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Abstract

Logarithmic sensors are capable of capturing the wide dymaamge of intensities available
in nature with minimum number of bits and post-processimgired. A simple circuit able to
perform logarithmic capture is one utilising a MOS devicenieak inversion. However, the
output of this pixel is crippled due to fixed pattern noisechir@que proposed to reduce this
noise fail to produce high quality images on account of uoanted high gain variations in
the pixel. An electronic calibration technique is proposddch is capable of reducing both
multiplicative as well as additive FPN. Contrast propertestching that of human eye are
reported from these sensors.

With reduced FPN, the pixel performance at low intensitiesdmes concerning. In these
regions, the high leakage current of the CMOS process affleett®garithmic pixel. To reduce
this current, two different techniques using a modifieduirand another with modified layout
are tested. The layout technique is observed to reduce dikade current. In addition, this
layout can be used to linearise the output of logarithmielix low light regions.

The unique linear response at low light and logarithmic patehigh light is further inves-
tigated. A new model based on the device physics is derivedpmesent this response. The
fixed pattern noise profile is also investigated. An intelhgiterative scheme is proposed and
verified to extract the photocurrent flowing in the pixel adrect the fixed pattern noise util-
ising the new model. Future research ideas leading to baddtagns of logarithmic pixels and

post-processing of these signals are proposed at the ehd tfdsis.
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Chapter 1

Introduction

Resembles Life what once was held of Light,
Too ample in itself for human sight?

An absolute Self-an element ungrounded-
All, that we see, all colours of all shade
Samuel Taylor Coleridge

1.1 Digital imaging

Imaging is one of the oldest intellectual endeavours of mkimal and is an integral part of
our lives. The desire to capture what is observed has metiMaiman beings towards several
technological advancements. The tradition was startedi&yearly man depicting his life ex-
periences on cave walls. With the growth of civilisationisttradition saw immense technical
as well as aesthetical improvements. Men and women havesgsedal mediums to represent
nature as well as their lives, including walls, stone, papares and even body parts. Coloured
dyes added a new spectrum to the imaging business. Pasadliéimpts were also made to re-
duce the required human labour whilst increasing the tnets of the captured image. Pinhole
structures to record images on walls in darkened rooms wezeobthe first developments in
this direction. The discovery of the lens and optical physidded extensively to the arsenal of
men in their quest to record life and nature.

Advances in the last century, however, changed the scopmaying entirely. Cameras



CHAPTER 1. INTRODUCTION 2

become the present and future of imaging. Using an asserhldg®(or lenses) and a medium
to store and reproduce the observed scene, these deviceleszame inseparable from modern
day man. The first three quarters of the last century saw ilseméschnological as well as
commercial growth in film based cameras. These camerasreapscene on a photo-sensitive
film. The film is then developed in a specialist room and thel fimage may be viewed on
the film itself or printed on paper. These reproductions artpyraphs were a revolution in
how we remember our past. The later half of the last centumyeler, saw another change in
the tide of imaging in the form of digital imaging. The film weeplaced by semiconductor
devices and the picture was stored as a two-dimensional afiainary digits. With this new
concept, the picture could be stored and produced infinitélyout the fear of degradation over
time. This tradition of digital imaging started with the diwery of Charge Coupled Devices
(CCD) in 1969 and research since then has expanded the baesydaimaging to previously
unbelievable limits.

The first usage of digital cameras was mainly in scientificgmg. However, commercial
general purpose digital cameras were soon populating imtm&et, the first of these appear-
ing as early as 1973 (Fairchild’s CCD camera). Soon, theseresmeere recording static as
well as video scenes. In recent years, advances in persomgduting and the internet have
added multiple dimensions to the imaging capabilities. Catepbased imaging started with
introduction of Apple QuickTake 100 camera in 1994, with asdenterface to the PC. Several
similar products followed and these computer cameras ngtstared image information, but
also changed the way people communicate with one another.

The new digital camera revolution adversely affected theketdor film cameras. As of
2006, 8% of cameras sold are digital and film based camera sales appidgby 204 ev-
ery year [1]. Since their commercial inception, digital aaas have been embedded in several
other systems, including toys, automobiles, securityesgstand so on. However, the recent
integration of digital cameras with mobile devices surpdsall expectations. In fact, the pop-
ularity of these camera-phones has been increasing at stagicarate that they are soon to

become the largest segment in the camera market. As showgureFL.1, about 500 million
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camera phones were sold in 2005, which means that about imis tf all mobile phones pur-
chased had cameras in them and about five out of every sialdigineras sold in 2005 was in
a mobile [1].
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Figure 1.1: Current and projected worldwide sales of cameras

Despite all these technical advances and market popuyldigigal cameras are yet to fulfil
the ultimate imaging feat - to reproduce a scene as woulddibl&iby the human eye. None
of the imaging technologies developed to date have beernt@btatch the performance of the
human eye. The performance capabilities of film based asagatligital cameras have been
compared to those of the human eye in Table 1.1. The tabledeasupdated from an original
table published by Dierickx in 1999 [2]. One may observe thmhense improvement is still
needed in the artificial imagers in order to match the humamn éy particular, the dynamic
range of the image sensor is an area in which imagers slilb&lind the human eye. The
dynamic range of the imaging system is defined as the rangeesfsities which it can capture
and reproduce faithfully. Current cameras can capture ovdytd three decades of illumination
intensity. This is in contrast to nearly ten orders of inteas available in nature and capturable

by the human eye [3]. The natural illuminances vary from asds10~* lux in a starlit night
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Criterion Eye Digital Camera| Film
Spectral response 400 — 700 nm 400 — 1000 nm| 300 — 700 nm
Peak quantum efficiency< 10 % > 50 %

Dynamic range 10 decades | 2-3 decades | 1-4 decades
Dark limit 1073 lux 1074 =0.1lux | ~ 0 lux
Noise photons 10 10 100
Integration time 0.3s 40 ms — 5 mins Unlimited
Maximum frame rate | ~ 15 Hz > 10 kHz 1 shot only
Number of pixels 12-107 cones| 107 > 10°

Pixel pitch 2—-3um 5-10um 10 - 20um
Image size 3cm 1 mm-11cm | Film size
Radiation hardness 1 mrad 10 krad — ?

Operational temperature309 K 73-473K 273 -373 K
Power dissipation <1mw 50 mW None
Colour quality Ideal Poor Poor
Photometry Impossible | Easy Possible
Pre-processing Extensive Some None
Access method Data driven | Serial/random | Optical only
Data path 5 - 10% nerves| 8-16 bits None

Unit price Invaluable 5 Pounds 0.1 Pounds
Development cycle 5-.10% years | 10 years 20 years
Number of fabs 3-10° 1000 10

Table 1.1: Comparative chart of performance indicators @hiliman eye, the best digital cam-
eras in the market and the film. Numbers given are typicaleslu

to as high ag0° lux in bright sunlight. This means that the digital camerfisrofail to capture
important visual information in several of the capturedn&se The human eye, on the other
hand, adjusts its dynamic range by constant adaptation féextiee logarithmic compression
to map this wide dynamic range and thus retains all needednnaftion from the scene [4].
Even within a scene, the human eye is able to capture abourfiegs of intensities [5].

Thus, there is a need to investigate ways to improve the dynaange of the digital image
sensors. Several ways have been proposed; however nonesefliave been able to produce
good enough results to match the performance of human eyss. tidsis explores ways to
capture the wide dynamic range available in nature througitaticameras. The next section
of this chapter introduces various technologies used forufaeturing digital cameras. In the
third section of the chapter, designs proposed to manufagtide dynamic range sensors are

investigated. The last section of the chapter provides arvaaw of the thesis and outlines the
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goal and methodology of the study.

1.2 Process technologies

Charge Coupled Devices (CCD) and Complementary Metal Oxide $eductor (CMOS)
based sensors have been the major contending technologiesaiging. CCDs are essentially
an array of closely spaced MOS capacitors, in the form of @lla@ddes or photo-gates [6].
The photogenerated charge is physically transferred fluese capacitors to a common out-
put structure, which converts it into a voltage or currenttypical CCD structure consists of
a p-substrate on which an n-type region is formed, as shoviagure 1.2(a). Overlying this
structure is a thin silicon dioxide layer covered by a laylemetal or heavily doped polycrys-
talline silicon, which forms a gate structure. To captureimage using this device, a four
step procedure consisting of charge generation, chardgectioh, charge transfer and charge

detection is utilised.
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Figure 1.2: (a) A CCD pixel (b) Clocking circuitry and chargerséer in a CCD pixel

When a positive voltage is applied on the gate structure o€CBP, the electric field pro-
duces a depletion region by repelling the mobile holes. Wit Falls on the CCD, the
optically generated electrons accumulate in this depieggion, near th&i — SiO; interface.

This collected charge can be transferred to a neighbouate loy applying a lower potential
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at the gate. Thus, charge read in a column can be lateraftgdl@nd serially readout. Finally
charge is converted into a voltage and digitally encoded.

The simplest CCD pixel, hence, consists of three polysilicateg} between two channel
stop region, one gate to transmid], one gate to receive®) and another gate to act as a barrier
between two pairs of transmit-receive gates)(at the time of charge transfer, as shown in
Figure 1.2(b). The clocks change their roles in a cyclicif@shThus, several clock phases are
required for complete data capture. Other formats haviregy bmo or four poly gates in the
CCDs have also been used.

Charge coupled devices are manufactured in special purposegs and may also be used
in other applications like data storage. However, theiceas in other products has been limited
and hence most CCD foundries are used exclusively for imaggoesenCMOS pixels, on the
other hand, are made in the standard CMOS processes whichdely wsed for digital and
analogue circuits. A wide variety of circuits capable ofwenting light into an electrical quan-
tity have been designed in this process. The photodeteati@®d in this technology include
photodiodes, phototransistors and photogates. In-piraliits are often deigned for various
signal processing applications including amplificatioompression, filtering and digitization.

The simplest CMOS sensor consists of an array of photodesectmnected through a
switch. These are referred to as Passive Pixel Sensors é@pld3)ave been have been known
since 1967, the early days of CCDs [7]. A typical passive pigeksr has been shown in Fig-
ure 1.3. The readout and reset operations in these arraygegmFrmed by a single off-array
circuit, thereby having a similar readout structure as ttidhe CCDs. However, the external
circuit and the shift register to scan through the pixelslmadesigned on the same chip. Similar
to the CCDs, these pixels offer a large area for light captlosedo 90% of the total pixel area.
The response of pixels in the array is fairly uniform as weldwever, the sensor suffers from
very low speed owing to high impedances in the readout liié& photocurrent generated is
often very small and hence it requires a long settling timeharge these impedances. These
arrays are also very sensitive to interference in the collinen leading to severe degradation

in the signal to noise ratio (SNR).
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Figure 1.3: A typical passive pixel sensor

Problems with passive pixels led to the development of agdixels, wherein the photosig-
nal is processed in the pixel before transmitting it outdltearray. The majority of sensors
in the market belong to this type and are referred to as thevé&ixel Sensors (APS) [8].
Of these, most integrate the photogenerated charge on aitapand reset this capacitor to a
known value after the readout. A simple active pixel sensshown in Figure 1.4. Here, device
M1 is used to reset the photodiode capacitor to a high valueicBéy¥2 acts as a source fol-
lower and devicé/3 is used as a switch to select a particular pixel. In a two-dsr@nal array
of these pixels, a second stage of readout structures,rabbfemade of pMOS type source-
follower switch combination, is used in every column of theag

The pixel operation can be understood with the help of Figude By pulling theRst
signal high on the gate of the reset devigd, the photodiode nodé’1 is also pulled high.

The pixel is then known to have been reset between this tirdé2arit time ¢2, the reset node
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Figure 1.4: A typical active pixel sensor (APS) and signaifaluring photocapture

is pulled down disconnecting the nodél from signal,V,..;, which is often connected to the
power supply. Between timg& andt3, the charge generated in the diode due to the incident
light integrates on the nod&1. At 3, the node voltage a¥'1 is again pulled high, thereby
resetting the pixel. The voltage at nodg] at the end of the integration time is read out as
the pixel output. This voltage provides an indicator of inplumination as per the following

equation.

tined
VNl = V;“eset - Ct, £p (11)
PD

Here,V,...; is the reset value a1 at timet2, ¢;,,; is the integration timeé3 — ¢2, Ipp is the
photocurrent generated due to incident light &ahdg, is the capacitance of the photodiode. The
pixel output is thus linearly dependent on the input illuatian. In Figure 1.4, pixel response
to three different photocurrents has been shown. For therl@hotocurrent/1, the output
voltage is higher than the higher photocurrét Further, for currents higher than a particular
value (for exampld 3 in the figure) the pixel output saturates to a constant value

Table 1.2 compares the performance of the two technologlescomparison indicates that
pixels in CCD technology have higher fill factor that is moreaaisedevoted to light detection
than the CMOS APS. A high fill factor results in high sensitiviinother advantage of CCDs

is the low fixed pattern noise (FPN). This noise arises duled@ariations in the devices used in
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Criterion CCD CMOS APS | Explanation

Cost High Low CMOS process is less costly due
to its wide use

Installed base of | Low High Hence increasing production should

production cut down costs by a higher margin.

Supply Voltage High Low

Power Usage High Low

Integration Not Possible | Possible CMOS can thus produce a complete
imaging system on a single chip

Downscaling Poor Better Making multi-mega pixel camera is
thus easier in CMOS than in CCDs

Image lag Present Absent Incomplete charge transfer in CCD

Market Perspective Better Improving Long existence of CCD

Fixed pattern Low High CMOS pixels are more sensitive to

noise mismatch between circuit elements

Temporal noise Lower Higher CCDs do not have the circuit noise pf
CMOS and remove white noise with
an off-chip filter

Fill factor High Low In CMOS, considerable space is
used by non-photocircuits

Responsivity Moderate Slightly better

Dark current Low High CCDs have dedicated process

Speed Low High CMOS reduces transmission delays
by integration

Uniform Shutter | Fast and Poor CCDs can hence start and stop

common exposure arbitrarily

Biasing and Multiple high | Single low

clocking voltages voltage

Windowing Not Possible | Possible Parts of array is capturable in CMOS

Table 1.2: Comparison of CCD and CMOS technologies for imagimggses

the array, thereby leading to a non-uniform ‘salt and peppsponse to uniform light. Devices
in a CMOS process suffer much higher FPN than the CCDs. In addi@@D processes have
been optimized for low dark current and high sensitivityrte input light. These developments
made CCD the technology of choice for imaging applicationsfwut two decades. However,
having specialized manufacturing process increases gt@tproduction of the CCDs. CMOS
processes are used to manufacture a wide variety of cirandshence the initial investment
needed is evenly spread out thereby reducing the cost ofidhgil chips produced. Further,

charge transfer in CCDs requires external biasing and clgckimemes often with high volt-
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ages. This increases the net power consumption of a CCD imagsatgm.

CMOS sensors, on the other hand, have the advantage of bdatpahtegrate clocking
circuits on the same substrate and hence are able to work @t fower power. Additional
low power gains are expected to be made as the feature sibese process reduces. This
reduction in geometry being pushed by the need of high spigdlcapplications also means
that the CMOS image sensors would scale down faster than the GTISS is also capable
of integrating several other processing elements on the sduip, thereby performing several
image processing tasks.

In the past, CMOS sensors had poorer imaging characterimpared to CCDs, which
meant the image sensors manufactured in CMOS process crateenonly in markets re-
quiring lower performance and low cost (such as PC cameogs,and early mobile phone-
cameras). Recent technological developments, howeveg, ingwroved the optical properties
of the CMOS process and it is now making headway in all form$efdigital cameras being
produced, including the market that has traditionally bgenstronghold of CCDs, the digital
still camera. Though CCDs are still the favourite technolagynanufacture high end cam-
eras, the market growth of the CMOS cameras has been fastéheytiave replaced CCDs
in the low and medium performance market. In 2004, unit skeipts1of CMOS image sensors
surpassed those of CCDs and the trend is expected to contitheeédoming years [9]. It is pre-
dicted that CMOS will eventually popularise every spectrdmarket, with CCDs maintaining
a niche in the production of specific products.

Both technological and commercial perspectives indicae@MOS will be the future tech-
nology of choice for imaging applications. As far as the wily@amic range imagers are con-
cerned, CMOS provides the added incentives of being able poowe the pixel circuit and
the facility of implementing additional modules on the sachg. Thus any post-processing
required to increase the dynamic range may be performedmittmum loss in the signal. In
the basic structure, CCDs have slightly higher dynamic ra68e/Q dB) than CMOS sensors
(50-60 dB). However, their dynamic range is limited by thelwapacity and hence can not be

improved upon, without post-processing using multiplerfeacapture. Thus, in order to cap-
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ture more than 150 dB of the dynamic range available in natiisspreferable to utilise CMOS
sensors. This thesis will, hence, concentrate on designg @MOS process to improve the

dynamic range of the digital cameras.

1.3 Wide dynamic range sensors

Reuvisiting the CMOS active pixel sensor and its functionirfgpven in the Figure 1.4, one may
observe that for very high input intensifi3, the readout node saturates to a fixed value. Hence,
the pixel is unable to capture photogenerated charge htghara particular limit. This charge
is often referred to as the saturation char@g, or the well capacity of the pixel. The minimum
intensity that a pixel can capture is determined by the Igakarrent flowing in the diode with
no incident illumination. In addition, the temporal noisethe pixel and the readout chain also
affects the minimum reliable capturable intensity. Thb® best case dynamic range of the
pixel is bounded between the leakage current and a maximatogirrent determined by the
saturation charge.

Typical sensors using the basic architecture have repastadmic range between 50-60
dB, which corresponds to 2-3 decades of input illuminatidmedretically, the largest imagable
photocurrent in an active pixel sensor can be increasedthgredlecreasing the integration
time and/or increasing the capacitor of the photodiode. él@n this also increases the lowest
detectable photocurrent, thereby causing no differen¢bdmet dynamic range of the pixel.
There have been several techniques proposed to increab@gtiest capturable photocurrent

without affecting the lowest detectable current.

1.3.1 Well capacity adjustment sensors

One way of increasing the dynamic range of CCDs has been toasethe well capacity by
changing the reset signal one or more times during the iatiegr period [10]. In a similar
approach, Decker and co-workers have changed the resat @igierred to as barrier signal by

the authors with the reset device acting as an overflow gatejate increasing with time over
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the period of integration [11]. This changes the chargeidaat every change of reset voltage
thereby resulting in non-linear integration of the pixebde. Figure 1.5 shows a stepped bar-
rier along with the pixel charge at different light intemsst. Similar technique of using variable
height multiple reset signals is used by Cypress semicoathti¥l-103 image sensor (previ-
ously from SMaL Camera Technologies) [12]. A significantlglhdynamic range is obtained;
however, this increase is at the cost of reducing the signabtse ratio. The adjustment in
the reset signal brings in more temporal as well as fixed fatteise. The non-linear stepped

response of the sensor also makes colour reproduction alvéa/task.

Reset
Charge

Time Time

Figure 1.5: A stepped reset signal and corresponding ¢etlecharge used to enhance the
dynamic range of the sensor

In a similar approach, Guidash has proposed a scheme tseutiie spilled over charge
from a saturated pixel [13]. One problem caused by high dyn@aamge scenes in integrating
pixels is over saturation. In an over-saturated pixel, ghdanay spill over to the neighbouring
pixels, the phenomenon being known as blooming. In the megpeystem, the charge that
blooms from the photodetector is integrated for a periodl ihaontrolled independently from
the photodetector integration time. This collected blagggharge is added to the photodetector
signal charge in the readout of the pixel. Effectively, thiheme increases the well capacity.
However, additional noise sources, both temporal as weikad pattern, cripple the system.
Further, signal reconstruction is also complicated witl thfferent independent integration

times.
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1.3.2 Dual and multi sampling sensors

Another approach which has been extensively used to inetbéasdynamic range of the linear
active pixel sensor is to capture the same image two or morestwith different integration
times. The principle is to use a short integration time tawagthe high intensity regions of the
image and a long integration times for the low intensity oegi Yadid-pecht and Fossum have
taken two samples of the same scene with different integgraimes [14]. Their architecture
uses two capacitor banks to store the outputs from two eiffierows which have undergone
integration for different periods. The intra-scene dymamange of the sensor can be computed
from the ratio of the two integration times. The resultinged®@om samples with different inte-
gration time can be fitted into one image by using algorithreasfSchery and co-workers [15].

In a multi-sampling approach, Yang and el-Gamal have iniced non-linearity through an
in-pixel analogue to digital converter [16]. The researshrefer to their sensor as digital pixel
sensor, as an ADC is implemented in every pixel. The pixgloase is sampled at exponentially
increasing exposure timés 27, ..., 2T and is digitized in the pixel intan bits of binary data.
The total response of the pixel is thus in the form of a floatimghber with length oin + &
bits. Wide dynamic range has been demonstrated using 9pteudtamples of the same image.
In a related work, Liu and EI Gamal have described a methodstionate the photocurrent
in an active pixel sensor by using multiple samples of an endd]. This can, in turn, be
used to improve the dynamic range of the sensor. To improzgyérformance of multiple
sampling techniques, Acosta-Serafini and co-workers haseribed a predictive algorithm to
automatically find an optimal integration time (the longesegration time for which the pixel
does not saturate) for a pixel receiving an unknown illurtiove]18]. They propose the division
of the total integration time into slots of different dumts and use an iterative procedure to
select the longest integration time before the pixel sésraAn on-chip SRAM is used to store
the integration information. However, this RAM reduces tffecive photosensitive area on
the chip.

Dual and multi-sampling approaches improve the dynamigean the pixel. However, the

requirement of several integration frames reduces thednate of the pixel, thereby making
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it inapplicable in video and other fast capture applicatidio remove the need of multiple
frames, Mase and co-workers have utilised a fast readotuitio capture pixel output after
four different exposure times in the same frame [19]. Howexensive post processing is still
needed to estimate the illumination intensity. Colour relpiction and any additional processing

are also complicated and not trustworthy in such sensors.

1.3.3 Integration time control sensors

Attempts have also been made to control the integration diitiee active pixels to enhance the
dynamic range. Sensors with global shutters, wherein tpesxe time is changed globally
depending on the average intensity of the image, have begoged as one way to control the
integration time [20, 21]. Local adaptation of integrattone has also been used to compensate
for problems with global integration time. Yadid-pecht hes®d automatic control of integra-
tion time, wherein a non-destructive readout from the plmxel is compared to a threshold,
the result of which may generate a conditional reset pulp [Ehe camera presented by Scanz
and co-workers [23], has the capability of selecting thanopin integration time and gains
individually for each pixel through a column switched capmcamplifier. There are four dif-
ferent integration time and gain factors to select from girtarchitecture. The response of the
pixel array thus contains 10 bits of pixel output, 2 bits dégration time information and 2 bits
of gain information, obtaining dynamic range in excess ddm® with these 14 bits. Another
way proposed to improve dynamic range has been to introdktce gixel reset in order to se-
lectively remove some charge and restart integration [PA¢se pixels use a soft reset midway
through an integration cycle to remove some of the intedrelt@rge thereby providing the well
an ability to integrate additional charge.

The integration time control sensors also suffer extehsivem fixed pattern noise prob-
lems. These are not only due to mismatch in circuit elemeuntsalso due to as integration
time mismatch between pixels. Pixels having comparatauits have added mismatch from
comparator performance. In addition, the extra pre and prastessing required degrades the

applicability of such pixels.
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1.3.4 Threshold comparing pixels

In another approach, the photocurrent is integrated ditiad output reaches a known threshold
value detected by a voltage comparator [25, 26, 27]. Hyné&askproposed a provision for
resetting the pixel only when the accumulated charge excaaxrtain threshold voltage and
ignore the reset at all other instances [26]. In anotheraaagr, Andoh and co-workers count the
number of times, a pixel saturates in a given frame as a me@sumt for higher intensities [28].
In another approach, Stopa and co-workers have used thetdkea for the comparator to
switch as a measure of the input signal at high intensitieslo intensities, however, the
capacitor voltage is used as output [27]. They use two tingengoramps to remove the need of
any external memory. As shown in Figure 1.6, one of these sarapers a 1-V range N times,
with an alternately increasing or decreasing linear behayichanging its slope at instants
T, 2T, ....,2N=2T. The other ramp monotonically decreases in the 1 V rangeltage steps of
1/N V. Thus, the second ramp discriminates between severatelift time intervals, while the

first provides a finer resolution between the two. Dynamic Rangxcess of 120 dB has been

reported.
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Figure 1.6: Pixel and various ramps in a ramp based piecdinisa mapping high dynamic
range sensor proposed by Stopa and co-workers

In a similar approach Anaxagoras and Allinson have propaseaictive pixel which resets
every time it saturates [29]. A counter is used to measurauhgber of saturations. This count

in combination with the final pixel output is used to extend ttynamic range of the pixel.
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These approaches have also been extended to systemsagitiésidout mechanisms similar to
the human visual system. These utilise pixels that prodwsgek& when their output reaches a
threshold [30, 31]. In yet another approach, a high speetkaétoused to measure the time to
reach a threshold [32].

These approaches are capable of measuring wide dynam, remgever, at a price of large
pixels with a small area devoted to light capture. This mehastheir sensitivity is very low.
Use of several devices also raised the issue of uniformityixal responses. Post-processing
and additional clock signal required are other limitatiohthese systems. Colour processing is
also an involved operation with these pixels. Pixels utiisspiking approach are crippled by
the use of two-dimensional readout, as they are unable tioglissh between two pixels firing

at the same time.

1.3.5 Frequency based sensors

Some attempts have also been made to use frequency outpuieasare of dynamic range [33,
34]. Yang has used an integrate-and-reset circuit, as shoWwigure 1.7 to produce a pulse
frequency output over 5-6 decades [33]. However, thesdgusxdfer from severe fixed pattern
noise owing to large number of circuit elements. Furthegdaixel sizes, reduce the fill factor
thereby reducing the camera resolution. The signal outisot r@quires port-processing for

proper display of images.

VDD=0.8 to 5V
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Figure 1.7: A pixel of wide dynamic range sensors havingudeswy output
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1.3.6 Logarithmic Sensors

Approaches described above try to enhance the dynamic wrbe linear imager and hence
produce a linear relationship between the output and th& inpensity. A major disadvantage
of these approaches is that the data produced needs to beess@g at a later stage. If not
compressed in the analogue domain, a large number of bitequéed after digitising the sig-

nal in order to represent the wide dynamic range. This diaidge is solved by pixels which
logarithmically compress the signal in the pixel. The magtydar way to create a logarithmic
output is to utilise a MOS device working in weak inversiomigh has a logarithmic relation-

ship between its drain current and gate-source voltage3@537]. The simplest logarithmic

pixel, shown in Figure 1.8, uses a similar circuit as thahefactive pixel sensor except for the
gate of the load transistor, which is shorted to the draimté&fenerated current from diod&D

is fed to the subthreshold transistéf,1, which then produces a voltage output at

node N1, which is logarithmically related to the photocurrent.

nkTl
Vs (orVeme) = Vo — Ve — log (Ips,m1/Ipso,m) (1.2)
Vrst
M1
N1
® I |: M2

T L[Ms

Figure 1.8: A lypical logarithmic pixel using a nMOS in wealkersion

In this expression]pso a1 is the current flowing in the devicg/1, when the gate-source
voltage of the device equals its threshold voltage and h#medevice is making its transition

from weak inversion to moderate inversiot. is the Boltzmann constant, is the absolute
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Figure 1.9: A typical response of a logarithmic pixel simtathusing cadence with parameters
from 0.35:m CMOS technology

temperatureg is the electronic charge constant amds the subthreshold slope. The readout
mechanism is similar to that of active pixel sensors. Thpasse of this pixel has been plotted
in Figure 1.9.

Logarithmic pixels are capable of capturing more than 6 desaf light intensities. In
addition to requiring less number of bits to represent theéevdynamic range, these pixels of-
fer several other advantages over their linear countexpdtiey do not require any additional
circuit element in the pixel and hence can achieve fill factmymparable to active pixel sen-
sors. They also provide random addressability as they hawencious operation. Compared
with other active pixels, these pixels do not need any clugkiircuitry (except the scanning
circuitry) and thus minimise any noise associated with tleelcjitter and switching noise.
Problems associated with saturation, like blooming, ase absent in these pixels. In addition,
these pixels have similar logarithmic response as that ofdmeye and hence neuromorphic

signal processing is easy to perform on the output of thessoss.
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1.4 Aim and organisation
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Anti Blooming Sensor | Low | Yes Yes Yes | No No
Multi Sampling Low | No Yes Yes | No No
Integration Time Contro| Low | Yes Yes Yes | No No
Frequency Based High | Yes No Yes | Yes | No
Threshold Based High | Yes Yes Yes | Yes | No
Logarithmic High | No No No yes | Yes

Table 1.3: Comparison of various wide dynamic range sensors

Table 1.3 compares various approaches described earheidéodynamic range imaging
based on five first order performance criteria. It may be oleskthat logarithmic pixel per-
forms better than other approaches on all counts excephéofited pattern noise. Several
commercial products using logarithmic image capture has lvetroduced in the market, in-
cluding Fuga from Fill Factory [38], HDRC imager from IMS Chif89] and Pupilla from
Neuricam [40]. However, their success in the market has beeted. One of the principal
reasons for this lack of success has been the high level af fiatern noise in these cameras.
Hence, the first goal of this thesis is to improve the perfaroesof these logarithmic pixels by
reducing their fixed pattern noise. These pixels are henitefeferred to as logCMOS pixels
for convenience. Fixed pattern noise in pixel arrays owesiitgins to the mismatch between
devices manufactured in a typical CMOS process. The secamutehof this thesis identifies
the devices in a logCMOS pixel that are susceptible to mismand studies their role in pro-
ducing fixed pattern noise in the end image. Various appesmploposed in literature to correct
this noise are also reviewed in this chapter.

Chapter 3 of this thesis works towards a simple yet effeceehrnique to reduce the fixed
pattern noise. An ideal measure for residual fixed pattersenig first identified. Mathemat-
ical analysis based on this new measure and experimentgypital pixels are performed to

identify the causes of failures of the various techniquepgpsed in literature to reduce FPN.
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Alternative readout circuit aimed at improving these teghas are then reported. The primary
conclusion from these studies is that one has to correchibatditive as well as multiplica-
tive FPN in order to produce a good quality image. An eledtrgalibration circuit with these
capabilities is then proposed and experimentally verifiechiapter 4.

Despite the good results from the calibration process,dg€MOS pixel still suffers from
high dark current in a typical CMOS process. These are irgattl in Chapter 5 of this thesis.
It begins by examining sources of the dark current. Theseaftexamines various attempts to
reduce these dark currents. Itis observed that majoritiyexfé techniques propose modification
of the manufacturing process. However, this is costly. leetite chapter works towards circuit
and layout based techniques to reduce the effect of darkmurd double current mirror circuit
is first tested. It holds the promise of maintaining zero ptité across the diode, thereby
reducing the effect of the leakage current on the pixel perémce.

Layout techniques involving guard ring of polysilicon anothe photodiode are also inves-
tigated. Significant reduction in the leakage currents seoled. By reusing the guard ring as
a reset device, it is observed that the new layout can be sagiel having linear response
for low intensities and logarithmic response for high irsiéies.

Chapter 6 is devoted to characterisation of this new respoRse convenience, the new
response pixels are referred as LLCMOS pixels. The respanfiesi compared to that of
typical logarithmic pixel. Various models are then derigetl verified to represent this unique
response. The penultimate chapter of this thesis, chagbamines the behaviour of LLCMOS
pixels with reference to various noise sources, both teai@srwell as fixed pattern. Strategies
to reduce these noises are proposed and verified. In ordedtwe the FPN, the chapter also
proposes an intelligent iterative scheme to calculate timégzurrent flowing in the pixel from
its output and the complex model derived earlier.

The final chapter of the thesis, Chapter 8, provides the cemmiwf the thesis. It sum-
marises the results of the thesis and proposes varioudiditedor possible future research.
There are two appendices. The first of these describes thettips used for various experi-

ments. The second appendix lists various publications trenthesis.



Chapter 2

Fixed Pattern Noise in Logarithmic

Sensors

Tis hard to say, if greater Want of Skill
Appear in Writing or in Judging ill,
But, of the two, less dang’rous is th’ Offence,
To tire our Patience, than mis-lead our Sense:
Alexander Pope

One of the major constraints in designing pixels in CMOS tetbgy is to design small pixels
in order to increase the spatial resolution of the imagerthiéy, the photodiode area within each
pixel has to be maximised to maximise the amount of light wagpt This means that the non-
photosensitive circuits in the pixel should be accommatiaiteas small an area as possible,
prompting the use of the smallest geometry devices availabthe technology. However,
small geometries introduce a large amount of variation viagefeatures, leading to output
characteristics variations, known as mismatch [41, 42 443, This mismatch means every
pixel in an array will have a different response to the sarpatimtensity. The equivalent noise
due to this non-uniform response is time independent andapms a fixed pattern on the
scenes produced by the array. This fixed pattern noise (F$Pdi)a of the principal limitations
of the current logarithmic sensors. This chapter will irigege the sources of this noise and
various approaches to reduce it.

The first section of the chapter will explore various sour@eBPN in a typical logCMOS

21
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pixel. As described in the previous chapter, the circuittheflogCMOS and the Active Pixel
Sensor (APS) pixel are very similar and hence one way to ethe FPN in logCMOS pixel
would be to modify the FPN strategy used in APS sensors fa@ZMQ@S sensors. The second
section of this chapter provides a brief overview of the praphant technique used to correct
FPN in the active pixel sensors. This will be followed by aiegvof various methods proposed
to use this technique or its variants in logCMOS pixels. Havethe residual FPN using these
techniques has been found to be too high. The third and théhfeactions of this chapter will
therefore review some other techniques proposed to retiedeRN. Techniques which aim to
remove the mismatch from the devices in the pixel are coveregction 3 while the section
4 covers a model based correction technique. The formerttapproduce good quality images

while the later is too impractical to be used in real time.

2.1 Sources of fixed pattern noise

As described earlier, mismatch between devices leads inikRiNe responses of pixels in an
array. The principal sources for mismatch between the istons in a typical CMOS process
are the variations in the effective length and width of theicks, impurities in the oxide layer
along with the non-uniform distribution of dopant atomshe bulk [41, 42, 43, 44]. Variations
in the length of MOS transistors, in turn, owe their origirthe lateral diffusion of the source
and drain implants, while width variations have their sesrin the field oxide encroachment
in the MOS channel. The non-uniform distribution of dopaimnas means that the devices in
different parts of a chip have different concentration afriess, leading to a spatial location
based nonuniformity in their responses. In addition to¢h@s primary sources, several other
factors including local mobility fluctuations, oxide graarity, oxide charge and gate dielectric
thickness have also been attributed as sources of mismdich§, 47, 48]. Device orientation
and shape has also been found to affect the amount of mismatch
The standard models for the mismatch quantify it as vanatia the threshold voltag&,

and current gain factorj. It has been shown experimentally that both these variaivam be



CHAPTER 2. FIXED PATTERN NOISE IN LOGARITHMIC SENSORS 23

modelled as a Gaussian distribution random processes ®ithraean and a variance, which is

dependent on the device area [47].

2
AVT

AV = —F (2.1)
Wess-Leyy

*(AB) _ A (2.2)
3 Wepp-Lesy

Here, Ay, and As are process dependent terms, while;; and L.;, are the effective
width and the length of the channel, respectively. It may bgeoved here that even though
the threshold voltage and the current gain factor have airoiligins, their variations have been
found to be fairly independent of one another. Additionafig have also been added to these
simple models to account for widely spaced devices [49, 4Wlen the model has been used
over wide range of operating conditions and device sizef [Brther, in very low geometries,
significant deviations from this basic law have also beewontep [41, 51]. However, all these
models predict that the smaller geometry devices will havgd variations in their threshold
voltage and current gain factors. Further, these variatiwa only made worse by large distance
between the devices.

For a first order study, these two variations may be used tttifsie¢he devices responsible
for FPN in logCMOS pixel. Figure 2.1 shows a typical logCMOSgbiwith the readout circuits
needed to access every pixel in a two-dimensional arrayddiatify the sources of fixed pattern
noise in this circuit, each of the devices in the schematoukhbe considered. In this pixel,
device M1 is operated in weak inversion (subthreshold), with its entvoltage relationship

being given by [52]

Ips v = Ipso,nn exp <VGS’Z;;/;/T’M1) (1 — exp V]f;/]\;l) (2.3)

Where terms have their usual meaning. It may be observediggtm involvingl/ps becomes

negligible at values larger than a few hundred millivoltsctm temperature. Hence, in general
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Figure 2.1: Conventional logCMOS pixel with 2 stage sourcfetr readout

operating conditions of the logarithmic pixel, the sourcéhe output voltage may be given by

the simple expression

nkT
Vs (orVame) = Ve — Vean — e log (Ips,mi1/Ipso,m) (2.4)

From this equation, it may be concluded that any variationthe threshold voltage of the
logarithmic loadM 1, will cause an additive error in the output of these pixelsséming no
variations in other terms, this error will be a zero mean Geumsrandom process with the
variance given by the variance of threshold voltage mismaite output of the logarithmic
load is placed on the column lines using the source follovesiag, M2 and the switch)M 3.
The transfer expression of the source follower may be gigen a

21
Vs mo2 = Va,m2 — Ve — CARLL (2.5)
Bar2
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It may be observed here that variations in both the threslhatdge and the current gain factor
will lead to variations in the output. The third transistai3 of Figure 2.1is a switch used to
enable a particular row of pixels to place their output on¢bimn readout line. When on,
a similar switch in all other pixels of the same column are affd the gate voltagéy; /5 of
transistor)/ 5, equals the source voltadg - of M2. Variations in switch resistance may also
lead to variations in the output.

The column bus is biased by transisfidrt and hence the drain-source currentgi2 and
M4 are same when/3 is on. Replacing the current term in equation 2.5 by its edeinta
expression in terms of parameters of devidd, one may derive the following expression for
the output at the end of the column of the array

Vems = Vamz — Ve — @(VGS,M — Vi) (2.6)

M2

From this equation, it may be deduced that in addition to tR&l Eaused by mismatch
in devicesM 1 and M2, threshold voltage variations as well as current gain fachmiations
from device,M 4 also lead to FPN. This column current source is the same fayauixel in
a column and hence does not cause any variation betweentihg®of pixels in one column.
However, variations in this device introduce a column taiomh variation in the output of the
array appearing as vertical lines of differing intensitiethe output image.

In a two dimensional array, two addressing mechanism ardeteto connect a pixel to
the single output and hence a second stage of readout sireeetds to be added at the end of
every column. In a conventional design, the second stagesigied from pMOS transistors to
compensate for the threshold voltage drop in nMOS sourtenel, /2. One such schematic,
shown in Figure 2.1 involves transistok$5 and M6 being present in every column. When
transistor)M 6 is switched on /5 is connected to the output bus and the voltage at the
input of the analogue to digital converter. TransistoT is common to whole array and provides
the current bias to the column source followers. Similahtogource follower in pixel, devices

in the column source follower also introduce variationsha butput due to the variations in
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their threshold voltage and current gain factor. The exgoesfor the input at the ADC in the

Figure 2.1 may be given as

Vapc = Vaus — Vs — @(VGS,M7 — Vo) (2.7)
M5

In alternative designs, an ADC is used in every column andbtliput is digitally multi-
plexed to increase the speed of operation of the array. Thiddwemove the mismatch due
to column readout circuits; however, mismatch in the ADC pamator would become a new
source FPN. It should be noted here that the column circaits lower spatial constraints com-
pared to the pixel circuits and hence it is possible to uggeldevices to reduce the mismatch.
However, at least one dimension of these devices is limitethé pixel pitch and hence will
lead to mismatch.

In addition to the response non-uniformity due to transgsttharacteristics variations, the
photodiode may also contribute to the fixed pattern noiskeratray. The current produced by
the diode,P D, consists of two terms. The first of these is the optical teivergby the input
intensity multiplied by the quantum efficiency of the diodelararious gain terms of the optical
assembly. The second is a leakage current produced evee absience of light and hence is

often referred to as the dark current of the pixel.

Ipp = QprpGaAppGrLopto + Laark (2.8)

Here,Q pp is the quantum efficiency of the material used to make theqahatle, and hence is

the intrinsic property of silicon 4 is the gain factor related to the photodiode area compared to

the total area of the pixel, and thus accounts for the amduigha captured by the photodiode
or lost due to non-photosensitive parts of the pixeb,, is the area of the photodiodé€:;, is the
gain of optical assembly and,,;, is the input intensityG;, and L, are uniform for all pixels.
However, pixel areal p, and area gai’ 4, may suffer variations due to changes in geometries

of the photodiode.
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The dark current termfy,,.., has been found to depend on the area and the number of corners

in the photodiode [53]. Variations in the photodiode areamde, introduce another form of fixed
pattern noise, predominantly visible in the low intenségions of a typical world scene. Some
camera manufacturers differentiate this nonuniformignfrthe illumination dependent fixed
pattern noise, referring it as the Dark Current Non-UnifayniDCNU).

From the aforementioned discussion, it is clear that thesesaveral constituents of the
logCMOS pixel suffer device mismatch. The standard appréachduce this mismatch is to
use layout techniques like common centroid, finger stylerieaved structures, etc [49]. Com-
mon centroid layouts help in generating gradual and uniforismatch over various circuits.
It is possible to draw such layouts for few circuits only arehbe can not be used for pixel
arrays. Further, finger style interleaved structures artatsle for matching small number of
transistors only and hence do not offer any solution for @lpgxray. Therefore, the only way
to reduce the effect of mismatch on pixel performance is tomensate for it through circuit

and/or post-processing techniques.

2.2 FPN correction techniques in linear pixels

It is worth recalling here, that the logCMOS pixel has the saeaelout chain as that of linear
Active Pixel Sensor (APS) in the CMOS technology. In additithre reset switch in the APS
also suffers threshold voltage variation, thereby intadg a source of FPN, very similar to the
logarithmic load device of logCMOS pixel. Thus, the APS sidfeith similar sources of fixed
pattern noise. In this context, a good starting point towaedluction of FPN in logCMOS pixel
would be to study the techniques used in active pixel sens@tminate fixed pattern noise.
Linear pixels operate by integrating the photo generatedigehon the diode capacitance.
At the beginning of every frame, the voltage on this diodeac#pnce is reset using a switch.

This leads to the following expression for pixel output aftee integration time.

V;Jut = ‘/reset - Gpixeltint]PD (29)
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Here,G,i..; IS the net gain provided by the photodiode as well as the daduit whereas
t:ne 1S the integration time. Most linear pixels utilise this expsion to use some form of double
sampling to reduce the fixed pattern noise. The principalraption in these double sampling
techniques is that that the nature of FPN is additive andénenmanifested in the reset value of
the pixels read after the readout stages. Thus the simpéstowremove the FPN is to remove
the contribution of reset voltage in the output. Two techeg|to extract this reset voltage have
been used previously. In the first technique, known as @iffeal double sampling (DDS), the
output of a row of pixels is read after an integration cycte] atored on column capacitors. This
row is then reset and the reset value is read on another paotwhn capacitors. The difference
of these two values is computed either using analogue tsrouin the digital domain, leading
to FPN free output.

In a modified scheme, an in-pixel memory is used to store thet kalue before the integra-
tion time. An advantage of using the reset value before ttegation time is that that this reset
value is noise correlated to the pixel output after integraind hence is capable to reducing
the temporal noise along with the fixed pattern noise. THges® is hence known as correlated
double sampling (CDS) [8].

One circuit which is capable of performing CDS is shown in FFegyd.2 with the related
signal flow in Figure 2.3. In this circuit, a photogate witArismission switci"X is used as
the photo-detector as well as the in-pixel memory. The piekset using the switch/1.
The transmission switch X is then closed, and the photo-generated charge is integvatthe
capacitance of photogateG. At the same time, the reset value is held at the n¥deusing
the gate capacitance of devigé€2. At the end of the integration period, a row of pixels is read
using the row select switch/ 3 present in every pixel of the row. Initially, the reset vatuered
on the nodeV1 is transferred to the capacitan€&? using the switcht H R. In the next clock
cycle, this switchSH R is closed, and sample switchH S is opened. At the same time, the
transmission gaté' X is opened. These two switches along with the row select bwignsfer
the integrated value to the capacitaiditg€. These sets of capacitances and switches are present

in every column. The second stage readout is used to reagihkes in a way similar to that of
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logCMOS pixels. In Figure 2.2, the second stage is designed eslumn switches)/10 and
M13, pMOS source followerd/11 and M 14. In addition to these circuits, transistavs12 and
M 15 provide the necessary current to these column currentssufde difference between the
reset value and integrated value can be computed eithey dgferential amplifiers or digital
subtracters, after digitizing the signal.

The circuit shown in Figure 2.2 also corrects for any possiblsmatch between two dif-
ferent readout pathways used by reset and the integratadsvallo remove these noises, the
crowbar switchV/8 is used to short the inputs of two different pMOS source fedlcs. TheSel
signal is fed by column select lines, thereby selecting &qudar column’s value on the output
bus. With the inputs shorted, the difference between thputsitof the two source followers
can be used as a measure of mismatch between the two reatioait plais difference, in turn,
can be subtracted from the difference of reset and intedjratieie to compensate for the fixed

pattern noise introduced by the column readout circuits [8]

2.3 Double sampling techniques in logarithmic pixels

The double sampling technique in their simple form can notded in logarithmic pixel ow-
ing to continuous operation of logCMOS pixel and absence gfraference reset value. Re-
searchers have hence tried to modify the pixel to generagdeaence value. Kavadias and
co-workers have generated a reference output from the lpyxieding in a high current in the
pixel parallel to the photocurrent [54]. This pushes thaldgmic load in moderate inversion
and thus provides a reference value from a region outsidedh®al working regions of the
pixel. The difference between these two signals is expec@timinate all threshold voltage
variations. The reported resulting fixed pattern noise Wa$2 of V4 s ,» and the temporal
noise obtained was 0.76 % ©f,; ... for pixels of dimension 7.xmx10 zm, made in 0.5um
technology. The residual fixed pattern noise is very higlwidis the reported gain, the imager
would not be able to differentiate between two points in thage with contrast change of as

high as 30¢. In addition to this high residual fixed pattern noise, tltsesne also suffers from
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the serious drawback of transient effects between caidoréitame and next readout. This is so
because when discharging from a high input current to a Igutiourrent, the logarithmic load
has a small current to discharge the high voltage differéemging to long settling times. This
results in transient noise for all low-intensity regionsaged by the sensor. The variations in
this settling time also introduce another source of fixedgpatoise.

Ni and Matou [55] on the other hand generate a dark referamdkei pixel, by using a
photovoltaic device as the detector as shown in Figure 2ekpide the use of dark reference,
the settling time effects are still present in the outpute Téported residual fixed pattern noise
is 6.5mV overall and 2.5mV in a column with the pixel size lge8®:mx30um, (fabricated in
0.8um technology). In addition to large pixel size, the resulfared pattern noise is very high

when compared to the small gain offb0’/decade from these pixels.

Column Bus

N++

Figure 2.4: A logarithmic pixel using a photovoltaic deviag the photosensitive device and
having double sampling abilities

In order to remove the settling time effects while using thekdralue as the reference value
in double sampling, Lai and co-workers have used a later& BNT structure as the photo-
sensitive element, as shown in Figure 2.5 [56, 57]. Theyrclai have obtained residual fixed
pattern noise of 2.46 V.. ris, in a pixel with dimensions of 1@mx10um and a fill factor
of 43%. The BJT phototransistor provides a gain to the photocugenerated. This photo-
conversion gain is known to have a high variance in BJTs, byer@roducing another source

of fixed pattern noise. Further, this gain pushes the Idgaiit load in moderate and strong
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inversion, whereby it looses its logarithmic charactersst The residual fixed pattern noise is

still very high.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 2.5: A logarithmic pixel using lateral PNP BJT as thetpkensitive device and having
double sampling abilities

Some off-chip techniques have also tried to use variantsoable sampling techniques.
Rather than generating a reference at every frame, theseiqeels store a reference reading
from the array illuminated with uniform light in an off-pikenemory [39, 58, 59]. Commer-
cially available logCMOS cameras also calibrate the pixebssimilar way by showing a white
paper to the array and storing the response of every pixemeraory [38, 39]. The pixel out-
put to a scene is subtracted from its white response to peoBBIN-free output. The scheme
is, however, not automatic and is inconvenient, especigtlye camera is remote. Some dis-
crepancies may also result due to uniformity of white papedytype of light falling on it and
angle of paper shown to the pixel array. The residual noidependent on the amount of light

available during the calibration process.

2.4 Uniform response producing techniques

From the discussions of the previous section, it is clearttie double sampling approaches
do not produce good results as far as residual FPN is cortefnelternative strategies, re-

searchers have tried to remove the source of fixed patteserxnyi changing the devices in
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the pixel. As discussed earlier, the principal source of kPtde threshold voltage variations.
One way to remove these variations is to use hot carrier dafjom, as reported by Ricquer
and Dierickx in a 3-transistor logarithmic pixels [60]. Hewver, the reported FPN correction
procedure required long stressing times to remove offs@ti@ns while using driving signals
as high as 16 V. The long time and high power consumption médiesechnique difficult to

implement and use.
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Figure 2.6: In-pixel calibration circuit proposed by Loas®l co-workers

In another approach, Loose and co-workers [61] have conapeshgor threshold voltage
variation by using an in-pixel calibration technique. Thewe described a pixel having two
subthreshold loads, the voltage at the gate of one thesg adjastable, as shown in Figure 2.6.
During calibration, every pixel is stimulated with a refiece current using an external current
source. The output of these pixels is compared to a referevitagge and gate voltage at the
load transistor is adjusted until both the reference angbitked outputs are same. With a pixel
size of24mx24m and a fill factor of 30 in 0.6um technology, the reported residual fixed
pattern noise is 3.& of a decade(RMS) for the whole array and % Yer column. This pixel
design utilises large pMOS switches and hence has a very Blinfalctor despite using large
pixel size. This means that this pixel will lose most of thpuhintensity and hence is not a

practical design.
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2.5 Model based FPN correction

Another approach to reduce FPN has been proposed by Josg@odims. They use a three-
parameter model to correct the fixed pattern noise in comaldagarithmic cameras [62].
Assuming unity gain of the readout circuit, they have olsdithe following form of the re-

sponse function of the logarithmic pixel.

y=a+blog(z+c)+e (2.10)

In this equationg represents the photocurrent, which is directly relateth¢ancident light
intensity ance is the residual noise in the respongecan be referred to as the offsétas the
gain andc as the bias in the response of the pixel. For the pixel cigluitwn in Figure 2.1,

these parameters can be expressed in terms on device parsiagfollows

kT 1,
a = Fapc+ Gapc [VDD + nM; In ( M1 )

GAGLGA
Bra
— Vonri1 — Veouwz — | 5— (Vasma — Virva)
M2
Vs — @(VGS,M7 — Vi) (2.11)
Burs
kT
b= —Gapo (2.12)
Idark
= dark 2.13
© T GAGLGoA (2.13)

Here,F4pc andG 4pc are the offset and gain of the analogue to digital convemrtspectively.
Other terms have the same meaning as explained earliephlasd Collins further argue that
the each of these three terms of offset, gain and bias, batgrtowards the fixed pattern noise.
They have extracted these parameters from the respons@wofraarcial logarithmic camera to
24 different scenes of uniform intensities. Based on thessnpeters, they show that offset only
correction, as performed by double sampling and threshallge correction techniques, are

unable to provide high quality images. They hypothesizetthiais due to the gain variation of
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these pixels being of significant magnitude to be neglecidéey further show that correcting
for all these parameters reduces the residual fixed pattese to levels below that of one LSB
in the 8 bit system of the cameras.

Despite the good results obtained by Joseph and Colling, tewhinique is not very prac-
tical. In particular, 24 uniform intensity images are diffiicto produce for calibration even in
laboratory environment. Further, their scheme can not bd usreal time due to requirement

of iterative computational techniques.

2.6 Summary

Image sensors suffer from high fixed pattern noise owing smmaich between the devices used
to manufacture these pixels. This mismatch may be modediedmations in threshold voltage
and the current gain factor in the response of the MOS deviS&ndard techniques used to
reduce the mismatch are unusable in these sensors due tossgraatonstraint and the large
format of imagers to be designed.

The similarity between the circuit schematics of lineanacpixel sensors and the logarith-
mic pixels have prompted several researchers to employdtble sampling techniques used
in active pixel sensors for FPN correction in logCMOS pixélswever, the residual FPN from
these sources is too high to produce good quality image.r@ttempts to remove the source of
mismatch in the pixels have led to impractical pixel desigigdle having high residual noise.
Model based correction techniques do produce good qualiges, however, the iterative and
demanding computation required, makes the scheme faffigudi to apply in real time. Thus,
there is a need to further investigate these techniquesthupe simple yet effective techniques

of reducing FPN in logCMOS sensors.



Chapter 3

FPN Reduction in Logarithmic Sensors

O WHAT has made that sudden noise?
What on the threshold stands?
William Butler Yeats

It has been established in the previous chapter that higtl fiaétern noise is one of the major
limitations of logCMOS pixels and the techniques proposeliténature to reduce this noise
either yield too high residual fixed pattern noise or are tomlex to be applicable in real-
time cameras. In this chapter, a simple yet effective tephafor fixed pattern noise reduction
would be devised. Two possible approaches will be invegjaThe first of these would be
based on the studies of Joseph and Collins which experinhestadw that the high residual
FPN in offset corrected images is due to the high gain vanatin the pixels. The offset only
correction techniques would hence be improved by eithendied the gain variations and/or
reducing their contributions to the FPN in the end-image.e $kcond approach will be to
improve the complexity of multiple parameter correctioomgedure of Joseph and Collins to
produce a good quality image in real-time without using cexgomputations and need of
multiple images. The first approach will be pursued in thiapthr and the second in later
chapters to identify the best possible technique for FP)Xection in logCMOS cameras.
Before any discussion of FPN correction strategy, however meeds to identify a measure
for fixed pattern noise. This is necessitated due to the laeksbandard measure to represent

the residual fixed pattern noise, making the task of compatiffierent techniques and any im-

36



CHAPTER 3. FPN REDUCTION IN LOGARITHMIC SENSORS 37

provements devised, difficult. The first section of this dbawill hence discuss an appropriate
measure for fixed pattern noise.

The second section of this chapter will revisit the offsdy@orrection techniques to study
the effect of gain variations in the corrected output imagathematical analysis of this tech-
nique and experiments with an array of logCMOS pixels withabieventional source follower
readout circuits will then be presented to identify the searof gain variation and their effects
on the end-image. An improved readout circuit will then besented to reduce the effects of
gain variations on the output image. Experiments performédan array of these new circuits

will also be presented.

3.1 A measure for residual fixed pattern noise

Reuvisiting the literature review of FPN reduction technisjué section 2.3, one may observe
that the residual error, after the correction procedure plegn reported using different measures
by different authors. The measures used inclidef the root mean square of the total signal
swing as used Kavadias et.al. [54] and Lai et.al [56], mV &slusy Ni and Matao [55]% of a
decade as used by Loose et.al. [61], lowest significant bitssad by Joseph and Collins [62],
etc. This makes a comparison of these techniques a faiflguiftask.

In order to identify the ideal measure for fixed pattern ndiestus consider the effect of fixed
pattern noise on the imaging system. FPN essentially isesethe threshold of the minimum
intensity level changes, which can be faithfully recordgdhe imager. Alternatively, FPN in
an image can also be described as an error in the intensélglas experienced by the end-user.
An ideal measure should be able to quantify either or botihe$é¢ effects. The units used by
other researchers measure the output signal level. Withfoomation of the gain of imaging
system, it is difficult to predict either the input threshaldthe observed output error in the
image from these measures alone.

To find a better measure, it is important to understand hovintimean visual system would

perceive the errors due to FPN in an image. The human viss&rsyencodes the contrast of
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an image [4], and thus any intensity error in the image isgieed as a contrast error by the
viewer. Hence, any measure involving contrast would be ttbleeasure the user-experience
due to FPN. One such property of the imaging system is cdritreesholds, which is defined
as the smallest input intensity difference, expressed epéncentage of the input intensity,
which could be faithfully reproduced by the imager. Frons @hefinition, contrast threshold can
measure the input differentiability of the image sensodemeasuring the end-user experience.
Thus, it is a better suited measure for fixed pattern noise.

Further, it is reasonable to argue that any residual FPN tharethe contrast performance
limit of the human eye would be visible to the end-user. FegB8rl shows the contrast per-
formance of the human eye [63]. The human visual system ha&stachse relative contrast
threshold between 1 and2and thus a fixed pattern noise reduction strategy will beidensd
good enough, if it reduces the residual error below thistlidvisensor with this strategy would
be able to capture every details of an image visible to thegmuuser. Thus, in addition to being
an ideal measure, contrast threshold also provides a bekHor performance of logarithmic

image systems.
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Figure 3.1: The contrast limits of a normal human eye forouaisized target
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The various measures expressing FPN in terms of outputgeolté logCMOS pixels can
be related to that of contrast threshold using the respamsgibn of logarithmic pixel of equa-
tion 2.10. Let us consider a pixel with parameters of offgatn and bias as;, b, andc;. Let
us also consider two illuminations, andxzg, where the output voltage of the pixelys and

ys, respectively

Yo = a1+ bilog(za+cr) (3.1)

ys = ay+bilog(zs +ci) (3.2)
The contrast, of =, as compared to; can be given as

K=1-2 (3.3)

Lo

If the lowest voltage difference which the imager is ableittecentiate is that between,
andyg, then the contrast given by the aforementioned equatiogsgive contrast threshold of
the imaging system. Using these equations, the double samipthniques studied earlier will
each produce contrast error in excess dhlblence, they are not good enough to produce good

quality image.

3.2 The offset-only correction procedures

Joseph and Collins have postulated that the high residualifRfMset-only correction tech-
niques are caused by the high gain variations in the pixép [A study of the effect of gain
variations on the image, with reference to the measure dfastthreshold can be used to inves-
tigate this statement. Any offset-only correction teclueidorces a constant reference current
through the load transistor and uses the output at thiseredercurrent to correct for the FPN.
This reference current takes the form of either a very higiecu [54] or that of the leakage
current with no illumination/,,., (thereby producing the dark response of the pixel) [55, 56].

Let us consider a constant reference curreptthrough the load transistor of a pixel, which
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leads to a responsg. Subtracting this from the pixel response at an unknowntinguwill

then lead to a corrected outpyt,.,

Yeorr = Yin — Ye = blog(xzn/xc) (34)

For mathematical simplicity, the bias term has been assumbd negligible as compared
to z;,, in the above equation. Neglecting any photodiode variatitime current through all the
pixels will be the identical with an input scene of uniforntensity. The corrected output, how-
ever, will be identical only if all pixels have the same gaumfortunately, variations between
the devices within each pixel will lead to gain variationsorder to quantify the effects of gain
variations, let us consider a pixel whose gaitiffers from the mean pixel gainby Ab. With

offset correction only, this gain variation will lead to ama in the corrected output of
AYeorr = Ablog(z, /) (3.5)

The equivalent percentage errdf, in the apparent contrast of this pixel compared to an

average pixel is then given by

blog <1 + %) = Ablog(zi,/x.) (3.6)

For small values ofi, the approximatioriog(l + K) ~ K may be used to simplify this

expression to

100 A
K= 005 blog(xm/wc) (3.7)

This equation shows that, since the contrast error depemdiseoratio of photocurrent to
calibration current, the effects of any gain variations loafimited by using a typical photocur-
rent as the calibration current. However, changing thereefee current depending on the input
intensity is difficult to implement and hence most calibvatschemes use a typical calibration
current to generate the data for fixed pattern noise coorecBince these atypical currents can

be as much as six orders of magnitude larger or smaller thdmogqurrent these techniques
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can only match the contrast sensitivity of the eye if the gainations between pixels are less

than0.14%.
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Figure 3.2: Probability density function of a lognormaleiwith different variances.

An interesting observation from equation 3.7 is that thatdbntrast error produced by any
double sampling technique is dependent the relative madmiof the photocurrent with that
of the reference current. Hence, the residual FPN is nottaohat all photocurrents. This
raises a serious problem with researchers citing a congsdum of the residual FPN without
mentioning the photocurrent flowing through the pixel. ®#her a possibility that the worst
case FPN from these techniques could be far worse than the gabted. Another interesting
observation from equation 3.4 is statistical nature ofaoted currents from corrected output.
The residual FPN is reported in terms of its first order siasassuming it to be a Gaussian
random process. Now, iflog(z;,/x.) has to be Gaussian, ahds a constanty;,, /z. becomes

a lognormal (or logistic normal) function, whose probalitiensity function is given by

To\ 2w 202

fleipo) = ——exp (M) (3.8)

whereyu, andr are the mean and standard deviation of the variabig®@arithm. The expected



CHAPTER 3. FPN REDUCTION IN LOGARITHMIC SENSORS 42

value and the variance of the variables given by

E(z) = etto’/? (3.9)

— e’ (3.10)

Figure 3.2 shows the probability density function of a ndiseal lognormal function with
varyingo. A worrying conclusion from this curve is that the curve abbhve a long tail for

certaino, thereby leading to high peak errors.

3.3 Conventional source follower readout circuit

3.3.1 Theory

The analysis in the previous section suggests that the g dogarithmic pixel is either too
low and/or its variability is too high for it to produce goodality images. In equation 2.10,
the gain of a logCMOS pixel has been shown to be the subthrshabe of the load device
multiplied by constants. Hence, the gain variations in flkelputputs should be directly related
to the subthreshold slope variations. Studies of mismatc¢hea subthreshold regime of MOS
devices generally ignore these variations, claiming thebettoo small compared to variations
of other parameters [48, 64].

Variations of low magnitude should lead to good quality iresdpy offset correction only.
However, the failure for these schemes suggests that dhibesubthreshold slope is having
large variations and/or there are other sources of gaiatans, thereby prompting an inquiry
in the model itself. It was assumed in the model derivatitingt the readout circuits have a
constant unity gain, and hence their contribution on thelgiain could be ignored. To confirm
this assumption, simulations of a typical nMOS source o readout circuit designed in
0.35:m process were performed using the Spectre simulator of tHeri€a tool set. Figure 3.3
shows the simulated source follower output. The gain wasrvks to be dependent on the bias

current; however, it was always less than unity. For tydicasing conditions, it was found to be
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Figure 3.3: Simulation output of a typical source followetgut at various biases to the current
source

0.784. The principal cause of this reduction was the bodcetind channel length modulation,
the higher order effects which were neglected while stuglyfire sources in fixed pattern noise
in this circuit in section 2.1. This raises the possibilityat the source follower gain variations
between the pixels could be a source of gain variations iptkel output. With the stringent
requirement of gain variations to be as low as %1these effects need to be investigated for
the possibility of any mismatch.

The conventional source follower circuit of Figure 2.1 hagt reproduced as Figure 3.4.
One may observe in this figure that in a non-dual well processh as the n-well 0.36n AMS
process), the source and substrate of devi¢esand )/ 3 will not be at the same potential. This
is due to the common substrate for the whole chip, which iegely connected to the common
ground. Even in a dual well process, a designer would be chedpt® use single well for all
devices in a pixel, due to the space constraints. The floabagce of these nMOS devices will

lead to a source voltage dependent change in the threshitddj®®f the devices (body effect).
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Figure 3.4: Conventional logCMOS pixel with 2 stage sourck¥etr readout

A first order expression for body effect may be given as [65]

Vi = Vo + 7y (\/2¢F + Vs — \/2¢F> (3.11)

whereVr is the threshold voltage with zero source to substrate gelta- is the built in Fermi

potential of the material used, ands the body effect constant given by

vV 2qNAK5€0

3.12
o (3.12)

’y:

Here, ¢, is the permittivity of free space (equal &854 x 107'2F/m), K, is the relative
permittivity of silicon (equal to 11.8) andy, is the doping concentration. Studies of mismatch
generally restrict themselves to variationslif, only. However, presence of the doping con-

centration dependent term suggests thatay vary from device to device, as well.
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In addition to the body effect, channel length modulaticsoaffects the source follower
as well as the current source for the follower. A first ordenatpn of |-V characteristics of a

MOS device in saturation involving channel length moduolaiis given by,

I = (Vs = Vi)* [L+ (Vs — V) (3.13)

Here, A depends on the length of the channel, the drain-to-soultageoand the Fermi poten-
tial.

N o=V 2seo/aNa (3.14)

2L\/Vps — Vr + ¢y
Vers = Vas—Vr (3.15)

Here ¢, is the built-in voltage of a pn junction [65]. The channeldémvariation among
devices is one of the major contributors to mismatch and peeted to cause variations i
Further, presence &f; in these equations will give rise to more variations. Incogbing these
two effects and assuming an ideal row select switch, one nrég @ response expression of

the source follower circuit of Figure 3.4 as follows

Bya Ve, ma — VT,M4)2 1+ Aa (Ves — Vana — Ve
2
= B {VG,MZ — Vs — Ve — Yz (\/2¢>F + Ve, mus — \/2¢F>}

[1 + A2 {VDD — Va2 — Ve — Y2 (\/QCbF + Va,ms — \/2¢F> H (3.16)

From this complex expression, it is difficult to obtain a slenpelationship between the input
and the output of the source follower. This also makes thdigtien of the amount of gain
variation a difficult task. However, this equation does ptomwards other sources affecting the
pixel gain than the ones previously believed. Further, matseim owing to these higher order
effects is not properly modelled by any simulator and hemyesamulation will not be able to
predict the nature of gain variations in the pixels accuyafehis necessitates experiments with

arrays of such pixel to determine the gain variation fronrédsponses at different illuminations.
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3.3.2 Experimental setup

Experiments were performed on a chip manufactured in a atdn@l3%:m technology and
containing a small array of typical logarithmic pixels. Taeay had 1000 pixels arranged in
100 rows and 10 columns. Each pixel had a single nMOS load aadstage of nMOS type
source follower readout circuit. All pixels in a column sa common bias circuit of a single
transistor voltage controlled current source. The pixelafisions were 1@m x 10 yum and
device dimensions of the load transistor wagrh/ 0.6um(W/L). The source follower and
the switch had the dimensions ofi2n/ 0.6um(WI/L). The fill factor of the pixel was 58.
The arrangement was similar to Figure 3.4, except for theradesof the second stage readout
circuits. The row select switch of the pixel was connectednicon-chip shift register. This
enabled access to every row of the array through minimum euwitexternal signals.

In addition to the array, a large photodiode with dimensioin00 m x 100 m was also
manufactured on the chip. This diode was used to measuraghbelight intensity on the chip,
and thus act as an on-chip photometer. Further, using tlzerates of this large photodiode
and the photodiode in each pixel, one can estimate the plvoést in every pixel from the

measured photocurrent of the large diode, provided theishipiformly illuminated.

APD i

,pixel

IPD,pixel = [PD,largediodeA (317)
PD,largediode

It is well known that the peripheral columns and rows in amyguffer higher stress during
fabrication leading to higher mismatch. Hence, pixels bgiog to the 7 inner columns and the
90 inner rows (630 pixels) were used for this study. Abseri@second stage readout circuit
meant there were 7 output signals for every clock signal. ebonrd these signals, a computer
based data acquisition system using Instrunet 100B analdigital 1/0O unit was used. This
interface board has 16 single ended or 8 differential enadbgue inputs, in addition to 8
single ended analogue outputs. These analogue outputsuaedeto provide various biasing
signals, including the bias to the source follower.

The instrunet board used a 14 bits analogue to digital ctewgr convert the analogue in-
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put to TTL signal levels. The analogue outputs are genersed) an 8 bit digital to analogue
converter. In addition to these analogue signals, theunstrboard also had 8 bit bidirectional
digital lines, along with a 5V digital power supply and segground ports. These digital lines
were used to provide various digital signals including tleeks to the shift register in the chip.
In addition, these lines were also used to monitor the outfilie shift register. The Agilent Vee
programming environment was used to program both the analagwell as digital interface to
the Instrunet board. The same program was also used todhteith a general purpose instru-
mentation bus controlled semiconductor parameter ana{pzglent 4155B). This device was
used to measure the low photocurrents generated by thepamediode on the chip, thereby
measuring the input illumination intensity on the chip. Awtdhart of the control program is
shown in Figure 3.5.

In order to study the fixed pattern noise properties of thayathe pixels need to be stimu-
lated with uniform intensity images. Various kinds of ligiaurces were tested to generate these
images. The fluorescent lighting available in the labosateas the first to be used. However, si-
nusoidal fluctuations were observed in the response of #e¢ with these sources. Fluctuations
of similar nature but with smaller amplitudes were also olese in experiments performed with
ac powered tungsten lamp. A dc powered lamp, however, retnibvse flickers. An intense
(150W) dc powered quartz tungsten source was, hence usedeoage uniform images for all
experiments.

In addition to the lamp, the optical assembly included araiméd reject filter, to cut out
high infra-red components of lamp’s spectrum. Further, itaim a lambertian surface, the
light beam was passed through an opal glass diffuser. Aotmiicpass-filter was then used to
remove the effects associated with spectrum sensitiv@nsgpof the silicon diodes and neutral
density filters. A combination of neutral density filters wesed to vary the intensity of input
light falling on the chip. To reduce optical interferencerfr stray light in laboratory, the optical
assembly except the light source and the board under testheeised in a black box. A small

opening in the box was used to allow light to enter the tesipset
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3.3.3 Results

Various noise sources were observed during the experiménésmost prominent of these was
random fluctuations while measuring very low photocurrefte order of less than 100 pA,
from the large photodiode. Sources of such fluctuations naas lincluded the power lines
and/or the heating units. To minimise these interferentessial cables with a very small

unshielded contact was used to measure the photocurreatbldbk box, described earlier to
house the optical assembly, was further covered with meltgyers of aluminium sheets to
minimise any other electromagnetic interferences.

\Voltage measurements with the PC based data acquisitiod$bad transient noise of the
order of 8mV peak-to-peak. On the other hand, the same respamhen measured through
Agilent 4155B semiconductor parameter analyzer had pegleast temporal noise of 1.5mV.
This suggests noise at the data conversion stage in PC baagatsbHowever the measurement
speed of 4155B is low compared to the Instrunet board andsilimated memory. Hence, it
can not be used to measure response of large number of pbeleduce the temporal noise
measured through PC based board, several readings of eatrypdint were recorded and
averaged.

Using the aforementioned assembly, the pixel outputs awsilluminations as well as the
pixel response at no illumination and hence their dark resppwere recorded. These readings
along with the corresponding measured photocurrent wene itiput into an iterative routine,
similar to the one used by Joseph and Collins to extract ttee tharameters of each pixel [62].

The statistical behaviour of these parameters is listedanrable 3.1.

Parametet Units Mean Standard Deviation
Offset \% 0.552 0.017

Gain mV/decade -56.9 0.335

Bias fA 28.2 4.5

Table 3.1: Statistics of the three parameters of logarithoels with a conventional source
follower readout circuit (630 pixels)
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The gain variations from these results are of the order ¢ 0Bis level of gain variations
will not be able to produce images with ¥%2contrast threshold over a high dynamic range
as argued earlier. These results explain the high resideil from all additive fixed pattern
noise correction strategies. Another conclusion fromehesults is that either the subthreshold
slope of the nMOS load and/or gain in the readout chain of tkel pave a good amount of
variations.

It must be noted here that the array under investigation &wsmall array, when compared
to any typical image sensor array. Hence, distance dependematch factors are not present
in these results. Secondly, a single stage readout ciragitoeen used and hence column to
column fixed pattern noise due to second stage readout tsirisualso not included in these
results. Thus, in a typical array, the amount of gain vaorats expected to be higher than the

current value.

3.4 Alternative readout circuit

The theoretical analysis and the experiments with the gdromal source follower circuit sug-
gest that in order to improve the offset-only fixed pattermseaorrection strategy, the gain
of the readout circuits has to be increased and/or theiatvans have to be decreased. Read-
out circuits that do not involve source follower may provadigher gain and/or lower gain
variation and hence, need to be investigated. One circaitrttay do so is that of differen-
tial amplifier readout with feedback also referred to as titeva column sensor readout circuit

[66, 67, 68, 69].

3.4.1 Theory

A differential amplifier readout circuit with the possiltyliof providing near unity gain is shown
in Figure 3.6. The two pMOS transistors form a current miaod the transistob/4 acts as a
current source to bias the differential amplifier. The slwit¢3 will be assumed to be ideal. For

the currents in the two sides of the pMOS current mirror to dpgaé the gate-source voltages
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Figure 3.6: A readout circuit with a unity gain differentamplifier. Transistors\/2 & M3
belong to pixel circuit, while others are shared by all psxal a column.

of M2 and M2’ should be equal. Since the two transistors have their seatcgame potential,
their gate potential should be identical and hence the owplbe equal to the input voltage.
A similar circuit with a folded cascode has been also preskbly Snoeij, Theuwissen and
Huijsing [67].

Ideally the gain of the circuit should be unity, however, §mulated gain of this readout
circuit was found to be 0.922, which is still higher than tbéthe source follower circuit. It has
been claimed by various proposers that this circuit alsagesl gain variation while increasing
the gain when compared to the conventional source followadaout circuit. However, no

guantitative data has been presented on the magnitudéef eitthese two quantities.
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3.4.2 Experiments and results

To test the possibility of a higher gain with lower variatiivam the differential amplifier read-
out, arrays of 108 10 pixels of this type were tested, using the same assembighwas used
to test the conventional source follower readout circuitéie transistors M2 and M3 in the
Figure 3.6 are present in every pixel. The other transisibtee readout circuit including the
current source were shared by every pixel in a column. Thesmséhat the new pixel design is
similar to the pixel with source follower readout, save forextra column line. However, it has
been layed out so that it has identical fill factor to that avpous pixel. The nMOS transistors
(M2 and M2’) had dimensions ofi@n/0.6um(WI/L), where as pMOS transistor(M1 and M1’)
had a dimension 2am/0.6um(WI/L).

The parameters obtained from the responses of this arraharven in Table 3.2. It may be
observed that the bias and its variations for these readauiits are similar to that of source
follower readout circuits. Bias has its origin in the photmte used and with both the pixels
using similar photodiodes; similar values for this paranetere expected. The mean offsets
are higher in the differential amplifier readout pixels. 98 also an expected result as the
differential amplifier readout circuit does not include anmjtage drop as in the source follower
readout circuits. Offset variations in this readout are alery similar to the former. The
primary sources of offset variations have been observed thdthreshold voltage variation in
the logarithmic load and readout transistors. The diffeaéamplifier readout operates using
a current mirror between the nMOS device® and M 2'. However,M?2' is placed at the end
of every column, and the hence a high amount of mismatch isd&d betweed/2 and M2’
owing to the spatial distance between the two halves of tmeomiThus any advantage gained
towards mismatch reduction by matching the currents inweehalves of the mirror is lost.
Further, both pixels share similar type of logarithmic Iaatl hence similar amount of gain
variations from the two circuits is within expectations.

The most important difference in the mean parameter vaguas increase in the pixel gain
from 56.9 mV/decade with a source follower to 66.7 mV/decatlen a differential amplifier

readout circuit is used. The latter value is also very clasthé gain parameter at the pixel
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Parameter  Units Mean Standard Deviation
Offset \Y 1.743 0.018

Gain mV/decade -66.7 0.340

Bias fA 26.2 6.3

Table 3.2: Statistics of the three parameters of the pixélstive differential amplifier readout
circuits (630 pixels)

without a readout circuit as determined by circuit simwatiThe larger gain of the differential
amplifier readout circuit means that the gain variationfi@se pixels will give rise to a smaller
contribution to fixed pattern noise. Significantly, becaosky two of the transistors within the
differential amplifier circuit are within each pixel, thisiprovement has been achieved without
increasing the area of the pixel.

The variability of the gains of the two types of readout citetlave, however, been found
to be comparable. The level of gain variations can be at&tto mismatch between the output
side and the input side of the two nMOS current mirrors of th&dout circuit. Since, the
gain variations are still approximately5% of the mean pixel gain, the discussion in previous
section shows that it will be impossible to obtain good guyatigh dynamic range images

without correcting for gain variations.

3.5 Conclusion

LogCMOS sensors suffer from severe fixed pattern noise, wdmisles from device variations
from pixel to pixel. These variations degrade the qualitythed image and are the principal
demerits preventing logarithmic cameras from becomingroengially popular. Building on
the survey of the techniques proposed for reduction of tH¢ &Pthe Chapter 2, this chapter
has produced techniques to reduce the effect of this noisiesoend image.

In the first section of this chapter, contrast threshold waaldished as an ideal measure
for the fixed pattern noise, in terms of imager’s differebilisy of the input intensity as well
as the end-user’'s experience. In view of this measure, mmattieal analysis of the various

FPN reducing techniques suggests that these techniqueseredly the offset part of the fixed
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pattern noise and place an extreme requirement on gaintiearis order to produce high

quality images. Further analysis of the pixel circuit sugjgehat the readout circuit is a major
culprit towards the high gain variations. A high gain readducuit was hence experimented
with to reduce the effect of gain variation. Gains, highenrtihe conventional readout circuit
were obtained, however, these were not high enough to coth@eeffect of their variations,

which was found to be similar to that of the conventional meddircuits. This means that one
has to correct for offset as well as gain correction in ordgaroduce good quality images from

arrays of logarithmic pixel.



Chapter 4

Electronic Calibration of Logarithmic

Sensors

| measure every grief | meet
With analytic eyes;
| wonder if it weighs like mine,
Or has an easier size.
Emily Dickinson
The discussion in the Sections 3.3 and 3.4 suggests thatelebmining higher gains using
improved readout circuits, one will have to correct for geamniations in order to obtain a good
quality high dynamic range image. The technique used bypboaed Collins for gain calibra-
tion has already been introduced in the earlier chapter. edevw this technique is impractical
on account of demanding non-real time computation and néadiform images for calibra-
tion. A simple yet effective calibration technique to catrior all parameters is hence required.

An electronic calibration scheme along with various optazal electronic assemblies required

to verify this scheme will be presented in this chapter.

4.1 Introduction

In order to calibrate a pixel against offset, gain and biamtians, these parameters of all pixels

should be stored and used to compute the FPN corrected sespbeach pixel. The various

55
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parameters in this equation are dependent on the workinditocams, mainly temperature, as
shown by Joseph [66]. The offset and gain are expected tater enonotonically increasing
or decreasing with temperature, depending upon the matowifag process used. The bias
depends on the leakage current. This leakage current dotdrleevery 10 degrees rise in
temperature and the same is expected for the bias. Henceartiera needs to be calibrated at
the time of use.

There are only three unknown parameters in the model and ff@ameters can therefore
be estimated using three data points per pixel. Furthernmre of the parameters simply
determines the minimum illumination at which the pixel give logarithmic response. Only
two data points per pixel are therefore required to corrcvéariations in both offset and gain.
In particular, if the response of each pixel is measured atdwrents that are large enough so
that the contribution of bias term to the response of thelpsxaegligible, then the gain and

offset parameters for the pixel can be calculated using

Y1 — Yo
e 0
a = y; —bln(xy) 4.2)

wherey; is the pixel response at reference currentindys is its response to another current
x9. The last two equations can be solved to find the valuesaidb. If required, these two
values can then be used with dark response of the pixel to actantipe value of bias term

c = exp(ydb_a) (4.3)

Thus, complete characterization of the pixel by all paramseis possible. These equations
can also be used to determine the statistics for the vanmti@tween pixels for a particular
circuit design. Otim and co-workers have studied the paréorce characterisation using this
method and iterative computation used earlier and founoh tttebe comparable over a wide
dynamic range [70].

The data from each pixel could be used to correct each imagefset and gain variations.
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However, a more direct method of performing offset and gaimection is simply to use the
responses of the pixel at the two reference currents. Incpéat, substituting equations 4.2

and 4.1 into equation 2.10 gives

Y1 — Y2

Yy = Y — bln(xl) + mh’lx
Y1 — Y2 z
= g — T2 2 4.4
n In(zy/x2) . T (4.4)
This can be re-arranged to give a corrected ougpjit
Yeorr = I = LIy (4.5)

T1 Y1 — Y2 T2

which shows that the ratio of the two reference currents isranson multiplication factor,
while one of the reference currents becomes the scalingrféat the logarithmic response.
The pixel output can therefore be corrected to compensatéfet and gain variations without

any knowledge of the actual currents used to obtain thereaidn data needed.

4.2 Circuit design

One method to obtain 3 points to perform such a calibrationlevbe to show the camera two
bright uniform scenes of different light intensity and therclose the shutter and take the dark
reading. But for the end user, providing two differently miinated, yet uniform scenes and
then to close down the shutter will be too cumbersome. It isngonvenient to obtain the data
electronically. Another advantage of electronic calitanais that the reference currents used to

obtain the data can be selected by the circuit designer toretise best possible results.

4.2.1 Pixel circuit

The logarithmic pixel, shown in Figure 4.1, has been deslgnebe calibrated electronically,

if necessary. In this circuit transistdf 1 is the load device that converts the photocurrent to a
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voltage. Transistol/ 4 was included in the pixel to limit the voltage across the pdaide while
transistor)M 5 acts as a calibration enable switch. This switch can be usedglcalibration to
selectively connect the pixel to the drain of transist®éé which acts as the voltage controlled
current source. In order to save area and to ensure unifpoahibhe current flowing in different
pixels, this device is shared by all the pixels in the sameroal The differential amplifier
readout circuit described in the previous section has bsed to provide improved gain in
the readout chain. The devic@$1, M4 and M5 have the dimension ofidn/0.6.m (W/L),
whereas the device® 2 and M 3 have the dimension ofi@n/0.6um (WI/L).

Column
Voltage

Figure 4.1: A logarithmic pixel with one stage of a differahtamplifier readout and circuit for
electronic calibration

4.2.2 Calibration circuit

In addition to readout circuits, every pixel in a column €saa common calibration current
source. Although FPN correction takes into account vanetiin the readout circuits, these

shared current sources introduce a new source of FPN bethfgemrent columns of pixels. To
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allow the variability of these current sources to be quadifand to allow for correction for
this type of FPN if required, the pixel array is designed sat #ach of these current sources
can be selectively connected to a reference pixel circtiis feference circuit is the same as a
logarithmic pixel, except that it does not have a photodiode

To characterise the variability of the current source, astamt calibration voltage is applied
to the gates of all current sources. Each of these currentesis then connected to the refer-
ence circuit in turn and the response of this circuit is measuThe response of the reference
circuit to the different current sources gives a measurenability of these sources.

To complete the calibration circuit, the calibration sélewitch of every pixel is activated
by an ‘AND’ combination of the row select and the calibratgignals. The switch to feed the
calibration current source to the reference circuit isvatéid by an ‘AND’ combination of the
column select, calibration enable signals and the row ssigial for the last row. This ensures
that at any particular time a current source can only suppiyeat to either one pixel in the

column or the reference circuit.

4.2.3 Test chip

An integrated circuit has been designed and manufactuegdtmtains an array of 200100
electronically calibratable pixels, with the various awolu circuits as described above. This
circuit was fabricated in a 0.3om standard CMOS process from Austria Micro Systems. Each
pixel has an area of 10m by 10.m with a fill factor of 49%. Figure 4.2 shows a representative
schematic of various circuits in the test array. In additmthe pixel, readout and the calibration
circuits explained earlier, the array also contained colamd row scanners to selectively access
every pixel. These scanners were designed using passst@nigigic. The scanners were
powered through a separate power line and were spatialtggen to minimise the effect of
transition feed-through to the analogue circuit. The roansers produced two outputs for
every row of the pixels as shown in Figure 4.2. The first of ¢heas the ‘row select’ signal
which was connected to the readout switch in every pixelif@el/ 3 in Figure 4.1). The second

signal was the ‘calibration enable’ signal which was coteeto the calibration switch of every
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Figure 4.2: Test chip with different stage of readout citeul he row shift register generates a
row select signal to select one row for readout. It also geesrpixel calibration enable signal
for the calibration frames. The column shift register gates the column select switch and
calibration source correction signal. In the figure ‘coéirstis for column readout circuits.

pixel (deviceM 5 in Figure 4.1). Similarly, the column shift register alsoguced two signals.
The first of these was used to connect to the column readauiitsiand the second was used to

study the variations in the column current sources. Therskstage of the readout was similar

to the first stage and used a differential amplifier circuit.

4.3 Experimental setup

Initial experiments with the array were limited to the stuafyone column of 200 pixels only.
This was primarily done in order to prove the concept of etett calibration and avoid column
effects as well as analysis of large streams of data. Furéheentral column was used to
remove the periphery effects. For these experiments, l@esdmstruments were sufficient and
hence the setup involving Instrunet 100B PC based datasitiqniboard and Agilent 4155B
semiconductor parameter analyser, explained earlieruged. 1t has been reported earlier that

analogue measurements involving the semiconductor paea@alyzer are less noisy than the
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ones performed through analogue inputs of the PC basedagies#ion board. Hence, the data
was acquired through the analogue voltage input facilitgevhiconductor parameter analyser,
while experimenting with a single column.

However, the speed of operation of Instrunet 100B and Ag#dé55B, controlled through
a general purpose instrumentation bus, was limited to femzdeHence, data collection from
the whole array using these equipments would be a time canguymnocess. This would also
raise additional constraints on temporal stability of tightl output. Owing to these problems,
a different clocking and data acquisition strategy was ededhile experimenting with the
whole array. Clocks and other digital signals, needed tothespixel arrays, were generated
using a Xilin<MSpartanV-3 field programmable gate array. The gate array chip wasglac
on a Digilent S3 board. IS®design platform from XilintMwas used to program these gate
arrays using VHDL (Very High Speed Integrated Circuits HaadsvDescription Language).
The flowchart of the program was similar to the one used fdimgsmaller arrays with the
addition of structures for the column shift registers. Ehssuctures, in turn, are similar to the
ones used for the row shift registers.

The analogue output voltages from the pixel arrays werdigégi using an external 2MSPS
16-bit ADC from Analogue devices. The clocks and other dgmaquired for this ADC
were also generated using the XiliSpartai™-3 FPGA. The digital output of the ADC was
recorded using the PowerDaq digital input data acquisitioard. The recorded output was
written directly onto the hard disk of a PC using direct meynaccess to increase the speed
of data acquisition. The temporal noise recorded from thesasurements had a peak to peak
range of 1mV. Hence, to reduce the temporal noise betwearpdatts, introduced by the con-
nection between the pixel array output and the ADC, to less tha signal corresponding to
the target sensitivity of a% change in contrast, each measurement was recorded 8 times an
the measurements were averaged to produce the correspatadapoint.

Improvements were also carried out to the optical setup.dfgifusers to obtain lamber-
tian surface results in loss of intensity and thereforeh) leignamic range could not be generated

with the light sources available. Hence, the diffusers wepdaced by an integrating sphere of
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diameter 100 mm and an output port of diameter 10 mm. The oykpu of the integrating
sphere was large enough for the chip area to be illuminated.

A DC-powered stable light source working at 12 VV and 100 Wats used with the sphere.
As before, the intensity of the resulting uniform outputimeaas then altered by using neutral
density filters and/or by varying the input power of the lightirce. At different light intensity,
the photocurrent flowing in the large photodiode presenhéahip was used to determine the
photocurrent through a typical pixel. The bias voltage egapto the column current sources

could then be used to ensure that two typical currents wexe tascalibrate the pixel array.

4.4 Experimental results

An added advantage of having a calibration source per coiantime array is that, it can be
used to generate any current, which can then be fed to a pi&irulate an optically gen-
erated current. This way, a pixel can be tested electrdpivathout the need of any optical
sources. This method also has the advantage of being simgHast, in addition to the ability
of stimulating high intensity scenes, without the need ghhintensity light sources and the
disposal of the heat associated from these sources. Arebating is hence required only to

study the variations in photodiode responses.

4.4.1 Pixel response

Figure 4.3 compares the simulated and the measured respbtiseelectronically calibrated
pixel, when stimulated with the calibration current sour¢ee two curves show good match.
Parameters of the pixels in the central column of the array wgtracted using the simple pa-
rameter extraction procedure, explained earlier. Théstital values of these parameters were
found to be similar to the ones reported for the differerauaplifier readout pixel. Table 4.1
shows these values.

A few of these pixels were also studied for the temperatupeddence of the parameters.

However, the limitations of the constant temperature itg@bailable in the lab meant that these
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Figure 4.3: Comparison of simulated and experimental resulth calibration source as the
source of excitation currents.

Parametet Units Mean Standard Deviation
Offset \% 1.743 0.0174

Gain mV/decade -66.7 0.360

Bias fA 26.1 6.1

Table 4.1: Statistics of the three parameters of the eleictatly calibratable pixels with the
differential amplifier readout circuits from the centralwmn of 200 pixels in the array

studies could only be conducted between 40 and 70 degreai€€ldie electronic stimulation
method also enables a low cost solution to temperaturentebly keeping the test board in
a small oven, as temperature stable high intensity lightcesuare costly and would require
a large temperature stable oven. Figure 4.4 shows the typataviour of offset, gain and
bias parameters against temperature. It is observed thaidk doubles every ten degrees rise
in temperature, which is expected, as bias depends on leakagent, which doubles every
ten degrees rise in temperature. The offset and gain moicatiyndecrease with temperature.

While the offset decreased by 14 mV per degree rise in temperathe gain fell by 0.95
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mV units (corresponding 2mV/decade) for every 10 degressiri temperature. A detailed
theoretical study of these results has been carried out iy [@1].

It must be noted that these results are correct only to theedef the correctness of the pre-
diction of temperature response of the calibration cursenirce from the simulator. Further,
these studies represent temperatures at the extreme enhd cbihmercial temperature range
and hence will not be replicated in most usage of a digitaleramHowever, a quick conclusion
from these results is that the pixel parameters are verytsen® working environment, partic-
ularly temperature. Hence, an onsite calibration is reglio compensate for various changes
in working environment. Further, this procedure should éygeated for every change in the

working environment.
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Figure 4.5: Uncorrected response from a column of pixel ypaal uniform scene

4.4.2 FPN correction

Figure 4.5 shows the response of a column of pixels to a typitéorm scene. The peak-to-
peak variability in these responses is of the order of 30mifclwvcorresponds to half a decade
of illumination. These variations need to be corrected adeoto produce good quality images.
To correct images for both offset and gain variations, tlspoase of each pixel to two different
input currents needs to be measured. The two currents usgerfiarm fixed pattern noise
correction need to be chosen carefully. In particular, tngagion 4.1 assumes that the effects
of leakage currents are negligible on the pixel responsas Mieans that the smaller of the
two calibration currents should be chosen to be signifigdatber than the leakage current in a
pixel. As described in Section 3.1, the aim of any fixed patterise correction algorithm should
be to achieve a contrast sensitivity betweer{L-Blence, the smaller current was set to at least
one hundred times the largest expected leakage currentchidiee of the second calibration
current is more difficult. Since the correction procedurégeseupon the difference between

the responses of each pixel to the two input currents, it @aexXpected that the accuracy of
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correction will be improved by using two very different inprurrents. However, the minimum
value that can be used is fixed and it has been pointed out sismdation data that the larger
of the two currents must be small enough for the load tramsistremain operating in weak
inversion, rather than moderate inversion [71]. Even wipixal model that includes the effects
of the load transistor operating in either weak or moderatersion, it is difficult to predict the

nature of residual FPN with any maximum current used to catibeach pixel [71]. The effect

of varying the larger of the two calibration currents hasefi@e been investigated empirically.

15 T T T T

Residual Contrast Threshold

Photocurrent in A

Figure 4.6: Residual fixed pattern noise expressed as cbtitrashold’ at different photocur-
rents with one calibration current fixed and a second caldmwacurrent that is 1, 3, 5.5 and 6
orders of magnitude larger than the first.

To quantify the effects of different choices of calibratimunrent, the response of 200 pixels
in a column was measured over a wide range of different ctgrganerated by the current
source at the end of the column. One of these responsessponding to a photocurrent
significantly above the leakage current was then chosena®sfothe calibration points. The

impact of various different choices of the second calibratiurrent on the level of fixed pattern
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noise is shown in Figure 4.6. These results show that fooatilmnations of calibration currents
the quality of the final image is degraded at low currents, wthe leakage current becomes
significant, and at high currents, when the load transigterates in moderate inversion. More
importantly, these results show that when appropriatdlon currents are selected, fixed
pattern noise is reduced to less than the equivalent dfal2ange in contrast for currents
corresponding to six decades of light intensity. Thus, bygeming offset and gain correction,

it should be possible to create a sensor that matches thenityn@ange and contract sensitivity
of the human eye. The data of a pixel column shown in Figurgaftér correction for offset

and gain has more limited variations, as shown in Figure 4.7.
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Figure 4.7: Response of a column of pixels after calibratiooffiset and gain

The experimental data obtained from electronic stimutatibthe pixel column can also be
used to simulate the double sampling approach of fixed pattgise correction and compare it
to the current procedure. In Figure 4.8, one of these regsdmss been selected as the reference

point for double sampling, and FPN correction has been padd by subtracting this response
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from other responses. It may be observed that removal ofiagldixed pattern noise by double

sampling removes the major source of FPN. However, otheceswf FPN become prominent

once the additive error has been removed. It should be netedthat the reference frame used

in the Figure 4.8 is such that the pixel still operates in thgatithmic region. The reference

frame from moderate inversion region, as used by Kavadidscarworkers [54] or the dark

current output as used by Lai and co-workers [56] would dtarally increase the residual

fixed pattern noise. Another important inference from Fegdr8 is that the residual FPN in

double sampling procedure depends on the input intensitigeocene and increases with the

intensity difference from the reference frame increases.
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Figure 4.8: Comparison of double sampling and two parametidoration procedure. The
residual FPN with simple double sampling increases as onesnaway from the calibration

frame.
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Figure 4.9: Residual fixed pattern noise at different illuation levels. Curve (a) shows the
residual fixed pattern noise after electronic calibratiorthe response of a pixel stimulated
electronically. Curve (b) shows the residual FPN after etent calibration of the response
of one column of pixels stimulated optically. It should baewthat these data do not include
column current source variations. Curve (c) shows the rasiiked pattern noise in the array
of pixels stimulated optically. The responses have beerectad for pixel as well as current
source variations.

4.4.3 Optical stimulation

The one source of variability between pixels that will notdmerected using the responses of
pixels to currents flowing through the voltage-controlledrent sources in each column, is
variations in the responses of the photo-diodes. To quatité impact of these uncorrected
variations, the response of a column of 200 pixels to varyawgls of uniform illumination
was measured. The resulting data was then corrected usngsponses of the same pixels
to two similar currents flowing through the voltage contdllcurrent sources. The results in
Figure 4.9 show that after correction with this data thechesi fixed pattern noise corresponds
to a contrast change of less tha#%. A comparison with the corresponding results obtained

from the responses of the pixel to the same currents flowinguth the voltage-controlled
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current sources, also shown in Figure 4.9 suggests thatticars between the photodiodes are
equivalent to a contrast of approximatdly. Variations between photodiodes are therefore
expected to make a significant but not dominant contributiaihe residual fixed pattern noise
remaining once an image has been corrected to compensaggifions in the gain and offset

of pixels.

4.4.4 Uniformity of calibration current sources

Ideally, a single current source would be used to calibrateepixels in an array. However, the
relatively long time required for the response of each piaedettle would make this a lengthy
process. To reduce the time needed to calibrate the pixetdtage-controlled current source
has been included at the end of each column. Although thisedlce the time needed to gather
the data from each pixel, using different current sourcesduces a source of non-uniformity
that could cause fixed pattern noise between columns rdthertetween pixels.

To study the uniformity of the column current sources, a tamsgate voltage was applied
to the current sources and their outputs were selectiveipected to the reference pixel. A
marked variation in the reference pixel's response wasrgbdavhen it was connected to the
different column current sources. From the reference Bixekponse it was found that the
calibration currents generated by these sources had aivariaf approximately &. This
variation is too large to be ignored. Figure 4.10 shows theaeted photocurrents at a typical
illumination across a row ignoring these variations, thgrerompting the need of a procedure
to compensate for the variations between the calibratiorents in each column of pixels.

In order to remove the effects of offset and gain variatidths,response of each pixel and
the reference pixel must be measured at two input currefrttse response of a particular pixel
and the reference pixel at one input current greandy,,., whilst their responses at a second
current arey, andys,,., then a subsequent output from this pixgl,;, can be transformed to the
equivalent output from the reference pixgl,., using the equation

Yir — Yor

Youtr = Y1r — —(yl - yout) (46)
Y1 — Y2
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Figure 4.10: Currents extracted from a single row of pixglsi(sing across all columns) before
and after correction for current sources variability. Teemd stage correction process removes
the residual FPN arising due to variability in calibrati@usces present in every column.

This expression then generates an image which is equivialéhe one that would be ob-
tained if the reference pixel occupied each position in ti@ dimensional array. Ideally, this
means that there will be no fixed pattern noise in the final wiutpage. After correcting for
these column current sources, a worst case contrast thdesh®.5% was obtained for about
five decades of illumination for the complete array afteitration of pixels and correction for
calibration sources, as shown in Figure 4.9. The residuadifpattern noise for the whole array
after correction is higher than that of a single column byuatift. The source of this error lies
in the correction procedure for calibration currents, whias an accuracy of approximately
1%. To make the calibration procedure easier and more acdarger current sources may be

used in any future design to minimise the effects of this sewf variability.
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4.5 Conclusion

An electronic calibration procedure has been proposedisnctiapter which is capable of re-
moving the offset as well as gain related fixed pattern noEas involves use of a voltage
controlled current source, present in every column, to pcedwo reference calibration cur-
rents. The output of every pixel at these currents is recbeshel used to extract the values of
offset and gain parameter of the pixel using a simple paranettraction procedure. These
parameters are then used to estimate the actual photoctlowmg in every pixel from the
output of the pixel.

Mismatch in the calibration current sources, however, Bamew source of fixed pattern
noise, across the columns. To correct for this new sourcexsernal pixel which could be
selectively connected to each of these sources, was usedoufput of this reference pixel to
different current sources was used to correct for theirati@ms. This two stage correction pro-
cedure led to very low fixed pattern noise from an array of filyanic pixels, thereby enabling
them to produce images with contrast threshold matchingofithe human eye. An interesting
future activity would be to investigate the exact effect b&nge in temperature on the calibra-
tion process. Two possible approaches may be studied. Qoeegsalibrate the camera after
a certain degree change in temperature. The other could daiboate the parameters against
change in temperature. Both of these need to be investigateée &ull range of commercial

temperature range.



Chapter 5

Dark Current Suppression in Logarithmic

Pixels

Dark is the past to them, and dark
The future still must be,
Till pitying Saints conduct her bark
Into a safer sea—
William Wordsworth

5.1 Effect of high dark current on logCMOS performance

It has been observed in the previous chapter that high darkrduadversely affects the per-
formance of electronic calibration technique in low ligkgions. The simple two-parameter
correction technique yields very high residual fixed pattesise in low light regions, due to the
non-negligible influence of this leakage current (showniguFe 4.9).

One way to reduce the effect of the dark current on the caidsrdechnique may be to
calibrate for the bias parameter along with offset and gaih® pixel. This may be achieved

by extracting the bias parameter from the dark responsesgdiiel,y,, as follows

c = exp ydb_a (5.1)

wherea andb are the offset and the gain of the pixel respectively. Theagtorent at any

73
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instance may then be calculated according to the followqggon

Tph = €Xp yphb_ ¢ ¢ (5.2)

However, these two computations have high complexity aedldficult to perform in real
time. Further, in the two parameter calibration processais proposed to shift the responses
of pixels in an array to that of a reference pixel using lineamputation to calibrate for the
variations in the column readout circuits and the columibeation sources. Involving bias
parameter in the calibration process would make this shiftlmear leading to iterative as well
as even more demanding computation. Thus, it is safe to wdecthat bias calibration is not an

efficient method for FPN correction,
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Figure 5.1: Figure showing loss of sensitivity at low phatwents due to high leakage currents
in the response of a logarithmic pixel

Even if one performs the bias calibration to reduce the FPMwnintensity regions, the
performance of the logCMOS pixel would still be degraded duthé diminishing sensitivity
of the pixel in these regions. Figures 5.1 and 5.2 show thdteaphotocurrent approaches the
dark current, the gain of the pixel reduces to fairly smallea. The reason for this reduction
is again the bias parameter, which breaks the strict Idgard relationship between the input

photocurrent and the pixel response. Hence the compugdtijaiemanding task would of little
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use, as the output signal will be lost in temporal noise omactof the low gain. Thus, low

dark current in a logCMOS pixel would be highly desirable.
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Figure 5.2: Decreasing gain of the logCMOS pixel at low photoents

This chapter is devoted to ways leading to the reduction efefifect of the typically high
dark currents in a CMOS process. The next section identifesdnous sources of the dark
current. The ideal approach to reduce the dark current waoelli improve the manufacturing
process. A review of several modifications proposed in thiessction has been provided in the
third section of this chapter. However, any process modi@inas costly to implement, thereby
increasing the cost of the image sensor produced. Henae,itha need to attempt other ways
to reduce the leakage currents. Towards this goal, theifgexttion of this chapter proposes use
of a double current mirror circuit to reduce the effect ofthdprk current on the performance
of the logCMOS pixel. The fifth section of this chapter utiiselayout technique to reduce the

leakage current. Experimental results from both theseniqaks have been provided.

5.2 Sources of dark current

Figure 5.3 shows various sources of dark currents in@p-sub diode in a typical CMOS

process. The dark current in this photodiode can be broda$gsified to be composed of two
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types of constituents [53]. The ideal or normal leakageenig owe their origins to the thermal
generation-recombination process followed by drift pheapa in silicon and the injection-
diffusion process. The former is due to thermally generataaority carriers having high
enough energy to cross the potential barrier. This phenomencontrolled by the Shockley-
Hall-Read equation for generation-recombination [72] dredrift current is given by [65]
Jirgen = 2 (5.3)

Tg

whereq is elementary charge constant,is the intrinsic carrier concentration of silicon, is
the depletion layer width ang, is the generation lifetime, which depends on dopant comaent
tion among other factors. Since the depletion layer widttheigendent on the applied voltage,
the output current also has a dependency on the applied dli@g®. In the logCMOS pixel,

this would mean the leakage current is dependent on the qikput.
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Figure 5.3: Sources of dark current in aiVp-sub diode in CMOS technology. The top figure
shows the top view of a diode, whereas the lower figure shogvsitte view of the diode.

The diffusion current, on the other hand, is zero in regiomayafrom junction due to uni-
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form distribution and random movement of carriers. Howgetlee carrier concentrations de-
creases near the depletion region giving rise to a largrsiliin current, which is dependent on

the distance from the diffusion edge.

dn
Jaraif = qDp— 5.4
drdif = 4 dr (5.4)
At the diffusion edge, this current is given as
qgD,n?
Jardif = : 5.5
drdif = TN (5.5)

whereD,, is the diffusion coefficient)V 4 is the majority carrier concentration, ang is the dif-
fusion length. In heavily doped regions, Auger recomboraglso affects the diffusion current
by changing the lifetime and diffusion length of a carries][6

The net current, however, is dominated by the thermal-geioer current owing to small
values of intrinsic concentration in silicon. This net @nt has also been shown to have tem-

perature dependence as follow [6]

Idr — CT1.5€—E9/2kT (56)

whereC'is a constant]" is the absolute temperatutg, is the bandgap energy, which also has a
temperature dependence an the Boltzmann’s constant. This means that the dark cument
the logCMOS pixel will double for approximately every 10 degiCelsius rise in temperature,
thereby further degrading the performance of the pixel.

Equations representing the various leakage current, hewake correct only when the re-
verse biased voltage across the diode exc8gd3gq. As shown in Figure 5.4, for reverse bias
voltages lower than this value, the leakage current rediacesro at zero reverse bias voltage,
before exponentially increasing for the forward bias vgpdis:

In addition to these normal leakage currents, there aresjpiareeakage currents in a diode

formed in a typical CMOS process. These owe their origins verse sources including the
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Figure 5.4: |-V characteristics of a typical diode in a tygdi€MOS process

dislocations near the isolations regions and surface danf¥dy 74]. The former is caused by
the contamination in the process and the various strespés@m processing. Local Oxidation
of Silicon (LOCOS) and Shallow Trench Isolation (STI) are greminent ways to introduce
isolation between devices in CMOS processes, with the latgrg preferred for deepsubmi-
cron processes. Both of these are known to introduce highanézdd stresses on the adjoining
regions. Oxide stiffness at the temperatures used in LOCO&:ps is a prominent source of
stress on the silicon wafer [75]. This stress causes los#bidions by creating a tensile stress
in the LOCOS area and a compressive stress in the active &ka [7

STI introduces even more defects owing to the large streiis@sg trench formation [76,
77]. This stress is due to the visco-elastic stress in théeoldi material along with the differen-
tial oxidation rates between the trench sidewalls and theaton surface[78]. Crystal defects,
primarily due to ion implantation and thermal annealingaixrease the number of defects.

Circuit simulators generally do not model these parasitigkdge currents, and hence falil
to predict the dark current. There have been few attemptsotehthese effects. Shcherback
and co-workers have empirically modelled the diode leakagerms of layout parameters as a

function of the pixel area and number of corners to accourthi®various leakage currents due
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to dislocations.

Ly, = aA+ Bn (5.7)

Here« and 5 are empirical constants, with having an inverse relationship with the corner
angles. A is the area of the diode andis the number of corners. From their experiments, it
may be concluded that corners are responsible for highkadgacurrent than the edges. This
model however, does not attribute any physical explanatiothese parameters.

In another model for the dark current in different geometngtpdiodes, Loukianova and
co-workers have assumed that the dark current has threeccemis [74]. The first is an area
dependent term due to processes occurring in the depledgoarn. The second component is
a length dependent leakage current from the p-n junctioneastirface (mainly in areas where
depletion comes to the surface). The third component netededdel the measured data was

a constant term. The resulting equation for the dark cumest

Ly = WA+ JL+ Iy (5.8)

where, J; is the current density (Afn?) generated in bulk4 is the area of the junction in the
bulk, J, is the current pepm generated in the surfacg,is the length of the depletion at the
surface ands is a constant current. From the results of this study, it wasd that for n/pwell
photodiodes the constant term is negligible and the lengfieddent term dominates the area
dependent term for the size of photodiodes typically usqaixels. Based on the experimental
results, they also postulate that in addition to these Ismicces, tunnelling plays an important
source for the leakage current, particularly in the higldped junctions with narrow depletion
layer. Further, at higher voltages in these junctions, ichpanization was also observed to

affect the dark current.
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5.3 Process improvements to reduce leakage currents

On account of all leakage phenomena, a photodiode in a nddM@S process has a high
leakage current of the order ofiA/cm? [79]. This amount of leakage current would lead to
about If A of leakage in a pixel of 10m pitch. With the optical sensitivity of aboutf ! /luz,
this is clearly a leakage current, which will affect the peniance of logCMOS pixel in several
natural scenes. The ideal way to reduce these currents Weutdimprove the process. Several
ways have been proposed to reduce these leakage currents.

One possible option is to increase the available signal pyuciag all incident photons. This
will not reduce the dark current; however it will increase #gignal to noise ratio. Techniques
such as microlenses [80], hole accumulation diode [81] attdneled junction geometry to
provide multiple interactions with light [82] have been posed to enhance the electric signal.

The majority of the process modification techniques, howewe to reduce either of the
two major sources of parasitic leakage current that is erdduce the surface defects and/or the
stresses caused by LOCOS or STI in neighbouring regions nigaés proposed to reduce the
surface defects include deuterium annealing [83, 84] and&ei passivation [85]. The stresses
caused at the active region to field oxide interface can bacestiby use of high temperatures
during LOCOS or STI [73], rounded angles of the diode [86]csgleangles of field oxide [87],
low and/or graded doping concentrations for junctions [884l silicide exclusion masks for
photosensitive area [89, 90]. An alternative approach isefparate the photodiode from the
defects and/or stressed areas. Vertical separation caohieved using pinned photodiodes,
similar to structures used in CCD processes [91, 92, 93] oetlyshotodiodes [73, 24, 94,
95, 96]. Lateral separation can achieved using spacerngtdiarrier films [97], field stop
layers or junction isolation regions (usually made of ptoag in p-substrate devices in either
LOCOS[79, 98, 99, 100, 101, 102] or STI[103, 104, 105]) andaism isolated trench for the
photodiode [106].

Some CMOS foundries are offering processes with additiomelgss steps to fabricate pho-

todiodes with reduced dark currents. Exact details of thedation steps being used and/or the
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dark current performance from each of these processesfaceltlto obtain. However, any pro-
cess solution is costly to implement on account of extragssing steps required and therefore
increases the cost of the image sensor produced. As an exaoma process with improved
photodiodes, available through the Europractice integratrcuit prototyping service, is 26
more expensive than its standard counterpart [107]. Heheeg is a need to develop ways to
reduce the leakage currents on standard processes witlrolsing use of any extra processing

step.

5.4 Circuit improvements

Two approaches may be pursued to reduce the leakage cunddot és effect on the logarith-
mic pixel. The first of these is to change the circuit while $lkeond is to improve the layout of
the pixel. The former approach may not be able to reduce tHealarent in the photodiode,
however, the effect of the dark current on the performandegf€MOS pixel may be improved

by proper design of the pixel.

5.4.1 Theory

One approach to do so would be to emulate the signal enhapoiogss modification tech-
niques. Ward and co-workers have proposed a circuit usinigp@adp Darlington circuit to
enhance the signal from the photodiode [108]. However, wighlogarithmic pixel, any gain
provided to the photocurrent will also enhance the darkenirand the net effect of any such
circuit would be to add an offset. This may be observed by dlleviing derivations, wherein

the parameter 'k’ represents the gain provided to the pliotent.

y1 = a+blog(k(z+c)) (5.9)

= a+blogk+ blog(z + ¢) (5.10)
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Thus, no improvement in the performance of logCMOS pixel isg@d For devising other
strategies, let us revisit the I-V characteristic of a pdaide as shown in Figure 5.4. An in-
teresting feature of the curve is the transition region ketwthe forward and reverse biased
regions. The diode current makes a transition from a higlitipesurrent to a very low nega-
tive current on the two sides of the axes. However, with dioids voltage at zero, the reverse
saturation current is zero and hence the current flowingutitrdhe diode consists of the pho-
tocurrent only. A pixel capable of maintaining zero potaldicross the photodiode would hence

have zero leakage current. One pixel, which can do so is showigure 5.5
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Figure 5.5: A double current mirror pixel to limit the vol&agcross the photodiode

To maintain near zero bias across the photodiode, the tsbown in Figure 5.5, uses a
double current mirror, with\/0 and A 0" forming an nMOS current mirror whild/1& M1’
form a pMOS current mirror [66]. Both mirrors are expected torkvin subthreshold. The
pMOS current mirror ensures the currents are identical entéto sides of the mirror. The
identical current in the two sides, in turn, forces the gaiarce voltage of the two nMOS
transistor to be equal. This means that the voltage at thesai M/ 0 should be zero, as the
source ofM () is grounded. The source voltage &0, being the reverse biased voltage of the
photodiode, will ensure that the leakage current of the giiotle remains zero for all pixels.

Further since this condition is obtained by negative feeklb# is expected that pixel to pixel
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variance will have minimum effect on it. The transistd#? and M3 form the first stage of the

readout circuit.

5.4.2 Experiments and results

Simulation of the circuit with the Cadence Spectre simulédora 0.35:m 3.3V p-substrate 3-
metal, 2-poly Austria Micro Systems CSI CMOS process [109sha low and fairly constant
level of voltage across the photodiode for a wide dynamigeaof photocurrent, as shown in
Figure 5.6. The logarithmic response of the pixel is alsdfieer by the upper plot. Further the
gain of the pixel per decade is appreciably higher than a abnOS load pixel. This stems

from the fact that the pMOS load provides higher gain.
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Figure 5.6: Results of simulation of the DCM pixel (a) Pixel muit (b) Voltage across the
photodiode

A 100x 10 array of these pixels, with dimensions ofyb@x 10um, and a differential am-
plifier readout was used for test purposes. The array andhipeace described in details in

the Appendix A.1. The differential amplifier readout cifchad the same dimensions as that
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Parameter of the pixel DCM Pixel Conventional Pixe
Offset Mean 1.787 1.743

V) Std. Dev. 0.056 0.017

Gain Mean 94.0 66.8
(mV/decade) Std. Dey.  4.40 1.01

Bias Mean 36.4 26.1

(fA) Std. Dev. 12.9 6.3

Table 5.1: Statistics of the three parameters of the doulest mirror (DCM) and the con-
ventional pixels (630 each)

of the pixel used for calibration in the previous chaptere Ttansistors\/0 and M0’ of Fig-
ure 5.5 had dimension ofidn/0.6um (W/L), while pMOS M1 and M1’ had dimensions of
10um/0.6um (WIL).

Experiments were performed with this pixel using the as$gmbed to measure the per-
formance of the readout circuit, as explained in sectior23.Bhe experimental procedure was
same as the one used for comparing the two readout circurtl the inner 630 pixels were
used for comparison, to avoid any effects due to the additistiess on the terminal pixels.
Uniform scenes of different light intensities were genedaand the pixel responses at these
intensities were stored. The pixel response to the inpahsity was observed to be logarithmic
as expected. Various parameters related to the pixel respoare extracted from the responses
of the pixels. In order to compare these parameters withahatconventional pixel, the same
experiments were also carried out with a conventional put# similar readout.

Table 5.1 compares the statistical values of the variouspeaters of the two pixel designs.
As expected, the gain provided by the DCM pixels;8%/decade, is significantly higher than
that of the conventional pixels, owing to the use of pMOS &adhus, these pixels provide
a higher resolution in their outputs. Further, the meanaslof the offset parameter in the
two types of pixels are comparable, as expected. This isaltieetsame readout circuit used
in the two pixels. The variation of offset in DCM pixels is hghthan that of conventional
pixels. This can be attributed to pMOS transistors, whighkarown to have higher mismatch
that their nMOS counterparts. The process parameters fotéi©arlo analysis as provided by

the manufacturer support this claim [109].



CHAPTER 5. DARK CURRENT SUPPRESSION IN LOGARITHMIC PIXELS 85

1.0 T T Ty T YT

1.8

17

Leakage Current (A)
g = g
= (9] (=]

=
w

I
)

11

sl Ll Lol il i
107 10° 10° 10° 10°
Photocurrent (A)

1 Lol il Lol P | P
10718 10*17 10*16 10*15 10714

Figure 5.7: Diode leakage currents in the DCM pixel at varieusls of photocurrent

The leakage dependent bias parameter and its variatiomtun&tely are higher than that
of a conventional pixel. This means, contrary to our exgemtathe DCM pixel has a larger
dark current than that of the conventional pixel. It appélaas the double current mirror pixel
is failing to maintain a small enough bias across the photislio reduce its leakage current.
One explanation could be failure of the two mirrors to havifigant matching for the correct
operation of the pixel. To minimise the pixel area, only drdal/ices can be used in the current
mirror and it appears that the resulting mismatch betweeicee may mean that the circuit
is too far from ideal to be useful. Extended simulations @f ¢ircuit using more relaxed pa-
rameters show that the voltage across the diode fails totenaigero levels at low currents.
The simulation results, as shown in figure 5.7 and 5.8, doestgg mismatch in the current
mirrors at low currents. From these results, it is appategit the DCM maintains a fairly low
leakage current, when the photocurrent in the diode is hitgiwever, with low photocurrents,

the leakage current rises. The voltage across the photdisd rises at low leakage currents.
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Figure 5.8: Voltage across the diode in the DCM pixel at ddferdevels of photocurrent

5.5 Layout improvements

Failure of the double current mirror prompted an inquiry atgmtial use of circuit layout tech-
niques to reduce the leakage current. Following the disonss$n the Sections 5.2 and 5.3, itis
clear that one of the principal components of the dark caitras its origins in the diode edge s.
This has prompted various researchers to propose solutionsoduce a barrier between these
two regions using additional process steps in order to redue leakage current as described
earlier. However, similar barriers can be introduced bygsi suitable layout without the need
of any extra process step.

Kopley, Vook and Dungan have proposed a biased guard lageferpbly of a conductive
material, to block the doping of the active area diode dufafgication in an active pixel sen-
sor [110]. If the guard layer is biased below the thresholtge for formation of a channel
this structure reduces leakage currents by separatinghtitegiode from the field oxide. Cheng
and King have used a similar structure, but have utilisectareset ring structure to reduce the
dark current in active pixel sensor [111]. Thus, a guard aragund the diode should reduce the

dark current of a logarithmic pixel.
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5.5.1 Theory

In order to test the possibility of reducing leakage curnesing such a guard ring, simple
logarithmic pixels of Figure 1.8, were manufactured witld avithout guard rings. Figure 5.9
shows the layout of a 20nx10um simple logarithmic pixel, with a guard ring designed to be
manufactured on an 0.3 process with a fill factor of 48. Similarly, Figure 5.10 shows the
same pixel without the guard ring structure. In the layouhwihe guard ring, the photodiode
has been encircled by the thinnest possible ring of pobsilj to separate the diffusion and
field oxide region. The layout does not meet the design rgjairement of minimum diffusion
spacings on two sides of a polysilicon feature, but this isaa@rocess critical design rule
violation [112]. The guard ring needs to be biased at a veltagow the threshold voltage of
the technology. In an active pixel sensor, this guard ring loa used as the reset gate of the
pixel to reduce its impact on the fill factor. However, in adoighmic pixel this reset transistor is
replaced by the load transistor which operates in subtbiésio accommodate this transistor,
the photodiode is connected to the load device using a metigjdacross the guard ring which
is provided with a separate bias connection.

In addition, previous experience of electronic calibmatad pixels in this technology has
shown that the device leakage currents through nMOS dewiitks zero gate-source bias are
comparable to the dark current of the photodiodes used.|@akage current however reduces
to insignificant values when a negative gate-source voitagrcess of -25@.V is used. In this
layout the guard ring around the photodiode therefore actseagate of an nMOS transistor in
which the photodiode acts as the drain and the surroundgignects as the source. Applying
a positive voltage to the bias for the source and a zero wltaghe guard ring will ensure a
negative gate-source bias on this guard transistor.

This type of pixel has been fabricated to determine the &ffetess of the guard ring. How-
ever, the space between the metal track on the right handaédiggure 5.9 and the guard ring
is occupied by the left hand side circuit of the adjoininggbixhis means that it is possible to
accommodate the guard structure with minimum reductiorlifaitor. To study the effective-

ness of the guard structure, a small array of 20® pixels of both types of layout have been
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Figure 5.10: Layout of a logarithmic pixel with the guardgiremoved.
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fabricated on a standard 0,35 CMOS process from Austria Microsystems.

Comparison of the Figures 5.9 and 5.10 shows that by placagdhnection for the source
bias of the guard nMOS over the non-photosensitive regidghefdjacent pixel from the left
hand side, it is possible to accommodate the guard struatitihea minimum reduction in fill-
factor. To determine the effectiveness of the guard stract small array of 10010 pixels
of both layouts, with conventional source follower readcintuit were fabricated on a typical
0.35%:m CMOS process from Austria Microsystems (C35). However, dug thange of the
typical 0.35:m CMOS process offered by the foundry, the chip could not beuigatured in
the same process as that of DCM pixels. The new process psdfiad&®ur metal and two poly

layers.

5.5.2 Experiments and results

Experiments involving these layouts were conducted witifoum scenes generated electroni-
cally. The strategy used to determine the effective darkecuiiin each pixel in the array was
based upon the technique that has been previously usedractdréze the logarithmic pixels.
This was possible because the electronic calibration itiveas also manufactured with these
arrays. This removed the need to optically generate unifmyinh scenes to extract parameters.
Further, presence of these circuit, helped in extractiothefoffset and gain parameter, using
the techniques used for electronic calibration. The biaarpater was extracted using the dark
response of the pixels, as per the equation 5.1. Howeveoptieal properties of the two arrays
were still compared using uniform light scenes to elimine possibility of loss of optical
performance from the pixels with layouts of guard ring. Thwee parameters of the two arrays
of pixels are summarised in the following table.

The three parameters of the two arrays of pixels as calaufaden the experimental are
summarised in the Table 5.2. As expected the offset and gasmpgeters of the two different
pixels are very similar. It can also be seen that the meareafldark current related parameter
of the layout with the guard ring is less than half of that @ paxel without the guard ring. In

addition, the spread of the dark current related parametealso been reduced to one third of
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Parameters of the pixe|] Without guard ring| With guard ring
Offset Mean| 680 668
(inmV) Std | 8.9 9.2
Gain Mean| 55.8 56.2
(inmV/decade) Std | 0.26 0.28
Bias Mean| 0.75 0.31
(in fA) Std | 0.27 0.10

Table 5.2: Statistics of the three parameters of pixels aiith without guard ring (630 each)

its original value. This means that the worst case dark otiirethe pixel array is expected to
be reduced by a factor of between two and three by using thelgung. In fact, results show
that in addition to reducing the mean and the standard dewiaff the dark current related
parameter, the presence of the guard ring also eliminatee garticularly high dark currents
that occurred near the edge of the array of pixels withoutaadyting. In fact, using the guard
ring reduced the worst case dark current fromf218o less then 0.6A. The worst case dark

current is therefore reduced by a factor of almost five.

5.6 Linear response from the layout

In addition to reducing the dark current, the new pixel laylwas a second possible advantage.
In particular the biasing scheme for the guard ring can begbe to increase the sensitivity of
the pixel at low photocurrents.

To reduce the dark current, the guard ring is kept at zerodndshe pixel is operated con-
tinuously. However, it is also possible to apply a resetuls the guard ring. To understand
the effect of this, let us consider the equivalent circudwh in Figure 5.11. The figure shows
that if the gate voltage of the reset transistor is held logvgixel will have a logarithmic re-
sponse. However, if a positive pulse is applied to the gaeriternal capacitance can be reset
to a voltage above the gate bias for the load transistor. Witliturn off the load transistor. The
photocurrent will then discharge the pixel capacitanceréate a linear response. However,

eventually the voltage in the pixel will fall below the gat&ab voltage for the load transistor
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Figure 5.11: Equivalent schematics of the layout with guarg used as a pixel with combined
linear and logarithmic response

which will then supply current and an equilibrium will be a&ved when the pixel output volt-

age is proportional to the logarithm of the photocurrenthd pixel output voltage is measured
at a predetermined time after the reset pulse has gone lopixgewill have a linear response
at low light-levels and logarithmic response for high ligéels.

To show this new operating mode a pixel with a guard ring has lbested at various elec-
tronically generated currents. Figure 5.12 shows the teatpesponse of the pixel at three
different photocurrents. As expected at low photocurresdgiivalent to low light intensities,
the pixel capacitance is simply discharged by the photeotmuntil the pixel is reset. In con-
trast at high photocurrents, an equilibrium is quickly aeled and the pixel voltage is constant.
The relationship between this constant voltage and theophatent is most easily determined
by measuring the pixel output voltage at the end of a constéegration time for different
photocurrents. The results in Figure 5.13 show the lindatiomship between output voltage
and photocurrent at low photocurrents followed by a linegian at higher photocurrents. The
pixel response curve undergoes a smooth but quick trangigoween these two regions of op-

eration. At the extreme right hand side of the data theresis @vidence of the beginnings of a
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Figure 5.12: Response of the pixel as a function of time. Thkelstarts integrating when the
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Figure 5.13: Response of the pixel at various photocurrents fixed integration time. The
pixel shows a linear response till a few picoamperes andarikbgnic response at higher pho-
tocurrents. At very high photocurrents there is also ewdenf the beginnings of a breakdown
in the logarithmic response as the load transistor is drinenmoderate inversion.
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breakdown in the logarithmic response as the load tramssstlriven into moderate inversion.

5.7 Conclusion

The logarithmic pixels are not able to compete with theieéincounterparts in low light condi-
tions. This is due to high inherent leakage current in the CNd@f8ess. This current not only
limits the lowest imagable input intensity but also degsatlee sensitivity of the logarithmic
pixel for two decades above the lowest intensity. In addjtibalso degrades the performance
of two parameter calibration process. Since this leakageuflows even in absence of any
illumination, it is often referred to as the dark currentiod pixel.

The principal sources of this dark current can be broadlgsifi@d in two groups. The
first group is present in every silicon junctions and owesoitigiin to thermal generation-
recombination and drift phenomena. The second group owesigin to the defects in CMOS
processing. High stresses at the diffusion edges and cordtion on the surface gives rise
to these defects. Several process modifications have beggested to reduce the number of
defects thereby reducing the dark current. However, theseastly to implement. One low
cost solution to remove the influence of dark current on gaegformance is to bias the photo-
diode at zero volts. At this bias, the only current which flalwough the diode consists of the
photocurrent. A double current mirror circuit shows therpige to provide such bias. A small
array of these pixels was hence tested. However, the ciiailed to provide low enough bias
across the diode to reduce the leakage current.

Failure of this circuit prompted an enquiry in the layout loé tpixel. A new layout of the
pixel with guard ring of polysilicon around the photodiodasmnvestigated. This structure
reduced the highest leakage current in the pixel by a fadtbvea By reusing the guard ring
as a reset device, the pixel can also be made to operate &aapinel for low intensities. For
high intensities, this pixel continues to operate as a ltwaic pixel. This new response will

be further characterised in the later chapters.



Chapter 6

Combined Linear and Logarithmic

Response Pixels

The other two, slight air and purging fire,
Are both with thee, wherever | abide;
The first my thought, the other my desire,
These present-absent with swift motion slide.
William Shakespeare

In the previous chapter, it was observed that the layoutdducing the leakage current in the
logCMOS pixel, could be operated as a pixel with linear respaat low light intensities and
a logarithmic response to high illuminations. This resgondll be further explored in this
chapter. To differentiate from the response of logCMOS pgixtese pixels will be referred
to as LLCMOS (for linear-logarithmic CMOS) pixel through obetrest of the thesis. In the
first section of this chapter, a comparative study of linegearithmic response with that of
the logarithmic response and the advantages as well asvdigages of the new response will
be investigated. A literature survey of similar respondasioed by other researchers will be
presented in the second section. The rest of the chaptebevilevoted to characterisation of
the response of the LLCMOS pixels. A simple two-expressionl@avould be used initially.
However, finding it inadequate for all regions of operatianynified model will be developed
based on the operational physics of the devices used inxbe phe new model will be verified

using simulation as well experimental results.

94
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6.1 Comparison of LLCMOS and logCMOS response

The low light linear response from the LLCMOS pixel providasach higher gain in low light
than that provided by the logCMOS pixels. Two features of dgatithmic pixel contribute to
their low gain. First, the gain of the logarithmic pixel isited by the subthreshold slope of
the load device, and hence is limited to 50-65 mV/decadegicéy CMOS processes. The gain
in the linear pixel, on the other hand, is independent of artlgeshold slope and depends
on the diode capacitance and the integration time. Furétseshown by Figure 5.2, the gain
in logarithmic pixel reduces at low intensities on accouirthe dark current. The linear pixel
gain is independent of the dark current as well as the phatexculevels. Thus linearising the
pixel output for low intensities significantly improves thixel gain in low intensity areas of the
scene.

In addition to improvement in gain, the reset-charge meishauat low light also improves
the dynamic performance of the logarithmic pixel. It may bealled that one of the major
limitations of double sampling techniques using high refee currents for fixed pattern noise
removal in logCMOS pixels, was the inability of the pixel toacge from the reference frame
to that of the image frame within the frame time for low intéysegion of the scene [54]. This
is so because a high reference current produces a low outputiie logarithmic pixel. With a
low input intensity, the steady state output of the pixel {ddee a high voltage. However, due
to the low intensity, the current available to charge theldicapacitance from the low reference
output to high scene output is very low. This means that tkel pvould require a long time to
settle down. Similar effects are observed when the inputeschanges from bright illumination
to low illumination. This effect is shown through simulai®of a typical pixel using process
parameters of a typical CMOS process, in Figure 6.1. It maydsemwed that when the input
current change from low to high, the output waveform has dlstisharging time on account
of large current, though the vice versa is now true. Thised#htial settling time introduces
another source of transient fixed pattern noise not comldnteny of the correction mechanism

discussed earlier [66].
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Figure 6.1: Dynamic response of logCMOS pixel with the inpotecurrent changing from
low intensity to high and vice versa. The pixel has differseitling time for the two instances.

LLCMOS pixels, on the other hand, do not suffer from this detecthe pixel is reset at
the beginning of every frame and hence the dynamic respansame for all photocurrents.
Thus, it may be concluded that the LLCMOS pixel offers sigaificimprovements over the
conventional logCMOS pixel. However, the improvement comethe price of a non-linear
and complex relationship between the input intensity aedpilkel output. Thus, in order for

the pixel to be useful, further analysis of the pixel needsaearried out.

6.2 Pixels with combined response

Before undertaking characterisation of the response, atitee survey of similar responses
is being presented. The simplest approach to produce a\pitelcombined response would
be to use an active pixel sensor as a linear pixel in one framdeaa a logarithmic pixel in

second frame. These two outputs can then be merged usingshthd voltage to separate
the two response regimes. Hence, in the first frame, integraf the photo-generated charge
is used to account for low light intensities. In the secorairfe, the reset device is used in
weak inversion, thereby producing logarithmic output.sldgcounts for the high illuminations,

where the linear pixel saturates. Pixels such as thosetszpby Tu and co-workers [113],
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Tabet and Hornsey [114] and Strom and co-workers [115] haeel this strategy to produce
the linear-logarithmic response. For example, the pixalescribed by Strom and co-workers
is shown in figure 6.2. It useslogsel switch to change from linear operation to logarithmic
pixel. However, any two-frame approach reduces the framee maaking the pixel unsuitable for
many applications. Further, the signal reconstructioa bexomes an involved task on account

of different FPN source in different frames.

vrst

Logsel
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Figure 6.2: A pixel with two-frame readout providing lindagarithmic response, using a
Logsel switch

Approaches similar to the one obtained in the last chaptecapable of producing linear-
logarithmic response using a single frame output. Fox, ldgkeand Dykaar have reported a
pixel with linear-logarithmic response [116], with the gpixschematic similar to that of Fig-
ure 5.11 with the exception of the calibration switch and ¢herent source. Further, their
readout circuit is connected to the power supply, as showigare 6.3. The advantage of this
connection is that the bias to the logarithmic pixel can réedato change the voltage at which
the pixel switches from its linear operation to logarithrojgeration. In a related work, they
also report a pixel with two or more logarithmic load to impedhe gain in logarithmic region
of operation [117]

In a similar pixel, shown in Figure 6.4, Martin has used a switetween the reset device

and the logarithmic device to provide for an in-pixel memf#¥8]. This switch may be used
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Figure 6.3: a) Pixel with linear-logarithmic response asctibed by Fox, Hynecek and Dykaar
b) Same pixel with two logarithmic loads to improve the latfanic region gain

to provide global reset and assist in fixed pattern noiseectan. The pixel operates by trans-
ferring the reset value at the start of integration to thel re@de. The integration takes place on
the photodiode capacitor thereby producing the linearaesp. Thus, during the readout, both
outputs are available assisting in fixed pattern as well tsaipoise reduction. However, it
may be observed that the time provided to the logarithmid toaeach weak inversion is very
small here. This will cause errors in some photocurrentsjrad the transition region from lin-
ear to logarithmic region of operation, as the diode capack takes significant time to charge
from its reset value to the logarithmic output.

Vbias
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= M2 Sw M1 Vdd
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Figure 6.4: A pixel with combined linear and logarithmic pesse and a transfer switch as
proposed by Martin
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In another approach, Liu and co-workers have used a feedbapkrom the pixel output
to control a charge supply mechanism to delay the saturftib®]. As shown in figure 6.5,
devicesM6 — M9 are used in the feedback loop to drive the gate of device It may be
observed that this pixel operates the devi¢gé in weak inversion leading to logarithmic output
at high currents. A higher gain is achieved due to two loadsvéver, a complex feedback loop
is used with small gain in the circuit performance.

Commercial sensors from Dalsa and Photonfocus have alsdedmmmilar responses [120,
121]. Though no records of the pixel being used could be pbthiit is expected that the pixels
proposed by either Martin or by Fox, et.al., is being usedth@sé sensors, based on the patents

obtained by these companies.

Vvdd
vdd M4 ‘—
Reset Vvdd
ese
v ——{Cws
o { M2
PD
Rowg M3
Select
1 Vvdd
Vvdd
M6 ﬁ—<
Pixel Output
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Figure 6.5: A pixel with combined linear and logarithmicpesse using a charge supply mech-
anism, proposed by Liu and co-workers
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6.3 Two-equation model for LLCMOS pixels

Thus despite a complex relationship between the input atgiguhere is a significant interest
in the response. The complexity of the response makes tpaitodifficult to be represented
on standard displays. Further, to extract the colour in&drom, one requires the photocurrent
flowing in each pixel. These two requirements call for a mddetharacterise the pixel re-
sponse. The simplest approach to creating a model for tippmee of pixels, that combines a
linear response at low illuminations with a logarithmicpesse at higher illuminations, would
be to use one equation for the linear region and another ornkddogarithmic region, together
with a threshold point to determine which of the two equatishould be used for a particular
output. A simple model for the logarithmic region is the Iatianic pixel model of Joseph and
Collins [62],
y=a+blog(z +c) (6.1)

where the terms have the same meaning as explained eamigpliessions 2.11, 2.12 and 2.13
The linear region operation of LLCMOS pixel could be modeléesdl + ez, whered rep-
resents the offsets whilerepresents the gain in the linear region. As earliergpresents the

current flowing in the pixel

r X [photodiode (62)

Further, in the linear region, the pixel integrates the ptgenerated charge on the diode

capacitor(', and hence the current-voltage relationship can be given as

AV vz

I+ 1, =C
ph + d dt

(6.3)

Where,, is the dark current flowing through the diode without any figitident on it. On
integrating the above expression, with limits set by thetresndition of Vg 10 = Vieser at

t = 0 and the pixel outpuVg 2 = Vo att = t;,,, ON€ May obtain the following expression
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for the linear region voltage.

tmt(Iph + Idr)

‘/out = ‘/reset - O

(6.4)

The gaine is, hence, given by the charging time constaptC, where as the reset value
gives the offset. This reset value depends on the type ofdbet device used in the pixel.
NMOS devices are preferred in conventional pixel desigrhag tan be manufactured in the
same well as rest of the circuit inside the pixel. Howeves,réset level for this device depends
upon the photocurrent in previous frame. Thus, nMOS resgteésg provide incomplete reset,
as the diode voltage fails to reach a constant value for atquurrents, at the end of reset
interval. During this interval, the reset device attemptsperate in steady-state weak inversion.
However, the interval is typically too small for the devicereach a steady state value for all
photocurrents. This is true for most currents, in which th€MOS pixel is used in the linear
region. For high currents, the reset device is able to retsady-state operation; however, the
output still depends on the current in previous frame. A pM@& reset device on the other
hand, is capable of providing complete reset and hence & value is always equal to the
voltage at the drain node of the reset device.

To validate the two equation model, a LLCMOS pixel, with payeset device, was sim-
ulated for various integration times and photocurrentse@ursive algorithm was then used to
extract the best fit parameters from the responses of thé ipistrict linear and logarithmic
regions. Least mean square fit criterion was used to extnagbarameters. A comparison of
this two part model with the simulated response of a pixelxshthat the model predicts the
response of the pixel over most of its input range. Howewgeshown in Figure 6.6, this model
fails to represent the transition region between the twesygf response. Although, this region
is quite small, the errors between the estimated and thalgohwtocurrent can be as large as
10%. This means that this model would not be able to predict tfeqaurrent to the accuracy
of 1-2% needed to match the performance of human eye. A better modile response of the

pixel is therefore required to achieve reliable photoauirextraction.
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Figure 6.6: A comparison between the simulated respons@ixehand a model that assumes
that the response is linear for photocurrents below a totdsralue and logarithmic for higher
photocurrents.

6.4 Device Physics based model

6.4.1 Model derivation

To obtain a better model for the pixel response, let us assat¢he components in LLCMOS
pixel, reproduced in Figure 6.7, are ideal. In this caseyéiset device acts as an ideal switch
that forces the pixel output voltage on the gate of transidf@ to a particular voltagé,...;.
The photogenerated currefy, flowing through the photodiod®D will either discharge the
capacitance on the gate of transistée or flow through the load devic&/ 1. Using the model

for the drain current proposed by Enz, Krummenacher and2/[t22]

2
Ips =21, {m <1 + exp VGZS—gbVTﬂ (6.5)
noy

where¢, = kT'/q, we may avoid any assumptions concerning the operatingmegfithe load
transistor. Then, since the source of the transidtdris connected to the gate df2 and a

voltageV,,.s is applied to its gate

dV,
Iph + 14 =—-C G, M2

(6.6)

Viias — Varz — vT,Ml)} ?

+ 21, {ln (1 + exp 2no
noy
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Figure 6.7: The LLCMOS pixel with combined linear and logamiic response

Integrating this equation directly is difficult. To simplithe problem, let us consider the
situation when the load transistor is operating in weaknsio®. The logarithmic load in LL-
CMOS pixel works in weak inversion for the major part of openatand hence this assumption
should be invalid only in a small region of very high curreriteweak inversion, the threshold

voltage,Vr > V. Then, the expression for the drain current becomes

IDS = 2[0 exp (M> (67)
2n¢t
and
]ph + Idr _ _CdVG,MQ + 2]O exp %ias - VG,M2 - VT (68)
dt noy
Rearranging the equation by separating the variables,
dV

dt — C G,M2 (69)

Lon + Loy — 21, exp (—Vbi;;;VT) exp <——Y3§”)

Integrating this equation over an integration timg, using the condition$/; y2 = Vieser at

t =0andVg e = Vour att = ty,y, and usingR = 2Ie(Veies=Vra1)/néx for convenience gives
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Vo m2 VG,]\/IQZVout
n¢C'log {(Iph + Iyr) exp 57 — R}

_t titint — 610
]t_o Iph + Idr ( )
VG,]\J2:VTeset
one (Ipn + 1) exp ‘207? - R
—tint = og - ¢ (6.11)
Iph + Iy (Iph + Idr) exp :Led;s:t - R
Rearranging the above expression,
V;“ese - tzn I I . C
Vowr = noilog {exp( t t( ph T 1a )/ )
no;
N (1 — exp {—tint(Lpn + Lar)/(ndC)}] R] 612)
[ph + Idr

At low photocurrents or for a short integration time, thetfpart of the argument of the

logarithm of this equation dominates and this equationceduio the simple linear form
‘/out = V;‘eset - tint(lph + Id’/‘)/o (613)

Alternatively, at high photocurrents or after a long intggyn period, the second part of the

argument dominates and equation 6.12 reduces to the form

Ion + 14y

‘/out - ‘/bias - VT - n¢t log & 2]() (614)

which is equivalent to the model for the response of a loganit pixel developed by Joseph
and Collins [62]. It is worth noting here that in most of the kggtions, LLCMOS pixel will be
operated in logarithmic region, when the dark currents agdigible. This assumption may be
used to remove dark current related terms in the secondfpagtiation 6.12 and the logarithmic
part of the equation 6.14.

The conditions that are needed for the logarithmic resptmbe observed are that

(1 — exp(—tint(Lpn + Lar)/ (n:C))) = 1 (6.15)
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and also that

200 + Lar ( Voias = Vit ) - exp (vmset — tine(Lpn + Idr)) (6.16)

no; ng,C

Ipn

The first of these two conditions corresponds to a situatiowhich the voltage change
caused by integrating the photocurrent, is large comparedt At normal operating tem-
peratures, this corresponds to a voltage change of appatedynl00mV and this condition is
quickly satisfied. An equivalent interpretation of the ssta@ondition is most easily obtained

following some simple algebra. This algebra shows thatabmlition is equivalent to

tint(Iph + Idr)

C > V;"eset - %ias + VT - n¢t log(z-[O/(Iph + Idr)) (617)

which is the condition needed to ensure that the sourcegmbétransistoi/1 is low enough
for all the photocurrent to flow through/1.

As expected, the model therefore simplifies to the two exquefdrms of response for low
and high photocurrents. This is reassuring. However, thst mngportant consequence of the
fact that the model reduces to simpler forms at low and higétquurrents is that these simpler
forms can be used to obtain the model parameters. In paatjctithe pixel is operating in the
logarithmic regime, it requires only two data points to b&edb extract the additive offset and
the gain parameters as shown in Section 4.1. The value offpectance can then be obtained
from the output when the pixel is reset and a third data painesponding to operating the pixel
in its linear response mode. This value along with the pigeponse at no light/f;, = 0) may
then be used to extract the dark current of the pixel usingou6.13. With these parameters,
the form of the model in Equation 6.12 means that the modekepresent the response of a
pixel to all photo-currents.

The validity of the model was verified using simulation réswbtained from the Cadence
Spectre simulator. Figure 6.8 shows the simulated respafrespixel with a p-type reset device
for a constant integration time as a function of the phote@nir For this integration time,

the simulated pixel shows a linear response for photoctgtess than approximately f A.
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Figure 6.8: Response of a pixel at different photocurrendsaaconstant integration time

Then for larger currents the pixel shows a logarithmic resgo Figure 6.8 actually shows the
modelled response of the pixel as well as the simulated rsgpdHowever, it is difficult to see

the difference between the simulation results and the nfodelrrents less than 1nA. In fact,

as shown in Figure 6.9 with parameters extracted using thglgsiparameter extraction routine
based upon only three data points, the model is capable chingtthe simulated behaviour to
an error of less thamiV'.

The shape of the error curve in Figure 6.9 in logarithmicaags similar to the error curve
obtained after simple parameter fitting on the response ofarithmic pixel by Otim and co-
workers [70]. This is because a very similar technique has lised to select the points used to
extract the pixel parameters for this region of operatianshort, the best results are obtained
when the two data points used to obtain the parameters fdogfagithmic response are about
three decades apart, while ensuring that neither point enwhe load transistor is operating in

moderate inversion.
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Figure 6.9: The plot of the error between the modelled anditmellated response of the LL-
CMOS pixel

6.4.2 Modelling the very high intensity regions

The difference between the model and the simulated resg@drasge currents occurs because
the model assumes that transisidil is operating in weak inversion. This assumption can be
avoided by solving equation 6.6. The solution to this egqumthust reduce to the solution to

equation 6.12 at low currents. This condition leads to thetsm

Vour = noylog {eXp( ”
t

[1 — exp {—tine(Lpn + Lar) /(nC)H R
(eXp Ip/21, — 1)2

‘/reset - tint(lph + IdT)/O>

n (6.18)

where again the parametBr= e(Veies~Vr.a1)/79: has been used for convenience.

This equation reduces to equation 6.13 for low photocusrant/or short integration times.
However, when equations 6.15 and 6.16 are satisfied, thiatiequreduces to the equation
obtained by Otim and co-workers to model a logarithmic loglich operates either in weak or

moderate inversion [70].
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‘/Out = %ias - VT - 2n¢t IOg (exp ]P/QIO - 1) (619)
As expected at comparatively low photocurrents, when
exp Ip/2[ozl—|—\/lp/2[o (620)

this equation reduces to the equation obtained assuminganaistor)/ 1 is operating in weak

inversion.
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Figure 6.10: The plot of the error between the modelled aeditmulated response of the com-
bined response pixel. (a) Modelling weak inversion regisimg equation 6.12, (b) Modelling
weak as well as moderate inversion region using equatidh 6.1

The accuracy of the more complex model in equation 6.18, wafed using bounded non-
linear function minimization within MATLAB, to fit the modebtsimulated data. A comparison
between the results of circuit simulations and this extdneh@del, such as those shown in
such as those shown in Figure 6.10, show that unlike the simpbdel in equation 6.12, the
extended model fits the pixel response at currents largerthd accurately. Although this

more complex model may be impractical for many applicatiardearly shows that the errors
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with the simpler model at high currents arise from the faeit inansistor}/ 1 is no longer

operating in weak inversion.

6.4.3 Modelling the readout circuits

To create a two dimensional array of selectable pixels Bl@t@r an imaging sensor, each pixel
must include readout circuits to selectively access to pa@h. Equation 6.12 has been derived
without considering the effect of any readout circuit. Timedel therefore has to be modified
to include the effect of these circuits. The most commonkdugadout circuit is a selectable
source follower circuit. This is a linear circuit that inthaces a constant offset voltage between
its input and output, the response of the readout circuitstvarefore be represented using the

equation

‘/out,readout = Or + Gr X ‘/out,pi:vel (621)

whereQ,. is the voltage offset and', is the gain. Equations 6.12 and 6.21 can be combined

to show that the response of pixels including readout dsccan be represented using the

equation
‘/Tese out — tzn I + I ar !
‘/out,readout = P log |:€‘Xp( e g/ = - k)Q)
L 1= exp(int (Lph + Laark) @'/ )} R’] (6.22)
([ph + [dark)
where
‘/;“eset,out = Gr X ‘/reset + Or (623)
P = G, xnd (6.24)
1

Q = Goxg (6.25)
R = 2Ijexp {GTW‘”"‘S — JZT’Ml) O } (6.26)
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The final form of the response as shown in equation 6.22 is snjar to that of pixel
response model of equation 6.12 and hence can be broken isitwae equations in a way

similar to that of equation 6.12. The output in the lineai@agan be given as
Vout readout lin. = Vreset.out — tint(Lpn + Laark) Q' (6.27)
where as the output in the logarithmic region is given by
V;mt,readout,log =P log R + P log(lph) (6.28)

Equations 6.27 and 6.28 enable a four-measurements scloeemé&dct the parameters to
completely characterise the pixel. Two measurements gatimegion are needed, one at a
typical illumination to extract), while another at the dark response to extiggt,. Similarly,
in the logarithmic region, two measurements can be usedttag¥’ and R, in a way similar
to that for conventional logarithmic pixels.

Equally important is the fact that the model predicts thagditton region and hence the
shift in the transition regions of the image sensor, withexjtlicitly incorporating a different
parameter. Thus, the variation in the transition regiomfpxel to pixel can be predicted using

the parameters from linear and logarithmic region of opemnat

6.5 Comparison with experimental results

A pMOS reset device has the advantage that the pixel nodsast@the highest possible value
and hence the paramefér.,.; .. Of equation 6.22 is a constant for these pixels. The disadvan
tage of using this type of reset device is the large arearedjto form the n-well in which the
pPMOS device is manufactured. This means that an nMOS devehweeds less area is the
preferred means of creating a switch inside the pixel. The difference that this makes to the
model is that the voltage of the pixel after it is reset withndhOS device is that dependent on

the photocurrent at the time of reset. This parameter thexdfas to be determined at the begin-
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ning, or end, of the integration period. Using this measwedde of the reset voltage, the model
is able to predict the response of the pixel with an nMOS msete, such as that shown in Fig-
ure 6.11. These simulation and model results clearly shewnitial linear response of the pixel
as the capacitance within the pixel is discharged by theqauotent. Eventually, after about 2.3
ms in this particular case, the subthreshold current thrdhg load transistor becomes signifi-
cant and an equilibrium is achieved. Comparison of resutts fdifferent simulations showed
that as expected the voltage on the pixel node at equilibruproportional to the logarithm
of the photocurrent. After a constant integration times fhixel therefore shows the expected
linear response for low photocurrents and logarithmiceasp for larger photocurrents.

T
= = Model response
= Simulated Response

2.8

26

Pixel’'s Output Voltage

1 1
2.4 26 2.8 3
Integration Time in Sec. x10°

Figure 6.11: Response of a pixel to a constant photocurremtia a linear response until 2.3
msec, followed by saturation to a value that representsoterithm of the photo-current.

To verify the model, experiments were performed with pixeith nMOS type reset (Fig-
ure 6.7) fabricated using a typical 0,32 CMOS process from Austria Microsystems. Each
pixel has a pitch of 1Qum, with a fill factor of 44%. In addition to the basic LLCMOS pixel,
provision was also made for calibration enable switch aribregion circuit, as used in the
electronic calibration of logCMOS pixel. The pixel was tektesing the optical and electronic
assembly described in previous chapters. In addition tdéighésource (100 W, 12 V dc pow-

ered incandescent light source), the MOSFET present aslibeation device was also used to
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generate pixel currents by using it as a voltage controligdeat source.

The observed noise levels when measuring steady statesvatue the measurement sys-
tem was 1.8 mV root mean squared. It was slightly higher thanprevious set-up used for
logCMOS pixel and the increase may be attributed to the faenthise reducing capacitive
filters were removed in the new measurement set-up to retleaectfect on the transient mea-
surements. While measuring the pixel output in logarithnegion, the root mean squared
noise levels were found to be 3.1 mV. It is difficult to confirfithis increase in noise arose
from the pixel or the connection of the pixel to the measurrneits through the pads and the
packaging. The chip, described in Appendix A.2 did not hav@’-chip analogue to digital
converter and hence the analogue signals from the chip veeneeted to digital through an
off-chip ADC. This meant that the pixel signal could have stéfl additional interference and
noise sources before it was digitised. Presence of on-cbig 8hould have reduced the noise
levels and hence should be considered in all future designs

To remove the temporal noise, the data from 25 frames wasig®drin the logarithmic
region. In the linear region, correlated measurement adtresltage and the pixel output is
expected to reduce the temporal noise. The measured respioapixel including a source fol-
lower readout circuit is shown in Figure 6.12. Again thesulis show the expected transition
from a linear response at small photocurrents and a logaidthesponse at higher photocur-
rents. In addition, the different sets of data show that xpeeted, the photocurrent, at which
the transition between the two types of response occurgdses when the either the integra-
tion time or the bias voltage increases. More specificaliypr@dicted from the condition for
the transition between linear and logarithmic responsessé results show that the transition
photocurrent is inversely proportional to the integratiome and hence a three fold increase in
integration time results in three fold decrease in the ttimmsphotocurrent. Further, the results
also show that the transition voltage can be varied by cimgnidie bias voltage. In fact, since
the simulated gain of the readout circuit$9)ig8, the change in bias voltage @b V is predicted
to give a change in transition voltage @B9V. This compares well with the measured change

of 0.38V.
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Figure 6.12: Experimental response curves from the pix@vgig how the photo-current when
the pixel changes from its linear to its logarithmic modespération can be controlled by
changing either the integration time or the bias voltageneraad transistor.

Two procedures, a simple procedure based upon the respbifgepixel at three photocur-
rents and a more complex least mean square error minimmsasiog many data points, were
used to determine the parameters for typical pixels. Thiewakerror with both methods of
determining the model parameters was found to be belaw 2ver a dynamic range of more
than 6 decades. The slight increase in residual error witler@xental data compared to the
simulated values arises from the noise levels of the meammnesystem. Figure 6.13 shows the
error between the measured response of the pixel and thenssmodelled, using parameters
extracted using three calibration currents and the danlenur As predicted by the simulation
results, the error between the two values increases at highgities due to the load operating
in moderate inversion. As also shown in Figure 6.13 thisrazam be further reduced by using
the more complex model of equation 6.18. It was observedtieastimple parameter extraction
routine using two widely spaced data points in logarithn@igion and one data point in lin-
ear region is sufficient to properly model the pixel respasa precision limited by temporal

noise.
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Figure 6.13: The errors between the predicted and the cbdeegponses of the pixel. a) shows
the errors from the simple model of equation 6.12, with patans extracted using the three
point method; and b) shows the errors from the more complelation no 6.18, with a least
mean square error routine used to extract the parameters.

6.6 Conclusion

Pixels with linear response to low intensities and logamnithresponse to high intensities are
capable of providing high sensitivity in low intensity regs. They also improve the dynamic
response of the logarithmic pixels, by ensuring a cons&spanse time for any photocurrent.
However, using simple linear and logarithmic expressiansnbdel their complex response
produces very high errors in the transition region betwéerlihear and the logarithmic region
of operation. A model based on the physics of the devicesamtkel has been derived and
validated from simulated as well as experimental measunegsneThe model has also been
extended to include the effect of the readout circuits a$ agethe very high intensity regions,

where the logarithmic load device of the pixel starts opeganh moderate inversion.



Chapter 7

Noise in Combined Response Sensors

All day | hear the noise of waters
Making moan,
Sad as the sea-bird is when, going
Forth alone,
He hears the winds cry to the water’s
Monotone.
James Joyce

7.1 Parameter variations

As is the standard practice of designing pixel array, anygesf LLCMOS pixels will try to
maximise the photodiode area in the pixel to increase theuatraf light captured and hence
enhance sensitivity. This requires the use of small gegnavices. It has been shown in
chapter 2, that the use of these devices is prone to high rebrteading to fixed pattern noise
in linear as well as logarithmic pixels. LLCMOS pixels operat both these regimes and hence
these pixels are also expected to suffer from fixed patteisen&ixed pattern noise has earlier
been quantified as variations in model parameters. Thiappmay be extended to LLCMOS
pixels.

The simple parameter extraction procedure introduced enptievious chapter was used
to extract the parameters from 1000 arrays of LLCMOS pixels manufactured in standard

0.35:m CMOS process from Austria Microsystems. Table 7.1 showsatteeage statistical
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values of these parameters from a population of 10 chipsxpsated, the parameter variations
in the logarithmic regions are similar to those observetd@donventional logCMOS pixel with
a source follower readout. The dark current levels are amides to those reported earlier for
this process. Among the linear region parameters, the gai® 19, variations which is slightly
higher than the one obtained in logarithmic region. Howgetkse pixel output in the linear
region was observed to have variations of 48 mV peak to pehls,Tthe principal variations

caused in the output are still additive and are evident tindbeV..,.: ... parameter.

Model Parameter Mean | Standard Deviation
P’ (mV/decade) | 54.7 0.30
Viesetout  (MV) 1430 8.75
Q (mV/msec-pA)| 11.9 0.11
R’ (x10%) 17.8 9.9
Liaric (fA) 0.82 0.25

Table 7.1: Statistics of the different model parametersldaZMOS pixels from a population of
chips(10 chips with 1000 pixels each)

It should be noted here that statistical data from theselsmalys are only a representative
figure of variations, as it does not include any spatial veme or the effects of second stage
readout circuits present in larger arrays of pixels. Furthie,.: ... iS not an extracted parameter,
rather a measured value. The data regarding this quantisymeasured by forcing 0.1pA
current to flow continuously through all pixels and averafyech several frames.

To identify the nature and the source of these variatioreryasonstituent device of the pixel
must be considered in detail. Figure 7.1 and equations.3.teproduce the schematic circuit
diagram and the model of the combined response pixel, régpkyc Equations 7.2 and 7.3 are
also the expressions for a typical linear active pixel seasa logCMOS pixel. Hence, the
sources of parameter variations in these regimes will betickd to that of APS and logCMOS
pixels. The analysis of FPN sources in logCMOS pixel presemtesections 2.1 and 3.3 will

therefore be valid in the logarithmic regime of the LLCMOSagdias well.
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Figure 7.1: Pixel with combined linear and logarithmic resgpe
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V;maarray,log = Pl log R/ + Pl log(lph) (73)

Further, the linear and the logarithmic operation regimsss the same readout circuit and
hence the variations in the readout circuit are also shayabedtwo regimes. This means that
the readout circuit introduces offset as well as gain viematin both regions of operation. The
former owe their origins to the threshold voltage and curgam factor variations (Section 2.1).
The later may be traced to higher order effects such as ch@mgth modulation and body
effect (Section 3.3). In addition, due to the non-steadiestperation of the readout circuits in
LLCMOS pixel, variations in the parasitic capacitances mrsadout chain, can also introduce
another form of fixed pattern noise [123].

Another principal source of FPN in the linear regime is theetedevice, which affects the

reset voltage of the pixel/ s pizer- AS €Xplained in the previous chapter, with the preferred
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NMOS reset device, the reset level depends on the phototurréhe previous frame. The
reset device attempts to reach weak inversion for this ntireeherein its source voltage will
be linearly related t&'pp — V7 r,.,. However, due to the limited reset time, it fails to do so for
most low currents. Even in these situations of incompletetrehe reset voltage is dependent
upon the threshold voltage of the reset device. This meatdjihvariations in the threshold
device would lead to an offset variation in the reset voltdgerther, since the final integrated
value is dependent on this reset voltage; it will also sufferations due td/; variations in the
reset device.

Any photodiode variations will play different roles in thed regimes. It has been shown
earlier that the variations in diode area and quantum effigidead to offset variations in the
logCMOS pixel. In the linear region however, these lead to gariations, as is evident from
equation 7.2. Further, variations in diode capacitanckalgb introduce another source of gain
error.

Equally important is the pixel behaviour in the transitiegion between the linear and
logarithmic region. This is dependent on the parametersitflmear as well as the logarithmic
region. Variations in any of the parameters will affect transition region of the pixel, thereby
introducing an aspect to the fixed pattern noise which is Inatexi by conventional pixels. The
levels of parameter variations recorded will shift the &itian region from pixel to pixel. Any
photocurrent extraction routine used to create an imageh®@age confuse the operating region

of a pixel producing incorrect photocurrents.

7.2 FPN correction strategy

It has been observed that if uncorrected, these levels ahpeter variations will lead to large
contrast error in linear as well logarithmic pixels. HencdeCMOS pixels will also suffer from

large contrast error unless FPN is corrected. Further, @tardifferent principles of operation
in the two regions, the correction strategy should also Herdint. The strategy in the linear

region should be very similar to the one used in linear pjp@msaccount of identical sources
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and nature of the FPN. The same is true for the logarithmioneg

FPN correction schemes in linear pixels have been studididraa Section 2.2. Correlated
or differential double sampling is used in these pixels toext for the dominant additive fixed
pattern noise. Removing the offset from equation 7.2, theadignay be representedas IrQ.
Any variation in the gain will hence cause a linear erfgy, in the extracted photocurrent, as

follows

5Ip  6Q)

ki = — =
: Ip Q'

(7.4)

As explained earlier, for the corrected image to displayddinsities distinguishable by the
end-user, this error should be less than the contrast thiceshthe human visual system. This
meansk;;,, should be less tharf2and hence to satisfy the equation 7.4, the gain variations in
the linear region, should be less thdi B achieve good quality images. The parameter spread
reported earlier meets this requirement. However, systeaws also been reported wherein
this error is higher than this limit [124] and techniquesén&een proposed to correct for the
gain variations in linear pixels as well [125, 126]. Therefolinear gain variations should
be measured in any future LLCMOS array in order to identify ¢berect procedure of FPN
reduction.

For the logarithmic regions, gain as well as offset needsetadrrected, unless the gain
variation to the gain ratio is sufficiently low, as discusse®ection 3.2. Schemes involving
double sampling will produce a contrast error which is deleem on this ratio as well as the

calibration current, as derived earlier

100AP’

—p log(Ip,in/Ipcativ) (7.5)

klog =
With the linear region extending to 2 or 3 decades of intgnsite logarithmic region still
extends to 5 or 6 decades. Again, as argued in Section 312 tgtlevel of parameter spread
recorded, both offset and gain parameters need to be cedrethe results of FPN correction

using double sampling in the linear region and two paran@gection in logarithmic region
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are expected to be similar to those obtained for APS and logSidikels.

However, FPN correction in the transition regions needthé&rconsideration. The pixel
response in this region is complex and non-linear. Heneeotity way to correct for the FPN
would be to extract the true photocurrent. In addition tlxisaction procedure will also remove
the confusion regarding the operating region of the pixeltuspread in pixel parameters. Pho-
tocurrent extraction is also needed to convert the unigsgorese of the pixel to any standard
data encoding format. This is necessitated as data prodwycady camera is often processed
by various signal processing algorithms to assist in s@rdggplay and analysis. These algo-
rithms have been derived for standard data encoding foramatshey will be unable to process
the response of LLCMOS pixels. Considering this unique noedr response, it is ideal to ex-
tract the amount of photocurrent flowing in each pixel andtbs&ephotocurrent to achieve the
standard forms required by the signal processing algosthrhe extraction routine will hence

be derived for the complete operating regime of the LLCMO®Ipix

7.3 Photocurrent extraction

From the model expression, it may be observed that simpleesgjns can be used to deter-
mine the photocurrent in the linear and logarithm regionsweler, the same is not true in the
transition region. In addition, parameter variations migeat it is difficult to predict the operat-
ing regime for currents near the transition and hence tiseaésod a need to devise the strategy
to determine the operating region of operation.

Further, the non-linear response means that the extraptimeredure has to be either an
exhaustive search process or an iterative process. Tarpeaioexhaustive search, one needs to
compute the response of a pixel at every photocurrent @onitnly by the required resolution
and the noise of the system). For a pMOS type reset pixelidlastraightforward process, as
the pixel response is determined by four constant paramekar an nMOS type reset pixel,
however,V,...; is measured with every output and is not constant. That meapgepare an

exhaustive search matrix, this matrix must be calculate@very possible reset value, as well
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(again limited by resolution required and noise levels)isTill lead to a very large matrix and
is not an efficient process.

An iterative process on the whole dynamic range, on the dthed, will be a process
with very high time complexity. However, the simple pixekp@nse in the strict linear and
logarithmic regions can be used to reduce this complexitye flrst step is to determine, if the
pixel is operating in the strict linear or logarithmic regs The easiest approach would be to use
a threshold, above which every output is linear and anotiieshold, below which every output
is logarithmic. However, these thresholds would changmfpixel to pixel due to parameter
variation. Hence, a better approach is to mathematicatijymie region of operation. One way
to do so would be to use the measured response to calculafghtvtocurrents. One, assuming
the pixel was operating in linear regiof;,, and other assuming the pixel was operating in
logarithmic region/;,,. The next step would be to compute the pixel response at tugsents
using the pixel model and extracted parameters. These sponses should be compared to the
measured value. The photocurrent and the region of opanatlbbe given by the value, whose
difference from the measured response is within model .efifoese operations are performed

through steps 2-6 of the algorithm presented in the box.

Pixel output

Logarithmic

11 lin 11 I2;Iog 12
Photocurrent

Figure 7.2: Figure showing the currents extracted in tteorsregion assuming linear or loga-
rithmic operation are always less than the actual current.
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Algorithm - Intelligent Iterative Search

1. Compute the pixel parameters from simple parameter dixirggrocedure.

2. From the measured output and the reset levels, computeletmcurrents
which would have flown in the pixel, had it been completelyeéin or com-

pletely logarithmic for these values.

=)

3. Compute the response of the pixel using its full model aydatameters at bot

of these currents.

4. Calculate the difference between these computed respanskthe measured

response of the pixel.

5. If either of the differences is below the maximum error fxuthe correspond

ing current gives the current in the pixel: END

6. If neither of these produce differences below the erramiog the pixel is opert
ating in transition region. Use the current correspondmipitver error as the

starting point of iterative computation.

7. Use a divide-by-2 and conquer algorithm (Binary search) starting point ang

D

a current one decade higher than the starting points as wdass€ompute the

error at these two currents and recursively converge to tloéopurrent within

the error bounds= END

If however, neither of the two currents produces a respoiitsgnvthe model error, the pixel
is operating in the transition region. Here, an iteratieesoe is unavoidable. A simple divide-
by-2 scheme (binary search) can be used for this purposeof@ne initial limits of the binary
search algorithm could be the current producing the loweren step 4 of the algorithm. To
identify the other limit, let us consider Figure 7.2, whi¢tow/s the extracted currents assuming

linear or logarithmic operation of the pixel. These curseft;;,, and 12,,,, will always be
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smaller than the actual current flowing in the pixal,and/2. Further, the maximum transition
region width measured from experiments is one decade arektehigher limit of one decade
away from the first current would encompass the whole trimsitegion. Binary search is
known to have complexity diog,n and hence, it will converge within 10 iterations to an error
below the model error in one decade of photocurrents.

Using the prescribed algorithm, currents have been exlaitom simulation data. Fig-
ure 7.3 shows the absolute error in the extracted curreptessed as a percentage of the actual
current. It is worth noting that the error shape is identiodhat of the model error. It is further
worth recalling that these absolute errors appear as sgftearror in the output of every pixel

and hence do not affect the relative contrast in the image [71

Absolute Contrast Error in %

1 1
107" 10? 10" 107 10

Photocurrent in A

10—14

Figure 7.3: Absolute error as expressed as percentage phttecurrent when using the pro-
posed photocurrent extraction routine.

7.4 Temporal noise

Before extracting the pixel parameters and applying anyection strategy to remove FPN,
one has to remove the temporal noise in the pixel. It has besareed in the last chapter that

the temporal noise levels in the measurement system argghasaki3.1 mV rms. This will
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lead to errors as high a¥9contrast change in the logarithmic region of operation. @tfiect

of the noise on the photocurrent extraction procedure widnge as the pixel changes from
linear to logarithmic operation. This is because the higin galinear region means that the
current extraction procedure can withstand higher tenipaiae than in logarithmic region. To
better visualise this, let us consider the condition of litg less than % relative error in the
extraction procedure. The noise level should be less @)’ (Q)' is the gain in the linear
region) in the linear region to meet this requirement. Inltdgarithmic region, the same figure
is P’log(1.02). With log(1.02) ~ 0.02, this means that the acceptable noise levels depends on
gains, P’. The linear region gaid)’ is much higher than the logarithmic region gd and
hence more noise is tolerated in linear region. In the ttemmsregion, the noise level, which
could be tolerated, changes smoothly between these twislimi

The temporal noise sources in both linear as well logarithoniels have been extensively
studied [127, 36]. The LLCMOS pixels are expected to suffemfthe same sources, which
have been listed in the Table 7.2. Of these, the most prorirase been observed to be the ones
originating in the channel of the reset and the logarithmadldevice. The largest contribution
in these has the form of “kTC” noise. In the linear or logaritbmegion, the noise behaviour
would be as expected for linear and logarithmic pixel. In tta@sition region, however, the
two sources of “kTC” noise would interact. The net noise ims$iion region would still be
correlated with the reset noise; however, the correlationld/decrease as the pixel moves in
logarithmic region.

Due to absence of an on-chip ADC, the correlated double sagplith the current design
involves off-chip measurements, which add additional @@s the signal. This means CDS
would be unable to remove temporal noise and hence averagilgl be required in the linear
region. Further, the only way to remove temporal noise inltigarithmic region data is to
average it over several frames. In the transition regiorretated double sampling will reduce
the temporal noise to some extent owing to some correlagbmden the reset and the integrated
noise. However, to remove the rest of noise, one will havevewage the pixel outputs from

different frames.
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Source of Noise | Type of Noise Comments

Photodiode Thermal, Shot, Flicker Under no illumination, thermal excitation
produces noise. Optical excitation produces
two components of noise, photoexcitatior]
fluctuations and fluctuations of generated
carriers[128]

Logarithmic Load| Thermal, Shot Low 1/f due to subthreshold operation [36]

Reset Device Thermal, Shot The reset device attempts to reach
subthreshold operation [127, 129, 130]

Source Follower | 1/f Due to linear operation [127, 131, 132]

Switch Thermal, 1/f

ADC Thermal, Quantisation

Table 7.2: Sources of temporal noise in the LLCMOS pixel

A concern with averaging in transition region is that the meise can move the pixel in
different operating regimes in different frame, due to tleeyvsharp transition region of the
pixel. Hence, at a constant integration time, the pixel ddad operating in transition region in
one frame and in logarithmic (or linear) in another frameisTheans that the averaging process
will be averaging different noise sources in different femvand hence a much larger number
of frames would be required to produce good quality imagénénttansition region. Another
problem due to temporal noise is the bounding limits of theda-by-2 search algorithm. For
some currents in Figure 7.2, the temporal noise in the pixghd may lead to a condition,
wherein the extrapolated current producing lower erroighér than the actual current. Hence
the divide-by-2 algorithm would never converge.

With uncorrected temporal noise in the transition regitwe, érrors from the photocurrent
extraction procedure will increase. To study this effeochudated data was used in the pho-
tocurrent extraction procedure with different amounts ati€sian noise added to it. To remove
the convergence errors due to temporal noise, the lowet ifrbinary search algorithm was
placed at a current which was Zdower than the extrapolated currents. Figure 7.4 shows the
maximum error in the extracted photocurrent in the tramsitegion. As discussed earlier, the
error at zero noise is the model error and hence can be cedregstematically; however, the

increasing errors at higher noise levels will introducatieé contrast error in the output image.
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Figure 7.4: The highest contrast error expresset as the photocurrent, when applying the
photocurrent extraction procedure on simulated data wahgSian noise

7.5 Experimental results of FPN correction

To test the validity of the proposed FPN correction procedthve small array was stimulated
with uniform images generated electronically using thebcation current source. On these
images, double sampling was performed in the linear regifiset and gain correction in loga-
rithmic region and iterative extraction was used in thegiton region. To reduce the temporal
noise, the data from 20 frames was averaged to reduce theifinabelow 2% of the photocur-
rent in the logarithmic region.

The residual fixed pattern noise has been shown in Figuresttieaelative contrast thresh-
old of the imager at various currents. It may be observedttieshape of the error curve in
logarithmic region is similar to the one reported earliedémarithmic pixels (Section 4.4). The
residual noise in the linear region is also below the reguaentrast limits. Thus from these
results, it is evident that good quality images with relatbontrast threshold of less thaf 2

could be produced in either region of operation in a LLCMOSssenThe residual noise in the
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Figure 7.5: Residual fixed pattern noise expressed as eledntrast threshold after the FPN
correction strategy

transition region is high. To test if the high errors are edielue to high temporal noise, the
data in the transition region from one of the chips was awtagyer 80 frames and the correc-
tion procedure was applied. The residual contrast thresblaained was observed to be below
2%. Clearly, low FPN can be produced even in transition regioméver, requirement of large

number of frames means that this is an impractical techrfigu®ost commercial applications.

7.6 Discussion

Having characterised the performance of the LLCMOS pixéd,worth reflecting on the advan-
tages and the disadvantages of this pixel. Having a linegorese for low currents, LLCMOS
pixel performs better than the logCMOS pixel, in low light i@gs. In particular, a higher
gain is achieved, thereby making the low light areas, whidifesed the lowest gain in the
logCMOS pixel, regions of highest gain. The dynamic perfaragaof the logarithmic pixel is
also improved, removing any illumination-dependent titzors fixed pattern noise. All these

improvements are gained at the only additional signal expehone extra DC signal.



CHAPTER 7. NOISE IN COMBINED RESPONSE SENSORS 128

However, these gains are achieved with at least two costst, fie presence of linear data
means it will have to be compressed at a later stage to retieceumber of bits required to
represent the image, thereby requiring additional pracgssteps. This nullifies one of the
advantages of logCMOS pixel described in the first chaptecos® the smooth but quick
transition from linear to logarithmic region means that pineel has a complex response in this
transition. The worst case transition region extends tabalf a decade, which is a small
fraction on the logarithmic scale. However, it should beeddthat this is the high end of the
linear region of operation and hence represents a largeariee linear scale. Further, this area
is in the central range of illumination and hence would leatligh perception errors in these
regions.

Complex equations have been derived to model this region @native schemes have
been proposed which are able to extract the photocurrehtnMiO iterations. However, for
a megapixel camera operating in the worst case scenarid pikels in the transition region,
this would mean 10 million calculations per frame which hathdarge space as well large
time complexities. Absence of complex computations haah l@@eimportant factor favouring
the use of logCMOS pixel to capture wide dynamic range. HowéleCMOS pixels lose even
this advantage. To have simpler post-processing, one nvaytreack to the two-expression
model of the pixel and accept the high level of error in thexdion region. However, this
would mean poor image quality in the mid-intensity regiohamimage. This would generally
be unacceptable for most applications.

The noise performance of LLCMOS pixel reported in this chajgtdar from satisfactory.
A low noise measurement assembly and an on-chip ADC could reduced this noise signifi-
cantly and hence any future large array of these pixels shaalude these. However, consid-
ering the pros and cons of extensive post-processing etjuarge scale usage of these pixels
seems difficult. Any manufacturer should consider thesgesdefore committing to design

cameras with these pixels.



Chapter 8

Conclusions and Future Work

We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started
And know the place for the first time.
T.S. Eliot

This chapter is devoted to summarising this thesis and ptiegeideas for possible future re-
search. The first section provides an overview of the resiiéady presented divided in three
broad subsections. The first subsection revisits the pmobfdixed pattern noise in logarithmic
pixels, summarising the results and conclusions from teefbur chapters. The second subsec-
tion summarises the thesis findings regarding means to esithecdark current in logarithmic
pixels, and hence is related to chapter 5. The final subserstidevoted to the wide dynamic
range pixels with linear response to low light and logarithresponse to bright light scenes.
The rest of this chapter presents some ideas for future wbhlese include an outline of
possible research on circuitimprovements, solutionsagtbblems related to the storage of the
high dynamic range data and means for displaying high dynaamge data. Possibilities for

and hypotheses regarding some psychophysical studieseaigattern noise are also proposed.
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8.1 Results and Conclusions

This thesis presented ways to improve the performance & dythamic range image sensors.
The linear sensors currently popular in the market are eneblcapture the wide dynamic
range available in nature and hence are not able to produagesras would have appeared to
the human visual system.

A review of the two major technologies used to manufactuggtaliimage sensors, CCD
and CMOS suggests that CMOS technology is fast becoming thadgy of choice. Among
other benefits, this technology offers low cost manufaotyrithe ability to integrate with other
circuits, thereby reducing cost and increasing speedhéyihe ability to modify the pixel has
given rise to several options for capturing the wide dynamange in scenes. Among these wide
dynamic range imaging circuits, the logarithmic compre@sss closest to the natural visual
systems. In addition, this approach also requires smalietber of storage bits as well as less
post-processing compared to other systems. The easiesbwg@nerate logarithmic output is
to use a MOS device in weak inversion. However, these pixels@ppled by high fixed pattern

noise, high dark current and poor transient response.

8.1.1 Fixed pattern noise in logarithmic circuits

An important requirement from a digital image sensor is teetfaigh spatial resolution at mini-
mum cost. Thus, smaller pixels are preferred. Further, tammae the amount of light captured,
the photosensitive area of each pixel is maximised. Thiswm#eat small geometry devices are
used for the non-photosensitive part of the pixel neede@adaut the pixel response. Small
geometry devices are susceptible to mismatch, which caasigions in the responses of the
pixels. In a typical scene, this response variation appasrsalt and pepper’ granular noise
at fixed position in the pixel array; and hence the noise isrretl to as fixed pattern noise. A
major part of this thesis was devoted to the reduction of tfexeof this noise on the images
produced by the logarithmic sensors.

Due to the small devices being used, every pixel array sufiem fixed pattern noise.
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Various techniques have been proposed to reduce this rdiseever, it is difficult to compare
them due to different units of residual noise used by difieresearchers. Hence, a standard
measure of the residual FPN was required. Contrast thregledilted as the minimum contrast
which could be differentiated by the imager was suggestée tan ideal performance measure
for the FPN in image sensors. This measure also allows cosapawith the human visual
system which is known to encode the contrast of an image.

Using contrast threshold as a measure for FPN in logaritipmels, mathematical analysis
of the techniques proposed in literature has been perfarmg analysis suggests that due
to high gain variations in the pixel response, these teatesqvill fail to produce good quality
images matching the performance of the human eye over higamdig range. Hence gain
variations and/or its ratio to pixel gain should be reducedtfiese techniques to be useful.
Further analysis suggests that readout circuits could baras of gain variations. Conventional
pixels use the source follower as the readout circuit. Brpamnts with a small array of these
circuits show that the ratio of gain variation to the gainae tigh to produce good quality
images. Hence, to increase the gain and/or reduce the gaation, an alternative higher gain
differential amplifier readout circuit was tested. The expents with this circuit confirmed the
higher gain from these readouts. However, the gain vanatiecorded from these circuits was
similar to that of the conventional source follower circdihe ratio of the gain variation to the
gain also did not improve sufficiently so as to produce goaalijuimage with the techniques
suggested in literature.

This means that both the multiplicative as well as additixedipattern noise needs to be
corrected if one has to produce images with contrast aslitnatching that of the human eye
over high dynamic range. An electronic calibration scheayable of performing this correc-
tion, in a simple yet effective fashion, was proposed andigdrexperimentally. This scheme
feeds two calibration currents to every pixel and computesofffset and gain of every pixel.
These values are then used to correct the response of eath Residual errors less than the
contrast limits of human eye over 6 decades of input intgrediinge, were obtained from a

two-dimensional array of logarithmic pixels, when usings thew calibration technique.
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8.1.2 Dark current reduction in logarithmic pixels

Having solved the problem of high fixed pattern noise in l@garic sensors, it was observed
that typical CMOS processes suffer from relatively highekdarrents. This limits the lowest
intensity which can be captured by the image sensors manuéakcin these technologies. In
addition to this limit, the sensitivity of the logarithmidxel was also observed to reduce in
the low light areas of a scene due to this current. Furthergtlctronic calibration technique
proposed earlier produces high residual FPN in low intgnsigions of the scene due to high
dark currents.

A detailed study of this dark current was undertaken in thep@reb. The sources of the
high leakage current in a typical CMOS process were first itiedt The ideal approach to
reduce the leakage current would be to modify the manufacfyrocess. Several means to
achieve this goal have been proposed in literature. Howawgrprocess modification is costly
and increases the cost of the end-image sensor produceehyraiminishing one of the major
advantages of the CMOS process over CCDs.

Hence, circuit as well as layout techniques to reduce thecefif leakage current were
investigated. It was observed in the current-voltage iaiahip of a diode that if the diode is
biased at zero potential, the current flowing through theelis purely of optical origin thereby
removing any leakage current. A double current circuit i promise of biasing the diode at
zero volts was tested. However, owing to the restrictionsafigismall devices in the pixel, this
circuit failed to meet its goal.

A new layout of the logCMOS pixel was then proposed, which wseslysilicon guard
ring around the diode structure to remove any leakage duassociated with the interfaces
between the active region and the isolation structuresefxgnts performed on arrays of these
pixels show that the leakage current is reduced signifizaNtht only was the averaged leakage
current reduced, the worst case leakage current was alsiicagtly reduced. Further, it is
also possible to use the layout for linearising the respohbegarithmic pixel at low intensities
by proper biasing of the signals. The polysilicon guarddtrte may be used as an active gate

with a reset pulse applied to it. This produces a linear nespat low light and a logarithmic
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response at high light scenes of an image, with a quick yeb#mteansition between the two

regions.

8.1.3 Pixels with combined linear and logarithmic response

The pixel with linear response at low light and logarithmesponse at high light was inves-
tigated in detail. It is observed that not only does this pixgrove the low light sensitivity
of the logarithmic pixel, it also improves the dynamic resge. Considerable interest in this
response was observed in the literature.

The complex relationship between the input and output ofehaxels, however, poses
problems for modelling the pixel response. Various modedsewinvestigated and a model
based on the physics of the devices in the pixel was founddpeuly represent every region of
operation of the pixel. This model is complex; however, édlks down into simple expressions
for the strict linear and logarithmic region of operationtbé pixel. This means that simple
parameter extraction routines can be used to extract tremmders of the pixel, despite its
complex nature. The model was also extended to include fhetedf the readout circuits and
moderate inversion regions of the logarithmic load. Theselets were then verified using
simulation as well as experimental results.

Parameter variations were observed in the responses d§ jixan array. The origins of
these variations were investigated using the proposed Inddighemes to correct for these
variations were proposed based on the FPN correction gieatased in linear and logarithmic
pixel. However, the complex transition region responsénefdixel means that the only way to
correct in this region is to extract the photocurrent from tomplex response. An intelligent
iterative scheme was proposed to extract these currentgnwitl iterations. However, this
extraction as well as FPN correction is sensitive to tempaogse. The measured temporal
noise from the system was too high to produce good qualitgésavithout averaging over a
large number of frames.

The photocurrent extraction and the fixed pattern noiseectian strategy developed use

extensive computation in the transient region to reduceittogs below the contrast limits of the
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human eye. In addition, the data from the linear operatigh@pixel needs to be compressed to
reduce the number of bits required to represent it. This sideat even with a low frame rate, at
least two of the advantages of the logarithmic pixel of réggia small amount post-processing
and low number of bits are already lost. Hence, this appro&ghide dynamic range imaging
is no more beneficial than several others cited in the firgbtemaThis means that these pixels
can have only limited success in wide dynamic range imagingss the transition region is

removed from the response of the pixel.

8.2 Future circuit improvements

Further circuit improvements could be investigated basethe results of this thesis. The first
order enhancements would include designs of large arrdgsaiark current logarithmic pixels
with the capabilities of electronic calibration for standi@aesolution cameras. These camera
chips would also need additional circuits including ametsi analogue to digital converters,
on-chip clock generators and if possible, on chip memorykbdn store pixel parameters.
Alternative circuits able to maintain zero potential asrtége photodiode to completely remove
the effect of the dark current in the pixel, could also be stigated.

The principal reason for the failure of the LLCMOS pixel was tmique non-linear re-
sponse in the transition region. One way to avoid the tremmsiegion could be to capture two
outputs at different exposure times within the same framéigh speed column parallel read-
out similar to the ones proposed by Mase and co-workers magdxfor this purpose [19]. The
pixel voltage after the longer exposure time may be usedifortansities, which have linear or
logarithmic response after this integration time. Hardssomative thresholds may be used to
determine the transition region. For the currents leadinpé transition region response after
this integration time, the pixel output captured after theker exposure time may be used. At
this time, the pixel output for these currents will corresgdo linear region of operation of the
pixel. This scheme has been shown in Figure 8.1. In this figheeintegration time for the

frame is betweenl andt¢3. For currentd; and/s, the pixel output is in linear and logarithmic
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Pixel
o/IP

o 1 o 3
Figure 8.1: A scheme to remove the complex transition regfdat CMOS pixel by measuring
two pixel output at two exposure times in a single fram&¢1 could be integral multiple of
t2-t1
region and hence the output is used as a measure of the phetatcuHowever, the pixel is
in transition region at the end of the integration time. Tmose the transition region effect,
the pixel output is also measured during the integratiorodeat a timef2. This output is used
a measure for the photocurrent The frame time could be selected as an integral multiple
of the smaller exposure time thereby having a simpler mgrgnocedure for the output from
sensor. The data from these measurement schemes will leadingple relationship between
the input photocurrent and the output voltage using a liaedra logarithmic expression. The
fixed pattern noise correction strategy would be much sinfplehese data-sets.

Despite the additional exposure time signal used to remuedransition region, the log-
arithmic region response of the pixel will still suffer fronmgh temporal noise. An important
result of the studies of LLCMOS pixels is that the high gaindothmic pixels would provide
enhanced signal to noise ratios and hence have better cb&ntarket popularity. With the
standard logarithmic pixel, the only way to increase theangsito have multiple logarithmic
loads [116]. However, this comes at the cost of fill factoradidition, temporal noise continues
to affect the performance of logarithmic pixels and the p&x# suffers from poor dynamic per-
formance. Hence, other approaches to obtain logarithmsjgorese while enhancing the signal

to temporal noise ratio and improving the transient effebtsuld be investigated.
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One approach could be to utilise an active pixel sensor tdym® logarithmic output. This
is possible if optical charge integration in the pixel isgied at an instance when the integrated

charge is logarithmic related to the input photocurrentb@tier understand this, let us observe

Vpixel

t0 t1 _ 2 t3 t4
Time

Figure 8.2: Signal flow in an integrating pixel with logantic output.

the signal diagram in Figure 8.2. The dashed lines show tegration of three different pho-
tocurrents in a typical active pixel sensor. The outputmythe integration may be compared
to another signal’., and the integration may be stopped when the two signalscu&.eThis
means for the high current;, the integration will stop at lower voltagg than the voltages for
lower currentd; and/;. The pixel output after the integration frame will thus degen thel’.
signal. This signal can be generated in such a way that putelt is related to the logarithm
of the photocurrent.

One circuit which is capable of producing this output is shamvFigure 8.3. In this figure, a
pMOS switch is used to disconnect the integrating photaalfooin the readout node. Use of a
comparator, however will reduce the fill factor and introgaclditional sources of fixed pattern
noise. An alternative approach could be to use a pMOS ttansis a simple comparator as well
as a disconnecting switch. A simple circuit having this agement is shown in Figure 8.4. The
voltage on integration nodé] 1 will decrease with the integration of the photogenerateagt
The comparing voltagé/. is initially smaller compared to the integrating voltagel &ience the

pMOS switchM 4 is switched on, transferring the integrating voltage toghte of the readout
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Figure 8.3: An integrating pixel capable of producing lotjamic output
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Figure 8.4: 4-transistor integrating pixel capable of pr@dg logarithmic output

transistor. However, when the integrating voltage is highan theV, by the threshold voltage
of device M 4, this device will switch off. After this instance, integirag voltage continues to
fall while V, continues to rise. The pMOS switch will hence continue towiéched off. Thus,
the voltage at the gate of readout transistor will becomedéent orl/., which in turn can be
used to ensure that the output is logarithmically relatetiéanput.

These descriptions have been limited to the production gdiithmic output signal from
these pixels. However, it may be observed that the sighaan be chosen to produce virtually

any monotonic relationship between the input photocumadtthe output signal. A logarithmic
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signal would be the preferred choice due to the minimum nurobeits required to produce
images matching the contrast threshold of the human eyeth&nadvantage of these pixels is
that the pixel dynamic range can be arbitrarily enhanceeduced by the external signal.

This idea needs to be developed further. In particular,yarsalnd experiments similar
to that carried out for logarithmic and linear-logarithngixels in this thesis should be per-
formed. The external comparing sign&l, needs to be either derived mathematically or gen-
erated through software. The later approach can utilisexearrel memory bank, thereby re-
ducing the amount of calculation required. Fixed patterises expected to affect these pixels
as well. Hence, a detailed analysis of the sources of the FBNI¢ be carried out leading to

derivation of a practical FPN correction procedure.

8.3 Post-processing of the logarithmic data

Having obtained logarithmic data either from logCMOS or LLCBIOr the new pixel, several
blocks of the imaging systems need to be investigated. Tibisg has been primarily involved
with data being captured from the pixels. This data needs farbcessed before it can be used
meaningfully by the end user. This processing may involvemession to reduce the size of the
image, colour processing and various filtering operatiorshance or reduce certain aspects of
the image. These image processing algorithms have beehsideied [133]. However, their
primary focus has been on linearly captured low dynamic eagegfa. These algorithms need
to be investigated for their effects as well as changes rkekui@perating upon wide dynamic
range logarithmic data. The immediate concerns, howexetpalevise an ideal file format and

ways to produce the high dynamic range data on standardhgispl

8.3.1 File encoding formats

The first area of research for any image processing algontboid be to investigate the file
format needed to store these wide dynamic range images.rébéie formats suggested in

literature to store the wide dynamic range images. Thesebeagrouped under two broad
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approaches. In the first of these, camera manufacturers gterimage information in raw
format [134, 135]. Archiving the data in raw file format givkee freedom of applying any
signal processing on the image including any demosaiciggridhm, any colour space, white
balance, etc. However, the raw files tend to be two to threegilmgger than other formats.
These formats include .cr2 and .crw by Canon, .nef by Nikony.by Minolt, .raf by Fuiji, .pef
by Pentax, .orf by Olympus, .3fr by Hasselblad and .x3f bydemv[135, 136]. Most of these
are based on variations of the hyper-extensible TIFF. Eurthey are officially undocumented,
proprietary and subject to change with each new camera mddiditional software and/or
plugins to known image processing software are providedhlege manufacturers to handle
these raw files. Storing the information in raw format ensure loss of data. However, raw
file formats have not yet been standardised, thereby ledadidgferent software for different
cameras. Further, use of proprietary formats also posdseafdnger of not having long time
support. Adob&'has introduced a non-proprietary Digital negative (DNQ)fat to archive
raw data from a camera [137]. DNG is an extension of TIFF (€agignage File Format) 6.0
and is compatible with TIFF-EP (TIFF for Electronic Photagny) standard. DNG is supported
by AdobeéMPhotoshop"and can be read by a variety of other software. Camera manouvéact
support however, is fairly limited at this time.

Some standards for storing high dynamic range data havegsednced by the image pro-
cessing community, in particular the motion pictures comityu One of the first standards was
TIFF based log encoding developed by Pixar [138]. By usingitLérxoding for every colour
channel, this scheme was able to encode roughly 3.8 ordenagritude.

Kodak developed the Cineon file format for the digital intedmage film production [139].
An interesting aspect of this file format was that the data stased in negative format. The
society for motion pictures and television engineers (SHEP3Jtandardized the format further
into a related format called Digital Picture eXchange (DMXjch can store more varieties of
image information as well as additional header informafigtd]. DPX uses a 10 bit log format
to store the density of each colour channel. Though CineorDdhd are not essential HDR

image formats, they may be utilised to store high dynamigeamages.
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Industrial Light and Magic have also introduced yet anoffeemat, OpenEXR, for rep-
resenting extended dynamic range [141]. OpenEXR is an openlard released under free
software license. It uses 16-bits per channel half preciaating point values with a sign bit,
five bits of exponent, and a ten-bit mantissa. Ward and cdverhave proposed two other
file formats, SGI TIFF LogLuv [142] and Radiance RGBE [143] farstg the HDR images.
RGBE uses 4-byte to store the mantissa for three colour cheandla universal exponent com-
ponent. LogLuv format is more perception oriented and i®tam the CIE space [138]. Yet
another encoding scheme has been produced by Microsoft Rraohéthas been standardised as
an IEC standard [144]. The format is referred as SRGB andoff@hit as well as a compact 36
bit standard. The two standards utilise 12 bit or 9bit coleroding with encoding of gamma.

Hence, the battle for the ideal file format for high dynamiega data is far from over. The
raw formats have been developed considering the cameravdgdSimilar approaches may be
pursued with the logarithmic cameras. However, it is worling that several of the standard
file formats compute the logarithm of the camera output. Wlih logarithmic pixels, this
function is available without any additional computatidiwould be interesting to investigate

whether this makes the process of converting raw data tadinelard form a simple process.

8.3.2 Display of wide dynamic range images

Another area of research is the question of how to displayide dynamic range data cap-
tured from these imagers. The standard displays used f@gesiacluding paper and computer
screens (both CRT as well as LCD) are capable of displayingasiyall dynamic range. This
means that even if a good quality image is captured, it cab@otndered on standard displays.
Special purpose displays like Bright side’s DR-37P with c#tgdo display data with high con-
trast change are available in the market [145, 146]. Howeleir high cost and high power
consumption forms a large barrier to commercial succepgcgly in portable devices.
Algorithmic approaches to display high dynamic range insagdow dynamic range dis-
plays have been highly active areas of research [5, 147]JoMamethods of converting HDR

images into a viewable format have been developed, geyearaled tone mapping. Several
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approaches including simple intensity cutoffs, histogequalisation and perception based en-
coding have been attempted. Otim and Collins have adaptedntapping algorithms for im-
ages produced by logarithmic cameras [148]. The ideal wagrnder these images, however,
is still an open question. One interesting aspect of tonepmapalgorithms is that they convert
their input to its logarithm. The logarithmic pixels hend®sld be able to perform tone map-
ping with less computation than their linear counterpattisThypothesis needs to be further
investigated. Further, on-chip tone mapping, either intdigr in analogue domain would also

form an interesting research exercise.

8.4 Psychophysical studies

It has been observed in this as well as several other worlisfiked pattern noise affects all
artificial image sensors. An interesting question to askiatjincture is whether there is fixed
pattern noise in natural image sensors and if so, how is ippemsated for. An experimental
investigation will require single cell recording from adarpopulation of rods and cones simul-
taneously under uniform illumination, while is susceibb large temporal noise. To the best
knowledge of the author, no such measurements have beeteepdowever, considering the
small sizes of photodetector in human eye (much smaller tyy@oal digital detectors), there
is a high probability of FPN. The FPN profile in eyes, howesbaguld be different than that of
digital cameras. The photoreceptor arrangement in eyemisrglly radial with each pixel pro-
viding parallel readout, unlike cameras where it is not fos®wing to limited bandwidth and
hence detectors are arranged in x-y pattern with seriabrgad@hus columnar FPN experienced
in cameras may be replaced by radial or concentric noisedn.dyurther, if this hypothesis is
true, there should be a mechanism for correction of FPN inrahvisual systems. There has
been some studies, which have shown that the colour pepoeistindependent of number of

colour photoreceptors [149], pointing towards a correctieechanism.
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8.4.1 Probable correction mechanisms

Extending the current approaches used in artificial imags@s, one can speculate on system-
atic and/or algorithmic correction mechanisms for FPN. $y&ematic correction may consist
of neural adaptation and/or difference encoding. The neetaorks associated with the visual
system develop with the eye and hence may adapt themseltles t@riability in the photo-
detectors. Further, one way to describe the eye is as aafifferencoder between two scenes.
FPN due to photo-detector’s variability may be describea esnstant image produced in front
of the eye and hence the visual system may subtract it fromy eeene it captures.

Another strategy for FPN correction could be algorithmicreotion either through calibra-
tion during post-processing and/or filtering. The visu&aarin the brain may calibrate for the
variations in the photo-receptors in the eye and remove FPalway similar to logarithmic
cameras. This may require one or more reference frames dordimg training to networks.
One source of these reference frames could be our blinkiagatipn or sleep. Median filtering
on the whole image is a complex mathematical operation; ekyéhe visual system operates
parallely and hence may be able to perform efficient medigerifilg. The eye can be mod-
elled as a spatio-temporal filter with local adaptation. ¢éeane way to correct for offset and
gain variations could be this unique spatio-temporal filtéet another aspect of FPN correc-
tion could be motion based. Techniques have been proposmurect the FPN using relative
motion between a series of images [125]. The human eye caeldnotion between images to

compensate for any pixel variations.

8.4.2 Contrast loss

It has been shown earlier that fixed pattern noise essgriiedjrades the contrast discriminating
abilities of an image capturing device. Hence, another thg®is can be made that one source
of contrast loss in human or other natural visual systemgh heésidual fixed pattern noise on
account of failure of the involved correction mechanism. €ast loss in natural visual systems

is a well studied phenomenon, with several attributed ssunecluding diseases (for example
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Parkinson’s disease [150], amblyopia [151], multiple sxdés [152]), surgical procedure [153],
influence of drugs/alcohol [154] and ageing [155]. Thushé# first hypothesis is true, one
source of these losses could be attributed to the failurdPdf Eorrection mechanism. It can
also be reverse argued that since there are known casesi@Estdoss, there is uncorrected FPN
in the visual system, thereby proving the first hypotheseifiéation of both these hypotheses

requires further experiments with animal retina.

8.5 Concluding remarks

This thesis explored ways towards improving the perforreamicwide dynamic range loga-
rithmic sensors manufactured in CMOS process. The fixedrpatigse in these sensors was
extensively examined and a simple and yet highly effectoreection procedure was evolved.
The dark current in these sensors was also limited by usdfefeht layout strategy. The low
light performance of these sensors was further improvedhegtising the low light response of
the sensor. A new model for the response was derived and telnvas used for characterising
the pixel. A strategy for reducing the FPN in these sensossalso devised.

The work presented in this thesis can be extended to furthprave the performance of
logarithmic sensors. Two possible modifications have beggested. In the first, the complex
transition region of the LLCMOS pixel is removed leading tmple input-output relationship.
In the second, a new pixel design is suggested which impiibxeegain of the logarithmic pixel.
The logarithmic data captured by these imagers need fuptitoeressing including processing
for display and colour reproduction. A standard file forntagnce, needs to be devised for
these sensors. The logarithmic nature of current standardsgh dynamic range data may
be utilised towards this effect. The logarithmic naturehaf butput from these pixels may also
assist in tone mapping algorithms to display these imaggpotiesis regarding the presence
and correction of fixed pattern noise in natural visual systare also presented asking new

questions in our understanding of animal retina and herqéneefurther investigation.
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Test Chips

My tools are but common ones,
Simple shepherds all
My tools are no sight to see:
A little hempen string, and a post whereon to swing,
Are implements enough for me!
Thomas Hardy

A.l Isis

Various results shown in this report are based on expersretied out on two chips namely
Isis and Cherwell. Isis was manufactured in Q.35 metal, 2-poly CMOS CSI process from
Austrian Micro Systems. The simulations and design wasoped using Cadence tool-set.
The chip primarily consists of 6 regions. A symbolic diagrafithe chip is shown in figure

Al

The Smaller Arrays

The chip contains 4 small arrays of 1000 pixels. Each of these arrays has its individual
row scanner. However, no column scanner is provided andehtemcoutput lines are available
from these arrays. The first row as well as the first column iketeed by a metal layer on top

of the array. The pixel dimension in each array wasu10 10 1. However, different arrays

144
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have different types of pixels. The first two arrays have emtional logarithmic pixels with
different readout circuits. One of the arrays uses the aaiamal source follower circuit while
the second has the higher gain differential amplifier readouauits. The results from these
arrays have been presented in chapter 3. The third arragiosrthe double current mirror
pixel to control the leakage current in the pixel. The reddorcuit used is of differential
amplifier type. The results from this array are presentechapter 5. The last array contains
electronically calibratable pixel with differential anifpr readout circuits. The column circuit

of this array also contains calibration current sourcegs€érave been explained in chapter 4.
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Miscellaneous Test Circuits

Figure A.1: Representative schematic of the test chip - ¥igre are 4 small arrays, one large
array, test pixels and large photodiodes on the chip.

The Large Array

About half of the chip contains a large array of 200 x 100 etattally calibratable pixels,
described in chapter 4. The readout circuits used are dadrdiftial amplifier type. This array

has a row scanner as well as a column scanner, thereby prg\adcess to every pixel using



APPENDIX A. TEST CHIPS 146

Technology 0.3%m 2-poly 3-metal CMOS
Chip size 3.3x 3.3mm?

Pixel Size 10x 10 pym?

Larger Array

Resolution 200x100

Pixel Type Cascoded with Calibration Source
Readout Differential Amplifier

Fill Factor 49,

Smaller Array No 1

Resolution 10x100

Pixel Type Conventional

Readout Source Follower

Fill Factor 58%

Smaller Array No 2

Resolution 10x100

Pixel Type Conventional

Readout Differential Amplifier

Fill Factor 58%

Smaller Array No 3

Resolution 10x100

Pixel Type Cascoded with Calibration Source
Readout Differential Amplifier

Fill Factor 49%

Smaller Array No 4

Resolution 10x100

Pixel Type Double Current Mirror Pixel
Readout Differential Amplifier

Fill Factor 30%

Table A.1: Chip summary - Isis.

single output line. The column circuit of the array contansther stage of differential amplifier
readout circuits along with the calibration current soarch addition, an external reference
pixel has also been designed with the array. The calibratoince can be selectively connected

to this pixel to approximate their variations.

Miscellaneous Circuits

In addition to the arrays, smaller test circuits have alsmbecluded on this chip. These include
two pixels of all the four types used in the smaller arrayseséhpixels can be directly read-out

of the chip. One of these pixels has been covered with a metat.| In addition, two large
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photodiodes each of dimension 100 x 1@Mave also been manufactured on the chip. One
of these has been shielded by metal layers. These photediwdede an on-chip light meter.
Finally, for primary testing purposes, single nMOS and pMd8ices with sorted gates were

also manufactured on the chip.

A.2 Cherwell

The second chip, Cherwell, was manufactured in 0.85metal, 2-poly CMOS C35 process
from Austrian Micro Systems. The change of process was s#at=d due to unavailability
of the previous process. This chip was result of severakptsjand hence contained circuits
designed by various researchers. About a quarter of thecomiained circuits reported in this
thesis. These image-sensing parts of the chip contain gmedl arrays of 10810 pixels, as
shown in Figure A.2. The last array on the chip contained entignal logarithmic pixels with
source follower pixels. The second array contained lolgawit pixels, wherein the photodiode
was surrounded by a polysilicon guard ring structure. Tipesals also utilised source follower
readout circuits. The results from these pixels have beesepited in chapter 5. The third arrays
had pixels with combined linear and logarithmic respongé simple layout and conventional
source follower readout circuits. The results correspaongdd these pixels have been presented
in chapter 6 and 7. Scanners were manufactured in the chigcesa individual pixels. How-
ever, unlike the previous chip, the same scanner was used fmrays. Similar to Isis, a large
photodiode was also manufactured to act as an on-chip lighkémmSingle pixel circuits of the
three types were also manufactured for characterisatimgleStransistors were also manufac-
tured for primary testing of the chip. The non-photosewsifiarts of the chips were covered by

two of the top layer metals provided in the technology.
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Scanner

Pixels with combined linear and
logarithmic response
100 x 10 Array

Pixels with polysilicon guard
ring around their photodiode

Large Photodiodﬂ
100 um X 100 um 100 x 10 Array
Single pixel circuits Conventional logarithmic pixels
100 x 10 Array

Figure A.2: Representative schematic of the test chip - CHer@aly a quarter of chip area
is used for pixel circuits. There are three pixel array withrmers. Single pixels and large
photodiode are also manufactured.

Technology 0.3%m 2-poly 4-metal CMOS
Chip size 3.3x 3.3mm?

Pixel Size 10x 10 pum?

Smaller Array No 1

Resolution 10x100

Pixel Type Linear - logarithmic response pixel
Readout Source Follower

Fill Factor 44%

Smaller Array No 2

Resolution 10x100

Pixel Type Guarded photodiode pixel
Readout Source Follower

Fill Factor 40%

Smaller Array No 3

Resolution 10<100

Pixel Type Conventional logarithmic
Readout Source Follower

Fill Factor 40%

Table A.2: Chip summary - Cherwell
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Publications from the Thesis

And listen why; for | will tell you now
What never yet was heard in tale or song,
From old or modern bard, in hall or bower.
John Milton

Chapters 3 and 4

e “An electronic calibration scheme for logarithmic CMOS ingegensors; IEEE Sensors
Journal, Volume 6:4, pages: 950- 956, August 2006. with $afiya, S. Otim, D. Joseph
and S. Collins.

e “Model based fixed pattern noise correction for high dynamicge logarithmic CMOS
imagers”accepted for publication in the IEEE Transactions on Imsgmtation and Mea-
surement, with S. Otim, D. Joseph and S. Collins.

¢ “Simplified fixed pattern noise correction scheme for logariic pixels”, In Proceedings
of the IEEE workshop on CCDs and Advanced Image Sensors, Kapan,JMay 2005,
with S. Otim, D. Joseph and S. Collins.

e “A 200X100 array of electronically calibratable logarithmCMOS pixels’ In Proceed-
ings of the Biennial Analogue Signal Processing Conferencér@, November 2004.
With S. Ayoama, S. Otim, D. Joseph and S. Collins.

e “An electronic calibration scheme for logarithmic CMOS fd&lg In Proceedings of the
IEEE International Symposium on Circuits and Systems, Vanen Canada, June 2004,
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