise reduction . As m entioned earlier,
APS pixels with higher num ber of transistors can also be found in the literature, e.g., h igh
gain APS pixels and global shutter p ixels. However, these designs have not been considered
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for the fabricated chips in order to keep the num ber of transistors as low as possible and
reach a high fill factor and photon collection efficiency. Moreover, I im plem en ted all cam era
chips with a novel colum n parallel CDS noise reduction circuits. I will give the details of th is
design in Chapter 7. With th is im plem en tation , I succeed in reducing both pixel level FPN
and reset noise. However, the colum n parallel am plifiers have resulted in colum n level FPN,
which can be deducted by post-processing. For the read-out of these cam era chips, I used the
serialized read-out approach with rolling shutter since biom edical applications do not require
very high speed im aging, and I aim to spend as sm all as possible silicon area to increase the
fill-factor and the photon collection efficiency. Finally, all these cam era chips are fabricated
with a low-cost standard CMOS technology instead of a high cost CIS dedicated technology.
This approach has dram atically reduced the fabrication cost of the chips and m ade them
applicable to for low-cost biom edical devices.

Within th is chapter, I also investigated differen t DPS designs from the literature, which provide
additional features with higher num ber of transistors in the pixel. Thus, with in th is research ,
the designs with higher num ber of transistors have on ly been considered for digital p ixel im -
plem en tations, where the target is to reduce the analog design lim itations and bring additional
p ixel level functionality. By considering these additional features and their applicability to
biom edical applications, in Chapter 9, I will propose novel DPS designs, which are inspired by
the designs shown in Fig. 5.6 and Fig. 5.9 and optim ized for biom edical applications.
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6 Ch ip 1: Stan dard CMOS Com patib le
Ph otodiodes Ch aracter ization Ch ip

The perform ance param eters of CMOS com patible photodiodes depend on the size, type
and the geom etry of the photodiode layout and varies for each technology. In th is part of
the thesis, I presen t a com parative analysis of standard CMOS com patible photodiode types
with differen t areas. I sen t th is characterization chip for fabrication as one m in i-asic block
with an area of 1525μm × 1525μm . The silicon results of th is cam era chip have shown that
n -well/ p -sub type photodiode with 5× 5 μm 2 diffusion area achieves the highest sensitivity
(69.81× 1012 V.s−1.cm −2/ W.cm −2) and with 40× 40 μm 2 diffusion area, h ighest SNR (72.26d B)
at 630 nm , while the p + / n -well/ p -sub type photodiode with 40× 40 μm 2 diffusion area results
in highest responsivity (0.466 A.cm −2/ W.cm −2) and QE (%63) at the sam e wavelength [Köklü
et al., 2013a].

6.1 In trodu ction

Each technology has differen t characteristics and differen t photon response. Moreover, none
of the foundries provide photodiode characterization data for the designers. Therefore, the
designers are left alone to characterize their own chip for the chosen technology. Thus, the
need for characterization of photodiodes for each technology always rem ain . In th is part of
the thesis, with the m easurem en t results obtained from our characterization chip, I provide
a quan titative com parison for perform ance param eters of CMOS com patible photodiode
structures with differen t areas for UMC 0.18μm standard CMOS process. With these results, I
aim to fulfill the need for the characterization data of UMC 0.18μm 6-m etal 1-poly standard
CMOS process before going any further with the im age sensor design . With th is study, to the
best of m y knowledge, I provide for the first tim e in the literature characterization results for a
0.18μm standard CMOS process.
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6.2 CMOS Com patib le Pixel Design

Three m ain photodiode structures, i.e., n + / p -sub, n -well/ p -sub, and p + / n -well/ p -sub, are
available to be used in standard n -well CMOS processes. In th is chapter, I provide the test
results of these photodiodes by using 3T APS pixel circuit, which is the sim plest of all APS
pixels and I show the Dark Signa l, Sensitivity, Responsivity, Quan tum Efficiency, and Signa l to
Noise Ra tio results of each of these photodiodes.

The literature reports som e exam ples of sim ilar studies that quan titatively com pare differen t
photodiode structures e.g. dim ensional effects in differen t photodiode types are explored for
2μm n -well analog low noise process [Brouk and Nem irovsky, 2002] and differen t photodiode
structures were com pared for a 0.5μm 3-m etal, 2-poly, n -well process [Murari et al., 2009a].
However, as m en tioned earlier, each of these studies are un ique for the process that the sensor
is designed with and in both of these processes Loca l Oxida tion (LOCOS) isolation is used
where as in sub-m icron technologies, i.e., UMC 0.18μm , Sha llow Trench Isola tion (STI) is used,
which im m ensely affects photodiode dark noise. Therefore, I provide the characterization data
for available photodiodes for UMC 0.18μm technology with LOCOS, which m ay be consisten t
for other sub-m icron technologies as well.

6.2.1 Per form an ce Param eters of CMOS Ph otodiodes an d Pixels

Sensitivity and dark curren t are the m ost im portan t param eters in low-light im aging. In
the literature, the sensitivity param eter of a sensor m ay be referred in differen t ways. In
th is research , I use sensitivity param eter for denoting pixel perform ance in Volts per un it
area and tim e per inciden t optical input power per un it area in V.cm −2.sec−1/ W.cm −2 and
responsivity param eter for expressing photodiode perform ance, which is defined as the ratio
of the photocurren t to the optical input power, in A.cm −2/ W.cm −2.

Dark curren t refers to photodiode or pixel leakage curren t when the sensor is under dark
and ideally no photons are en tering the device. In th is study, I use dark signa l notation to
dem onstrate the pixel level leakage signal under dark in m V/ sec, which is p ixel specific but
can be used to estim ate photodiode dark curren t density.

6.2.2 Design of CMOS Com patib le Ph otodiodes

Fig. 6.1 presen ts the cross section of p + / n -well/ p -sub, n -well/ p -sub, and n + / p -sub photodi-
odes.

The n + / p -sub type photodiode is the m ost straightforward photodiode type and achieves the
sm allest area. However, it suffers from low collection efficiency due to the highly doped n
region and expected to result in low responsivity and sensitivity com pared to the other two
structures.
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Figure 6.1: Cross Section of Three Differen t Photodiode Types Com patible with Standard
CMOS

The n -well/ p -sub type photodiode benefits from the lower doping concen tration of n -well,
so it achieves higher collection efficiency. However, for the sam e area of n + diffusion region ,
when designed according to the m in im um spacing of n -well to n + , th is type of photodiode
occupies larger area than n + / p -sub type.

The required spacing of extra well and im plan t m ake the area even higher for p + / n -well/ p -sub
type photodiode. This type of photodiode is called as Partia lly Pinned PhotoDiode (P-PPD) in
the literature [Guidash et al., 1999]. It has a buried-diode structure with a p + cap layer and
two junctions as p + to n -well and n -well to p -sub. These two junctions increase the total
junction capacitance of th is type of photodiode and m akes it m uch higher than the other
types. However, th is m akes the effective depletion region also m uch larger and enhances the
collection efficiency. Thus, I expect the p + / n -well/ p -sub type photodiode to achieve higher
responsivity than the other two, but due to the large junction capacitance, conversion gain
will again be lower for 3T APS design .

Since the n -well diffusion is deeper than n + diffusion , the junction is also deeper. Thus, it
is expected for both the p + / n -well/ p -sub and n -well/ p -sub type photodiodes to be m ore
efficien t in capturing photons at longer wavelengths.

I drew the layouts of these photodiodes by using Cadence Virtuoso Ana log Design Environm ent
and used the schem atics and m odels of the regular diodes from the UMC library nam ed as
DION_MM, DIOP_MM and DIONW_MM to m atch the layouts and the schem atics. I p laced
m etal con tacts on ly on the side of the active areas in order to increase the fill factor. Also, I
covered the diffusion areas of the photo-diodes with sa licide block layer (SAB) with m in im um
required distance from the m etal layer. Salicide layer is norm ally used when creating con tacts
with low-resistivity and it is an opaque layer. Thus, p lacing a SAB layer will block the salicide
form ation on the area it is p laced. The SAB layer is generally used on the poly resistors to
increase the sheet resistance of these resistors. When a SAB layer is put on the diffusion
area, the resistivity of the diffusion area is increased and heavy con tam ination during salicide
form ation is avoided. Thus, the dark curren t caused by heavy m etal defect is suppressed.

The read-out of the corresponding photodiodes as m en tioned in the previous section are
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Table 6.1: Junction Capacitance (fF) of p + / n -well/ p -sub, n -well/ p -sub and n + / p -sub Type
Photodiodes with Differen t Diffusion Areas at Pixel Reset (VSET = 1.4V)

Type 5x5μm 2 10x10μm 2 20x20μm 2 40x40μm 2

p+/ n -well/ p-sub 21.29 80.33 311.7 1227

n-well/ p-sub 2.28 7.84 28.85 110.5

n+/ p-sub 19.71 74.6 209 1143

all realized by using traditional 3T APS pixel circuit with the sam e sizing. The form ulas for
calculating the output voltage of th is circuit and the junction capacitance of the photodiode
have already been provided in Chapter 5, Eq. 5.1 and Eq. 5.2 respectively. In the junction
capacitance equation , I have used the sam e notations for the param eters given in Cadence
Spectre Model Param eters. Thus, the depletion capacitance for each photodiode can be calcu-
lated by using the m odel param eters given in Cadence. The calculated junction capacitors of
the three photodiode structures with differen t diffusion areas during the reset of the pixel are
given in Table 6.1. In the next section , I will in troduce the experim en tal setup that I have built
and later used to test m y characterization chip.

6.3 Exper im en tal Setu p

Depending on the required precision of an optical experim en tal setup, the instrum en ts can
becom e quite costly and bulky. Conversely, I built a very low-cost experim en tal setup and
tried to achieve a good balance between the cost and the precision .

In th is setup, inciden t light is con trolled using an epoxy encased LED - Light Em itting Diode
together with a Neu tra l Density (ND) filter wheel. Light in tensity is m easured using Thorlabs
optical power m eter (PM 120D). I used various LEDs at differen t wavelengths from 465 nm to
940 nm wavelengths to cover a wide spectrum . This im plem en tation offered us a very cost-
efficien t solution com pared to spectro-fluorom eters and Xenon light sources with con trolled
spectrum s. Moreover, I used a square pattern diffuser to increase the un iform ity of the
generated beam by the LEDs. I used two differen t cube m ounted beam splitters for 400 nm -
700 nm and 700 nm - 1100 nm to split the beam equally (“ideally") in to two channels, where
one is connected to the silicon detector of the optical power m eter and the other to the PCB -
Prin ted Circu it Board of our test chip. The optical power m eter is capable of m easuring light
sources from 50nW to 50m W at wavelengths between 400 nm to 1100 nm . Finally, I used an 8
bit Tektron ix TDS 2004C oscilloscope to m easure the pixel voltage outputs that are in tegrated
with differen t photodiodes. Fig. 6.2 illustrates the experim en tal setup.

Fig. 6.3a, Fig. 6.3b, and Fig. 6.3c show the picture of the experim en tal setup, the layout of th is
chip, and the PCB that is used to test th is characterization chip respectively.
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Figure 6.2: Optical Setup for the Characterization of the CMOS Com patible Photodiodes

6.4 Resu lts an d Discu ssion

After in troducing the experim en tal setup, I now presen t the m easurem en t results of th is
characterization chip. I first provide the transien t m easurem en t result of the 3T APS pixel at
differen t light in tensities and then presen t the perform ance param eters, which are obtained
by using this p ixel.

Fig. 6.4 presen ts the m easured transien t response of the 3T APS pixel with a 5× 5μm 2 p + / n -
well/ p -sub type photodiode. In th is m easurem en t, the sam pling rate is kept at 4.8m s and the
in tensity of the light is varied by changing the Neu tra l Density (ND) filter value. By increas-
ing the ND filter value, the light presen t on the sensor is decreased. Thus, the photodiode
capacitance discharges m ore slowly when there is less light presen t on the sensor. In Fig. 6.5,
the sam e behavior is shown by the pictures collected from the oscilloscopes screen . With th is
figure, I presen t the m easurem en t results of the pixel under dark and under two differen t light
in tensities.

The sensitivity param eter is calculated by norm alizing the pixel voltage output discharging
slope to the incidence irradiance presen t on the sensor and the photodiode area. I repeated
th is experim en t for each type of photodiode with differen t diffusion areas, i.e, 5μm × 5μm ,
10μm × 10μm , 20μm × 20μm and 40μm × 40μm . Moreover, I calculated the data over a wide
spectral range from 465n m to 940n m by varying the light source am ong LEDs with differen t
cen tre wavelengths. Figures 6.6, 6.7, and 6.8 presen t the sensitivity results of each type of
photodiodes separately. According to these results, the n -well/ p -sub type photodiodes reach
the highest sensitivity for each active area and the highest sensitivity is achieved with the
sm allest (5× 5) photodiode which is (69.81× 1012 V.s−1.cm −2/ W.cm −2).

Responsivity is calculated by m ultip lying the sensitivity results with the junction capacitance
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(c) Test Board

Figure 6.3: Pictures of the Experim en tal Setup, Layout and the Test Board of the Characteriza-
tion Chip

of each photodiode according to Eq. 5.1 and Eq. 5.2. The results are shown for two differen t
diffusion areas i.e. 5μm × 5μm and 40μm × 40μm and given in Fig. 6.9. According to these
results, p + / n -well/ p -sub type photodiode achieves the highest responsivity as expected due
to its increased collection efficiency with two pn junctions, p + / n -well and n -well/ p -sub.
However, as I have explained earlier, due to the increased junction capacitance of p + / n -
well/ p -sub type photodiodes, they result in lower conversion gain and reduced sensitivity than
n -well/ p -sub type photodiodes in 3T APS designs despite their h igher responsivity. Moreover,
as expected, as diffusion area is increased, responsivity also increases, which is due to the
fact that the photo carriers generated in the neutral (“dead") regions are also collected by
the diffusion [Brouk and Nem irovsky, 2002]. Fig. 6.9 shows that at h igher wavelengths, both
p + / n -well/ p -sub and n -well/ p -sub type photodiodes result sim ilarly. This is due to the deeper
n -well junctions in both of these devices which result in better collection efficiency than n + / p -
sub type photodiodes at longer wavelengths and have caused the second bum p at the 870nm
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Figure 6.4: Measurem en t - Transien t Response of 3T APS Pixel

(a) Sensor under dark (b) Sensor is exposed to regular office
light

(c) Sensor surface is covered to lim it
the light

Figure 6.5: Pictures of the Measurem en t Results Obtained from the Oscilloscope
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Figure 6.6: Measured Spectra l Sensitivity of p + / n -well/ p -sub type photodiodes with differen t
diffusion areas

wavelength . Quan tum Efficiency (QE) is calculated by using the responsivity data according
to Eq. 3.6. According to Fig. 6.10, the p + / n -well/ p -sub type photodiode with 40μm × 40μm
diffusion area reaches the highest QE, which is %63.

Dark signal is m easured by keeping the sensor under dark during a long in tegration period
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Figure 6.7: Measured Spectra l Sensitivity of n -well/ p -sub type photodiodes with differen t
diffusion areas
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Figure 6.8: Measured Spectra l Sensitivity of n + / p -sub type photodiodes with differen t diffusion
areas
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Figure 6.9: Calculated Responsivity com parison of differen t photodiode types with differen t
diffusion areas
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Figure 6.10: Calculated Quan tum Efficiency of Differen t Photodiodes
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Figure 6.11: Com parison of Dark Signal and SNR of Photodiodes with Differen t Diffusion Areas
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and the slope of the voltage output under dark is calculated. However, th is noise signal is
not on ly due to the photodiode dark curren t but also partially generated due to the photon
shot noise, reset (kTC) noise, and the CMOS device noise. In th is design , since there are no
noise reduction circuits, all the noise sources are presen t at the output. However, in order to
partially rem ove the shot noise, the collected data is averaged am ong 128 sam ples. Fig. 6.11a
illustrates the dependency of dark signal over diffusion areas. The decrease of the dark signal
by the increase of the photodiode area indicates that the m ain noise sources con tributing
to the dark signal is the photodiode dark curren t and the reset noise since they are both
inversely proportional to the photodiode capacitance. In addition , dark curren t decreases by
the decrease of the reverse bias voltage. However, there is a trade-off between the dynam ic
range of the sensor and the reverse bias voltage.

Finally, SNR param eter provides a relative com parison of the sensitivity and the dark signal.
Fig. 6.11b presen ts that SNR increases with the increase of the photodiode area, which im plies
that the sensitivity decreases slower than the dark curren t with respect to the photodiode area.

6.5 Con clu sion an d Novelty

This com parative study provides prelim inary data for the first tim e for CMOS im age sensor
designers working with UMC 0.18μm standard CMOS process. With th is study, I not on ly
decided which photodiode to use for our cam era chips but also helped other designers to
choose the right diffusion area for the required perform ance in term s of responsivity, sensitivity
or SNR in order to achieve a good balance between resolution , cost and area [Köklü et al.,
2013a].

This study stresses the dim ensional effects on CMOS com patible photodiode structures and
recom m ends the use of n -well/ p -sub type photodiodes for higher sensitivity and SNR results
while achieving lower area than p + / n -well/ p -sub type photodiodes for 3T APS pixels. By
resulting with highest responsivity and QE, I recom m end the use of p + / n -well/ p -sub type
photodiodes when the photodiode junction capacitance is no longer a lim iting factor for
the conversion gain like in 4T APS pixels or sim ilar designs. In addition , when used with 4T
APS pixels, p + / n -well/ p -sub type photodiodes allow a m ore effective noise reduction circuit
im plem en tation (CDS). I will give m ore details on the p + / n -well/ p -sub type photodiodes
when I provide the details of our first cam era chip in Chapter 7. n + / p -sub type photodiodes
have the sm allest area but due to their 20 tim es less sensitivity and 2 tim es less responsivity
than n -well/ p -sub type photodiodes and 4 tim es less sensitivity and responsivity than p + / n -
well/ p -sub type photodiodes, n + / p -sub type photodiode is out of discussion for low light
im aging applications.

Finally, I have shows that th is sensor perform s best at wavelengths from 630nm to 780nm by
reaching the highest responsivity and sensitivity am ong other wavelengths.

During th is thesis, I designed and optim ized the other cam era chips, i.e., the sm all array cam -
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era chip and the VGAcam era chip, according to the results obtained from this characterization
chip.
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7 Ch ip 2: A 64x60 4T APS Cam era Ch ip

This part of the thesis explains the design , im plem en tation , and im age acquisition process
of the cam era prototype that in tegrates a sm all active pixel array (64× 60) with photodiodes
and surrounding pixel electron ics, noise reduction circuits, and vertical and horizon tal access
circuits. I have im plem en ted this chip according to the data obtained from the characterization
chip. This cam era chip provides a fully functional prototype of a low-cost h igh quality CMOS
cam era fabricated with UMC 0.18μm standard n-well process, where the total area of the
cam era is 3240μm × 1525μm .

7.1 Top Level Design
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Figure 7.1: Top Level Schem atic of the 64 x 60 Cam era Chip
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Fig. 7.1 shows the top level schem atic of th is cam era chip.

The chip includes a 64× 60 4T APS pixel array with a total p ixel array area of 852× 616μm 2.
There are colum n level curren t m irrors and switched capacitor CDS noise reduction circuits
at the top and bottom of the pixel array. CDS circuits at the top are connected to the even
num bered colum ns and the CDS circuits at the bottom are connected to the odd num bered
colum ns. This im plem en tation of splitting the CDS part in to two block reduces the horizon tal
dim ension of the colum n parallel CDS circuits and helps to reach a m ore com pact layout
while having equal sized wires for connecting the colum n outputs to the CDS circuits. The
horizon tal access circuit also exists both at the top and the bottom of the pixel array, which
are used to serialize the colum n parallel output of the CDS circuits. They consist of shift
register circuits and two transm ission gates for each colum n output. The vertical access circuit
consists of a 6 bit coun ter and a decoder, where the select lines of the decoder are determ ined
by the value of the coun ter at the tim e being. The differen tial outputs of the top and bottom
CDS are connected to the sam e bus, and this differen tial signal is am plified by the differen tial
analog buffer at the right side of the pixel area.

7.2 Pixel Design

In this section , I explain the pixel design details of our first array cam era and calculate the
perform ance param eters according to the designed pixel.

7.2.1 Im plem en tation of 4T APS Pixel in Stan dard CMOS

As m entioned in Chapter 6, 4T APS pixels are the pixel choice for th is and the VGA cam era
chip (see Chapter 8 for details), since these pixels solve the trade-off between the photodiode
capacitance and the conversion gain , and allow im plem en tation of true CDS. However, 4T APS
designs especially in standard CMOS processes m ay suffer from im age lag problem s when
the charges at the photodiode node are not com pletely transferred to the floating diffusion
node. To solve the im age lag problem s in CMOS im age sensors, the pinned photodiode (PPD)
techn ique was suggested for CMOS im age sensors [Fossum , 1994], which was already a well-
known techn ique for CCDs [Fossum and Hondongwa, 2014]. The PPD techn ique elim inates
the im age lag by creating a buried-diode structure with a p + cap layer. Then , the n layer
could fully be depleted [Fossum and Hondongwa, 2014]. The em erging structure is a p + n p ,
which is sim ilar to our p + / n -well/ p -sub type photodiode except that our photodiode has a
lightly doped n -well beneath the p-cap instead of a well defined n − region as in CIS dedicated
technologies. Fig. 7.2a shows the standard im plem en tation of PPD.

The Partia lly Pinned PhotoDiode (P-PPD) was in troduced as an adaptation of the PPD to 3T
APS designs in order to increase the fill factor by elim inating the transfer transistor between
the photodiode node and the floating diffusion node [Guidash et al., 1999]. As seen in Fig.
7.2b, th is design has p + cap layer as a channel stopper on top of a n − diffusion layer sim ilar
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(c) Proposed Partially Pinned Photodiode in Standard CMOS with 4T APS Pixel

Figure 7.2: Cross Section of Differen t Photodiode

to the standard PPDs. However, it also includes the source diffusion of the reset transistor
represen ted by n + region with in the photon collection region .

The p + / n -well/ p -sub type photodiode that I have used for the cam era chips throughout th is
thesis is basically the adaptation of the PPD to standard CMOS technology. Since in standard
CMOS technology, the im plem en tation of PPD as in Fig. 7.2a is not possible, we are obliged
to transfer the design towards a P-PPD [Guidash et al., 1999]. However, as m en tioned earlier,
the 3T APS does not allow true correlated CDS so that the P-PPD does not elim inate the reset
noise. Thus, we im plem en ted a P-PPD with 4T APS pixel, which is shown in Fig. 7.2c by
using the p + / n -well/ p -sub type photodiode. This type of photodiode also reaches the highest
responsivity according to the characterization chip’s silicon results that I have presen ted in
Chapter 6.

Fig. 7.3 illustrates the charge transfer m echan ism in this adapted P-PPD im plem en tation . As
seen in the figure, th is m ethod also transfers the com plete charge from the PD node with the
help of the channel stopper p + cap. Since the parasitic capacitance of the n + diffusion inside
n -well is m uch sm aller than the floating diffusion capacitance, the charge sharing between
these two diffusion regions will be neglected during the calculations.
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Figure 7.3: Charge Transfer Mechan ism in 4T APS P-PPD

Fig. 7.4 presen ts the pixel schem atic and 2× 2 pixel array layout of th is sm all array cam era chip.
I estim ate the required pixel size by using the optical resolution form ula in Eq.3.2 since the use
of sm aller p ixels than what th is form ula gives does not im prove output quality. Considering
the use of a 100X m agnification objective with NA=1.4 and wavelength at 550nm , I find the
required pixel p itch as 11.95μm , which guaran tees to reach the diffraction lim it.

Required Pixel Pitch = 1
2 × Rop t i ca l × M a g n i f i ca t i on

= 1
2 × 239n m × 100

= 11.95μm

When I optim ize the pixel size with the defined sensor area, I reach a pixel size of 9.14μm ×
14.63μm , which provides spatial resolution of 239nm and 293nm in horizon tal and vertical
directions respectively.

The diffusion area of the design has rounded corners to reduce the dark curren t, since it was
shown in the literature that a finger type photodiode with three fingers and all inner and
outer corners rounded (6 corners of each) have reached %30 lower dark curren t than the sam e
photodiode with no rounded corner [Shcherback et al., 2002]. Also, the diffusion area of each
photodiode is covered with a sa licide block layer (SAB) with m in im um required distance from
the m etal layer. This area is m arked by SAB on the left top photodiode in Fig. 7.4b. Finally, all
photodiodes are surrounded by guard rings (con tacts to substrate) to avoid cross talk between
the pixels and to reduce the dark curren t [Beiley and Clark, 1999].

7.2.2 Fill Factor

The photodiode area is considered as the area inside the guard ring surrounded by the n -
well layer, which has a total area of 9.14μm × 9.14μm . The total p ixel area of th is design is
14.63μm × 9.14μm . Thus, the pixel fill factor of th is design can be calculated as 9.14×9.14

14.63×9.14 which
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Figure 7.4: Pixel Design of Our First Cam era Chip
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results in %62 fill factor.

7.2.3 Fu ll Well Capacity

The Nsa t of a 4T APS pixel is calculated by Eq.5.4. As shown by the form ula, the Nsa t of th is
design on ly depends on the floating diffusion capacitance (CF D ) but not on the photodiode
capacitance (CP D ). CF D which is the total parasitic capacitance at node FD as shown in Fig.
5.2a and is calculated by using Cadence Parasitics option after the parasitic extraction of the
pixel layout. According to th is calculation , the total CF D is found as 1.622 f F . The Nsa t when
calculated with Eq. 5.4 and considering the pixel in soft-reset with VSET at 1.8V, i.e., FD node
voltage of 1.7V according to sim ulations, results in a Nsa t of:

Nsa t = 1.622 f F×1.7V
1.60217657×10−19C

= 17212e− .

And the Nsa t when calculated with Eq. 5.4 and considering the pixel in hard-reset with VSET

at 1.2V i.e., FD node voltage of 1.14V according to sim ulations, results in a Nsa t of:

Nsa t = 1.622 f F×1.14V
1.60217657×10−19C

= 11542e− .

In th is design , I con trol the VSET voltage externally through an off-chip DAC, thus I have the
flexibility to change the pixel reset m ode as well as the Nsa t .

7.2.4 Con version Gain

The Conversion Gain (CG) of the 4T APS is GSF × 1
CF D

as m en tioned earlier. When the gain of
the source follower transistor (GSF ) is sim ulated by Cadence Spectre Sim ulator, it is found as
0.865 (V/ V). Thus, the resulting CG for th is design is

CG = 0.865× 1
1.622 f F = 0.865× 1

1.622×10−15 (V/ C) = 85.43(μV/ e− ).

(1Col u m b = 6.24150965(16)× 1018(e− ) )
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Figure 7.5: 4T APS Pixel Noise Model

7.2.5 Noise Sou rces

I have already defined the noise sources that are presen t in CMOS im age sensors in Chapter
3, which are m ain ly grouped under tem pora l and spa tia l noise sources. In th is section , I will
explain the relationship of these noise sources with the pixel level transistors.

For the calculations of the noise in the pixel, following param eters shall be needed:
k: Boltzm an’s constan t (1.38× 10−23(J/ K))
T: Absolute tem perature (K) (i.e. 300(K))
q: Elem en tary charge (1.6× 10−19 (C))

7.2.5.1 Tem poral Noise

Tem poral noise in a pixel con tains photon shot noise, dark curren t shot noise, flicker noise,
reset noise, and therm al noise. Since each of these noise sources are independen t from each
other, the total tem poral noise power is the total noise power of each of these noises and can
be approxim ated as

v2
p i xel = v2

p h ot on ,sh o t + v2
d a r kcu r r en t ,sh o t + v2

f l i cker + v2
r eset + v2

t h er m a l (7.1)

The tem poral noise sources in th is p ixel can be m odeled as in Fig. 7.5. Since the charge
transfer from the photodiode node to the floating diffusion node is considered to be noiseless,
the MTG transistor is not included in the noise m odel. In addition , the colum n level noise
con tributors, e.g. bias transistor’s therm al noise, should also be neglected for pixel level noise
calculations although it is presen ted in th is figure.
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Reset Noise or kTC Noise du e to MRS Reset noise originates from the uncertain ity of the
am oun t of charge on a capacitor after charging that capacitor through a resistor. Thus, the
reset noise due to the MRS is caused by the reset of the FD capacitor through the on-resistance
of the MRS switch . The reset noise in th is case depends on the operation m ode of the reset
transistor (MRS). If MRS transistor works in the saturation region by having its VDS ≥ VGS−Vt h ,
then this type of reset is called soft reset. On the other hand, if the MRS transistor works in the
linear region by having its VDS < VGS − Vt h , then this type of reset is called hard reset. Both
of these reset types have advan tages and disadvan tages. A soft reset results in approxim ately
1/

�
2 less noise than a hard reset, while it causes im age lag due to a longer tim e required for

the reset voltage to settle [Nakam ura, 2005]. On the other hand, ha rd reset suffers from higher
reset noise but it has no im age lag issue.

In th is p ixel design , I used a differen t voltage than VDD for con trolling the drain voltage of the
MRS transistor in order to test the cam era both in hard and soft reset. In any case, since the
design is im plem en ted with a true CDS operation , it is expected to see no burden in term s of
the reset noise. Still, the design has the flexibility in changing the VSET voltage con trolled by
an off-chip Digita l to Ana log Converter (DAC). The MRS transistor’s threshold voltage (Vt h ) is
approxim ately equal to 600m V. Thus, while the VDD of the pixel and the high voltage value of
the RST pulse are 1.8V, any VSET voltage lower than 1.2V will guaran tee hard reset operation
and higher than 1.2V will put the device under soft reset. We will presen t the relationship with
the noise generated on the FD capacitance with respect to the VSET voltage in Section 7.5.

The reset noise in rm s voltage and in num ber of electrons when the reset is sam pled on the
floating diffusion capacitance are calculated by the following form ulas respectively [Nakam ura,
2005]

vkTC,F D =

�
kT

CF D
[V] (7.2)

n kTC,F D =
CG

vkTC,F D
=

�
kTCF D

q
[e− ] (7.3)

where CG represen ts the conversion gain that is calculated in section 7.2.4. It can be concluded
from these equations that th is noise is a function of the tem perature and the capacitance
value on ly, and thus it is called kTC noise.

Th erm al Noise or Joh n son Noise on th e MSF This type of noise is generated in resistors and
the channel of MOS transistors. In th is p ixel architecture, the source follower transistor MSF ’s
channel cause the therm al noise to appear.

The therm al noise at the gate of the MSF transistor in (V) can be m odeled with the following
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form ula [Nakam ura, 2005]:

Vt h�
Δ f

=

�
4kT × α

g m
[V/

�
H z] (7.4)

where Δ f is the bandwidth in Hz, g m is the transconductance of the device, and α depends
on the operating region of the transistor (considered 2/ 3 for device under saturation ).

In order to reduce th is type of noise, the operating tem perature of the sensor should be kept
under con trol, the bandwidth should be optim ized or the bias curren t should be increased.

kTC Noise du e to MSEL Sim ilar to the kTC noise due to the MRS transistor, th is noise appears
due to the charging of the load capacitance through the MSEL transistor. The load capacitance
is determ ined by the total capacitance at the colum n, which is m uch larger than the FD node
capacitance. Thus, the resulting kTC noise due to the MSEL transistor is expected to be m uch
sm aller than the reset noise.

Flicker Noise Flicker noise is usually m odeled as a voltage source at the gate of a transistor.
In th is p ixel architecture, the flicker noise m ain ly appears at the MSF transistor and can
approxim ately calculated as [Nakam ura, 2005]:

V1/ f =

�
Kf

CoxW L
×
Δ f
f

[V] (7.5)

where Kf is a process-dependen t constan t, and Cox, W, and L denote the gate capacitance per
un it area, width , and length of the gate, respectively. Thus, th is noise source is dom inating
in low frequencies (lower than 300k H z [Radm anesh, 2008]) since it is inversely proportional
to the frequency. In th is design , the size of the MSF is relatively large com pared to the other
transistors, which decreases the flicker noise. In addition , the CDS circuit m ay generate extra
flicker noise. In order to avoid that, the sam pling in CDS should be faster than approxim ately
300k H z. Moreover, the sam pling of the reset and the signal should be done as close as possible
to each other to avoid in troducing extra 1/ f noise.

Ph oton Sh ot Noise an d Dark Cu rren t Sh ot Noise Shot noise is an inevitable noise source
for all the im aging system s since it originates due to the discreet nature of electric charge. The
dark curren t shot noise originates from the statistical variation on the num ber of dark curren t
generated electrons and the photon shot noise originates from the statistical variation on the
num ber of photons falling on a pixel and this on the num ber of generated electrons. Dark
curren t shot noise is a tem poral noise and it can be reduced by lowering the tem perature and
having an optim ized layout. On the other hand, photon shot noise is totally ram dom , it cannot
be characterized or reduced and there is no coun term easure for that type of noise.

77



Ch apter 7. Ch ip 2: A 64x60 4T APS Cam era Ch ip

The photon shot noise and dark curren t shot noise both depend on the in tegra tion tim e (t i n t )
of the sensor, which are represen ted by the following form ulas:

n p h ot on ,sh o t =
�

Nsi g =

�
Ip h ot on × t i n t

q
[V] (7.6)

n d a r k ,sh o t =
�

Nd a r k =
�

Id a r k × t i n t

q
[e− ] (7.7)

where Ip h ot on is the curren t flowing on the photodiode when the sensor is exposed to a certain
am oun t of light and Id a r k is the curren t flowing on the photodiode when the sensor is in dark.
When the photo or dark curren t is m ultip lied with the in tegra tion tim e (t i n t ), a certain am oun t
of voltage drop can be observed at the pixel output. This can be form alized as following:

v2
p h ot on ,sh o t =

q × (VRESET − VSIGN AL)
CF D

[V 2] (7.8)

v2
d a r k ,sh o t =

q × (VRESET − VD ARK )
CF D

[V 2] (7.9)

where VRESET − VD ARK represen ts the voltage drop at the pixel output from the reset voltage
after a certain in tegration tim e when the sensor is under dark and VRESET −VSIGN AL represen ts
the voltage drop from the reset voltage again after a certain in tegration tim e when the sensor
is under light.

7.2.5.2 Spatia l Noise

Pixel level FPN can be grouped as dark FPN (non-un iform ities on dark curren t generation
(QDSNU )) and light FPN (non-un iform ities on pixel response (QP RNU )) both of which are
generated due to the m ism atches occurred during the fabrication of the chip and caused
by the variations in gain and offset, Vt h voltage, curren t, and parasitics between one pixel
to another. As m entioned earlier, the QDSNU can be m ostly canceled by both DDS and CDS
operations. However, colum n level FPN m ay occur due to these colum n parallel DDS and CDS
circuits or colum n parallel ADCs. This additional FPN can be canceled by off-chip processing
or by chip level CDS operations.

78



7.3. Noise Redu ction with CDS

7.3 Noise Redu ction with CDS

Am ong the listed noise sources above, a true CDS im plem en tation decreases reset noise, 1/ f
noise and offset of the source follower and leaves the photon shot noise, dark shot noise
and noise due to the gain m ism atch of the source follower unchanged. Although a DDS
im plem en tation succeeds in reducing m ost of the noise sources as CDS, it increases the reset
noise since the reset and signal sam pling are not correlated. Since the reset noise is the
dom inan t noise source in a pixel, canceling th is noise is as im portan t as canceling FPN. Thus,
instead of a DDS im plem en tation , a true CDS should be im plem en ted for low light im aging
applications.

In Fig. 5.3, a sim ple im plem en tation of true CDS has been shown with its tim ing diagram in
Fig. 5.4b. The traditional CDS im plem en tation consists of sam ple and hold capacitors, CS and
CH , Sam ple and Hold (S/ H) switches con trolled by φS and φR clocks, a differencing switch
φY , and a differencing single ended am plifier as seen in Fig. 5.3. In m ost of the single ended
pixels, CDS differencing operation is perform ed by two buffers [Degerli et al., 1999]. Another
m ethod is to use a un ity gain configured switched capacitor single ended am plifier instead of
two buffers [Chae et al., 2011]. However, both of these m ethods provide pseudo-differen tial
outputs and they require an additional step to convert the pseudo-differen tial outputs to
fully differen tial outputs before connecting them to the ADC stage, In order to that, extra
conversion circuits in tegrated with fully differen tial OTAs are com m only used [Degerli et al.,
1999]. Although, the extra pseudo-differen tial to fully differen tial conversion circuits give the
flexibility to increase the gain with the capacitance ratios, they alm ost double the CDS area
in each colum n and cause a decrease in the fill-factor. That is why, I propose two alternative
circuits for true CDS operation , which use fully differen tial switch capacitor design m ethod,
provide fully differen tial output in nature, and do not require extra pseudo-differen tial to fully
differen tial conversion step [Köklü et al., 2011]. In the literature, sim ilar im plem en tations can
be found. However, these designs are either lim ited to differen tial p ixels [Huang et al., 2007] or
require com plex switching operations and results in increased kTC noise [Decker et al., 1998].
As opposed, the two architectures that I propose with in the scope of th is thesis offer a very
sim ple solution with an easy clocking schem e.

7.3.1 Fu lly Differen tia l Switch Capacitor CDS Circu it

Fig. 7.6 shows the first proposed CDS circuit (CDS1) together with the pixel circuit. The
am plifier basically operates as a un ity gain buffer [Enz and Tem es, 1996] with additional two
sam pling switches as φS and φR in order to charge the pixel value before and after in tegration .

In th is architecture, first at φRS, the pixel is in reset condition through the MRS transistor.
After the reset operation , when φR is high, p ixel reset value is charged on the capacitor CR

together with the am plifier offset and the capacitor value becom es Vr eset + Vos/ 2. Later, φTG

becom es high and the photon-charges at the photodiode node is converted to voltage at the
FD node of the pixel through the MTG transistor. With th is operation , the PD node is reset and
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Figure 7.6: Proposed Fully Differen tial CDS Architecture - CDS1

its charges are transferred to the FD node. Then , the φS becom es active and the pixel value
after in tegration is sam pled on the capacitor at the negative input term inal of the am plifier
and the capacitor is charged to Vsi g − Vos/ 2. Finally, at φY phase, p ixel value after in tegration
is subtracted from the pixel value at reset and the final value is found as Vr eset − Vsi g − Vos.

There are few problem s about th is CDS architecture that should be addressed. First of all,
th is architecture requires the op-am p output to be reset at each clock cycle, which decreases
the effective tim ing of the op-am p by half and m akes the slew rate and the settling tim e
requirem en ts of the op-am p difficult [Enz and Tem es, 1996]. However, although this is an
im portan t concern for sam ple and hold circuits, analog m em ories and delay stages where un ity
gain buffers are widely used, it is not an issue for th is application since the tim ing in tervals
are already determ ined in the pixel section , and a final “subtracting” clock φY is inevitable.
However, there are still two other problem s that should require m ore careful exam ination
which are am plifier offset problem and gain m ism atch between colum n level am plifiers. The
CDS1 architecture neither provides gain com pensation nor offset com pensation where both
of these param eters in troduce colum n level FPN to the im age sensor. In the following section ,
I propose a new CDS design (CDS2) that solves the offset problem . I neglected the gain
m ism atch problem in between colum n level am plifiers since correcting th is problem with a
chip level correction circuit or with post-processing instead of a colum n level im plem en tation
would require less silicon area.

7.3.2 Offset Com pen sated Fu lly Differen tia l Switch Capacitor CDS Circu it

The second CDS im plem en tation (CDS2) has two additional capacitors to charge the offset
of the am plifier during the φY phase. Then , while in φY phase, offset that is charged on the
offset capacitors are subtracted from the pixel voltage before and after in tegration . Fig. 7.7
presen ts the details of th is architecture. In th is architecture, during φR phase, not on ly the
reset voltage of the pixel is charged on the CR capacitor, but also the differen tial inputs of the
am plifier are shorted to the differen tial outputs in order to avoid the floating gate problem at
the am plifier input. Fig. 7.8 shows all switching phases of th is circuit starting from the reset to
the differen tial differencing operation .
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Figure 7.7: Im proved Fully Differen tial CDS Architecture with Offset Com pensation - CDS2
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Figure 7.8: Im proved CDS Switching Phases

The first CDS architecture cancels p ixel offset and the reset noise, while the second archi-
tecture cancels the am plifier in ternal offset as well and results in better perform ance with
reduced colum n level FPN. However, since the design with offset com pensation (CDS2), re-
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quires 4 capacitors instead of 2, its area overhead is alm ost doubled. That is why, for our
first and VGA cam era chips, I used the first CDS im plem en tation , which has no inner offset
com pensation . The am plifier offset, i.e., colum n level FPN, in th is design will be canceled with
im age processing techn iques.

7.3.3 kTC Noise du e to th e Dou ble Sam plin g on th e CDS capacitan ces

The CDS noise cancellation circuit in troduces additional noise to the sensor. That is because,
sim ilar to the reset noise generated at the FD node, at both sam pling activities during CDS
operation , there will be kTC noise generated. This noise can be approxim ated with the
following form ula:

vkTC,R/ S =

�
kT

CR/ S
(7.10)

n kTC,R/ S =
CG

vkTC,R/ S
=

�
kTCR/ S

q
(7.11)

where the CR/ S represen ts the reset or signal sam pling capacitors at the CDS circuit. Since
these two noise sources are not correlated, they will be increasing the total read-out noise. Due
to th is reason , these capacitors should be designed as large as possible, in order to keep their
im pact m in im um . For th is sm all array cam era chip, I used 800 f F capacitors, which results
in relatively low kTC noise (71.9μVr m s for each sam pling phase), com pared to the pixel reset
noise (1434μVr m s). Thus, the double sam pling operation will increase the noise approxim ately
101μVr m s (

�
2× 71.9μVr m s) since the two phases are not correlated.

7.4 Hor izon tal an d Ver tical Access Circu its

7.4.1 Hor izon tal Access Circu its

The top and bottom horizon tal access circuits are the sam e except their input connections, the
top one is connected to the even num bered CDS outputs, while the bottom one is connected
to the odd num bered CDS outputs. Fig. 7.9 shows the schem atic of the top and bottom
horizon tal access circuits.

Two transm ission gates are used for each colum n in order to transfer the differen tial CDS
outputs. The input of one of these transm ission gates is connected to the positive output node
of the differen tial output, while the input of the other is connected to the negative output
node. The gates of the transm ission gates are connected to the shift registers outputs. This
action guaran tees to read-out one colum n output at a tim e and converts the colum n parallel
CDS outputs to serialized outputs. Since there are horizon tal access circuits, at the top and
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Figure 7.9: Horizon tal Access Circuits

at the bottom , the serialized output at the top corresponds to the colum n outputs from the
2nd to the 60th colum n and the serialized output at the bottom corresponds to the colum n
outputs from the 1st to the 59th colum n.

7.4.2 Ver tical Access Circu it

The vertical access circuit consists of a 6to64 NOR based decoder and 6 bit ripple carry coun ter.
Fig.7.10 illustrates the schem atic of th is circuit. The select lines of the decoder are con trolled
by the coun ter. Each output of the coun ter is synchron ized with the clock of the coun ter by
using additional flip-flops for each output. The NOR based decoder guaran tees to have one
select line to be active at a tim e by raising its voltage to VDD through the weak pull-up PMOS
transistor. This condition is on ly valid when all NMOS transistors on the sam e line are OFF
so that the PMOS transistor can pull-up the line to VDD . Thus, the select line of row63 is on ly
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Figure 7.10: Vertical Access Circuit

valid when all the select inputs are 1 and the select line of row0 is on ly valid when all the select
inputs are 0. With th is im plem en tation , at each rising edge of the clock of the coun ter, the
value in the coun ter increm en ts by 1, which changes the selected row through the decoder.

7.5 Sim u lation Resu lts

7.5.1 Pixel

Tran sien t Beh avior Fig. 7.11 shows the transien t behavior of the pixel at differen t photo-
curren ts Iph, which is sim ulated by using Cadence Spectre Sim ulator’s transien t sim ulation
option .

In th is sim ulation , drain voltage of the reset transistor, VSET , is kept at 1.4V. Moreover, in order
to be able to show the behavior of the pixel circuit, the MTG transistor is sam pled twice, first to
reset the photodiode junction capacitance and second to transfer the in tegrated voltage from
the photodiode to the floating diffusion . In th is figure, by increasing the Iph, the increase in
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Figure 7.11: Transien t Sim ulation of Pixel Circuit at Differen t Photodiode Curren t

the discharge speed of the photodiode capacitance value from the reset value can be observed.
The behavior of the circuit at differen t clock phases is as follows:
- φRS and φTG are ON. The PD and FD node are both reset.
- φRS is ON, φTG is OFF. Keeping the FD node at reset but the PD node starts to discharge.
- φRS and φTG are OFF. The FD node reset voltage will be sam pled to the CDS reset capacitor.
- φRS is OFF and φTG is ON. The PD node con tinues to discharge, th is behavior is visible at the
output node.
- φRS is OFF and φTG is OFF. The in tegrated voltage of the PD will be sam pled to the CDS signal
capacitor.
Thus, sim ilar to the photodiode voltage graph, at the output voltage graph, we observe that by
increasing the photo-curren t Iph, the pixel output voltage difference between the reset and
signal sam pling phases also increases.

Fig. 7.12 presen ts the input to output voltage characteristic of the pixel. This graph is obtained
by providing a variable photon curren t (Ip h ) through the PD node of the pixel, while preserving
the usual operation of the pixel. By subtracting the clipped pixel output after reset operation
from the clipped pixel output after the com pletion of the charge transfer from the PD node to
the FD node, the pixel voltage change according to differen t illum ination levels is obtained.
This operation is repeated for m ultip le VSET voltages. As seen by the graph, when the VSET

voltage is highest at 1.8V, the pixel can handle a voltage difference between reset and in tegrated
voltage value up to 0.95V, while th is value is lim ited to 0.6V when the VSET voltage is at 1.2V.
This graph shows us that for the pixel to detect a peak-to-peak voltage of ≈ 0.95V, while
working in linear m ode, the VSET voltage should be at 1.8V.
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Figure 7.12: Input Output Transien t Characteristic of Pixel Circuit at Differen t VSET Voltages

Noise beh avior Fig. 7.13 shows the kTC noise behavior of the reset transistor (MRS), which
is sim ulated by using Cadence Spectre Sim ulator’s Periodic Steady Sta te (PSS) and Periodic
Noise (PNOISE) sim ulations together. In order to sim ulate the kTC noise or reset noise due
to the switching activity of the MRS, a sinusoidal signal with 1μV am plitude and a variable
(VSET ) DC voltage through the drain of the MRS transistor is applied. The operating frequency
during th is sim ulation is 1M H z. By sweeping the VSET voltage, and in tegrating the noise
from 1H z to 1GH z frequency range, the in tegrated rm s noise as represen ted in Fig. 7.13 is
obtained. As expected, according to th is sim ulation , kTC noise decreases by increasing the
VSET voltage. The value 1434μVr m s is reached when the transistor is in hard reset, which is
close to the theoretical calculation value of 1597μVr m s when calculated with Eq. 7.2.

7.5.2 CDS Design Sim u lation s

7.5.2.1 OTA Sim u lation s

The Opera tiona l Transconductance Am plifier (OTA) sim ulations that are presen ted here are
based on the extracted view, which includes the parasitics and provides a m ore realistic result.
The designed OTA is com m on to both CDS im plem en tations i.e., CDS with and without offset
com pensation . There are two differen t sim ulation setups for sim ulating the OTA. The first
is the open loop configuration to sim ulate the open loop gain , the phase m argin , the Power
Supply Rejection Ra tio (PSRR) and the Com m on Mode Rejection Ra tio (CMRR) of the design
and the second is the closed loop un ity gain configuration to sim ulate the linearity of the
design .
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Figure 7.13: In tegrated kTC Noise Result at Differen t VSET voltages

Open Loop The open loop sim ulation results show 65d B AC gain , 2.5GH z bandwidth , and
50 degree phase m argin as shown in Fig. 7.14.
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Figure 7.14: Open Loop Sim ulation of the OTA

Closed Loop The closed loop sim ulation shows the linearity graph of the OTA output with
respect to the input. For th is sim ulation , the OTA is kept at un ity configuration and from the
differen tial input term inals, a differen tial signal with a voltage swing from 0 to 1V is applied.
Fig. 7.15 shows the differen tial output of the OTA being linear un til the differen tial input
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reaches 0.91V. Thus, the m axim um detectable difference between the reset and the sam pling
signal at the pixel output should be 0.91V, in order for the CDS to provide linear results. This
value is also com patible with the pixel output voltage, which is linear for voltage differences
upto ≈ 0.95V.
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Figure 7.15: Closed Loop Sim ulation of the OTA in Unity Gain Configuration

Finally, I obtained the CMRR and PSRR results by sim ulating the process and m ism atch varia-
tion in the circuit by using the Monte Carlo sim ulation option of Cadence Spectre Sim ulator.
The results have shown PSRR and CMRR of 66.03d B and 75.05d B respectively. Of course the
results presen ted here do not take in to accoun t the im provem ent in the full-custom layout,
which I have payed special atten tion in design ing for increasing the m atching.

7.5.2.2 CDS Sim u lation s

Tran sien t Beh avior The first sim ulation in Fig. 7.16 shows the transien t behavior of two
proposed CDS architectures when a 0.1V sinusoidal signal on a 1.2V DC voltage is applied
through the sam pling input node of the CDS circuit. The reset input node is kept at constan t
DC voltage of 1.2V. Fig. 7.16 shows the corresponding results, when the differen tial output of
the CDS circuit is sam pled with the activation of the φY switch . The correct sam pling behavior
of the CDS circuit can even be observed for voltage differences of ≈ 0.5m V between the reset
and the sam pling voltages of the pixel.

The second sim ulation in Fig. 7.17 shows the com parison of the two CDS im plem en tations
with respect to their calculated SNR results at differen t input signals. This data is obtained
by using sam pled outputs of these two switched capacitor circuits at differen t input signals.
Then , after corrupting the outputs by applying zero-m ean random noise, the SNR graphs are
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Figure 7.16: Transien t Behavior of the Two CDS Architectures

obtained. In th is sim ulation , the reset input is kept constan t as in the real p ixel and the input
signal, which is the voltage drop due to the illum ination is varied. When the input signal is
500m V, the highest SNR that is reached with the CDS1 becom es 74.12d B, while it is 81.79d B
for the CDS2. Moreover, When the input signal is reduced to 1m V, the SNR achieved by CDS1
goes down to 22.23d B, while it is 32.4d B for the latter. When doing these sim ulations, the
input frequency was set at 137H z while the sam pling frequency was 2.5k H z.

The next sim ulation in Fig. 7.18 presen ts a transien t sim ulation for the cancellation of the
pixel offset generated by the MSF transistor. In the test bench of th is sim ulation , 50m V DC
offset voltage from the gate of the MSF transistor is applied. This added offset does not bother
the general behavior of the circuit. However, since its value will vary from one pixel to another,
it will cause pixel level FPN and lim it the DR of the sensor. This sim ulation shows us that
although the added offset is visible at the pixel output when com pared with the sim ulation
result with no offset. However, at the end of the CDS operation , th is offset is no longer visible,
since the offset is sam pled on both CR and CS capacitors, it is subtracted by the CDS operation .
This behavior can be verified by both CDS architectures.

Noise Beh avior Fig. 7.19 shows the noise sim ulations of the pixel circu it on ly, the CDS
circu it on ly, and the pixel and the CDS circu it together. This sim ulation is perform ed by using
Cadence Spectre Sim ulator’s PSS and PNOISE sim ulations, with periodic beat frequency at
1M H z.

In order to obtain the noise behavior of the CDS circuit on ly, a sinusoidal input with 1m V
am plitude from the com m on drain of the reset and signal sam pling switches is provided. This
configuration resulted in a total in tegrated noise of 283μVr m s at the differen tial output node
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Figure 7.17: SNR Com parison of the Two Architectures
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Figure 7.18: Cancellation of Offset with CDS
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of the CDS circuit when the frequency is swept from 1Hz to 1GHz.

Then , in order to obtain the noise behavior of the pixel circuit on ly, a sinusoidal input with
1μV am plitude from the drain of the MRS transistor is provided and the noise at the pixel
output is m easured. This configuration resulted in a total in tegrated noise of 1434μVr m s at the
floating diffusion node and 1262μVr m s at the pixel output node with the sam e m easurem en t
setup as before.

Finally, in order to analyze the noise reduction with the CDS im plem en tation , a noise sim ula-
tion by com bin ing the pixel circuit output to the input of the CDS circuit is perform ed. When
these two blocks are connected to each other, a total in tegrated noise of 285μVr m s is obtained
at the CDS output and the con tribution of the MRS kTC noise to the overall in tegrated noise
has becom e negligible (12μVr m s).

Fig. 7.19 shows these noise sim ulation with the graphs nam ed as Pixel on ly ou tpu t noise, CDS
only ou tpu t noise, and Pixel + CDS outpu t noise. It can be seen from this figure that, at the low
frequency ranges, the Pixel + CDS outpu t noise is lower than both CDS only ou tpu t noise and
Pixel on ly ou tpu t noise, and at h igher frequencies, Pixel on ly ou tpu t noise becom es slightly
higher than CDS only ou tpu t noise but still m uch lower than Pixel on ly ou tpu t noise.
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Figure 7.19: Cancellation of Output Noise with CDS

7.5.3 Ver tical Access Circu it Sim u lation

Fig. 7.20 presen ts the transien t sim ulation result of the vertical access circuit, which is a
com bined block of a 6 bit coun ter and 6 to 64 decoder. CLKC N T represen ts the clock of the
coun ter, which has the sam e the frequency as the other array clocks. With each rising edge
of the CLKC N T , the value in the coun ter increm en ts by 1 so the select signal of the decoder.
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Thus, at each rising edge of the CLKC N T , the selected row within the pixel array is shifted from
top to bottom . In th is graph, at the beginn ing of the sim ulation , Row Sel < 0 > is active, then
with the 1st rising edge of the CLKC N T , the selected row is shifted to the 1st row, Row Sel <1>
becom es active, then with the 2nd rising edge of the CLKC N T , the Row Sel < 2 > becom es
active. This con tinues un til the last (63rd) row is selected. Thus, at the end of the 64th clock
cycle, the coun ter is reset and the new fram e starts.
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Figure 7.20: Vertical Access Circuit Transien t Behavior

7.5.4 Hor izon tal Access Circu it Sim u lation

As m entioned earlier, there are two blocks of horizon tal access circuits in th is design , at the
top and at the bottom of the pixel array. The horizon tal access circuit at the top outputs the
odd num bered Q signals, e.g. Q<1>, Q<3>, Q<5>, and the one at the bottom outputs the even
num bered Q signals, e.g. Q<0>, Q<2>, Q<4>, which are used to shift the selected colum n from
left to right. Fig. 7.21 represen ts the transien t behavior of the two horizon tal access circuits
together. The shift registers require a trigger signal and a clock signal, which are nam ed as
Shift Reg Sta rt and Shift Reg CLK in this figure. φY signal is the period at which the CDS circuit
subtracts the two sam pled values and the pixel value is ready at the output. The inverse of the
φY signal is also connected to the reset of the shift registers. Thus, the whole horizon tal access
circuit operation is done during φY signal clock period. The shift register outputs and their
inverses are connected to the transm ission gates’ con trol inputs and with th is im plem en tation ,
the CDS output of the selected colum n is transferred to the output of the chip. The OUT<0:63>
signals presen t the serialized CDS outputs. These output levels are the sam e for the whole
colum ns for th is sim ulation since there is no additional photon curren t provided to the system .
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Figure 7.21: Horizon tal Access Circuit Transien t Behavior

7.5.5 Top Level Sim u lation

Fig. 7.22 and 7.23 represen t the transien t sim ulation of the top level circuit and show the
overall behavior of the sensor design . As m entioned earlier, the design works in rolling shutter
m ode. Each fram e starts with the read-out of the 1st row by the activation of the ROW SEL<0>.
During this tim e period, φRST (pixel reset ), φTG (pixel transfer ), φR (CDS - reset sam pling), φS

(CDS - signa l sam pling) and φY (CDS - subtracting) clocks becom e active one after the other.
During the φY phase, starting from the 1st colum n, each colum ns are scanned by using the
horizon tal access circuit. Then , when all colum ns of the 1st row is read-out, by the increase of
the value in the coun ter in the vertical access circuit, the 2nd row is selected. Again , starting
from the 1st colum n of the 2nd row, all the colum ns of th is row is selected and read out one by
one. This behavior con tinues un til the last row (63rd) is selected. After all the colum ns of 63rd
row is also read out, the coun ter is reset. After the coun ter reset, the data for the new fram e
arrives. In th is sim ulation , since there are no photo curren t flowing through the photodiodes,
all the pixel outputs are the sam e so are the colum n outputs. Thus, a low output voltage
is observed with glitches at the (TOP _OU T + )− TOP _OU T− ) serialized differen tial output
node. In th is sim ulation , SR IN presen ts the Shift Register Sta rt signal and SR TOP OUT and
SR BOTTOM OUT represen t the shift register outputs of the top and bottom horizon tal access
circuits respectively, which were nam ed together in the previous sim ulations under Q<0:63>.

The total dc power consum ption of the overall design is found as 37.512m W by using the
Cadence DC analysis.
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7.5. Sim u lation Resu lts
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7.6 Measu rem en t Resu lts

Fig. 7.24a shows the top level layout of th is sm all array cam era chip. Fig. 7.24b and Fig. 7.24c
presen t the pictures of the top and the bottom of the PCB that is used to test th is cam era chip.
More details on th is PCB will be provided when explain ing the im age collection in terface.
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(a) Top Level Layout

(b) Test Board Top (c) Test Board Bottom

Figure 7.24: Pictures of Layout and the Test Board of the Array Cam era Chip

Fig. 7.25a and 7.25b show the behavior of the 4T APS pixel under dark and light conditions. For
the m easurem en ts under dark, the sensor in tegration tim e is 10m s, which results in a voltage
drop of 60m V at the pixel output. For the m easurem en ts under low-light conditions, the
exposure of sensor under the regular office light with ND filters of highest filtering capability
results in 180m V of voltage drop at the pixel output for an in tegration tim e of 3.6m s.

Fig. 7.26 shows the m easurem en t results of the coun ter and the shift registers as part of
the horizon tal and vertical access circuits inside th is cam era chip. Fig. 7.26a presen ts the
increm en t of the coun ter output at each clock cycle and Fig. 7.26b shows the shifting operation
am ong the colum ns by use of the shift registers.

Fig. 7.27 shows the m easurem en t results of the cam era chip output at differen t light conditions.
The figure corresponds to a tim e fram e, where the φY phase of the CDS operation is active,
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Figure 7.25: Measurem en t Results of the 4T APS Pixel
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(b) Horizon tal Access Circuit: Shift Register

Figure 7.26: Measurem en t Results of Parts of the Access Circuits
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one of the rows is selected and starting from the trigger of the shift registers, (SRI N ), at each
clock cycle of the shift register, another colum n output is selected. The serialized differen tial
output is represen ted by the signal nam ed (CDS OUT+) - (CDS OUT-), which is obtained by
subtracting the two outputs (CDS OUT+) and (CDS OUT-). The first m easurem en t in Fig. 7.27a
presen ts the serialized output of one of the rows, when the sensor is under dark. The resulting
differen tial signal during th is m easurem en t is close to zero as shown in the figure. The second
m easurem en t 7.27b represen ts the serialized differen tial output, when the sensor is under
regular office light without any lens. Since the light on the whole array is alm ost hom ogeneous
during th is m easurem en t, the serialized differen tial output is positive but alm ost constan t for
all of the colum ns of the corresponding row. The third m easurem en t 7.27c reveals the behavior
of the cam era chip when there is a lens on the sensor. Hence, the serialized differen tial output
is no longer constan t through the whole colum ns but is differen t from one colum n to another.
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Figure 7.27: Single Row Output Result
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7.7 Im age Collection

7.7.1 Im age Collection Hardware

Fig. 7.28 illustrates the im age collection board and the com m unication between differen t
com ponen ts on the board. The m icrocon troller (MCU), i.e.,PIC24FJ128GA106 from Microchip,
builds the core of th is board, together with the cam era chip. The MCU receives an external
clock from a 20MHz crystal oscillator and generates in ternal clocks for the USB and the
output com pare m odules with its in ternal Phase Locked Loop (PLL) circuits. It provides
reprogram m able non overlapping clocks to the cam era chip through its output com pare
PWM channels, whose frequency can be varied according to the required exposure rate. The
board includes a 10-bit DAC to generate variable DC voltages for the cam era chip such as
the drain voltage of the reset transistor (VSET ). The MCU controls the DAC block through its
Seria l Program m able In terface (SPI) and the DAC provides a VSET voltage according to the
program runn ing on the MCU. The board also includes a 12-bit, 8 channel serial Successive
Approxim ation Register (SAR) based ADC, which is used to digitize the differen tial analog
output of the cam era chip. In order to do that, the MCU controls the ADC block again
through one of its SPIs. With a proper program runn ing on the MCU, the MCU selects the
corresponding channels of the ADC and in itiates/ stops the conversion according to the tim ing
of the cam era chip. Thus, the ADC runs for each colum n and is triggered by the rising edge
of the shift register clock. Since th is cam era chip does not target h igh speed rate operations,
th is offchip ADC is also selected for m edium operation speed ranges. Thus, the m axim um
conversion rate of th is ADC is 200kHz. Since the ADC works in serial m ode, it requires
16-Clocks per conversion , which m eans the ADC requires 80μs per conversion . Thus, the
m in im um clock rate for the shift registers with in the horizon tal access circuits should be
160μs. Thus, the read-out of a single row would require the read-out of 60 colum ns with in th is
tim e fram e, which requires 9.6m s in total. Considering the read-out of 64 rows, the total tim e
that is require to collect one fram e would be 0.6s. Hence, the shortest exposure rate of the
cam era chip, which is reached when the ADC is working in its fastest m ode, would becom e
16μs.

This MCU also allows to create a com m unication protocol by using Universa l Seria l Bus (USB)
in terface between the PC and the device. A standard USB cable provides the connection
between the PC and the device. The cable has four wires: power, ground, D+ and D- and the
signal wires D+ and D- operate in differen tial m ode. There are two type of USB connectors: type
Aconnectors, which are used in the host devices and supplies power and type B connectors,
which are used on the target devices and receives power. Sim ilarly, in our configuration ,
the USB connector on the PC is a standard type A USB connector, while the USB connector
on the PCB is a type B m icro-USB connector. Thus, the PC provides power to the im age
acquisition board through the USB cable. In addition , with the use of a m icro-USB on the
im age acquisition board, the large size of the standard USB connector could be avoided.
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Figure 7.28: Illustration of the Im age Collection Hardware Setup

7.7.2 Im age Collection Software

Fig. 7.29 sum m arizes the software in terface for collecting the im ages on the com puter. For a
succesful im age acquisition from the cam era board to the PC, I applied the following steps:
- Writing a MCU software to com m unicate with the PC
- Em bedding the software to the MCU
- Writing a PC application software in C++, which runs on Windows based operating system s
and uses WinUSB device functions [Microsoft, 2014] to com m unicate with the cam era board
and to collect data
- Connecting the cam era board and the PCB through the USB cable
- Installing necessary drivers on the PC, in order to have the com puter recogn ize the cam era
board when they are connected to each other
- Runn ing the written PC application to collect the data of the USB differen tial signals in a
proper order to create a fram e

7.7.3 Collected Im ages

After applying the steps that are m en tioned above, I collected im ages of test patterns that
are prin ted on a A4 paper. There are m any test patterns available on line that can be used
to quan tify the im age quality. These test patterns are very useful since they can take the
subjectivity out of the equation and provide a quan titative result of the quality of the cam era
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Figure 7.29: Illustration of the Im age Collection Software Setup

instead of sim ply saying that the cam era has good quality. It is com m only preferred to use
high quality prin ts of these test patterns and expose them to a strong light from their fron t
surface. However, in th is setup, I was obliged to light the test pattern from its back side, which
resulted to have background pattern on the collected im ages. Fig. 7.30 presen ts the collected
im ages from this cam era chip and the test patterns that are used. As already m entioned, the
pattern at the background is due to the white paper’s inner m aterial, which becom es m ore
visible when the paper is lightened from the back side. Despite these patterns that appear on
the collected im ages, as shown in Fig. 7.30a, the cam era chip was capable of differen tiating
even the closest lines from each other, which is m arked with 10 on the pattern . Since the lens
that is used is not optim ized for such a sm all array cam era chip, it causes the im ages to appear
zoom ed in . That is why, I could on ly im age sm all parts of the test patterns at each im age. Fig.
7.30b represen ts collected im ages of another test pattern , which is n ine tim es sm aller than the
previous test pattern . From the im ages of these test pattern as well, it is seen that the cam era
could im age even the finest details, which are sm aller than half m m .

DSNU i.e., dark FPN, and tem poral noise are som e im portan t param eters that should be
analyzed from the collected im ages as well. To do that, first of all, I collected m ultip le fram es
(100 fram e) under dark conditions. By applying the Eq. 7.12, I obtained the tem poral noise of
the cam era as m in im um 1.11 Digita l Num bers (DN) and m axim um 15.1146 DN.

Tem pora lNoise(rm s) =
�

1
M − 1

.
M�

j
(Si , j − Si )2

�1/ 2

(7.12)

where Si , j is the i t h p ixel value (in DN) of the j t h fram e, Si is the average of the all collected
100 fram es, and M is the num ber of fram es, which is 100 in th is case.
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(b) Test Pattern 2

Figure 7.30: Collected Im ages of Differen t Parts of Test Patterns
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There are three types of DSNU: pixel FPN, colum n FPN, and row FPN. Since th is design
includes colum n parallel CDS circuits, it is expected to see highest FPN within pixels in the
sam e row and lowest FPN within pixels in the sam e colum n. In order not to take in to accoun t
the tem poral noise when calculating the FPN, the average fram e should be used for these
calculations. Fig. 7.31 presen ts the DSNU reduction by subtracting the Master Dark Fram e
(MDF), i.e., average dark fram e, from one of the collected im ages. Thus, the obtained im age
on ly includes the rem ain ing tem poral noise under dark. In order to increase the visibility of
the FPN and the reduction process, I have enhanced the con trast of these im ages. According to
the average dark fram e, the pixel FPN is found as 0.93%, the m in im um and m axim um colum n
FPN are 0.55% and 0.89% respectively, and the m in im um and m axim um row FPN are 0.72%
and 1.11%. As expected, the highest FPN has been reached in row level due to the m ism atches
am ong the colum n parallel CDS am plifiers. After MDF subtraction , as presen ted in Fig. 7.31,
the resulting pixel FPN has becom e 0.14%. The input referred noise can also be calculated by
using the read noise and the conversion gain of the sensor. Then , the resulting input referred
noise is found m in im um 12.68e− and m axim um 172.62e− . This high noise is m ain ly due to
the fact that the sensor output is not digitized on chip but is carried out analog signal and then
converted to digital with an off-chip ADC.

�� ����������� ��� ���������� ������� �� ��������������������� ���

Figure 7.31: FPN Reduction by MDF Subtraction

7.8 Su m m ar y

Table 7.1 sum m arizes the perform ance param eters of th is design based on sim ulations or
collected im ages.
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Table 7.1: Sum m ary of the Prototype Cam era Chip Perform ance

Technology UMC 0.18μm Standard CMOS
Pixel Size (μm × μm ) 9.14× 14.63

Fill Factor (%) 62
Array Size 64× 60

Noise Reduction Method CDS
Output Mode Serialized Analog

Read-out Mode Rolling Shutter
Conversion Gain 85.43μV/ e−

Full Well Capacity 11542e− - 17212−

Chip Area 3240μm × 1525μm
DC Power Consum ption 37.512m W

Read Noise Min - Max 1.11− 15.11(D N )
Input Referred Noise Min - Max 12.68− 172.62(e− )

Pixel FPN 0.93%
Colum n FPN Min - Max 0.55% - 0.89%

Row FPN Min - Max 0.72% - 1.11%

7.9 Con clu sion an d Novelty

In this chapter, I in troduced the details of m y first cam era chip. I explained the details of a
partia lly pinned photodiode im plem en tation in 4T APS design with standard CMOS technology.
I also presen ted a novel fu lly differen tial CDS circuit, which is used in the colum n parallel noise
reduction circuits of th is design . With the sim ulations and m easurem en ts above, I showed
the behavior of each block separately and together with the other blocks. In addition , with
the noise analysis of differen t circuits, I showed the im portance of the effective use of CDS
architectures. By im plem en ting the design in standard CMOS technology, I could im m ensely
reduce the fabrication cost of th is chip com pared to CIS dedicated technologies. This design
is a com plete cam era chip, providing differen tial serialized analog output. With in th is chapter,
I also presen ted the chip output results at differen t light conditions and showed the collected
im ages from the cam era chip in order to quan tify the quality of the cam era. In the next chapter,
I will presen t our final cam era chip, which is a VGA cam era chip that delivers two parallel
digital outputs.
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Since the cam era prototype that I have explained in the previous chapter has a very sm all array
size, a larger array form at cam era chip would be required in order to achieve sm oother im ages
in real biom edical sam ples. This part of the thesis explains how I im prove the previous cam era
chip design by with th is novel reprogram m able VGA cam era chip in tegrated with chip level
ADC. This chip is our second com plete pixel array sensor and third taped-out chip. The design
occupies an area of 5m m × 5m m and it is also fabricated in UMC 0.18μm standard CMOS
process like the other chips. This cam era chip is sim ilar to the previous prototype cam era chip
except that it uses a m ixed-signal design approach, shares the pixel circuit am ong four pixels
and allows 2 channel 8-bit serialized digital output. It also provides a novel program m able
in terface to adjust the array size with respect to the pixel size depending on the application .

Fig. 8.1 shows the top level schem atic of our VGA cam era chip. The chip includes a VGA
(640 × 480) form at 4T APS pixel array that has a total area of 4350 × 3435μm 2. Sim ilar to
the first array cam era chip, the design includes colum n level curren t m irrors, CDS circuits
and horizon tal access circuits at the top and bottom of the pixel array and a vertical access
circuit. The pixel im plem en tation in th is cam era chip benefits from pixel sharing techn ique.
In addition , th is design consists of two parallel 8-bit Successive Approxim ation Register (SAR)
type ADCs at the top and bottom of the pixel array. Furtherm ore, the design gives the flexibility
to choose analog or digital outputs by use of transm ission gates con trolled by OUTPUT SEL
signal. If the OUTPUT SEL signal is h igh , the analog readout operation is selected and two
parallel differen tial outputs are provided, conversely if the OUTPUT SEL signal is low, digital
readout operation is selected and two parallel digital outputs are provided.

Moreover, I used a m ixed-signal design approach when im plem en ting th is VGA cam era chip. I
designed the vertical and horizon tal access circuits in sem i-custom by using Cadence Design
Com piler and Encoun ter program s. I designed the rest of the chip in full-custom . In order
to reach a com pact layout, I stacked three CDS blocks at the top and the bottom of the pixel
array. With th is im plem en tation , I m atched the CDS blocks and the pixel array’s horizon tal
dim ensions. The 8.2 shows the layout of th is cam era chip.
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In the following sections, in order to avoid repetition , I will on ly in troduce the blocks that are
differen t with respect to the previous cam era chip, i.e., the pixel circuit and the SAR ADC.

8.1 Top Level Design
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Figure 8.1: Top Level Schem atic of the VGA Cam era Chip

8.2 Pixel Design an d Pixel Sh ar in g Tech n iqu e

8.2.1 Program m able Pixel Design an d Pixel Sh ar in g Tech n iqu e

In order to im plem en t a VGA sensor with sm all silicon area, i.e., low cost, in th is design , one
pixel circuit that consists of MRS, MSF , and MSEL transistors is shared by four pixels, where
each photodiode has its own MTG transistor. Thus, in th is design there is 1.75 transistor per
pixel instead of 4 transistors as opposed to the traditional im plem en tation of the 4T APS CMOS
im age sensors and to our first array cam era chip.

In the literature, we can find differen t ways of im plem en ting pixel sharing techn ique. The
m ost com m on im plem en tation is having a un ique photo-diode and MTG for each pixel and
connecting all the FD nodes to the com m on pixel circuit. With th is m ethod, each pixel has on ly
1.75 transistor per pixel instead of 4 transistor. However, th is m ethod requires four differen t
con trol lines for four MTG transistors, which reduces the fill-factor of the design by requiring
extra connections and wires. Thus, in our VGA cam era chip, we used a pixel sharing techn ique
that is differen t than the traditional im plem en tation . Our approach also reaches 1.75 transistor
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Figure 8.2: Top Level Layout of the VGA Cam era Chip

per pixel sim ilar to the traditional im plem en tation but instead of requiring 4 con trol lines for
each gate of the MTG transistors, it on ly requires two con trol lines per row [Mori et al., 2004].
To do that, each group of four pixels is either con trolled by φTG0 and φTG1 or φTG2 and φTG3 .
Thus, in one group of four pixels, on ly the two of the photodiodes are connected to the pixel
circuit and the other two photodiodes use the pixel circuit of the next group of pixels. With
th is im plem en tation , I m ake sure that on ly one pixel is selected at a tim e, yet I have on ly two
con trol signals per pixel. Thus, I reach a higher fill-factor than the traditional p ixel sharing
im plem en tations. The fill factor of th is design is %79, where it was %62 for our first array
cam era chip.

The schem atic and the layout of th is p ixel is shown in Fig. 8.3 and Fig. 8.4 respectively. The
total size of one group of four pixels is 12.64μm × 12.64μm while the size of each photo-diode
is 5.6μm × 5.6μm .

In Chapter 3, we have defined spatial resolution and the relation between the diffraction lim it
and the pixel p itch . In Table 3.1, we sum m arize the relation between the pixel p itch and the
diffraction lim it for differen t objectives and NAs. According to th is table, the sm allest p ixel
p itch is required (3.35μm ) on ly when lowest m agn ification objectives (2X or 4X) are used.
As opposed, for higher m agn ification objectives, p ixel p itches above 6.71μm would even be
enough to reach the diffraction lim it. For low light im aging applications, low m agn ification
objectives should not be preferred, since they reach lower photon collection efficiency than
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Figure 8.3: Pixel Schem atic of the VGA Cam era Chip

the higher m agn ification objectives as shown in the table. Moreover, the spatial resolution that
can be reached with low m agn ification objectives (2Xor 4X) is on ly 3.35μm , while im aging cell
details would require m uch lower resolution than this. Thus, for low light biom edical im aging
applications, 20X and higher m agn ification objectives should be chosen . This m akes us to
conclude that if we have the flexibility to change the pixel p itch of a design , we m ay reach
better collection efficiency by using larger pixels when higher m agn ification objectives are
used. Hence, our VGA cam era chip gives us the flexibility to program the pixel in differen t
m ode of operations and to optim ize the pixel size according to the selected objective.

The m ethod of program m ing the pixels for reaching differen t p ixel p itches is illustrated in Fig.
8.5. In the standard configuration , the TG gates are con trolled with four differen t TG pulses,
i.e, φTG0 , φTG1 , φTG2 , and φTG3 . In th is case, the resulting pixel p itch would be the sm allest
(6.32μm ) and the output im age form at would be VGA (Fig.8.5a). If a m agn ification objective
equal or larger than 40X is selected, then the sensor can be program m ed to have larger pixels.
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Figure 8.4: Pixel Layout of the VGA Cam era Chip

To do that, the two of the TG gates are con trolled with the sam e con trol signal as in Fig.8.5b.
Thus, the resulting im age output would becom e Half VGA (HVGA) and the pixel p itch of the
design becom es 6.32μm vertically and 12.64μm horizon tally. The design can be program m ed
to obtain even larger pixels (p ixel p itch of 12.64μm ). In th is case, all the TG gate signals should
be con trolled with the sam e con trol signal and the design would work as if there is no pixel
sharing.

This optim ization is very useful especially in very low light im aging applications. With th is
m ethod, depending on the selected objective, differen t p ixel sizes can be obtained. As a result,
the collection efficiency and the total charge transferred to the FD node can be increased for
the sam e am ount of light.

The tim ing diagram of the th is design in standard configuration is shown in Fig. 8.6.

8.3 Capacit ive SAR ADC

Analog to Digita l Converters (ADCs) are devices that convert the con tinuous signals to digital
num bers. Since the analog in form ation of the light needs to be converted to digital signal to
construct the im age, they are inevitable parts of digital cam eras. In the literature, it is possible
to find CMOS im age sensors in tegrated with colum n parallel ADCs [Zhou et al., 1997] as well as
chip level single ADCs [Ham am i et al., 2004]. In addition , there are m any differen t approaches
for the type of ADCs. The Successive Approxim ation Register (SAR) and single slope type ADCs
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Figure 8.5: Three Differen t Program m ing Options of the Pixel
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Figure 8.6: Tim ing Diagram of the VGA Cam era Chip in Standard Configuration

are the m ost com m only used ADC types for CMOS im age sensors since their area overhead is
low and can reach high resolution with reasonable speed. As m entioned earlier, m ost of the
biological applications have slow response tim e and require long exposure tim es. Thus, ADCs
with 200kS/ s to 1MS/ s speed rates are enough for these types of applications. The prim ary
concerns in biom edical applications are the resolution and the area. In order not to in troduce
distortion or artifacts in to the im age, the ADCs m ust have at least 8-b resolution with low
In tegra l NonLinea rity (INL) and Differen tia l NonLinea rity (DNL) [Zhou et al., 1997]. For the
VGA cam era chip, I have used Microelectron ic System s Labora tory (LSM) SAR ADC In tellectua l
Property (IP), which has 8 bit resolution and reaches m axim um 2MHz conversion rate. The
m easurem en t results of th is ADC IP have validated its function under 220kHz coversion rate
with 7.3 Effective Num ber of Bit (ENOB) and INL and DNL below 0.8LSB [Majidzadeh Bafar,
2012].

Successive Approxim ation Register type Ana log to Digita l Converters (ADCs) require several
com parison cycles to com plete one conversion . It is based on binary search through all
possible quan tization levels and at each quan tization level, it outputs a decision bit. The
resolution of the SAR ADCs are determ ined according to the num ber of clock cycles and with
a differen t quan tization level at each clock cycle. A conven tional SAR ADC is shown in Fig.
8.7 which includes a track and hold circuit, a com parator, a digital con trol circuit, an N-bit
register and an N-bit Digita l to Ana log Converter (DAC) un it.

Due to the nature of th is techn ique, its operation speed is lim ited but since the sam e blocks
are used for represen tation of each digital bit, th is type of ADCs does not require a large area
when com pared with pipeline ADCs or Flash ADCs. Majority of the ADCs in the m arket today
are based on SAR ADCs since they provide m edium to high resolutions (8 to 18bits) with low
area and reasonable speed (up to 50 MS/ s).
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Figure 8.7: Illustration of SAR ADC

The working princip le of a conven tional differen tial capacitive 8-bit SAR based ADC that
includes a capacitive DAC with an inheren t track and hold is shown in Fig. 8.8. All capacitors
have binary weighted values, e.g. C, 2C, 4C, 8C. The last capacitor is a dum m y capacitor with
the sam e size as the one before it. With the dum m y capacitor, the total capacitance of the
n+1 capacitors becom es 2 tim es of the MSB capacitance value. The ADC takes the differen tial
input as it is required by the CDS stages, which provide differen tial outputs. The positive
and negative input nodes of the com parator is connected to two differen t capacitive blocks
con trolled with switches. Each capacitor is connected to VC M , VREF or VI N + / − input signals
by using the switches con trolled by the SAR logic block. The conversion process is perform ed
in three steps: the sam ple m ode, the hold m ode, and the actual conversion m ode.

The process starts by the sam pling of the input signals. To do that, the com parator’s positive
and negative inputs are both connected to virtual ground, i.e., VC M node and the other nodes of
the capacitors are all connected to VI N + or VI N− through the con trol switches. This behavior is
shown for a 4-bit ADC in Fig. 8.9a. With th is operation , a charge proportional to each capacitor
and a total charge of 8× CM SBVI N + or 8× CM SBVI N− are trapped. For sim plicity purposes, the
VC M node is considered as ground for charge calculations.

After the sam pling operation , the hold operation starts at which the VC M connection switch at
the com m on node becom es OFF and the capacitors are connected to VC M from their opposite
side. With th is operation , −VI N + and −VI N− voltages are applied on the positive and negative
input term inals of the com parator. Fig. 8.9b presen ts the hold operation of th is SAR ADC.

After showing the built-in sam ple and hold operation of the ADC, now we presen t the actual
conversion operation . In the first conversion step (see Fig. 8.10), the largest capacitor of the
top DAC block is connected to the reference voltage VREF through the S3p switch . All the other
switches connect the capacitors to VC M node. The bottom DAC blocks behaves the opposite
way around and the largest capacitor is connected to the VC M while the other capacitors are
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Figure 8.8: Top Level Im plem en tation of the Capacitive SAR ADC

connected to the VREF voltage through the S0n , S1n , and S2n switches. According to the result
of th is conversion , SAR logic circuit decides for the next configuration and the switches of
the DAC block is configured accordingly. This operation con tinues for 8 clock cycles where at
each clock cycle one bit of the 8-bit digital output is extracted starting from the LSB. I illustrate
the actual conversion operation according to the decision of each clock cycle with in Fig. 8.11.
After conceptually explain ing the operation of capacitive SAR ADC, in the next section , I will
presen t the sim ulation results.

8.4 Resu lts

8.4.1 Per form an ce Param eters

As m entioned earlier, there is a trade-off between the conversion gain and the FWC of the
sensor. Due to the increase of the FD node capacitance (5.93 f F ), th is design results in lower
conversion gain but higher FWC than the previous cam era chip. The perform ance param eters
of th is design is sum m arized in the Table 8.1.
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Figure 8.9: SAR ADC Sam ple and Hold Operation
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Figure 8.10: SAR ADC 1st Conversion Step

Table 8.1: Sum m ary of the VGA Cam era Chip Perform ance

Technology UMC 0.18μm Standard CMOS
Pixel Size - QVGA (μm × μm ) 12.64× 12.64
Pixel Size - HVGA (μm × μm ) 12.64× 6.32
Pixel Size - VGA (μm × μm ) 6.32× 6.32

Fill Factor (%) 79
Array Size 640× 480

Noise Reduction Method CDS
Output Mode Two Parallel Digital or Differen tial Serialized Analog

Read-out Mode Rolling Shutter
FD node capacitance 5.93fF

Conversion Gain 27μV/ e−

Full Well Capacity 66629e−

Chip Area 5m m × 5m m
DC Power Consum ption
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Figure 8.11: Sum m ary of Conversion Steps in SAR ADC According to the Decision of Each Clk
Cycle
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Figure 8.12: Transien t Sim ulation of the VGA Cam era Pixel

8.4.2 Pixel Sim u lation

In Fig. 8.12, I presen t the transien t sim ulation result of one pixel group that consists of four
pixels sharing the sam e pixel circuit. For th is sim ulation , I provided differen t photo curren t for
each photodiode. Thus, at the end of each φTG clock cycle, the pixel output voltage reaches
a differen t value. According to th is result, the voltage drop after reset operation at the pixel
outputs are 0.36V, 0.49V, 0.58V, and 0.67Vfor photocurren ts (Ip h ) of 5nA, 10nA, 15nA, and 20nA
with in tegration tim e of 2μs.

8.4.3 ADC Sim u lation

The ADC sim ulation in Fig. 8.13 confirm s the functionality of th is ADC IP, when the ADC
conversion rate is at 55k H z with an ADC clock period of 2μs.

8.4.4 Top Level Sim u lation

The top level sim ulations confirm the functionality of th is chip when the analog output
operation is selected through the SEL OUT TYPE switch . As m entioned earlier, th is switch is
used as a con trol switch for the transm ission gates in order to select analog or digital output
option of the chip. Moreover, sim ilar to the previous design , the outputs are serialized by use
of the shift registers at the horizon tal access circuits at the top and bottom of the pixel array,
which are triggered with the SR IN signals as shown in the figures. Finally, the TOP (OUT+ -
OUT-) and BOTTOM (OUT+ - OUT-) signals represen t the serialized analog outputs as in two
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Figure 8.13: Transien t Sim ulation of the Capacitive SAR ADC

parallel form s.
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8.5. Con clu sion an d Novelty

8.4.5 Com par ison

Table presen ts a com parison of our sm all cam era prototype, reprogram m able VGA cam era
chip and sim ilar form at CMOS im age sensors from the literature and m arket. According to
th is table, our reprogram m able VGA cam era, CHIP v3, provides highest fill-factor and full-
well capacity. In addition , the sm all cam era prototype, CHIP v2, presen ts com parable DR
perform ance with a very popular sensor from the m arket [Aptina, 2014c], which is also the one
that used in Chapter 4. Moreover, the area that our CHIP v3 occupies is m uch sm aller than the
sensors in th is table, which provide sim ilar sensor outputs (640x480). Most im portan tly, none
of these sensors are re-program m able as our CHIP v2.

Table 8.2: Results Com parison Table

CHIP v2 CHIP v3 MT9V032 OV9620 YONEMOTO YANG
[Aptina, 2014c] [OVT, 2002] [Yonem oto et al., 2000] [Yang et al., 1999]

Sensor Array (HxV) 64x60 640x480 752x480 640x480 640x480 640x512
320x240
160x120

Pixel Pitch (μm × μm ) 9.14x14.63 12.64x12.64 6x6 5.2x5.2 7.4x7.4 10.5x10.5
6.32x12.64
6.32x6.32

Chip Area (m m × m m ) 3.24x1.5 5x5 4.51x2.33 6.66x5.32 5.84x5.01 6.7x5.3
(im aging area)

Fill Factor (%) 62 79 NA NA NA 29
QE(m ax)(%) 55.3 NA 49 NA NA NA

Ns a t (e− ) 17212 66629 NA NA NA NA
N F (e− ) 12.68 NA NA NA NA NA
DR(d B) 62.6 NA 62.9 60 53 NA

D N (bi t s) 12 8 10 10 NA 12
(off-chip) (on-chip)

8.5 Con clu sion an d Novelty

In this chapter, I explained the design details of the VGA cam era chip, which uses pixel
sharing techn ique that reaches 1.75 transistor per pixel instead of 4 transistor as in traditional
im plem en tations and differen t from the traditional im plem en tations, requires on ly two TG
con trol lines per pixel instead of 4. Within th is chapter, I also presen ted a novel approach
that gives the design a flexibility in changing the array resolution with respect to the pixel size.
With th is novel m ethod, the photon collection of the sensor could be increased and optim ized
according to the application . Due to the larger FD node capacitance, th is design suffers from
reduced conversion gain but reaches alm ost four tim es higher Nsa t than the previous cam era
chip. Moreover, with the pixel sharing techn ique, th is design results in 13% higher fill factor
than the previous cam era chip.
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9 Proposed Novel DPS Design s for
Biom edical Application s

The DPS designs reduce the analog design lim itations and benefit from technology scaling
m ore efficien tly than APS designs. These advan tages can be very useful for portable low-cost
devices since they lead to further reduction in the power consum ption and the cost of the chip
by reducing the total chip area. Especially the DPS designs that in tegrate change detection
feature m ay serve well in biom edical applications where the target m olecules have very slow
response tim e. With th is feature, an autom atic generation of im ages when on ly there is change
in the target m olecule can be done. This would elim inate the requirem en t for the scien tists to
exam ine the sam ples for full tim e in fron t of the m icroscope. Thus, with in the fram e of th is
thesis, I propose novel DPS designs for biom edical applications.

9.1 An Even t-Detection Pixel Sen sor with Sin gle Ou tpu t for Each
Pixel

In Fig. 5.6, I have shown a DPS design , which provides high speed readout operaiton . The first
concern of th is design is of course the low-fill factor m ain ly due to the 8-bit p ixel level m em ory.
The use of pixel level m em ory is of great im portance when the target is h igh speed im aging
applications. However, for biom edical applications, since the target is low read-out speed with
high quality, it is im portan t to im prove the fill-factor rather than increasing the speed. Thus,
in order to im prove the fill-factor, m y first attem pt has been to replace the pixel level 8-bit
m em ory with a 1-bit m em ory [Köklü et al., 2013c]. In th is design , since 1-bit m em ory is not
used to register the value of the pixel but it is used to check if there is an even t in the pixel, the
pixel size does not depend on the digital resolution in as in Fig. 5.6. I proposed pixel circuit is
presen ted in Fig. 9.1 and the top-level schem atic is shown in Fig. 9.2, which replaces the N-bit
p ixel level m em ory with a single bit m em ory to store the previous state of the pixel.

This design includes a pixel level even t generation m echan ism . A ram p voltage generated by a
10-bit coun ter and a Digita l to Ana log Converter (DAC) is com pared with the pixel in tegrated
voltage at each clock cycle at the sam e tim e allowing a fixed exposure tim e in terval. The tim ing
diagram of th is design is shown in Fig. 9.3. Each colum n includes 120 pixels, a priority encoder,
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Figure 9.1: Even t-Detection Pixel [Köklü et al., 2013c]

a decrem en t coun ter and a DAC Digita l to Ana log Converter. The pixel architecture includes a
photodiode, a reset transistor (RS), a latched-com parator and a novel photo voltage change
m onitoring system by m eans of a 1 bit register and an XOR gate as seen in Fig. 9.1. A ram p
voltage is generated by a 10-bit decrem en t coun ter and a DAC for each colum n independen tly.
The design can also be realized by a com m on coun ter and DAC block for all colum ns instead
of per colum n coun ter-DAC blocks.

The techn ique is based on binary search where the digital con trol logic (coun ter) decrem en ts
bits at each clock cycle. After each decrem en t, the input voltage of the pixels (which is the
in tegrated pixel voltage in th is case) is com pared with the reference voltage generated by
the Coun ter-DAC block. When the input voltage is higher than the generated ram p voltage,
the even t detector in the pixel is triggered to 1 by m eans of a com parator, 1-bit register and
XOR gate and the even t genera tion (eg) signal becom es 1. In the next clock cycles, the pixel
output (eg) will return to 0 since the value in the pixel will always stay higher than the ram p
voltage after the first even t generation . The tim ing diagram showing this even t-generation
m echan ism is represen ted in Fig.9.3.

The working princip le of each independen t colum n in case of single (Fig. 9.4a) and m ultip le
(Fig. 9.4b) even t conditions is explained in m ore detail in Fig. 9.4.

The single even t case is trivial, where poin ter 1 represen ts the generated even t from one of the
pixels in a colum n, poin ter 2 represen ts the coun ter value at the tim e of the even t or the value
of the pixel with the even t and the arrow 3 poin ts the priority encoder output that represen ts
the address of the active pixel.

For cases where m ultip le pixels are active at the sam e tim e, the priority encoder im plem en ta-
tion is used to give priority in a colum n to one pixel at a tim e. In th is case, first, the location of
the pixel with highest priority is registered and all the other active pixels are queued un til they
receive the priority. The priority can be shifted from the least sign ifican t to m ost sign ifican t
pixel or vice versa or other orders can be used. In th is design , I im plem en ted the priority shift-
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Figure 9.3: Tim ing Diagram of a Single Pixel [Köklü et al., 2013c]

ing from the least to the m ost sign ifican t p ixel. As explained earlier, during priority shifting,
the coun ter is in Hold m ode as shown by poin ter 2 and the ram p voltage value is no longer
changed un til the priority shifts to the lowest priority pixel. It is also seen that during the Hold
m ode, even if the coun ter’s clock has risen (poin ter 4), un til the next clock cycle of the coun ter
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(poin ter 3), the coun ter keeps its previous value (poin ter 1).

The idea of a priority encoder is sim ilar to AER Address Even t Registra tion protocol but the
difference is that the pixels do not require acknowledge or request hand-shaking signals since
each pixel uses a separate output line. After passing through the priority encoder, the location
in form ation of the pixels are represen ted by 7 bit data for 120 row lines. The read-out of
each colum n output is considered to be serialized by m ultip lexing the colum n outputs with
an 8-bit Multip lexer. The final output of the overall system should be considered to include
the serialized priority encoder outputs together with the encoder’s Hold and Valid and the
coun ter’s Done signal output. These signals will be used to regenerate the coun ter value at
the tim e of each even t for the corresponding active pixels when constructing the im ages. The
clock of the coun ter, priority encoder and the m ain clock of the system is also expected to be
known during th is read-out.

The proposed design consum es a total p ixel array area of 1505.62μm × 4566μm for a pixel
array size of 160(H )× 120(V) and the overall p ixel array reaches a fill factor of %34 which is
m ore than two tim es higher than the design in [Klein felder et al., 2001].

Sim ilar to other digital p ixel sensor designs, th is design benefits from the inherited advan tages
of DPS architectures e.g. wide dynam ic range and gets rids of the lim itations of analog design
and extra (ADC) un it while requiring less area and higher fill-factor than the related state of the
art designs [Klein felder et al., 2001] and [Guo et al., 2007]. However, th is design is not in tended
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for use in very high-speed applications since it is not required for m ost of the biom edical
applications so it is not in tegrated with pixel-level m em ories. Instead, every pixel is com pared
with the curren t value of the coun ter at the sam e tim e, the ones that show activity with that
value queue their output by using priority encoders per colum n. Since th is im plem en tation
requires the even t generation output of each pixel to be held for a longer tim e than the one in
Fig. 5.6, it results in lower speed.

The m ain drawback of th is design is that every pixel has its own output bus lines connected
to each colum n level encoders. With th is m ethod, I have avoided the use of extra request/ ac-
knowledge signals. In [Guo et al., 2007], due to the large area of pixel con trol un it for com -
m unication with the Address-Even t Protocol (AER) for request/ acknowledge signals, the pixel
has reached again a large non-photosensitive area. This causes our even t-detection design
to be advan tageous in term s of area and fill-factor on ly for low array sizes (lower or equal to
Q-QVGA). In the curren t design , each pixel bus line goes through the other pixel circuits such
as com parator, XOR gate and the m em ory. By this way, the pixel output buses do not require
extra space. The layout of a 2× 2 pixel array of th is design is shown in Fig. 9.5a and the top
level layout is shown in Fig. 9.5b. However, for higher resolution designs, the pixel output bus
lines would require m ore space than the area of the pixel circuits which is the lim iting factor
of th is design .

In addition , for the 1-bit register cell of each pixel, 5-T SRAM is preferred due to its lower area
as seen in Fig. 9.6a and its tim ing diagram in Fig. 9.6b. The DRAM Dynam ic RAM as in Fig. 5.6
is not considered as an option for th is design although it can be im plem en ted by 3 transistors
on ly, since DRAMs tends to discharge and loose their value during long exposure tim e. For th is
design , since each pixel requires to keep it is value un til the priority is given to it, I preferred a
static m em ory instead of a dynam ic one. Thus, th is sensor is appropriate for long-exposure
tim es, which is of great im portance for low-light biom edical applications.

This design has been im plem en ted by using UMC 0.18μm standard CMOS process. With
th is proposed design , each pixel con tinuously m onitors its photo-voltage for even ts and the
location of the corresponding pixel with the even t is registered. The address of the pixel with
the even t is encoded by m eans of a priority encoder. The sensitivity (m in im um detectable
light) and the dynam ic range of the im age sensor are determ ined by the com parator and
coun ter resolution , which are both 10-bits in th is im plem en tation . However, depending on the
application the coun ter and the DAC can be designed with higher resolution without bringing
a large area penalty since these blocks are already presen t per colum n or per chip.

During this design , analog, digital and m ixed signal sim ulators and design environm ents
are used. I designed the photodiode, com parator, 5T-SRAM, the logic gates and the DAC
blocks in full-custom and sim ulated them by using Cadence Analog Environm ent Spectre
Sim ulator. I im plem en ted the RTL level design of the coun ter and priority encoder parts in
verilog and syn thesized with Design Com piler Tool. The syn thesized design is p laced and
routed by using the Encoun ter Tool. For overall system sim ulations, first I used Cadence Analog
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(a) Pixel Layout
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(b) Top Level Layout

Figure 9.5: Even t Detection Design Layouts [Köklü et al., 2013c]

(a) Schem atic View of the 5-T
SRAM

(b) Tim ing Diagram of the 5-T SRAM

Figure 9.6: 5-Transistor SRAM Cell [Köklü et al., 2013c]
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Environm ent with m ixed m ode sim ulators (SpectreVerilog Sim ulator) and after im porting
the placed and routed digital designs to Cadence, I used Cadence Spectre Sim ulator for post
syn thesis sim ulations.

As m entioned earlier, th is design is lim ited in term s of the total array resolution due to the
single output lines of each pixel. Thus, th is design can on ly be advan tageous for sm all p ixel
arrays. In order to solve th is problem , a hand-shaking protocol should be in tegrated in the pixel
to decrease the num ber of outputs per colum n. However, th is im plem en tation will obviously
increase the pixel area. In the next section , our next DPS pixel design with hand-shaking
protocol will be presen ted.

9.2 An Even t-Detection DPS with AER Protocol

This design aim s to overcom e the lim itation of the previously proposed design with m in im um
area overhead. By im plem en ting a hand-shaking protocol, it allows every pixel on the sam e
colum n to share a com m on output. The techn ique is sim ilar to the previous design and is
based on binary search where the digital con trol logic (coun ter) decrem en ts bits at each clock
cycle. After each decrem en t, the pixel in tegrated voltage is com pared with a ram p voltage.

The pixel includes a reset transistor, a com parator, and a 1 bit m em ory sim ilar to the previous
design . In addition to those, there are extra transistors for colum n and row request and
acknowledge signals as shown in Fig. 9.7. The row request signal is connected to the output
of the com parator by use of a PMOS transistor nam ed as M1 and an inverter. In order to
keep the row request signal low when the pixel is not excited/ triggered, an NMOS weak pull-
down transistor nam ed as M2 is used. Sim ilarly, there is another NMOS weak pull-down
transistor nam ed as M5 to keep colum n request low in the sam e m anner. The M3 and M4

PMOS transistors are used to pull up the colum n request line to VDD , which are active when
their inputs are "0" i.e. when the pixel is triggered.

The top level schem atic of the design is shown in Fig. 9.8. As seen in th is figure, the design
includes a global coun ter, a Digita l to Ana log Converter (DAC), row and colum n arbiters, row
and colum n encoders, and OR gates at the colum n and row arbiters for global reset.

The tim ing diagram of the design when single pixel is active is shown in Fig. 9.10. First, the
design is in reset m ode, with the Globa l Reset signal being high. This condition provides both
row and colum n acknowledges to each and every pixel. Thus, with the Globa l Reset, each pixel
transfers the in itial com parator output of "0" to the output of the D-latch and to the input
of the M4 transistor while the input of the M1 and M3 transistor is "1". This guaran tees that
each pixel starts a new fram e with both colum n and row requests at "0". This condition is
illustrated with Fig. 9.9a.

When the Globa l Reset is no longer active, first the ClkA is set to high. With th is clock, MRS

transistor is switched on and the photodiode is reset to VDD – Vth or Vset - Vth depending
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Figure 9.7: An Even t-Detection Pixel with Hand-Shaking Protocol
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(a) Pixel under Global Reset
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(b) Pixel with Activity
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(c) Pixel Receving Acknowledges

Figure 9.9: An Even t-Detection Pixel Working Modes
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Figure 9.12: The Tim ing Diagram of the Multip le Even t-Detection Case 2

on the source voltage of the MRS transistor. Later, when ClkAbecom es low, the photodiode
is no longer in reset m ode and the photodiode voltage value starts to discharge with a slope
determ ined by the light in tensity exposed on the sensor. In the next phase, when ClkB
becom es high, a com parison between the curren t value of the ram p voltage and the in tegrated
photodiode voltage is m ade. Since the ram p voltage decreases at each clock cycle, at som e
poin t it becom es sm aller than the pixel in tegrated voltage and the com parator results with a
"1", triggering both row and colum n requests. When the pixel receives both row and colum n
acknowledges, the corresponding value in the coun ter should be registered as the value of that
p ixel by use of the row and colum n encoders as shown in Fig 9.8. This behavior is illustrated
with the Fig. 9.9b and the tim ing diagram s can be found in Fig. 9.10.

The arbiter cells give acknowledge on ly once to each pixel and they use faster clocks (ClkC
and ClkD) than the ClkA and ClkB in order to switch the priority from one pixel to another
when m ultip le pixels are active at the sam e tim e. In Fig. 9.11, the response of the sensor in
case of m ultip le pixels are active is represen ted. In th is figure, it is shown that when both Row0
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- Colum n0 and Row0 - Colum n1 pixels are active, the row arbiter gives the acknowledge to
the 0th row and the colum n arbiter first gives acknowledge to the 0th colum n and in the next
clock cycle of ClkD, it sh ifts it to Colum n 1.

The resulting waveform of a case when there are two pixels active at two differen t rows at
the sam e tim e is shown in Fig. 9.12. In th is case, during the 1st clock cycle of ClkC, row
acknowledge is given to Row0 and Colum n0 and Colum n1 consequen tly with the ClkD. During
the next clock cycle of ClkC, the row acknowledge is shifted to Row1 and again consequen tly
to Colum n0 and Colum n1 with ClkD.

Although, th is design solves the issues of the previous DPS design with a hand-shaking proto-
col, it does not bring change detection feature. For th is purpose, a DPS design with change
detection feature is proposed in the following section .

9.3 A Ch an ge-Detection DPS with AER Protocol

DPS cam eras easily offer additional features such as change detection and reduction in data
redundancy ([Culurciello et al., 2003], [Mallik et al., 2005], [Chi et al., 2006], [Posch et al., 2010],
[Delbruck et al., 2010]). Since the target m olecules in biom edical applications usually response
or change very slowly, it requires the scien tists to observe the experim en ts for a long tim e
which can be m inutes, hours, days or in som e cases weeks. For such cases, I propose a DPS
design with an additional functionality of change detection which would help to autom atically
generate an im age when there is a change in the target. In th is design , I target fram e-to-
fram e change detection which m eans that after generating the 1st im age, the cam era looks
for possible change in the pixels com pared to the previous fram e and the new im age would
include on ly the pixels’ values that have changed. If none of the pixels’ values have changed
after the generation of the 1st im age, then no new im age is generated.

In Fig. 5.9, the change detection has been done through an additional p ixel and it was not
in tegrated with the exposure m easurem en t pixel. This reduces the fill factor and m ay also
cause inconsisten t results since the photo-device for exposure m easurem en ts and change
detection are two differen t devices at two differen t positions in a pixel and they m ay response
differen tly. Thus, I propose a DPS design with change detection that is in tegrated with in a
single pixel using a single photo-device. In Fig. 9.13, the pixel circuit of our change-detection
design is shown.

Sim ilar to the even t-detection design , th is architecture is also based on binary search where
the digital con trol logic decrem en ts bits at each clock cycle so the ram p voltage. The first part
of the pixel is shown in Fig. 9.13a and it is the sam e as the even t-detection design in Fig. 9.7
except that the clock of the D-latch is con trolled by ClkB which is the clock of the com parator.
This part of the pixel generates an output on ly when the com parator output’s previous value
is "0" and the curren t value is "1". In all other cases, the output of th is part stays at "0". The
second part of the pixel is shown in Fig. 9.13b and it is used to detect change in the pixel from
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Figure 9.13: Change Detection Pixel in Two Stages

one fram e to another. It includes a shift register un it with N num ber of D Flip-Flops depending
on the resolution of the coun ter and the flip flops in the shift register are con trolled by the
ClkD which is N tim es faster than the pixel reset clock ClkAand the com parator clock ClkB.
The input of the shift register is connected to the serialized coun ter output through an NMOS
switch that is con trolled by the output of the first part of the pixel. Thus, the serialized coun ter
value is connected to the shift register input or the value in the shift register un it is updated
on ly when the previous value of the coun ter is 0 and the curren t value is 1. In all the other
cases, the shift register keeps its previous value. To m ake the shift register keep its value un til
the end of the im age generation , a PMOS switch is used which shorts the input and the output
of the shift register when the first part of the pixel output is "0".

Three differen t cases represen ting differen t behaviors of th is p ixel is illustrated with Fig. 9.14.
Fig. 9.14a represen ts globa l reset condition . When the globa l reset signal is “1”, all the storage
elem en ts in the shift register un its are set to 1, the com parator output is "0" and both row
and colum n requests are pulled-down to "0". When , the globa l reset signal is “0”, at each
clock cycle, the ram p voltage generated with a DAC-coun ter block is com pared with the
pixel in tegrated voltage. When pixel voltage becom es higher than the ram p voltage, the
corresponding serialized coun ter value is transferred to the input of the shift-registers starting
from the MSB to LSB. When the clock of the shift register (ClkD) becom es active, bit-wise
com parison is m ade between the pixel value at the curren t fram e and the previous fram e.

Fig. 9.14b represen ts the behavior of the pixel at the 1st clock cycle of ClkD. As seen tn th is
illustration , there is an activity at the pixel, so the com parator output becom es "1" and the
coun ter serial output is 1101 starting from the LSB to MSB. Since the com parator’s previous
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(a) Pixel under Global Reset
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(b) Pixel with Activity - 1st cycle of ClkD
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(c) Pixel with Activity - 2nd cycle of ClkD

Figure 9.14: Change Detection Pixel with Global Reset and with Activity
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Figure 9.15: The Top Level Schem atic of the Change Detection DPS Design

value has been "0" in global reset and the curren t value is "1", the first part of the pixel
generates a "1", which connects the serialized coun ter output to the input of the shift register.
Since both the MSB of the coun ter output and the output of the shift register (QN ) are "1",
the change in the pixel cannot be detected at the first clock cycle of ClkD. In the next clock
cycle, as represen ted in Fig. 9.14c, the values in the shift register are shifted. The value at
the output of the shift register is still "1" but th is tim e, the new value at the input of the shift
register is "0". This condition switches on two serially connected PMOS transistors in the
colum n request network and when there is row acknowledge, at the falling edge of the ClkD,
the colum n request is generated.

The top level schem atic of th is design is shown in Fig. 9.15. Since the tim ing diagram of th is
design is sim ilar to the previous even t-driven designs, the tim ing diagram is not repeated here.

9.4 Con clu sion an d Novelty

In this chapter, after investigating the DPS designs from the literature, I offered novel designs
inspired by the ones in the literature. Two differen t even t-driven pixels with less num ber of
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transistors than that is curren tly offered in the literature are proposed. One of these designs
has separate output for each pixel and the other uses com m on output for p ixels in the sam e
colum n. Second, I offered a change detection DPS sensor. Due to the slow response tim e
of biological sam ples, I offered the change-detection sensor as a solution to autom atically
generate an im age when there is a change in the target m olecule without the need for a
scien tist to observe the sam ple and wait for a change to happen .

Although the APS designs provide higher fill-factor and photon collection efficiency, the DPS
design can still be considered for biom edical applications when in tegrated with BSI technology.
With th is technology, the DPS designs no longer suffer from low fill-factor, m eanwhile provide
design flexibility and bring extra features.
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10 Th esis Over view

Within the scope of th is thesis, I first showed the reliability of the standard CMOS cam eras for
low-light biom edical applications by using an optical m icroscope, im aging real cell sam ples,
and em powering those im ages with im age processing algorithm s. By showing the successful
localization of target m olecules and reaching high correlation data between collected im ages
from the two cam eras, I provided a proof-of-concept for scien tists and recom m ended them to
evaluate CMOS cam eras for their applications before m aking a default selection of high-cost
CCD cam eras. Later, I showed the details of designs and fabricated chips to im prove the
quality of curren t standard CMOS cam eras. I provided characterization data for the first
tim e in the literature for designers using a 0.18 μm standard CMOS technology, which can
be also consisten t for other technologies using LOCOS. Thanks to the nature of 4T APS pixel
architecture, I reached high conversion gain and low noise perform ance. Since the m ost
im portan t lim iting factor in standard CMOS cam eras especially for biom edical applications is
their noise floor, I put special atten tion on the im plem en tation of true CDS operation with in
th is thesis. For that purpose, I provided two novel CDS designs, where one includes in ternal
offset com pensation . These noise reduction circuits not on ly allowed fully differen tial outputs
with easy switching operations but also om itted the requirem en t for extra pseudo differen tial
to fully differen tial conversion steps with in the sensor. Further enhancem ents in these circuits
m ay include design of offset and gain com pensation with low area overhead.

The cam era prototype that I have presen ted with in th is thesis reached good quality im ages,
although the lens has not been optim ized for such sm all arrays. The cam era could differen tiate
lines that are even sub-m illim eter distan t from each other. I further enhanced this cam era chip
with a novel re-program m able VGA cam era chip. With th is new chip, I reached a larger array
form at in digital output, h igher fill factor, and flexibility in im proving the photon collection
efficiency for low-light im aging conditions without requiring extra circuits.

Finally, I also provided possible ideas and road-m aps for future developm ents in DPS designs
for biom edical applications.

139





11 Con clu sion an d Fu tu re Perspective

After the inven tion of the cam era on a chip concept with CMOS im age sensors, it was expected
by m any people that CCDs will disappear sooner or later and loose their m arket share com -
pletely. In 1993, E. Fossum has carried out the question in the sam e con text: “Active pixel
sensors: are CCDs dinosaurs?”. However, 20 years after th is question has been brought up,
CCDs still preserve an im portan t role in the m arket especially for high-quality and biom edical
im aging applications. That is also why, the research in terest towards better CMOS im age
sensors is still alive.

Especially with the cost, lower consum ption , and high in tegration advan tages of CMOS im age
sensors, today, we use digital cam eras in every aspect of life. The first th ing that m ay com e in to
our m inds when we consider CMOS cam eras is obviously their use for personal en tertainm en t.
However, these cam eras also m assively con tribute in security and health care system s. With
the in troduction of low-cost single chip cam eras, it is now possible to im agine/ use devices,
PoCs and LoCs, for early detection and diagnostics of m any diseases even by ourselves at
hom e. These devices will increase the life span and the quality of life and will soon becom e
inevitable for our lives. Moreover, with further advancem ents in the quality of these devices,
while keeping their costs low, it is possible to increase the accessibility to high quality health
care detection system s in under-developed or developing coun tries. Hence, it is im portan t
to focus on new CMOS cam era design , im plem en tation , and optim ization solutions without
causing an increase in their cost.

One im portan t handicap for scien tists, who work in biom edical field, is the slow response
tim e of the target sam ples. This would require the scien tists or the researchers to observe
the sam ples for a long tim e, yet have the risk to m iss the changes in the target. Cam eras
in tegrated with change detection options or autom ated post processing un its with in the
cam eras m ay serve very well for biom edical applications by autom atically generating im ages
with change in form ation on ly. This techn ique when used in the hospitals can also save tim e
for doctors and the patien ts. Thus, the autom atic generation option for new generation
cam eras not on ly paves the way for faster analysis but also reduces the data redundancy and
provides data com pression . Although, the autom atic generation of im ages can be m ade by
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post processing un its by using APS designs, the DPS designs allow m uch faster and efficien t
im plem en tations. Thus, in the future, m ore in terest towards DPS designs can be expected
with additional chip-level features that will ease our lives.
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�$ ���� $' 6!���� �!7���!�0�3�� � 4������������������������������������������* ����# �����+ �������������
����"���������* 6� �����"�������"4����������� 4����"����� �����+6- ����� +���� ��
��%������+��$�2I G�������������4���"�"����$����4��. �"����6��� � "�' �8�, �����������
�$�����! ��������4�%�"�����������"�������"�����0��$����0���������J�������4�4���"��"��
4��' ����8�, ���! ����0����������4�+�"0������"' ������0����0���"���"����$�� ���"4���
����������- ;  60�� 4��"%���4��������"0���������������"�' ��$�����$�%�"0�����0�"4�
��"�' ��4�"0����������0����"0��������C�"4� ���8��

���8����9� ������.�%����������# ����������������%, - �# ��������������������������
/ #$"���$"0��# �!1* ��, 2( 2�) "��( ���) * �) ����3��, �4���������������������������������
# ��"' ��������0����0���"������# ���� "0������+�%"��������0�"4�����$�%�"0�����"��"��
������������$�- "0�������, �0�����' +��$�. 1/ ��"����K0��������L�0��������� �
���"���� ������"�' �4�����"���' ��4�+����+�����! �����0�"�' ��0��� "0�����4���
��4��"�"�����<"���"��������� �����"���"�����0��"C����! "��"��3�� �����8�, �"��! ��������
���$�����������"���4�%�"�����"��� ��+�"�������"�����0��$����0�������J��������%+�����
��4���"������$�����4��J�0�8��

�� �����

��# �!#) "�� ��!: ���6!""�%������0��>"�������������0�� ���. �0�������������0��>1�- �������0��
1 1?�. �� +��4�+��# ��"' ����� 4"����� +��4�+��I  1?�. ��- ���������4�"0��- ���� "� ���' "������#  ��
�������M�������� ��"�N �����
��# �!#) "���$: �) ; ; !�: ��6!""�%�>I # ���>��"��' ��>��"��' 6�-  ��>��"��' ����HH��- ����%��I , - ��
��) ( ��� !' ��6!""�%� �4���"����$����-  0��������������0��0���������� ��$�$"������0�"�' ����"�������"��
�������"$$���������0����"0��0�������9>� ?�# ��"' ��������0���>� ?�# ��"' �������. # ��# ��"' ��, ����:�$���
-  0����������
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������������� / �����0�������"4�������' �����1�# ��-  0������E 0�����"����
��������+� I �����0���"$"0��������"�' �E 0�����"����
���=� / ����� ���. �' "����"�' �1��J�0���! ����9��0����4��0���� ��' �������' "����"�' ���������:
5��9�5��+� GO����"�+�I ���%�������� 4"����"4�9�( ( 5P�( ( �:�

�� �������� � ��

1���6���"�! ������$����0����
�8 ���. ����6# ���0�"���I "' ��# +��� "0����' ���- ;  �?� �' �� ��������8��������# 8� �����8�# ��- "0���"��

F8���%��%"0"�� 8����������?. . . � �������3��&����$����0��9448��6* :�
38 �����0���"���"����$� ���������- ;  ���� 4��"%���1�����"���������1"<����$�����%6��6��"4�

# ��"0�����8���������8�. �"����6��� � "�' ���F8���%��%"0"���8�# ��- "0���"�� 8����������?���"�0�"�������
 +���� ��9? �� :��3��&�?. . . �?�������"����� +� 4��"�� ����9448����@6���) :8�?. . . 8�E�"J"�' �

&8 M����"���"������ 4��"�����$���� � ��0"�����# ����������� 6# ��"' �����- ;  ���� ����$���
E"���' "0����44�"0��"������8��������28����+����8�E��0������8�# ��- "0���"��F8���%��%"0"�� 8����������?��
�"�0�"������� +���� ��9? �� :��3��3�?. . . �?�������"����� +� 4��"�� ����9448�3�5&63�55:8�?. . . 8�

* 8 �� ! "�0������4�0"����/ ���+�# "$$�����"��������������# ��%��� �� 4�"�' ��"�0�"��$����- ;  �?� �' ��
 ���������8��������F8���%��%"0"����� 8����������@���?�������"����� +� 4��"�� ����- ��"0���
?�$��� ��"���������� � ��"0��"���, �0�����' +��- ������<�� ! "����������3���8�

@8 ����"���"����$��� "�' �������- ���"61�! ����� 4�"$"���G�"�' �?I 1��83@��� � "���I E, �, �0�����' +��- 8�
��+�����- 8�G���������8��������Q8�, ��"������F8����%����, ���. , �# �F �3�������� ��6�?���+�

�
1���6���"�! ���2���������
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�8 ����"��"4������"�"�������+�"��� �����- "0��$��"�"0���M8���� ������I 8�2�$��4���0����%���8�I ���' ��
18� "��00"�� 8�����������8��������28����+���28���� �������8���$$������8�>��' R�����- 8��"J�����%���"4��
3��&���&���( 563�&�

����� ���

������������8S���������� �����8S�# ��- "0���"���"�����"8�- �, �)��� ! " ���# ����������������&)���.  ������
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