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Abstract

A recent advancement in solid-state imaging technology known as Active Pixel Sensors
(APS) is poised to challenge the dominance of the established Charge-Coupled Device (CCD)
technology. Traditionally CMOS imaging arrays have suffered from poor noise performance.
However, the availability of CMOS with sub-micron feature dimensions has made practical the
inclusion of active devices within each pixel to provide signal gain and buffering functions.
Combined with techniques such as correlated-double sampling (CDS), CMOS APS image sen-
sors have been developed that deliver image quality approaching that of CCD sensors. Unlike
CCD sensors, the architecture of APS sensors are inherently low power and compatible with
the integration of camera system electronics onto the same die as the imager. Consequently

CMOS APS technology has the potential to reduce the power, size, and cost of solid-state cam-
eras.

While CMOS APS image sensors are already finding their way into products, a number of
important issues remain open research questions. This thesis addresses two important areas of
investigation, the fundamental performance limitations of CMOS APS sensors, and the devel-
opment of highly integrated camera systems. After reviewing the relevant concepts of
solid-state imaging and digital colour camera technology, the performance limitations of
CMOS APS image sensors are identified through the experimental evaluation of a
state-of-the-art colour photogate sensor. It is demonstrated that by using two levels of CDS
fixed-pattern noise (FPN) due to circuit mismatch is eliminated, and instead FPN performance
becomes limited by non-uniformity of the sensor dark current, and non-uniformity of the pixel
floating diffusion node capacitance. High conversion gain in the photogate pixel ensures that
the temporal noise performance of the sensor is determined at the pixel level by low quantum
efficiency. At low signal levels charge transfer noise and dark current shot noise also degrade
performance. The colorimetric accuracy of the sensor is limited by significant pixel cross talk.
It is argued that to achieve CCD-level performance or greater it will be necessary to address

these issues at the device level through modification of the standard CMOS fabrication proc-
ess.

The issues pertinent to camera system integration using CMOS APS technology are investi-
gated through the development of a single-chip digital colour camera. The camera, intended
for multi-media applications, features a fully digital programming interface, and a sophisti-
cated temporal sequencing scheme to investigate the coupling of digital switching noise into
analog circuits via the chip substrate and power supply buses. The architecture of the sin-
gle-chip camera is described, and its performance experimentally evaluated. The camera is
realized as a 740K device integrated circuit which produces 24-bit RGB pixel data of 352 x

Xii



288 resolution at 30 frames/second while dissipating 182mW from a 3.3V supply. It is shown
that contrary to expectations digital switching noise does not degrade camera system perform-

ance.
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CHAPTER 1 Introduction

1-1. Introduction

In this chapter the background and motivation of the thesis are discussed, followed by the
context and contributions claimed. The evolution of this body of work is described and collab-

orations with several co-workers clarified. This chapter concludes with an outline of the thesis
structure.

1-2. Background and Motivation

The contributions of this thesis concern an emerging solid-state imaging technology known
as Active Pixel Sensors (APS) that enables the manufacture of high performance image sensors
in Complementary Metal-Oxide-Semiconductor (CMOS) integrated circuit fabrication tech-
nology. To establish the background and motivation for this work the incumbent solid-state
imaging technology known as Charge-Coupled Device (CCD) is introduced, and a number of
its limitations discussed. Early passive MOS and CMOS image sensors are described before
the architecture of CMOS APS imagers and their potential advantages are presented. This sec-
tion concludes with a discussion of the opportunity APS technology has to fundamentally
change the technological basis and application space of solid-state imaging.

1-2.1  CCD Imaging Technology

For the last ten years electronic image acquisition has been dominated by a silicon inte-
grated circuit technology known as Charge-Coupled Device (CCD) [Theuwissen 1995]. In the
mid-1980’s CCD technology displaced the photoconducting tube as the basis of electronic
imaging with superior properties in terms of size, weight, power dissipation, and cost [Flory
1985, Theuwissen 1994]. Such characteristics enabled CCD technology to take electronic
imaging beyond the exclusive domain of television broadcasters and the scientific and military

communities, and created a vast consumer and industrial market for portable video cameras.
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1-2.1.1 CCD Sensor Architecture and Operation

A CCD image sensor consists of a two dimensional array of pixels composed of photode-
tectors and adjacent CCD gates [Theuwissen 1995]. The simplified architecture of an inter-
line-transfer CCD image sensor is shown in Figure 1-1. Photons from incident light are
absorbed by the silicon substrate, thereby generating charge carriers that are collected in the
depletion regions of an array of photodiodes. During sensor read-out the charge accumulated
by each photodiode is transferred by the CCD gates to a single output stage where it is con-
verted into a voltage signal that represents the image.

photodiode

CCD stage

pixel | §

vertical CCD register

N I N B

horizontat CCD register output stage

Figure 1-1. Architecture of an interline-transfer CCD image sensor.

1-2.1.2 Limitations of CCD Technology

While CCD technology has been enormously successful, some observers believe that it is
not well suited to meet the demands of the next generation of solid-state imaging applications
[Fossum 1993, Ackland and Dickinson 1996]. To maintain high image quality while achieving
further advancements in resolution, power dissipation, and system integration at an acceptable
cost pose difficult challenges for CCD technology. The concerns centre on the fundamental
principle of CCD operation, the need for near perfect charge transfer.

1-2.1.3 Charge Transfer Efficiency

As the charge packet from each pixel must be transferred through a large number of CCD
gates before it reaches the output stage, the performance of the sensor depends on near perfect
charge transfer by each CCD gate. A quantity known as the charge transfer efficiency, defined
as the fraction of a charge packet successfully transferred from one CCD gate to the next, is
used to characterize CCD operation. If the charge transfer efficiency of a CCD sensor is
denoted by { and the charge packet undergoes m transfers prior to reaching the output stage
then the net fraction of the original signal at the output is given by:
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net fraction of charge transferred = Cm (1-1)

The importance of high charge transfer efficiency can be clearly demonstrated using an
example. If m is 2000 and { is 0.999, then the net fraction of charge transferred to the output
is only 13.5% ; however if { is increased to 0.99999, then the net fraction becomes 98.0% .

To achieve sufficiently high charge transfer efficiency it is necessary to minimize defects in
the silicon that interact with the charge packets, and to carefully control the potential profiles
under the CCD gates [Barbe 1975]. The development of the buried-channel CCD (BCCD) and
advancements in process cleanliness have enabled CCD image sensors with extremely high
charge transfer efficiency to be developed [Walden et al. 1972, Agwani et al. 1994]. Manage-
ment of the potential profiles is accomplished by manipulating the doping concentrations used
to form the CCD stages, and shaping the voltage waveforms of the clock signals driving the
gates [Bosiers et al. 1991, Yamagishi et al. 1991].

1-2.1.4 Resolution

The resolution of a solid-state image sensor is given by the number of pixels in the array.
For example, an image sensor in a digital video camera might have a resolution of 724 x 494
pixels, while a camera for high definition television (HDTV) might have a resolution of 1340 X
1045 pixels [Naito et al. 1995, Takemura et al. 1995]. Advancements in lithographic tech-
niques to provide smaller feature dimensions have increased the number of pixels and CCD
gates per unit sensor area. Combined with the availability of larger wafer sizes this has enabled
the cost of a CCD sensor with a given resolution to fall markedly through the evolution of the
technology. The trend to small feature dimensions cannot be continued indefinitely however.
Optical diffraction considerations set a lower bound on the pixel size at approximately 3.5um
X 3.5um [Satoh et al. 1997]. Furthermore, as pixel and CCD gate dimensions decrease there
are corresponding losses in imager sensitivity and charge transport capacity that must be over-
come [Tabei et al. 1991, Ozaki et al. 1994]. Such difficulties result in a trade-off between the
image quality and cost of a CCD image sensor [Kuriyama et al. 1991].

The reliance of CCD architectures on complete charge transfer through a very large number
of CCD stages makes such sensors vulnerable to defects introduced during the fabrication
process or already present in the starting materials. A fault associated with a single CCD gate
may create a visible pixel or column artifact in the output image [Theuwissen 1995]. The
number and type of defects that can be tolerated in a sensor for a given application determine
in part its cost [Holst 1996]. The manufacturing yield of a CCD imager depends on the sensor
size, the number of pixels, and the physical dimensions of the pixels and CCD gates. Consider-
able investment in CCD fabrication technology is required to develop very high resolution
imagers with acceptable yield [Kamasz et al. 1994, Farrier et al. 1997].
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1-2.1.5 Power Dissipation

The power dissipation of a CCD image sensor P, is a function of the amplitude of the
clock voltage V_,, , the vertical and horizontal clock frequencies f, and f, , and the total verti-

cal and horizontal capacitances C, and C, of the CCD stages that the clock signals must
drive:

2 2
Pecpe< LCvalk Lt GV ch Watts (1-2)

The dependence of the charge transfer efficiency and the charge handling capacity of the
CCD gates on the clock voltage makes it a significant design challenge to reduce power dissi-
pation by decreasing the clock voltage V,, without adversely affecting sensor performance
[Mutoh et al. 1997, Watanabe et al. 1997, Yamaguchi et al. 1997]. The sensor clock frequen-
cies f, and f, are determined by the dimensions of the imaging array, the number of parallel
output stages, the video or image format used, and the CCD read-out architecture. Typically f,
and f, are integer multiples of the line and pixel rates respectively. High resolution sensors
often exploit parallelism to reduce the clock frequency of the horizontal CCD registers f, .
However, this is done to minimize the noise bandwidth of the output stage and facilitate high
charge transfer efficiency and does not reduce power dissipation [Nishida et al. 1988]. The
need to clock each of the CCD gates a large number of times to execute sensor read-out
presents the key problem in power reduction. The inherent capacitance of the CCD gates and
resistance of the clock lines provide designers with significant challenges in terms of power
dissipation and clock distribution. This is particularly true for high resolution sensors [Yamag-
ishi et al. 1991, Morimoto et al. 1995].

1-2.1.6 System Integration

To achieve high imaging performance, CCD technology has diverged significantly from the
mainstream integrated circuit technology known as CMOS. Almost all analog and digital inte-
grated circuits from microprocessors to application specific integrated circuits (ASICs) are
made in CMOS technology. While there are similarities between the CCD and CMOS fabrica-
tion processes, it is not possible to produce efficient CCD and CMOS devices on the same die
without compromising the performance of one or both structures [Fossum 1994a]. The imprac-
ticality of integrating CMOS circuits on the same chip as a CCD image sensor imposes a
bound on the level of system integration that can be achieved for a solid-state camera. Most
solid-state imaging applications require hardware resources in addition to the image sensor to
provide the clock signals required and to implement functions such as analog-to-digital con-
version, colour processing, and image compression [Izawa et al. 1990, Onga et al. 1990, Take-
mura et al. 1995]. Consequently a typical solid-state camera consists of a CCD image sensor
and one or more CMOS integrated circuits to realise camera system functionality. The inability
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to reduce the total parts count through further integration is restrictive for compact, low cost
applications in terms of the cost and physical size of the assembled camera system [Ackland
and Dickinson 1996]. For this reason there has always been an interest in alternative imaging

technologies that are compatible with camera integration.

1-2.2 Passive MOS Imaging Technology

The earliest solid-state image sensors were fabricated not in CCD technology, but in the
mainstream integrated circuit technology of the time known as Metal-Oxide-Semiconductor
(MOS) [Weckler 1967]. The architecture of a simple MOS image sensor is shown in Figure
1-2 [Koike et al. 1980, Aoki et al. 1982]. Charge carriers generated by incident light are col-
lected by the photodiodes. During sensor read-out each row of photodiodes is selected in turn
by the row decoder. While a row is active, the column decoder selects each column in turn and
the collected charge from the corresponding photodiode is sensed by the output amplifier
across the column bus.

photoldiode
.- __v J_

._’_L pixel
- A

[
access device

row decoder

T EEEREE

column bus

>_

output amplifiar

ERREEE

—

m

[ EEEEEE
 EEERRE
[ EEEARE
| EEEAEE

column decoder

Figure 1-2. Architecture of a passive MOS image sensor.

During the 1980s mainstream integrated circuit technology evolved from MOS to CMOS.
However, image sensors developed in CMOS continued to follow the passive architecture of
their MOS predecessors [Renshaw et al. 1990]. Due to their architectural similarity the phrase

“passive MOS sensor” in the ensuing discussion also includes passive CMOS sensors.

1-2.2.1 Advantages of Passive MOS Sensors

MOS sensors are extremely low power compared with CCD sensors due to the alternative

read-out architecture employed. In a MOS sensor the charge from each pixel is directly sensed
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across the column bus and not clocked through a large number of capacitive CCD gates using
high supply voltages. The power dissipation of a MOS sensor P, is a function of the col-
umn bus capacitance C,_,, the signal swing on the column bus during read-out AV__,, the sen-
sor supply voltage Vdd, and the line rate f}; ,:

P <C AV

col

vdd f,,, (1-3)

MOS col

Each of these quantities can be made small enabling MOS sensors to typically achieve

power savings of more than an order of magnitude over their CCD counterparts.

The other main advantage of MOS sensor technology is its compatibility with camera sys-
tem integration. As the sensor is manufactured in mainstream integrated circuit technology it is
possible to realize camera electronics on the same die as the sensor enabling camera miniaturi-

zation and a fully digital camera interface [Renshaw et al. 1990].

Another useful feature of the MOS architecture is that it seemlessly supports both progres-
sive and interlaced read-out. Furthermore, the architecture can be designed to enable random

pixel access so that pixels can be addressed in any order. This is useful for certain applications.

1-2.2.2 Limitations of Passive MOS Sensors

Unfortunately the performance of passive MOS sensors is limited by substantial temporal
and fixed-pattern noise (FPN) that degrades image quality [Ohba et al. 1980, Noda et al. 1986].
The principle of passive MOS sensor operation is the ability of the output amplifier to sense
the signal charge collected at the photodiode over the column bus. For imaging arrays of high
resolution the capacitance of the column bus becomes large with respect to the capacitance of
the photodiode which makes the charge sensing operation at the required read-out rate chal-
lenging. Furthermore, the switching of the column bus capacitance during read-out contributes
significant thermal noise that degrades the sensor signal-to-noise ratio (SNR). In addition, mis-
match between the pixel access devices and mismatch between the offset and gain of the col-
umn circuits introduce significant FPN that is seen as visible stationary artifacts in images
output from the sensor. The temporal and FPN problems associated with passive MOS sensors
have allowed CCD to become established as the dominant solid-state imaging technology due
to its ability to provide superior noise performance [Fossum 1997].

1-2.3 Active Pixel Sensor (APS) Imaging Technology

Recently there has been a significant advancement in CMOS imaging technology known as
Active Pixel Sensors (APS) [Fossum 1993, Fossum 1997]. The architecture of an active pixel
sensor is shown in Figure 1-3 and is defined as an imager with one or more active transistors
located within each pixel.
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Figure 1-3. Architecture of an active pixel sensor.

APS architectures preserve the advantages of passive MOS sensors in terms of low power
dissipation, random access, and the ability to integrate system functionality, but provide signif-
icant improvement in noise performance and the ability to scale to large array sizes [Dickinson
et al. 1995b]. Manufacturing in a mainstream CMOS fabrication process provides potential
cost savings when compared with CCD technology [Fossum 1994b].

Active pixel sensors have been made practical by the availability of CMOS technology with
sub-micron feature dimensions. This has created new architectural possibilities by allowing
several transistors in addition to the photodetecting device to be included in each pixel to pro-
vide additional functionality such as amplification or buffering, electronic shutter, or ana-
log-to-digital conversion [Andoh et al. 1990, Aw and Wooley 1996, Fowler et al. 1994].
However, as the fraction of pixel area used for photodetection decreases there is a correspond-
ing reduction in imager sensitivity [Holst 1996]. For sensors of useful resolution and pixel size
this limits the number of additional devices that can be introduced. With present CMOS fea-
ture dimensions this appears to range between 3 and 5 minimum sized devices and conse-
quently pixel functionality is typically restricted to row select, charge reset, and amplification
or buffering [Mendis et al. 1997b].

1-2.3.1 In-Pixel Signal Buffering

Unlike a CCD or passive MOS sensor the successful operation of an active pixel sensor
does not depend on transferring the charge collected at each photodetector to the output stage,

or sensing the charge across the column bus. Rather the collected charge is converted into
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either a current or a voltage by the active device in each pixel prior to read-out [McGrath et al.
1997, Mendis et al. 1997a]. This current or voltage is sampled across the column bus by the
column circuits depending on whether the read-out architecture is current-mode or volt-
age-mode respectively. The buffering function provided by the active device greatly improves
the ability of the pixel to drive the column bus and enables the architecture to be scaled to large
array sizes [Dickinson 1996, Scheffer et al. 1997]. If significant signal amplification is per-
formed at the pixel level this can minimize the relative contribution of the thermal noise from
the column bus capacitance and downstream read-out circuits to the sensor signal-to-noise
ratio [Blanksby et al. 1997]. The two most successful APS architectures developed employ
voltage-mode read-out and are known as the active photodiode and active photogate respec-
tively [Mendis et al. 1994b]. Low noise current-mode APS architectures have been more diffi-
cult to develop due to the non-linearity of the simple in-pixel charge to current buffers
[Mclirath et al. 1997, Nakamura et al. 1997].

1-2.3.2 Fixed-Pattern Noise in APS Imagers

As with passive MOS sensors, APS imagers are subject to fixed-pattern noise due to device
mismatch in the pixel and column read-out circuits. However, the architecture of APS arrays
have proven compatible with effective schemes to cancel FPN at both the pixel and column
level based on a technique known as correlated-double sampling (CDS) [White et al. 1974].
While CDS was originally developed to cancel reset noise in the output stage of CCD sensors,
it has recently been demonstrated that CDS can also be employed with the active photogate
and the photodiode architectures to significantly reduce FPN and remove several temporal
noise components [Fossum 1993, Mendis et al. 1994b]. More advanced FPN correction
schemes for APS sensors are possible using a frame memory and additional hardware. The
improvement in image quality due to FPN management techniques is substantial, and conse-
quently APS image sensors are finding their way into products [Hurwitz et al. 1997, Smith et
al. 1998].

1-2.4 Potential Impact of APS Technology on Electronic Imaging
1-2.4.1 Technological Barrier of Entry to the Solid-State Imaging Market

At present consumer solid-state imaging is dominated by a few large vertically integrated
companies that design and fabricate CCD sensors, develop the associated system components,
and manufacture and sell the final product. The investment required to develop competing
CCD technology creates a considerable barrier of entry that has excluded new companies from
entering the market. Active pixel sensor technology seems poised to revolutionize electronic
imaging by significantly lowering the technological barrier of entry to the market. If high qual-
ity images can be obtained from a sensor fabricated in standard CMOS, then anyone with
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access to a CMOS foundry could be a potential player in the market. This trend is already
apparent with an increasing number of CMOS design houses and foundries actively develop-
ing CMOS APS technology [Wilson 1997]. Increased competition in the market should result
in savings for the consumer.

1-2.4.2 Digital Camera Technology

At present electronic imaging is in transition from analog to digital technology. Images that
are represented digitally can be more easily edited, reproduced, and transmitted without loss of
quality. Advancements in digital image compression has supported the introduction of digital
video, and the availability of powerful desktop computing platforms and network technology
have created opportunities for new multi-media products and services [Ackland and Dickinson
1996]. An important part of this trend is the emergence of digital photography [Ohno 1996,
Konishi and Iwabe 1997]. As the dominant solid-state imaging technology, CCD sensors have
formed the basis of almost all the digital camera products that have been released to date
[Izawa et al. 1990, Chan and Youe 1995, Parulski and Jameson 1996]. However, for many of
these applications CCD technology is not well suited in terms of power dissipation, system
integration, and cost. The ability of CMOS APS technology to address each of these issues
provides a significant opportunity for it to become established in the marketplace. Further-
more, the unique characteristics of APS technology, combined with an influx of new compa-

nies into the market has the potential to stimulate the creation of new imaging applications.

1-3. Thesis Context

To establish the context for the contributions of this thesis the history of active pixel sensors
is briefly reviewed and the present state-of-the-art is identified. This leads into a discussion of

open research issues in APS technology and areas where contributions remain to be made.

1-3.1 A Brief History of Active Pixel Sensors
1-3.1.1 Early Active Pixel Sensors

The term “active pixel sensor” has been coined to describe an image sensor architecture
where one or more active transistors are located within each pixel [Fossum 1993]. The first
image sensor that fits this definition was developed 25 years prior to the terms inception. In
1968 Noble published the architecture for a MOS image sensor array that included a source
follower transistor within each pixel to buffer the photodiode [Noble 1968]. Soon after, Cham-
berlain expanded on this work reporting on photosensitivity and read-out architectures [Cham-
berlain 1969]. However, the feature dimensions of fabrication technology of the day rendered

the sensor architecture impractical for mainstream imaging applications. The pixel size was
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100pm x 100pm and only a 10 x 10 array was realized. Sensor performance was limited by

significant FPN due to threshold voltage variations across the array.

1-3.1.2 Practical Pixel Dimensions

The active pixel sensor concept was revived in the early 1990’s as the rapidly shrinking fea-
ture dimensions of semiconductor technology began to make an APS array of practical resolu-
tion and pixel size feasible. In 1990 the basic architecture of Noble and Chamberlain was used
by Andoh et al. to develop a 510 x 490 image array with pixel dimensions 17.3pum X 13.5um
[Andoh et al. 1990]. Sensor FPN was suppressed by subtraction from an external frame mem-
ory. Around the same time Yadid-Pecht et al. developed a photodiode array that supported ran-
dom pixel access [Yadid-Pecht et al. 1991]. Active devices were used within each pixel to
provide several buffering functions as part of the signal read-out. However, the sensor per-

formance was degraded by significant cross talk and temporal noise.

1-3.1.3 Fixed-Pattern Noise Reduction

Significant advancements in active pixel sensor technology were introduced by Fossum and
his co-workers at the U.S. Jet Propulsion Laboratory (JPL) [Fossum 1993]. The first of these
was the double-poly photogate active pixel which essentially realizes a single charge-coupled
stage and CCD-style output amplifier within each pixel [Mendis et al. 1993b]. The photogate
pixel design required two levels of polysilicon and the sensor was produced in a CMOS fabri-
cation process specialized for analog designs. However, an important achievement of the pho-
togate pixel was that it supported correlated-double sampling to eliminate several pixel
temporal noise components and reduce pixel FPN. Subsequently, Fossum and his co-workers
developed a column parallel read-out architecture implementing two levels of correlated-dou-
ble sampling to suppress mismatch between columns in addition to FPN at the pixel level
[Mendis et al. 1994a]. Using different timing this same column circuit architecture could also

be used with an active photodiode array to suppress pixel and column FPN.

1-3.1.4 New Pixel Designs

To allow sensor fabrication in a standard digital CMOS process a photogate pixel was
developed by a group working at AT&T Bell Laboratories that required only a single polysili-
con layer. This led to the successful manufacture of photogate APS arrays of size 256 x 256
and 1024 x 1024 [Dickinson et al. 1995a, Dickinson et al. 1995c]. The single-poly photogate
pixel design was also arrived at separately by Fossum and his co-workers at JPL [Mendis et al.
1994a]. As well as the basic active photogate and photodiode architectures, a number of deriv-
ative pixel designs have been reported including the floating gate pixel [Mendis et al. 1993a,
Nakamura et al. 1995], and pixels with individual reset [ Yadid-Pecht et al. 1997].

10
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1-3.1.5 Current-Mode APS Image Sensors

In addition to the voltage-mode APS sensors a number of architectures based on a cur-
rent-mode approach have been developed [Aw and Wooley 1996, McGrath et al. 1997, Naka-
mura et al. 1997]. The largest of these sensors features a 768 X 512 array and a difference mode
to reduce fixed-pattern noise [McGrath et al. 1997]. As with voltage-mode APS architectures,
FPN in current-mode architectures is a significant issue. However, developing effective FPN
suppression techniques has proven more difficult however due to the non-linear relationship
between signal charge and signal current in a current-mode architecture [Mcllrath et al. 1997].
For this reason the author does not believe that current-mode APS sensors will play a signifi-
cant role in the future of APS technology.

1-3.1.6 Alternative APS Technologies

To complete this discussion on APS technology it is necessary to mention a number of
non-CMOS imaging architectures that have been developed that could also be described as
active pixel sensors, namely the static induction transistor (SIT) [Nisizawa et al. 1979], the
charge modulation device (CMD) [Nakamura et al. 1986], and the base stored image sensor
(BASIS) [Tanaka et al. 1989]. The SIT, CMD, and BASIS devices all require additional
processing steps during fabrication and can be considered proprietary technology in the same
sense as CCD technology. While each of these architectures has potential advantages in terms
of read-out sensitivity compared to CCD sensors, performance is limited at present by dark
current, fixed-pattern noise, or image lag. Unless these technologies can demonstrate clear
advantages over CCD technology, it is unlikely that they will be widely adopted.

1-3.2 State-of-the-Art Active Pixel Sensors

The APS architectures that are at present generating the most interest are those based on the
voltage-mode photodiode and photogate active pixels. Sensors using these architectures have
been successfully fabricated in a number of different CMOS fabrication processes [Dickinson
et al. 1995a, Nixon et al. 1996b, Mendis et al. 1997b, Smith et al. 1997].The use of two levels
of correlated-double sampling has been shown to substantially reduce fixed-pattern noise
[Mendis et al. 1994a]. Furthermore many such sensors have integrated additional functionality
such as analog-to-digital conversion onto the same die as the pixel array [Mendis et al. 1993a,
Zhou et al. 1997]. Colour sensors have been demonstrated with a 1014 x 804 colour photodi-
ode sensor being used in a consumer digital still camera [Hurwitz et al. 1997]. A 640 x 480
colour photodiode sensor with pixel dimensions of only 5.6um X 5.6um has also been recently
reported [Oba et al. 1997].
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1-3.3 Open Research Issues

While CMOS APS image sensors are already finding their way into products, there are still
important issues that remain open research questions. The most critical of these concern identi-
fying the performance limitations of APS technology, the compatibility of APS with ongoing
advances in CMOS fabrication technology, and the ability to manufacture highly integrated

camera systems without performance degradation due to digital switching noise.

1-3.3.1 Identifying the Performance Limitations of APS Technology

At present there are questions regarding the level of image quality that can be delivered by a
sensor manufactured in a standard digital CMOS process. While a number of researchers have
reported various results, there has not yet been a detailed performance comparison between
CMOS APS technology and CCD technology. In particular, the performance limitations of the
present generation of APS image sensors have not been established. Available data suggests
that currently CCD technology provides superior optical sensitivity and fixed-pattern noise
performance. Furthermore, it has also been found that some CMOS fabrication processes pro-
duce image sensors with a large number of defective pixels due to high dark current levels
[Loinaz 1996]. Without a detailed study comparing the performance of CMOS APS and CCD

sensors, it is difficult to target where future improvements in image quality can be realized.

1-3.3.2 Compatibility with Standard CMOS

If a specialized CMOS fabrication process is required to address the performance limita-
tions of APS sensors, then some of the perceived advantages of the technology will need to be
re-assessed. Special fabrication requirements will clearly increase the investment required by
companies wishing to use this technology to enter the image sensor market. A related issue
concerns the longer-term compatibility of APS with the continual advancements in mainstream
CMOS fabrication technology. Further research is required into how the performance of APS
arrays will change as feature dimensions are scaled to deep sub-micron, or if mainstream
CMOS moves towards a silicon-on-insulator (SOI) substrate [Wong 1996].

1-3.3.3 Camera System Integration

In addition to fundamental sensor performance issues there are also questions concerning
large-scale camera system integration on the same die as the sensor itself. Although APS is
promoted as being compatible with high levels of camera integration only a small number of
true “single-chip cameras” have been developed to date [Loinaz et al. 1998a, Smith et al.
1998]. In particular, the potential for performance degradation due to coupling of digital
switching noise into the analog circuits of the sensor through the substrate has not yet been
investigated. This phenomenon has been observed with other mixed signal projects [Su et al.
1993, Blalack and Wooley 1995].
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1-4. Contributions

This thesis addresses several important issues concerning the ability to produce highly inte-
grated solid-state colour cameras in a standard CMOS fabrication process. Contributions

claimed by the author are the following:

* Identifying the performance limitations of CMOS APS technology through the experi-

mental evaluation of a colour photogate active pixel sensor.

» Demonstrating an integrated CMOS digital colour camera and quantifying the impact of

digital switching noise on camera system performance.

1-4.1  Identifying CMOS APS Performance Limitations

A major contribution of this thesis is identifying and quantifying the performance limita-
tions of CMOS APS technology through the experimental evaluation of a state-of-the-art col-
our photogate active pixel sensor.

1-4.1.1 CMOS APS Fixed-Pattern Noise Performance is Device Limited

It has been a widely held assumption that mismatch in the pixel and column read-out cir-
cuits is the factor limiting the fixed-pattern noise performance of CMOS image sensors, and
that this provides the FPN advantage that CCD sensors hold over CMOS sensors. A major con-
tribution of this thesis is demonstrating that with the use of two levels of correlated-double
sampling all FPN in a CMOS APS sensor due to circuit mismatch is cancelled, and instead
FPN performance is limited by dark current non-uniformity at low signal levels, and floating
diffusion non-uniformity at high signal levels. This is significant because it establishes that the
FPN performance of CMOS APS image sensors is device and not circuit limited, and that fur-

ther advancements in FPN performance can only be achieved at the fabrication process level.

1-4.1.2 CMOS APS Temporal Noise Performance is Device Limited

It is shown that high conversion gain in the photogate pixel ensures that the temporal noise
performance of the sensor is determined at the pixel level by photon shot noise, dark current
shot noise, and charge transfer noise. Substantial advancements in temporal noise performance
will only be achieved by improving the quantum efficiency, reducing dark current, and ensur-
ing complete charge transfer within each pixel. To address each of these issues will require

intervention at the fabrication process level.

1-4.1.3 CMOS APS Colorimetric Accuracy is Device Limited

The first reported investigation into the colorimetric performance of a CMOS APS sensor is

presented. It is demonstrated that the colorimetric accuracy of the active photogate sensor is
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limited by low quantum efficiency in the blue portion of the spectrum, and substantial pixel

cross talk. Each of these shortcomings can only be addressed at the fabrication process level.

1-4.1.4 The Need for Non-Standard CMOS APS

It is argued that while there exists scope at the circuit level to increase the sensor saturation
level and improve gain in the signal path, the critical sensor performance limitations in terms
of temporal and fixed-pattern noise must be addressed at the device level. It is argued that
present mainstream CMOS fabrication technology is only suitable for manufacturing APS
image sensors intended for low-end solid-state imaging applications. To achieve image quality
competitive with high-end CCD image sensors will require modifications to the standard
CMOS fabrication process to reduce dark current and pixel cross talk, and improve sensor
quantum efficiency. The performance of the next generation of CMOS APS sensors will be

determined by the characteristics of new pixel structures that can be manufactured as part of a
CMOS array.

1-4.2 APS Camera System Integration

The other major contribution of this thesis is the demonstration that complete camera sys-
tem integration can be attained without loss of camera performance. This was shown through
the development of an CMOS APS digital colour camera integrated on a single chip. The cam-
era timing incorporates a sophisticated switching noise management strategy to investigate the
coupling of digital switching noise into the analog circuits of the camera during sensitive oper-
ations such as sensor read-out and analog-to-digital conversion. Using this feature it was dem-
onstrated that digital switching noise does not degrades camera performance in any
measurable way, and that camera performance is only limited by that of the sensor. Conse-
quently, future levels of camera system integration will be determined purely on an economic

assessment of optimal system partioning.

1-5. Evolution

This thesis is largely the outcome of an invitation for the author to spend a year as a visitor
in the DSP & VLSI Systems Research Department at Bell Laboratories, Holmdel, New Jersey.
The author’s interest in CMOS imaging led to his involvement in the CMOS camera project
active in that department, and the development of a single-chip CMOS digital colour camera
[Loinaz et al. 1998a]. On returning to the University of Adelaide the author investigated noise
mechanisms in CMOS image sensors, and the application of colour science. During a second
visit to Bell Laboratories an experimental evaluation of a colour CMOS photogate image sen-
sor was performed. Analysis of this data enabled the performance limitations of the sensor to
be quantified [Blanksby et al. 1997].
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1-6. Collaboration with Co-workers

As much of the work that forms this thesis was performed in collaboration with a number of

different co-workers, it is necessary to delineate their contributions from that of the author.

1-6.1 The Colour Photogate Image Sensor

The photogate image sensor described in Chapter 4 was designed by Sunetra Mendis, a
former member of technical staff at Bell Laboratories, Holmdel NI, and the fabrication of the
colour filter array was managed by David Inglis of Bell Laboratories. The board used to char-
acterize the sensor was designed by Marc Loinaz of Bell Laboratories. The measurements
taken to characterize the photogate sensor where performed with the assistance of Marc
Loinaz, with the exception of the quantum efficiency measurement which was performed by
Iliana Fujimori of the Massachusetts Institute of Technology. The author developed the acqui-
sition and analysis software and the theoretical models of sensor parameters. While discus-
stons with Marc Loinaz contributed to the author’s interpretation of the measurement data, the
conclusions drawn are those of the author.

1-6.2 The Integrated CMOS Digital Colour Camera

The author devised the specification for the integrated camera described in Chapter S in
consultation with the other group members at that time; Bryan Ackland, David Inglis, Marc
Loinaz, and Joseph Worth, all of Bell Laboratories. The author developed the system level
architecture of the single-chip camera and designed the digital subsystems, with the exception
of the colour correction and image statistics subsystems which were developed jointly with K.
J. Singh of Bell Laboratories. The synthesis of the camera digital system was performed by K.
J. Singh. Marc Loinaz was responsible for the design of the camera analog system with contri-
butions from David Inglis and Sunetra Mendis for the sensor array, and Kamran Azadet for the
analog-to-digital converter. The full-custom SRAM used as part of the digital system was
designed by Jay O’Neil of Bell Laboratories. Drafting assistance was provided by M. Zalonis,
J. Bauman, and M. Hrubik, all of Bell Laboratories.

1-7. Thesis Structure

The thesis comprises six chapters and three appendices whose contents can be summarised
as follows:

Chapter 1: Introduction

This chapter.
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Chapter 2: Solid-State Imaging Technology

The basic principles of solid-state imaging are introduced and the architecture and operation
of the most important CCD sensors and CMOS active pixel sensors are described. Non-ideali-
ties that limit the performance of solid-state image sensors are also discussed together with
techniques available for managing them. The chapter concludes by emphasizing important dif-
ferences in how high performance imaging can be achieved with CCD and CMOS technolo-

gies. This chapter contains material that can be considered prerequisite for Chapters 3, 4, and
S.

Chapter 3: Digital Camera Technology

Digital camera technology is introduced. Electronic display technology and colour science
have a substantial influence on solid-state camera architecture and so are reviewed in detail.
The system level requirements for realising a digital colour camera are described, and the
implementation of digital cameras in terms of CCD and CMOS APS technology is discussed.

This chapter contains material that can be considered prerequisite for Chapters 4 and 5.

Chapter 4: Performance Analysis of a Colour CMOS Photogate Image Sensor

A colour CMOS photogate active pixel sensor is experimentally evaluated and its perform-
ance is compared with other CMOS and CCD image sensors. The fundamental limitations of
CMOS APS technology are identified and conclusions are made regarding the production of
image sensors in CMOS.

Chapter 5: An Integrated CMOS Digital Colour Camera

The architecture and performance of an integrated CMOS digital colour camera is
described. The single-chip camera features a sophisticated temporal sequencing scheme to
determine the impact of digital switching noise on camera performance. It is shown that com-
plete camera system integration and extremely low power dissipation can be achieved without

degradation of camera performance.
Chapter 6: Conclusion

Conclusions are made concerning the development of integrated cameras using CMOS APS

technology. Directions for further research are discussed.

Appendix A: Testing Environment for the Photogate Sensor

The digital acquisition system used to test the colour CMOS photogate image sensor is
described together with the definitions of a number of metrics used by the author to character-

ize its performance.
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Appendix B: Colorimetric Data and Methods for the Photogate Sensor

Tables of data and mathematical methods used to determine the colorimetric performance

of the colour CMOS photogate image sensor are given.

Appendix C: Parameters of the Integrated Digital Colour Camera

The programming details of the parameters used by the single-chip CMOS digital colour

camera are presented.
References

The references cited in the thesis are listed.
Colour Plates

A number of colour images are reproduced to demonstrate the performance achieved by the
colour CMOS photogate sensor.
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CHAPTER 2 Solid-State Imaging
Technology

2-1. Introduction

This chapter introduces the basic principles of solid-state imaging, namely light as a stream
of photons, the absorption of photons in a semiconducting substrate, the collection and integra-
tion of photon generated carriers, and signal read-out. CCD devices and the architecture and
operation of CCD image sensors are reviewed, followed by that of the two most important
CMOS active pixel sensor designs. A number of non-idealities that limit the performance of
solid-state image sensors are described, together with techniques commonly used to manage
them. The chapter concludes by emphasizing important differences in how high performance
imaging can be achieved with CCD and CMOS technology. The material presented in this
chapter can be considered prerequisite for Chapters 3, 4, and 5.

2-2. Fundamental Concepts of Solid-State Imaging

2.2.1 Light

Visible light consists of electromagnetic radiation in the portion of the spectrum which
nominally ranges from 380nm to 780nm. Electromagnetic radiation with wavelengths immedi-
ately shorter or longer than this part of the spectrum are referred to as ultraviolet (UV) and
infrared (IR) radiation, respectively. Although UV and IR do not play a significant role in

human vision, IR is important in terms of its ability to stimulate silicon image sensors.

Due to the wave/particle duality of electromagnetic radiation it is also possible to consider
light as a stream of particles known as photons. Each photon carries an elementary quantity of

radiant energy of one frequency known as a quantum. The energy of a quantum E in Joules is
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given by (2-1) where h is Planck’s constant with a value of 6.63 x 107 Joules-second, and y

is the frequency in Hertz.

E = hy Joules (2-1)
Alternatively E can be expressed in terms of the wavelength A according to:

E = th Joules (2-2)

where ¢ is the speed of light with a value of 3 X 10°® metres/second.

The photon concept plays an important role in explaining how solid-state materials interact

with incident light.

2-2.2 Measuring Light

Two different systems are used to quantify light, namely the radiometric and photometric
systems [Wyszecki and Stiles 1982, Hunt 1995].

2-2.2.1  The Radiometric System

The radiometric system measures light power in terms of the basic physical unit of power,
the Wart where 1 Watt = 1 Joule/second. Radiometric quantities describe light power at a
given wavelength. The corresponding spectral distribution function characterizes the variation
of the radiometric quantity as a function of wavelength. The important radiometric quantities

are given in the first column of Table 2-1 together with their units of measurement.

Radiometric Photometric Measures
radiant power P, luminous power P, Light power emitted, transferred, or
radiant flux F, luminous flux F, received through a surface.
Watt (W) lumen (Im)
radiant intensity /, luminous intensity 7, Light power emitted per unit solid
Watt per steradian (W/sr) candela (cd) angle.
radiance L, luminance L, Light power emitted by unit solid
Watt per steradian per square metre (W/sr/m?) candela per square metre (cd/m?) angle per unit area of emitting sur-
face.
irradiance E, illuminance E,, Light power incident on a surface
Watt per square metre (W/m2) lux (Ix) per unit area.

Table 2-1. Corresponding radiometric and photometric quantities.

2-2.2.2 The Photometric System

The photometric system measures light power in terms of its ability to stimulate the human
visual system. It has been demonstrated that the perception of brightness for a human observer
is not uniform for monochromatic stimuli of the same power across the range of the visible

spectrum. The peak response of the human visual system occurs at about 555nm which is in
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the yellow-green region of the spectrum and decreases for wavelengths both longer and shorter
than this. The Commission Internationale de I’Eclairage (CIE) has empirically quantified this
phenomena by defining the spectral luminous efficiency function V (A) for an observer with
normal vision known as the Standard Photometric Observer [CIE 1957]. The spectral lumi-
nous efficiency function V (A) for normal, or photopic, viewing conditions is shown in Figure
2-1.

0.9
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400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 2-1. The spectral luminous efficiency function V (1) for photopic vision.

The spectral luminous efficiency function V (A) provides the link between the radiometric
and photometric systems. Photometric quantities are related to the corresponding radiometric
quantity by integration with the spectral luminous efficiency function V(A1) over the visible
portion of the spectrum, and multiplication by a constant X, . The factor K, is the maximum
luminous efficacy and is equal to 683 lumens/Watt under photopic conditions. As an example

(2-3) gives the relationship between illuminance E, and irradiance E, .

E, = KmJEe(l) VOydh lux (2-3)
A

Both the radiometric and photometric systems are used in quantifying the performance of

solid-state imaging systems.
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2-2.3 Photon Absorption

2-2.3.1 Generation of Electron-Hole Pairs

The light impinging on a solid-state image sensor can be considered in terms of a photon
flux per unit area ¢, (1) I Incident photons that penetrate into the semiconducting substrate
can transfer part of their energy to the substrate through the creation of electron-hole pairs as
illustrated in Figure 2-2. This occurs when the energy of the photons given by (2-2) is greater
than the bandgap of the semiconductor. For silicon substrates this occurs for photons with

wavelengths shorter than 1000nm.
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Figure 2-2. The generation of an electron-hold pair due to photon absorption at a depth x in a bulk

silicon substrate.

2-2.3.2 Absorption Coefficient and Penetration Depth

The creation of electron-hole pairs reduces the magnitude of the incident light flux ¢, (})

as a function of the depth x in the semiconducting substrate according to:

a(Mx

0(xA) = 6y(h) e Watts/em® (2-4)

where o (A) is the absorption coefficient of the substrate material [Theuwissen 1995].

The inverse of the absorption coefficient is known as the penetration depth x* (L) which is
defined as the depth at which the incident flux is reduced to 1/e or 37% of its original magni-
tude ¢, (A) . The absorption coefficient and penetration depth for a given material are both a
function of wavelength. Example values for bulk silicon are given in Table 2-2 where it can be
seen that the penetration depth for blue light is small while for infrared it is very large. The
amount of charge generated in the substrate depends on the magnitude of the incident flux, its

wavelength composition, and the absorption coefficient of the semiconductor.

. This notation is used rather than E, to be consistent with Theuwissen [Theuwissen 1995]. The
units are Watts/cm? . Note that the author has also chosen to explicitly show the wavelength
dependence of this quantity.
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Absorption
Wavelength Coefticient Penetration Depth
{nm) (em™) {m)
400 (blue) Sx 0% 0.2
S00 {green) 1% 10* 1
T00 {red) 2000 5
1000 (infrared) 100 100

Table 2-2. Typical values for the absorption coefficient and
penetration depth as a function of wavelength for bulk
silicon [Theuwissen 1995].

2-2.4 Collection of Generated Carriers

2-2.4.1  Collection using a Depletion Region

To collect the photon generated carriers an electric field is required to separate the nega-
tively charged electrons from the positively charged holes before recombination occurs. Most
solid-state image sensors use the electric field of a depletion region to provide the collection
site. Options include the depletion region formed by a reverse biased p-n junction diode, or the
depletion region induced under a polysilicon gate with an appropriate voltage applied, as
shown in Figure 2-3.
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Figure 2-3. The collection of photon generated carriers in (a) the depletion region of a reverse biased
p-n junction diode, and (b) the depletion region induced beneath a polysilicon gate.

2-2.4.2 Minority Carrier Diffusion

The dimensions and locality of the depletion region play an important role in the collection
of photon generated carriers [Theuwissen 1995). Minority carriers that are generated within
the depletion region are collected with 100% efficiency. However, photons may also generate
electron-hole pairs in the neutral bulk of the semiconductor substrate. To be collected by the
depletion region the minority carriers must diffuse through the substrate toward the collection
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site. Diffusion of minority carriers in a semiconducting substrate is characterized using the dif-
Jusion length. If the electron-hole pairs are formed at distances in excess of the diffusion length
from the collection site they will be lost to recombination. As the wavelength of the incident
light and the corresponding absorption coefficient determine the depth at which the elec-
tron-hole pairs are generated, the overall collection efficiency is highly wavelength dependent.

2-24.3 Charge Integration

The energy content of a single electron or hole is very small making it difficult to reliably
transport to an output stage, or convert into a measurable quantity such as a current or voltage
[Theuwissen 1994]. For this reason the photon generated carriers in a solid-state image sensor
are locally integrated at the collection site for a certain time period to produce a charge packet.
The integration period T,,, is chosen to allow the collection of sufficient carriers for reliable

charge read-out. For incident light of a given wavelength, the amount of charge collected is

proportional to the magnitude of the light flux, and the duration of the integration period.

2-2.4.4 Quantum Efficiency

The total efficiency with which a solid-state sensor collects photon generated carriers at a
given wavelength is described using the guantum efficiency 1 (A) . The quantum efficiency is
defined as the ratio of the number of carriers collected to the number of incident photons. For a
uniform incident flux ¢4 (A) the number of photons impinging on each pixel in the sensor for

a given wavelength during the integration period T;,, can be calculated using:

_ )"‘bo ()") ApixelTint
Nphotons ( - hc

photons (2-5)

where A . ., is the pixel area in square centimetres.

If the number of carriers collected by each pixel during the integration period for this flux is
denoted N ienar (M) . then the quantum efficiency (A) is given by:

Nsignal (k)

Nphotons ( )")

2-2.4.5 The Pixel Array

The charge collection and integration sites in a solid-state image sensor are known as pixels.
The pixel desi gns employed with most solid-state image sensors are based on either the photo-
diode or photogate structures shown in Figure 2-3. To sample the image produced by the cam-
cra optical system the pixels are arranged in a two dimensional array. As the number of carriers
collected in each pixel is proportional to the light impinging on it, the collected charge in each

pixel constitutes a si gnal that represents the optical image.

—_—
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2-2.4.6 Pixel Fill-Factor

In practical solid-state image sensors it is not possible to use all of the pixel area for the col-
lection of photon generated carriers. For example, it is necessary to be able to physically iso-
late the charge packets collected in each pixel from those in neighbouring pixels. Furthermore,
sensor architectures require the inclusion of additional device(s) in each pixel to enable the sig-
nal charge packet to be read-out from the pixel. The percentage of pixel area that is available
for the collection of photon generated charge is known as the fill-factor or aperture ratio [Holst
1996, Theuwissen 1995].

2-2.5 Signal Read-out

2-2.5.1 Read-out Mechanisms

A solid-state image sensor must provide a means to convert the signal charge collected in
each pixel into a voltage or current that can be measured at the sensor output. There are impor-
tant differences in the way that signal read-out is accomplished in CCD and CMOS image sen-
sors. In a CCD image sensor the charge collected in each pixel is transported to a common
Output stage to be converted into a voltage. The charge transport is effected using a large
number of CCD stages. In contrast, CMOS image sensors do not perform charge transport at
all. In a passive MOS sensor the charge collected at each pixel is sensed by the output stage
across a column bus and converted into a voltage. CMOS active pixel sensors convert the sig-
nal charge into a voltage or current within the pixel itself, and this voltage or current is buff-
ered and driven off-chip. The architecture and operation of CCD imagers and CMOS active
Pixel sensors will be described in more detail in Section 2-3 and Section 2-4, respectively.

2-2.5.2 Conversion Gain

The majority of solid-state image sensors employ voltage-mode read-out in which the sig-
nal charge is converted to a voltage prior to being driven off-chip. A quantity known as the
conversion gain G is used to characterize the ability of a sensor to convert charge to voltage.
The most common structure used for charge-to-voltage conversion is a capacitor. The voltage

at the conversion node V. is related to the number of electrons N by:

= AN yous (2-7)
CCN

VC N

where C . is the capacitance of the conversion node and ¢ is the electronic charge equal to
-19
1.6 X 10"~ Coulombs.

The conversion gain, in volts per electron, at the node G, is given by:
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1%
cN = %V = CL Volts/electron (2-8)

CN

G

To refer the conversion gain to the sensor output it must be multiplied by the combined
gains of any circuits in the signal path between the conversion node and the sensor output A,

to yield:

A
_ _ 0
G =AG,, = _CCN Volts/electron (2-9)

The conversion gain of a sensor is an important quantity because it relates the signal and
noise components in terms of electrons, with the corresponding voltage magnitude of the com-
ponents at the sensor output. For example, if the number of signal electrons is denoted Nﬂ.gn !

a

then the signal voltage at the sensor output Wgignas 1S giVen by:

=GN Volts (2-10)

l‘Lsignal signal

Temporal and spatial variations in Hignal and N”.gnal are usually defined in terms of stand-
ard deviations with units of Volts RMS and electrons RMS respectively. High conversion gain
for a sensor is advantageous because it reduces signal-to-noise degradation by subsequent
stages of signal processing [Theuwissen 1995]. This will be discussed further in Section 2-5.3.

2-2.5.3 Optical Sensitivity

The quantum efficiency 1 (A) of a sensor completely characterizes its optical performance.
Equations (2-5) and (2-6) can be used to predict the number of signal electrons collected by

each pixel Nsignal for a given illuminant with flux o, (A) using:

signal —

ApixetTiny
- T-qu)o(k)n()») d\ electrons (2-11)

where Ap,.xe, is the pixel area, T,,, is the integration period, and the integral is evaluated
over all wavelengths A for which the sensor quantum efficiency 1 (A) is non-zero. The mean

signal voltage at the sensor output 1) ; can then be found using (2-10).

signa

However, it is often more convenient to express the number of signal electrons as a simple
function of a photometric quantity rather than as the integral of a radiometric quantity. The
optical sensitivity of a solid-state image sensor is a measure of its response per unit exposure
and integration time for a given source of illumination. If the sensor illuminance is given by

E, then the number of signal electrons can be found using:
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N =S ET, electrons (2-12)

signal =~ “pTvTint

where Sp is defined as the mean optical sensitivity referred to the pixel.

The mean optical sensitivity S, has units of electrons/lux-second, and describes the mean
Sensor response for a given illuminant. It implicitly includes the pixel area, the sensor quantum
efficiency, and the spectral irradiance of the illuminant. To make fair comparisons between
sensors based on the optical sensitivity requires that the illuminant used to determine S, has
the same or similar flux ¢)O (A) . When reporting sensitivity data it is important to spec1fy the

illuminant,

The optical sensitivity is often quoted in Volts/lux-second at the sensor output rather than in
electrons/lux-second at the pixel. If this formulation is denoted So then multiplying (2-12) by

the sensor conversion gain G yields:

usignal
S, = GS, = 2%

v©int

Volts/lux - second (2-13)

2-3. CCD Image Sensors

In CCD image sensors the charge collected in each pixel is physically transported to a com-
mon output stage where it is converted into a voltage. The details of how this is achieved for a

number of different CCD sensor architectures will now be discussed.

2-3.1 The Charge-Coupled Device

The Charge-Coupled Device (CCD) was invented by Boyle and Smith in 1970 [Boyle and
Smith 1970]. The structure of a Surface channel CCD (SCCD) stage is shown in F igure 2-4(a)
and consists of a polysilicon gate insulated from a silicon (Si) substrate by a thin layer of sili-
con dioxide (SiO,). Most CCDs are manufactured on a p-type substrate so that electrons are
the minority carriers. With the application of a positive gate voltage Vg electrons can be col-
lected or stored by the CCD stage in the potential well established beneath the gate.
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(&)

Va polyslicon gate \\ VG
‘/__ o
IX
p substrate () | psubstrate

Figure 2-4. (a) A surface channel CCD (SCCD), (b) a buried channel CCD (BCCD).

2-3.1.1 The CCD Register

A CCD register is formed by spacing a number of CCD stages such that their potential wells

overlap [Barbe 1975]. A number of different clocking strategies are available to allow charge

to be transported along the register in a given direction including two-phase, three-phase,

four-phase, and virtual phase schemes [Theuwissen 1995]. Charge transfer in a three-phase
CCD register is illustrated in Figure 2-5. Separate charge packets can be transferred from left

to right using the timing shown. As discussed in Section 1-2.1 the performance of a CCD reg-

ister is characterized in terms of the charge transfer efficiency {, the fraction of each charge

packet successfully transferred from one stage to the next.
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Figure 2-5. Charge transfer in a three-phase CCD register.
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2-3.1.2 The Buried Channel CCD

Although diagrams such as Figure 2-5 are by convention drawn with the direction of
increasing potential into the substrate, in reality the greatest potential occurs near the substrate
surface. Therefore in a surface channel CCD the charge packets are transferred along the
Si-Si0, interface as illustrated in the potential diagram of Figure 2-6(a). However, defects in
the silicon crystal structure at this interface randomly trap and release electrons from the signal

charge packets and degrade the charge transfer efficiency of such devices.
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Figure 2-6. Potential diagrams of (a) a SCCD and (b) a BCCD corresponding to Figure 2-4(a) and (b)

respectively. The potential is denoted @ and the depth into the device is denoted by x.

To address this problem the buried channel CCD (BCCD) was developed [Walden et al.
1972]. As shown in Figure 2-4(b) an additional n-type implant is introduced to the CCD struc-
ture that is doped such that it remains fully depleted during CCD operation. The ionized posi-
tive ions of the n-channel transform the positive gate voltage Vg to a greater channel potential
in the silicon. As illustrated in Figure 2-6(b) this results in the maximum of the potential well
occurring deeper in the substrate and away from the Si-SiO, interface. This substantially
improves the charge transfer efficiency as charge packets have less opportunity to interact with
the interface states. Furthermore the charge transfer speed is increased due to greater fringing
fields. While there is some loss in charge capacity when compared to the SCCD, the advan-
tages of high charge transfer efficiency and transport speed mean that all modern CCD sensors

use buried channel devices [Theuwissen 1995].

2-3.2 Frame-Transfer CCD
2-3.2.1 The CCD as a Charge Collection Site

In addition to charge transport, a CCD stage can also be used to collect photon generated
charge in the manner shown in Figure 2-3(b). This allows a linear solid-state image sensor to
be formed from a multi-phase CCD register. For example a three-phase CCD register config-
ured as an image sensor is shown in Figure 2-7. Each pixel consists of three CCD stages. Dur-
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ing charge integration ®, and @, are held at a positive voltage and photon generated
electrons are collected in the potential well. During the integration period @, is held at ground
or a negative voltage to isolate the charge packet from that collected by neighbouring pixels.
Al the conclusion of the integration period the charge packets can be shifted to an output stage

using the timing shown in Figure 2-5.

Figure 2-7. Using a three-phase CCD register as a linear image sensor.

2-3.2.2 Frame-Transfer Architecture and Operation

The frame-transfer (FT) CCD is a two dimensional image sensor based on this principle.
The architecture of a FT sensor is shown in Figure 2-8 [Schaeffer et al. 1994]. It consists of a
series of vertical CCD registers terminating in a horizontal CCD register with an output stage.
Half of the sensor is shielded from light to form a temporary storage array. After integration
the charge packets collected in the photosensitive portion of the sensor are transferred to the
shielded storage area. Once the entire image has been transferred to the storage section, the
transport of the charge packets to the output stage can commence. During this operation the
charge packets corresponding to an image row, but in different vertical CCD registers, are
transferred in turn to a single horizontal CCD register. After each row is loaded into the hori-
zontal CCD register the charge packets are shifted to the output stage where they are converted
into a voltage. While this read-out operation is occurring the photosensitive portion of the
array can be integrating the next image. Hence the storage array allows the timing of the pho-
tosensitive array to be independent of the timing of the video read-out.
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Figure 2-8. Architecture of a frame-transfer CCD.

2-3.2.3 Performance Characteristics of a Frame-Transfer CCD

The transfer of the image from the photosensitive array to the storage array must be per-
formed as quickly as possible to reduce smear. Smear is produced by the photon generated
charge collected by the pixels during the transfer operation. This unwanted charge is added 10
and corrupts the charge packets that represent the image formed during the integration period.
Smear can also be minimized by the use of a mechanical shutter.

As the charge collection sites in a frame-transfer CCD are also used for charge read-out, the
frame-transfer architecture allows a fill-factor of close to 100% to be realized. However, this
advantage is offset by the absorption of photons in the polysilicon gates that define each CCD
stage. The absorption is significant for short wavelengths and results in low quantum efficiency
in the blue portion of the visible spectrum [Bosiers et al. 1991]. High end frame-transfer CCDs
address this problem by thinning the substrate and exposing the backside of the sensor to the
incident illumination [Levine et al. 1994, Holland et al. 1997]. While this technique provides
substantial gains in quantum efficiency it makes the sensor more mechanically fragile [Holst
1996],
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2-3.3 Interline-Transfer CCD
2-3.3.1 The Interline-Transfer Pixel

The pixel design used in an interline-transfer (IL or IT) CCD consists of a photodiode and a
BCCD stage, An optically opaque material is used to provide a photoshield for the BCCD. A
simplified cross-section of such a pixel is shown in Figure 2-9(a).

photoshield
2

p+ implant

(@) p Substrate b p substrate

Figure 2-9. Simplified (a) photodiode, and (b) pinned photodicde pixel structures used in IL-CCDs.

Photon generated carriers are collected in the depletion region of the p-n photodiode during
integration. At the start of image read-out the collected charge is transferred into the adjacent
BCCD stage. However, for the pixel structure shown in Figure 2-9(a) a fraction of the charge is
not successfully transferred to the BCCD stage and remains in the depletion region of the
diode. This causes a phenomenon known as image lag where the image produced by the sensor
is corrupted by charge collected during previous integration cycles. To address this problem a
p+ implant is normally used to modify the potential profile of the photodiode to ensure com-
plete charge transfer [Teranishi et al. 1982, Stevens et al. 1991]. The resulting diode is known
as a pinned photodiode because the p+ implant pins the potential at the surface of the photodi-
ode to that of the p-substrate. This also reduces dark current which will be discussed further in
Section 2-5.1.5 Furthermore, the p+ implant provides an additional depletion region in the
pixel and so increases the charge storage capacity of the photediode. A simplified cross-section
of such a pixel is shown in as shown in Figure 2-9(b). Other variations on this basic pixel struc-
ture are also used [Ozaki et al. 1994].

2-3.3.2 Interline-Transfer Architecture and Operation

The architecture of an interline-transfer CCD is shown in Figure 2-10. It consists of a series
of vertical CCD registers and photodiodes terminating in a horizontal CCD register with an
output stage. On the commencement of sensor read-out the charge packets collected in the
photodiodes are transferred into the adjacent CCD stages. Once this transfer is completed the
transport of the charge packets to the output stage can commence. During this operation the
charge packets corresponding to an image row, but in different vertical CCD registers, are
transferred in turn to a single horizontal CCD register. After each row is loaded into the hori-
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zontal CCD register the charge packets are shifted to the output stage where they are converted

into a voltage.

photodiode

CCD stage

pixel | A

vertical CCD register

1 P

horizontal CCD register output stage

Figure 2-10. Architecture of an interline-transfer CCD image sensor.

2-3.3.3 Performance Characteristics of an Interline-Transfer CCD

Unlike the photogate structure employed by the FT-CCD, the photodiodes used with the
IT-CCD provide high quantum efficiency across the visible spectrum. However, the inclusion
of the vertical CCD stages in the pixel significantly reduces the pixel fill-factor which can be as
low as 25%. For this reason microlenses are widely used with IT-CCDs and will be discussed
further in Section 2-5.3.2 [Nishima et al. 1995].

The IT-CCD is also subject to smear, but from a different mechanism than that responsible
for smear in the FT-CCD. Smear in an IT-CCD is caused by photon generated carriers being
collected by the CCD stage rather than the photodiode. This may be due to the diffusion of car-
riers through the substrate, or stray photons introduced through light pipingl that generate car-
riers in the CCD [Theuwissen 1995]. Smear can be reduced through the use of additional
implants in the pixel design, optimizing the photoshield, and increasing the read-out speed.

This last factor led to the development of the frame-interline transfer CCD.

2-3.4 Frame-Interline Transfer CCD

The frame-interline transfer (FIT) CCD is an interline-transfer CCD with the addition of a
shielded storage array as used with a frame-transfer CCD [Morimoto et al. 1995]. After inte-

gration the charge packets from each pixel are transferred into the vertical CCD registers and

I. Light piping is a lateral scattering of photons caused by multiple internal reflections at the inter-
faces of laycrs deposited on the substrate surface such as the colour filter array or the SiO, layer.
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rapidly transported to the storage array. As this operation occurs quickly it significantly
reduces the level of smear when compared to the interline-transfer architecture. The read-out

of the charge packets from the storage array to the output stage is identical to that used with the
FT-CCD architecture.

2-3.5 The CCD Sensor Output Stage

All CCD sensors require an output stage to convert the signal charge packets into a current
or voltage that can be measured externally. Most output stages used in CCD sensors perform
charge-to-voltage conversion, the most common structure employed being the floating diffu-
sion with reset [Theuwissen 1995].

2-3.5.1 Floating Diffusion with Reset

The structure and operation of floating diffusion with reset output stage is shown in Figure
2-11 at the end of a three-phase CCD register. It consists of a DC-biased output gate and an n+
floating diffusion node FD. The capacitance of the floating diffusion node converts the charge
packets into a voltage. A reset device enables the floating diffusion node to be returned to a
known potential prior to the read-out of each charge packet.

device v
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FD oy [ | |
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Figure 2-11. Operation of a floating diffusion (FD) with reset output stage at the end of a three-phase
CCD register.

The operation of the output stage can be explained with the aid of Figure 2-11. At time 7, the
signal charge packet is stored underneath @, . To reset the floating diffusion node ® is then
driven high and the voltage of the floating diffusion node V., takes on a value approximately
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a threshold voltage drop below Vdd. When @, is driven low at the end of the reset operation,
V., drops slightly due to charge injection through the reset device. At time 1, the reset opera-
tion has been completed and the voltage on the floating diffusion node V., is at the reference
level. At time f3 @, is driven low and the signal charge packet is transferred through the
DC-biased gate and onto the floating diffusion node. Due to the capacitance of the floating dif-
fusion node C,, the voltage V., is displaced in proportion to the number of carriers in the
charge packet. This voltage swing constitutes the signal. Time ¢4 illustrates the arrival of the

next signal charge packet.

2-3.5.2 Source-Followers

To buffer the voltage on the floating diffusion node and allow the sensor to drive the subse-
quent stages of signal conditioning circuits, a number of source-follower stages are normally
used in the output stage [Schaeffer et al. 1994]. A typical arrangement of three cascaded

source-followers is shown in Figure 2-12.

Vdd
Vep—|

Vi

Vout

Figure 2-12. Source-follower arrangement used in a typical CCD output stage.

While the source-followers used in the output stage provide a necessary buffering function,
they reduce the signal voltage swing at the sensor output. For example, the combined gain of
the source-followers in a CCD output stage A, is normally in the range 0.5 to 0.9 [Levine et
al. 1994, Theuwissen 1995]. In addition the source-followers introduce a number of temporal
noise components including thermal noise and 1/f noise. Careful design of the transistor
dimensions is required to ensure that the noise contribution of the source-followers is mini-
mized [Centen 1991].

2-3.5.3 Conversion Gain

The conversion gain at the floating diffusion node G, is given by:

vV
_ _fD _ 4
Gep = N - _F_l) Volts/electron (2-14)

To refer the conversion gain to the sensor output it must be multiplied by the combined

gains of the source-followers in the output stage A . to yield:
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qAgp .
G = ASFGFD = —— Volts/electron (2-15)

CFD

It is difficult to achieve high conversion gain using the floating diffusion with reset output
stage presented in this section. This is because the capacitance of the floating diffusion node
Cp 1s the total capacitance of this node, and includes parasitic capacitance such as the gate
capacitance of the first source-follower stage. Typical values of conversion gain for output
stages employing the floating diffusion with reset structure are in the range 3uV/electron to
I15uV/electron [Stevens et al. 1991, Kamasz et al. 1994]. Values of conversion gain greater
than 20uV/electron can be achieved by reducing the dimensions of the floating diffusion node
or using feedback [Akimoto et al. 1991, Itakura et al. 1995].

2-3.5.4 Reset Noise

Whenever a capacitor is charged or discharged through a resistor, an uncertainty is intro-
duced to the charge stored in the capacitor and the voltage drop across it. This phenomenon is

known as reset noise and the RMS variation in the number of charge carriers stored in the

capacitor n_, ., and voltage across the capacitor ¢, , are given by:
Nppeer = —'quC electrons RMS (2-16)
kT
Creser = J% Volts RMS (2-17)

where k is Boltzmann’s constant, T is the temperature in Kelvin, and C is the capacitance.

The reset operation applied to the floating diffusion capacitance Cr, each read-out cycle is
via the resistive channel of a MOSFET. As a consequence a reset noise component is always
included in the floating diffusion reset level. This uncertainty in the reset level is added to the
signal charge packet when it is transferred to the floating diffusion node, and reflected in the
output voltage by the sensor conversion gain and its magnitude can be significant. For exam-
ple, given a sensor with a value of Cp, = 16fF and Agp~ 1, at room temperature the reset
noise is greater than 50 electrons RMS at the floating diffusion node, and 0.5mV RMS at the
sensor output. However it is possible to cancel reset noise with a signal processing technique
known as correlated-double sampling, or through the use of alternative output structures that
enable complete reset of the charge-to-voltage conversion node [White et al. 1974, Mutoh et
al. 1991].
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2-3.5.5 Correlated-Double Sampling

Correlated-double sampling (CDS) is a post-processing technique for cancelling reset noise
by measuring its value each read-out cycle and subtracting it from the signal. CDS also
removes part of the 1/f noise contributed by the source-followers. A circuit for performing
CDS is shown in Figure 2-13 and its operation can be described as follows. At time ¢, in each
read-out cycle the reset level, including the reset noise contribution, is sampled on a capacitor
by the switch SHI. At time ¢; the combined signal and reset level is sampled on a separate
capacitor by the switch SH2. The voltage at the output of the differential amplifier gives the

signal voltage with the reset level and reset noise removed.

reset level
SH1 A
signal + raset level
% T Vou ' T4
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CSH1 CDS
AF L sl

CCD output _L differential SH2 | .

stage amplifier

ICSH2 — T

ta 43

g

Figure 2-13. A correlated-double sampling (CDS) circuit. The timing is consistent with Figure 2-11.

2-3.5.6 Read Noise

While the use of source-followers and correlated-double sampling are necessary, they intro-
duce additional temporal noise to the signal. For example the source-followers and the CDS
differential amplifier generate thermal noise and 1/f noise, and the sampling operations per-
formed as part of CDS fold any noise components with frequencies exceeding the Nyquist
limit into the baseband [Theuwissen 1995]. The temporal noise contributions from all circuits
involved in sensor read-out are collectively known as read noise o, Read noise usually
determines the temporal noise floor of a CCD sensor and is typically in the range of
10 electrons RMS to 30 electrons RMS referred to the floating diffusion node [Stevens et al.
1991, Schaeffer et al. 1994]. To minimize read noise requires careful optimization of the out-

put stage [Centen 1991].

2-3.5.7 Parallel Output Stages

High resolution and/or high frame rate CCD arrays make the design of the sensor output
stage particularly demanding. As the bandwidth requirements of the output stage increase, so
does the read noise. To address these issues it is possible to use a number of parallel output
stages for sensor read-out [Bosiers et al. 1991, Kamasz et al. 1994]. For this strategy to be suc-
cessful it is necessary to ensure that the output stages are well matched so as not to introduce

fixed-pattern noise [Morimoto et al. 1995].
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2-4. CMOS Active Pixel Sensors

Unlike CCD image sensors, pixel read-out in CMOS sensors is effected at the circuit level

rather than the device level. However, the performance of CMOS image sensors is limited by
fixed-pattern noise (FPN) far in excess of that found in CCD sensors [Ozaki et al. 1991]. This
is caused by mismatch between read-out circuits due to fabrication variations. Furthermore,
the temporal noise performance of passive CMOS imagers is limited by reset noise introduced
when the column capacitance is reset. The advent of CMOS active pixel sensors (APS) has
enabled improved temporal and fixed-pattern noise performance to be achieved. The two
CMOS APS architectures that have been most successful in this regard are the active photo-
gate and active photodiode image sensors. The architecture of the photogate and photodiode
active pixel sensors support effective FPN suppression at the circuit level based on corre-
lated-double sampling (CDS). Typically the read-out circuits used with the photogate and pho-
todiode APS arrays are identical, with only the control signal timing and pixel designs
themselves being different. The architecture and operation of the photogate and photodiode

active pixel sensors will now be discussed.

2-4.1 Photogate Active Pixel Sensor
2-41.1 The Photogate Active Pixel

The earliest photogate active pixel design is known as the double-poly photogate pixel and
is shown in Figure 2-14(a) [Mendis et al. 1993b]. It consists of a polysilicon photogate PG, an
overlapping transfer gate 7X formed in a second polysilicon layer, a floating diffusion node
FD, a reset device M2, an active device M3, and an access device M4. The pixel output node
P oy is connected to a common column bus which is terminated by a bias device M5 shown in
Figure 2-14(c). During integration the photogate PG is used to create a potential well for the
collection of photon generated carriers with the application of a positive voltage Vdd . A small
positive voltage on the TX gate isolates the collected carriers under PG from the floating diffu-
sion node FD. Prior to read-out the FD node is reset by M2. To effect read-out the PG voltage
is taken low and the collected electrons are transferred to the F'D node via the TX gate and con-
verted into a voltage. When the pixel is selected by driving SEL high, the active device M3
forms part of a distributed source follower with M5 and buffers the voltage on the FD node
onto the column bus. The architecture of the double-poly photogate pixel can be considered as
a single CCD gate and output stage within a pixel. However, the double-poly photogate pixel
can only be manufactured in a CMOS process that provides two polysilicon layers, such as
those specialized for analog CMOS design. To achieve compatibility with a standard digital
CMOS fabrication process, a single-poly photogate pixel was developed and is shown in Fig-
ure 2-14(b) [Mendis et al. 1994a, Dickinson et al. 1995a]. The operation of the single-poly
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pixel is identical except electron transfer between the potential well beneath PG and the FD
node now occurs via the transistor action of device M/ biased with a small positive voltage on
TX. However, unlike the double-poly pixel complete charge transfer between the PG gate and
the FD node is not possible and the single-poly pixel suffers from image lag [Dickinson et al.
1995b]. This phenomenon and its implications will be discussed in more detail in Section 4-9,

column bus -

Pour

Viias—{ M5

(©)
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Figure 2-14. The (a) double-poly photogate pixel, (b) single-poly photogate pixel, and (c) column bias

device.

2-41.2 Photogate APS Architecture with Correlated-Double Sampling

The architecture of an image sensor using the single-poly photogate pixel is shown in Fig-
ure 2-15. The same architecture has been used with double-poly photogate pixel [Mendis et al.
1994a).
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Figure 2-15. Photogate active pixel sensor architecture.

The architecture of Figure 2-15 supports two levels of correlated double-sampling (CDS) to
cancel device mismatch that causes FPN at both the pixel and column level. In addition to the
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circuits given in Figure 2-15, a configuration of differential amplifiers and sample-and-hold
stages shown in Figure 2-16 are required. These circuits can be integrated as part of the sensor
[Loinaz et al. 1998a].

Figure 2-16. Additional circuitry required for correlated double sampling.

2-4.1.3 Photogate APS Operation

The operation of the photogate image sensor with CDS can be explained with the aid of the
timing diagram shown in Figure 2-17. During integration the polysilicon photogate PG is held
at Vdd and photon generated electrons are collecied in the potential well beneath the gate. The
transfer device M/ is biased at a small positive voltage, isolating the collected charge under the
photogate from the floating diffusion node FD.

For sensor read-out each row is addressed in turn with the row decoding logic (not shown in
Figure 2-15) driving the appropriate row line ROW to Vdd. The FD node of the pixels in the
row are reset to a voltage approximately one threshold voltage drop below Vdd by pulsing
RST. The reset operation introduces uncertainty into the FD reset level due to reset noise and
the threshold voltage drop across M2. The reset level is buffered by the source follower formed
by devices M3-MS5 and is sampled on the gate capacitance Cy by pulsing SHR. Electrons col-
lected under the photogate are then transferred to the FD node via device M1 by pulsing PG to
ground. The signal electrons displace the FD voltage and this level is sampled on the gate
capacitance Cg by pulsing SHS. The sampling of the pixel resct and signal levels by the col-
umn circuits is carried out in parallel for the pixels in the selected row. This typically occurs in
the line blanking or horizontal synchronization period. To generate the image signal each col-
umn of the sensor is then addressed in turn by the column decoding logic (not shown in Figure
2-15) by driving the COL signal to ground. The column source followers formed by devices
M11-M16 buffer the sampled reset and signal levels onto common buses denoted Vy and Vg
respectively. To perform the first stage of CDS the first differential amplifier in Figure 2-16
subtracts the signal and reset levels. This removes the reset noise component and pixel offset
mismatch due to threshold voltage variations in devices M2, M3, and M4. The signal level is
stored in a sample-and-hold stage S/H1 by pulsing SHI. To perform the second level of CDS,
sometimes referred to as crowbar [Mendis et al. 1994a], the CB signal is driven high and the
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first differential amplifier forms the offset difference of the column source follower devices
M13 and M16. This offset is stored in a second sample-and-hold stage S/H2 by pulsing SH2. A
final differential amplifier delivers the image signal V7 with column offsets removed that

can be sampled or digitized on the rising edge of the pixel clock PCLK.
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Figure 2-17. Timing diagram for the photogate active pixel sensor.

2-4.1.4 Photogate Conversion Gain

The conversion gain G of the photogate APS sensor is determined by the parasitic capaci-
tance of the FD node in the pixel C,.;,, and the combined gain of the source followers used in

the read-out circuits A ¢ according to:

gAgk

G=A:Gpy = —
SFYFD = O

Volts/electron (2-18)

where G, is the conversion gain of the pixel floating diffusion node itself.

If minimum sized transistors are used in the pixel design, the conversion gain in the photo-
gate pixel G, is very high as the FD capacitance is very small. However, the combined gain
of the pixel and column source followers may range from 0.4 to 0.7 and therefore values for
the conversion gain referred to the sensor output G are typically in the range 15 to
30 wV/electron [Nixon et al. 1996b, Blanksby et al. 1997]. However, values as high as
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43 uV/electron have recently been reported for sensors fabricated in a 0.35um CMOS process
[Mendis et al. 1997b]. The conversion gain of the photogate APS sensor 1s higher than that
achieved by the output stage of CCD sensors and so provides greater immunity from image
SNR degradation by subsequent stages of processing. Furthermore, as the highest gain is pro-
vided in the pixel itself, the read noise contribution from the sensor read-out circuits to the
SNR is also minimized.

2-4.2 Photodiode Active Pixel Sensor
2-4.2.1 The Photodiode Active Pixel

The basic photodiode active pixel is shown in Figure 2-18(a) [Nixon et al. 1995]. It consists
of a photodiode that also acts as the floating diffusion node FD, a reset device M2, an active
device M3, and an access device M4. Prior to integration the photodiode is precharged by the
reset device M2. During integration carriers are collected in the depletion region of the photo-
diode and discharge FD proportionally. In the same manner as for the photogate active pixel
shown in Figure 2-14, when the pixel is selected by driving SEL high, the active device M3
forms part of a distributed source follower with M5 (Figure 2-14(c)) and buffers the voltage on
the FD node onto the column bus.

column bus |

(a) (b)
Figure 2-18. The (a) photodiode active pixel, and (b) photodiode active pixel with transfer gate.

The dimensions of the FD node of the photodiode active pixel are much larger than that of
the photogate active pixel resulting in a larger capacitance and lower conversion gain. Typical
values of conversion gain referred to the sensor output are less than 10 pV/electron [Nixon et
al. 1995]. To achieve conversion gain comparable to that of the photogate active pixel a trans-
fer device M/ can be introduced to the photodiode pixel as shown in Figure 2-18(b) to create a
separate low capacitance FD node [Kyomasu 1991, Mendis et al. 1997b]. However, as with the
single-poly photogate pixel it is not possible to ensure complete charge transfer from the pho-
todiode to the FD node and consequently the photodiode active pixel with transfer gate suffers
from image lag.
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2-4.2.2 Photodiode APS Architecture with Correlated-Double Sampling

The read-out architecture used by the photogate APS imager can also be employed with the
photodiode active pixel as shown in Figure 2-19. To realize two levels of CDS the additional
circuits given in Figure 2-16 must also be implemented.

Figure 2-19. Photodiode active pixel sensor architecture.

2-4.2.3 Photodiode APS Operation

The operation of the photodiode image sensor with CDS can be explained with the aid of
the timing diagram shown in Figure 2-20. For sensor read-out, each row is addressed in turn
with the row decoding logic (not shown in Figure 2-19) driving the appropriate row line ROW
to Vdd . The signal level on the FD node is buffered by the source follower formed by devices
M3-M35 and is sampled on the gate capacitance Cg by pulsing SHS. The FD node of the pixels
in the row are then reset to a voltage approximately one threshold voltage drop below Vdd by
pulsing RST. The reset level for each pixel is sampled on the gate capacitance Cg by pulsing
SHR. The sampling of the pixel signal and reset levels by the column circuits is carried out in
parallel for the pixels in the selected row. This typically occurs in the line blanking or horizon-
tal synchronization period. To generate the image signal each column of the sensor is then
addressed in turn by the column decoding logic (not shown in Figure 2-19) by driving the COL
signal to ground. The column source followers formed by devices MII-M16 buffer the sam-
pled reset and signal levels onto common buses denoted Vg and Vg respectively. To perform
the first stage of CDS the first differential amplifier in Figure 2-16 subtracts the signal and reset
levels. This removes the pixel offset mismatch due to threshold voltage variations in devices
M2, M3, and M4 but not the pixel reset noise. The signal level is stored in a sample-and-hold
stage S/H1 by pulsing SH/. To perform the second level of CDS the CB signal is driven high
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and the first differential amplifier forms the offset difference of the column source followers.
This offset is stored in a second sample-and-hold stage S/H2 by pulsing SH2. A final differen-
tial amplifier delivers the image signal V5,7 with column offsets removed that can be sampled

or digitized on the rising edge of the pixel clock PCLK.
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Figure 2-20. Timing diagram for the photodiode active pixel sensor.

2-4.2.4 Photodiode Reset Noise

Unlike the photogate APS sensor, the first stage of CDS does not cancel the reset noise
introduced during pixel reset. This is because the reset noise contribution contained in the pixel
signal level sampled on Cg is due to the reset operation of the previous read-out cycle, while
the reset noise present in the reset level sampled on Cg is from the current cycle. As the two
reset noise contributions are from different reset operations, they are not correlated and are not
cancelled during CDS as described in Section 2-4.2.3 The magnitude of the reset noise for the
photodiode APS can be computed with (2-16) using the capacitance of the photodiode. Typical
values range from 75 to 100 electrons RMS [Fossum 1997]. To perform “true” CDS with the
photodiode APS sensor to remove reset noise requires an external frame memory to store the
reset level for each pixel at the start of the integration period, and then a means to subtract it off
during sensor read-out. However, for many applications this is not practical or cost-effective.
Despite “true” CDS not usually being performed with the active photodiode, the reset noise
component of the active photodiode sensor is still smaller than that of a passive CMOS photo-
diode sensor. This is because in the active photodiode sensor only the relatively small capaci-

tance of the photodiode is reset and not the capacitance of the entire column bus.
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2-5. Non-ldealities of Solid-State Image Sensors

In addition to smear, lag, and read noise introduced earlier in the chapter, a number of other
non-idealities limit the performance of both CCD and CMOS image sensors. They include
dark current, photon shot noise, excess signal carriers, fixed-pattern noise, pixel cross talk, and
aliasing. Each of these phenomena and the techniques used to manage them will now be dis-

cussed.

2-5.1 Dark Current

During sensor integration, independent of whether the sensor is illuminated or not, a small
current known as the dark current produces carriers that are collected by the pixels. Dark cur-
rent is caused by thermal generation of electron-hole pairs at defects in the silicon crystal
structure [Theuwissen 1995]. Generation sites that contribute to the dark current are located at
the Si-S10, interface, in the depletion region defined by the pixel structure, or in the silicon
bulk itself. However, the contribution from the interface states that occur at the Si-SiO, inter-
face is in excess of 90% of the total dark current [Toren and Bisschop 1994]. The remaining
fraction is due to minority carriers that are generated within the pixel depletion region, or dif-

fuse to it from the substrate bulk.

2-5.1.1  Characterizing Dark Current
The dark current of a sensor is usually described using a characteristic current density J ,_ .

For an integration time T, and pixel area A . ., the number of dark electrons N, . collected

! pixe

by each pixel corresponding to a dark current density J,,_, is given by [Holst 1996]:

N _ ‘]dark A pixel Tint

ok = p electrons (2-19)

where g is the electronic charge. Through the sensor conversion gain G this produces a

mean dark signal . :

Hiark = GNdark Volts (2-20)

2-5.1.2 Dark Current Shot Noise

Associated with dark current is a temporal noise component known as dark current shot
noise [Theuwissen 1995]. Dark current generation is a stochastic process described by a Pois-
son probability distribution. Consequently the number of RMS electrons representing the shot

noise on the dark current n is given by the square root of the number of electrons repre-

dark shot
senting the dark current:
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R dark shot = «/Ndark electrons RMS (2-21)

Through the sensor conversion gain G this corresponds to an RMS voltage variation

c on the mean signal given by:

’:Iurk shot

thm shot =G Rdark shot Volts RMS (2-22)

Dark current shot noise can only be reduced by decreasing the sensor dark current level.

2-5.1.3 Dark Current Non-Uniformity

The generation sites for the dark current are statistically distributed throughout the sensor
and the generation rate of each site can vary. As a result the sensor dark current is not uniform
from pixel to pixel [Theuwissen 1995]. This is known as dark current non-uniformity and con-
tributes a random offset to the signal charge collected by each pixel. As the mean value of this
offset is unchanged from frame to frame it produces stationary artifacts in the image output
from the sensor. This constitutes a component of the sensor fixed-pattern noise (FPN). Dark
current non-uniformity can be reduced by decreasing the dark current level, or by measuring
and storing its value for each pixel external to the sensor and subtracting it during sensor
read-out [Hurwitz et al. 1997].

2-5.1.4 Managing Dark Current

Dark current can be managed at the fabrication process level, at the sensor architectural
level, or by lowering the sensor operating temperature. As the greatest number of traps respon-
sible for dark current generation occur at the Si-SiO, interface, a number of important tech-
niques specifically target this region. The rate of carrier generation U_ by interface states is a
function of both the density of states, and the density of free carriers at the interface [Saks
1980]. Under normal operation the interface of most pixel structures is depleted and devoid of
carriers and consequently U, has its maximum value. However, U decreases by orders of
magnitude if a high density of free carriers exists at the interface, as occurs when the interface

is inverted or in accumulation.

2-5.1.5 Surface Pinning

Surface pinning is a technique that minimizes dark current by ensuring that the Si-SiO,
interface remains in accumulation [Teranishi et al. 1982, Stevens et al. 1991]. Surface pinning
for a photodiode pixel can be achieved by implanting a thin p+ layer at the surface of the pho-
todiode structure as shown in Figure 2-9(b). This pins the potential at the Si-SiO; interface to
that of the substrate and ensures free holes are available to fill the interface states. For this rea-
son the pinned photodiode is sometimes called a hole-accumulation device (HAD) [Hojo et al.

1991, Furukawa et al. 1992]. Surface pinning also ensures complete charge transfer from the
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photodiode to eliminate image lag. However, pinned photodiodes are not available in a stand-
ard CMOS fabrication process and an additional process module must be introduced if they are
to be used [Guidash et al. 1997]. Surface pinning has also been applied to a frame-transfer
CCD but the details of the implementation are quite different [Bosiers et al. 1995].

2-5.1.6 Charge Pumping

The dynamic properties of interface states are such that if the surface beneath a CCD gate is
switched from inversion to depletion and then back to inversion within a certain time interval,
the generation of dark current can be effectively suppressed. This technique is known as
charge pumping and can be used with multi-phase frame-transfer CCDs [Burke and Gajar
1991, Schaeffer et al. 1994]. During integration a number of the stages within each pixel of the
multi-phase FT-CCD are inverted, while the others are depleted to collect photon generated
charge. During the course of the integration period the phase voltages are changed such that
the role of each stage is cycled between inversion to suppress dark current generation, and

depletion to collect the signal charge packet.

2-5.1.7 Process Cleanliness

A critical aspect of dark current management is the purity of the starting materials and the
cleanliness of the fabrication process used to manufacture the sensor [Theuwissen 1995]. Both
of these issues are rigorously addressed in the production of CCD image sensors. However, as
the performance of digital logic circuits used in the vast majority of CMOS applications is not
degraded by the presence of modest levels of leakage!, dark current in a standard CMOS fabri-

cation process is greater than that found in CCD sensors.

2-5.1.8 Cooling

Dark current has a substantial dependence on temperature, doubling approximately every
8°C [Theuwissen 1995]. While cooling solid-state image sensors greatly reduces dark current,

it is only practical to do so for certain scientific applications.

2-5.2 Photon Shot Noise

The absorption of photons in a semiconductor substrate to produce electron-hole pairs is a

stochastic process described by a Poisson probability distribution [Holst 1996]. Consequently,

the number of RMS electrons representing the shot noise on the signal M hoton shot 1S 81ven by
the square root of the number of signal electrons N, ., according to:
nphoton shot — A/Nsignal electrons RMS (2‘23)

1. Dark current in non-imaging applications of CMOS technology is known as leakage current.
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Through the sensor conversion gain G this corresponds to an RMS voltage variation

c on the mean signal given by:

phaton shot

c =G

Iphulun shot

Volts RMS (2-24)

nphomn shot

2-5.3 Sensor Signal-to-Noise Ratio

The signal-to-noise ratio (SNR) of a solid-state image sensor is defined as the ratio of the

signal level pn ; to the total temporal noise &

sgna Ilnlul

SNR = _G'g_a_ or SNR , = 2010g10[ G 22 (2-25)

t t

total total

The total temporal noise of a sensor consists of a number of components including the pho-

ton shot noise © , dark current shot noise o, , and read noise ¢, . It also contains

Iphnlnn shot dark shot read

temporal noise contributed by subsequent stages of processing in the signal path such as ampli-

fiers and A/D converters which can be collectively denoted & . As these noise compo-

post-prrocessing

nents are independent their contributions add in quadrature to give

o = A/(52 + 02 + 02 + 02 Volts RMS (2-26)

Ilvlﬂl Iphulnn shot I:lnrk shot read post-prrocessing

Using (2-10) and (2-21) - (2-25) it is possible to express the SNR as:

N_.
SNR = signal (2-27)

read post-prrocessing
N:ignal + Ndark + ( G + G

From (2-27) it is clear that high conversion gain G minimizes the contribution of the sensor

read noise and that of post-processing stages to the sensor SNR.

2-5.3.1 Photon Shot Noise Limit

At moderate to high levels of illumination N becomes much larger than the other

ignal
terms in the denominator of (2-27) and consequently the temporal noise performance of a sen-
sors is dominated by photon shot noise [Theuwissen 1995]. Under these conditions the sig-

nal-to-noise ratio of a sensor is given simply by

SNR = [N (2-28)

When the sensor is photon shot noise limited in this manner, the SNR performance of the

sensor can only be improved by increasing the number of signal electrons collected N“.gnal.
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For most applications the integration time is determined by the frame rate of the video format,
and the pixel dimensions are determined by resolution and optical considerations. However, it

is often possible to increase N

- by improving the pixel fill-factor and/or the quantum effi-

ciency of the photodetector structure.

2-5.3.2 Microlenses

The pixel fill-factor can be increased by placing a microlens over each pixel as illustrated in
Figure 2-21. Microlenses are designed to re-direct incident light that would otherwise fall on
pixel read-out devices, onto the portion of the pixel area that is available for the collection of
photon generated charge. The use of microlenses is widespread and typical improvement in
pixel sensitivity is about 35% [Daemen and Peek 1994).

photoshield
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polysilicon

o4 gate

Figure 2-21. Cross section of an IL-CCD sensor with microlenses.

2-5.4 Excess Signal Carriers

In addition to performance limitations due to the collection of insufficient signal carriers,
the generation of 100 many carriers can also cause problems for solid-state image sensors.
Once the collection site in a pixel is full, excess carriers can spill into neighbouring pixels
[Theuwissen 1995). This phenomenon is known as blooming.

2-5.4.1 Anti-Blooming Structures

To prevent blooming it is common for CCD sensors to include additional implants or
devices within each pixel to allow excess carriers to be removed. Once the collected charge has
reached a predetermined level, any additional charge is preferentially drained to an n-type epi-
taxial layer beneath the p-type substrate, rather than adjacent pixels. Both vertical and lateral
anti-blooming structures have been demonstrated [Ishihara et al. 1982, Ando et al. 1991].

2-5.4.2 Electronic Shutter

The frame rate of a solid-state image sensor is usually determined by the application. How-
ever, it is possible to reduce the amount of charge collected in each pixel by shortening the
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effective integration period 7,  to some fraction of the frame period T . This technique is

rame
known as electronic shutter or charge reset and requires the ability to remove the charge col-
lected by each pixel at the instant 7, = prior to normal signal charge read-out as shown in Fig-
ure 2-22. The mechanism by which charge reset is realized is different for the various
solid-state sensor architectures but includes options such as a “dummy” read-out, or the global
operation of anti-blooming devices [Theuwissen 1995]. In general electronic shutter is used to
provide a method for controlling the exposure level of the entire sensor, while anti-blooming
structures are used to deal with excess carriers at the individual pixel level generated by image

highlights.

pixel
A saturation charge reset
coliscted \
charge signal read-out
- -, signal
level
H_Tint_H t
<71‘(mme —P{

Figure 2-22. Electronic shutter or charge reset to control sensor exposure.

2-5.5 Fixed-Pattern Noise

Stationary artifacts present in the image produced by a solid-state sensor are known as
fixed-pattern noise (FPN). Fixed-pattern noise is caused by device and circuit non-uniformity

across the array and in the read-out path(s).
2-5.5.1 Dark Current Non-Uniformity
As discussed in Section 2-5.1.3, dark current non-uniformity across the sensor contributes a
fixed-pattern noise component that can be characterized as a random pixel offset.
2-5.5.2 Photo-Response Non-Uniformity

Due to manufacturing tolerances the quantum efficiency of each pixel in a sensor array may
differ slightly. This is known as photo-response non-uniformity (PRNU) and can be character-
ized as a random pixel gain variation [Holst 1996]. Therefore PRNU is signal dependent and it

is a multiplicative factor of the photon shot noise.

2-5.5.3 Signal Read-Out Non-Uniformity

As signal read-out from each pixel follows a different path to the sensor output stage, any
device or circuit variations in the read-out path can introduce fixed-pattern noise. FPN in CCD

sensors can be caused by defects producing variations in the charge transfer efficiency of CCD

49



CHAPTER 2 Solid-State Imaging Technology

stages in the array. FPN may also be introduced by variations in read-out timing [Holst 1996].
If multiple output stages are used in the sensor, any conversion gain non-uniformity between
the output stages introduces gain mismatch between the segments of the image that correspond
to the respective output stages. Fixed-pattern noise in CMOS image sensors is dominated by
pixel and column circuit mismatch. Threshold voltage variations across the array introduce
FPN at both the pixel and column level characterized as random pixel and column offsets
respectively. Conversion gain non-uniformity in CMOS APS image sensors produces random

pixel gain variations [Nixon et al. 1996b].

2-5.5.4 Managing Fixed-Pattern Noise

Fixed-pattern noise in CCD image sensors is managed at the device level. Dark current
non-uniformity, photo-response non-uniformity, and signal read-out non-uniformity are all
minimized by optimization of the fabrication process. Dark current non-uniformity can also be
significantly reduced by cooling. Manufacturing CMOS image sensors in a standard CMOS
fabrication process precludes managing fixed-pattern noise at the device level. Instead FPN
must be minimized through careful circuit design. Pixel and column FPN due to device mis-
match in CMOS APS imager sensors can be reduced through the use of two levels of corre-
lated-double sampling [Mendis et al. 1994a]. However CDS does not cancel dark current

non-uniformity, photo-response non-uniformity, or conversion gain non-uniformity.

2-5.6 Pixel Cross Talk

2-5.6.1 Lateral Diffusion of Photon Generated Carriers

A portion of the minority carriers generated by photons in the substrate of a solid-state
image sensor have to diffuse to the depletion region to be collected. As there is no predefined
direction for this diffusion path, it is possible for carriers to be collected by pixels other than
those under which they were generated [Stevens and Lavine 1994, Theuwissen 1995]. This

“misdiffusion” is illustrated in Figure 2-23 and causes image blurring.
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Figure 2-23. “Misdiffusion” of photon generated minority carriers.
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As the penetration depth of longer wavelength photons is greater than that of photons with
short wavelength, misdiffusion is chiefly caused by photons with long wavelengths being

absorbed below the pixel structures.
2-5.6.2 Light Piping

Another phenomenon that degrades image sharpness is light piping [Theuwissen 1995]. In
this instance stray photons incident on one pixel are introduced into neighbouring pixels by
multiple internal reflections at the interface of layers deposited on the sensor substrate. Inter-
faces responsible for light piping can include the Si-SiO, interface, and the interface between

Si0, and other layers such as light shields or colour filters.

2-5.6.3 Managing Cross Talk

Cross talk in CCD sensors is managed at the fabrication process level by optimization of the
thickness of layers deposited on the sensor surface. It is also managed by controlling the dop-
ing concentration of the sensor substrate to limit the diffusion length of minority carriers.
However, as the sensor quantum efficiency at long wavelengths is also a function of the diffu-
sion length, reducing pixel cross talk in this manner involves a trade-off. Cross talk can also be
reduced by providing p+ channel stops between pixels that absorb free electrons. The manu-
facture of image sensors in standard CMOS precludes optimizing the fabrication process to

control pixel cross talk.

2-5.7 Aliasing

Image acquisition by solid-state image sensors involves sampling in two spatial dimensions
and in time [Dubois 1985]. As with any sampled data system, aliasing occurs for frequencies

greater than the Nyquist frequency unless appropriate low-pass filtering is used.

2-5.7.1  Temporal Aliasing

The three-dimensional signal produced by the camera optical system is not temporally
bandlimited. Furthermore, the linear integration of photon generated charge in the camera
solid-state imager does not realize the optimal temporal low-pass filtering operation for a given
frame or field rate. This admits the possibility of temporal aliasing in which high temporal fre-
quencies are mapped to lower frequencies in the video stream. This can lead to unwanted vis-
ual effects. For example, continuously rotating objects in a scene may appear to rotate forward
or backwards at strange speeds. In general it is not practical to temporally bandlimit the optical
signal, so to minimize temporal aliasing it is necessary to employ a sufficiently high frame rate

for a given application.

51



CHAPTER 2 Solid-State Imaging Technology

2-5.7.2 Spatial Aliasing

The pixel array of a solid-state imager performs two-dimensional spatial sampling of the
image produced by the camera optical system. The sampling function is not only dependent on
the pixel pitch, the distance between adjacent pixel centres, but also on the pixel fill-factor
[Holst 1996]. As the camera optics do not sufficiently spatially bandlimit the optical signal,
spatial aliasing is introduced into the image produced by the sensor. Spatial aliasing artifacts
generated by periodic image structure are known as Moiré patterns. For some applications spa-
tial aliasing is reduced with the use of optical birefringent filters to blur the image prior to sam-

pling by the pixel array.

2-6. Conclusion

Fundamental principles of solid-state imaging such as photon absorption and charge collec-
tion and integration are the same for both CCD sensors and CMOS active pixel sensors. The
primary differences between CCD and CMOS imaging technology is in the way signal
read-out is effected, and in the management of non-idealities such as dark current, fixed-pat-

tern noise, and pixel cross talk.

High performance signal read-out in a CCD sensor is achieved through transporting signal
charge to the output stage with a high degree of efficiency. However, the manufacturing
requirements and power dissipation needed to accomplish this goal are restrictive for many
applications. High performance signal read-out in a CMOS APS sensors is achieved through
in-pixel charge-to-voltage conversion, and the application of correlated-double sampling
methods to reduce fixed-pattern noise due to circuit mismatch. Extremely low power dissipa-
tion is possible as each pixel is only addressed once, and the capacitances and voltages

involved are markedly lower that those of CCDs.

The key difference between CCD and CMOS imaging technology in terms of the level of
image quality that can be attained is in the management of non-idealities such as dark current,
fixed-pattern noise, and pixel cross talk. CCD technology addresses each of these issues at the
device level through specialization of the fabrication process. The last 20 years has seen the
maturation of CCD imaging technology with the origins of non-idealities being identified, and
advancements to the fabrication process to eliminate or reduce their impact on sensor perform-
ance being developed. In contrast, APS is being promoted as a new technology that enables
image sensors to be produced in a standard CMOS fabrication process that is not specialized
for this purpose. Within this paradigm the only avenue available to address sensor non-ideali-
ties are innovations at the circuit level. While subjectively impressive CMOS APS image sen-
sors have been demonstrated, rigorous performance comparisons with CCD sensors have not

been undertaken prior to this thesis work. As such the non-idealities that limit the performance
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of APS sensor manufactured in standard CMOS have remained largely unidentified and
unquantified, and questions as to whether they could be addressed at the circuit level were not
resolved. A major contribution of this thesis is to identify the performance limitations of
CMOS APS technology, and show that they can only be effectively managed at the fabrication

process level.

53



CHAPTER 3 Digital Colour Camera
Technology

3-1. Introduction

This chapter introduces digital camera technology. Electronic display technology and col-
our science have a substantial influence on solid-state camera architecture and hence are
reviewed in detail. The system level requirements for realising a digital colour camera are then
described. The chapter concludes by discussing the implementation of digital cameras in terms
of CCD and CMOS APS technology. The material presented in this chapter can be considered
prerequisite for Chapters 4 and S.

3-2. Digital Cameras

3-2.1 General Electronic Image Acquisition

Electronic image acquisition is the process by which an image formed by an optical system
is converted into an electrical signal suitable for storage, transmission, or display. It requires a
mechanism by which an optical image can generate or modulate an electrical quantity such as
charge, current, or voltage. Electronic imaging also entails a sampling and reformatting opera-
tion to convert the temporal and two spatial dimensions of the image produced by an optical
system into the one temporal dimension of an electrical signal [Schrieber 1993]. With the
exception of machine vision applications, the purpose of an electronic imaging system is the
reproduction of an electronically acquired image for viewing, either in printed form, or on a

television or computer display.

A generalized electronic imaging system is shown in Figure 3-1. As the ultimate purpose of

an electronic imaging system is image reproduction for a human observer, the characteristics
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of the human visual system play an important role in electronic imaging, transmission, and dis-

play technology.

image image image
- > PO . o r--- ’
acquisition storage/transmission reproduction

human
obsarver

scene

Figure 3-1. A generalized electronic imaging system.

3-2.2 Analog and Digital Imaging Technology

All image acquisition and image reproduction technologies are analog in nature. The differ-
ence between analog and digital imaging technology is the manner in which images are stored
or transferred. In conventional photography images are generated and stored chemically on a
film. Images for television and video are stored or transmitted using analog modulation tech-
niques. While digital signal processing techniques and hardware are widely used to implement
various stages of processing subsequent to image acquisition, the final image representation
employed for storage or transmission is analog [Morimura et al. 1990]. In contrast a digital
camera represents an image or video stream as a sequence of binary numbers. The advantages
of digital images and digital video is that they are easily manipulated or edited using a compu-
ter and transferred over a digital network [Netravali and Haskell 1988]. Digital storage and
transmission are not subject to degradation in the same manner that analog recording and
transmission techniques are. In addition it is straightforward to implement redundancy and

error correction digitally.

3-2.3 Categories of Digital Cameras

Consumer digital cameras that are currently available fall into three main categories; porta-
ble digital cameras for still-image acquisition, portable digital cameras for video acquisition,
and digital cameras which are tethered to a computer that can be used for both still-image and

video acquisition.

3-2.3.1 Portable Digital Cameras for Still-Image Acquisition

Portable digital cameras for still-image acquisition provide immediate access to captured
images in a digital format as opposed to the time and cost involved in processing the film from
a photographic camera, and then scanning and digitizing the print. Digital images are taken
and stored on the camera and can later be down-loaded to a computer through a standard [/0
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port. However, at present the quality of images generated from consumer level digital cameras
cannot match those produced by a 35-mm photographic camera. For many applications this
shortcoming is outweighed by the convenience of immediate digital images. An example of
such a product is the Apple Quicktake 150 which has a resolution of 640 x 480 pixels [Quick-
take]. A high-end professional level digital camera which provides image quality approaching
that of 35-mm photographic film is the Kodak DCS460 which has a resolution of 3060 x 2036
pixels [Kodak]. Portable digital cameras for still-image acquisition are finding increasing
application in commercial areas such as publishing, law enforcement, security, real-estate, and

insurance.

3-2.3.2 Portable Digital Cameras for Video Acquisition

Portable digital cameras for video acquisition, in conjunction with new standards for
recording digital video on magnetic tape, provide precise and essentially lossless video editing
and copying. Such capabilities make use of sophisticated digital error correction coding and an
intra-frame compression technique known as I-MPEG [Doyle]. Most portable digital cameras
also support the capture of still-images. An example of such a camera is the Sony DCR-DX700
Digital Handycam that provides video quality superior to analog video standards such as Beta-
cam or S-VHS [Sony]. Portable digital cameras for video acquisition are finding application
with corporate and media video producers and as the price of digital video cameras falls they

will replace the consumer analog video camera.

3-2.3.3 Tethered Digital Cameras

The final category is that of the tethered digital camera which is attached to a computer and
provides both still-image and video acquisition capability. Tethered digital cameras have no
on-camera image storage and instead directly transfer still-images or video to a host computer
via a digital interface. To remove the need for the host computer to have specialized hardware
it is common to make use of standard interfaces such as the serial or parallel port. Unfortu-
nately these interfaces were not intended for transferring video and have a relatively low band-
width. This limits the video image quality obtained from tethered digital cameras in terms of
resolution, available colours, and frame rate. An example of such a camera is the Connectix
Color QuickCam [Connectix]. Tethered digital cameras are being used in a growing number of
multi-media applications and it has been suggested that if their price can be reduced to below
US $50 they will become a standard peripheral in the consumer personal computing market
[Ackland and Dickinson 1996]. It can also be expected that as new higher bandwidth digital
interface standards are adopted, for example Firewire or the Universal Serial Bus, the image
quality and frame rate available from tethered digital cameras will significantly improve
[Firewire, USB].
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3-3. Electronic Display Technology

The architecture of a digital colour camera is determined by many factors in addition to
those associated with solid-state image sensors. In particular the requirements of producing
images suitable for electronic display with accurate colour rendition play a critical role in cam-

era system architectures.

3-3.1 CRT Display Technology

The electronic display technology of television receivers and computer monitors is based on
the cathode ray tube (CRT) [Schrieber 1993, Holst 1996]. While a number of alternative dis-
play technologies have been developed, they have only replaced the CRT in niche applications.
The most important of these technologies at present is the liquid crystal display (LCD) which
is widely used in portable applications such as laptop computers. The LCD is superior to the
CRT in terms of power dissipation, weight, and physical dimensions but cannot compete with
the colour rendition and contrast ratio achievable by the CRT. The dominance of the CRT and
its influence on video and transmission standards has important implications for the architec-

ture of solid-state image sensors and cameras.

3-3.2 Frame Rate

The temporal sampling frequency or frame rate of analog video standards is determined by
the need to minimize the perceptibility of flicker on CRT displays [Schrieber 1993]. The phos-
phors used in CRTs are brightened only momentarily by the scanning electron beam and their
decay is quasi-exponential. This means that they do not provide the optimal temporal low-pass
filtering operation required for reconstruction of the video signal. While a frame-store can be
included as part of the display hardware to support temporal interpolation to reduce flicker, this
technique is nnt yet widely used due to the additional complexity and cost involved. Instead
video standards exploit the characteristic of the human visual system to behave like a temporal
integrator for a select range of input frequencies. The human perception of flicker depends on
the size and brightness of the object being viewed, the larger and brighter the object, the more

noticeable is the flicker. The ambient light level for viewing also plays a significant role.

3-3.3 Scanning Formats

3-3.3.1 Interlace Scanning

Analog video standards such as NTSC and PAL acquire, record, transmit, and display
images using an interlaced format [Poynton 1996]. Each frame is scanned in two successive
vertical passes, first the odd field and then the even field as shown in Figure 3-2(a). As the

flicker susceptibility of vision is due to a wide-area effect, as long as the complete height of the
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picture is scanned rapidly enough to overcome wide-area flicker, small-scale picture informa-
tion, such as that in the alternate lines, can be displayed at a lower rate. This means that a lower
frame rate can be used with a given display brightness resulting in a higher vertical resolution
for the same signal bandwidth or data rate. For example NTSC uses two fields of 262.5 lines at
a field rate of 60 Hz to give a frame of 525 lines at a frame rate of 30 Hz. Under appropriate

viewing conditions the visual system temporally integrates the two fields.
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Figure 3-2. Interlaced and progressive scanning with 2n rows or lines where the numbers indicate the
order in which the rows are scanned. (a) Interlaced scanned frame formed from two fields each
of n rows represented by solid and dashed lines respectively. (b) Progressive scanned frame

consisting of one field of 2n rows.

3-3.3.2 Progressive Scanning

If interlace worked perfectly the frame vertical resolution would be double the field vertical
resolution. In fact however the vertical resolution is increased only marginally except at low
brightness [Schrieber 1993]. Also fine detail in images is subject to twitter, a small-scale phe-
nomenon that is perceived as rapid back-and-forth motion [Poynton 1996]. An importani
application in which interlace is not satisfactory is that of computer displays. For typical com-
puter operation the user is much closer to the display than in a television viewing environment
and the ambient light level is considerably brighter. Computing applications also require the
display of small alpha-numerical characters and highly detailed images. For these reasons a
progressive video format is used to drive the CRT display in which each row or line is scanned

in turn as shown in Figure 3-2(b). A higher frame rate of at least 70 Hz is also required.

Another important application which uses a progressive format is that of digital video com-
pression standards such as MPEG. If the video source for compression is only available in
interlaced format then either only one field is used, or else a field memory is required to

de-interlace the video stream for each complete frame to be compressed [AVP 1995].
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3-3.4 Synchronization and Blanking Intervals

Analog video standards and their digital equivalents include both horizontal and vertical
blanking intervals within the video stream [Poynton 1996]. The CRT requires these intervals to
extinguish the electron gun and retrace its position to the start of the next line or to the top of
the display ready to start the next field or frame. The blanking intervals of NTSC and PAL
form a significant percentage of the time allotted for each frame as shown in Figure 3-3. To
save bandwidth recent digital video standards for recording or transmission across a digital
network do not include this synchronization information. Instead it is generated in the receiver
or decoder before display [Doyle].

525 625

(a) (b)

Figure 3-3. Digital component video (4:2:2) for (a) NTSC and (b) PAL. The dark areas represents the
vertical and harizontal blanking intervals and the light areas the active image area. The numbers
indicate the number of lines and pixels. The sampling frequency is 13.5 MHz [Poynton 1996].

3-3.5 Gamma Correction

Another important property of CRTs that has influenced video standards is that of the very
non-linear response of the electron guns used to excite the screen phosphors. As a consequence
the luminance of a CRT display is not proportional to the voltage applied to the electron gun by
the video signal, but rather that voltage raised to a power between 2 and 3. It is conventional to
compensate for this non-linearity by applying what is known as gamma correction to the pixel
values in the camera [Poynton 1996]. The transfer function of a typical CRT and the transfer
function of a nominal gamma correction to be applied to the video signal by the camera are
shown in Figure 3-4. For colour video it is necessary to apply gamma correction to each of the
red, green, and blue components respectively prior to colour difference encoding. Performing
gamma correction in the camera has the added advantage of wransforming the video signal into
a more perceptually uniform signal space that maximizes the use of the available digital video
codes and minimizes the visibility of noise introduced during digital video compression and
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transmission. Gamma correction is assumed for digital coding standards such as JPEG and
MPEG.

LoV 25 \V E0.45

Display Luminance
Video Signal

(a) Video Signal (b) Camera llluminance

Figure 3-4. (a) The transfer function of a typical CRT. (b) The gamma correction transfer function

required by a camera for a gamma of 0.45.

3-3.6 Influence on Solid-State Imaging Technology

The characteristics of CRTs discussed in the previous paragraphs have important implica-
tions for the architecture of CCD image sensors and the signal processing requirements of
solid-state cameras [Theuwissen 1995]. Most CCD sensors are dedicated to a specific scanning
mode, either interlaced or progressive. Furthermore the method by which each scanning mode
is implemented for the interline, frame-interline transfer, and frame-transfer architectures is
different. The architecture of CMOS image sensors are more flexible and support both inter-
laced and progressive scan using appropriate address generation. The scanning format also
influences electronic shutter operation used to regulate the camera exposure, particularly for
CCD sensors. For example, it is common for interlace cameras to use integration periods based
on the field rate rather than the frame rate to avoid image disturbances caused by moving

objects in a scene.

Analog video cameras require an interlaced format while digital video and digital still cam-
eras employ progressive scan [Naito et al. 1995]. Analog video cameras directly provide the
timing signals required to drive a CRT display. Therefore the frame rate, scanning format, and
clock signals needed by the image sensor are predetermined. The read-out of image sensors
used in digital video and digital still cameras is more flexible because the sensor is not syn-

chronized to the display.

All video cameras perform gamma correction. Historically this has been done for reasons of

economies of scale to make the electronics of the television receiver and display as simple and
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low cost as possible. As long as CRT is the dominant display technology it is likely that video

standards will continue to compensate for CRT non-idealities.

3-4. Colour Science for Solid-State Imaging

This section introduces the basic principles of colour science and their application to
solid-state imaging. It will be shown that imaging in colour places additional requirements on
the performance of solid-state image sensors and substantially determines the architecture of

solid-state colour cameras.

3-4.1 Human Colour Vision

The concept of colour is more subtle than is widely understood. Colour is not an external
physical phenomenon but the perceptual result of a given power spectral power distribution of
light, with wavelengths in the visible region of 380nm to 780nm, stimulating the human visual
system. Incident light is focused by the optical system of the eye onto the retina. The retina of
the human eye is covered with two different types of photoreceptors known as rods and cones

[Hunt 1995]. The function of the rods is to provide monochromatic'

or scotopic vision under
low levels of illumination while the cones provide colour or photopic vision at normal levels of
illumination. The cones themselves can be divided into three types, p, 7y, and B, each respond-
ing to incident radiation with a different spectral response. Perceptual sensations such as
brightness and colour are generated in the visual cortex of the brain by combining and compar-
ing the outputs of the three types of cones and the rods in a manner that is not well understood

[Zeki 1993]. In this sense colour only exists in the brain of the observer.

3-4.2 Colorimetry

While the physiology of colour vision and its philosophical implications are of considerable
interest, they have not been explicitly used to provide a framework for colour image acquisi-
tion and reproduction systems. Instead all practical electronic colour imaging and reproduction
systems have been developed by applying principles of an empirical science known as color-
imetry [Wyszecki and Stiles 1982, Hunt 1995]. Colorimetry provides a numerical specification
of colour. It incorporates photometry, the empirical science that quantifies perceived bright-
ness, which was introduced in Section 2-2.2.2. Using the results of a series of brightness and

colour matching experiments the Commission Internationale de I'Eclairage (CIE) has estab-

1. The word “monochromatic” is used in this context to describe vision without the sensation of
colour and does not imply that vision under these conditions is dependent on a single wave-
length. However in the remainder of this chapter the word monochromatic will be used in the lat-
ter, stricter sense.
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lished photometric and colorimetric standards based on the concept of the Standard Photomer-
ric Observer and the Standard Colorimetric Observer respectively. These standards allow the
brightness and colour of a given spectral power distribution to be predicted and quantified

under specific viewing conditions.

3-4.3 Additive Colour Mixtures

As colour is determined by the spectral power distribution of visible light reaching the eye,
a given colour can be generated by synthesizing an appropriate spectral power distribution,
Colorimetry is based on additive colour mixtures formed using multiple radiant energy sources
as shown conceptually in Figure 3-5. The total radiant flux received by the eye is the sum of
the flux from each of the sources and the spectral power distribution at the eye is the wave-
length-by-wavelength sum of the respective spectral power distributions of each of the
sources. In practice additive colour mixtures are formed by superimposing beams of light on a
diffuser, by viewing the different beams in succession at a frequency high enough to remove
all sense of flicker, or by viewing them in adjacent areas that are too small to resolve with the
acuity of the human visual system [Hunt 1995].

o
Sn

multiple sources

Figure 3-5. Conceptual definition of an additive colour mixture. The S',- dencte different sources of

radiant energy in the visible spectrum.

The range or gamut of colours that can be realized using additive colour mixtures is depend-
ent on the number of sources and the relationship of their respective spectral power distribu-
tions. As a consequence of the fact that there are three types of cones responsible for colour
vision, most colours can be mixed using three suitably chosen light sources which respectively
appear red, green, and blue coloured.

One of the most important applications of additive colour mixtures is that of the colour
cathode ray tube (CRT) [Sproson 1983]. The screen of a colour CRT display is covered with
three different phosphors that emit red, green, and blue light respectively when excited by a
beam of electrons from an electron gun. The spatial size and arrangement of the phosphors is
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such that when the screen is viewed from a sufficient distance. the spectra of these phosphors
add at the retina of the observer.

3-4.4 Trichromatic Matching and Primaries

The system of colour specification developed by the CIE is based on trichromatic matching
[Hunt 1995]. The experimental arrangement for trichromatic matching is shown in Figure 3-6.
The test colour is viewed alongside an additive mixture of red, green, and blue light. The inten-
sity of these beams is adjusted until the mixture matches the test colour. Trichromatic matching
requires the specification of the red, green, and blue light sources used. The 1931 CIE standard
employed monochromatic stimuli of 700nm for red, 546.1nm for green, and 435.8nm for blue.
These stimuli are known as primaries and denoted R, G, and B respectively. The constraint on
the choice of primaries for trichromatic matching is that none of the primaries can be matched

by an additive mixture of the other two.

aperture plate

>

observer's eye

diffuser

Figure 3-6. Trichromatic matching by additive mixing of three light sources, red R. green G, and blue
B, whose intensities can be adjusted. The light source whose colour is to be maiched is denoted
C. The diffusers result in uniform fields for viewing by the observer [Hunt 1995).

3-4.5 Tristimulus Values

A given colour € can be defined or matched by saying that it is produced by adding R units
of the red primary R, G units of the green primary &, and B uniis of the blue primary B as
described by:

C = RR+GG + BB (3-1)

where the ‘+° sign indicates an additive mixture and the ‘=" sign implies matching.

The results obtained from trichromatic matching are not usually given in the established
photometric units for luminance, candelas per square metre {cd/m?). The reason for this is that
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the magnitudes of R, G, and B are typically very unequal. The contribution from the blue pri-
mary is especially small compared to that of the red and green primaries. This is a consequence
of there being fewer B cones than y and p cones in the retina, the B cones being the more sensi-
tive to short wavelengths. Since white may be regarded as not having an excess of any colour,
a new set of units was established where the red, green, and blue contributions are equal for a
white light consisting of equal amounts of power per constant-width wavelength interval
throughout the spectrum. This stimulus is known as the equi-energy stimulus Sg. R, G, and B
in the new set of units adopted are known as tristimulus values. An example of the conversion
to tristimulus units from photometric units for 5.6508 cd/m? of the equi-energy stimulus 1s
given in Table 3-1.

Photometric Tristimulus
Units Units
R 1.0000 cd/m? 10
G 4.5907 cd/m? 1.0
B 0.0601 cd/m? 1.0

Table 3-1. The conversion between photometric
units and tristimulus units for 5.6508 cd/m?
of white equi-energy illuminant Sg [Hunt
1995].

3-4.6 Grassman’s Laws of Additive Colour Mixture

Additive colour mixtures expressed as tristimulus values obey a powerful series of empiri-
cal colour matching laws known as Grassman’s Laws of which one formulation is as follows
[Wyszecki and Stiles 1982]:

1. Symmetry Law: If A = B then B = A.
2. Transitivity Law: If A = B and B = C then A = C.

3. Proportionality Law: If A = B, then 0cA = aB where o is any positive factor by which
the radiant power of the colour stimulus is increased or reduced, while its relative spectral

power distribution is kept constant.

4. Additivity Law: If A, B, C, and D are any four colour stimuli, then if any two of the follow-
ing three conceivable colour matches, A = B, C = D,and A +C = B + D, holds good,

then so does the remaining match A +D = B+C.

3-4.7 Transformations Between Sets of Primaries

The limitation on the choice of primary stimuli, that none of the primary stimuli can be

matched by an additive mixture of the other two, means that in the tristimulus representation
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the vectors representing the primaries must be linearly independent [Wyszecki and Stiles
1982]. As a consequence there are no set of values R, G, and B which solve (3-2) except the
trivialcase R = G = B =0

RR+GG+BB =0 (3-2)

It is sometimes necessary to transform from one set of primaries R, G, B to another set of
primaries R", G°, B”. As each primary stimulus of one set can be matched by a mixture of the
primaries of the other set, the linear system of (3-3) will hold. Both sets of primary stimuli are

linearly independent and the matrix A formed by the coefficients a;; must be non-singular.

R’ ayy Gy 4311 |R
G'| = |43 4y 93[|G (3-3)
B a3 Ay3 A3 B

3-4.8 Negative Tristimulus Values

Although a large range of colours can be matched by an additive mixture of red, green, and
blue primaries, there are some colours that cannot be matched in this way [Wyszecki and Stiles
1982]. For example some monochromatic stimuli in the blue-green region are more saturated
than any mixture of green and blue primaries. If however the red primary is added to such col-
ours in suitable quantity, it is then possible to match this new colour with a mixture of the blue

and green primaries. In such circumstances (3-1) becomes:

C+RR = GG +BB (3-4)

However, it is more usual to rewrite such expressions in the form:

C =-RR+GG+BB (3-5)

While (3-5) illustrates how negative tristimulus values occur, negative light flux is a physi-
cal impossibility and equations of this type must always be interpreted as (3-4). Sometimes it
may be necessary to add two of the primary stimuli to the test colour to achieve a match with
the remaining primary. In such cases two of the quantities on the right hand side of (3-5) will

have negative signs.

3-4.9 Colour-Matching Functions

The 1931 CIE standard is based on trichromatic matching experiments carried out by two
different investigators using a total of 17 British observers with normal colour vision [Hunt

1995]. The results from both experiments were similar and these results were averaged to yield

65



CHAPTER 3 Digital Colour Camera Technology

the 1931 CIE Standard Colorimetric Observer. In particular the amounts of the R, G, and B pri-
maries needed to match a constant amount of power per small constant-width wavelength
interval at each wavelength of the visible spectrum were determined. This data is plotted in
Figure 3-7 and such curves are known as colour-matching functions and designated r(A), g(A),
and b()), respectively.

0.35

0.3f
0.25r
0.2f
0.15L

0.1r

0.05f

Tristimulus Value

0_

-0.05~ AN '
_0.4 I 1 hikd i L ! 1 L
50 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 3-7. The colour-matching functions r(A), g(r), and b() for the CIE 1931 Standard Colorimetric
Observer, expressed in terms of primaries R, G, and B consisting of monochromatic stimuli of

wavelengths 700 nm, 546.1 nm, and 435.8 nm respectively.

Subsequent investigations have shown that the 1931 CIE Standard Colorimetric Observer
represents normal human colour vision in 29 viewing fields adequately. As is to be expected,
light of 700 nm is matched by R only, light of 546.1 nm is matched by G only, and light of
435.8 nm is matched by B only, the other two curves being zero at each of these wavelengths.
The colour-matching functions also have negative portions which correspond to the need to
add this amount of the respective primary to the test colour to enable it to be matched by the
other two primaries as was discussed in Section 3-4.8. If different primaries were used for tri-
chromatic matching then the positions of the zeros and the positive and negative portions of
the colour-matching functions would change. However, all sets of physical primaries, no mat-
ter what their colours, give rise to colour-matching functions having some negative portions to

their curves.
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3-4.10 The 1931 CIE Standard Colorimetric Observer

In 1931 when the CIE established the system of colour specification it was decided that
using a scheme with negative tristimulus values for some colours and negative excursions in
the colour matching functions was undesirable. Three new imaginary or non-physical prima-
ries denoted X, Y, and Z were defined in addition to the primaries R, G, and B introduced in
Section 3-4.4 to allow all real colours C to be expressed as positive tristimulus values (X, Y, Z)

according to:
C=XX+YY+ZZ (3-6)
The transformation between the two sets of primaries was determined such that the corre-

sponding colour matching functions x(A), y(A), and z(A) are entirely positive as shown in Fig-
ure 3-8.
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Figure 3-8. The colour-matching functions X(A), y(x), and z() for the CIE 1931 Standard Colorimetric

Observer, expressed in terms of primaries X, Y, and Zrespectively.

3-4.11 Computing Tristimulus Values for llluminants

The additivity of trichromatic mixtures means that the colour-matching functions of Figure
3-8 can be used as spectral weighting functions to determine the amounts of X, ¥, and Z,
needed to match the colour of any illuminant. This requires that the amount of power per small
constant-width wavelength interval is known for the illuminant throughout the visible spec-
trum. The tristimulus values (X, ¥, Z) for a given illuminant C with spectral power distribution

P, (M) can be computed using (3-7) where K is a constant. For most applications it is suffi-
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cient to replace the integral with a summation of the product of the spectral power distribution

and the colour matching function evaluated at every 5 or 10 nm.

780nm
K J P_(A) % (L) d\

380nm
780nm

K J P, (M) 5 (A)dh

380nm
780nm

K J P (M) z (M) dh
380nm (3_7)

et
[

~
Il

N
I

The colour matching function y(A) was chosen to be the spectral luminous efficiency func-
tion V(A) discussed in Section 2-2.2. Therefore the value of Y for a given colour is directly
proportional to the luminance L, of that colour. The constant K can be chosen to yield Y in

photometric units.

The relationship between tristimulus values determined in the two sets of primaries used in
the 1931 CIE standard, namely R, G, and B and X, ¥, and Z, is described by the linear transfor-
mation [Hunt 1995]:

X 049 0.3l 020 ||R
Y| = |0.17697 0.81240 0.01063(|G (3-8)
Z 0.00 0.0l 099 ||B

3-4.12 Computing Tristimulus Values for Surfaces
For a surface with spectral refiectance function p (A) illuminated by a source with spectral
power distribution P, (A) the tristimulus values (X, ¥, Z) can be determined using:

780nmn

X=K | P,(Mx(A)p(A)dr

380nm
780nm

vy=k [ P,00yMpMNdr

380nm
780nm

K [ P.yzup(dh
380nm (3-9)

N
]
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When computing the tristimulus values for a surface it is usual to work with relative rather
than absolute quantities. The value of K in (3-9) is typically chosen such that the maximum
value of Y is normalized to 1.0 or 100 for a perfect diffuser under the same illuminant, accord-
ing to [Hunt 1995]:

[

K= 780nm (3-10)

J P, ()5 (M) dh
380nm

3-4.13 Metamerism

If two colour stimuli have the same tristimulus values computed using (3-7) or (3-9) they
will be matched when viewed under the same conditions by an observer whose colour vision is
not significantly different from that characterized by the 1931 CIE Standard Colorimetric
Observer. If the two matching colours have the same tristimulus values but different power
spectral distributions for an illuminant, or different spectral reflectance functions for a surface,

they are said to be metamers [Cohen and Kappauf 1982, Hunt 1995].

The phenomenon of metamerism is exploited in colour reproduction systems as it means
that the spectral composition that defines each colour in an image need not to be precisely rep-
licated. Instead using an additive colour reproduction system it is possible to use primaries of
convenient spectral composition to reproduce a wide range of the original colours. However, in
a stricter sense a characteristic of metamerism is that in general absolute colour matching is
upset if a different observer is used, or in the case of reflecting surfaces, a different illuminant

is used.

3-4.14 Standard llluminants

The form of (3-9) and (3-10) make it clear that the tristimulus values of a surface deter-
mined using one illuminant will not usually be the same found using a different illuminant.
The large number of possible illuminants available in practical situations therefore make a rig-
orous comparison of colorimetric results impossible. This difficulty led the CIE to establish a
series of standard illuminants for colorimetric applications, the most important being Standard
Illuminant A (or S4), and Standard Illuminant Dgs [Hunt 1995]. S4 is a convenient representa-
tion of tungsten lamps and is available as a calibrated source. Dgs is a representation of aver-
age indoor daylight but is not as straightforward to synthesize as a calibrated source. The
relative spectral power distributions defined by the CIE for Sy and Dgs are shown in Figure
3-9.
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Figure 3-9. Relative spectral power distributions of the CIE Standard llluminants S, and Dgs. Both

distributions have been normalized to 100 at 560nm [Hunt 1995].

3-4.15 The Specification of White

The CIE recommends the perfect isotropic diffuser with a reflectance equal to unity as the
reference white. Therefore the white point for an illuminant can be computed using (3-9) where
the spectral reflectance function p (A) is set to unity. For example the white point for Dgs is
(0.9514, 1.0000, 1.0881) in (X, Y, Z) tristimulus values. By convention the white point in (R, G,

B) tristimulus values 1s defined as (1, 1, /).

3-4.16 Chromaticity Diagrams

The X, Y, and Z primaries can be considered to form a colour space XYZ in which each col-
our is defined by a vector given by its tristimulus values (X, ¥, Z). The problems with graphi-
cally displaying three-dimensional colour spaces has led to various two-dimensional
projections or mappings. The most important of these is based on the chromaticity coordinates
defined as [Wyszecki and Stiles 1982]:
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. S
X+Y+Z
- Y

Y X+Y+Z

;= VA

T X+Y+Z

(3-11)

As x+y+z = | only two variables x and y are needed to describe the chromaticity of a
colour and it is possible to construct two-dimensional chromaticity diagrams to graphically
represent colorimetric relationships. For example, it can be demonstrated that the chromaticity
of a colour formed by mixing any two stimuli lies on a straight line joining the chromaticity

coordinates of the two stimuli.

The 1931 CIE chromaticity diagram is shown in Figure 3-10. The spectral locus is the curve
obtained for monochromatic stimuli. The straight line joining the long and short wavelengths
is known as the line of purple and together with the spectral locus encloses the gamut of real
colours. The chromaticity coordinates of the X, Y, and Z primaries lie outside the gamut of real
colours hence their description as imaginary or non-physical primaries. The gamut of colours
that can be matched by positive amounts of a given set of primaries is bounded by a triangle
with the primaries as the vertices. The X, Y, and Z primaries span the gamut of real colours and
all real colours can be matched by positive amounts of these primaries. In contrast the gamut of
the R, G, and B primaries is a subset of the gamut of real colours and colours outside of this

range cannot be matched by positive amounts of the R, G, and B primaries.

Chromaticity diagrams only represent proportions of tristimulus values. As a consequence
bright and dim light sources or surfaces having tristimulus values in the same ratios to each
other all plot to the same chromaticity coordinates. It is therefore convenient in many colori-
metric applications to specify a colour using the triple (¥, x, y). The remaining tristimulus val-
ues X and Z can be recovered using (3-12) if required.

x
X=-Y
Yy
l-x-y
Z=——7=Y
Y (3-12)
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X

Figure 3-10. The 1931 CIE chromaticity diagram. The spectral locus is graphed with a solid trace and
together with the line of purple enclose the gamut of real colours. All real colours can be matched
by positive amounts of the imaginary primaries X, Y, and Z (squares). The gamut of colours that
can be matched by positive amounts of the physical primaries R, G, and B is defined by the
triangle with these primaries at its vertices (triangles). The white point of the equi-energy stimulus

Sg (x) and the white point of the CIE Standard llluminants S, (*) and Dgs (+) are also plotted.

3-4.17 Perceptually Uniform Colour Spaces

While the XYZ colour space and corresponding xy chromaticity diagrams are extremely
important to colorimetry they are not perceptually uniform which is a disadvantage for some
applications. A colour space can be said to be perceptually uniform if a small perturbation to a

component value is approximately equally perceptible across the range of that value.

Finding a transformation from (X, ¥, Z) tristimulus values into a reasonably perceptually
uniform colour space is not trivial and the CIE decided to standardize to two different systems,
the L*u*v* and L*a*b* colour spaces, sometimes known as CIELUV and CIELAB respec-
tively [Wyszecki and Stiles 1982].

3-4.18 The 1976 CIE L*u*v* Colour Space

The transformation from a (X, Y, Z) tristimulus value to a (L* u*, v*) triple occurs in two
steps [Wyszecki and Stiles 1982]. The intermediate results u”, v"and u,,’, v,,“are first computed
according to (3-13) and (3-14) respectively, where (X, Y,, Z,) is the tristimulus value of the
white point, usually one of the CIE standard illuminants such as Dgs or S4.
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(3-14)

Using these intermediate results the (L* u* v*) coordinates are calculated using (3-15)
with the constraint that Y/Y, > 0.008856.

1

Y3
116/ =1 —
]6(Yj 16

n

L*

w* = 13L*(u'-u,’)

vE = 13L* (v -v))

(3-15)
If Y/Y <0.008856 then L* is determined using (3-16).
Y
L* = 903.3—Y— (3-16)

n

3-4.19 The 1976 CIE L*u*v* Colour Difference Formula

While the L*u*v* colour space achieves greater perceptual uniformity than the XYZ colour
space this comes at the expense of computational complexity. As a consequence the L*u*y*
colour space is not suitable for real-time applications. However, the L*u*v* colour space is
often used off-line for measuring and optimizing the colour rendition of television and video
systems [Sproson 1983]. For example, (3-17) can be used to compute the colour difference

AE*  between an actual and rendered colour stimulus each in (L*, u*, v¥*) coordinates.

AE* = J(AL*)2+ (Au*)2+ (Av*)2 (3-17)

u

It is generally held that a colour difference of 1 corresponds to a “just noticeable difference”

between two colour samples. By finding the RMS or mean value of AE*  over a number of
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representative colour samples the colorimetric accuracy of a camera or CRT display can be

quantified.

3-4.20 General Colour Acquisition and Reproduction

A number of key issues concerning the practical application of colour science to colour

image acquisition and reproduction systems can be illustrated using Figure 3-11.

O scene illuminant viewing illuminant G
(’ /‘
. .

colour colour colour
C e - R > . > R
analysis transformation reproduction
human
observer

scene

Figure 3-11. A generalized colour image acquisition and reproduction system.

In this example a scene is illuminated by a source with a given spectral power distribution.
Some of the radiant flux from the source is reflected from objects in the scene, its spectral com-
position being modified by the spectral reflectance of the objects. A fraction of this reflected
flux is collected by the optical system of the camera. Here the incident spectral power distribu-
tion is subjected to a colour analysis to determine the tristimulus values for each resolvable
portion of the scene. As discussed in Section 3-4.9 at least three different spectral weighting
functions are necessary to analyse a given spectral power distribution and uniquely specify its
colour. In the context of solid-state imaging they are known as colour analysis functions and to

be physically realizable they must be non-negative for all wavelengths.

However, it can be demonstrated that any realizable set of colour analysis functions that
overlap in wavelength correspond to imaginary or non-physical primaries that cannot be
implemented in any display device or medium [Poynton 1996]. Using the CIE colour matching
functions x(A), y(A), and z(A) as examples, it is not possible to find three entirely positive spec-
tral power distributions that when analysed by these functions yield the tristimulus values (/,
0, 0), (0, 1, 0), and (0, 0, 1) and hence realize the primaries X, ¥, and Z. Furthermore, it can
also be shown that the ideal colour analysis functions corresponding to a set of physical prima-
ries are not realizable because they contain negative portions. For example the physical prima-
ries R, G, and B correspond to the colour matching functions r(A), g(A), and b()) that are not
physically realizable. A colour transformation is therefore necessary to map tristimulus values

determined using realizable colour analysis functions with respect to imaginary primaries, into
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tristimulus values corresponding to a physical set of primaries associated with colour repro-

duction.

The colour reproduction stage may be an electronic display such as a colour CRT, or a print-
ing process using inks on paper. In either case the reproduced image is viewed by an observer
in an environment with a source of illumination that in general will have a different spectral

power distribution than that of the scene.

3-4.21 Obijectives of Colour Reproduction

The design of a colour acquisition and reproduction system is dependent on the colorimetric
objectives of the colour reproduction stage. Hunt has identified six main types of colour repro-
duction [Hunt 1970].

1. Spectral colour reproduction. This describes a reproduction that is a precise match of the
spectral reflectance or spectral power distribution of the original. Spectral colour reproduc-

tion will deliver absolute colour accuracy under all illuminants.

2. Colorimetric colour reproduction. This describes a reproduction that has the same tristimu-

lus values as the original with respect to the system white point.

3. Exact colour reproduction. This describes a reproduction that has not only the same tristim-

ulus values as the original, but has the same absolute luminance.

4. Equivalent colour reproduction. This describes a reproduction that under its conditions of
viewing is identical to the original under the conditions of viewing of the original. This type

of reproduction makes allowances for:
(a) change of white point.
(b) differences in levels of illumination or luminance.
(c) differences in the type of image surround.
5. Corresponding colour reproduction. This describes a reproduction that takes items 4(a) and
4(c) into consideration but neglects 4(b). The objective of corresponding colour reproduc-
tion is therefore a reproduction that has the same appearance as the original would have if

the illumination was the same as that of the reproduction.

6. Preferred colour reproduction. This describes a reproduction that allows some colours to be
more colourful than in the original. The preferred colours are in accordance with the
observer or customers subjective preferences, for example blue sky is preferred to pale, col-

ourless sky.

Not all types of colour reproduction are relevant for all applications [Sproson 1983]. For
example spectral colour reproduction is not possible with colour CRT displays but may be

desirable for some high quality colour printing applications. Colorimetric colour reproduction
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can apply to colour CRT displays if the original scene has the same white point as the display
being used. Exact colour reproduction is not usually possible with colour CRT displays
because the absolute luminance of the display is necessarily limited and most natural scenes
have peak white luminance considerably in excess of this value. Sproson suggests that corre-
sponding colour reproduction is a reasonable and realistic aim for colour television and video
systems. Typically however, no allowance is made for differences in the type of image sur-
round suggested in 4(c). Achieving corresponding colour reproduction will be discussed with
reference to colour solid-state imager sensors and colour CRT displays in the remainder of this

section.

3-4.22 Display Primaries

All practical colour CRT displays use phosphors whose spectral power distributions are rel-
atively broadband as compared to the monochromatic primaries R, G, and B of the 1931 CIE
Standard Colorimetric Observer. Display primaries are selected not only on a colorimetric
basis, but on considerations such as cost, suitability for manufacture, and achieving adequate
display luminance. The primaries of a colour CRT display are usually specified in chromaticity
coordinates along with the white point of the display. As an example the primaries for the
NTSC television system with a Dgs white point are given in Table 3-2 [Poynton 1996].

Color X y z
red 0.67 0.33 0.00
green 0.2] 0.71 0.08
blue 0.14 0.08 0.78
white Dgg 0.3127 0.3290 0.3582

Table 3-2. Chromaticity coordinates of the NTSC primaries and Dgs white point.

The NTSC primaries and corresponding gamut are shown on the chromaticity diagram of
Figure 3-12. Note that while the NTSC primaries have been denoted R, G, and B they are in
fact different from the 1931 CIE primaries introduced in Section 3-4.4 that were also desig-
nated R, G, and B. For the remainder of this thesis R, G, and B will refer to the display prima-
ries and not the 1931 CIE primaries.
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Figure 3-12. The NTSC primaries and colour gamut together with the Dgs white point (+) on the 1931
CIE chromaticity diagram. The spectral locus is graphed with a solid trace and together with the
line of purple enclose the gamut of real colours. The gamut of colours that can be reproduced by
positive amounts of the NTSC primaries R, G, and B is defined by the triangle with these
primaries at its vertices. Note that these primaries are different to the 1931 CIE primaries
denoted R, G, and B shown in Figure 3-10.

With reference to Figure 3-12 it can be seen that many real colours lie outside the NTSC
gamut and cannot be reproduced on CRT displays that use this set of primaries. This is particu-
larly true of very saturated blue-green colours and colours generated by monochromatic stim-

uli that lie on the spectral locus.

If the chromaticity coordinates of the display primaries and system white point are known, a
linear transformation between the 1931 CIE (X, Y, Z) tristimulus values and the (R, G, B) tris-
timulus values in terms of the display primaries can always be found [Sproson 1983]. For the

NTSC primaries and Dgs white point given in Table 3-2 the transformation is given by:

R 1.9709 —0.5494 —0.2974| | X
G| = |-0.9538 1.9364 -0.0274||Y (3-18)
B 0.0638 -0.1294 09814 ||Z

The NTSC standard was adopted in 1953 and the specified primaries are representative of
phosphors used in colour CRTs of that era. Since that time the phosphors used in colour CRTs
have changed and the original NTSC primaries are now obsolete. A number of different stand-
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ards now exist such as Rec. 709, EBU Tech. 3213, and SMPTE RP 145 [Poynton 1996]. How-
ever, in practice there can be significant variations between the primaries of colour CRTs that
profess to adhere to the same standard, either by design or due to manufacturing tolerances.
For applications requiring the highest level of colorimetric accuracy the chromaticities of the
display primaries and white point should be measured and the exact transformation deter-

mined.

3-4.23 Ideal Colour Analysis Functions

The ideal colour analysis functions that correspond to a given set of display primaries can
be found from the 1931 CIE Standard Colorimetric Observer colour matching functions x(A),
y(A), and z(A) by applying the appropriate transformation of the type given by (3-18). Further-
more it can be shown that the shape of the ideal colour analysis functions are completely deter-
mined by the chromaticities of the display primaries and are independent of the choice of white
point [Sproson 1983]. Changing the white point simply alters the relative scaling of the colour
analysis functions. The ideal colour analysis functions for the NTSC primaries with a Dgs
white point are shown in Figure 3-13. They support the argument of Section 3-4.20 that colour
analysis functions corresponding to physical primaries contain negative portions that render

them physically unrealizable.

2 T T T T T T T
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Figure 3-13. The ideal colour analysis functions r(x), g(A), and b() corresponding to the NTSC
primaries with a Dgg white point. Note that the ideal NTSC colour analysis functions denoted o),
5()»), and b(r) should not be confused with the 1931 CIE colour matching functions also
designated r(A), g(»), and b@) in Figure 3-7.
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3-4.24 Practical Colour Analysis Functions

Practical colour analysis functions must be entirely positive and are realized using a set of
optical filters whose transmittance as a function of wavelength in the visible portion of the
spectrum has been carefully designed. In theory the CIE colour matching functions x(A), y(A),
and z(A) or any linear combination would make suitable colour analysis functions. A linear
transformation could then be found to map each set of tristimulus values precisely to the corre-
sponding colour in terms of the display primaries. In practice finding practical colour analysis
functions and the required transformation is significantly more complex due to the perform-
ance limitations of solid-state image sensors. The influence of sensor performance on colour
processing for solid-state cameras can be illustrated with reference to Figure 3-14. To realize
three colour analysis functions denoted k(A), I(A), and m(\) respectively, three optical filters
denoted Ti(A), 1(A), and T,(A), respectively are selected. However, a characteristic of
solid-state image sensors is that their quantum efficiency n (A) is not uniform as a function of
wavelength. As a consequence the shape of the colour analysis functions k(\), I(A), and m(\)
are determined not only by the transmission characteristics of the optical filters T,(A), T,(A),
and 7,,(A), but the shape of the sensor quantum efficiency function 1 (A) .

(M) n) m(k)

T®A) nA) )

W) n) kn)

|
PP

optical filter transmission curves imager quantum efficiency practical colour analysis functions

Figure 3-14. Practical colour analysis functions are realized as the combination of the optical colour

filter curves and the shape of sensor quantum efficiency.

The form of the colour analysis functions k(A,), I(A), and m(A) determine the number of pho-
ton generated carriers collected by the corresponding K, L, and M pixels when exposed to a
given spectral power distribution. Under normal operating conditions the signal-to-noise ratio

(SNR) of a solid-state image sensor is proportional to the square root of the number of carriers
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collected [Theuwissen 1995]. Therefore it is possible that some choices for k(A), I(A), and m(})

may be optimal in terms of colour rendition but may not provide adequate SNR performance.

Finding the optimum shapes for the filter set T,(A), T,(A), and 1,,(A) with respect to all of
these factors is a significant design task [Engelhardt and Seitz 1993, Vrhel and Trussell 1995].
Typically the cost of accurately manufacturing the optimal filter set means that such designs
are only associated with high-end cameras or colour scanners. Consequently the choice of filter
sets for high-volume consumer products is restricted to those that can be economically pro-
duced with compatibility to the silicon integrated circuit fabrication process. The filters T,(A),
T(A), and 1,,(A) used with most solid-state colour cameras are drawn from the three primary
colours, red, green, and blue, or from the complementary colours, cyan, magenta, and yellow,
or from suitable combinations of both primary and complementary colours. A transparent or
“white” filter is also often used with complementary schemes. Typical primary and comple-
mentary filter sets are shown in Figure 3-15(a) and (b) respectively. From a colorimetric point
of view the colour fidelity provided by either primary or complementary filters can be equiva-

lent, depending on the exact form of the characteristics [Parulski 1985].

magenta

460 — 450 5(30 SéO 660 - 650 700 460 45IO 560 550 G(;O 65‘0 ;00
Wavelength (nm) Wavelength (nm)

Figure 3-15. Practical colour analysis functions (a) primary (b) complementary.

It can be seen from Figure 3-15 that several of the transmission characteristic have signifi-
cant optical transmission outside of the visible spectrum. While such characteristics are sim-
pler to manufacture they require the use of a global colour compensating filter to eliminate
infrared and ultraviolet wavelengths [Engelhardt and Seitz 1993]. A typical colour compensat-

ing filter characteristic is shown in Figure 3-16.
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Figure 3-16. Colour compensating filter characteristic,

3-4.25 Colour Filter Arrays

Colour images can be obtained from a single solid-state imager by using a Colour Filter
Array (CFA) where optical filters are deposited over each pixel in the imaging array so that it
responds selectively to a restricted wavelength band [Dillon et al. 1976]. Examples of three
different primary CFA patterns and a complementary CFA pattern are shown in Figure 3-17.

(b) () (d)
Bow W Bow [ [

B -

Figure 3-17. (a) Striped red, green, and blue primary CFA (b) mosaic or checkerboard primary CFA (c)
alternative checkerboard primary CFA (d) cyan, white, yellow, and green mosaic complementary
CFA. Note that each small square outlined in black corresponds to one pixel.

The selection of the CFA used for a camera is important as it significantly determines the
obtainable image quality, the camera sensitivity, and the camera signal processing require-
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ments [Parulski 1985]. Primary schemes yield simpler colour processing but complementary
filters are easier to manufacture [Theuwissen 1995]. In addition to colorimetric considerations
the choice of colour filter array design is also determined by the corresponding spatial interpo-

lation scheme.

3-4.26 Spatial Interpolation

The use of a colour filter array requires an interpolation operation to reconstruct three col-
our components for each pixel from other pixels in close spatial proximity. In the case of a
complementary CFA this operation is usually combined with the application of a matrix opera-
tion to generate the equivalent red, green, and blue components from the complementary val-

ues obtained from the imaging array.

As discussed in Section 2-5.7.2 a solid-state image sensor is a two-dimensional spatial sam-
pling array and as such is subject to spatial aliasing. As the spatial sampling period of each col-
our component in a CFA is greater than that of the imaging array, aliasing for the colour
components in a solid-state colour camera is greater than for the corresponding monochrome
camera. Colour aliasing artifacts in interpolated images are particularly visible at sharp colour
transitions in the scene, or regions of the scene which contain periodic structure with a high

spatial frequency [Holst 1996].

To reduce the visibility of colour aliasing several techniques are commonly employed. It is
possible to minimize colour aliasing by optimizing the choice and geometric arrangement of
the colour components in the CFA pattern with respect to some analytic criterion [Knop and
Morf 1985]. Similarly, interpolation and matrix schemes can be derived to reduce aliasing at
certain critical spatial frequencies [Imaide et al. 1986, Ozawa and Takahashi 1991]. Several
adaptive interpolation methods using a heuristic approach have also been developed [Hibbard
1995]. The other main technique to reduce colour aliasing is the use of optical low-pass filters
made from birefringent crystals to spatially bandlimit the image formed by the camera optical
system [Holst 1996].

The choice and optimization of the CFA as well as the interpolation scheme are different for
interlace and progressive scan sensor read-out. Optimization must also include the hardware
and performance cost of implementing the interpolation scheme as part of a camera system.
Evaluation of anti-aliasing schemes must take into account the non-linear performance charac-
teristics of the human visual system. Results obtained from sampling theory do not always

yield the desired subjective improvements in image quality.

High-end colour solid-state cameras avoid the need for a colour filter array and spatial inter-
polation by using a prism to split the light from the camera lens onto three separate solid-state

image sensors each with a different colour filter [Theuwissen 1995]. This technique minimizes
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colour aliasing but requires careful physical alignment of the optical system and is not as com-

pact or cost effective for consumer applications as using a single solid-state imager and a CFA.

3-4.27 Colour Transformations for Practical Colour Analysis

The colour analysis functions realized with solid-state cameras k(A), I(A), and m(\) are
rarely exact linear transformations of the CIE colour matching functions x(A), y(A), and z(\);
hence colorimetric errors are introduced during the colour acquisition process. As a conse-
quence an exact transformation between the (K, L, M) tristimulus values and the tristimulus
values of the display primaries (R, G, B) does not exist and it becomes important to find a
transformation that minimizes the colorimetric error. In this process it is useful to consider the
transformation between the (K, L, M) tristimulus values and the tristimulus values of the dis-
play primaries (R, G, B) as consisting of two consecutive linear transformations denoted H and
P as shown in Figure 3-18. The transformation H takes tristimulus values obtained from prac-
tical colour analysis (K, L, M), and maps them to CIE (X, ¥, Z) tristimulus values. The second
transformation P takes the (X, ¥, Z) tristimulus values and maps them to tristimulus values (R,

G, B) corresponding to the display primaries.

practical
colour
analysis

colour
transformation

H

Py

colour
transformation

P

physical
display

(K L M)

x.v.2)

(R G, B)

Figure 3-18. The colour transformation between a practical colour analysis and a physical display can

be considered as two consecutive transformations, H and P,

As discussed in Section 3-4.22 if the chromaticity coordinates of the display primaries and
system white point are known, an exact transformation P between the CIE (X, ¥, Z) tristimulus
values and the (R, G, B) tristimulus values of the display can always be found [Sproson 1983].

The key task then becomes that of determining the matrix H.

3-4.27.1 Finding the Matrix H

The transformation H that relates (K, L, M) and (X, ¥, Z) tristimulus values can be expressed

in the form of (3-19) where the matrix H is formed from coefficients hij.
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X h]l hl2 h]3 K X K
Y| = |hy hyy hos||L|OT |Y| = H|| (3-19)
Z h31 h32 h33 M Z M

The coefficients hij of the transformation H are usually determined using a number of col-
our samples for which both the (K, L, M) and (X, Y, Z) tristimulus values are known. In princi-
ple only three such colour samples are required to find the nine unknowns of (3-19). In practice
however this approach yields a transformation that gives satisfactory results for the samples
used to find the matrix coefficients, but poor results for other colours. This is because it is not
possible to find a transformation H that will correctly map the (K, L, M) tristimulus values to
the corresponding (X, Y, Z) tristimulus values for all colours. Most practical techniques for
determining the matrix elements A, j use a greater number of colour samples and optimize H to
minimize a colour error metric over the range of the colour samples [Suzuki et al. 1990, Engel-
hardt and Seitz 1993, Lenz and Lenz 1996]. Such optimization schemes for finding H can be

generalized as follows:

1. Selection of Colour Samples.

A number of colour samples are selected for the optimization procedure. The choice of col-
our samples strongly determines the colorimetric performance of the final matrix H deliv-
ered by the optimization process. For accurate colour analysis over a large gamut it is
desirable to choose colour samples that are evenly distributed over the desired gamut
including highly saturated colours and colours at several luminance levels. The uniformity
of the distribution of the colours samples can be analysed in a perceptually uniform colour
space such as the CIE L*u*v* or CIE L*a*b* colour spaces. Alternatively an application
might deem that certain colours are more important than others, for example skin tones, and
hence the samples selected might be representative of these colours rather than the complete
gamut of possible colours [Sproson 1983]. The number of colour samples n used in the opti-
mization procedure is also important and can range from 15 for a television camera to many
hundred for applications requiring high colorimetric precision [Sproson 1983, Suzuki et al.
1990].

2. Determining Tristimulus Values for the Colour Samples.

Once the colour samples have been selected it is necessary to determine the (K, L, M) and
(X, Y, Z) tristimulus values for each of them. The (K, L, M) tristimulus values for each col-

our sample are obtained directly from the camera response with the optical filters T,(A),

T(A), and T,,(A). The corresponding (X, Y, Z) tristimulus values for each colour sample can

be measured using a colorimeter'. Tt is important that the (K, L, M) and (X, Y, Z) tristimulus

values are obtained using the same illuminant.
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3. Selection of a Colour Error Metric.

When the transformation matrix H is applied to the (K, L, M) tristimulus values for each

colour sample, estimates of the corresponding (X, Y, Z) tristimulus values are obtained
which can be denoted (X, ¥, Z) . A metric is employed to quantify the colorimetric error

between (X, Y, Z) and (5(, f/, Z) that forms the cost function to be minimized by the optimi-
zation procedure. The choice of colour error metric has a significant impact on the optimiza-
tion scheme in terms of the colorimetric performance obtained and the computational effort

required.

The simplest error metric to use is the mean squared error (MSE) in the XYZ colour space

according to:

MSEyy, = =3 ((Xr—f(,jz ¥ (Y,,— 1?,]2 + (z,_z,]zj (3-20)

r=1

However, the XYZ colour space is not perceptually uniform. This means that an error metric

such as (3-20) does not yield an equal measure of colour error between the (X, ¥, Z) and

(X, ¥,2) tristimulus values for colour samples in different portions of the XYZ colour
space. For this reason most optimization procedures used in practice employ colour error
metrics based on either the CIE L*u*v* or CIE L*a*b* perceptually uniform colour spaces
[Suzuki et al. 1990, Engelhardt and Seitz 1993, Lenz and Lenz 1996]. The (X, ¥, Z) and

(X, ¥,2) tristimulus values of each of the colour samples are transformed into the desired
perceptually uniform colour space and a colour error metric is then evaluated. For example

the MSE in the CIE L*u*v* colour space can be formulated as shown in (3-21) where the
(X, Y Z)and ()?, Y, 2) tristimulus values for each colour sample have been transformed

into (L* u* v*)and (L*, &*, 9*) tristimulus values respectively using (3-15).

n
l A 2 n 2 “ 2
MSE s = = 3 ((L*r—L*,) bk ik ) (vF - D% ) ) or
r=1

n

1 2
= - AE* 3-
MSE - Y (AE*,) (3-21)

L*u*v*

r=1

I. A colorimeter is an instrument that directly measures the (X, ¥, Z) tristimulus values or (Y, x, y)
coordinates of a colour sample [Wyszecki and Stiles 1982].
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4. Optimization Procedure for Colour Error Metric Minimization.

The chosen colour error metric forms a cost function to be minimized by the optimization
procedure. The choice of colour error metric determines the computation effort required to
minimize the cost function. If the MSE is formulated in the XYZ colour space or a colour
space linearly related to it, then a closed-form analytical solution can be found using least
squares methods. If the MSE is formulated in the CIE L*u*v* or CIE L*a*b* colour space,
it is not possible to find a closed-form analytical solution [Vrhel and Trussell 1994]. Instead
numerical optimization techniques based on iterative gradient descent methods must be
employed [Reklaitis et al. 1983, Chong and Zak 1996].

3-4.27.2 Colour Correction

The transformations H and P are normally determined off-line and combined to yield a sin-
gle matrix C known as the colour correction matrix. The matrix C directly maps the (K, L, M)
tristimulus values generated by the camera colour analysis to the (R, G, B) tristimulus values

expressed in terms of the display primaries as described by:

R K
G| = C|L| where C = PH (3-22)
B

M

The colour correction matrix is implemented in hardware in solid-state cameras and signifi-
cantly improves the colorimetric accuracy by electronically realizing the negative excursions
of the colour analysis functions required for ideal colour analysis [Parulski 1985]. However, in
addition to improving the colour rendition the colour correction matrix increases the noise in
the reproduced image. This is because the matrix typically includes coefficients whose abso-
lute value is greater than one. As the noise in the K, L, and M pixels is independent, the output
noise variance in the R, G, and B values is increased in proportion to the square root of the sum
of the squares of the corresponding matrix coefficients. The colour correction matrix also
amplifies colour aliasing artifacts generated by the spatial interpolation operation. As a conse-
quence the signal-to-noise performance of the solid-state image sensor used as the basis of a
colour camera must have sufficient margin prior to the application of the colour correction

matrix to support high image quality.

3-4.28 Colour Constancy and White Balance

One of the most important practical uses of colour is as an aid to the recognition of objects.
However objects can be illuminated under a large range of conditions in terms of the lumi-
nance and colour of the illuminant. The human visual system is extremely adept at compensat-

ing for such changes in illuminance and objects tend to be recognized as having nearly the
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same colour under many different illuminants [Hunt 1995]. This adaptive behaviour of the

human visual system is known as colour constancy.

Providing colour constancy with an electronic imaging system poses a number of chal-
lenges. In principle for each different scene illuminant the colour correction matrix C could be
re-determined using the procedure outlined in Section 3-4.27. However, this is not generally
practical and instead techniques based on maintaining white balance are employed. To ensure
that scene white appears white in the reproduced image the relative gains of the (K, L, M)
channels are adjusted to give (/, 1, 1) under changes in the illuminant. As typical scenes may
not contain a satisfactory reference white, practical white balance algorithms must make vari-
ous assumptions to achieve white balance, for example that the integrated tristimulus values of
an entire image correspond to white. The success of white balance methods is determined in

part by the structure and colour of objects within the image scene [Morimura et al. 1990, Liu et
al. 1995].

3-5. Digital Colour Camera Architecture

The principles of colour science and characteristics of electronic display devices both play a
role in determining digital camera architecture. Having introduced the relevant concepts in
each of these areas the architecture of a generic digital cameras can now be discussed with ref-

erence to Figure 3-19.

3-5.1 Optical Components and Image Sensor

The optical lens assembly may include a mechanical shutter, iris, and zoom function. With
the exception of high-end cameras most digital cameras use a single solid-state image sensor

with a colour filter array.

3-5.2 Analog Processing and Analog-to-Digital Conversion

The output from the image sensor is an analog voltage and it is usual to apply several analog
signal conditioning techniques such as correlated-double sampling (CDS) and automatic gain
control (AGC). This improves the signal-to-noise ratio (SNR) and maximizes the utilization of
the analog-to-digital converter input range. Due to reliability, ease of design, and the ability to
realize drift-free manufacturable systems with no adjustable components, the remainder of the
camera processing is normally performed in the digital domain [D’Luna and Parulski 1991].
Digital processing also allows the accurate implementation of complex image processing algo-
rithms to improve image quality [Netravali and Haskell 1988]. An analog-to-digital converter

is therefore required to digitize the pixel values.
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Figure 3-19. Generic architecture of a digital colour camera system. Note that high-end digital still
cameras generally do not perform image compression, and tethered digital cameras do not

usually store images internally [Parulski and Jameson 1996].

3-5.3 Colour Processing

A significant proportion of the architecture of digital colour cameras is associated with col-

our processing. The typical colour processing stages are shown in Figure 3-20.

gl > colour
P spatial colour amma C,
— P . L u G M G difference |— 2w
interpolation M correction B correction B8 N Cr
- > > encoding »

Figure 3-20. Colour processing stages for a digital camera. P represents digitized pixel values from
the image sensor, (K, L, M) and (R, G, B) represent linear tristimulus values from spatial interpolation
and colour correction respectively, (R, G, B') represent non-linear tristimulus values after gamma

correction, and the (Y", Cg, Cg) represent non-linear luma and chroma components [Poynton 1996].
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Spatial interpolation, colour correction, and gamma correction have already been discussed
in Section 3-4.26, Section 3-4.27.2, and Section 3-3.5 respectively. Colour difference encod-
ing is a requisite step for efficient image compression schemes such as JPEG or MPEG. The
human visual system has considerably less spatial acuity for colour information than bright-
ness [Poynton 1996]. As a consequence it is advantageous to transform the image colour infor-
mation into a component representative of brightness, known as luma Y, and blue and red

chroma components, Cp and Cj, respectively. The standard transformation is given by:

Y’ 0299 0.587 0.144 || R’
Cgl = [-0.169 0331 05 ||G’ (3-23)
Cp 0.5 —0.419 —0.081||B’

Once the colour difference signals Cp and Cp have been formed they can be subsampled
using decimation filters to reduce bandwidth or data size without a perceivable loss in image
quality [Poynton 1996]. Two common digital colour difference image formats known as 4:2:0,

sometimes called 4:2:2, and 4:1:1 respectively are illustrated in Figure 3-21.

XOX XOX X X X X
O O

XOX XOX X X X X

XOX XOX X X X X
O O

(@ XOX XOX b X X X X

Figure 3-21. (a) 4:2:0 (4:2:2), and (b) 4:1:1 colour difference formats. The luma Y~ and red and blue

chroma components Cg and Cg are represented by X and O respectively [Poynton 1996].

3-5.4 Image Compression, Digital Video Encoding, and Image
Storage

The cost of a digital camera is significantly determined by the storage medium employed
for the image data. The available storage technologies include EPROM, hard drives, and mag-
netic tape. Due to the cost per megabyte of storage, image compression techniques are nor-
mally employed with the EPROM technology used in low-end digital still cameras [Izawa et
al. 1990]. High-end digital still cameras do not perform compression to maintain the highest
possible level of image quality, and instead use a hard drive to store the large amount of image

data [Parulski and Jameson 1996]. Digital video is recorded on a magnetic tape after image

89



CHAPTER 3 Digital Colour Camera Technology

compression and error correction techniques have been applied as part of the video encoding
process [Doyle]. In general, image storage is not provided by tethered digital cameras and
image data is directly transferred to the host computer as it is acquired. However, to satisfy the
bandwidth limitations of the digital interface used to transfer the image data, it is often neces-
sary to perform image compression [Connectix]. This may require a frame store. The image
compression techniques used in digital cameras range from adaptive discrete cosine transform
(ADCT) methods such as JPEG and MPEG that require the image data in Y'CzCp format, to
proprietary techniques that operate directly on the pre-interpolated pixel data produced by the
image sensor with a CFA [Izawa et al. 1990, Parulski and Jameson 1996].

3-5.5 Exposure Control and White Balance

To prevent image saturation sensor exposure can be controlled using a number of methods
such as a mechanical shutter or iris, electronic shutter, and gain control prior to analog-to-dig-
ital conversion [Theuwissen 1995]. The sensor exposure level is measured using a metric
either computed from the image data, or determined directly by an additional calibrated light
sensing device inside the camera optical assembly. Automatic exposure control is provided by
algorithms that adjust the exposure level based on an exposure metric using one or more of the
aforementioned methods [Morimura et al. 1990, Andersson and Shelby 1994].

To maintain accurate colour rendition under changes in the colour of the scene illuminant,
the gains applied to each of the tristimulus components produced by the image sensor are mod-
ified. Automatic white balance algorithms are based on colour metrics computed from the
image data, or measured using additional calibrated colour sensors placed inside the camera
optical assembly [Hanma et al. 1983, Imaide et al. 1990, Morimura et al. 1990, Liu et al.
[995]. Shifts in the colour temperature of the illuminant are detected and the gains required to

maintain white balance are determined and applied.

3-5.6 Advanced Camera Features

Many digital colour cameras support features in addition to those shown in Figure 3-19.
These include aperture correction, defect concealment, automatic focus and zoom, and image
stabilization [Chan and Youe 1995, Liu et al. 1995, Holst 1996].

3-6. Conclusion

The system level requirements for realizing a digital colour camera are largely independent
of the solid-state sensor technology. For example, the colour processing used with a CCD sen-
sor can be employed in an identical fashion with a CMOS sensor. As the incumbent technol-

ogy, CCDs are at present used in almost all digital camera products released to date [Parulski
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and Jameson 1996]. This means that hardware implementation of the various subsystems is
partitioned between a number of CMOS integrated circuits in addition to the CCD sensor.
Achieving reductions in power dissipation, size, and cost without further camera system inte-

gration is difficult.

In comparison, CMOS APS technology is fully compatible with camera system integration.
Furthermore, CMOS image sensors are inherently lower power than their CCD counterparts.
This presents the possibility of extremely low-power, compact digital cameras manufactured in
CMOS. For this proposition to be successful, two key questions must be answered: “Can a col-
our CMOS APS sensor deliver the imaging performance required?”, and “What influence will
significant camera system integration have on sensor performance?”. These issues will be

addressed in Chapter 4 and Chapter 5, respectively.
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CHAPTER 4 Performance Analysis
of a Colour CMOS
Photogate Image
Sensor

4-1. Introduction

CMOS active pixel sensor technology (APS) has been promoted as an alternative solid-state
imaging technology to CCD that has significant advantages in terms of low power dissipation,
scaling to high resolution formats, and compatibility with camera system integration [Fossum
1993]. Techniques based on correlated-double sampling (CDS) have been developed to reduce
fixed-pattern noise (FPN) due to mismatch in the read-out circuits, traditionally the factor lim-
iting the performance of CMOS image sensors [Mendis et al. 1994a]. The possibility of manu-
facturing high performance image sensors in a standard CMOS fabrication process could
substantially lower the technology barrier and allow many new players to enter the solid-state
imaging market. However, despite the intense interest in CMOS active pixel sensors in recent
years, a detailed performance comparison between CMOS APS technology and CCD technol-
ogy has not yet been reported. Furthermore, the performance limitations of the present genera-
tion of CMOS APS image sensors have not been rigorously established. The identification of
these performance limitations is essential to guide the development of future generations of
CMOS APS sensors. In this chapter the performance of a state-of-the-art colour CMOS photo-
gate active pixel sensor is experimentally evaluated and compared with that of other CMOS
and CCD sensors. The sensor performance limitations are identified and directions for research

needed to address these issues are presented.

This chapter is lengthy and divided into 12 main sections in addition to the introduction and
conclusion. The first section describes the architecture and operation of the photogate sensor,
and the details of the colour filter array. The following section briefly introduces the acquisi-
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tion system and the performance definitions used to evaluate the sensor. The performance of
the photogate sensor is then analysed in terms of ten important performance characteristics,
namely dark current, read noise, optical sensitivity, signal-to-noise ratio, dynamic range,
charge transfer noise, conversion gain, fixed-pattern noise, quantum efficiency, and colorimet-
ric accuracy. Each of these topics forms a section in which the corresponding experiment(s) are
described, relevant analysis is performed, the results compared to values reported for other
CMOS and CCD sensors, and implications for the development of future generations of
CMOS APS sensors are discussed. The performance analysis of the photogate sensor is sum-
marized in the final section of this chapter, and conclusions are drawn regarding the production

of high quality image sensors in CMOS.

4-2. The Photogate Active Pixel Sensor

A 352 x 288 photogate active pixel sensor was used as the subject of this experimental
investigation. This sensor was designed by Sunetra Mendis, a former member of technical staff
at Bell Laboratories, and fabricated in a Lucent Technologies, single-poly, 0.8-um CMOS
process. To improve optical sensitivity and quantum efficiency the formation of silicide on the
photogates was blocked during manufacture. A colour version of this photogate sensor was
produced by the deposition of a colour filter array (CFA). Colour photogate sensors were also
manufactured with microlenses to increase the effective pixel fill factor, a technique widely
used with CCD sensors to improve the optical sensitivity [Theuwissen 1995]. In this section
the architecture and operation of the photogate sensor are described, together with the photo-

gate pixel design, and the CFA pattern and transmission characteristics.

4-2.1 Architecture of the Photogate Sensor

The architecture of the sensor follows prior single-poly photogate designs with the inclu-
sion of a crowbar circuit to support a second level of correlated-double sampling [Mendis et al.
1994a, Dickinson et al. 1995a]. The architecture of the photogate sensor is shown in Figure
4-1.
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Figure 4-1. Photogate sensor architecture.

In addition to the circuits given in Figure 4-1, to perform two levels of correlated-double
sampling requires a configuration of differential amplifiers and sample-and-hold stages as
shown in Figure 4-2. These components were not realized as part of the sensor chip and instead
were implemented at the board level.

sgnal

Vour
Vg

Figure 4-2. Additional circuitry required for correlated double sampling.

4-2.2 Photogate Sensor Operation

The operation of the photogate image sensor can be explained with the aid of the timing dia-
gram shown in Figure 4-3. During integration the polysilicon photogate PG is held at Vdd and
photon generated electrons are collected in the potential well beneath the gate. The transfer
device MI is DC biased at 0.7V isolating the collected charge under the photogate from the
floating diffusion node FD. For sensor read-out each row is addressed in turn with the row
decoding logic (not shown in Figure 4-1) driving the appropriate row line ROW to Vdd. The
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FD node of the pixels in the row are reset to a voltage approximately one threshold voltage
drop below Vdd by pulsing RST. The reset operation introduces uncertainty into the FD reset
level due to thermal noise and the threshold voltage drop across M2. The reset level is buffered
by the source follower formed by devices M3-M5 and is sampled on the gate capacitance Cp
by pulsing SHR. Electrons collected under the photogate are then transferred to the FD node
via transfer device M/ by pulsing PG to ground. The signal electrons displace the FD voltage
and this level is sampled on the gate capacitance Cg by pulsing SHS. The sampling of the pixel
reset and signal levels by the column circuits is carried out in parallel for each pixel in the

selected row and occurs in the line blanking interval.

b 1
RsT ]
SR ]

. B
REELEETEETN
c8 . | [
sz Ik ik B

COL ADR

:R%)W ADR >< n+1 Z f f :

PCLK | I |

Sy - 4
line blanking period

sample Voyr  sample Voyr  sample Vour

Figure 4-3. Timing diagram for the photogate sensor.

To generate the image signal, each column of the sensor is then addressed in turn by the col-
umn decoding logic (not shown in Figure 4-1) by driving the COL signal to ground. The col-
umn source followers formed by devices M11-M16 buffer the sampled reset and signal levels
onto common buses denoted Vg and Vg respectively. To perform the first stage of CDS the first
differential amplifier in Figure 4-2 subtracts the signal and reset levels. This removes the reset
noise component and pixel offset mismatch due to devices M2, M3, and M4. This signal level
is stored in sample-and-hold stage S/H1 by pulsing SH/. To perform the second level of CDS,
also known as crowbar, the CB signal is driven high and the first differential amplifier forms

the offset difference of the column source followers. This offset is stored in sample-and-hold
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stage S/H2 by pulsing SH2. A final differential amplifier delivers the image signal Vg7 with
column offsets removed that is digitized on the rising edge of the pixel clock PCLK.

4-2.3 Photogate Pixel Design

The layout of the photogate pixel is given in Figure 4-4. Vertical buses in metall are used
for Vdd and P g7 while horizontal buses in metal2 are used for the PG, ROW, and RST sig-
nals. The 7X bias voltage is supplied by a horizontal bus in polysilicon. The large shaded area
is the polysilicon photogate which occupies 35% of the pixel area. The pixel dimensions are

16.0um x 16.0um and the drawn pixel fill factor is 35%.

Figure 4-4. Photogate pixel layout.

4-2.4 Colour Filter Array Pattern

A colour photogate sensor was produced from the monochrome imager by the deposition of
a polyamide CFA [Dillon et al. 1976). The CFA pattern used was the Bayer checkerboard as
shown in Figure 4-5 [Bayer 1976]. The checkerboard pattern provides superior horizontal res-
olution than stripe CFA patterns at the expense of diagonal resolution where the acuity of the
eye is poor [Parulski 1985]. A primary CFA was used in preference to a complementary CFA
to simplify the subsequent stages of colour processing.
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Figure 4-5. Colour filter array checkerboard pattern.

4-2.5 Colour Filter Array Transmission Characteristics

The design of optimal colour filter transmission characteristics for colour solid-stale image
sensors is a complex procedure (Engelhardt and Seitz 1993, Vrhel and Trussell 1995]. Many
applications do not require the additional colorimetric accuracy afforded by optimal colour fil-
ter transmission characteristics, or the cost of manufacturing custom colour filter transmission
characteristics precludes their use. As the photogate sensor was targeted owards low cost
video conferencing and multi-media applications a set of colour filter transmission characteris-
tics was selected from a range supplied by a manufacturer. The CFA transmission characteris-
tics of the colour photogate sensor are given in Figure 4-6.

Optical Transmission

Wavelength (nm)

Figure 4-6. Colour filter optical transmission characteristics.
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It can be seen from Figure 4-6 that the red transmission characteristic realizes a high-pass
rather than a bandpass filter and so a global colour compensating filter was used to eliminate
infrared wavelengths. Two different colour compensating filters were used with the colour
photogate sensor depending on the experimental setup. A Newport BGO0.40 filter was
employed as part of the optical sensitivity measurement in Section 4-6 and a CM-500M filter
was used in Section 4-13 as part of the colorimetric performance evaluation. Both filters have

similar transmission characteristics as shown in Figure 4-7.
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Figure 4-7. Optical transmission characteristics of the two different colour compensating filters used

as part of the photogate sensor performance evaluation.

4-3. Experimentally Evaluating the Photogate Sensor

4-3.1 The Acquisition System

To enable the experimental characterization of the photogate sensor a digital acquisition
system was developed to allow image data to be acquired from the sensor. It included a board
containing circuits to provide two levels of correlated-double sampling, a 12-bit analog-to-dig-
ital converter, and a PC with a digital framegrabber. The acquisition system is described in

more detail in Section A-1.

4-3.2 Definitions of Photogate Sensor Performance Measures

To measure the performance of the photogate sensor a number of statistical definitions were
developed for the mean signal level of the sensor denoted 1, the RMS temporal noise g,, the
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RMS pixel fixed-pattern noise G, and the RMS column fixed-pattern noise G_. At each
experimental data point 100 frames were acquired and the mean and standard deviation of each
pixel value, [, i and G, were computed. The mean signal level | was calculated as the aver-
age of the pixel means Wi ’s, andzthe RMS temporal noise ¢, was computed as the square root
of the mean of pixel variances o ’s. To quantify the sensor FPN a mean image F was formed
from the My “s. Then the RMS pixel fixed-pattern noise G, was measured as the square root of
the average variance down the columns of F', while the RMS column fixed-pattern noise G
was quantified as the square root of the average variance of the pixels along the rows of F. By
measuring the gains on the board, the system signal and noise components could be referred
back to the sensor output. Furthermore, calibration procedures were used to remove the contri-
bution of noise sources associated with correlated-double sampling at the board level, and the
digital acquisition system. The formal definitions for u, o, S, and o, are given in

Section A-2 together with a more detailed account of the acquisition process.

4-4. Dark Current

4-4.1 The Dark Current Measurement

The sensor dark current parameters were determined while the sensor was not exposed to
light. To ensure that the sensor was not subject to any illumination it was covered by a chip lid
and the circuit board placed under a black cloth and the room lights extinguished. A Tektronix
J11 photometer with a J1811 illuminance head measured O-lux when placed in the same envi-
ronment. Data was acquired from the sensor under these conditions for values of integration
time ranging from 30ms to 500ms . For each value of integration time the mean signal level of
the sensor W, the sensor RMS temporal noise G, and the RMS pixel fixed-pattern noise S,

were computed.

4-4.2 Mean Dark Signal

The mean signal . under dark conditions is known as the mean dark signal w, .. The
measured values for 1, , at 25°C have been graphed in Figure 4-8 as a function of integration

time.
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Figure 4-8. Mean dark signal i, . as a function of integration time T,,, at25°C. The open circles
represent the measured points. A straight line has been fitted to the measured data in a least squares

sense.

4-4.3 Dark Current Density
4-4.3.1 Computing the Dark Current Density

Dark current is characterized using a current density J, .. To determine J, , the mean

dark signal i, . was measured as a function of integration time T, , as shown in Figure 4-8.

Rearrangement of (2-19) and substitution of (2-20) allows J, . to be expressed as:

qu dark

2
jark = GA Amps /cm (4-1)

pixelTint

where Ap,.xe , is the total pixel area in square centimetres and g is the electronic charge.

The slope of the fitted line in Figure 4-8 was found to be:

“7‘3“”‘ = 82.1mV /s (4-2)

int
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Equation (4-1) yields the characteristic dark current density normalized with respect toih' .
pixel area as J, . =183.2pA/ cm’  at 25°C where values of 28 WV /electron and
2.56 x 10 °cm” have been used for the conversion gain and pixel area respectively.

Dark Current Density J 183.2 pA Jem® at 25°C

dark

4-4.3.2 Dark Current Density Comparison

The sensor dark current density is compared to values reported for other CMOS and CCD

image sensors in Table 4-1.

. Pixel Size Jd"”S vdd Temp.
Sensor Architecture Process (um x jtm) (pAlem?) {Volts) °C)
[Wong et al. 1998] Photogate APS 0.25um CMOS 7.0%x7.0 14000 1.8 25
Photodiode APS 0.25pm CMOS 7.0x7.0 4000 1.8 25
[Mendis et al. 1997b} Photogate APS 0.35um CMOS 8.0x 8.0 11000 33 Not given
Photodiode APS 0.35um CMOS 8.0x8.0 2600 33 Not given
[Mansoorian et al. 1997] Photogate APS 0.55um CMOS 11.0x 11.0 3530 33 23
Photodiode APS 0.55pm CMOS 11.0x11.0 938" 33 22
[Hurwitz et al. 1997) Photodiode APS 0.8um CMOS 10.8 x 10.8 206" 5.0 25
This sensor Photogate APS 0.8um CMOS 16.0 x 16.0 183 5.0 25
[Nixon et al. 1996b) Photogate APS 1.2um CMOS 204 %204 105" 5.0 Not given
[Smith et al. 1997] Frame-Interline-Transfer 1.5um CCD 11.5x 135 100 Not given 25
[Bosiers et al. 1995] Frame-Transfer 0.8um CCD 6.9% 12,6 79" 10.0 28
[Schaeffer et al. 1994] Frame-Transfer with Not given 7.5%175 3™ 10.0 28
Charge Pumping
[Ozaki et al. 1994] Interline-Transfer with 0.8um CCD 73x76 15" 9.0 28
Pinned Photodiodes
[Bosiers et al. 1995] Frame-Transfer with 0.8um CCD 6.9x12.6 3" 10.0 28
Surface Pinning

Table 4-1. Dark current density of CMOS and CCD image sensors. The Jgg vValues marked with *
have been computed using (4-1) from reported data.The J,, values marked with ** have been
computed from their value at 60°C assuming that dark current doubles every 8°C [Theuwissen
1995].

The dark current density J, , of the photogate sensor is at the low end of values reported
for other CMOS active pixel sensors, but almost a factor of 2 times larger than the nearest val-
ues reported for CCD sensors without the use of charge pumping or surface pinning, and more
than an order of magnitude larger than values reported for CCD sensors using such advanced
dark current management techniques. Furthermore, Table 4-1 highlights that for photogate and
photodiode APS image sensors manufactured in the same CMOS process, the photogate sensor
will have a substantially higher level of dark current [Mansoorian et al. 1997, Mendis et al.
1997b]. This is because the Si-SO, interface of the photogate pixel that forms the collection
site also corresponds to the greatest concentration of defects responsible for dark current gen-
eration. Furthermore the Si-SO, interface is depleted with no free carriers available to quench
these interface states (Section 2-5.1.4). In comparison the collection site of the photodiode
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pixel is the depletion region formed between the n-diffusion and the substrate with only a
small portion of it being in contact with the Si-SO, interface. As a consequence dark current in
the photodiode sensor is considerable lower. The clear trend of Table 4-1 is that the dark cur-
rent density of CMOS sensors increases significantly as the process feature dimensions are
reduced. Consequently, to build CMOS image sensors that have dark current performance
competitive with CCD sensors in deep sub-micron technology will require intervention in the
fabrication process to improve cleanliness and/or realize pixels with surface pinning [Guidash
et al. 1997].

4-4.4 Dark Current Non-Uniformity

Spatial variations in the dark current density J, , can be characterized by the spatial RMS

variation in the number of dark electrons O, derived from (2-19) and given by:
urk

o, A. T
Jdark plxe[ mnt
Oy = ————— electrons RMS (4-3)
dark q
where o, s the RMS spatial variationof J, .
Oy  produces an RMS voltage variation at the sensor output 6, , according to:

dark

0-dark = GGN (4-4)

dark

where G is the sensor conversion gain.

The sensor pixel FPN G, can be assumed to consist of independent components due to dark
current non-uniformity &, ., and residual device mismatch not suppressed by CDS

0-device mismaich accordmg to:

2 2
op = ’\/odark + 0-devir:e mismatch Volts RMS (4'5)

As a function of integration time G, ... yismarcn Will TEMain constant and it can be seen

from (4-3) and (4-4) that 6, will linearly increase with integration time.

The sensor dark current non-uniformity 6 N, Was determined by measuring the pixel FPN
G, as part of the dark current experiment. As column FPN is independent of dark current
non-uniformity it was not considered during this experiment, and only one level of CDS was

used to cancel reset noise and suppress pixel FPN due to device mismatch.

4-4.4.1 Dark Pixel Fixed-Pattern Noise

The pixel FPN S, under dark conditions is shown graphed as a function of integration time
in Figure 4-9. A straight line has been fitted to the data points in a least squares sense demon-
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strating that S, under dark conditions is a linear function of integration time. This suggests
that pixel FPN is dominated by dark current non-uniformity rather than residual device mis-

match. This result that will be confirmed shortly.

Pixel FPN (mV RMS)
(4]

0 0.1 0.2 0.3 0.4 0.5
Integration Time (seconds)

Figure 4-9. Dark pixel FPN S, at 25°C with one level of CDS. The open circles represent the data

points and a straight line has been fitted in a least squares sense.

4-44.2 Demonstrating the Accuracy of the FPN Measurement

At this juncture it can be demonstrated that computing G, as the square root of the average
variance down the columns of the image formed from the My ‘s (Section A-2) does in fact char-
acterize pixel FPN and not errors in the measurement process. This can be shown by compar-
ing the calculated value of G, at a given measurement point with the confidence intervals for
the My ‘s at the same measurement point. If it is assumed that errors in the measurement proc-
ess are normally distributed, the 95% confidence interval for each pixel mean 1, is given by:

G, C,
Ry~ 1.96—L <p <+ 1.96—= (4-6)

where S is the standard deviation of the pixel (i,j) estimated using M samples [Krey-
szig 1988]. If the largest confidence interval for the ;s is much smaller than the computed
value of G, it is clear that o, is quantifying a genuine difference between mean pixel values
My and not inaccuracies in their measurement. Using as an example the data point in Figure
4-9 corresponding to a 30ms integration period, the largest confidence interval for the s

was found to be pg, ¢ = 88.4+0.98ADU estimated from M = 100 samples'. Comparing
the confidence interval £0.98ADU to c, = S.138ADU RMS computed from the same data
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set demonstrates that G, is in fact characterizing a genuine pixel FPN. Similar results are

obtained for all FPN data points presented in this chapter.

4-44.3 Pixel FPN is Dominated by Dark Current Non-Uniformity and not Residual
Device Mismatch

In (4-5) the pixel FPN G, was assumed to consist of independent components due to dark
current non-uniformity &, . and residual device mismatch not suppressed by CDS
O jevice mismarch - S @ function of integration time G,,,. . mismarcn Will rEMain constant and
S yurk will linearly increase. Furthermore, at zero integration time S Jark will be zero. Extrapo-

= 130V RMS . This is very small

compared to S, for the measured values of integration time. Therefore pixel FPN is dominated

lation of the fitted line in Figure 4-9 gives &, ... ..
by dark current non-uniformity and CDS effectively cancels all pixel FPN caused by device

mismatch.

When the sensor is not illuminated O gark = cp and hence values for Gy can be found for
durk
a given integration time from Figure 4-9 by re-arrangement of (4-4). For example, at an inte-
= 23 electrons RMS at 25°C.

gration period of 30ms G,
dark

4-4.4.4 Dark Current Non-Uniformity Comparison

The spatial variation in the number of sensor dark electrons ¢, is compared to values

dark
reported for two CCD sensors in Table 4-2. The drawn pixel active area of each sensor has
been computed as the Si-Si0, interface may be considered the area of each pixel primarily

responsible for dark current generation [Toren and Bisschop 1994].

Pixel Drawn Oy
. Pixel Size | Active Area dark Temp.
Sensor Architecture Process (Lm X pm) (um?) (electrons RMS) C)
This sensor Photogate APS 0.8um CMOS 16.0 x 16.0 9 23 25
{Bosiers et al. 1995) Frame-Transfer 0.8um CCD 6.9x12.6 87" - 28
Frame-Transfer with 0.8um CCD 69x 126 87" 1" 28
Surface Pinning

Table 4-2. RMS spatial variation in the number of dark electrons of CMOS and CCD image sensors for
a 30ms integration period. The entries marked with * have been calculated assuming 100%
fill-factor. The values marked with ** have been computed from reported data at 60°C and 20ms
integration assuming that Ndmk doubles every 8°C and increases linearly with integration time
[Theuwissen 1995].

It can be concluded from Table 4-2 that the spatial variation in dark current for the photo-
gate sensor is approximately 3 times greater than that of a frame-transfer CCD sensor without
advanced dark current management techniques, and about 20 times larger than that of a

frame-transfer CCD sensor with surface pinning.

1. Note that ADU refers to A/D units. If it is desired to refer that quoted values 1o equivalent volts
at the sensor output then (A-3) can be used where Aypay = 3.86 and Ay, = 1.
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4-5. Read Noise

4-5.1 Sensor RMS Temporal Noise Under Dark Conditions

The RMS temporal noise of the sensor &, under dark conditions is composed of two com-

ponents, dark current shot noise ¢ and read noise 6, . These components are independ-

dark shot read

ent so they add in quadrature according to:

C, = 02 +o° Volts RMS (4-7)

’durk shot treud

4-51.1 RMS Dark Current Shot Noise

The number of RMS electrons representing the shot noise on the dark current n, , . is
given by the square root of the number of electrons representing the dark current as expressed
in (2-21). Through the conversion gain G this corresponds to an RMS voltage variation on the
that can be computed using (2-22). As (2-19) shows that

mean dark signal denoted o,

urk shot
N ;.. 18 linearly dependent on the integration time, (2-21) and (2-22) predict that S, is a
function of the square root of the integration time and hence should have a slope of 0.5 when

plotted on a log-log graph.
4-5.1.2 RMS Read Noise

In addition to the dark current shot noise component, the sensor RMS temporal noise o,
also contains a noise contribution from the on-chip pixel and column circuits s, - The sensor
read noise is thermal noise associated with the pixel and column circuits and is not cancelled
by correlated-double sampling. Thermal noise is white in nature and consequently the magni-

tude of the sensor read noise ¢, is independent of integration time.

Ireml

4-5.1.3 Expected Form of the Sensor RMS Temporal Noise Under Dark Conditions

The expected form of the sensor RMS temporal noise &, under dark conditions can be
determined from (4-7) and is shown in Figure 4-10 for arbitrary units. 6, changes from a con-
stant value to a linear slope of 0.5 on a log-log plot at the value of integration time where

c becomes equal in value to G

! durk shot !

read
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L

Integration Time

Figure 4-10. The expected form of the sensor RMS temporal noise G, as given by (4-7) and its

constituent dark current shot noise ¢ and read noise G components as a function of

ldark shot read

integration time on a log-log plot with arbitrary units.

4-5.1.4 The Measured Mean Dark Signal and RMS Temporal Noise

The measured mean signal and sensor RMS temporal noise are graphed in Figure 4-11 as a
function of integration time. It can be seen that the trend predicted for the sensor RMS tempo-

ral noise is not observed in Figure 4-11. This indicates that 6, for the photogate sensor is

read

very small in comparison to & . It will be shown that the reason for this outcome is that
dark shot

the in-pixel conversion gain G, is very large which ensures that the sensor noise perform-

ance is dominated by noise components introduced at the pixel level.

4-5.2 Computing the Sensor Read Noise from Measured Data

As a preliminary step to find the sensor RMS read noise 6, , the dark current shot noise

read

component © was computed. To improve the accuracy of the calculation data corre-
dark shot

sponding to an integration time of 200ms rather than 30ms was used as the precision of the

procedure employed to determine G, is greater when the sensor noise is larger (Section A-2.5).

For 200ms integration (2-19) gives the number of dark electrons as N, =586 electrons

-6 2
using values of J, = 83.2pA/cm’ and A ,=2.56x 10" cm

pixel
Combining (2-21) and (2-22) and using G =28 uV /electron , the value of the dark cur-
rent shot noise referred to the sensor output is o, = 678.0LV RMS (24 electrons RMS)

dark shot
for 200ms integration.

106



CHAPTER 4 Performance Analysis of a Colour CMOS Photogate Image Sensor

10

n
E 10"_ ) ’ A]/f“lun; -
2]
=
=
o
c
©
@ 107 1
S
- /ﬂs'mm' nolsa
107 -

107 10
Integration Time (seconds)

10

Figure 4-11. Mean dark signal i, , and sensor RMS temporal noise G, at 25°C. The open circles
represent the data points. The y-intercept of Figure 4-8 has been subtracted from the mean dark
signal data to enable a line of slope 1.0 to be fitted in a least squares sense. A straight line of slope
0.5 was fitted directly to the measured RMS temporal noise.

From Figure 4-11 for an integration time of 200ms the total sensor RMS temporal noisc 6,
was measured to be 688.7uV RMS. Re-arranging (4-7) and solving for the read noise gives
c, = 121.5uV RMS . This corresponds to 4 electrons RMS referred to the pixel floating

I

dift:;lsiun node.

Sensor Read Noise o, , 121.5pV RMS

4-5.3 Computing the Sensor Read Noise from Theory

A theoretical noise analysis by Nixon et al. approximates the read noise of a photogate sen-
sor with the same architecture by:

2
A
= _"f_ l .
o, Jzkl{ et CJ Volts RMS (4-8)

where A is the gain of the pixel source follower, C, is the value of the sample-and-hold
capacitors (Cg and Cg), and C_, is the capacitance of the column bus [Nixon et al. 1996b].
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From the sensor layout dimensions the values for C, and C, , are estimated to be 1pF and
1.25pF respectively. Circuit simulations give Asfz 0.7. At T = 300K (4-8) gives the theo-
retical value for the sensor read noise as 100.4pLV RMS .

The theoretical value for the sensor read noise is lower than the measured value for the sen-
sor read noise. While this could be due to measurement inaccuracy there exists an alternative
explanation. In Section 4-9 an additional temporal noise component of the photogate sensor
called charge transfer noise is identified and it can be shown that (4-7) should be amended as
follows:

c, = A/02 + 02 + 02 Volts RMS (4-9)

t ’dark shot lrmd charge transfer

where © is the RMS charge transfer noise.

'('harge transfer

Consequently the sensor read noise is moderately over-estimated by (4-7) and the measured
value of 121.5uV RMS contains a contribution from charge transfer noise. As it was not possi-

ble to determine the magnitude of the charge transfer noise ¢ at this sensor operating

charge ransfer

could not be found from re-arrangement of (4-9). For simplic-

read

ity and with modest loss of accuracy, all subsequent calculations involving the sensor read
noise use the value of 121.5uV RMS.

point, the precise value for o,

4-5.4 Sensor Read Noise Including CDS Circuits

The read noise as found in Section 4-5.2 and Section 4-5.3 is read noise associated with the
photogate sensor chip itself. However, for normal operation of the sensor in a camera system,
two levels of CDS are implemented by the circuit shown in Figure 4-2. The thermal noise con-
tributed by the CDS circuits is not included in the read noise value of 121.5uV RMS measured
in Section 4-5.2. When comparing the read noise of the photogate sensor with that of other

solid-state image sensors the temporal noise associated with the CDS circuits should also be

considered. If the read noise contribution of the CDS circuits is denoted o, then the total
read CDS
read noise of the camera system o, ) is given by:
2 2
o = [o, +0 Volts RMS (4-10)
lrmd camera ’rmd ’rrad cbs
where ¢, is the read noise of the photogate sensor chip found in Section 4-5.2, and
reud

o, is determined according to the procedure outlined in Section A-2.4.

read CDS

The measured value of ©, is 438.41V RMS referred to the input of the first differen-

read CDS
tial amplifier of the CDS circuit of Figure 4-2, which is equivalent to being referred to the out-

put of the sensor chip. Equation (4-10) yields a total read noise for the camera system of
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455.0uV RMS referred to the sensor output. This corresponds to 16 electrons RMS referred

to the pixel floating diffusion node.

Camera Read Noise 455.0uV RMS
(e)

[rmzl camera

4-6. Optical Sensitivity

4-6.1 The Optical Sensitivity Experiment
The optical sensitivity of both the monochrome and colour photogate sensors were deter-
mined by measuring the mean signal level | as a function of illumination for a fixed value of

integration time. The experimental setup is shown in Figure 4-12.

dark
circuit board
. tungsten photogate sensor
+ halogen
lamp =
UL A -
l
I AN
optical bench
colour neutral PC
compensating density
filter filters

Figure 4-12. Photogate sensor experimental setup.

4-6.1.1 llluminant Source

A Newport Model 780 tungsten halogen lamp with a correlated colour temperature of
3200K was used to provide the source of illumination. When measuring the optical sensitivity
of a solid-state image sensor it is customary to use a colour compensating filter to eliminate

infrared. The spectral irradiance of the lamp and transmission characteristic of the BG0.40 col-

our compensating filter are shown in Figure 4-13.
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and Relative Spectral Irradiance

0.9F

0.8f

0.7

0.6

1

1

+ compensating

colour

filter

tungsten
halogen
lamp

400

500 600
Wavelength (nm)

700

800

Figure 4-13. Filter transmittance of the Newport BG0.40 colour compensating filter and relative

spectral irradiance of the Newport Model 780 tungsten halogen lamp.

4-6.1.2 Controlling Sensor Exposure Using Neutral Density Filters

The sensor exposure for the optical sensitivity experiment was controlled through the use of

combinations of neutral density filters. The density of an optical filter D is defined as the loga-

rithm to the base 10 of the filter transmittance T as given by [Hunt 1995]:

D = "IOglo(T)

(4-11)

Filter density is a useful concept because when cascading filters the densities add to yield

the total density value achieved by the filter combination. A neutral density filter has a constant

value of optical density for all wavelengths across the optical portion of the spectrum.

The combinations of neutral density filters used in the optical sensitivity experiment are

listed in Table 4-3. The illuminance at the sensor faceplate for each combination of neutral

density filters was measured using a Tektronix J17 photometer with a J1811 illuminance head.
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Neutral Density Filter Total Density INuminance
Combinations (Density) (lux)
0OD200, ND2, ND1, NDO.3 53 0.086
0OD200, ND2, ND1, NDO.1 S 0.128
0D200, ND2, NDI 5.0 0.167
0D200, ND2, NDO.5 45 0.455
0D200, ND2, NDO.3 43 0.702
0D200, ND2, NDO.1 4.1 1.096
0D200, ND2 40 1.332
0D200, NDI1, ND0.5, NDO.3 38 2.032
0D200, ND1, NDO0.5, NDO.1 36 3.242
0OD200, ND1, NDO.5 s 3.940
0D200, NDI, NDO0.3, NDO.1 34 5.051
0OD200, NDI, NDO.3 313 6.241
0OD200, NDI, NDO.1 3.1 9.475
0D200, ND1 30 11.65
0D200, NDO.5, NDO0.3, NDO. 1 29 16.70
0OD200, ND0.5, ND0.3 2.8 20.22
0D200, NDO0.5 25 38.31

Table 4-3. The measured value of illuminance for the combinations of
neutral density filters used in the optical sensitivity experiment.

4-6.1.3 Verifying the Neutrality of the Filters

As the photogate sensor response and the definition of illuminance E, given by (2-3) both
have a substantial dependence on wavelength, it was important to ensure that the shape of the
spectral power distribution at the sensor faceplate remained unchanged as the illuminance
level was changed. To this end the neutrality of the combinations of filters was assessed by
plotting the measured illuminance values of Table 4-3 as a function of the total density for each
combination as shown in Figure 4-14. The close fit to a straight line with a slope near 1.0 indi-
cates that the filters are approximately] neutral as for each unit of density the illumination is

reduced by an order of magnitude.

1. To prove the neutrality of the filters unequivocally would require the direct measurement of the
spectral power distribution of the illuminant for each filter combination. For the purposes of the
optical sensitivity experiment this was not deemed practical or necessary by the author.
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Figure 4-14. The illuminance at the sensor faceplate as a function of the total density of the neutral
density filter combinations listed in Table 4-3. The open circles represent the measured data points
and a straight line has been fitted in a least squares sense.

4-6.1.4 Ensuring Spatially Uniform lllumination

Before proceeding with the optical sensitivity experiment it was necessary to establish the
spatial uniformity of the illumination at the sensor faceplate. The experimental setup shown in
Figure 4-12 was arranged so that the sensor faceplate was centred with the optical axis of the
light beam from the tungsten halogen lamp. The dimensions of the sensor corresponded to
approximately 20% of the beam radius with the lamp specifications claiming only a 5% varia-
tion in intensity across this distance. To demonstrate that a sufficient level of spatial uniformity
had been attained, a series of images F were acquired with the sensor rotated at different
angles around the optical axis of the lamp or shifted slightly off the optical axis of the lamp. By
comparing the spatial profiles along the rows and columns of F for these images it was con-
cluded that the spatial non-uniformity of the beam was substantially less than the spatial
non-uniformity of the sensor and should not significantly degrade the accuracy of any
fixed-pattern noise measurements that would be made.

4-6.1.5 Experimental Procedure

For each value of illumination the mean signal level of the sensor 1. the sensor RMS tem-
poral noise o , RMS pixel fixed-pattern noise G, and RMS column fixed-pattern noise ¢
were computed. To prevent extrancous illumination or “light leaks™ the lamp, filters, and cir-
cuit bourd assembly shown in Figure 4-12 was placed under a black cloth with the room lights

extinguished. To maintain measurement accuracy through the course of the experiment it was
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necessary to change the circuit board gain and offset at a number of different points along each

optical sensitivity curve as discussed in Section A-1.

4-6.1.6 Computing the Mean Optical Sensitivity

Under illumination the mean signal level at the sensor output W is the sum of the optical

signal level Hyignal and the mean dark signal p ;-

Ho= l’lsignal-'- Haark Volts (4-12)

Inserting (2-13) into (4-12) yields:

w=S,ET, +W,,, Vol (4-13)

The mean dark signal p, , was defined by (2-19) and (2-20) and can be considered as a
constant offset in (4-13) independent of illumination for a given value of integration time. If
the value of p,,  , corresponding to a given value of integration time T, , is subtracted from
(4-13), the mean optical sensitivity §_ can be determined from the slope of the measured mean
signal 1 as a function of sensor illuminance E  according to:

W,
S = L Tsignal Volts/lux - second (4-14)

The optical sensitivity referred to the pixel Sp can be found by dividing by the conversion

gain:

S, = 60 electrons/lux - second (4-15)

4-6.2 Mean Optical Sensitivity of the Monochrome Sensor

The mean optical sensitivity of the monochrome photogate sensor was determined by meas-
uring the mean signal level | as a function of the illumination provided by the 3200K tungsten
halogen lamp and BG0.40 colour compensating filter, and subtracting the appropriate value of
mean dark signal u . The mean signal of the monochrome sensor as a function of this illu-

minant is shown in Figure 4-15 for integration times of 30ms and 90ms.
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Figure 4-15. The mean signal level Hyipnal of the monochrome sensor as a function of faceplate
illuminance EV for integration times of 30ms and 90ms. The appropriate values of | dark have been
subtracted from the data points and straight lines fitted in a least squares sense. Only data points prior
1o sensor saturation have been plotted. The illuminant used was a 3200K tungsten halogen lamp with
BGO0.40 colour compensating filter.

The slope of the fitted lines in Figure 4-15 give the ratioof W ., to E as 125.6 mV/lux
and 388.1 mV /lux for integration times of 30ms and 90ms respectively. Dividing these values
by their respective integration times according to (4-14) gives values for §_ of 4.187 V/lux.s

and 4.312 V/lux.s . Averaging yields the mean optical sensitivity referred to the monochrome
sensor output as §_ = 4.25V/lux.s.

Using (4-15) the mean optical sensitivity of the monochrome sensor referred to the pixel Sp
is equal to 152 K electrons / lux.s using a value for the conversion gain of 28 pV /electron .

S A 425V / lux.s
Ry A 152 K electrons / lux.s

Table 4-4. Optical sensitivity of the monochrome photogate sensor. The illuminant used was a
3200K tungsten halogen lamp with BG0.40 colour compensating filter.
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4-6.3 Optical Sensitivity Performance Comparison

The optical sensitivity of the monochrome sensor is compared to reported data for other
CMOS and CCD image sensors in Table 4-5. To enable a fair comparison a figure of merit

Sroy based on the optical sensitivity of a sensor per unit pixel area was defined:

2
Srom = A—” electrons/lux - second/\m (4-16)
pixel
S S
. FOM
Pixel Size Fill P
Sensor Architecture Process (um x um) Factor (Ke/lux.s) (Ke/lux.s/um?)
[Itakura et al. Frame-Interline 0.7um CCD 6.7 x 11.05 Not given 422 5.70
1995] Transfer (Not given)
(with microlenses)
[Hurwitz et al. Photodiode APS 0.8um CMOS 10.8 x 10.8 26% 400 343
1997] (Not given)
{Akimoto et al. Interline-Transfer 1.0um CCD 6.4x75 Not given 152 3.17
1991] (with microlenses) (2854K)
[Morimoto et al. Frame-Interline Not Given 6.8x75 Not given 150 2.94
1995] Transfer (3200K, color
(with microlenses) compensating filter)
[Schaeffer et al. Frame-Transfer Not Given 7.5%x175 Not given 150 2.67
1994] (530nm)
This sensor Photogate APS 0.8pum CMOS 16.0 x 16.0 35% 152 0.59
(3200K, color
compensating filter)

Table 4-5. Optical performance comparison of CMOS and CCD image sensors. Monochrome
values of the optical sensitivity referred to the pixel S_have been quoted along with the
corresponding illumination source. Except where lndlcgted it was not reported whether a
colour compensating filter was used or not. The optical sensitivity figure of merit SFOM has
been computed using (4-16).

It can be concluded from the data presented in Table 4-5 that the optical sensitivity of the
photogate sensor is approximately 4.5 times lower than a frame-transfer CCD, and almost 6
times lower than a photodiode APS image sensor or interline-transfer CCD. The sensitivity of
the CMOS photodiode is competitive with that of both frame-transfer and interline-transfer
CCDs. However, care must be taken when comparing the optical sensitivities of sensors deter-
mined using different illuminants. The figure of merit Sy, does not normalize reported opti-
cal sensitivity values with respect to differences in the spectral power distribution of the
illuminant used. A more rigorous measure of optical performance independent of the illumi-
nant is given by the sensor quantum efficiency. This is discussed in Section 4-12 together with

reasons for the poor sensitivity of the photogate sensor.
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4-6.4 Mean Optical Sensitivity of the Colour Sensor

The mean optical sensitivity of the colour photogate sensor was determined by measuring
the mean signal level {1 as a function of illumination for the red, green, and blue pixels and

subtracting the mean dark signal p, . The mean optical signal p ; as a function of illu-

signa

mination for the colour sensor is shown in Figure 4-16 for integration times of 30ms and 90ms.

12 T T T T T

30ms Integration

e

Mean Signal (Volts)

(il 10 20 30 40 50 60
lluminance (lux)

Figure 4-16. The mean signal level p ;. ., of the colour sensor as a function of faceplate illuminance
E, for integration times of 30ms and 90ms represented by solid and dashed traces respectively. The
red, green, and blue data points are represented by open circles, squares, and triangles respectively.
The appropriate values of {1 ; , have been subtracted and straight lines have been fitted in a least

squares sense. Only data points prior to sensor saturation have been plotted, The illuminant used was

a 3200K tungsten halogen lamp with BG0.40 colour compensating filter.

In the same manner as described for the monochrome sensor in Section 4-6.2, the mean
optical sensitivity of the red, green, and blue pixels were determined and are given in
Table 4-6. The optical sensitivity of the colour sensor is significantly lower than that of the
monochrome sensor due to the use of the colour filters, and the shape of the photogate sensor
quantum efficiency as a function of wavelength. Accurate colour rendition requires the use of
optical bandpass filters realized as the combination of the colour compensating filter shown in
Figure 4-13, and the colour filter array characteristics given in Figure 4-6. However, these fil-
ters reduce the number of photons incident on ¢ach pixel in the colour sensor. Furthermore, the
sensor quantum efficiency is highly dependent on the wavelength of the incident light as will
be shown in Section 4-12. In particular the quantum efficiency at wavelengths in the blue por-
tion of the spectrum is much lower than it is for wavelengths in the green and red portions of
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the spectrum. As a consequence of these factors the sensitivity of the blue pixels is particularly

poor.
S, S,
Pixe] Type (K electrons / lux second) (volts per lux second)
monochrome 152 425
red 46.4 1.30
green 40.0 112
blue 23.6 0.66

Table 4-6. Optical sensitivity of the monochrome and colour photogate sensor. The illuminant was a
3200K tungsten halogen lamp and BG0.40 colour compensating filter.

4-6.5 Mean Optical Sensitivity of the Colour Sensor with
Microlenses

Colour photogate sensors with microlenses were fabricated to improve the optical sensitiv-
ity. The mean optical sensitivity of a colour photogate sensor with microlenses was determined
by measuring the mean signal level | as a function of illumination for the red, green, and blue
pixels and subtracting the appropriate value of mean dark signal ., . The mean optical sig-

nal p ; as a function of illumination for colour sensors with and without microlenses is

signa
shown in Figure 4-17 for an integration time of 90ms.
In the same manner as described for the monochrome sensor in Section 4-6.2, the mean

optical sensitivities of the red, green, and blue pixels of the colour photogate sensor with mic-

rolenses were found and are given in Table 4-7.

S S
P 0 Improvement due to
Pixel Type (K electrons / lux second) (volts per lux second) Microlenses
red 61.7 1.73 33%
green 50.7 1.42 27%
blue 27.2 0.76 15%

Table 4-7. Optical sensitivity of the colour photogate sensor with microlenses. The
iluminant was a 3200K tungsten halogen lamp and BG0.40 colour compensating
filter.

Improvements in sensitivity due to the use of microlenses are typically of the order of 35%.
For example Daemen and Peek investigated the application of microlenses to a monochrome
frame-transfer CCD and reported a 36% improvement in sensitivity [Daemen and Peek 1994].
While the percentage improvement in sensitivity for the red and green pixels of the photogate
sensor are of this order, the percentage improvement for the blue pixels is less than half of this.
This indicates that the effectiveness of the microlenses employed with the photogate have a

substantial dependence on the wavelength of the incident light. This will be quantified in
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Section 4-12.5 where the quantum efficiency of the colour sensor with and without micro-
lenses is reported.

Mean Signal (Volts)

2 4 6 8 0 12 14 16
lluminance (lux)

Figure 4-17. The mean signal level |1 ; gnal for colour sensors with and without microlenses as a
function of faceplate illuminance £ for an integration time of 90ms are represented by solid and
dashed traces respectively. The red, green, and blue data points are represented by open circles,
squares, and triangles respectively. The appropriate values of |1 darx N@ve been subtracted and
straight lines have been fitted in a least squares sense. Only data points prior to sensor saturation have
been plotted. The illuminant used was a 3200K tungsten halogen lamp with BG0.40 colour
compensating filter.

4-7. Signal-to-Noise Ratio

4-7.1 Sensor RMS Temporal Noise Under lllumination

The RMS temporal noise of the illuminated sensor is composed of three components, pho-

ton shot noise o, , dark current shot noise o, , and sensor read noise o, . These

pharon shor dark shot . read sensor
components are independent so they add in quadrature according to:

G = ch +o°  +0° Volts RMS (4-17)

’ "phlmn whar ! dark shor Lread sensor
Equations (2-12), (2-23), and (2-24) can be used to show that the photon shot noise
o, increases in proportion to the square root of the illuminance E for a constant value
photon shot
of integration time. Under these same conditions the dark current shot noise S and read

noise G, are constant. For values of illuminance where the photon shot noise exceeds the
read sensor
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dark current shot noise and read noise, the RMS temporal noise of the sensor will have a slope
of 0.5 when plotted on a log-log graph.

The RMS temporal noise o, of the monochrome sensor was measured as a function of the
illumination provided by the 3200K tungsten halogen lamp and BG0.40 colour compensating
filter. It has been plotted along with the mean signal Hoyignal @2 function of illuminance E in
Figure 4-18 for an itegration time of 30ms. The sensor saturates at an output voltage of 1.38
Volts. This corresponds to 10-lux for a 30ms integration period. Once the sensor is saturated

the output is not affected by noise and consequently the measured RMS temporal noise falls
dramatically as seen in Figure 4-18,

_HMS temporal noise

(Volts and Volts RMS)

10°% 2 5 : i

10

10° 10'
lluminance (lux)

107

Figure 4-18. The mean signal level signal and RMS temporal noise O, for the monochrome sensor
as a function of faceplate illuminance EV for an integration time of 30ms represented by open circles
and squares respectively. The value of |1 dark Tor 30ms integration has been subtracted from the
L, jenal data points. Straight lines have been fitted to data points prior to saturation in a least squares
sense. The illuminant used was a 3200K tungsten halogen lamp with BG0.40 colour compensating
filter.

As the slope of the sensor RMS temporal noise o, in Figure 4-18 is close to 0.5 it can be
concluded that the photon shot noise component G, is much larger than the dark current

pharan shor

shot noise © ) and read noise o, for all values of illuminance measured.
dark shor

read sensor

4-7.2 Graphing the RMS Temporal Noise Components

For a given value of integration time the dark current shot noise component of the sensor
RMS temporal noise is constant, independent of illuminance. Equations (2-19), (2-21), and
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(2-22) yield the dark current shot noise as 262.2LV RMS (9 electrons RMS ) for an integration
period of 30ms using values of ‘]dark= 183.2 pA /cm2 , A =2.56 X 10_6cm2 , and

G =28 WV /electron .

pixel

The sensor read noise component G is independent of integration time and illumi-

'rrud noise

nance and was computed in Section 4-5.2 as 121.50V RMS (4 electrons RMS).

can be determined from the sensor RMS tem-

photon shot

The photon shot noise component G,

poral noise G, by re-arrangement of (4-17). For example, the first 6, data point in Figure 4-18

is 791.1LV RMS at 0O.1-lux. Re-arranging (4-17) and substituting yields o, as
photon shot

736.4LV RMS (26 electrons RMS), significantly larger than the dark current shot noise and
read noise components.

In this manner the photon shot noise was determined for the monochrome and colour photo-
gate sensor with microlenses as a function of illuminance E, for an integration period of
30ms. This data is plotted in Figure 4-19 together with the mean signal levels and the dark cur-
rent shot noise and read noise components.

4-7.3 Computing the Signal-to-Noise Ratio

The signal-to-noise ratio (SNR) of the photogate sensor is defined as the ratio of the mean

signal level Hignal 10 the total RMS temporal noise of the sensor o,:

SNR = %’ (4-18)

t

The signal-to-noise ratio can be expressed in dB using:

SNR , = 20log,, (SNR) (4-19)

As demonstrated by Figure 4-19 the RMS temporal noise &, of the monochrome and colour

photogate sensors is dominated by photon shot noise G, when the sensor is illuminated.

photon shot

and the signal-to-noise ratio can be written as:

photon shot

Under such conditions C,=0,

SNR = M (4-20)

S,

photon shot

An equivalent expression for the signal-to-noise ratio can be found in terms of the number

of signal electrons Nsigna, and number of RMS electrons representing the photon shot noise

n photon shot
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N .
SNR = —fignal (4-21)

nphtmm shot
This can be simplified vsing (2-23) to give:

SNR = JN_ (4-22)

Substituting (2-12) enables the signal-to-noise ratio to be expressed as a function of the

optical sensitivity referred to the pixel .S'p, the sensor faceplate illuminance E , and the inte-
gration time 7', :

SNR = [SET,. (4-23)

(Volts and Volts RMS)

_‘F . L m

10" 10" 10’
Hluminance (lux)

Figure 4-19. The mean signal level T gnal" photon shot noise G, , dark current shot noise

photon shot

G'm-nm' and read noise Gf,....f components for the monochrome sensor and colour sensor with
microlenses as a function of faceplate illuminance for an integration time of 30ms. Data for the
monochrome sensor is represented by open diamonds while the red, green, and blue pixels of the
colour sensor are represented by open circles, squares, and triangles respectively. Only data points
prior to saturation have been plotted. The illuminant used was a 3200K tungsten halogen lamp with

BG0.40 colour compensating filter.

Table 4-8 gives the signal-to-noise ratio for the monochrome and colour sensor with micro-
lenses for 1-lux faceplate illumination and an integration time of 30ms. The SNR of the blue
pixels is significantly lower than that of the red and green pixels due to the poor optical sensi-
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tivity of the blue pixels. The low SNR of the blue pixels is problematic for subsequent stages
of colour processing and is discussed further in Section 4-13.7.

SNR SNR
Pixel Type (dB)
monochrome 67.5 36.6
red (with microlenses) 43.0 32.7
green (with microlenses) 39.0 31.8
blue (with microlenses) 28.6 29.1

Table 4-8. The signal-to-noise ratio for the monochrome
and colour sensor with microlenses for 1-lux
faceplate illumination and an integration time of
30ms.

4-8. Dynamic Range

The dynamic range (DR) of a solid-state image sensor is defined as the ratio of the signal

saturation level u_  to the RMS temporal noise floor o, according to [Theuwissen 1995]:
Sfloor

Hial Hoar
DR = Gm or DR, = 2010g]0[c (4-24)

l_ﬂ(mr

lfl(wr

Alternatively the dynamic range may be expressed in terms of the number of electrons cor-
responding to sensor saturation N__ and the number of RMS electrons representing the sensor

RMS temporal noise floor Mfpor A8 given by:

Nsal Nsat
DR = or DR, = 20log, (4-25)

nf[oor nfloor

4-8.1 Sensor Saturation

The photogate sensor saturates at a signal level of p = 1.38V for a supply voltage

Vdd = 5.0V. The number of electrons corresponding to sensor saturation N_ = can be found

I
using:

N = Har 1.38V
sat = G 28uV/electron

= 49Kelectrons (4-26)

where a value of G = 28V /electron was used.

A simple calculation demonstrates that at the onset of sensor saturation the potential well

under the photogate is not full of electrons.
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4-8.1.1 Full-Potential Well

The theoretical maximum number of electrons that could be collected under the photogate

can be computed using:

_ CoxAPG ( VPG B th)
sat q

electrons (4-27)

where C, is the capacitance of the gate oxide per unit area, A, is the area of the photo-
gate, V. is the voltage applied to the photogate during integration, and V,  is the threshold
voltage of an n-transistor. Using values of C_ = 265nF/cm2, Ap; = 896 % 10_9cm2,
VPG = 5.0V, and Vm = 0.7V gives Nm = 6.38Melectrons .

t

The saturation level of the sensor is clearly not set by filling the potential well under the
photogate with photon generated electrons. Instead sensor saturation is determined by read-out

circuit considerations and high in-pixel conversion gain G, .

4-8.1.2 Saturation of the Read-Out Circuits

The available signal swing at the output is determined by the pixel reset level and the trans-
fer characteristic of the pixel source follower as modified by the combined gain of the pixel
and column source followers. The cumulative transfer characteristics of the pixel and column
source followers of the photogate architecture given in Figure 4-1 are shown in Figure 4-20.
The sensor reset level is limited by the inability to reset the pixel floating diffusion node FD to
the Vdd voltage as a result of the threshold voltage drop V, across the pixel reset device M2.
Furthermore, the pixel source follower formed by devices M3, M4, and M5 turns off for input
voltages V., less than V, . Thus the maximum swing of the FD node that will be buffered by

the pixel source follower is:

Vep =Vdd-2V, Volts (4-28)

sal

Dividing by the conversion gain at the FD node G, gives the corresponding number of

signal electrons:

Vep,  (Vdd-2V,)
N.S‘al = G = G

electrons (4-29)

FD FD

It will be shown in Section 4-10 that G, = 70uV/electron. Using Vdd = 5.0V and
V,, =07V yields N_,

n =51Kelectrons, in close agreement with (4-26). Once this number

!
of signal electrons has been collected by the pixel during the integration period the pixel
source follower is saturated and any further electrons collected will not result in additional dis-

placement of the output voltage of the pixel source follower Poyr (see Figure 4-1). The effec-

123



CHAPTER 4 Performance Analysis of a Colour CMOS Photogate Image Sensor

tive signal swing of the pixel source follower is limited by high in-pixel conversion gain,
incomplete reset of the £ node, and the source follower turning off for V., <V,

The maximum swing available at the output of the sensor is given by:

R = Ag Ve =Ag:(Vdd-2V,) Volts (4-30)

where A, is the combined gain of the pixel and column source followers.

Circuit simulations give the combined gain of the pixel and column source followers under
the bias conditions used for the experiments performed in the chapter as Ag, =04 . Using
Vdd = 50V and V, = 0.7V in (4-30) yields p .= 1.4V which agrees well with the meas-
ured value of p_ = 1.38V.

5 T
reset level al output A |
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at s
signal swing e )
. at output '_v-”
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> output | i o
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5 2F : ﬂ‘-” .,_: -
© : & 3
g , -7 Pourt ®'
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Figure 4-20. Cumulative transfer characteristics of the pixel and column source followers obtained
from circuit simulation. With reference to Figure 4-1 a DC voltage ramp is applied at the FD node.
Pour Is the output of the pixel source follower and Vg / Vg represents the output of the column source

followers.

4-8.2 Sensor RMS Temporal Noise Floor

The RMS temporal noise floor of the sensor 6,  comprises the dark current shot noise

Jloor

c and the sensor read noise o, according to:

Idmm rrad scrsor

‘ﬂl‘i shot 'I’!ﬂd semsor

o6, = oo +o Volts RMS (4-31)
flaar
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In Section 4-7.2 the dark current shot noise was found to be ¢ = 262.2uV RMS fora

! dark shot

30ms integration period at 25°C.

In Section 4-5.2 the sensor read noise was computed as & = 121.5uV RMS.

read sensor

t

Equation (4-31) gives the RMS temporal noise floor as o, = 289.0uV RMS for 30ms

floor

integration time at 25°C. This is equivalent to n = 10 electrons RMS .

floor

4-8.3 Dynamic Range of the Photogate Sensor

The dynamic range of the photogate sensor is therefore:

1.38V

DR = —_2°V
289.0uV RMS

= 4775 (4-32)

or 73.6 dB for a 30ms integration period.

Sensor Dynamic Range 73.6 dB
(T, , = 30ms, 25°C)

int

4-8.4 Camera RMS Temporal Noise Floor

To enable fair comparisons with other solid-state image sensors it is necessary to include

the temporal read noise of the CDS circuits © in the definition of the RMS temporal

Y read COS
noise floor ¢

t floor

5, =Jo. +o’ +o’  VoltsRMS (4-33)
Sfloor dark shos read sensor read CDS
In Section 4-7.2 the dark current shot noise was found to be S, . = 262.2uV RMS for a
30ms integration period at 25°C.
In Section 4-5.2 the sensor read noise was computed as G, ) = 121.5uV RMS.
In Section 4-5.4 the read noise of the CDS circuits was given as G, = 438.4uV RMS.

read CDS
Equation (4-33) gives the RMS temporal noise floor of the camera system as
o, = 525.1uVRMS for 30ms integration time at 25°C. This is equivalent to

t

floor

19 electrons RMS .

4-8.5 Dynamic Range of the Photogate Camera System

The dynamic range of the photogate camera system is:

1.38V

R= ——2r
DR = 51w s

= 2628 (4-34)
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or 68.4 dB for a 30ms integration period.

Camera Dynamic Range 68.4 dB
(T;,, = 30ms, 25°C)

4-8.6 Dynamic Range Comparison

To compare the dynamic range of the photogate sensor to values reported for other CMOS
and CCD sensors the dynamic range of the photogate camera system including the CDS cir-
cuits was used. This is because the dynamic range values quoted for other image sensors
implicitly contain the read noise contribution of similar signal conditioning circuits. The com-

parative data is given in Table 4-9.

G ”floor Nm, Dynamic
Range

Sensor Architecture (uV / electron) (electrons RMS) (electrons) (dB)
[Itakura et al. 1995] Frame-Interline-Transfer 20 8 75K 80
[Bosiers et al. 1995} Frame-Transfer 12 15* 60K 72
[Bosiers et al. 1991 ] Frame-Transfer 12 17" 60K 71
This sensor Photogate APS 28 19 49K 68
[Schaeffer et al. 1994] Frame-Transfer 8 32" 75K 67
[Hurwitz et al. 1997] Photodiode APS 10 55" 100K 65
[Smith et al. 1997] Frame-Interline-Transfer 3 40 60K 64

Table 4-9. Dynamic range comparison of CMOS and CCD image sensors based on an
integration time Tim of 30ms and at 25°C. The noise floor of the photodiode senor
denoted * includes the contribution from pixel reset noise of 52 electrons RMS. The
noise floor of the sensors marked ** were computed from reported data at 60°C
assuming that the dark current doubles every 8°C [Theuwissen 1995].

The dynamic range of the photogate sensor is competitive with values reported for other
CMOS and CCD image sensors. However, the factors limiting the dynamic range of the
CMOS and CCD sensors are quite different.

4-8.6.1 Saturation in CMOS and CCD Sensors

In Section 4-8.1 it was shown that the signal saturation level p_ . of the CMOS photogate
sensor is determined by the read-out circuits and high in-pixel conversion gain G, and not
saturation of the pixel collection site itself. A general expression for estimating the number of
electrons corresponding to saturation N_, for CMOS sensors using the source follower archi-
tecture of Figure 4-1 is given by (4-29). As feature dimensions shrink with each new genera-
tion of CMOS fabrication technology, the value of the in-pixel conversion gain G Fp INCreases
as the capacitance of the pixel floating diffusion node Cp, decreases. Furthermore, the values
of Vdd and V, are also generally reduced. This means that N, will decrease with on-going

!
advancements in mainstream CMOS technology [Wong 1996].
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While N, for CMOS sensors is determined by saturation of the read-out circuits and the
value of in-pixel conversion gain, N for CCD sensors is determined by the electron capacity
of the CCD stages used for signal read-out. Hence N, is dependent on the clock voltages, the
physical dimensions of the CCD stage, and doping profiles of the CCD stage [Mutoh et al.
1995]. As the trend in CCD sensor design is towards lower voltages for reduced power dissipa-
tion, and smaller pixels for higher resolution, it is difficult for CCDs to maintain N, while
achieving these other performance goals [Mutoh et al. 1997, Yamaguchi et al. 1997]. Therefore
in the context of maintaining high dynamic range it becomes crucial to minimize the temporal

noise floor Rfioor OF o, for both CMOS and CCD sensors.

Jloor

4-8.6.2 Temporal Noise Floor of CMOS and CCD Sensors

The temporal noise floor of both CMOS and CCD sensors is composed of dark current shot
noise and read noise introduced by the sensor read-out circuits and signal conditioning circuits
at the sensor output. The natural units for dark current shot noise are electrons RMS referred to

the floating diffusion node. For comparative purposes it is convenient to refer the total read

noise ¢ to RMS electrons at the floating diffusion node also using:
read 1o1al
G, ol
— read o5, -
Mrcadtoal = G electrons RMS (4-35)

where G is the sensor conversion gain.

The temporal noise floor in RMS electrons g, can be considered in terms of the dark cur-

rent shot noise n ., ., and total read noise contribution n .., according to:

2 2
nﬂoor = A/ndark shot + N\ ead total electrons RMS (4'36)

Reported values for the noise floor n,  and constituent dark current shot noise n, .
001 dark shot

and read noise components n for the CMOS and CCD image sensors of Table 4-9 are

read total
given in Table 4-10.

As shown in Section 4-4 dark current in CMOS sensors is significantly greater than that of
CCD sensors. Consequently the dark current shot noise component n, , . . is larger for
CMOS photogate and photodiode sensors than values reported for the CCD sensors. Due to
CDS cancelling the pixel reset noise, the total read noise n_, ;... for the photogate sensor is
much lower than that of the photodiode sensor where CDS does not cancel pixel reset noise. In
Section 4-5 it was shown that the dominant component of the photogate sensor read noise is
due to the CDS circuits. This is because they operate at twice the pixel clock frequency and
consequently they have a larger noise bandwidth than the pixel and column source followers.

For the camera system used with the present photogate sensor the CDS circuits were realized
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at the board level. The read noise of the photogate sensor is not competitive with values
reported for CCD sensors if the respective pixel rates are considered. However, the read noise
of the photogate sensor could be reduced by integrating the CDS circuits on-chip and/or using
a number of paralle] output stages to reduce the noise bandwidth. This latter technique is
employed by the CCD sensors of Bosiers et al. which use two parallel output stages [Bosiers et
al. 1991, Bosiers et al. 1995]. The other CCD sensors reported in Table 4-10 use a single out-
put stage which results in a greater noise bandwidth and consequently higher read noise
[Schaeffer et al. 1994, Smith et al. 1997].

. G " dark shot R read to1al n floor
Pixel Rate
Sensor Architecture (MHz) (UV /electron) | (electrons RMS) | (electrons RMS) | (electrons RMS)
[Hurwitz et al. 1997] Photodiode APS 5 10 15 55" 55
[Smith et al. 1997] Frame-Interline- 14 3 5 40 40
Transfer

[Schacffer et al. 1994) Frame-Transfer 40 8 2" 32 32
This sensor Photogate APS 3 28 9 19 21
[Bosiers et al. 1991] Frame-Transfer 75 12 3" 17 17
[Bosiers et al. 1995] Frame-Transfer 13.5 12 <1 15 15

Table 4-10. Noise floor comparison of CMOS and CCD image sensors based on an integration time
of 30ms and at 25°C. The pixel rate is per output stage in the case of Bosiers et al. The read
noise of the photodiode senor labelled * includes the pixel reset noise of 52 electrons RMS.
The dark current shot noise values marked ** were computed from reported data at 60°C
using (2-19) and (2-20) assuming that the dark current doubles every 8°C [Theuwissen
1995].

4-8.6.3 Conversion Gain and Dynamic Range

The role of conversion gain in sensor dynamic range performance is different for CMOS
and CCD architectures. An expression for the dynamic range of a CCD sensor can be devel-
oped by combining (4-25), (4-35), and (4-36) to give:

NSGI
DR = (4-37)

2
( Glrrad mml) + 2
G " dark

where it can be seen that high conversion gain G decreases the read noise component and

consequently increases the dynamic range.

The corresponding expression for a CMOS sensor with the architecture of Figure 4-1 where

N, is determined by read-out circuit considerations can be found by substituting (4-29) into

(4-37) and simplifying using (2-18) to yield:
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Vdd -2V
DR = ( ) (4-38)

o 2
’rmd total 2
\/[ ASF ] * (GFDndark)

where it can be seen that for given values of Vdd and V, the dynamic range is degraded by

high in-pixel conversion gain G,,. As a consequence the in-pixel floating diffusion capaci-
tance Cp, should be designed such that the value of G, does not cause the dark current shot
noise term to exceed that of the read noise term. The read noise term can be reduced by ensur-
ing that the combined gain of the read-out circuits A ;. are as close to 1 as possible. To achieve
a significant improvement in gain would require finding alternatives to the source follower
read-out architecture commonly used with photogate and photodiode active pixel sensors. This
issue has been addressed by Loinaz et al. and will be discussed in Section 5-4.2 [Loinaz et al.
1998a].

4-9. Charge Transfer Noise

In the early stages of the optical sensitivity experiment described in Section 4-6 it became
evident that the photogate sensor was subject to a previously unreported temporal noise com-
ponent in additional to the photon shot noise, dark current shot noise, and sensor read noise
components expected from theory. This unexplained noise phenomenon manifest itself at low
signal levels resulting in measured values of the sensor RMS temporal noise G, far in excess
of values predicted using (4-17). Furthermore, the shape of G, graphed on a log-log plot as a
function of illumination did not follow the characteristic straight line with a slope of 0.5
expected for a sensor dominated by shot noise. Investigation suggested a temporal noise com-

ponent associated with charge transfer within the photogate pixel itself as responsible.

4-9.1 The Charge Transfer Noise Experiment

An experiment was used to quantify the behaviour of what was dubbed charge transfer
noise G,MW’MWH. With the experimental arrangement of Figure 4-12, the illumination level of
the sensor E, was held constant while the integration period of the sensor T, was varied. The
mean signal Hsignal and RMS temporal noise ¢, were measured as a function of T, = and are
shown plotted in Figure 4-21 for E = 0.2 lux. This measurement was repeated after modify-
ing the photogate timing with the result that the mean signal p, ., was not changed, but the

RMS temporal noise o, traced a straight line with a slope close to 0.5 on a log-log plot.
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Figure 4-21. The mean signal level Hienar @Nd RMS temporal noise o, for the monochrome sensor
as a function of integration time for a faceplate illuminance E  of 0.2-lux. The open squares represent
the G, data values for the initial photogate timing while the open triangles represent the G, data values
for the modified photogate timing. The mean signal level was not changed by the modifications to the
photogate timing. Straight lines have been fitted to the Micnal and 0, data values for the modified
photogate timing in a least squares sense. The illuminant used was a 3200K tungsten halogen lamp
with BG0.40 colour compensating filter.

The modifications necessary to the photogate timing to obtain a straight line for the RMS
temporal noise &, with a slope close to 0.5 involved increasing the PG pulse width 7. A

portion of the photogate sensor timing diagram of Figure 4-3 has been redrawn in Figure 4-22
to illustrate the PG pulse width 7, ..
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Figure 4-22. The photogate pixel timing redrawn to illustrate the integration period Tim during which
time PG is held at Vdd, and the PG pulse of width TPG during which time PG is driven to GND and

electrons collected under the photogate are transferred to the pixel floating diffusion node FD.

It was found experimentally that T, has a significant influence on the magnitude of the

charge transfer noise component G but does not change the mean signal level p

charge transfer

However, with the digital acquisition system used (and described in Section A-1) it was not

signal*

possible to change the PG pulse width T, independently of the sensor integration time T,
as both of these parameters were derived from the same clock. Consequently, as the value of
the PG pulse width was increased as part of the experiment, the integration time was also
lengthened. To obtain the expected form for the sensor RMS temporal the value of T, was
increased by a factor of four from the values used for the initial photogate timing. The values
of T, for the initial and modified photogate timing data corresponding to Figure 4-21 are

given in Table 4-11.

Integration Time Tin ' 30ms 40ms 50ms 90ms 140ms 200ms
TPG for the initial timing 138ns 183ns 230ns 413ns 638ns 925ns
TPG for the modified timing 550ns 730ns 520ns 1650ns 2550ns 3700ns

Table 4-11. PG pulse width TPG as a function of the integration period T,.m for the initial and modified
photogate timing. These values were measured using a scope and correspond to the data points
plotted in Figure 4-21.

4-9.2 Isolating the RMS Charge Transfer Noise Component

from the RMS temporal noise of

charge transfer

To isolate the charge transfer noise component G,

the sensor G, it was assumed that ©, was independent of the other RMS temporal

charge transfer

noise components. Equation (4-17) can be amended as:

o = A/c;'2 + 0'2 + 0‘2 + 0'2 Volts RMS (4-39)

t {phnmn shot tdnrk shot charge transfer
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where © is the photon shot noise, & is the dark current shot noise, and ¢ is

tphmon shot dark shot read

the read noise.

4-9.2.1 Changing the PG Pulse Width (and the Integration Time)

The photon shot noise ¢ , dark current shot noise o, , and read noise G were

[p)mmn shot durk shot Lead

calculated theoretically for each of the data points in Figure 4-21 and subtracted in quadrature
from the measured sensor RMS temporal noise o, to yield the corresponding values for the

charge transfer noise ¢

charge transfer

The value for photon shot noise ¢ was calculated using:

¢

photon shot

o = GS5,E,T,, Volts RMS (4-40)

[ph()mn shot
derived by combining (2-12), (2-23), and (2-24). Values of G =28 uV/electron ,
Sp = 152 K electrons / lux.s, and E, = 0.2 lux were used where T, takes on the values

int

given in Table 4-11.

The dark current shot noise ¢ ) was calculated using:
eark shot
J . T.
s, =G A/—d“”‘A pixel”inl yiolts RMS (4-41)
furk shot q

derived by combining (2-19), (2-21), and (2-22). Values of J,  =183.2 pA /cm2 and

Apixel =2.56 % 10—6cm2 were used where again 7T, , takes on the values given in Table 4-11.

The read noise component 6, was computed in Section 4-5.2 as 121.5uV RMS.

read

¢

The individual components of the sensor RMS temporal noise plotted in Figure 4-21 are
graphed in Figure 4-23 for the initial and modified photogate timing. A number of O-'a.mg, o
data points were found to be imaginary and were not plotted. This occurred as the sensor RMS
temporal noise approached the ideal slope of 0.5 on the log-log graph and reveals the accuracy

limits of computing the & in this manner.

tchurg? transfer
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Figure 4-23. (a) RMS temporal noise components for the initial photogate timing and (b) modified
photogate timing of Figure 4-21. The modified photogate timing used values of T'p; four times
greater than the initial photogate timing for corresponding data points as listed in Table 4-11.

Computed values for the charge transfer noise G that were found to be imaginary have not

Jdur]t transfer

been plotted.

With reference to Figure 4-23 it is clear that the charge transfer noise o, has a sig-
rharge ransfer

nificant dependence on the PG pulse width T, .. However as T, and the sensor integration
time T,,, could not be varied in an independent fashion during the experiment, the precise

dependency of o, on T, cannot be deduced. Furthermore, possible dependencies of
charge irandfer
e ror 01 other parameters, for example the mean signal level  —

cluded.

cannot be pre-

4-9.2.2 Changing the TX Voltage

As part of the charge transfer experiment the voltage bias to the pixel transfer device M1
(Figure 4-1) was varied. The experiment of Section 4-9.1 was repeated for TX values of OV
and 0.1V in addition to the default value of 0.7V. Data was obtained for both the initial and
modified photogate timing. The charge transfer noise o, was calculated for each of

charge mansfer
these measurements in the same manner as Section 4-9.2.1 to produce Figure 4-24.
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Figure 4-24. The charge transfer noise G, . for TX values of 0V, 0.1V, and 0.7V as represented
[ e rrangfer

by the open triangles, squares, and circles respectively. The solid traces correspond 1o the initial
photogate timing and the dashed traces correspond to the modified photogate timing. Computed values
for o, that were found to be imaginary have not been plotted.

charge transfer

Figure 4-24 demonstrates the charge transfer noise G‘mmm.;.r has a dependence on the TX
voltage. The charge transfer noise for TX values of 0.1V and 0.7V is similar and significantly
larger than that obtained at TX = OV. This difference however becomes negligible for suffi-
ciently large values of PG pulse width and integration time, suggesting that the TX voltage

dependence is a secondary effect.

4-9.3 Proposed Explanation: Incomplete Charge Transfer

The inability to vary the PG pulse width independently of the integration time with the
acquisition system meant that the photogate charge transfer noise could not be completely
characterized. However, enough information was gathered to suggest an explanation for this
phenomenon. It is proposed that incomplete charge transfer within the photogate pixel is

responsible for charge transfer noise.
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4-9.3.1 Incomplete Charge Transfer During Photogate Pixel Operation

Incomplete charge transfer within the photogate pixel will be discussed with reference to
Figure 4-25 which illustrates the potential profiles during sensor operation, and Figure 4-26
which gives the photogate timing and the voltage at pixel nodes S and FD.

PG = Vdd ™ FD PG = GND ™ FD
s
-
signal electrons
not transferred
collected signal electrons transterred signal electrons
p resel electrons PR P reset electrons

(a)t=ty (b)t=15

Figure 4-25. (a) Photogate pixel potential diagram at time t3 and (b) at time t5. Charge transter through
the transfer device M1 is via current l+y (Note the convention that electrons flow in the opposite sense

to the current direction).
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Figure 4-26. Photogate pixel timing and the voltage at nodes FD and S from circuit simulation. The FD
and S traces are on the same axis and approximately to scale. The control signals RST and PG are not
to scale and are only shown to give timing information.

During the integration period 7, the PG signal is held at Vdd and photon generated elec-
trons are collected in the potential well formed under the pixel photogate. Prior to pixel
read-out the pixel floating diffusion node FD is reset at time ¢; to approximately a threshold
voltage drop below Vdd by device M2. At time 1, the reset signal RST is de-asserted and the
voltage at FD drops slightly due to reset clock feedthrough.
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To effect pixel read-out the PG signal is pulsed to GND at time t4. The voltage at the trans-
fer device source S drops below ground due to the injection of the electrons collected under the
photogate. The transfer device M1 starts to turn on and electrons are transferred to the pixel
floating diffusion node FD by the current I7y. The transferred signal electrons displace the
floating diffusion node voltage. The difference between this voltage level and the reset level of
the FD node constitutes the signal voltage produced by the pixel. During the electron transfer
the voltage at node S begins to rise and the transfer device starts turning off. For the final stage
of electron transfer Iy is a subthreshold current. It is proposed that a significant number of sig-
nal electrons N are retained in the depletion region of the transfer device source S and are not
transferred. At time #4 the PG signal is driven to Vdd and these electrons return to the potential
well re-established under the pixel photogate and are added to the photon generated electrons

collected during the next integration period.

4-9.3.2 Charge Transfer in the Steady State

If the number of electrons not transferred each read-out cycle i is a fraction € of the total
number of electrons collected under the pixel photogate for that cycle N , then the number

of electrons retained by the depletion region of S for that cycle N is given by:

N = SNPGi electrons (4-42)

i

and the number of signal electrons transferred to the pixel floating diffusion node N“,gnalv is

given by:

= (1-€)Npg, electrons (4-43)

signal,

The number of electrons collected under the pixel photogate each cycle N, consists of the

electrons generated by photons N/ and those not transferred from the previous

vhoton generated,’
cycle eNp;  according to:
i-1

N N

PG, = photon generated, + NS. = Nphoton generated, + ENPG,-_l electrons (4-44)

i-1

In the steady state under constant illumination and integration time the mean number of

photons generated each cycle is constant and can be simply denoted Npho 1o generated - As neces-
sarily € < 1 it can be shown that under steady state conditions (4-44) converges to:
N _ N photon generated electrons (4-45

and consequently (4-42) converges to:
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€
NS T 1= eNphoton generated electrons (4-46)

and (4-43) converges to:

N

signal — Nphoton generate

4 ¢electrons (4-47)

4-9.3.3 Charge Transfer Shot Noise in the Steady State

It is proposed that associated with incomplete charge transfer in the photogate pixel is a
transfer loss noise similar to that found in CCD shift registers [Carnes and Kosonocky 1972].
For the photogate pixel shot noise is introduced to the signal electrons N”.gn a1 DY the N elec-
trons retained in the source S of the transfer device that are not transferred to the pixel floating
diffusion node FD. This noise component can be represented as an RMS fluctuation

M charge transfer about the mean number of signal electrons N, ., according to:

= JIVS electrons RMS (4-48)

h charge transfer

Substituting (4-46) and (4-47) gives the charge transfer noise in the steady state as:

€
R charge transfer = /—1 _eNsignal electrons RMS (4-49)

The charge transfer noise expressed as an RMS voltage fluctuation ¢ at the sensor

charge transfer

output is given by:

o] =G

’chur;u' transfer

Volts RMS (4-50)

n charge transfer

where G is the conversion gain.

4-9.3.4 Computing ¢ in the Steady State

Equation (4-49) can be re-arranged to express € in the steady state as a function of

ncharge transfer and Nsignal as given by

2
n charge transfer

signal
2
1+ n charge transfer
Nsignal

Equations (4-50), (4-51), and (2-10) allow the fraction of charge not transferred € to be

determined from the computed values of G, and measured values of y This cal-

charge ransfer

£ = (4-51)

signal
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culation was performed for the data presented in Figure 4-23 and is shown in Figure 4-27 as a
function of the width of the PG pulse 7. .

0.8 T

0.7
0.6+
0.5
0.4l Initial photogate timing
0.3 - 4
modified photogate timing

0.2r

0ar } 4

Fraction of Electrons Not Transferred ¢

0 -7 3
10 10
PG Pulse Width (seconds)

Figure 4-27. The fraction of electrons not transferred € computed from the data of Figure 4-23 and
plotted as a function of the PG pulse width 7'y, .. Table 4-11 was used to obtain the corresponding
Tp; values tromthe T, values employed in Figure 4-23. Only values of € corresponding to
non-imaginary calculated values of charge transfer noise have been graphed.

The curves plotted in Figure 4-27 indicate that the fraction of charge not transferred within
the photogate pixel € has a strong dependence on the PG pulse width T, .. However, the fact
that the two curves do not merge suggests that € is not purely a function of the PG pulse width

Lo
4-9.3.5 Charge Transfer Noise and the Transfer Device Source

It is instructive to substitute these computed values for € into (4-46) to find the number of
electrons N retained in the source of the transfer device as a function of T, ;. This data is
graphed in Figure 4-28(a) along with the corresponding number of signal electrons N,

ignal "

The N, gnal CUTVeS in Figure 4-28(a) are increasing functions because the integration time T

is not constant with 7. as described in Table 4-11. The charge transfer noise expressed as an

RMS electron fluctuation n is plotted in Figure 4-28(b) as a function of 7', ;.

charge transfer
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Figure 4-28. (a) The number of electrons N s retained in the source S of the pixel transfer device and

the number of signal electrons N

signal 85 @ function of the PG pulse width TPG. (b)y The

corresponding values of the charge transfer noise n as a function of the PG pulse width

charge transfer
TPG' The open circles and squares are data points computed from the initial and modified photogate

timing respectively.

The portions of the N¢ and M charge transfer SUTVES graphed in Figure 4-28 corresponding to
the initial and modified photogate timing effectively merge and hence Ng and n charge transfer

are monotonic decreasing functions of 7, ., independent of the number of signal electrons
N

signal*
of :lectrons N¢ will be retained in the source of the transfer device. Furthermore, Figure
4-28(a) demonstrates that for sufficiently small values of T, it is possible that the number of
electrons retained in the source can significantly exceed the number of photon generated signal
electrons N, . collected each integration period. This is possible as (4-44) describes how

signa
charge can be accumulated over any number of pixel integration/read-out cycles. Increasing

This implies that in the steady state for a given value of T, a characteristic number

T, reduces N and consequently n by allowing more time for electrons to dif-

charge transfer
fuse from the transfer device source S to the pixel floating diffusion node FD during pixel
read-out. However, Figure 4-28 suggests that § will always retain a certain number of electrons

during read-out regardless of the value of 7 and consequently n can never be

charge transfer
reduced to zero.

The underlying physical cause of charge transfer noise is the retention of signal electrons by
the depletion region of the source of the pixel transfer device during charge transfer. Therefore
the number of electrons retained in the source N will also have a dependence on the physical
geometry of the source structure, the doping concentrations of the source and substrate, and the
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transfer device gate voltage TX. This last factor may support a plausible explanation of Figure
4-24.

4-9.3.6 The Mean Signal Level Under Steady-State Conditions

Equation (4-47) demonstrates that in the steady state the mean number of signal electrons

transferred to the pixel floating diffusion node N ;

signal is independent of € or Ng. This

explains why the mean signal level p ; Was the same for the initial and modified photogate

sigha
timing described in Section 4-9.1.

4-9.3.7 The Mean Signal Level Under Dynamic Conditions

Equation (4-44) predicts that the photogate sensor will suffer from image lag. While lack of
suitable equipment and time did not allow a quantitative investigation of image lag for the sen-
sor, experience with imaging light sources in motion demonstrated that the photogate sensor is
indeed subject to this phenomenon. Image lag has previously been reported for single-poly
active photogate sensors with the 7X device DC biased [Dickinson et al. 1995b].

4-9.3.8 Improving Charge Transfer in the Photogate Pixel

It has been reported that charge transfer in the single-poly photogate pixel can be improved
by pulsing the 7X gate to Vdd during the transfer operation rather than holding the TX gate
voltage at a constant DC voltage [Dickinson et al. 1995b]. However, the row select circuitry of
the photogate sensor under investigation did not support this option. Furthermore, it is the
author’s belief that this approach still does not guarantee complete charge transfer of electrons
between the photogate and the floating diffusion node. It is likely that a number of electrons

will be retained in the source of the transfer device and not transferred.

To ensure complete charge transfer the double-poly photogate pixel must be employed as
this eliminates the source region of the transfer device. However, this requires the use of a
CMOS fabrication process specialized for analog circuit design that supports two layers of
polysilicon. If the photogate sensor is to be manufactured in a standard CMOS process only
one layer of polysilicon is available. In this case the timing of the sensor read-out should be

designed for a PG pulse width that is sufficient to minimize charge transfer noise.

To completely understand the mechanisms of charge transfer for the various photogate pixel
designs would require the simulation of the three-dimensional potential profiles within each
pixel structure. This procedure is routinely performed in the development of CCD architec-
tures [Bosiers et al. 1995, Mutoh et al. 1995]. Suitable software was not available for the
author to pursue this direction of investigation. It is the author’s belief that the design of future

generations of CMOS active pixel sensors will require such techniques.
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4-9.4 Effect of Charge Transfer Noise on Parameter Calculation

As a consequence of identifying charge transfer noise as an additional temporal noise com-
ponent of the photogate sensor, it is necessary to discuss how this affects a number of sensor
parameters that have been already calculated. The measurements performed as part of the dark
current and optical sensitivity experiments used the modified photogate timing in an attempt to

minimize charge transfer noise.

In Section 4-5.2 the sensor read noise 6,  was computed and shown to be larger than the
read
value predicted from theory. It is likely that this is due to the presence of charge transfer noise
o, not accounted for in (4-7). As a consequence the true value for the sensor read noise
charge transfer

is less than the measured value of 121.5uV RMS and perhaps closer to the theoretical value of
100.4pV RMS .

The signal-to-noise ratio was computed in Section 4-7.3 on the assumption that when the
sensor was illuminated the RMS temporal noise was dominated by photon shot noise, i.e.

C,=C . This premise must be re-examined in the context of charge transfer noise. It is

'ph oton shot

likely that at low light levels the charge transfer noise o, may be comparable to the

charge transfer

photon shot noise ¢ in which case equations (4-20) to (4-23) inclusive will over-esti-

tphulon shot

mate the sensor SNR. At sufficiently high levels of illumination the photon shot noise should
dominate the charge transfer noise such that the sensor SNR can be calculated accurately using
equations (4-20) to (4-23).

When computing the sensor dynamic range in Section 4-8 the value of sensor read noise
used was 121.5uV RMS . As a consequence the presence of charge transfer noise was already

accounted for in that calculation.

4-10. Conversion Gain

4-10.1 Directly Measuring the Conversion Gain

The most direct technique for determining the sensor conversion gain is to inject a known
number of electrons into the floating diffusion node and to measure the voltage swing at the
sensor output [Yang et al. 1996]. However, for many sensors, including the CMOS photogate

sensor being investigated, this option is not supported.

4-10.2 Determining the Conversion Gain by Indirect Means

The conversion gain of a solid-state image sensor can be found using an indirect technique
that exploits the characteristic relationship between shot noise and the mean signal level.
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4-10.2.1 Using Data from the Dark Experiment

The mean dark signal jt, ., and the dark current shot noise o, measured at the sensor
dark ot

output are related to the mean number of dark electrons N, , and RMS electrons representing

the shot noise n,, . ., by the conversion gain G according to (2-20) and (2-22) respectively.

Furthermore, the dark current shot noise has a square root dependence on the mean number of

dark electrons as given by (2-21). This allows the conversion gain G to be written as a func-

tion of . and pt, . according to:

2

(o)
G = s yolis/electron (4-52)
I‘ldark

The mean dark signal p, . and the RMS temporal noise ¢, are given in Figure 4-11 as a

function of integration time. The dark current shot noise component o, was determined
dark whert

from o, by re-arrangement of (4-39) given that under dark conditions the photon shot noise

o, is zero, the read noise 6, was computed in Section 4-5.2, and assuming initially
Photos shot read

that the charge transfer noise o, was negligible. Substituting the values for o,
chirge ranifer dark shot

and p,, . foreach value of 7, into (4-52) yields data points for the conversion gain G which
have been plotted as a function of mean dark signal p,, . in Figure 4-29,

8
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Figure 4-29. The conversion gain G as a function of mean dark signal dark COMputed using (4-52)
from the dark experiment data of Figure 4-11. It is possible that the data points indicated have been
corrupted by charge transfer noise.

However, it is unlikely that the charge transfer noise can be neglected in the calculation of
the conversion gain, despite using the modified photogate timing of Table 4-11 to obtain the
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data for Figure 4-11, and consequently Figure 4-29. Inspection of Figure 4-23(b) suggests that
charge transfer noise does not drop below the dark current shot noise level until a PG pulse
width of 1650ns is used. In the modified photogate timing this corresponds to an integration
time of 90ms (Table 4-11). Consequently the values of G computed from data corresponding
to an integration time less than these values may be corrupted by charge transfer noise and

have been labelled as such in Figure 4-29.

4-10.2.2 Using Data from the Optical Sensitivity and Charge Transfer Noise
Experiments

The conversion gain G was also calculated from data from the optical sensitivity experi-
ment of Section 4-6, and the charge transfer noise experiment of Section 4-9. When the sensor

is illuminated the total mean signal at the sensor output |[L can be written as:

M= Wgonar+ Waark = G (Nippa + Nygpy) Volis (4-53)

using (4-12), (2-10) and (2-20).

Initially assuming the charge transfer noise component ¢ is negligible, (4-39) can

charge ransfer
be re-arranged to compute the quadrature sum of the photon shot noise ¢ and dark cur-

tphnlnn shot

rent shot noise O, from the measured sensor RMS temporal noise G, and sensor read
dark shot

noise 6, according to:

read

Jo.  +ol = Joi-c.  Volis RMS (4-54)

tphvmn shot ’d{lrk shot read

where 6,  was computed in Section 4-5.2, and data for ¢, was measured for the optical
read

sensitivity and charge transfer noise experiments. Using (2-21), (2-22), (2-23), and (2-24) the
left-hand side of (4-54) can be written as:

ch +o =G A/N + N, Volts RMS (4-55)

lphnmn shot ’d,,,k shor signal
Squaring (4-55) and dividing by (4-53) yields:

2 2
0" + Gt
G —_ photon shot dark shot Volts/electron (4‘56)
+
l‘l'signal Hdark

Using data obtained in Section 4-9.1 and Section 4-6.1 as part of the charge transfer noise
and optical sensitivity experiments respectively, (4-56) allowed the calculation of the conver-
sion gain G which is shown as a function of mean signal level p in Figure 4-30(a) and (b)

respectively.
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Figure 4-30. (a) The conversion gain G as a function of mean signal )L computed using (4-56) from
the data of Figure 4-23(b), and (b) from the optical sensitivity data of Figure 4-18. Data points that are

suspect due to corruption by charge transfer noise or known measurement inaccuracy are labelled.

To compute the conversion gain it was necessary to neglect the charge transfer noise as its
precise value was not known for each of the operating points in Figure 4-23 and Figure 4-18
and 50 its contribution to (4-39) could not be included in the calculation. However, inspection
of Figure 4-23(b) suggests that charge transfer noise does not drop below the dark current shot
noise level until a PG pulse width of 1650ns is used corresponding to an mtegration time of
90ms for the modified photogate timing (Table 4-11). It is therefore likely that the first three
data points in Figure 4-30(a) are corrupted by charge transfer noise and have been labelled as
such.

The data for Figure 4-18 was obtained using an integration time of 30ms and it can there-
fore be expected from Figure 4-23(b) that the value of charge transfer noise will be greater than
the dark current shot noise and comparable to the photon shot noise at low signal levels. The
mean signal level for 30ms integration in Figure 4-23(b) is approximately 0.03V (Figure 4-21)
and the photon shot noise and charge transfer noise at this operating point are about 0.9mV and
0.7mV respectively. This means that by neglecting the charge transfer noise an error of 60% is
introduced into the numerator of (4-56) at this operating point. As the photon shot noise is pro-
portional to the square root of the mean signal, increasing the mean signal by a factor of 9
increases the magnitude of the photon shot noise by 3. For the same value of integration time
and PG pulse width and assuming that the charge transfer noise is independent of the mean sig-
nal level, this reduces the relative error of the numerator of (4-56) to 7%. If it is assumed that
this provides sufficient accuracy for the computation of the conversion gain then data points in
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Figure 4-30(b) corresponding to a mean signal less than 0.27V should be discarded and have
been labelled as such.

The last three data points of Figure 4-30(b) should also be discarded due to inaccuracy in
the corresponding o, data points in Figure 4-18. To obtain these data points in Figure 4-18 the
gains and offsets of the acquisition system described in Section A-1 were changed and despite
taking the appropriate calibration steps a modest discontinuity in the RMS sensor temporal
noise ©, resulted.

4-10.2.3 Combining the Conversion Gain Data

While Figure 4-29 and Figure 4-30 demonstrate that computing the conversion gain indi-
rectly from noise measurements is imprecise, it is still necessary to estimate a characteristic
value for the conversion gain to allow the calculation of many sensor performance parameters
such as the dark current density (Section 4-4.3). To this end the combined conversion gain data
from Figure 4-29 and Figure 4-30 that were not corrupted by charge transfer noise or measure-
ment inaccuracy have been graphed together in Figure 4-31.
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Figure 4-31. The conversion gain G as a tunction of mean signal |L. The open circles, squares, and
triangles correspond to data from the dark experiment, charge transfer noise experiment, and optical
sensitivity experiments respectively.

It can be seen from Figure 4-31 that the sensor conversion gain is not a constant but has a
dependence on the mean signal level. This is not unexpected as the floating diffusion capaci-
tance C, is formed by the parasitic capacitances of the reset device source/transfer device
drain (M1 and M2), and the gate of the pixel source follower device M3. Such capacitances are
voltage dependent [Streetman 1990]. Despite the dependence on the mean signal level, it is
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customary to quote a single value for the sensor conversion gain and from Figure 4-31 the

author chose a nominal value of 28V / electron referred to the sensor output.

Sensor Conversion Gain G 28UV /electron

Circuit simulations gave the combined gain of the sensor pixel and column source followers
Agp=0.4 under the same bias conditions used to obtain the experimental data. Therefore
(2-18) gives the conversion gain referred to the pixel floating diffusion node as
Gpp = 70UV /electron corresponding to a capacitance for the pixel floating diffusion node
of Cpp = 2.3fF.

4-10.3 Conversion Gain Comparison

The conversion gain of the photogate sensor is compared to values reported for other
CMOS and CCD sensors in Table 4-12.

Pixel Size G Vdd
Sensor Architecture Process (Hm X pm) (WV/electron) (Volts)
[Wong et al. 1998] Photogate APS 0.25um CMOS 70x7.0 45.6 1.8
[Mendis et al. 1997b) Photogate APS 0.35pm CMOS 8.0x8.0 42 33
This sensor Photogate APS 0.8um CMOS 16.0 x 16.0 28 5.0
[Itakura et al. 1995] Frame-Interline-Transfer 0.7um CCD 6.7 x 11.05 20 Not given
[Akimoto et al. 1991] Interline-Transfer 1.0um CCD 64x75 16.2" 5.0
[Bosiers et al. 1995] Frame-Transfer 0.8um CCD 6.9x12.6 12 10.0
[Nixon et al. 1996b] Photogate APS 1.2um CMOS 20.4x204 10.6 5.0
[Hurwitz et al. 1997] Photodiode APS 0.8um CMOS 10.8 x 10.8 10 5.0
[Mendis et al. 1997b] Photodiode APS 0.35pm CMOS 8.0x8.0 9.5 33
[Schaeffer et al. 1994] Frame-Transfer Not given 7.5%x175 8 10.0
[Smith et al. 1997] Frame-Interline-Transfer 1.5um CCD 11.5x13.5 3 Not given
[Kamasz et al. 1994} Frame-Transfer Not given 12.0x12.0 2.6 13.5

Table 4-12. Conversion gain of CMOS and CCD image sensors. All values of conversion gain
are referred to the sensor output. The CCD sensor marked * employed a feedback plate
amplifier in the output stage to achieve this value of conversion gain.

The conversion gain of CMOS photogate sensors and CCD sensors increases as the feature
dimensions of the fabrication process are reduced. This is due to a corresponding decrease in
the capacitance of the floating-diffusion node as its area is reduced. The floating diffusion
capacitance of the CMOS photogate pixel (Figure 2-14) is composed of the parasitic capaci-
tance of the shared drain/source region of the transfer and reset devices (M1 and M2), together
with the gate capacitance of the source follower device M3. All of these devices can be of min-
imum size as the required bandwidth of the pixel is only a function of the line rate. This allows
for very high values of conversion gain for the CMOS photogate architecture as illustrated in
the first two entries of Table 4-12. In comparison, the bandwidth of the output stage of a CCD

sensor is a function of the pixel frequency and so the source follower device cannot be of min-
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imum size. As a consequence the value of conversion gain achievable in a CCD output stage is
limited unless feedback is employed [Akimoto et al. 1991]. The conversion gain of CMOS
photodiode architecture is limited by the capacitance of the photodiode which also acts as the
floating diffusion node. While it is possible to increase the conversion gain of the photodiode
pixel by introducing a separate read-out node with a transfer gate, such sensors suffer from sig-

nificant image lag [Mendis et al. 1997b].

The high conversion gain of the photogate sensor is advantageous from a SNR perspective
as it minimizes the contribution of read noise and noise from the subsequent stages of signal
processing such as CDS and A/D conversion to the sensor SNR (see (2-27)). Consequently, the
temporal noise performance of the photogate sensor is completely determined at the pixel level
by photon shot noise and dark current shot noise. However, it was shown in (4-38) that the sig-
nal saturation level of the photogate sensor is limited by read-out circuit considerations, and
that high conversion gain can reduce the sensor dynamic range. As the feature dimensions of
the CMOS fabrication process are reduced, together with the supply voltage Vdd, it will
become increasingly important to design the floating diffusion node capacitance such that the

value of conversion gain yields an acceptable trade-off between SNR and dynamic range.

4-11. Fixed-Pattern Noise

4-11.1 Measuring The Fixed-Pattern Noise

The fixed-pattern noise performance of the photogate sensor was determined by measuring
the pixel fixed-pattern noise c, and column fixed-pattern noise 6, as a function of illumina-
tion during the optical sensitivity experiment described in Section 4-6. The definitions used to
compute G, and o are given in Section A-2. The effectiveness of correlated-double sampling
(CDS) as a technique for managing fixed-pattern noise was assessed by measuring the pixel
and column fixed-pattern noise without CDS, then using one level of CDS, and finally two lev-
els of CDS. The second level of CDS is also known as crowbar (CB) [Mendis et al. 1997a).The
combined fixed-pattern noise data from the experiment is shown in Figure 4-32 plotted as a

function of mean signal level Q.
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Figure 4-32. Sensor pixel FPN S, and column FPN G, as a function of mean signal level |l with and
without the application of correlated-double sampling (CDS) and crowbar (CB) for an integration time of
30ms. The FPN floor imposed by dark current non-uniformity is also shown.

4-11.1.1 FPN with No CDS

Without the use of CDS the sensor FPN is dominated by pixel offset mismatch due to
threshold variations in the pixel reset and source follower devices, M2, M3, and M4 shown in
Figure 4-1. Under these conditions the pixel and column FPN level is 15.4mV RMS or

6.7% p-p sat. As the sensor saturates the FPN necessarily decreases.

4-11.1.2 One Level of CDS

With the application of the first level of CDS column FPN due to offset mismatch between
the column source followers formed by devices M1/-M 16 becomes the dominant source of
FPN at 4.1mV RMS or 1.8% p-p sat.

At low to moderate signal levels with one level of CDS the pixel FPN is suppressed to the
noise floor imposed by dark current non-uniformity at 0.67mV RMS or 0.29% p-p sat. for a
30ms integration period. The FPN floor due to dark current non-uniformity is dependent on

integration time and was quantified in Figure 4-9,

At moderate to high signal levels with one level of CDS the pixel FPN c, increases as a
function of the mean signal level p. This data is re-plotted in Figure 4-33 on a linear scale and

a straight line has been fitted to the last five data points in a least squares sense.
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Figure 4-33. Sensor pixel fixed-pattern noise G, as a function of mean signal level |l with the
application of one level of correlated-double sampling (CDS) for an integration time of 30ms. A straight

line has been fitted to the last five data points in a least squares sense.

The good fit obtained in Figure 4-33 indicates that at high signal levels pixel FPN increases
as a linear function of the mean signal due to gain mismatch between pixels. The slope of the
line at 3.63mV RMS /V corresponds to an RMS pixel gain mismatch of 0.36% . This com-
pares favourably with previously reported values for pixel gain mismatch of 1% [Nixon et al.
1996a].

Pixel gain mismatch may be due to photoresponse non-uniformity and/or conversion gain
non-uniformity. Photoresponse non-uniformity is caused by differences in the optical sensitiv-
ity of pixels across the sensor array due to variations in the photogate structure. Conversion
gain non-uniformity is caused by differences in the capacitance of the pixel floating diffusion
node Cp,. Variations in the manufacturing process across the die are responsible for both of
these phenomena. As the physical dimensions of the photogate are much greater than that of
the structures forming the floating diffusion node it is reasonable to conclude that the dominant
cause of pixel gain mismatch is conversion gain non-uniformity.

The capacitance of the floating diffusion node Cp;, was computed in Section 4-10.2 to be
2.3fF . Based on (2-18) an RMS variation of 0.36% in G corresponds to an RMS variation of
0.008/F in Cp/, to account for the gain mismatch trend. While pixel gain mismatch is unde-
sirable it may not be problematic for many imaging applications. This is because the human
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visual system is not as sensitive to spatial or temporal noise in images at high signal levels as it

is at low signal levels.

At high signal levels and with one level of CDS the column FPN also begins to increase.
This is due to the magnitude of the pixel FPN becoming comparable to the column FPN. Under
such conditions the column FPN as defined in Section A-2 begins to be influenced by the pixel
FPN.

4-11.1.3 Two Levels of Correlated Double Sampling

With the application of the second level of CDS, or crowbar (CB), the column FPN is sup-
pressed to the same level as the pixel FPN with one level of CDS, 0.29% p-p sat. at low to
moderate signal levels. The use of CB does not alter the pixel FPN level.

4-11.2 Fixed-Pattern Noise Performance Comparison

The pixel fixed-pattern noise performance of the photogate sensor at low to moderate signal
levels is compared to values reported for other CMOS and CCD image sensors in Table 4-13.
All the CMOS APS image sensors listed used two levels of correlated-double sampling to
deliver the fixed-pattern noise performance reported. From the results obtained with the photo-
gate sensor whose FPN performance is the subject of this investigation it can be surmised that
the FPN performance of any CMOS photogate or photodiode APS image sensor using two lev-
els of CDS will be determined by the level of dark current non-uniformity. As a direct relation-
ship between dark current density and dark current non-uniformity is assumed, the reported

values for the dark current density J,  of the image sensors are also given in Table 4-13.

The fixed-pattern noise performance of the photogate sensor being discussed in this chapter
is at the low end of values reported for CMOS active pixel sensors, but almost 4 times larger
than a frame-transfer CCD without the use of advanced dark current management techniques
such as surface pinning. Due to the connection between dark current and fixed-pattern noise
the trend in Table 4-13 is similar to that found in Table 4-1; as the feature dimensions of the
fabrication process is reduced the fixed-pattern noise performance of CMOS sensors is sub-

stantially degraded.
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o J
. . dark
) Pixel Size P Temp.
Sensor Architecture Process (um X pm) (%p-psat) | (pAlem?) 0
[Mendis et al. 1997b] Photogate APS 0.35um 8.0x 8.0 6.0 11000 Not given.
CMOS
Photodiode APS 0.35um 8.0x 8.0 1.5 2600 Not given.
CMOS
[Mansoorian et al. Photogate APS 0.55um 11.0x 1.0 0.6 3530 23
1997] CMOS
Photodiode APS 0.55pm 11.0x11.0 0.6 938 22
CMOS
This sensor Photogate APS 0.8um CMOS 16.0 x 16.0 0.29 183 25
[Nixon et al. 1996b] Photogate APS 1.2um CMOS 20.4x20.4 02 105 Not given.
[Nixon et al. 1995] Photodiode APS 1.2pm CMOS 19.2x19.2 <0.15 <200 25
[Bosiers et al. 1995] Frame-Transfer 0.8um CCD 69x12.6 0.08" 79" 28
Frame-Transfer with 0.8um CCD 6.9 x 12.6 001" 3" 25
Surface Pinning

Table 4-13. Pixel fixed-pattern noise performance and dark current density of CMOS and CCD
image sensors. All the CMOS image sensors used two levels of correlated-double
sampling. The values marked with * have been computed from their value at 60°C
assuming that dark current doubles every 8°C [Theuwissen 1995].

4-11.3 Managing Fixed-Pattern Noise in CMOS APS Image Sensors

It has been demonstrated that correlated-double sampling is an extremely effective tech-
nique for cancelling offset differences between pixel and column circuits in a CMOS APS
image sensor. This was shown by the ability of one level of CDS to cancel pixel offset mis-
match and the second level of CDS to cancel column offset mismatch. However, CDS cannot
suppress gain differences between circuits such as those due to photoresponse non-uniformity
and conversion gain non-uniformity in the photogate pixel. Such sources of fixed-pattern noise

can only be managed by achieving greater device uniformity at the fabrication process level.

The FPN noise floor of a CMOS APS sensor using two levels of CDS is set by dark current
non-uniformity as CDS does not cancel this non-ideality. Alternative FPN management tech-
niques have been developed for use in digital still cameras that employ a frame memory to
measure and subtract the contribution due to dark current non-uniformity for each pixel [Hur-
witz et al. 1997]. For applications where such an approach is unsuitable dark current non-uni-
formity can only be addressed at the fabrication process level by reducing the dark current
density and/or introducing pixel structures that support surface pinning [Guidash et al. 1997].
To compete with the fixed-pattern noise performance of high-end CCD sensors intervention at

the fabrication process level will be required.
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4-12. Quantum Efficiency

4-12.1 The Quantum Efficiency Measurement

The quantum efficiency of the monochrome and colour photogate sensors were determined
using the experimental setup shown in Figure 4-34. A Jobin Yvon H-10 monochromator pro-
vided a monochromatic source with variable wavelength in the range 400nm to 1100nm. An
optical fibre and beam splitter was used to equally share the source between the photogate sen-
sor and a Newport 840-C optical power meter with a 818-UV photodetector.

optical fibre dark .
Q optical beam splitter
circuit board
monochromator n
calibrated '
photodetector , ———m to PC
it phatogate semorf
o000 ' L ] :
optical power + optical bench
MMEEE. S piaed BN ERinda At ostE

Figure 4-34. Experimental setup for the quantum efficiency measurement.

The quantum efficiency of the photogate sensor was determined using the following proce-
dure. At each wavelength A the beam produced by the monochromator was completely
enclosed by the imaging array. The exposure of the sensor was set to ensure that none of the
pixels were saturated. 100 frames were acquired and the mean signal level p, ; for each pixel

was computed using (A-6) and a black reference level subtracted.
The total number of signal electrons collected was computed using:

rows columns

1
Nn’gna! total — 6 z Z 'J-;'J' electrons (4-57)
i J

The optical power meter was used to measure the optical power P, (1) output by the mon-

ochromator at each wavelength A . The total number of photons N oo

the photogate sensor during the integration period T, was calculated using:

tons total ( K') incident on

A'pe ( l) T:'m‘
N —

photons rotal (A) = he photons (4-58)

which was derived from (2-2).
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The sensor quantum efficiency at A is then given by:

Nsignm‘ total ( }"’)

Nphorans total (A)

n) = (4-59)

All the quantum efficiency data presented in Section 4-12 was obtained by Iliana Fujimori
of the Massachusetts Institute of Technology.

4-12.2 Quantum Efficiency of the Monochrome Sensor

The measured quantum efficiency 1 (A) of the monochrome sensor is shown in Figure
4-35.
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Figure 4-35. Quantum efficiency 1) (A) of the monochrome sensor. Note that the data has not been
divided by the drawn pixel fill factor.

The sensor quantum efficiency at wavelengths 400-500nm is particularly low due to optical
absorption in the polysilicon of the photogate. The oscillations in the quantum efficiency plot
at wavelengths 500-800nm are caused by optical interference in the polysilicon, SiO,, and pro-
tective layers of the photogate structure [Theuwissen 1995]. The quantum efficiency at wave-
lengths greater that 800nm begins to fall due to these photons penetrating the silicon substrate
at depths in excess of the minority carrier diffusion length before being absorbed. Most elec-
trons generated by such photons recombine rather than diffusing to the collection site under the
photogate.
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4-12.3 Quantum Efficiency Comparison

The monochrome sensor quantum efficiency is compared with values reported for other
CMOS and CCD image sensors in Table 4-14.

Naoonm | Meoo n n
. nm 800nm eak
Sensor Architecture Process P
[Levine et al. 1994] Frame-Transfer with 2.0um CCD 57% 80% 58% 80%
Backside Illumination (600nm)
[Stevens et al. 1991] Interline-Transfer 1.2um CCD 73% 55% 15% (est.) 79%
(440nm)
[Nixon et al. 1995] Photodiode APS 1.2um CMOS 6% 53% 46% 59%
(610nm)
[Bosiers et al. 1995] Frame-Transfer 0.8um CCD 14% 20% 4% 32%
(500nm)
[Nixon et al. 1996a] Photogate APS 1.2um CMOS 2.5% 20% 17% 24%
(700nm)
This sensor Photogate APS 0.8um CMOS 1.2% 18% 11% 19%
(620nm)

Table 4-14. Quantum efficiency of CMOS and CCD image sensors.

The quantum efficiency of the photogate sensor is comparable to data published for other
CMOS photogate APS image sensors but the peak quantum efficiency is approximately 70%
lower than that of a frame-transfer CCD [Nixon et al. 1996a, Bosiers et al. 1995]. The photo-
gate sensor has a factor of 3 or 4 times lower quantum efficiency than the CMOS photodiode
sensor, the interline-transfer CCD, and the frame-transfer CCD with backside illumination.
The low quantum efficiency of the photogate sensor explains the poor optical sensitivity results
obtained in Section 4-6. The low quantum efficiency of the photogate sensor, particularly at
short wavelengths, is due to absorption in the polysilicon photogate [Wong et al. 1998]. By
way of comparison, the polysilicon of a standard sub-micron CMOS process is of the order of
3 to 10 times thicker than that used in a frame-transfer CCD [Bosiers et al. 1995]. To substan-
tially improve the quantum efficiency of the photogate sensor would require decreasing the
thickness of the polysilicon photogate as a modification to the standard CMOS fabrication
process. The quantum efficiency of the photogate sensor could also be enhanced by increasing
the pixel fill-factor. As the feature dimensions of CMOS fabrication technology continue to
decrease this will enable higher pixel fill-factors to be achieved. However, the manufacture of
image sensors in sub-micron CMOS fabrication technology introduces a new issue concerning
quantum efficiency to be addressed. It is normal practice in state-of-the-art CMOS processes to
implant the polysilicon gate and source/drain regions of devices with metallic ions to form a
compound known as silicide. While the use of silicide improves various electrical properties of
transistors, it is almost opaque to light in the visible spectrum [Wong et al. 1998]. It is therefore
critical in the manufacture of CMOS sensors in sub-micron technology to block the formation
of silicide on the photogates and the photodiodes. As no measured data has been published

comparing the sensitivity and quantum efficiency of sensors with and without silicide, the
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exact performance penalty of the use of silicide is unknown. The photogate sensor evaluated in
this chapter was manufactured in a 0.8um CMOS process for which the formation of silicide
was blocked.

4-12.4 Quantum Efficiency of the Colour Sensor

The measured quantum efficiency of the colour sensor is shown in Figure 4-36 with the
quantum efficiency of the monochrome sensor superimposed. A CM-500M colour compensat-
ing filter was used with the colour sensor for this measurement.

800

500

600 700
Wavelength (nm)

Figure 4-36. Quantum efficiency of the monochrome and colour sensors. The data has not been

divided by the drawn pixel fill-factor.

The quantum efficiency of the colour pixels is approximately what might be expected by
multiplying the quantum efficiency of the monochrome sensor with the transmission character-
istics of the colour filters (Figure 4-6), and the CM-500M colour compensating filter character-
istic (Figure 4-7) as shown in Figure 4-37. The measured quantum efficiency is not exactly as
predicted due to the use of optical shields, and the presence of pixel cross talk. Overall, the
quantum efficiency of the colour sensor is very low, particularly for the blue pixels.
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Quantum Efficiency

2‘0 - 500 600 - 700 800 900
Wavelength (nm)

Figure 4-37. Predicted and measured quantum efficiency of the colour sensor represented by the solid

and dashed traces respectively. The data has not been divided by the drawn pixel fill-factor.

4-12.4.1 Optical Light Shields

As part of the deposition of the colour filter array, opaque material was deposited over the
portion of each pixel not corresponding to the photogate to form a light shield as shown in Fig-
ure 4-38. This was done to minimize the possibility of optical coupling or “light piping”
between adjacent pixels that can degrade image sharpness and contribute to colour cross talk
[Theuwissen 1995].

colour filter

= WA iight shieid

L}
1]
N

Figure 4-38. Light shield and colour filter deposited over the photogate pixel.
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Inspection of Figure 4-37 suggests that in practice the pixel area responsible for the absorp-
tion of photons is substantially larger than the area of the photogate itself. This means that a
significant proportion of the carriers collected in the potential well under the photogate are the
result of diffusion through the substrate. This phenomenon can also degrade image sharpness

and cause colour cross talk.

4-12.4.2 Colour Cross Talk

Colour cross talk occurs in solid-state image sensors that use colour filter arrays (CFA). It is
due to photons being transmitted by the colour filter of one pixel, but the generated carriers
being collected by a different pixel due to light piping or diffusion through the substrate
[Lavine et al. 1983, Engelhardt and Seitz 1993]. Inspection of the quantum efficiency data
reveals colour cross talk in the photogate sensor as highlighted in Figure 4-39. Significant
cross talk from the red pixels into the green and blue pixels was identified, in addition to cross
talk from green pixels into the blue pixels. This is consistent with the photon penetration depth
being greater for longer wavelengths. It was also found that green pixels in the same rows as
the red pixels had a slightly different quantum efficiency than the green pixels in the same rows
as the blue pixels. This difference is most pronounced in terms of the level of red — green
cross talk and suggests that cross talk from the red pixels occurs preferentially in the direction
of the same row rather than along the same column. In Figure 4-39 the different green pixels
have been denoted greenl (G1) and green2 (G2) respectively.

green — blue
3‘0.05 cross talk

red — green cross talk

CFA pattem

' 600 700
red -» blue cross talx  Wavelength (nm)

Figure 4-39. Quantum efficiency of the colour sensor demonstrating colour cross talk. The data has
not been divided by the drawn pixel fill-factor.
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It can also be seen in Figure 4-39 that the quantum efficiencies of the red, green, and blue
pixels have a small peak near 720nm. This is because the transmission characteristic of the cor-
responding filters (Figure 4-6) and colour compensating filter (Figure 4-7) are not zero in this
portion of the spectrum. This non-ideality also contributes to colour cross talk. The net result
of colour cross talk in the photogate sensor 1s the mixing of colour components that degrades
image sharpness and the colorimetric accuracy of the sensor. This will be discussed further in
Section 4-13.6. Furthermore, the slight difference in quantum efficiency for green pixels in
adjacent rows due to cross talk means that their optical sensitivities are also different. This has
implications for performing colour interpolation that will be discussed in Section 5-7.6.4.

4-12.5 Quantum Efficiency of the Colour Sensor with Microlenses

Microlenses enhance sensor quantum efficiency through increasing the effective pixel
fill-factor [Theuwissen 1995]. The measured quantum efficiency of the colour sensor with mic-
rolenses and light shield is shown in Figure 4-36. The quantum efficiency of the colour sensor

with light shield alone has been superimposed for comparison.

0.15 T T — v

e
=

Quantum Efficiency
z

= resnane |
Wavelength (nm)

Figure 4-40. Quantum efficiency of the colour sensor with microlenses and light shield, and the colour
sensor with light shield alone represented by solid and dashed traces respectively. The data has not
been divided by the drawn pixel fill-factor.

The improvement in photogate sensor quantum efficiency due to the use of microlenses is
quantified in Table 4-15. The percentage improvement in the peak quantum efficiency of the
red, green, and blue pixels was 38%, 28%, and 18% respectively. These values are in approxi-
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mate agreement with the 33%, 27%, and 15% improvement in mean optical sensitivity found

using microlenses in Section 4-6.5.

Inspection of Figure 4-40 and Table 4-15 shows that the effectiveness of the microlenses in

improving the sensor quantum efficiency has a clear dependence on the wavelength of the inci-

dent light. The microlenses provide greater optical gain in the red portion of the spectrum than
the blue and also increase colour cross talk. As with any optical system, microlenses have a
design wavelength A, for which the lens design is optimal. For wavelengths significantly
longer or shorter than A, the microlens is less effective. The largest percentage increase in

quantum efficiency for the colour photogate sensor with microlenses occurs at 620nm suggest-

ing that A, must be close to this wavelength.

(light shield)

n eak
P red green blue
without microlenses 7.8% 6.7% 33%
(light shield)
with microlenses 10.8% 8.6% 3.9%

% improvement due to
microlenses

38%

28%

18%

Table 4-15. Peak quantum efficiency of the colour photogate sensor with and without microlenses.

4-12.6 Quantum Efficiency with Microlenses and No Light Shield

Colour photogate sensors with microlenses were also fabricated with no light shield. The

measured quantum efficiency of the colour sensor with microlenses and no light shield is

shown in Figure 4-41. The quantum efficiency of the colour sensor with microlenses and light

shield has been superimposed for comparison.
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Figure 4-41. Quantum efficiency of the colour sensor with microlenses and no light shield, and the
colour sensor with microlenses and light shield represented by solid and dashed traces respectively.

The data has not been divided by the drawn pixel fill-factor

Inspection of Figure 4-41 suggests that the light shield uniformly reduces the quantum effi-
ciency of the red, green, and blue pixels. The decrease in peak quantum efficiency due to the
use of the light shield is quantified in Table 4-15. The percentage reduction in quantum effi-
ciency is approximately the same for the red, green, and blue pixels. It is also apparent from
Figure 4-41 that the light shield does not reduce the relative amount of colour cross talk
between pixels. This implies that the dominant mechanism by which colour cross talk occurs is

diffusion of carriers through the substrate and not light piping. The use of the light shield is

therefore of dubious merit as it degrades the overall sensor quantum efficiency.

n eak
& red green blue
with microlenses 10.8% 8.6% 3.9%
and light shield
with microlenses 13.5% 10,7% 5.0%
and no light shicld
% reduction due to 25% 24% 28%
light shield

Table 4-16. Peak quantum efficiency of the colour photogate sensor

with microlenses both with and without light shield.
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4-13. Colorimetric Performance

As reviewed in Chapter 3 colour camera technology is largely independent of the underly-
ing solid-state imaging technology. Colour filter arrays, microlenses, and subsequent stages of
colour processing such as spatial interpolation, colour correction, and gamma correction are
similar for CMOS or CCD based cameras. However, the performance of a colour camera is
significantly determined by the performance of the solid-state image sensor. To establish the
colorimetric accuracy and noise performance of the colour photogate sensor a digital colour
camera was realized in software on a PC. As the purpose of the software implementation was
to elucidate these performance parameters, only the minimum requirements for realizing a dig-

ital colour camera system were supported.

4-13.1 Colour Processing Architecture

To generate 24-bit colour images from the colour photogate sensor the digitized pixel val-
ues acquired by the PC were subject to spatial interpolation, colour correction, and gamma cor-
rection as illustrated in Figure 4-42.

board R, R e display
Spatial 18 bk ol Gamma 8
A , s Colour Correction (& —» -
12 Interpolation |g,, ' Matrix B Correction |
18 16 B

Figure 4-42. Colour processing architecture.

The colour processing was performed using 16-bit integer arithmetic to preserve accuracy
and truncated to 8-bits per colour component during gamma correction. Frames of dimension
352 x 288 were acquired from the colour photogate sensor and processed by the PC.

4-13.1.1 Spatial Interpolation

The use of a colour filter array (CFA) to realize a single-chip colour image sensor necessi-
tates spatial interpolation to construct three colour components for each pixel. As the interpola-
tion scheme does not play a significant role in the colorimetric accuracy of a colour camera, an
elementary interpolation procedure based on low-pass filter routines was used with the photo-
gate sensor for ease of implementation. The interpolation algorithm used is the same as that
employed by the single-chip camera and will be described fully in Section 5-7.1. It involves
averaging pixel values corresponding to the same colour over a 3 X 3 pixel neighbourhood.
While this scheme produced visible colour aliasing artifacts at luminance transitions in the
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image, these could be reduced with a more advanced interpolation technique and are not indic-
ative of the colour photogate sensor itself [Parulski et al. 1989, Hibbard 1995]. To simplify the
spatial interpolation routine no interpolation was performed for the pixels along the image
perimeter and so the interpolated component images R, ,, G; ., and B, had dimensions 350

X 286.

int’ “int?

4-13.1.2 Colour Correction

To improve the colour rendition of the sensor and transform into a standard colour space a
linear 3 X 3 matrix operation C was applied to the interpolated colour components for each
pixel [Parulski 1985]. After the application of C post-offsets were added to the corrected red,
green, and blue components respectively. Colour correction for the colour photogate sensor is

described by:

R 11 C1a S| | Ry | Offsety
G| = |¢y) €y 3| |G| + |Offsel5 (4-60)
B B offsety

C31 €32 €33 | Pins

When determining the coefficients of the colour correction matrix it is useful to consider C

as the product of two 3 X 3 matrices denoted H and P:

C = PH (4-61)

The matrix H transforms the interpolated colour components from the photogate sensor
into the CIE XYZ colour space [Wyszecki and Stiles 1982]. A procedure for determining the
coefficients of H is described in Section 3-4.27. Finding the matrix H enables the colorimet-

ric accuracy of the photogate sensor to be established.

The matrix P maps from the CIE XYZ colour space into the colour space of the CRT dis-
play primaries. As the necessary data concerning the primaries of the CRT display was not
available it proved convenient to use the published transformation between the CIE XYZ col-
our space and the colour space of the NTSC primaries with a Dgs white point as given by
(4-62) [Sproson 1983]. While this choice may result in minor shifts for some colours it proved

satisfactory for the purposes of displaying colour images from the photogate sensor.

1.9709 -0.5494 ~0.2974
P = | 09538 19364 -0.0274 (4-62)
0.0638 -0.1294 0.9814
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4-13.1.3 Gamma Correction

Gamma correction was applied to each of the colour components to correct for the charac-
teristic non-linearity of the display cathode ray tube (CRT) according to [Poynton 1996]:

R=R.B=8.andG = G (4-63)

The value of gamma, vy, was adjustable and implemented as a lookup table. As part of this
process each colour component was truncated to 8-bits as required for 24-bit colour display by
the PC.

4-13.2 The Colour Experiment

The matrix H defined as part of the colour correction matrix was determined empirically
using 24 colour samples provided by the Macbeth ColorChecker colour rendition chart. The
experimental setup is shown in Figure 4-43. A lens assembly with focus and adjustable aper-
ture was used to focus an image of the chart onto the colour photogate sensor. A CM-500M
colour compensating filter was used to suppress infra-red. Dgs illumination was provided by a
pair of Macbeth Sol-Source lamps.

Dgs illumination

gircuit board

Macbeth Chart IE
. /‘ [
| /
' optical bench
colour lens PC
mm%nlanuung assembly
Ter

Figure 4-43. Colour photogate sensor experimental setup. A pair of Macbeth Sol-Source lamps
provided the Dgg illumination (not shown).

4-13.2.1 Dgs lllumination

To accurately express colour information using tristimulus values such as (R, G, B) or
(X, Y, Z) requires the specification of the illuminant or white point [Hunt 1995). The CIE has
provided a number of standard illuminants to support the exchange of colour information
including the D6500K or Dgg illuminant that represents daylight [Wyszecki and Stiles 1982].
The procedure employed to determine the matrix H requires that the same illuminant, prefera-
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bly a CIE standard illuminant, be employed for both acquiring the colour samples with the
photogate sensor, and measuring the tristimulus values of the colour samples. The availability
of Macbeth Sol-Source lamps allowed the use of the Dgs standard illuminant.

4-13.2.2 The Macbeth ColorChecker Colour Rendition Chart

The Macbeth ColorChecker chart is widely used to assess the colorimetric performance of
colour acquisition and reproduction devices [Martinez et al. 1993]. It contains 24 different col-
our samples that include the additive primary colours (red, green, and blue), the subtractive
primary colours (cyan, magenta, and yellow), a neutral series ranging from white to black, and
colours representative of subjects such as human skin, foliage, and blue sky. The colour sam-
ples are numbered according to Figure 4-44 [Macbeth]. A Minolta CR-110 Chroma Meter and
DP-100 Data Processor were used to measure the luminous reflectance values Y and chroma-
ticity coordinates (x, y) for each of the colour samples with a Dgs illuminant. For each colour
sample a number of measurements were performed and the results averaged. Using (3-12) the
CIE (X, Y, Z) tristimulus values for the colour samples were found. The matrix given in (4-62)
was then applied to find the NTSC (R, G, B) tristimulus values for the colour samples. The
mean (X, ¥, Z) and NTSC (R, G, B) tristimulus values for the colour samples of the Macbeth
ColorChecker are listed in Table B-1.

Figure 4-44. Numbering of the colour samples of the Macbeth ColorChecker colour rendition chart.

4-13.2.8 Acquiring the Colour Samples

An image of the Macbeth ColorChecker colour rendition chart was acquired by the colour
photogate image sensor under Dgs illumination using the experimental arrangement of Figure
4-43. The aperture on the lens assembly was f/2.0 and the integration period of the photogate
sensor was 90ms. The image was interpolated and for each colour sample of the chart, regions
inr Gim' Binr) for each
B, ) values were normalized to 255 and are listed in

of 30 x 30 pixels were averaged to yield the mean tristimulus values (R
G.

inr

sample. The mean (R
Table B-2.

inp
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4-13.2.4 Finding the Colour Correction Matrix

As the matrix P is given by the display primaries, finding the colour correction matrix C is
the task of determining the transformation H. If the post-offsets of (4-60) are required to
improve colour rendition, then they must be found also. As discussed in Section 3-4.27 most
methods for determining the coefficients of H are based on minimizing a colour error metric.
For a given matrix H, estimates of the CIE XYZ tristimulus values (5(, Y, 2) for the 24 sam-
ples of the Macbeth ColorChecker can be found from the interpolated tristimulus values

(Ripp Gy By O Table B-2 using:
)'¢ hyy hyy hys| | R,,,
Y| = |hy hyy hys| |Gy, (4-64)
Z h31 h32 h33 Bint

The actual CIE XYZ tristimulus values (X, Y, Z) for the samples of the Macbeth Color-
Checker are given in Table B-1. A number of different colour error metrics are available to
quantify the difference between the (X, Y, Z) and (5(, ¥, Z) tristimulus values. To find the
optimal colour correction matrix for the colour photogate sensor the author explored two dif-
ferent approaches, the mean squared error in the CIE XYZ colour space, and the RMS colour

difference in the CIE L*u*v* colour space.

4-13.3 The Mean Squared Error in the CIE XYZ Colour Space

One of the simplest colour error metrics to minimize is the mean squared error (MSE) in the
CIE XYZ colour space:

1 ~ )2 < )2 A )2
MSEy,, = 5 ((Xr—X,) +[Yr-Y,j +[zr-z,j ) (4-65)

4-13.3.1 The Least-Squares Method

Choosing the MSE in the CIE XYZ colour space as the colour error metric allows an analyt-
ical solution to be found using the least-squares method which is described in Section B-3.
Using MATLAB to perform the matrix calculations the MSE in the CIE XYZ colour space was
found to be 7.296 and the optimal matrix H':

0.5245 0.1966 0.1016
H = |_0.0249 12667 -0.3419 (4-66)
~0.2912 —1.2649 2.4834
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Multiplying by the matrix P given in (4-62) yields the colour correction matrix:

1.1317 0.0677 —0.3498
C = 1_0.5409 2.3017 —0.8276 (4-67)
~0.2493 ~1.3940 2.4902

4-13.3.2 Finding Post-Offsets that Minimize the MSE

The MSE can be reduced further by the use of offset terms. This can be achieved by re-writ-
ing (4-64) in the form:

T
X hyy hyy by offsety| | ™

G.
Y| = |hyy hyy hys offsety| | ™ (4-68)
. B,
Z hsy 3y hsy offsety ;m

and then using the least-squares algorithm to find the new optimal matrix H :

0.5600 0.1462 0.1756 —5.7940
H = 00178 12059 -0.2528 —6.9725 (4-69)
~0.2741 —1.2891 2.5189 -2.7804

Multiplying by P gives a 3 X 4 matrix, the first 3 rows and columns of which form the new
colour correction matrix C. This procedure yields a MSE in the CIE XYZ colour space of
6.136 and colour correction matrix and post-offsets of:

1.1731 0.0089 -0.2637 ~6.7481
C = [_0.4925 22328 —-0.7267|, post-offsets | _7 9056 (4-70)
~0.2358 —1.4131 2.5182 ~2.1975

While it is convenient computationally to use the MSE in the CIE XYZ colour space as the
colour error metric, most practical methods for finding the optimal colour correction matrix do
not use this approach. This is because the CIE XYZ colour space is not perceptually uniform.
As a direct consequence (4-65) does not yield an equal measure of colour error as seen by a
human observer for (X, Y, Z) and (5(, f’, Z) tristimulus values in different portions of the XYZ
colour space. This problem can be addressed by using a colour error metric in the CIE [ *y*y*
or CIE L*a*b* perceptually uniform colour spaces instead [Engelhardt and Seitz 1993, Lenz
and Lenz 1996, Suzuki et al. 1990].
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4-13.4 The RMS L*u*v* Colour Difference

The other colour error metric used by the author to find the matrix H for the colour photo-

gate sensor was the RMS colour difference in the CIE L*u*v* colour space, (AE* ) RMS” For

a given matrix H, estimates of the CIE XYZ tristimulus values (5(, Y, Z) for the 24 samples of
the Macbeth ColorChecker can be found from the interpolated tristimulus values
(R;,» G,,p Bj,,) of Table B-2 using:

inp int

P

(4-71)
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The transformation of CIE XYZ tristimulus values into the CIE L*u*v* colour space is
described in Section 3-4.18. Using this transformation a (f,*, a*, v*) and (L*, u*, v*) tris-
timulus value for each of the colour samples can be found from the (X, ¥, Z) estimates com-
puted using (4-71), and the actual (X, Y, Z) tristimulus values listed in Table B-1 respectively.
The RMS colour difference over the 24 colour samples is then given by:

24

r=1

As the transformation from the CIE XYZ to the CIE L*u*v* colour space is non-linear, it not
possible to find an analytical solution for H and instead numerical methods must be applied.

4-13.4.1 The Conjugate Gradient Method

The numerical optimization method used to find the matrix H that minimized
(AE*UV) RMS
and Zak 1996]. The conjugate gradient algorithm was implemented in MATLAB and success-

fully converged to the same solution within 300 iterations from any random initial value H,,.

was the conjugate gradient algorithm and is described in Section B-4 [Chong

The optimal matrix H was found to be:

0.4504 0.2951 0.0526
H = |_01126 1.4026 -0.4154 (4-73)
—-0.3789 -1.0966 2.3950
which yields a RMS colour difference (AE* ) of 8.520 units RMS over the 24 sam-
ples of the Macbeth ColorChecker.

RMS

Multiplying by the matrix P given in (4-62) yields the colour correction matrix:
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1.0601 0.1368 —0.3796
C = |_0.6378 2.4665 —0.9209 (4-74)
—0.3288 —1.2400 2.4097

4-13.4.2 Finding Post-Offsets that Minimize the RMS L*u*v* Colour Difference

The RMS colour difference was further reduced by finding the optimal offsets in a similar
manner to that described in Section 4-13.3.2 The conjugate gradient algorithm was used to
find the optimal matrix H of the form shown in (4-68). This procedure yielded a RMS colour

difference (AE* ) RMS of 7.678 units RMS and colour correction matrix and post-offsets of:
1.1080 0.0256 -0.1960 —-7.5472

C = |-0.5892 2.3518 —0.7164|, post-offsets |_g 7870 (4-75)
—-0.3082 -1.3188 2.5419 —4.1656

4-13.5 Comparing the Performance of the Colour Error Metrics

4-13.5.1 Numerical Comparison of Colour Error Metrics

The results obtained using the two different colour error metrics are shown in Table 4-17.
For each result the corresponding value of the alternative colour error metric has also been
computed. The values for each of the colour error metrics prior to colour correction are also
given. It is apparent that the application of the colour correction matrices substantially

improves the colour rendition of the photogate sensor.

Optimization Method MSEy ., (AE* ) RMS
and Colour Error Metric
no colour correction 76.53 40.59
least-squares 7.30 8.92"
least-squares with offsets 6.14 794"
conjugate gradient 8.45™ 8.52
conjugate gradient with offsets 696" 7.68

Table 4-17. Cornparison of colour error metrics obtained using different
optimization methods. The entries labelled * were computed from
the matrix found using the MSE in the XYZ colour space. The
entries labelled ** were computed from the matrix found using the
RMS L*u"v* colour difference.

It is held that in the CIE L*u*v* colour space a colour difference of 1 corresponds to a “just
noticeable difference” between two colour samples. From the values listed in the last column
of Table 4-17 it can be expected that the improvement in colour rendition provided by matrices
found using both methods is similar, and that employing the RMS colour difference in the CIE
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L*u*v* colour space does not yield a significantly higher level of colorimetric accuracy as is

generally found [Sproson 1983]. Possible reasons for this will be presented shortly.

4-13.5.2 Visual Comparison of Colour Error Metrics

To visually assess the result of applying a given colour correction matrix a program was
written to generate a 24-bit colour image to display the actual samples of the Macbeth Color-
Checker together with those rendered by the photogate sensor after colour correction. By view-
ing the image on a 24-bit display with a Dgs white point the accuracy of the colour match could
be subjectively evaluated. Two such images representing colour correction found by minimiz-
ing the MSE in the CIE XYZ colour space and the RMS L*u*v* colour difference have been
reproduced in Plate 1(a) and (b) respectively. Although the photographic process has altered
the absolute colours, the relative colour differences are close to how they appear when dis-
played. The small squares give the measured colours while the surrounds give the acquired
data from the photogate sensor after colour correction. Inspection of Plate 1(a) and (b) reveals
that a fair colour match is made for most of the samples. The most notable exception is sample
17 which is “magenta”. It is also apparent from Plate 1(a) and (b) that both procedures used to
find the colour correction matrix yield similar colour errors for each sample. This is numeri-
cally quantified in Table B-3 where the CIE (AL*, Au*, Av*) colour difference errors for
each colour sample for both colour correction matrices have been computed and are shown to

be comparable.

4-13.5.3 Comparison With Other Solid-State Image Sensors

To compare the colorimetric performance of the photogate sensor with other solid-state
image sensors it is necessary to find studies in which the same colour error metric and colour
samples were used. In an investigation by Kollarits and Gibbon they report on a model camera
system based on a CCD sensor with three primary colour filters [Kollarits and Gibbon 1990].
Colour separation was achieved by placing each of the colour filters in turn between a single
monochrome CCD sensor and the target. While this technique avoided the need for spatial
RMS of 4.76 units RMS
was found by minimization over the 24 samples of the Macbeth ColorChecker using a numeri-

interpolation it was only suitable for still-images. A value for (AE* )

cal perturbation method. This result is significantly lower than those obtained for the photogate
sensor listed in Table 4-17 and indicates that the colorimetric accuracy of the photogate sensor
is poorer than that of the CCD-based camera of Kollarits and Gibbon.

4-13.6 Factors Limiting the Colorimetric Accuracy

4-13.6.1 The Colour Analysis Functions of the Photogate Sensor

Fundamentally the colorimetric accuracy of any solid-state image sensor is limited by the
shape of the colour analysis functions. The colour analysis functions realized by the photogate
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sensor before and after colour correction are shown in Figure 4-45(a) and (b) respectively. The
colour analysis functions before colour correction are given by the quantum efficiencies of the
red, green, and blue pixels multiplied by the gains necessary to achieve white balance for a Dgs
Hluminant. The colour analysis functions after colour correction are found by application of
the colour correction matrix. In principle the shape of the sensor colour analysis functions after
colour correction shown in Figure 4-45(b) should be the same as the ideal NTSC colour analy-
sis functions given in Figure 3-13. In practice substantial differences exist. The most important
of these concerns the blue colour analysis function, with its peak at 480nm rather than 440nm,
and its excessive negative transition. The non-ideal shape of the colour analysis functions are
due to substantial colour cross talk, and the poor quantum efficiency of the photogate sensor in

the blue region of the spectrum.
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Figure 4-45. The colour analysis functions of the photogate sensor (a) before, and (b) after application
of colour correction matrix (4-67). The colour analysis functions prior to colour correction have been
normalized to achieve white balance for a Dgs illuminant.

4-13.6.2 Colour Cross Talk

Colour cross talk in the photogate sensor was identified in Section 4-12.4.2. In Figure 4-45
it is clear that colour cross talk limits the ability of the photogate sensor to realize the ideal
NTSC colour analysis functions. This is particularly true for the blue pixels where cross talk
ensures that the blue colour analysis function shown in Figure 4-45(a) has significant response
for wavelengths between 500nm and 750nm. As a consequence the colour correction matrices
determined in Section 4-13.3 and Section 4-13.4 have substantial negative values for coeffi-
CIENLS €5y, €3, and ¢4, of the colour correction matrix to try and cancel cross talk from the

red and green pixels.

170



CHAPTER 4 Performance Analysis of a Colour CMOS Photogate Image Sensor

4-13.6.3 Poor Sensor Quantum Efficiency

The presence of significant colour cross talk in the photogate sensor is exacerbated by the
poor quantum efficiency of the monochrome photogate sensor in the blue region of the spec-
trum. This allows a substantial percentage of the blue response of the sensor to be contributed
by cross talk rather than the collection of carriers generated by short wavelength photons. Fur-
thermore, the poor quantum efficiency of the sensor at short wavelengths shifts the peak of the
blue response. In Figure 4-6 the peak of the blue colour filter characteristic is at 450nm, as
required by the ideal blue NTSC colour analysis function. However the shape of the quantum
efficiency of the monochrome photogate sensor given in Figure 4-35 shifts this peak to 510nm.
The colour correction matrix is only able to move this peak back to 480nm, with a correspond-

ing loss in colorimetric accuracy.

4-13.6.4 Comparisons with Other Solid-State Image Sensors

It is now possible to account for the difference in colorimetric accuracy between the photo-
gate sensor and the camera system of Kollarits and Gibbon discussed in Section 4-13.5.3 [Kol-
larits and Gibbon 1990]. Colour separation in the camera system of Kollarits and Gibbon was
not achieved using a colour filter array but by mechanically changing a global colour filter and
combining the different frames. It was therefore not subject to colour cross talk that might
reduce its colorimetric accuracy in the manner found for the photogate sensor. However,
inspection of the colour analysis functions reported for CCD sensors with colour filter arrays
suggests that colour cross talk in the photogate sensor is still significantly larger than that
found in CCD sensors that use CFAs [Naito et al. 1995, Nishima et al. 1995]. This is not unex-
pected as the CCD pixel structure and doping concentrations of the substrate are optimized to
control the diffusion length of minority carriers [Stevens and Lavine 1994]. In comparison the
photogate sensor was fabricated in a standard digital CMOS process were no special measures

were taken to minimize cross talk within the substrate.

4-13.7 Degradation of Signal-to-Noise Performance

While the application of the colour correction matrix C provides substantial improvement
in colour rendition it has an unwelcome impact on the noise performance of a colour sensor
[Sproson 1983, Parulski 1985, Poynton 1996]. As the noise inthe R. , G

int? and B; , compo-

int?
nents are independent, their noise variances add and are weighted by the coefficients of C to

give the noise in the colour corrected components R, G, and B which can be computed using:

Q
|

2 2 2
- A/(6110th )T+ (cp0, )t (¢,30, )" Volts RMS (4-76)

Q
]

2 2
J(czlcsth )2+ (00, )+ (0, ) Volts RMS (4-77)
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c, = A/(6310',1“,’”) + (6320',&_”1) + (633(5,35"’) Volts RMS (4-78)

,and ¢, are the RMS temporal noise components in R, and

where 6, , © int?

G
’Rim ’Gim ’Binx
respectively, and ©, , 0, , and &, are the RMS temporal noise components in R, G, and
R G B

int?
Bint
B. As many of the off-diagonal elements of C are comparable to the diagonal elements the

signal-to-noise ratio of the sensor after colour correction is significantly degraded.

The degradation of the signal-to-noise ratio of the photogate sensor with the application of
the colour correction matrix can be illustrated with a numerical example for 1-lux faceplate
illumination and a 30ms integration time. Under this exposure the sensor is photon shot noise
limited and using the optical sensitivity data of Table 4-7 together with (2-12), (2-23), and
(4-22) the number of signal electrons N _;

signal’
and the SNR for each colour can be calculated. Based on the

the number of RMS electrons representing the
photon shot noise n
ratio of Nsignal
ance can be found. This data corresponding to the performance of the sensor prior to colour
correction is given in the first half of Table 4-18. While (4-60) and (4-76)-(4-78) relate voltage

quantities, they can be used in an equivalent sense for the purposes of this calculation with sen-

photons shot’
between the colour channels, the relative gains necessary to achieve white bal-

sor signal and noise components represented using electrons and RMS electrons respectively.
If the colour correction matrix given by (4-74) is applied, then the equivalent number of signal

are given

electrons Nsigna, and RMS electrons representing the photon shot noise R ohotons shot

in the second half of Table 4-18 together with the SNR for each colour.

Before Colour Correction After Colour Correction
Colour Nsignal nphoton shot BV:IZ::e SNR Nfig'la/ nl’ho"’" shot SNR
(electrons) (RMS Gains @B) (electrons) (RMS (dB)
electrons) electrons)
red 1851 43 1.000 32.7 1513 52 292
green 1521 39 1.217 318 1680 134 220
blue 816 29 2.268 20.1 1556 167 19.4

Table 4-18. The signal-to-noise performance of the colour photogate sensor at 1-lux faceplate
illumination both before and after application of the colour correction matrix (4-74). The
data corresponds to an illuminant consisting of a 3200K tungsten halogen lamp with
BG0.40 colour compensating filter.

For this example the SNR of the green and blue channels of the photogate sensor are
degraded by 10dB with the application of the colour correction matrix. This is due to the low
sensitivity of the blue pixels, and substantial colour cross talk which results in large absolute

values for the coefficients ¢, , €53, and Cyq-
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4-13.8 Example Images

The colour correction matrix was applied to an interpolated image acquired using the photo-
gate sensor under D illumination at an ambient level of 4.3-lux. The image before and after
colour correction are reproduced in Plate 2(a) and (b) respectively. The improvement in colour
rendition is striking. While it is difficult to see the degradation in SNR due to colour correction
in the images provided, the colour aliasing artifacts are more noticeable. The use of more
sophisticated interpolation schemes could be used to reduce their visibility [Parulski et al.
1989, Hibbard 1995].

4-13.9 Subjective Comparison

In the bulk of this chapter various performance parameters of the photogate sensor have
been determined and compared with reported values for other CMOS and CCD sensors. How-
ever, it should be noted that by virtue of their publication most of these sensors are or were
state-of-the-art in some aspect of their design or performance. Therefore to gain greater per-
spective on the performance of the photogate sensor was subjectively compared with a
low-end colour CCD-based multi-media camera under normal fluorescent room lighting [Con-
nectix]. It was found that the colour photogate provided a cleaner imaging with superior colour
rendition. However, the performance of both sensors was substantially degraded at low-light
levels. This suggests that while many performance parameters of the photogate sensor are not
competitive with that of state-of-the-art CCD sensors, the performance of the photogate sensor

is comparable or better than that of low-end CCD sensors.

4-14. Conclusion

It is now possible to summarize the performance of the photogate sensor, to form conclu-
sions regarding the performance limitations of CMOS image sensors in general, and to suggest

how each of these limitations might be addressed.
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4-14.1 Performance Summary of the Photogate Sensor

The performance of the CMOS photogate sensor evaluated in this chapter is summarized in
Table 4-19.

Pixel Design Single-poly photogate
Technology Lucent Technologies 0.8um CMOS
Resolution 352 %288
Pixel Dimensions 16.0pm x 16.0um
Pixel Fill-Factor 35% (drawn active area)
Dark Current Density 183pA/cm? at 25°C
Saturation 1.38V
(49 K electrons)
Read Noise 121.5uV RMS
455.00V RMS including CDS
Dynamic Range 73.6 dB (30ms integration, 25°C)
68.4 dB including CDS
Monochrome Sensitivity 4.25V/lux.s
Colour Sensitivity Red 1.73V/lux.s

Green 1.42V/lux.s
Blue 0.76V/lux.s

Conversion Gain 28pV/electron

(70puV/electron pixel referred)

Fixed-pattern Noise 0.29% peak-to-peak of saturation
Peak Quantum Efficiency 19%

Supply Voltage 5.0V

Power Dissipation S50mwW

Table 4-19. Summary of photogate sensor performance. The optical
sensitivity values were obtained using a 3200K tungsten
halogen lamp and colour compensating filter.

4-14.2 Performance Limitations of CMOS Image Sensors

4-14.2.1 Fixed-Pattern Noise

It has been widely assumed that mismatch of pixel and column read-out circuits is the factor
limiting the FPN performance of CMOS image sensors, and that this gives rise to the FPN
advantage that CCD sensors enjoy over CMOS sensors. The author has been able to demon-
strate that with the use of two levels of correlated-double sampling all FPN due to circuit mis-
match is cancelled, and instead the sensor FPN performance is limited by dark current
non-uniformity at low signal levels, and pixel conversion gain non-uniformity at high signal
levels (Figure 4-32). For the CMOS photogate evaluated in this chapter, the level of FPN due
to dark current non-uniformity is approximately 3 times greater than that of a FT-CCD sensor
without surface pinning or charge pumping, and a factor of 20 larger than a FT-CCD with sur-
face pinning (Table 4-13). The difference in dark current performance between CMOS and
CCD sensors becomes more pronounced as the feature dimensions of CMOS fabrication tech-
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nology are reduced. It is therefore clear that CMOS sensors manufactured in a standard CMOS
process cannot compete with the FPN performance achieved by their CCD counterparts. How-
ever, it is significant that the FPN performance of CMOS active pixel sensors using two levels
of CDS is not read-out circuit limited. Fundamentally, this means that the read-out architec-
tures of CCD sensors do not possess any inherent FPN advantage over the architectures of
CMOS imagers. Furthermore, many of the dark current management techniques employed
with CCD sensors, such as surface pinning, can be introduced as modifications to a standard
CMOS process to improve FPN performance [Guidash et al. 1997]. Dark current levels in
CMOS sensors can also be minimized by greater attention to process cleanliness as is required
for the manufacture of DRAMSs. Any advances in fabrication process control will also yield
corresponding increases in conversion gain uniformity. Application of such methods should

lead to a substantial improvement in the FPN performance of CMOS sensors.

4-14.2.2 Optical Sensitivity and Quantum Efficiency

The optical sensitivity of the CMOS photogate evaluated in this chapter is about a factor of
3 or 4 lower than that of values reported for CMOS photodiode and CCD sensors (Table 4-5).
This is due to correspondingly poor quantum efficiency, particularly at short wavelengths
(Table 4-14). As the SNR of the sensor is almost completely determined by the number of sig-
nal electrons collected, this results in poor SNR performance, particularly for the blue channel
of the colour photogate sensor. To attain any substantial improvement in optical sensitivity
would require addressing the sensor quantum efficiency at the fabrication process level by
reducing the thickness of the polysilicon photogate. While the CMOS photogate is character-
ized by poor optical performance, the CMOS photodiode achieves optical performance that is
competitive with that of CCD sensors. This is because the photodiode pixel is not covered by a
thick polysilicon layer and achieves a higher fill-factor than the photogate for given pixel
dimensions. However, the disadvantages of the photodiode architecture are lower conversion

gain, and the inability to implement “true” CDS to cancel pixel reset noise on-chip.

4-14.2.3 Colorimetric Accuracy

While subjectively pleasing colour rendition has been obtained from the CMOS photogate
sensor evaluated in this chapter, the author has been able to show that the colorimetric accu-
racy of the sensor is limited by poor blue response and significant colour cross talk
(Section 4-13.6). To achieve higher colour fidelity would require addressing each of these
issues at the fabrication process level. To improve the blue response, greater quantum effi-
ciency is needed at short wavelengths, while cross talk could be reduced by reducing the diffu-
sion length of minority carriers in the substrate through control of the doping concentration
and/or introducing channel stops between pixels. As well as increasing the colorimetric accu-

racy of the sensor, any improvements in each of these areas would enhance the SNR perform-
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ance by reducing the magnitude of the off-diagonal coefficients of the colour correction

matrix.

4-14.2.4 Charge Transfer Noise and Image Lag

The fundamental problem with the single-poly photogate pixel is the inability to ensure
complete charge transfer from the photogate to the floating diffusion node. The author has
been able to show that incomplete charge transfer introduces charge transfer noise and image
lag that degrade sensor performance (Section 4-9.3). While charge transfer noise can be mini-
mized by suitable timing, it cannot be eliminated from the single-poly photogate pixel. Com-
plete charge transfer can only be guaranteed by using alternative pixel designs such as the

double-poly photogate pixel, or developing new pixel architectures.

4-14.3 The Future of CMOS Imaging Technology

The results obtained in this chapter demonstrate that while a sensor suitable for low-end
imaging applications can be manufactured in a standard CMOS process, it is not possible to
attain performance competitive with that of state-of-the-art CCD sensors. Furthermore, as the
feature dimension of CMOS fabrication technology are reduced, the performance of sensors
fabricated in standard CMOS is degraded rather than enhanced. This is in agreement with pre-
dictions made by others [Wong 1996]. As CMOS technology progresses to deep sub-micron it
can be expected that the performance of CMOS sensors will be severely restricted by dark cur-
rent. It is therefore inevitable that changes must be introduced to a standard CMOS fabrication
process to enable the manufacture of competitive image sensors. In addition to greater atten-
tion to process cleanliness to minimize leakage, it can be anticipated that alternative pixel
designs will be developed. At the circuit level it will be desirable to improve the gain and

swing of the read-out architecture.

4-14.3.1 Alternative Pixel Designs

At present two main active pixel designs have been adopted that are compatible with fabri-
cation in standard CMOS, the photogate (Figure 2-14) and the photodiode (Figure 2-18(a)).
Each of these pixels has advantages and disadvantages. The photogate pixel provides high con-
version gain and supports “true” CDS to cancel reset noise. Both of these features are a result
of the separation of the collection site from the floating diffusion node. However, the photogate
pixel suffers from poor optical sensitivity and low quantum efficiency due to absorption of
photons in the polysilicon photogate. The single-poly photogate pixel is also subject to charge
transfer noise and image lag as a consequence of incomplete charge transfer. In comparison the
photodiode pixel is characterized by high quantum efficiency but low conversion gain. Fur-
thermore, it does not support “true” CDS to cancel reset noise as the floating diffusion node is
also used as the collection site. The active photodiode pixel with transfer gate (Figure 2-18(b))
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combines the advantages of both the photogate and photodiode pixels by using a photodiode as
the collection site, separated from a small floating diffusion node by a transfer gate. Unfortu-
nately when such pixels are fabricated in a standard CMOS process they are subject to lag and
noise due to incomplete charge transfer [Mendis et al. 1997b]. However, with the introduction
of a thin p+ implant to the fabrication process it is possible to solve this problem by employing
a pinned photodiode [Teranishi et al. 1982]. Pinned photodiodes are widely used with inter-
line-transfer CCDs and not only ensure complete charge transfer but also reduce dark current.
The introduction of a pinned photodiode is a relatively minor modification to a standard
CMOS process and at least one research group is actively pursing this approach [Guidash et al.
1997]. Their pixel design is reproduced in Figure 4-46.

column bus ©

Figure 4-46. Pinned photodiode active pixel with transfer gate [Guidash et al. 1997).

In addition to the pinned photodiode it may be possible to produce other enhanced active
pixel designs with minor modifications to a standard CMOS process. One possibility is a dou-
ble-poly photogate pixel that employs thin polysilicon for increased quantum efficiency, and
an additional buried channel implant similar to that used with some frame-transfer CCDs to
realize surface pinning for dark current reduction [Bosiers et al. 1995]. With all future pixel
designs it will be essential to block the formation of silicide to maximize sensor quantum effi-
ciency. It will also be necessary to carefully design the capacitance of the floating diffusion
node to ensure that the sensor conversion gain provides a satisfactory trade-off between good
SNR performance (see Eq. (2-27)) and high dynamic range (see Eq. (4-38)).

4-14.3.2 Alternative Read-Out Architectures

At present the dynamic range of CMOS photogate and photodiode sensors is competitive
with those of CCD sensors (Table 4-9). However, Eq. (4-38) suggests that this may be difficult
to maintain as the supply voltage Vdd is decreased with each new generation of CMOS fabri-
cation technology. Consequently, it will become important to develop alternative sensor
read-out architectures that achieve higher gain and signal swing, and have lower read noise. A
read-out architecture that achieves a gain much closer to unity than the source follower archi-
tecture of Figure 4-1 has already been proposed and will be described in Section 5-4.2 [Loinaz
et al. 1998a]. The available signal swing could also be increased by being able to completely
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reset the floating diffusion node to Vdd . One simple way to achieve this is to apply a voltage
to the gate of the reset device one threshold voltage greater than Vdd, i.e. Vdd+V, [Wonget
al. 1998]. Sensor read noise could be reduced by using a number of parallel output stages as

are typically employed with high resolution CCD sensors.

4-14.3.3 Why Pursue CMOS Imaging in Non-Standard Technology?

While it is not possible to manufacture a high performance image sensor in standard
CMQOS, a strong case can be made for pursing CMOS imaging through the introduction of
modifications to a standard CMOS fabrication process. The reasons for developing specialized
CMOS imaging technology are based on the fact that the CMOS APS architecture is funda-
mentally low power and compatible with camera system integration [Wong 1996]. Further-
more, many of the process changes required to increase the performance of CMOS sensors are
relatively minor, for example the introduction of a pinned photodiode [Guidash et al. 1997].
This should mean that CMOS sensors with competitive imaging performance can be devel-
oped at a modest cost. Once comparable imaging performance has been obtained, the low
power dissipation and system integration capability of CMOS imaging technology will chal-
lenge the dominance of CCD sensors in many applications, particular portable consumer imag-
ing products. The demonstration of complete camera system integration and related issues

form the subject of the next chapter.
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5-1. Introduction

CMOS active pixel sensor technology (APS) has been promoted as an alternative solid-state
imaging technology to CCD that is compatible with camera system integration [Fossum 1993].
Increasing the level of integration can provide a substantial reduction in power dissipation, and
decrease the physical size and cost of a system. Driving digital signals off-chip rather than ana-
log signals is also advantageous from a noise perspective. However, despite the possibility of
realizing a complete camera system on a single chip using a CMOS APS approach, only mod-
est levels of camera system integration have been demonstrated to date, typically the inclusion
of an on-chip analog-to-digital converter [Mendis et al. 1993a]. In this chapter an entirely inte-
grated CMOS digital colour camera is described, together with an investigation into camera
performance degradation due to the coupling of digital switching noise into analog circuits. As
far as the author can ascertain it is one of only two reported true single-chip colour cameras,

and the first producing digital video output [Loinaz et al. 1998a, Smith et al. 1998].

A number of significant ideas are incorporated into the architecture of the integrated CMOS
digital colour camera, herein known as the single-chip camera, at both the circuit and system
level. In the analog portion of the camera these include a new column circuit design, a hierar-
chical column multiplexer, and a digitally programmable gain amplifier. In the digital portion
of the camera programmable architectures for spatial interpolation, colour correction, and the
computation of image statistics have been developed. At the system level a sophisticated
switching noise management scheme was introduced to quantify sensor performance degrada-
tion due to the coupling of digital switching noise into analog circuits through the substrate.
The chip architecture was designed to share camera system functionality with software run-
ning on a host computer. Camera operations that must be performed at the pixel rate, such as

spatial interpolation and colour correction, are supported by on-chip hardware, while
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high-level algorithms such as automatic exposure control and white balance are managed by

software on the host computer.

In this chapter the architecture and performance of the single-chip camera are described,
with emphasis on the camera digital system. Firstly the target application is discussed followed
by the specifications and high-level architecture of the camera. The analog modules of the
camera are then briefly described before a detailed exposition of the camera digital system.
The architecture of the camera digital system is presented and the main issues determining the
timing of the camera are discussed, namely the switching noise management strategy, the dig-
ital video timing, and the timing of the photogate sensor. The architecture and operation of
each of the major digital subsystems are then described, namely the control block, the spatial
interpolation subsystem, the colour correction subsystem, and the image statistics subsystem.
The host interface is then explained followed by the details of the camera implementation. This
chapter concludes with an evaluation of the single-chip camera in terms of the impact of digital
switching noise on camera performance, the characteristics of the on-chip photogate sensor,
and a discussion of the power dissipation of the various camera subsystems. Finally, conclu-

sions are drawn regarding the future development of CMOS integrated cameras.

5-2. Camera Application

An application that is particularly well suited to CMOS APS technology is that of a

low-cost tethered digital multi-media camera.

5-2.1 Digital Multi-Media Cameras

Tethered digital multi-media cameras can be used for desktop video telephony and
still-image capture (Section 3-2.3.3). At present digital multi-media cameras based on CCD
technology can be purchased as a peripheral for desktop computers as illustrated in Figure
5-1(a) [Connectix]. In the future such cameras may be incorporated into the computer display
or chassis as shown in Figure 5-1(b). Present digital multi-media cameras are priced in excess
of US $100. However, it has been predicted that if their cost could be reduced below US $50
they would be bundled with the majority of PCs as a standard peripheral [Ackland and Dickin-

son 1996]. This would create a sizeable new solid-state camera market.
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Figure 5-1. Tethered digital cameras for multi-media applications (a) as a peripheral for desktop use or
(b) built into the laptop chassis.

The architecture of a digital multi-media camera is shown in Figure 5-2. It consists of an
image sensor and associated timing circuits, an analog-to-digital converter (A/D), digital sig-
nal processing to perform operations such as spatial interpolation and colour correction, and a
bi-directional digital interface to transfer image data to a host computer and receive configura-

tion instructions concerning functions such as image size, exposure level, and white balance.

L4
’ image -+ timing =
"4 sensor
lens '
i signal digital
processing Interface
A

digital multi-media camera

\J
host computer

Figure 5-2. Architecture of a digital multi-media camera [Ackland and Dickinson 1996).

181



CHAPTER 5 An Integrated CMOS Digital Colour Camera

5-2.2 The Advantages Of Using CMOS APS Technology

CCD technology is not well suited to the digital multi-media camera application for a
number of reasons. CCD sensors typically require high-voltage, high-current clocks and con-
sequently dissipate considerable electrical power, typically between 2W to 25W depending on
the sensor resolution and frame rate [Takizawa et al. 1983, Itakura et al. 1995] This is a signif-
icant amount of power for a peripheral to draw directly from a host computer. Furthermore,
CCD technology does not support camera system integration, and consequently the architec-
ture shown in Figure 5-2 must be realized at the board level using a number of CMOS inte-
grated circuits in addition to a CCD image sensor. This makes it difficult to reduce the parts
count and hence the cost and physical dimensions of the camera. CMOS APS technology
addresses these issues with the ability to integrate the camera onto a single chip [Ackland and
Dickinson 1996]. In addition to the power saving achieved by complete system integration, a
CMOS image sensor itself is an inherently low power module when compared to a CCD sen-
sor [Fossum 1994b].

5-2.3 Project Goal - Concept Demonstrator

The purpose of developing the single-chip camera was to demonstrate the integration of a
complete digital colour camera system onto a single-chip using CMOS APS technology, and
secondly to investigate if this goal can be achieved without loss of image quality due to the
coupling of digital switching noise into the analog circuits. As such the focus of the project
was on the technical issues involved rather than developing a specific product. This is reflected
in the architecture of the camera which was designed with greater emphasis on managing
switching noise and supporting a high level of testability, rather that providing advanced func-
tionality that would probably be included in a product. For example, basic functions such as
spatial interpolation and colour correction are implemented in the camera, but advanced fea-

tures such as aperture correction, defect concealment, and electronic zoom are not.

5-3. Camera Specifications and System Architecture

The camera specifications were established from the desired resolution and frame rate.
Together with the colour filter array pattern and the core functionality this enabled the camera
architecture to be developed. However, the architecture was also determined by the interfacing
requirements of the chosen host, a desktop PC. Each of these factors will be discussed in turn

before the system level architecture of the single-chip camera is presented.
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5-3.1 Camera Resolution and Frame Rate

[t was proposed that the single-chip camera produce digital images of CIF resolution at up
to 30 frames/second. CIF is a recognized standard for video telephony and has a resolution of
352 x 288 pixels [[TU 1995].

5-3.2 Colour Filter Array

The primary Bayer checkerboard colour filter array (CFA) pattern shown in Figure 5-3 was
selected for the single-chip camera [Bayer 1976]. The checkerboard pattern provides superior
horizontal resolution than stripe CFA patterns at the expense of diagonal resolution where the
acuity of the eye is poor [Parulski 1985]. A primary CFA was used in preference to a comple-
mentary CFA to simplify the subsequent stages of colour processing.

|-
=
m-

Figure 5-3. Primary Bayer checkerboard colour filter array.

The design of optimal colour filter transmission characteristics for solid-state image sensors
is a complex procedure [Engelhardt and Seitz 1993, Vrhel and Trussell 1995]. For low-cost
consumer applications such as the digital multi-media camera it is not practical to manufacture
a colour filter array with custom designed transmission characteristics. For this reason a set of
colour filters was selected from a range supplied by a manufacturer, similar to those used with
the photogate sensor in Chapter 4 (Section 4-2.5). A global colour compensating filter was
employed to suppress infrared. The optical transmission characteristics of the colour filter
array and colour compensating filter are shown in Figure 5-4.
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Figure 5-4. Optical transmission characteristics of the colour filter array and global CM-500M colour
compensating filter.

5-3.3 The Host Architecture
5-3.3.1 Acquiring, Displaying, and Encoding Digital Image Data

At present standard desktop computers do not contain hardware support for digital video or
video telephony. This presents a number of problems for a host computer in terms of acquiring
the image data from the single-chip camera, displaying it, and compressing and encoding it for
transmission across the public switched telephone network (PSTN). Furthermore, differences
in the colour spaces required for image display and compression also introduce difficulties. To
display high quality colour images computers represent image data in display memory using a
24-bit RGB format where 8-bits are used to represent the red, green, and blue tristimulus value
of each pixel [Hall 1989]. However, image compression techniques that deliver substantial
compression gain, such as JPEG or MPEG, require a Y"'CgCp colour difference format [Netray-
ali and Haskell 1988]. Currently the only standard PC interfaces available for data acquisition
are the serial and parallel ports. If the camera is assumed to produce 24-bit RGB image data,
then at CIF resolution and 30 frames/second this yields a data rate greater than 72-Mbits/sec-
ond. This is far in excess of either the serial or parallel port bandwidth. While several new
interface standards such as the Universal Serial Bus (USB) and IEEE Standard 1394 (Firewire)
have been proposed they are not yet established [USB, Firewire]. If the camera was to perform
image compression to significantly reduce the data rate, it would need to be based on Y'CzCp
colour difference encoded pixel values. To display the images from the camera the host would
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then need to transform the data from Y'CgCp to 24-bit RGB. At CIF resolution and 30 frames/
second this requires dedicated hardware. It was therefore inevitable that the host would require
additional non-standard hardware to acquire and display image data from the camera. To sup-
port video telephony the host would also need dedicated hardware. This is because compress-
ing and encoding video of CIF resolution at any significant frame rate requires a substantial
hardware commitment as the bandwidth of PSTN is relatively low [AVP 1995]. As the focus of
the project was on demonstrating camera system integration and investigating digital switch-
ing noise, the application of the single-chip camera to video telephony was not actively pur-

sued.

5-3.3.2 The Host Interface

It is clear from this discussion that at present it is not possible to interface a digital camera
of CIF resolution to a PC at 30 frames/second through a standard I/O port. Therefore it was
decided to employ a specialized PC interface in the form of a digital framegrabber, and use a
24-bit RGB format for the image data produced by the single-chip camera. A Matrox digital
framegrabber was installed in the host PC to support the acquisition of image data in 24-bit
RGB format at up to 30 frames/second. The framegrabber also contained video memory to ena-
ble the display of the image data at the acquisition rate with full 24-bit colour. Using a 24-bit
RGB image data format simplified the architecture of the single-chip camera as no conversion
to Y'CpCg was needed. Furthermore, as the framegrabber could meet the resolution and frame
rate requirements, no on-chip compression was necessary. It is likely that both of these benefits
will not be available to future generations of digital multi-media cameras that will need to tar-
get new standard /O interfaces as they are established. However, for the purposes of demon-
strating camera system integration and investigating digital switching noise, opting for the
simplest I/O requirements for the single-chip camera was convenient, and did not affect the

general validity of the camera performance results obtained.

5-3.3.3 Realizing Camera Functionality on the Host

In addition to the host acquiring and displaying image data from the camera, it was pro-
posed that a number of high-level, low-speed tasks required by the camera be performed in
software on the host. Algorithms for automatic exposure control and white balance typically
change camera parameters at much less than the frame rate, but the algorithms themselves are
often quite complex [Morimura et al. 1990, Liu et al. 1995]. Therefore it would be advanta-
geous to realize the automatic exposure control and white balance algorithms in software on
the host to simplify the architecture of the single-chip camera. However, both exposure control
and white balance algorithms are usually based on metrics determined from image statistics in
each frame whose calculation requires significant arithmetic at the pixel rate. Consequently, to

enable the exposure control and white balance algorithms to be realized in software on the
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host, it was decided to include dedicated hardware on the single-chip camera to compute the
necessary image statistics for each frame. A low-speed interface could then be used to upload
these statistics to the host where the exposure control and white balance software could deter-
mine new parameters to be downloaded to the single-chip camera to adjust the sensor exposure
and white balance. Furthermore, to provide the greatest flexibility in testing and operating the
camera it was decided to allow the host to modify the coefficients and configuration registers
of all on-chip systems, not just those associated with exposure control and white balance. For
this reason a separate low-bandwidth digital I/O board was installed in the host to support
bi-directional parameter exchange.

5-3.4 Camera Architecture

The architecture of the single-chip camera contains both analog and digital modules and a
top-level block diagram is shown in Figure 5-5. The target fabrication process for the sin-
gle-chip camera was a non-silicided, single-poly, double-metal Lucent Technologies 0.8um
CMOS process, the same process used to produce the photogate sensor of Chapter 4.

""" camera mtogsystm
7| as0x202 ,—VL : spatial — colour
e ! B i —— POA = AID [=iir<pe interpolation corraction
~* sensor v, ) -
A B Y -
.......................... X
image histogram
chip control statistics
Yy YvYY
L P A
configuration thresholds hast
interface
digital multi-media camera chip }

Figure 5-5. Camera system architecture.
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5-3.4.1 Camera Analog System

The camera analog system consists of a photogate image sensor, a programmable gain
amplifier (PGA), and an analog-to-digital converter (A/D). The PGA performs two levels of
correlated-double sampling (CDS) to suppress pixel and column fixed-pattern noise (FPN).
Furthermore, it provides a gain to the corrected pixel values that can be varied to control sensor
exposure and white balance. The A/D digitizes the pixel values output from the PGA. The
camera analog system will be described in Section 5-4.

5-3.4.2 Camera Digital System

The camera digital system performs the processing necessary to generate 24-bit RGB image
data from the raw digitized pixel values supplied by the A/D. The minimum requirements to
achieve this goal are spatial interpolation and colour correction. In principle, gamma correc-
tion should also be applied by the camera. However, to reduce the development time for the
camera it was omitted, and instead implemented by the digital framegrabber in the host. The
camera digital system also provides hardware to compute image statistics used by the auto-
matic exposure control and white balance algorithms, and digital logic to control the timing
and configuration of the analog and digital modules. A host interface is used to export image
data from the camera and to support parameter exchange with the host. The camera digital sys-

tem is described in Section 5-5.

5-4. Camera Analog System

The camera analog system consists of the photogate sensor, the PGA, and the A/D. The
design and full-custom layout of the photogate sensor and the PGA were performed by Marc
Loinaz of Bell Laboratories. The A/D was designed by Kamran Azadet, also of Bell Laborato-
ries. While the architecture of the camera analog system does not contain any contributions
from the author, a brief description of the camera analog system is included as it necessarily

influenced the design of the camera digital system.

5-4.1 Active Pixel Sensor Photogate Array

The image sensor used in the single-chip camera was a CMOS APS photogate array of
dimensions 354 x 292. While CIF resolution is 352 x 288 pixels, two extra rows and columns
were included to simplify the spatial interpolation hardware. Furthermore, additional rows
were placed at the top and bottom of the array and covered with an opaque material during the
deposition of the colour filter array. These ‘black rows’ can be used to determine the dark level

of the sensor array so that it can be subtracted from the image data by the programmable gain
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amplifier. The format of the sensor array 1s shown in Figure 5-6. The addresses of the black

rows were chosen to simplify the control hardware.

g12 column addrass 53
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Figure 5-6. Sensor array format.

The photogate pixel design used in the single-chip camera was a scaled version of the pixel
employed by the photogate sensor of Chapter 4 (Figure 4-4). For the single-chip camera the
pixel dimensions were 18.0pm x 18.0um, and a drawn pixel fill factor of 35% was realized.

5-4.2 Column Circuit Design

To improve the gain of sensor read-out, a new column circuit design was developed by
Loinaz and is shown in Figure 5-7. This column circuit design has several improved features
when compared to the column architectures previously employed with photogate and photodi-
ode active pixel sensors as given in Figure 2-15 and Figure 2-19 respectively. Rather than
forming part of a distributed source follower, the pixel devices M3 and M4 comprise part of a
distributed unity-gain amplifier with devices M5-M8. Transistors M3 and M7 form a differen-
tial pair with triode devices M4 and M6. These four devices, together with the current sources
M5 and M8, realize an operational transconductance amplifier (OTA) that is connected in
unity-gain feedback so that the voltage at pout is a buffered version of the voltage at the pixel
floating diffusion node FD.
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Figure 5-7. Pixel and column architecture of the photogate sensor, The components labelied 'S are
CMOS switches.The components labelled OTA are amplifiers whose schematic is given in
Figure 5-8.

The p-type source followers used in Figure 2-15 and Figure 2-19 have also been replaced by
OTA circuits connected in unity-gain feedback. The schematic for this OTA design is given in
Figure 5-8.

Figure 5-8. Schematic for the operational transconductance amplifier (OTA) used in the column circuit
shown in Figure 5-7.

5-4.2.1 Advantages and Disadvantages of the New Column Circuit Architecture

The advantage of using unity-gain amplifiers instead of the established source follower
architecture is that a combined gain very close to 1 can be achieved. Improving the gain of the
read-out architecture increases the conversion gain referred to the sensor output (see (2-9)),
and minimizes the contribution of the read noise to the sensor noise floor (see (4-38)). Simula-
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tions of the source follower architecture yield a maximum combined gain through the read-out
path of about 0.7, the corresponding simulation for the unity-gain amplifier column read-out
architecture yields a gain greater than 0.9. However, the read noise of the unity-gain circuit
will be slightly higher than that of the source follower architecture as there are more transistors

in the signal path.

5-4.2.2 Column Circuit Timing

The timing of the new column architecture is virtually the same as that used with the source
follower architecture. During integration the polysilicon photogate pg is held at Vdd and pho-
ton generated electrons are collected in the potential well beneath the gate. The transfer device
M1 is DC biased at 0.6V to isolate the collected charge under the photogate from the floating
diffusion node FD. For sensor read-out each row is addressed in turn with the row decoding
logic (not shown in Figure 5-7) driving the appropriate line row to Vdd. The FD nodes of the
pixels in the row are reset to a voltage approximately one threshold voltage drop below Vdd
by pulsing rst. The reset operation introduces uncertainty into the FD reset level due to thermal
noise and the threshold voltage drop across M2. The reset level is buffered by the unity-gain
feedback amplifier formed by devices M3-M8 and is sampled on the gate capacitance C, by
pulsing shr. Electrons collected under the photogate are then transferred to the FD node via
device M1 by pulsing pg to ground. The signal electrons displace the FD voltage and this level
is sampled on the gate capacitance C by pulsing shs. The sampling of the pixel reset and sig-
nal levels by the column circuits is carried out in parallel for each pixel in the selected row.
This occurs in the line blanking period of the video signal. To generate the image signal each
column of the sensor is then addressed in turn by the column decoding logic (not shown in Fig-
ure 5-7) by driving the col signal to Vdd. The column OTA circuits buffer the sampled reset
and signal levels onto buses denoted V, and V| respectively. Two levels of correlated-double
sampling (CDS) are then performed in conjunction with the PGA in a manner similar to that
described in Section 2-4.1.3. During read-out the voltage levels on V, and V| are subtracted by
the first stage of the PGA to remove reset noise and pixel offset mismatch. This signal level is
sampled and held internally by the PGA. The c¢b signal is driven high as part of the second
level of CDS to short the inputs of the column OTA circuits to a common DC voltage V,.,,,..
The first stage of the PGA forms the offset difference of the column OTA circuits which is then
subtracted from the sampled signal level. This enables a final signal to be delivered to the A/D

that has pixel and column offset variations cancelled.

5-4.3 Hierarchical Column Multiplexer

In the APS column read-out architectures of Figure 2-15 and Figure 2-19, the buses V, and
V, are common to the entire array [Mendis et al. 1994a]. The capacitance seen by the column

source followers is the combined output capacitance of all the other column source followers
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in the sensor, and the capacitance of the interconnect running the full width of the array. While
this results in a uniform capacitance seen by each column circuit, the total capacitance can be
quite significant for a large array and must be driven at twice the pixel rate for sensor operation
with two levels of CDS. It is possible to reduce the capacitance seen by each column circuit
using hierarchical multiplexing techniques, such as those employed with column decoders for
SRAMs [Weste and Eshraghian 1985]. A hierarchical column multiplexer was developed by
Loinaz and is shown in Figure 5-9. In this scheme the final unity-gain amplifier in the column
circuit has to drive only the output capacitance of seven other such amplifiers, plus the para-
sitic capacitances associated with two “on” CMOS switches and twelve “off” switches, and a
smaller interconnect capacitance. While the hierarchical multiplexer may result in capacitive
load variations for different column circuits, the column buffers were designed for 0.1% set-
tling to minimize fixed-pattern noise. The hierarchical multiplexer reduces the load capaci-
tance of the column circuit by more than an order of magnitude. This improves the power/
read-out speed trade-off, and facilitates the power efficient design of larger image sensors.

8 columns

8 columns
64 columns
columns
columns
columns
34 columns

Figure 5-9. Hierarchical column multiplexer. The components labelled 'S’ are pairs of CMOS switches.

5-4.4 Programmable Gain Amplifier

The programmable gain amplifier (PGA) used in the single-chip camera was designed by
Loinaz and performs two levels of correlated-double sampling to suppress pixel and column
FPN. The PGA also features a feedback circuit to subtract the sensor black offset determined
from the two black rows of the array. The PGA was implemented using a two stage switched
capacitor architecture. A fully differential design was employed to reject supply noise. A sim-
plified schematic of the PGA is shown in Figure 5-10.
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Figure 5-10. Architecture of the programmable gain amplifier (PGA). For a complete schematic that
describes the differential nature of the PGA see [Loinaz et al. 1998a].

The PGA gain is digitally programmable to control sensor exposure and white balance. The
gain of each stage of the PGA can be programmed to take on one of the values listed in
Table 5-1 and the total gain that can be provided by the PGA ranges between 1 and 64.

PGA coefficient Gain
000 1
| 8n
010 816
DIl 875
100 2
101 81
LD 4
1] 8

Table 5-1. Values of gain provided by each PGA stage.

To achieve sensor white balance it is necessary to be able to apply different values of gain to
the red, green, and blue pixel values. To support this objective the camera digital system pro-
vides a programmable coefficient store to hold gain control words for both stages of the PGA
for each of the colours red, green, and blue. A state machine in the camera system control
selects the appropriate gain values for the PGA based on whether the current pixel colour is
red, green, or blue. The programming details of the PGA coefficients are given in Table C-3.
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5-4.5 Analog-to-Digital Converter

The analog-to-digital (A/D) converter used in the single-chip camera employs an 8-bit flash
architecture and can produce 3 Msamples/second. A simplified schematic of the A/D architec-
ture is shown in Figure 5-11. Gray coding was employed to suppress errors produced by spar-
kles and metastability [Razavi 1995]. Furthermore, it is possible to exploit the video line
blanking intervals to calibrate the comparators of the A/D prior to the read-out of each row of

the image sensor. This allows comparator offset cancellation to improve A/D accuracy.
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Figure 5-11. Analog-to-digital converter architecture.

This particular A/D design was used in the single-chip camera due to its ready availability
in the target technology, not because it had been optimized for the single-chip camera in terms
of speed, area, and power. Furthermore, the A/D input is single-ended and therefore more sus-
ceptible to noise on its input than fully differential A/D architectures. However, the most fun-
damental limitation of the A/D employed by the single-chip camera is that it is only 8-bit. An
8-bit A/D can be considered the minimum requirement to produce 24-bit RGB image data and
in most digital cameras a 10 or 12-bit A/D is used instead [Wang et al. 1994, Zen et al. 1994,
Chan and Youe 1995]. The reason for this is that in a given scene, the dynamic range defined as
the greatest contrast ratio may be well in excess of 256. Furthermore, when applying gamma
correction quantization errors are invariably introduced. If an accurate 8-bit result is desired
after gamma correction then greater than 8-bit precision should be available prior to its appli-
cation. The few cameras that do employ an 8-bit A/D compress the signal in a non-linear fash-
ion prior to digitization to address this issue [Parulski and Jameson 1996].
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5-5. Camera Digital System

The architecture of the camera digital system is described in a top-down fashion, in largely
the order it was developed. This section is concerned with high-level issues such as the
top-level architecture, testability, the host and video interfaces, and the management of digital
switching noise. The digital video timing and photogate sensor timing is also presented. All the
digital systems of the single-chip camera were designed by the author, with the exception of
the colour correction and image statistics subsystems which were developed jointly with K. J.
Singh of Bell Laboratories. A complete bit-accurate, clock-accurate description of the camera
digital system was produced at the register transfer level using the Very high speed integrated
circuit Hardware Description Language (VHDL). A synthesizable VHDL coding style was
employed. The exception to this was the full-custom SRAM used as part of the interpolation
subsystem which was designed by Jay O’Neil of Bell Laboratories. The synthesis of the
VHDL model of the camera digital system to a gate level description was performed by K. J.
Singh. M. Zalonis, J. Bauman, and M. Hrubik, all of Bell Laboratories, provided assistance
with chip assembly. As the camera digital system was synthesized from VHDL, all the sche-
matics and block diagrams that will be presented must be considered functional only, they do

not provide information regarding physical implementation.

5-5.1 Camera Digital System Architecture

A block diagram of the camera digital system architecture is shown in Figure 5-12 and will
be used to discuss a number of interfacing and testing issues. A detailed description of the
camera control, interpolation, colour correction, and image statistics subsystems are deferred
until Section 5-6, Section 5-7, Section 5-8, and Section 5-9 respectively.

5-5.1.1 Digital Video Interface

The camera digital system was required to produce 24-bit RGB colour images at up to 30
frames/second. A parallel interface for the digital video data was employed consisting of three
8-bit buses denoted r_ch, g_ch, and b_ch for the red, green, and blue components respectively.
A pixel clock pck (not shown in Figure 5-12) generated by the camera was defined to synchro-
nize the image data for the framegrabber in the host. To delimit each frame and line of digital
video data it was also necessary to provide vertical and horizontal synchronization pulses
[Poynton 1996]. For this purpose the frame_enable and line_enable signals were specified. As
an additional feature, the frame_active and line_active signals were created to define a pro-
grammable region-of-interest in the output image. The digital video timing will be discussed in

more detail in Section 5-5.3.
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Figure 5-12. Camera digital system architecture.

5-5.1.2 Host Interface Model

A host interface was required by the camera to support parameter exchange with the host
computer. A simple RAM-style model was employed with camera parameters stored in a series
of registers, and an 8-bit bi-directional data bus known as the paramerer_bus provided for
parameter exchange. To simplify the host interface parameters are stored locally in each of the
camera modules, and can be addressed using the module_address and parameter_address
lines. In this sense the host interface does not exist as a distinct entity like the interpolation or
colour correction subsystems, and is instead distributed throughout the camera digital system.
A read/write line was provided to enable the host to select a parameter read, write, or no /O
operation. To prevent “glitches™ all parameters arc double-buffered. The host interface will be
discussed in more detail in Section 5-10.

5-5.1.3 Design for Testability

With any large complex system it is desirable to be able to test the functionality of each
module individually. While this goal was not fully realized for the single-chip camera, a signif-
icant number of test features were incorporated into the architecture. To test the camera digital
system a multiplexer was provided to select the input to the digital system from either the pixel
values generated by the on-chip A/D, or test vectors provided externally. A number of multi-
plexers were also provided at the system level, and internal to the colour correction system (see
Figure 5-37), to allow intermediate results to be output from the camera for testing purposes.
Output modes supported include pixel data from the A/D, pixel data after spatial interpolation,
and pixel data after colour correction. The interpolation subsystem includes a FIFO imple-
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mented as an SRAM (see Figure 5-31 and Figure 5-32). To enable the data flow in the interpo-
lation subsystem and the functionality of the SRAM to be verified, the A/D test mode is also
configured to place the last value of the FIFO into one of the output channels. The camera
input and output modes are determined by the contents of the camera_configuration_word reg-
ister. The camera configuration word can be programmed by the host and is described in
Table C-2.

5-5.2 Switching Noise Management

The single-chip camera comprises both analog and digital subsystems. It has been shown
that for mixed-signal integrated circuits, fast switching transients produced by digital logic can
couple into analog components, thereby limiting the precision that can be achieved [Su et al.
1993]. An important part of the design of the single-chip camera was to develop a strategy for
minimizing camera performance degradation due to the coupling of digital switching noise
into analog circuits such as the sensor pixel and column circuits, the A/D, and the PGA. Fur-
thermore, it was desirable to be able to quantify the effectiveness of the switching noise man-

agement scheme.

5-5.2.1 Direct Coupling of Switching Noise

Digital transients can produce switching noise in other circuits on the same die through both
direct capacitive coupling, and interaction via the substrate. Direct capacitive coupling can be
minimized by suitable physical separation of the analog and digital components and associated
interconnects and supplies. However, coupling through the substrate is more difficult to man-

age.
5-5.2.2 Coupling of Switching Noise via the Substrate

Present standard CMOS technologies employ a substrate comprised of a lightly doped epi-
taxial layer grown on a heavily doped bulk substrate in order to minimize latch-up. This is
illustrated in Figure 5-13(a) where a cross section of the CMOS structures are given. By design
the heavily doped bulk is effectively a single electrical node, as shown by the circuit represen-
tation of Figure 5-13(b). While a heavily doped bulk substrate is advantageous for minimizing
latch-up, it has important implications for the coupling of switching noise. Experimental inves-
tigation and device simulations indicate that switching noise reaching the heavily doped bulk
substrate spreads throughout the entire chip [Su et al. 1993]. If analog and digital circuits are
separated by four times the effective thickness of the epitaxial layer, direct capacitive coupling
is minimal and crosstalk between digital and analog circuit blocks occurs primarily by way of
the heavily doped bulk. Any further increase in the physical separation will not reduce cross-
talk. This represents the limit of switching noise reduction that can be achieved at the circuit or

layout level.
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Figure 5-13. (a) Cross section and (b) circuit representation of CMOS structures on a heavily doped

substrate.

5-5.2.3 Temporal Sequencing to Reduce Switching Noise

In mixed-signal projects it has been shown that the influence of switching noise can be
reduced at the system timing level [Blalack and Wooley 1995, Mayes and Chin 1996]. It has
been demonstrated that sampling operations in analog circuits are most sensitive to switching
transients in the time period surrounding the sampling operation, the most critical time being
immediately prior to sampling. This suggests a strategy to reduce analog performance degrada-
tion due to the coupling of digital transients through the substrate is to temporally separate ana-
log and digital operations as illustrated in Figure 5-14. The introduction of “quiet” periods
allows digital transients in the substrate sufficient time to decay, and hence minimizes their
impact on analog sampling operations. For the example cited, a 10 dB improvement in the sig-
nal-to-noise ratio was achieved using such a switching noise management scheme [Blalack
and Wooley 1995].

_— 1

—-
analog cycle time
digital clock ||||||I| H ‘||
—_—— - - -
quiet period

Figure 5-14. Temporal sequencing with “quiet periods” to reduce the coupling of digital switching
transients into analog sampling operations.
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However, the introduction of quiet periods does have a number of implications for system
design. For a given analog cycle time the effective speed of the digital clock must be increased.
Furthermore, the implementation of the digital clock involves what is known as “gating the
clock”. This is a non-standard practice in digital logic design and can pose difficulties with cir-
cuit synthesis, simulation, and verification tools. Despite these potential problems the author
decided to define quiet periods in the single-chip camera timing, the first time such a switching

noise management scheme has been used with an image sensor.

5-5.2.4 Camera System Clocks

A number of different clocks are required by various camera subsystems in addition to the
pixel clock pck. Many of the digital processing steps, such as spatial interpolation and colour
correction, require a significant number of operations to be performed for each pixel value. As
the pck rate is only 3.39MHz, a faster clock is possible for the digital system. The most com-
plex operation performed by the single-chip camera is that of spatial interpolation. It will be
shown in Section 5-7 that an efficient implementation of the interpolation algorithm chosen is
possible using 6 digital or dck clock cycles for every pck cycle. The camera analog modules
also have specific clocking requirements. The A/D must be clocked every pixel cycle and the
PGA needs two non-overlapping clock pulses each pixel cycle. In terms of sensitivity to digital
switching noise it was predicted that the A/D might be the more vulnerable of the two mod-
ules, as it was single-ended and not fully differential. For this reason camera clock definitions
were developed so as to ensure that the A/D clock signals occurred in quiet periods relative to
dck and pck. Two clocks ack! and ack2 were generated for the A/D. In the present implemen-
tation of the single-chip camera, the 8-bit flash A/D only required a single pulse, ack!. The
second A/D clock pulse ack2 was supplied to allow a higher resolution pipeline A/D to be used
with the camera, either at the board level with the current camera for testing purposes, or
on-chip in future camera designs. As the PGA required two non-overlapping clock pulses it
would have introduced substantial timing complexity to introduce quiet periods for PGA oper-
ation. For this reason no quiet periods were provided for the PGA. The camera system clock
definitions are shown in Figure 5-15. A master or fast clock fck is used by a clock generator to
produce the other system clocks. Each pck cycle consists of nine fck cycles. For a pck rate of
3.39MH?z the corresponding fck rate is 30.5MHz.
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Figure 5-15. Camera system clock definitions.

5-5.2.5 *“Quiet” and “Noisy” Operation

To enable the effectiveness of the switching noise management strategy to be quantified, the
camera supports both a “quiet” and “noisy” mode of operation. This is achieved by altering the
phase relationship of the 6 cycle dck with respect to the other system clocks as shown in Figure
5-15. A bit can be set in the camera_configuration_word to select either noisy or quiet opera-
tion (Table C-2). All the digital logic on the camera chip is positive edge triggered and clocked
by either dck or pck. In quiet mode, two complete fck cycles are available from the final posi-
tive edge in the dck pulse train until the positive edge of ack! for switching transients in the
substrate produced by dck to decay. From the positive edge of pck seven fck cycles are availa-
ble for transients associated with pck to decay. However, in noisy mode the positive edge of
ackl is coincident with a positive edge of dck. For correct camera system operation it is neces-
sary to be able to transfer a number of data values from modules clocked by pck to subsystems
clocked by dck, independent of whether the camera is in quiet or noisy mode. An additional
signal ack3 is provided to clock the registers used for this purpose.

To minimize the impact of digital switching noise on the sampling operations performed by
the sensor column circuits during the video line blanking interval, a quiet period was defined in
this interval. During the line blanking interval all clocks except for pck and fck are suppressed.
A signal called quiet/noisy_I/0 is also taken low during this interval to inform the host that it
should temporarily suspend parameter I/O transfers on pck for quiet operation. By supporting
both quiet and noisy modes of operation at the line and pixel clock level, the architecture of the
single-chip camera enabled the effectiveness of this switching noise management strategy to
be quantified.
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5-5.2.6 Supply Bounce Sensors

In order to monitor the effects of digital switching noise a pair of supply bounce sensors
was included in the camera architecture. As is customary for mixed-signal integrated circuits,
separate supplies were used for the analog and digital subsystems. However, the negative sup-
plies were shorted together through the substrate and could not be separated. This was because
the standard cells employed in the digital subsystem incorporate substrate contacts connected
to the negative supply. To enable the “bounce” of the on-chip analog supply AVdd to be meas-
ured, a p-type transistor was connected between A Vdd and the chip ground Vss as shown in
Figure 5-16. A similar circuit was provided to measure the bounce of the on-chip digital supply
DVdd. When the output of each supply bounce sensor is connected to the 50Q input of an
oscilloscope a common source amplifier is formed. By varying the supply voltage the gain of
the amplifier can be determined. During camera operation the supply bounce can be measured
by dividing amplitude of the trace on the oscilloscope by the gain of the supply bounce sensor.
As the substrate is electrically connected to the chip ground Vss, each supply bounce sensor
measures the total voltage fluctuation between the corresponding supply and the substrate.
Therefore, the supply bounce waveforms produced by such sensors will monitor switching

noise injected into the chip substrate in addition to noise introduced to the supply voltages.
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Figure 5-16. Analog and digital supply bounce sensors.

1

0000

200



CHAPTER 5 An Integrated CMOS Digital Colour Camera

5-5.3 Digital Video Timing

A video format was defined by the author consistent with the timing requirements of the
host framegrabber and read-out of the photogate sensor. To enable pixel values from the entire
image sensor to be acquired for testing purposes, the digital video format was based on the full
sensor dimensions of 354 x 292, rather that the CIF resolution of 352 x 288,

5-5.3.1 Video Frame Timing

Each line of video was defined as 382 pck cycles as will be described in the next subsection.
The frame_enable signal is generated by the camera to delimit each frame of digital video data.
Three line periods after the negative transition of frame_enable, 292 lines of video data are
output from the camera. The duration of the “front porch” of the frame_enable signal is pro-
grammable and set by a 16-bit parameter to a value between 1 and 65536 video line periods.
This allows the frame rate and sensor array integration period to be varied without changing
the camera clock frequency or the sensor array read-out rate. This is useful for testing pur-
poses. The default value is 1 giving a total of 296 video line periods per frame. The program-
ming details of the frame_enable_front_porch are given in Table C-1. The digital video frame
timing is shown in Figure 5-17.

-4————— frame blanking interval ———=

frame_enable —\—,— ——————————————

frame enable
% {rpnf porch W 2 ——

r_ch . — e e s o s
&on 000 s nes

e_ech /""" - — — — — —
) J ragion-of-interast |
frame_active

region-ol-interest row star «T raglon-of-interest row finish —T

Figure 5-17. Digital video frame timing. The frame enable front porch and the rows forming the

region-of-interest are programmable.

5-5.83.2 Video Line Timing

The line_enable signal is generated by the camera to delimit each line of video data. The
line blanking interval is fixed at 28 pck cycles. It will be shown in Section 5-5.4 that this
allows sufficient time to perform electronic shutter, sample the signal and reset levels in the
current sensor read-out row, and provide a number of additional pck cycles to absorb the
latency of the interpolation and colour correction subsystems. The digital video line timing is
given in Figure 5-18.
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Figure 5-18. Digital video line timing. The columns forming the region-of-interest are programmable.

5-5.3.3 Region-of-Interest

The frame_active and line_active signals were defined to delimit a programmable
region-of-interest in the output video stream. The region of interest is defined by the four
parameters shown in Figure 5-19. The valid range of the row start and finish parameters is O to
289 while for the column start and finish parameters it is 0 to 353. The row and column finish
parameters must be greater than the row and column start parameters respectively. The
region-of-interest provides a mechanism to selectively identify pixel values in the video stream
generated by the camera. The default region-of-interest delimits a window of CIF resolution
(352 x 288 pixels). The programming details of the region-of-interest are given in Table C-1.
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Figure 5-19. Region-of-interest and the output image. Note that the black rows physically occupy the
sensor locations shown in Figure 5-6.
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5-5.3.4 Pixel Clock Frequency

To achieve a frame rate of 30 frames/second with the default video timing pck must have a
period Tpck = 295ns computed using:

|
TP‘* = 30 frames/second x 296 line periods % 382 pck cycles

seconds (5-1)
This corresponds to a pck frequency of 3.39MHz.

5-5.4 Photogate Sensor Timing

The video line timing and sensor read-out must be performed in the same number of pck
cycles. The line blanking interval was chosen of sufficient duration to enable an electronic
shutter operation to be performed, and the reset and signal levels for the pixels in each row to
be sampled by the column circuits. The buffered reset and signal levels corresponding to the
354 pixels in the read-out row are then driven in turn onto sensor output buses V, and V,
respectively. When the second level of correlated double sampling is enabled the zero signal is
used in conjunction with the column decoding logic to generate the crowbar signal c¢h shown in

Figure 5-7. The sensor array line timing is shown in Figure 5-20.

addrmm K rasatmwaddressx read-out row address

mm_}.-

354pckcyc|es—--—1a+

N “’

line blanking interval .
electronic sample reset
shutter and signal levels read-out pixel values

Figure 5-20. Sensor array line timing.
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5-5.4.1 Electronic Shutter

Electronic shutter for a CMOS sensor normally takes the form of a “dummy read-out” or
charge reset (Section 2-5.4.2). This technique as implemented in the single-chip camera
involves dumping the charge collected by the pixels in each row an integer number of line
periods prior to their read-out. In Figure 5-20 it is shown that the electronic shutter operation is
performed in the line blanking interval by addressing the reset row and pulsing the rst and pg
signals to empty the potential wells of the pixels in that row. The offset in row addresses
between the reset row and the read-out row known as the reset_row_offset determines the
effective integration time 7, as illustrated in Figure 5-21. For the default video timing T,  is
given by:

T, . = 296 line periods — (296 — reset row offset) X line period  seconds (5-2)
where each line period is 382 pck cycles or 113s. The parameters for programming the

resel_row_offset and enabling electronic shuttering are given in Table C-1 and Table C-2
respectively.

0
read-out row | *
resel row oftset
rasel row | — *
- sensor array

Figure 5-21. Electronic shuttering.

5-5.4.2 Managing Latency for Quiet Operation

To ensure quiet operation during the electronic shutter and column circuit sampling opera-
tions it is necessary that all digital subsystems are inactive during this period. However, the
interpolation and colour correction subsystems responsible for producing the digital video
stream cannot be arbitrarily stalled as the video line timing of Figure 5-18 requires that 354
pixel values be output from the camera on consecutive pck cycles. For this reason 16 further
pck cycles were included in the line blanking interval in addition to the 12 required to perform

the electronic shutter and column circuit sampling operations. This accounted for the latency
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of the interpolation and colour correction systems per image row and allowed quiet operation

during the 12 critical pck cycles of the line blanking interval.

5-6. Camera System Control

Having presented the high-level architecture of the single-chip camera, the switching noise
management scheme, and the video and sensor timing requirements, it is now possible to
describe their implementation. In this section the camera control system is presented including
a number of global signals and data types. The generation of the camera system clocks is also

briefly discussed.

5-6.1 The Control Finite State Machines

To generate the timing signals required by the digital video format and for sensor read-out
two finite state machines (FSM) were designed, and together with a local parameter store form

the camera system control module.

5-6.1.1 The Video FSM

The first FSM generates the video timing signals and is shown in block diagram form in
Figure 5-22 together with the control parameter store. The video FSM is clocked by pck and
the host places the camera in video mode by taking the camera_mode signal low. When the
camera is running in video mode it generates the video synchronization signals frame_enable
and line_enable, along with the frame_active and line_active signals used to delimit the
region-of-interest. The video FSM uses the flag start_sensor _FSM to start the second FSM
which controls the timing of the sensor array. The start_sensor_FSM flag is taken high when
the frame_enable signal is taken low at the start of each video frame. When camera_mode is

taken high the camera is placed in program mode and no video is output from the camera.

5-6.1.2 The Control Parameter Store

The control parameter store contains parameters used by both the video and sensor FSMs,
as well as parameters that configure the camera architecture. The parameters resident in the
control parameter store are listed in Section C-1 and are organized into two sets. The first set of
parameters gives the reset_row_offset used with electronic shuttering, defines the
region-of-interest, and specifies the frame_enable_front_porch. A parameter known as the
frame_offset is provided to insert a programmable delay between the start of the sensor FSM
relative to the video FSM. This will be discussed further in the following subsection. A param-
eter is also required to describe the realized primary Bayer checkerboard CFA pattern to the
camera hardware. This information is encoded in a parameter known as the mosaic_pattern
using one of the four values shown in Figure 5-23. The top left-hand location of the

205



CHAPTER 5 An Integrated CMOS Digital Colour Camera

mosaic_pattern corresponds to address (0, 0) of the sensor array. This allows any inconsisten-
cies between the designed and manufactured CFA pattern to be compensated for by simply
changing the value of the parameter. The mosaic_pattern 1s set by the camera configuration
word (Table C-2).
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updale_parameters N m;;asor
camera_mode
resel start_semr_FSM__
pek -
Y Yy vy
- frame enable front porch frame_offset
o region_of_interest_row_starl control enable_shutter
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Figure 5-22. Video finite state machine and control parameter store.
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Figure 5-23. Mosaic pattern definitions.

The operation of several camera subsystems prior to spatial interpolation requires informa-
tion about which colour the current pixel value corresponds to, and the spatial arrangement of
the pixel colours immediately surrounding the present pixel value. To this end a data type
known as the window type was defined. The five members of the window type are shown in
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Figure 5-24. The window type is used by the control logic that selects PGA coefficients and by
the interpolation subsystem. During normal camera operation the value of the window type is
generated internally by the sensor FSM based on the current row and column address of the
sensor read-out. This information is encoded in a signal called next_window_type. The centre
location of the window type gives the present pixel colour. However, when testing the camera
digital subsystem with external vectors it is also possible to externally provide the
next_window_rype signal. Whether the source of the window type is internal or external is set
by the camera_configuration_word (Table C-2).

W re

. Green

. Blue

B Bk
centra red centre green 1 centre grean 2 centra blue centre black :

Don't Care

Figure 5-24. Window type definitions.

The second set of parameters in the control parameter store are used to set flags to enable or
disable analog operations such as crowbar and black offset level correction, and provide the
active gain values for the PGA. A further parameter is employed to describe the digital input
latency, i.e. the number of pck cycles between changing the sensor column address and the cor-
responding digitized pixel value appearing at the input to the camera digital system. By default
the input latency has a value of two, one cycle each for the A/D and PGA. If external vectors
are applied to the camera digital system for test purposes, this can be modified accordingly.
The second set of camera control parameters are described in Table C-3.

5-6.1.3 The Sensor FSM

The sensor FSM provides the timing signals required by the sensor array and is shown in
block diagram form in Figure 5-25. The sensor FSM is clocked by pck and is enabled by the
flag start_sensor_FSM set by the video FSM. When this flag is taken high an internal counter
is loaded with the frame_offset parameter and the sensor FSM waits this number of pck cycles
before commencing sensor array read-out. The frame_offset parameter is used to align the
pixel data produced by the camera digital system, with the video synchronization signals gen-
erated by the video FSM. This is necessary because the data latency through the camera digital
system is dependent on the processing stages performed. For example the interpolation subsys-
tem has a latency in excess of two video lines, while the colour correction subsystem has a
latency of only two pck cycles. For this reason the frame_offset parameter must be set by the
host to a value consistent with the desired camera output mode.
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Figure 5-25. The sensor finite state machine,

The sensor FSM also generates signals needed by the PGA, the A/D converter, and the
interpolation and image statistics subsystems. For example, the pixel_valid flag is set when-
ever the present pixel value corresponds to a red, green, or blue value. It is not set during the
blanking intervals or when reading out a black row from the sensor. The pixel_valid signal is
required because the interpolation and image statistics subsystems must only operate on data
corresponding to pixels in the imaging part of the sensor array. The sensor FSM also produces
a number of signals associated with the switching noise management scheme. The signal
enable_analog_and_digital_clocks is supplied to the clock generation module to suppress the
generation of ackl, ack2, ack3, and dck during the portion of the line blanking interval coincid-
ing with the electronic shutter and column circuit sampling operations. The quiet/noisy_I/O
signal is employed to inform the host that it should suspend parameter /O operations during
this interval for quiet operation.

5-6.2 Clock Generation

The camera system clocks shown in Figure 5-15 are produced by a clock generation module
consisting of a clock divider and FSM, and distributed using buffers and a clock tree. The
clock generation architecture is shown in Figure 5-26. A divider was employed as part of the
clock generation architecture to allow the camera system (o be run at a reduced rate without
changing the external clock provided to the chip. The clock_division_factor parameter can be
set by the host to divide the external clock by 1, 2, 4, or 8 as described in Table C-1. A state
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machine was used to generate the different clocks required by the camera system from the out-
put of the clock divider. If the signal enable_analog_and_digital_clocks is high, the analog
clocks ackl, ack2, and ack3, are produced along with the digital clock dck. The noisy/
quiet_mode flag is employed to select which of the phase relationships dck takes, as shown in
Figure 5-15. The clocks pck and fck are always generated, independent of the state of

enable_analog_and_digital _clocks.

axtemnal _clock
clock_division_factor{1..0)

clock_F5SM_raset

noisy/quiel_mode

-

enable_analog_and_digital_clocks

clock tree

Figure 5-26. Clock generation architecture.

5-7. Spatial Interpolation Subsystem

The use of a colour filter array (CFA) to realize a single-chip colour image sensor necessi-
tates spatial interpolation to construct three colour components for each pixel. An elementary
interpolation scheme based on linear low-pass filtering over a 3 x 3 pixel neighbourhood was
used with the single-chip camera due to its ease of implementation. While this scheme pro-
duced some visible colour aliasing artifacts at luminance transitions in the image, these could
be reduced with a more advanced interpolation technique and are not indicative of APS tech-
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nology itself [Parulski et al. 1989, Hibbard 1995]. In this section the interpolation algorithm
employed by the single-chip camera will be described together with the requirements for map-
ping it to hardware. The implementation of the FIFOs needed by the algorithm are discussed
before the architecture of the spatial interpolation subsystem is presented. The sequencing of
the interpolation subsystem is then described followed by the architecture and operation of the

multiply-accumulate units.

5-7.1 The Interpolation Algorithm

Performing linear spatial low-pass filtering over a 3 X 3 pixel neighbourhood for each frame

of image data generated from the sensor array can be described formally as follows:

Let P be the image formed by the 354 x 290 pixel values P (i, j) acquired from the colour
photogate sensor each frame as shown in Figure 5-27.

Figure 5-27. The image P formed from the 354 x 290 colour pixel values acquired from the sensor

each frame.

From P three component images Py, P, and Py can be formed by selectively choosing
the red, green, and blue pixel values respectively, and setting all other pixel values to zero. By
inspection of Figure 5-27, P, P, and P, are defined according to:

Pp(i,j) = P(i,j))V(imod2=0Ajmod2=0) else Pp(i,j) =0 (5-3)

Po(i,j) = P(i,))¥((imod2= Injmod2=0)v (imod2=0nAjmod2=1)) else

Ps(i,j) =0 (5-4)
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Pp(i,j) = P(i, DV (imod2=1njmod2=1) else Py(i,j) =0 (5-5)

The 3 x 3 linear spatial low-pass filtering operation can be described as the convolution of
three 3 x 3 filter kernels KR . KG ,and KB , with the three component images PR' PG ,and PB.
If the two dimensional spatial convolution operator is denoted by * then the interpolated red,
green, and blue component images are given by:

‘Rim = KR*PR (5'6)
Giny = Kg* Pg (5-7)
By = Kp* Py (5-8)

As an example, the convolution of K, with P atlocation (1, 1) is given by:

G, (1,1) = KgPi (0, 1) + KPi (1,0) +Kg P (1,2) +KgyPi(2,1)  (5-9)

with reference to Figure 5-28. Note that the terms involving multiplication by zero have
been omitted from (5-9).
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(a) (b)

Figure 5-28. (a) The spatial interpolation filter kernel K. (b) Convolving the kernel K with the
component image P at location (1,1).

A default set of filter kernel coefficients that were used by the spatial interpolation proce-

dure are:
025 0.5 0.25 0.125 0.25 0.125 0.25 0.5 0.25
Kp=1051005|-Kc=1025 05 025|-Kz =105 1.0 05 (5-10)
0.25 0.5 0.25 0.125 0.25 0.125 0.25 0.5 0.25
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To simplify the spatial interpolation procedure no interpolation is performed for the pixels
along the sensor perimeter, and consequently the interpolated component images R, , G
and B,  have the CIF resolution of 352 x 288.

int?

5-7.2 Mapping the Interpolation Algorithm to Hardware

To directly implement the interpolation algorithm as defined in Section 5-7.1 results in an
inefficient hardware realization. This is because the image data is not available in a memory
array format, and instead is output from the sensor A/D as a serial stream of consecutive pixel
values, Therefore a direct implementation would require a complete frame store so that each
pixel value P(i,j) can be stored for multiple reuse. For example, the pixel value
P.(3,2) = P(3,2) isneeded for the evaluation of 9 different 3 X 3 convolution operations:
G, 20, G,(22), G, (23, G, 1, G, (32), G, (33, G, (41),
G, (42),and G, (4,3).

i

int int int

Closer examination of the interpolation algorithm reveals that the minimum memory
requirements for implementation involve storing the previous two rows of pixel data output
from the A/D. A practical implementation of the interpolation algorithm was developed for the
single-chip camera using a pair of FIFOs to hold the last two rows of pixel data, and a 3 x 3
register file to hold the current interpolation neighbourhood. The operation of this interpolation

scheme can be described with reference to Figure 5-29.

final FIFO value Interpolation location . red

8 | 5 | 4 | registerfile

3 x 3 register file next pixel value from sensor

Figure 5-29. An implementation of the spatial interpolation algorithm using a FIFO pair and a 3 x 3
register file,

Each pixel value as it is output from the A/D is loaded into register] of the 3 x 3 register
file. The pixel values from the previous two rows corresponding to the same sensor column are
removed from FI/FO! and FIFO2 and loaded into register4 and register7 respectively. Once
the correct pixel values have been loaded into the register file in this fashion, additional hard-
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ware (not shown in Figure 5-29) can perform the necessary arithmetic operations with the filter
kernel coefficients of X » Kg» and K, to generate the interpolated components
(Ripp i B

inp )} for the sensor location corresponding to register5 of the register file. The

int
details of which registers in the register file are multiplied with which coefficients are depend-
ent on the current window type as defined in Figure 5-24. Finally the pixel values in register3
and register6 of the register file are inserted into FIFOI and FIFO2 respectively for later
reuse, and the contents of the register file are shifted by one register to the left ready to begin

the next interpolation operation.

5-7.3 FIFO Implementation

For the spatial interpolation scheme described in the previous section, the pixel values are
inserted and removed from FIFO! and FIFO?2 in parallel. For an 8-bit pixel representation it is
possible to use a single FIFO of size 352 x 16 bits to realize FIFO! and FIFO2. Power and
area efficient implementations of FIFOs of this size are based on SRAM rather than registers.
A full-custom single-port SRAM developed by Jay O’Neil of Bell Laboratories was available
in the target CMOS technology that provided significant power and area savings over the
equivalent standard-cell realization. For this reason the interpolation FIFO was implemented
using a full-custom 352 x 16 bit SRAM, and suitable address generation logic synthesized to
support the insertion and removal of pixel values from FIFOI and FIFO2. One important char-
acteristic of the full-custom SRAM design employed by the interpolation subsystem is that
while it supported a 1 cycle write operation, it required two cycles to perform a read operation
as illustrated by the timing diagram of Figure 5-30. This had implications for the timing of the
spatial interpolation subsystem that will be discussed shortly.

The architecture of the interpolation subsystem is based on three internal buses for the red,
green, and blue pixel values respectively. The reasons for this will become apparent when the
architecture is described in Section 5-7.4. The FIFO architecture is shown in Figure 5-31.
Instructions are provided to the FIFO from the interpolation subsystem FSM. These instruc-
tions are decoded and a pair of pixel values from any two of the three internal buses are
inserted or removed from FIFO1 and FIFO2 in parallel. Separate registers are used to store the

current location of the top and bottom of the FIFO.
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Figure 5-30. SRAM timing.
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Figure 5-31. FIFO architecture.
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5-7.4 Interpolation Subsystem Architecture

The interpolation scheme described in Section 5-7.2 was realized in hardware using the
architecture shown in Figure 5-32. In addition to the FIFOs discussed in Section 5-7.3, the
architecture is based on a 3 x 3 register file, and three internal buses are employed to transfer
data corresponding to red, green, and blue pixels respectively. Furthermore, three parallel mul-
tiply-accumulate (MAC) units are provided to compute the R, , G, . and B, components
respectively by convolving the pixel values in the register file with the appropriate kernel coef-
ficients. From Figure 5-29 it is clear that when inserting or removing data from FIFO! and
FIFO2, the two 8-bit data values will always correspond to different colours. As the insertion
or removal of 8-bit data from F/FQ! and FIFO2 occurs in parallel, it is necessary to have at
least two buses to transfer data to and from the register file. However, when data is being trans-
ferred between the register file and the FIFOs, it can also be loaded into the appropriate two
MAC units. The provision of a third bus allows the otherwise unused MAC unit to be loaded
with data from the register file at the same time. The interpolation subsystem is clocked by dck.
Using the architecture of Figure 5-32 it is possible to perform the necessary data transfer oper-
ations in 5 dck cycles. However, as the SRAM requires a two cycle read, 6 dck cycles are

needed in practice.

§§{A% ~ register file
(352 x 16 bits) : E ""l p— H —rs mgaﬂl
| FFo1 || FFO2 gt mgs |-» g5 |- regs |
. r. =
| E reg 1 reg 2 reg 3
Pk |7y (e |
\ mux mux mux_/
\ \ red_bus(7..0] ‘ + ‘,

L

|green_bus(7..0] y 1]
| blua_bus(7..0] i _

PI
]
|

T Y

mux
plxal_value[7..0]
pixel_valid _| interpolation
halul Ll FSM
o > 17..0] ol7.0) b7..0) J

|

Figure 5-32. Interpolation architecture. Note that the register file is labelled in a manner consistent
with Figure 5-29.

final_FIFO_value[7..0]
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5-7.4.1 Data Flow Through The Interpolation Subsystem

The data flow through the interpolation subsystem can be described using as an example a
data value output from the A/D corresponding to a red pixel. During the first dck cycle the con-
tents of the 3 X 3 register file are shifted to the right by one register, i.e. register] — register2,
register2 — register3, register4d — register>, register5 — register6, register7 — register8, and
register8 — register9. The previous contents of register3, register6, and register9 are dis-
carded. At the same time the current pixel value from the A/D, a red pixel value in this exam-
ple, is simultaneously loaded into register] and the red MAC unit via the red_bus. During the
second and third dck cycles, the pixel values from the previous two rows are removed from
FIFO] and FIFO? in parallel, and loaded into register4 and register7 and the green and red
MAC units, via the green_bus and red_bus respectively. During the fourth dck cycle the pixel
values in register3 and register6 are inserted into FIFOI and FIFO2 respectively, and the red
and green MAC units. In the fifth dck cycle the pixel values in register5, register8, and
register9 are loaded into the blue, green, and red MAC units respectively. In the sixth dck cycle
the contents of register2 are loaded into the green MAC. Data flow through the interpolation
subsystem is similar for values output from the A/D corresponding to green, and blue pixels.
The sequencing of the interpolation subsystem is described further in Table 5-2, and the archi-
tecture and operation of the MAC units will be presented in Section 5-7.6.

5-7.4.2 Testing Data Flow Through The Interpolation Subsystem

To test the flow of pixel data through the interpolation subsystem the camera inpur_mode
can be set to / in the camera_configuration_word (Table C-2), and external test vectors intro-
duced to the camera digital system via the test_input bus (see Figure 5-12). Consistent with
Figure 5-29, register9 corresponds to the final stage in data flow through the interpolation sub-
system. By setting the camera output_mode to 00 the pixel value stored in register9 is driven
onto the final_FIFO_value bus rather than being discarded, and into the g_ch camera output
bus (see Figure 5-12). This allows the interpolation data flow to be functionally tested.

5-7.5 The Interpolation FSM

The operation of the interpolation subsystem is controlled by a finite state machine (FSM)
clocked by dck. Interpolation commences when the pixel_valid flag generated by the sensor
FSM is set (Section 5-6.1.3). This signals that data corresponding to a red, green, or blue pixel
is present on the pixel_value bus. Spatial colour information about the current pixel value is
encoded in the signal next_window_type, also produced by the sensor FSM. The state table for
the interpolation FSM is given in Table 5-2 and illustrates the dependence of the interpolation

subsystem operations on the value of next_window_type.
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next_window_type
dck
cycle centre red centre green 1 centre green 2 centre blue
1 regl o reg2 regl - reg2 regl = reg2 regl o reg2
reg 2 5 reg3 reg 2 - reg3 reg 2 = reg3 reg2 — reg3
reg4 — reg 5 regd — reg S regd > reg$s reg4 — reg 5
reg S > reg 6 reg5 > regb reg5 > reg6 reg5 - regb
reg7 > reg 8 reg7 > reg 8 reg7 > reg8 reg7 > reg 8
reg 8 - reg9 reg8— reg9 reg8 = reg9 reg 8 = reg 9
pixel_value = reg | pixel_value — reg 1 pixel_value — reg | pixel_value 5 reg |
blue MAC green MAC green MAC red MAC
(blue bus) (green bus) (green bus) (red bus)
2 commence data removal from FIFOs (SRAM has two cycle read)
3 FIFO 1 — reg4 FIFO 1 > reg4 FIFO | — reg4 FIFO 1 5 reg4
green MAC red MAC blue MAC green MAC
(green bus) (red bus) (blue bus) (green bus)
FIFO2 - reg7 FIFO2 > reg? FIFO2 > reg7 FIFO2 > reg7
blue MAC green MAC green MAC red MAC
(blue bus) (green bus) (green bus) (red bus)
reg 8 = blue MAC reg 8 - red MAC
(blue bus) (red bus)
4 reg3 - FIFO 1 reg3—> FIFO 1 reg3 - FIFO 1 reg 3 > FIFO |
blue MAC green MAC green MAC red MAC
(blue bus) (green bus) (green bus) (red bus)
reg 6 - FIFO 2 reg 6 — FIFO 2 reg 6 > FIFO2 reg 6 > FIFO 2
green MAC red MAC blue MAC green MAC
(green bus) (red bus) (blue bus) (green bus)
reg 2 - blue MAC reg 2 - red MAC
(blue bus) (red bus)
5 reg 5 — red MAC reg 5 > green MAC reg 5 - green MAC reg 5 - blue MAC
(red bus) (green bus) (green bus) (blue bus)
reg 8 o green MAC reg 8 > green MAC
(green bus) (green bus)
reg 9 — blue MAC reg 9 > red MAC
(blue bus) (red bus)
6 reg 2 - green MAC reg 9 > green MAC reg 9 — green MAC reg 2 - green MAC
(green bus) (green bus) (green bus) (green bus)

Table 5-2. Interpolation FSM state table.

5-7.6 The Interpolation Multiply-Accumulate Units

The spatial interpolation algorithm described in Section 5-7.1 can support general linear
spatial filtering over a 3 x 3 pixel neighbourhood if the coefficients of the three filter kernels
K, K;,and Ky are allowed to take on any values. To support the greatest possible interpola-
tion flexibility for the single-chip camera it was decided to realize programmable kernel coeffi-
cients rather than employing a set of fixed coefficients. While this resulted in a substantial
hardware overhead, it did allow an unforeseeable performance characteristic of the photogate

sensor to be corrected for which will be discussed in Section 5-7.6.4
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5-7.6.1 Interpolation Coefficients

Each coefficient of the 3 x 3 filter kernels K, K;, and K used in the interpolation sub-
system is programmable and represented using a 6-bit signcﬂll mantissa and a 4-bit unsigned
exponent that is always interpreted as negative.

LI [ [ T 1 | el

mantissa exponent

Figure 5-33. Representation of the interpolation coefficients.

The value of each filter coefficient can be computed using:

exponent)

coefficient = (mantissa) x2"" (5-11)

For example, the coefficient 171101 0011 is —0.375 in decimal. Rather than each coefficient
having an individual exponent, a single exponent is shared with all coefficients within each fil-
ter kernel. While this reduces the available “dynamic range™ of the coefficients, it simplifies
the implementation of the MAC unit by requiring only a single normalization at the MAC unit
output. Coefficients that can be represented using this format fall in the range defined by:

~32 - 31
< COC’fflCIL’P‘H < W

2

where 0 € exponent < 15 (5-12)

2 (exponent)

The interpolation coefficient parameters, their default values, and their programming details
are given in Table C-4.

5-7.6.2 Interpolation MAC Unit Architecture

The architecture of the red, green, and blue MAC units are identical and shown in Figure
5-34. Each MAC unit comprises a multiplier, adder, shifter, and coefficient store. The MAC
unit is pipelined using registers clocked by dck.

1. Two's complement representation.
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lnmmolatlon_lnstmctiunl x_bus(7..0]
mantissa(5..0)
update_parameters _| X coefficient store dek—F ] 4— dek
pek .
previous_sum[14..0]
i i product[14..0] I

read/write(1..0] et L S
modula_address[3.0|

parameter_address|3 0|

parameter bus[7. 0]

Figure 5-34. Interpolation MAC unit architecture. Note that x corresponds to red, green, or blue,

5-7.6.3 Interpolation MAC Unit Operation

As described in Table 5-2 pixel values are loaded into the MAC units from the red_bus,
green_bus, and blue_bus internal to the interpolation system. As each pixel value is loaded into
a MAC unit, the mantissa of the appropriate coefficient is fetched from the coefficient store
based on the which register the pixel value originated from or is intended for. After multiplica-
tion the product is accumulated by the adder with the previous sum if required. After the accu-
mulation of all the product terms in the convolution the result is normalized by shifting to the
right the number of bits determined by the kernel exponent. To produce the output value the
final result is truncated to 8-bits. For correct MAC unit operation a number of control signals
not shown in Figure 5-34 are used to clear the previous sum at the start of each interpolation
operation, and stall the MAC unit while waiting for the next pixel value. The MAC units have
a latency corresponding to 2 pck cycles. The total latency of the interpolation subsystem is 714
pck cycles, 712 of which are contributed by the FIFO and register file. This means that the
interpolation subsystem does not start producing valid output results until after two rows of

sensor read-out.

5-7.6.4 Interpolation Coefficients And The Colour Photogate Sensor

While the decision to support fully programmable interpolation coefficients resulted in
greater complexity for the MAC unit architecture, it did allow an unexpected characteristic of
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the colour photogate sensor to be compensated for. After the camera was manufactured and the
CFA deposited it was found that the optical sensitivity of the green pixels in adjacent rows of
the sensor were slightly different. This behaviour is caused by colour cross talk which was dis-
cussed in Section 4-12.4.2. It effectively results in two types of green pixel that have been
denoted greenl and green2 as shown in Figure 5-35.

- greeni pixels
- green2 pixels

W n

Figure 5-35. lllustrating the two types of green pixel of the colour photogate sensor.

Having two types of green pixels can result in unwanted visible artifacts in the interpolated
image depending on the selection of the interpolation coefficients. In the absence of this infor-
mation the most natural coefficients to use for interpolating the green pixel values are:

0.0 025 0.0
K; = 1025 1.0 025 (5-13)
0.0 0.25 0.0

This filter kernel implies that when interpolating 3 X 3 pixel neighbourhood with a green
pixel in the centre, just use that pixel value for G, . However, it was found that if this set of
coefficients was employed, a checkerboard pattern was visible in the image data generated by
the interpolation subsystem due to the differences in optical sensitivity of the greenl and
green2 pixels. Fortunately, as the kernel coefficients are programmable it was possible to select
an alternative set of coefficients to suppress this phenomena. By ensuring that all green pixel
values within each 3 x 3 neighbourhood are used in the computation of the convolution, the
effect of the greenl and green2 pixels can be averaged. The coefficients employed to interpo-
late the green pixels and suppress this effect are:

0.125 0.25 0.125
K;=1025 05 025 (5-14)
0.125 0.25 0.125
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5-7.7 Discussion Of The Interpolation Architecture

While the ability to program the interpolation coefficients was found to be valuable, the pre-
cision with which the interpolation coefficients are represented is excessive, particularly the
exponent range. A substantially simpler scheme in terms of hardware could be developed by
restricting coefficients to powers of 2, for example 2, 1, 0.5, 0.25, 0.125 etc. This still supports
the default coefficients given in (5-10) and would allow the multiplier of Figure 5-34 to be
replaced by a shift register, and the final normalization stage would be redundant. Simplifying
the interpolation MAC unit architecture in this way could result in significant area and power
savings. However, it is more likely that future interpolation schemes will use advanced
non-linear algorithms rather than linear low-pass filtering to provide greater suppression of
colour aliasing artifacts [Parulski et al. 1989, Hibbard 1995]. To implement these techniques
would require a complete redesign of the interpolation MAC unit architecture. If the chosen
interpolation scheme operated over a 3 x 3 pixel neighbourhood, the remainder of the interpo-

lation architecture in terms of the register file, FIFO, and internal buses could be reused.

5-8. Colour Correction Subsystem

To improve the colour rendition of a solid-state camera and transform into a standard colour
space, it is necessary to apply a linear 3 X 3 matrix to the interpolated colour components
(Rint’ Gint’ Bint
C, then the basic colour correction operation is given by:

) for each pixel (Section 3-4.27.2). If the colour correction matrix is denoted

R €11 €12 €13| [ Rips
G| = |1 €2 3| |Cine (5-15)
B B

€31 €32 C33] | Bine

However, in practice it is useful to be able to add offsets to the pixel colour components to
improve colour rendition by correcting for offsets introduced by the PGA or A/D. It was
decided to implement both pre- and post-offsets in the colour correction subsystem according
to:

R, + pre offsety post offsetp
G, +pre offset | + | post offset (5-16)

€11 €12 €13

€y €2 €3

QX
i

€31 €33 €33 B, + pre offsetp post offsety

As the coefficients of C and the pre and post offsets are not known apriori, they must be
programmable. Using an off-line calibration scheme similar to that described in
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Section 4-13.2, the optimal coefficients and offsets can be found for a given illuminant and
downloaded to the single-chip camera by the host.

5-8.1 Colour Correction Coefficients

Each coefficient of the matrix C used in the colour correction system is programmable and
represented using a 6-bit signed' mantissa and a 2-bit unsigned exponent that is always inter-
preted as negative with an offset of 2. Unlike the interpolation coefficients, each colour correc-

tion coefficient has an individual exponent.

LT T T T 1T [

mantissa axponent

Figure 5-36. Representation of colour correction coefficients.

The value of each colour correction coefficient can be computed using:

(exponent + 2)

coefficient = (mantissa) X2 (5-17)

As an example the coefficient 170111 11 is —0.28125. Coefficients that can be represented
using this format fall in the range defined by:

-32 31

< coefficient < m where 0 < exponenr <3 (5-18)

2 {exponent + 2}

As the coefficients are not known apriori the default matrix for C is the identity matrix J.
The pre-offsets and post-offsets are represented by 8-bit signed integers giving a range of -128
to 127. The default value for the pre-offsets and post-offsets is 0. The programming details for

the colour correction parameters are given in Table C-5.

5-8.2 Colour Correction Architecture

The colour correction operation described by (5-16) was implemented using the architecture
shown in Figure 5-37. It comprises an adder, a coefficient store, and three parallel multi-
ply-accumulate (MAC) units. The timing of the colour correction system and MAC units is
controlled by a state machine clocked with dck. The architecture of the colour correction sub-
system was developed jointly with K. J. Singh, however the verification of the colour correc-
tion subsystem precision (Section 5-8.3) and the subsequent discussion (Section 5-8.4) are

entirely the work of the author.

1. Two's complement representation.
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Figure 5-37. Colour correction architecture.

5-8.2.1 Colour Correction MAC Unit Architecture

The architecture of the red, green, and blue colour correction MAC units are identical and
shown in Figure 5-38. Each MAC unit comprises a multiplier, adder, and shifter. The MAC
unit is pipelined using a number of registers clocked by dck.

5-8.2.2 Operation of the Colour Correction Subsystem

The interpolated colour components (R, .G, . B,,) for each pixel are fed serially into
the colour correction subsystem. In the first dck cycle the red component R, is added with the
red pre-offset, truncated to 8-bits, and then loaded into the thee MAC units in parallel. In sub-
sequent dck cycles the appropriate offsets are added to G, and B, in turn, and these results
loaded into the MAC units also. As each pre-offset corrected component is loaded into the
MAC units, they are multiplied by the mantissa of the appropriate matrix coefficient, and the
result normalized by the exponent. For example, when the pre-offset corrected R, is loaded
into the MAC units it is simultaneously multiplied by ¢, in the red MAC unit, €y, in the
green MAC unit, and ¢4 in the blue MAC unit. In the following cycle these results are accu-
mulated with the product of the pre-offset corrected G, with ¢, in the red MAC unit, €y, IN
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the green MAC unit, and ¢,, in the blue MAC unit respectively. In the next cycle the pre-off-
set corrected B, is multiplied by ¢y, in the red MAC unit, ¢, in the green MAC unit, and
¢33 in the blue MAC unit. Each of these products is accumulated in the MAC unit by an adder
with the corresponding post-offset. To produce the output value the final result for each MAC

unit is truncated to 8-bits.

g FIElS g
g Z|=|T =
1 iy :?— -f.?“ g
& mux Fa
| -extend 16-bits
prévious_sum({15..0]
e)cpomrm..oll
dek—F | de—F | ok

Figure 5-38. Colour correction MAC unit architecture. Note that j corresponds to 1, 2, or 3 for X taking
on the values red, green, or blue respectively.

5-8.3 Precision Of The Colour Correction Subsystem

To verify that the precision of the colour correction subsystem is adequate, it is possible to
simulate its application on a set of standard colour samples, for example the samples of the
Macbeth ColorChecker, and compare the colorimetric accuracy obtained with that achieved
using floating point arithmetic. To perform this simulation the optimal colour correction matrix
for the single-chip camera must first be determined. In principle, the procedure employed with
the photogate sensor in Section 4-13.2 to find the optimal colour correction matrix can be used
to determine the colour correction matrix for the single-chip camera. However, it is clearly not
possible to perform this procedure before the camera has been manufactured, Therefore, the
colour correction matrix C and tristimulus data (R;,, G, . B, ) acquired from the photogate
sensor of Chapter 4 were used in the simulation instead. It can be expected that the colour cor-
rection matrix and tristimulus values found for the samples of the Macbeth ColorChecker

using the photogate sensor might be similar to those obtained with the single-chip camera. This
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is because the target fabrication technology for the single-chip camera was the same as that
used for the photogate sensor, a scaled version of the same pixel design was employed, and

similar filter characteristics were used for the CFA.

5-8.3.1 Representing the Colour Correction Matrix Coefficients

In Section 4-13.3 the optimal colour correction matrix found for the photogate sensor of
Chapter 4 was given by (4-70)". The matrix coefficients and post-offsets have been reproduced
in Table 5-3 together with their binary representation in the format of the colour correction
subsystem of the single-chip camera (Section 5-8.1). The algorithm used to map from their
optimal value in a floating point representation to the closest value in the binary representation
of the colour correction subsystem is described in Section C-3.2. The floating point equivalent
of the binary representation and the corresponding coefficient error are also tabulated in

Table 5-3. The average coefficient error is approximately 2%, neglecting the 100% error for

¢\, - The average post-offset error is about 5%.
Optimal Value Binary . Equivalent Value Error % Error
Coefficient (floating point) Representation (floating point) (floating point) (floating point)
cl 1.1731 010011 10 1.1875 00144 123
3P 0.0089 000000 00 0 0.0089 100.0
ci3 -0.2637 111000 11 -0.25 -0.0137 5.19
a1 -0.4925 110000 11 -0.5 0.0075 1.53
¢ 22328 01001001 225 -0.0172 077
9 -0.72668 101001 i -0.71875 -0.00793 1.09
¢y -0.2358 111000 1] -0.25 0.0142 6.0l
32 -1.4131 101001 10 -1.4375 0.0244 1.72
o 25182 101100 01 2.5 0.0182 0.72
red post-offset -6.7481 11111001 -7 0.2519 3.60
green post-offset -7.9056 11111000 -8 0.0944 1.18
blue post-offset -2.1975 1111110 2 -0.1975 9.88

Table 5-3. Representing the colour correction matrix of (4-70) in the binary format of parameters of
the single-chip camera colour correction subsystem. Note that the pre-offsets have been set to

zero.

5-8.3.2 Colorimetric Simulation of the Colour Correction Subsystem

To determine the colorimetric error introduced by the limited precision of the colour correc-
tion subsystem, a program was written to simulate the arithmetic operations performed by the
colour correction architecture. The 24 tristimulus values (Rim, Gim, Bim) obtained for the
samples of the Macbeth ColorChecker by the photogate sensor of Chapter 4 (Table B-2) were
used in the simulation, together with the binary representation of the matrix coefficients found

in Table 5-3. In this manner the set of 24 tristimulus values (R, G, B) in the NTSC colour

1. Determined by minimizing the mean squared error over the 24 samples of the Macbeth Color-
Checker in the CIE XYZ colour space.
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space corresponding to the application of the colour correction subsystem was found. An
equivalent set of tristimulus values in the CIE XYZ colour space was computed by applying the
inverse of matrix P given in (4-62) using full floating point precision. The actual CIE XYZ tris-
timulus values for the Macbeth ColorChecker samples are listed in Table B-1. This allows the
mean squared error in the CIE XYZ colour space MSEy,, to be computed using (4-65). Map-
ping both the actual and computed tristimulus values into the CIE L*u*v* colour space using
the transformation described in Section 3-4.18 enables the RMS colour difference in the CIE

L*u*v* colour space (AE* ) to be calculated using (4-72). Each of these results has

been listed in Table 5-4 togetherR»yiL:h the values obtained using full floating point precision. As
] unit in the CIE L*u*v* colour space corresponds to a *“just noticeable difference”, it can be
concluded from Table 5-4 that the limited precision of the colour correction subsystem does
not introduce any visible degradation in colorimetric accuracy. Therefore the precision of the
colour correction subsystem is satisfactory and will not limit the colorimetric accuracy of the

single-chip camera.

Clﬂl(;::n(f:l:::tciggn MSEX Yz (AE* uv) RMS
floating point representation 6.14 7.94
binary representation 6.77 8.45
(colour correction subsystem)

Table 5-4. Comparison of colorimetric error obtained using both a floating
point and binary representation for the colour correction matrix. The
colorimetric error is given both in terms of the MSE in the XYZ
colour space, and the RMS L*u*v* colour difference.

5-8.4 Discussion of the Colour Correction Architecture

While the architecture and precision of the colour correction system is sound, it is worth
noting that when applying colour correction in the form of (5-16), either the post-offsets or the
pre-offsets are redundant. This is because any pre-offset can be expressed as a post-offset and

visa versa using the relations:

post offset €1y €12 €13 | Pre offsety
post offset ;| = |Cyy Coy Cos| |PTe Offset; (5-19)
post offset g €31 €3y Ca3f |Pre offsety
_ir
pre offset, €1y €1z C13| | Ppost offset,
pre offset ;| = [Cy €y Cp3| | POSt Offset; (5-20)
pre offsety C3) C3p €33 |Post offset g
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Therefore, to simplify the colour correction hardware all offsets could be included as
post-offsets in the MAC units, and the adder in Figure 5-37 used to implement the pre-offsets

would no longer be required.

5-9. Image Statistics Subsystem

As the target application of the single-chip camera is a low-cost digital multimedia camera,
this precludes the use of several of the exposure control and white balance techniques dis-
cussed in Section 3-5.5. For example, it is not envisaged that an automatic mechanized iris
could be employed in a low-cost product. However, the exposure of the sensor in the sin-
gle-chip camera can be controlled using electronic shutter (Section 5-5.4.1), and by changing
the gains of the PGA (Section 5-4.4). The white balance of the camera can be managed by
adjusting the relative magnitudes of the gains applied to the red, green, and blue pixel values
by the PGA. While a detailed design of the exposure control and white balance algorithms had
not been finalized prior to the manufacture of the single-chip camera, it was decided to incor-
porate hardware to compute image histograms into the camera architecture. By determining a
separate histogram of the red, green, and blue pixels in each image, a measure of the relative
amount of each colour component is found. This could form the basis of a metric for a white
balance algorithm. The distribution of the pixel values within the 8-bit range of the A/D pro-
vides a measure of the sensor exposure and utilization of the A/D input range [Andersson and
Shelby 1994]. By allowing the thresholds that define the histogram bins to be changed by the
host in successive frames if desired, a detailed set of statistics can be accrued over a number of
frames. Based on such metrics, exposure control and white balance algorithms running in soft-
ware on the host can download new electronic shutter and/or PGA parameters respectively to

the single-chip camera. The architecture of the image statistics subsystem was developed

jointly with K. J. Singh.

5-9.1 Parameters of the Image Statistics Subsystem

The image statistics subsystem computes a separate histogram of the red, green, and blue
colour component values for each frame. Each histogram consists of four bins defined by five
programmable thresholds as shown in Figure 5-39. For the sensor CFA arrangement of Figure
5-6, the maximum possible count for a histogram bin occurs when all 51330 green pixels have

the same or similar value. To handle this case the count for each histogram bin is stored in a
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16-bit register. The image statistics parameters that correspond to the histogram bins and pro-
grammable thresholds are given in Table C-6.

count

2 © 255  pixel_value

23

Figure 5-39. Histogram definition used by the image statistics subsystem.

threshold 3
threshold 4

5-9.2 Image Statistics Architecture

The image statistics subsystem has the architecture shown in Figure 5-40. Its operation can
be described as follows. At the start of sensor read-out the histogram bins are cleared using the
reset_statistics signal generated by the sensor FSM. During sensor read-out when the
pixel_valid flag is set the pixel value from the A/D is compared with the five thresholds, Based
on the result of this comparison and the present pixel colour, the appropriate histogram bin is
addressed and incremented. At the end of each frame the host can upload the image histograms
over the parameter bus.
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Figure 5-40. Image statistics subsystem architecture.

5-10. Host Interface

All the camera system parameters listed in tables in this chapter can programmed by the
host computer through using the signals shown in Figure 5§-41. The host interface was devel-

oped by the author.
CYTEREREL Y camera_mode .
r%’gﬁ ¥ ﬁ .. I, " l'.l_' hard_reset .
tE o E- update_parameters
\ - | |y auevnosy vo digital multimedia
1
sl . pok camera chip
. ﬁ 55 f. read/write{1.0]
ES b ESEE module_address(3..0}
‘ by : | : i N parameter_address(3..0] B
T Y St
1 ‘ II
e

Figure 5-41. Host interface programming model.
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5-10.1 Parameter Read and Write Cycles

The host synchronizes all parameter read and write operations to the pixel clock pck. The
timing diagram for parameter read and write cycles is shown in Figure 5-42. To read a parame-
ter from the camera, the read/write signal is set by the host to /0 and the module_address and
parameter_address are established. Once the module and parameter addresses are decoded by
the camera, the corresponding parameter value is immediately driven onto the parameter_bus
by the camera. The host can latch the value on the parameter_bus on or before the next rising
edge of pck. As the maximum rate for pck is only 3.39MHz, the speed requirements of the
host or camera are not excessive. To write a parameter to the camera the host sets the read/
write signal to /1 and establishes the module and parameter addresses, and the parameter value
on the parameter_bus. The camera latches the value on the parameter_bus on the next rising
edge of pck. The host can suspend parameter /O by setting read/write to the value 00 or 0].

m_ [ L[ L[ 1

read/write(1..0} - read - 10 X write - 11 -

o, ssossts o) [N roocsoessr 1 Y svossr o1 Y

parameter ,addrass[&.ﬂl‘ ad address(3.0) ) wrke addmsa{a..ﬂl_

- -y , - - lon
parameteoust7. o [ Y~ X wecn N
> lon - - -, :
data latched by host data latched by camera

Figure 5-42. Parameter read/write timing diagram. Note that tpy is the time it takes the host to
establish data and addresses during read and write operations, and Tpg is the time it takes the
camera to establish data on the parameter bus during a read operation.

5-10.2 Updating Parameters

All camera parameters are double-buffered [D'Luna and Parulski 1991, Wang et al. 1994].
This allows parameters to be changed at any time during a video frame without introducing
“glitches”. The parameter double-buffering scheme used with the single-chip camera is illus-
trated schematically in Figure 5-43. When parameters are written to the camera they are buff-
ered in flip-flops. When the host wishes to make these parameters values active, it holds the
update_parameters signal high for at least 1 pck cycle. This event is detected by the sensor
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FSM on the single-chip camera and during the blanking interval at the start of the next frame
the active parameters take on their new values. When a parameter is read from the camera, the
active value is driven onto the parameter_bus. As an alternative method for changing parame-
ters on the single-chip camera, the host can disable video output from the camera by taking the
camera_mode signal high. This places the camera in program mode. Under these conditions,
parameters written to the camera are made active when the update_parameters signal is pulsed
by the host. To reload the default values into the active and buffered parameter locations the
host can pulse the camera hard_reser signal. If the camera is in video mode this will also have
the effect of restarting the current frame.

camera_mode
update_parametars

read/write[1..0] ——»={
module_address|3..0] ———pm{ @
parameter_address(3.0) ——m{

writel | rmat
next

E parameter #\ parameter

flip-flop lateh
& presat load  proset

ik I TR | ]
hard_reset load default parameter value)
parameter_bus[7..0] -e L -

Figure 5-43. Parameter double-buffering scheme used on the camera,

5-10.3 Quiet/Noisy Parameter I/O

While the host can read and write parameter values to the host on any positive edge of pek,
it can choose to observe the quiet periods defined as part of the switching noise management
scheme. As discussed in Section 5-5.2.5, the sensor FSM holds the quiet/noisy_I/O signal low
during the line blanking interval to inform the host that it should temporarily suspend parame-
ter I/O for quiet operation. At the sub-pixel clock level, all parameter I/O transactions occur on
the positive edge of pck. Therefore if the camera is configured in quiet mode all parameter I/O
transfers that occur when the quiet/noisy_I/0 signal is high can be considered quiet.

5-11. Camera Implementation

The single-chip camera was fabricated in a Lucent Technologies non-silicided, single-poly,
0.8-um CMOS process, the same process used to produce the photogate sensor of Chapter 4.
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Deposition of the CFA was performed after the completion of the CMOS manufacturing proc-
ess. The die size is 10.2mm x 10.3mm and contains 740K transistors. A microphotograph of
the digital multi-media camera chip prior to the deposition of the CFA is shown in Figure 5-44.
The image sensor, PGA, A/D, and SRAM modules were full-custom designed and laid out.
The camera digital system consisting of the interpolation, colour correction, image statistics,
and control subsystems were synthesized from a VHDL description to a netlist of gates from a
standard cell library. Layout of the digital circuits was performed by an automatic
place-and-route tool. A breakdown of the area of different modules of the camera is given in

Table 5-5.
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Figure 5-44. Die microphotograph of the single-chip camera prior to the deposition of the CFA. The die

dimensions are 10.2mm x 10.3mm.

Module Area Percentage of Total
(mm?) Area
Image Sensor 45 42 8%
PGA 1.B 1.7%
A/D 36 34A%
Digital Camera System 37 35.2%

Table 5-5. Chip area usage by camera module.
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5-12. Camera Performance

All systems on the single-chip camera were found to operate as designed and a clean colour
video image was produced at 30 frames/second when an external clock of 30MHz was sup-
plied. The performance of the single-chip camera will now be described in terms of the impact

of digital switching noise, the sensor characteristics, and power dissipation.

5-12.1 The Influence of Digital Switching Noise

During the design of the single-chip camera it was anticipated that digital switching noise
might degrade the performance of the camera by coupling into sensitive analog circuits via the
chip substrate. This led to the development of the switching noise management scheme
described in Section 5-5.2 in which the clocks for the on-chip digital systems are suppressed
for a number of intervals within each read-out cycle to form “quiet” periods. During the quiet
period at the start of each row the analog sampling operations involved with sensor read-out
are performed, i.e. the sampling of the reset and signal levels of the pixels in that row. Further-
more, a flag is set to request that the host temporarily suspend parameter I/O operations. Dur-
ing the quiet period within each pixel cycle the analog-to-digital conversion is performed.
However, due to the additional timing complexity involved it was not possible to provide quiet
periods for the sampling operations of the PGA. To enable the effectiveness of the switching
noise management strategy to be evaluated a “noisy” camera mode was also supported which
eliminates the quiet period for analog-to-digital conversion, and places no restrictions on
parameter I/O. However, contrary to expectations it was found that switching noise did not

influence camera system performance in any measurable way, in either quiet or noisy mode.

5-12.1.1 Switching Noise Waveforms

The video image produced by the camera was very clean with no artifacts that could be
attributed to switching noise. Changing between quiet and noisy modes only produced a barely
perceptible DC intensity shift in the displayed image. Significantly, the temporal noise floor of
the sensor, including the noise contributions from the PGA and A/D converter, was measured
in both quiet and noisy mode and found to be constant at 7.46mV RMS referred to the A/D
inputl. Some insight into switching noise present in the single-chip camera can be obtained by
inspection of the clock and supply bounce waveforms shown in Figure 5-45. The top three
traces are the master clock fck, the pixel clock pck, and the digital clock dck. The lower three
traces are the output of the PGA, and the outputs of the digital and analog supply bounce sen-
sors (Figure 5-16). The PGA waveform corresponds to a spatial transition in the image from

bright to dark and is free from any spikes or noise components associated with the system

1. Under dark conditions the temporal noise floor was measured as 1.91 ADU RMS, for an A/D
input range of 1.0V, a measured PGA gain of 13, and an integration period of 33ms.
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clocks. The digital supply bounce waveform shows substantial bounce in DVdd that is corre-
lated with dck and periodic. The quiet interval is clearly evident. The analog supply bounce
waveform is of a much lower magnitude and with two main spikes each pck cycle. These
spikes are correlated with ackl (not shown in Figure 5-45) and correspond to A/D converter
sampling operations. The following spike is correlated with pck and is due to the column
decoders and column amplifiers that transition on pck. The remaining noise on the analog sup-

ply bounce waveform is of lower magnitude and is due to dck.

fck

- nn

pck

1V/div |

L 1 | L i L it Il

dck (quiet mode)

quiet
1V/div interval
fa—ni
PGA output
200mV/div
digital supply bounce
750mV/div || {le—s|
N quiet
mterlva! . ~1.5V p-p . . .\* f ?. f/‘ 1

due to dck
analog supply bounce

~120mV p-p
30mV/div W\Mﬁ” | |
i . . . ] 1 \A K\ 1 4
100ns/div \];ue to gg&to pek

Figure 5-45. Waveforms of the camera clocks, PGA output, and supply bounce sensor outputs.

234



CHAPTER 5 An Integrated CMOS Digital Colour Camera

When the camera is configured in noisy mode the noise contribution from dck is shifted in
phase and superimposed on the spikes correlated with ack/! as shown in Figure 5-46. While the
analog supply bounce waveform for quiet and noisy mode contains differences, for both modes
the waveform is periodic. The highly periodic nature of the analog and digital supply bounce
waveforms suggests that switching noise in the single-chip camera is dominated by transitions
on the pck and dck clock trees and is largely data independent. As a consequence the analog
circuits in the signal path are uniformly perturbed in the same manner each pixel cycle.
Together with the differential architecture of the column circuits and PGA this results in no

visible artifacts or measured temporal noise component that can be attributed to switching

noise.
quiet mode noisy mode
andlog[supply bounce andlog[supply bounce
| 1
30mV/div WW [ ll' !'
{ | f E T
pck [ pck
s am v “—'\*J*] M*"—-*-wj
\ 2V/div ]
s
i 1 [ 1
(a) 50ns/div (b) 50ns/div

Figure 5-46. Analog supply bounce and pck waveforms in (a) quiet mode (b) noisy mode.

5-12.1.2 Switching Noise and Sensor Read-Out Operations

While the camera quiet/noisy mode can be used to quantify the impact of digital switching
noise on PGA and A/D performance, investigating the impact of digital switching noise on the
analog sampling operations associated with sensor read-out was more difficult. This is because
the digital clock is suppressed during the line blanking period in both quiet and noisy modes.
To generate additional digital noise during this interval requires the host performing an “artifi-
cial” parameter /O operation each pck cycle. While this avenue was not rigorously pursued
during evaluation of the single-chip camera, no image artifacts were observed that could be
attributed to parameter I/O operations. Furthermore, it proved possible to account for the tem-

poral noise floor of the sensor without assuming any contribution from digital switching noise.
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These results suggests that quiet periods during the analog sampling operations associated with

sensor read-out may not be necessary for satisfactory camera performance.

5-12.1.3 Accounting for the Camera Temporal Noise Floor

The temporal noise floor of the sensor can be expressed as:

2 2 2 2 2
G = Io +0 +0, +0, +0, Volts RMS (5-21)

'j’l/mr t(lark shor charge transfer 'rmd 'PCA A/D

where © is the dark current shot noise, G, is the charge transfer noise, 6,  is

durk shot charge trunsfer Lvad

the sensor read noise, G, . is the thermal noise of the PGA, and 6, is the thermal and quan-
PGA A/

D

tization noise of the A/D converter. Potentially 6, , G, ;> and o, could all contain contri-
PGA A/D

read

butions from digital switching noise and hence be larger than their theoretical estimates. The

temporal noise floor G, was measured in both quiet and noisy mode for Tm , = 33ms as
floor

1.91ADU RMS for a PGA gain equal of 13, and an A/D input range of 1V. This gives

4] =1.91><L><L

= 573.9uV -
’flm)r 256 13 57 9“ RMS (5 22)

referred to the sensor output for 7, = 33ms.

However, when the inputs to the PGA are shorted to ground a value of 1.74ADU RMS was

obtained for the temporal noise floor. Under these conditions S, 0O ,and 6, are
. ‘ar ,\'hn.l charge ransfer read
not measured and the temporal noise floor only contains contributions from 6, ando, .
PGA A/D
Hence
o> +0° = |T4X— x = = 5228,V RMS (5-23)
lpGa Larp 256 13

referred to the sensor output. Subtracting this value in quadrature from (5-22) gives:

ﬁ +62 +0° = 2368V RMS (5-24)

dark shot 'chargt rransfer read

A theoretical noise analysis of the column circuits by Loinaz gives c, = 130UV RMS
[Loinaz et al. 1998b]. The dark current density J,  , for the single-chip camera was measured
as 8()pA/cm2 and the conversion gain G was found to be 40UV /electron referred to the
sensor output (see Table 5-6). Eqns. (2-19), (2-21), and (2-22) give o, = 292.5UV RMS

dark shot

where Apixel = 3.24 x 10—6cm2, and T, , = 33ms have been used. Adding the computed

values for © and © in quadrature gives 320.10V RMS, greater than the measured

read tdark shot .
value in (5-24) before considering any charge transfer noise contribution'. Therefore the tem-
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poral noise performance of the sensor can be accounted for without reference to any additional

component introduced by digital switching noise.

The combined temporal noise of the PGA and A/D converter in (5-23) can be referred to the
PGA output by multiplying by the gain of 13 to give 6.796mV RMS . A theoretical analysis of
the PGA architecture by Loinaz gave its thermal noise contribution as Ot ™ 6mV RMS
referred to the PGA output for this value of gain. Subtracting this value in quadrature leaves
3.192mV RMS which includes the temporal noise of the A/D, and any contribution due to dig-
ital switching noise from the PGA or A/D. The theoretical quantization noise for an 8-bit A/D
with a 1V input range is 1.127mV RMS computed using (A-11). Subtracting this value in
quadrature from 3.192mV RMS yields 2.986mV RMS as the temporal noise to be attributed to
thermal noise of the A/D, and possibly digital switching noise of the A/D or PGA. This is only
0.76ADU RMS (1 LSB = 3.906mV ), independent of whether the camera is in quiet or noisy
mode. While a theoretical estimate of the temporal noise of the A/D is not available, this result
suggests that the magnitude of digital switching noise in the PGA or A/D is small relative to
the inherent thermal noise of the PGA and A/D. While this analysis does not preclude the
existence of a noise component associated with digital switching noise, it does demonstrate

that the digital switching noise contribution is small and it does not degrade camera perform-

ance in any measurable way.

5-12.2 Sensor Performance

The performance of the on-chip photogate sensor was quantified using the same definitions
and techniques developed for the photogate sensor of Chapter 4. However, to characterize the
sensor of the single-chip camera the on-chip PGA and A/D were employed rather than external
circuits at the board level. The necessary experimental data was obtained by Marc Loinaz of
Bell Laboratories, and the analysis was performed jointly with the author. A summary of the
performance characteristics of sensor on the single-chip camera is given in Table 5-6 together

with the corresponding values for the photogate sensor of Chapter 4.

By consideration of differences in pixel dimensions and read-out circuit architecture it is
possible to show that the results presented in Table 5-6 for the single-chip camera are consist-
ent with those of the photogate sensor of Chapter 4. The photogate pixels used in Chapter 4
and Chapter 5 are identical except for a uniform scaling factor. The origin of both pixels was a
20pum x 20um design that was shrunk by 20% to give the pixel of Chapter 4 with dimensions
of 16um x 16pm, and 10% to give the pixel of Chapter 5 of size 18um x 18um. This means

1. Note that as the conversion gain of the single-chip camera is 40uV/electron, the difference
between the calculated and measured noise for the sensor only corresponds to 2 electrons RMS
referred to the pixel FD node.
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that any sensor characteristics that is proportional to pixel area can be expected to be different
by a factor of 0.92/0.82 =1.3.

The gain in the signal path of the two sensors is also different. The photogate sensor of
Chapter 4 employed a source follower architecture (Figure 4-1) with a combined gain of 0.4,
while the photogate sensor of the single-chip camera (Figure 5-7) employed unity-gain ampli-

fiers to achieve a combined read-out gain of 0.9.

Photogate Sensor of Single-Chip Camera —‘
Chapter 4 Photogate Sensor
Pixel Design Single-poly photogate Single-poly photogate
Technology Lucent Technologies 0.8um CMOS | Lucent Technologies 0.8um CMOS
Resolution 352 x 288 354 %292
(inc. two black rows)

Pixel Dimensions 16um x 16pm 18pm x 18um
Pixel Fill Factor 35% 35%
(drawn active area)
Dark Current Density 183pA/cm2 at 25°C 80pA/cm2 at25°C
Saturation 1.38V 1.2V

(49 K electrons) (30 K electrons)
Temporal Noise Floor 525.1uV RMS 573.9pV RMS
(30ms int., inc. CDS) (inc. PGA, A/D)
Dynamic Range 68.4dB 66.4 dB
(30ms int., inc. CDS) (inc. PGA, A/D)
Monochrome Sensitivity 4.25V/ux.s 7.0V/ux.s
Colour Red 1.30V/lux.s Red 1.32V/lux s
(without microlenses) Green |.12V/lux.s Green 1.51V/lux.s

Blue 0.66V/lux.s Blue 0.91V/iux.s
Conversion Gain 28uV/electron 40uV/electron

(70uV/electron pixel referred) (50pV/electron pixel referred)
Fixed-pattern Noise 0.29% p-p of sat. 0.3% p-p of sat.
Supply Voltage 5.0V 3.3V

Table 5-6. Performance comparison between the photogate sensor of Chapter
4, and the photogate sensor integrated as part of the single-chip camera.
All quantities unless otherwise stated are referred to the sensor output.
The optical sensitivity values were obtained using a 3200K tungsten
halogen lamp and colour compensating filter.

5-12.2.1 Conversion Gain

The difference in pixel conversion gain G, between the photogate sensors can be
accounted for in terms of a difference in the capacitance of the pixel floating diffusion node
Cpp - The capacitance Cpp, i determined by the parasitic capacitance of the source of device
M2 and the gate of device M3. If it is assumed that Cp, is dominated by area capacitance
rather than peripheral capacitance, it can expected that the ratio of the pixel conversion gain for
the sensor of Chapter 4 to that of the single-chip camera will be 1/1.27 = 0.8 . From Table 5-6
this ratio is found to be 50/70 = 0.7, close to the predicted ratio. The difference between con-
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version gain G referred to the sensor output is accounted for by a combined gain in the signal
path of 0.4 for the photogate sensor of Chapter 4, and 0.9 for the photogate sensor of the sin-

gle-chip camera.

5-12.2.2 Optical Sensitivity

The ratio of the monochrome sensitivities is 7.0/4.25 = 1.6 . This can be explained in
terms of a conversion gain ratio of 40/28 = 1.4 and a pixel area ratio of 1.3 giving an
expected ratio of 1.4 x 1.3 = 1.8, close to that found in practice. The differences in colour sen-
sitivities are more difficult to account for because colour cross talk is dependent on absolute
dimensions, slightly different colour filter characteristics were employed, and there are varia-
tions in the implementation of the optical light shields employed by both CFAs. The ratio of
the sensitivities of the green and blue pixels is similarat 1.51/1.12 = 1.3 and 0.91/0.66 ~ 1 .4
respectively. Surprisingly however, the sensitivity of the red pixels is virtually the same for

both sensors. The author cannot explain this result.

5-12.2.3 Dynamic Range

The saturation level expressed as a voltage for the photogate sensor of Chapter 4 is 15%
greater than that of the photogate sensor employed in the single-chip camera because a larger
Vdd value was used, and the pixel unity-gain amplifier of the single-chip camera achieves a
smaller signal swing than the source follower architecture under the bias conditions used. The
difference in sensor conversion gains explains the difference in sensor saturation level
expressed in electrons. The temporal noise floors for both sensors are similar, and the dynamic
range of the single-chip camera is 2dB lower than that of the photogate sensor of Chapter 4.

5-12.2.4 Dark Current Density and Fixed-Pattern Noise

There is a considerable difference in dark current density between the two photogate sen-
sors. This is not unexpected for while both sensors were fabricated in the same process, it is
often found that there is significant dark current variation between sensors from different proc-
ess runs, or even across the same wafer. While the fixed-pattern noise for both sensors is essen-
tially the same expressed as a percentage peak-to-peak of saturation, when expressed in terms
of a spatial variation in the number of dark electrons Oy, . (see Section 4-4.4.3), the sin-
gle-chip camera is shown to exhibits lower FPN. Using this measure the FPN of the sin-
gle-chip camera is 15 electrons RMS compared with 23 electrons RMS for an integration
period of 30ms and at 25°C. This result is consistent with the dark current density of the sin-
gle-chip camera being substantially lower than that of the photogate sensor of Chapter 4.
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5-12.3 Power Dissipation

The total power dissipation of the single-chip camera is 182mW when producing 352 x 288
24-bit RGB image data at 30 frames/second from a 3.3V supply. The power dissipation of dif-

ferent camera modules is given in Table 5-7.

Module Power Dissipation | Percentage of Total |
(mW) Power
Image Sensor 20 11.0%
PGA 10 5.5%
A/D 40 22.0%
Camera Digital System 92 50.5%
Pad Frame 20 11.0%

Table 5-7. Chip power dissipation by camera moduile,

The power dissipation of the digital multi-media camera is very low when compared to
other solid-state cameras. Unlike a CCD-based camera system the power dissipation is not
dominated by the image sensor and clocking circuits, which for a typical CCD sensor are in the
range of 2W to 25W depending on the sensor resolution and frame rate [Takizawa et al. 1983,
Itakura et al. 1995]. Instead the camera digital system and A/D modules use the greatest per-
centage of power. Their contribution could be reduced through the use of alternative

low-power architectures [Cho and Gray 1995].

5-13. Conclusion

In this chapter the architecture of the first single-chip CMOS digital colour camera has been
described. It features a sophisticated switching noise management scheme and shares camera
system functionality with a host computer. The camera was realized as a 740K transistor inte-
grated circuit that produces 24-bit RGB pixel data of 352 x 288 resolution at 30 frames/second.
The total power dissipation of the camera is only 182mW from a 3.3V supply. Significantly,
camera system integration is achieved without any measurable performance degradation due to
digital switching noise. Instead, camera performance is limited by that of the photogate sensor,

and the resolution of the A/D converter.

5-13.1 Digital Switching Noise Does Not Limit Camera Performance

A switching noise management strategy was developed for the single-chip camera based on
temporally separating analog and digital operations. By suppressing the clock to the camera
digital system, “quiet” periods were introduced during analog sampling operations such as sen-
sor read-out and A/D conversion. By also supporting a “noisy” mode of operation it was possi-

ble to demonstrate that digital switching noise does not influence camera performance in any
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measurable way. Furthermore, the temporal noise floor of the camera can be accounted for in
terms of the expected noise contributions from the sensor, PGA, and A/D without any refer-
ence to digital switching noise. The relative immunity of the camera from digital switching
noise can be attributed to the use of separate analog and digital supplies, employing fully dif-
ferential architectures in the sensor column circuits and the PGA, with perhaps a minor contri-
bution from the quiet period during the line blanking interval. Despite this result, the need for
quiet periods to manage digital switching noise cannot be ruled out if the other camera noise
sources were reduced, or if very high A/D resolution was required. For example, a 16-bit A/D
on a mixed signal integrated circuit has been reported for which quiet periods were needed to
reduce performance degradation due to digital switching noise [Mayes and Chin 1996]. How-
ever, as most digital cameras use a 10 or 12-bit A/D converter it is likely that digital switching
noise can be managed with separate analog and digital supplies and a differential architecture,
without the added complexity of gating the clock to the camera digital system to produce quiet
periods. In either case, the results obtained from the single-chip camera demonstrate that it is
possible to produce integrated CMOS cameras whose performance is not limited by digital

switching noise.

5-13.2 Future Integrated CMOS Cameras

By demonstrating that digital switching noise can be effectively managed at the circuit and
system timing level it has been shown that producing a single-chip camera is technically possi-
ble. Therefore, the integration level of future digital CMOS colour cameras will be determined
by other issues, predominantly economic. For example, while complete camera system inte-
gration is desirable to achieve the lowest possible power dissipation, other aspects such as the
costs associated with depositing the colour filter array, and sensor packaging and testing may
dictate that only partial system integration is optimal. Furthermore, for some applications it
may not be possible to achieve complete camera system integration due to the large hardware
requirements. For example, it is likely that digital cameras intended for multi-media applica-
tions will need to perform significant image compression. As the hardware requirements to
implement compression techniques such as JPEG and MPEG are substantial, in the immediate
future it will not be possible to integrate such hardware onto a single die with the image sensor

and other camera signal processing modules [AVP 1995].

One technical issue that may potentially restrict the level of camera system integration is the
need to keep the temperature of the imager as low as possible to minimize dark current. Dark
current generation is very temperature dependent, doubling approximately every 8°C [Theu-
wissen 1995]. Therefore, heat generated from digital circuits on the same die as the imager
may increase Sensor dark current and reduce performance. While the architecture of the sin-
gle-chip camera did not allow this effect to be investigated, the measured dark current density
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of the camera is considerably lower than that of the corresponding monolithic photogate sensor
fabricated in the same CMOS technology (Table 5-6). With present CMOS fabrication technol-
ogy dark current performance is extremely process dependent, even sensors manufactured in
the same process exhibit different dark current characteristics. Until dark current levels in
CMOS sensors are reduced and stabilized through management at the technology level, it will

be difficult to assess the impact of system integration on camera dark current performance.

Despite a number of reasons why it may be desirable to limit camera system integration, the
ability to achieve system integration up to the maximum die size if required will give camera
designers greater flexibility than is currently available with CCD technology. This is particu-
larly so with regard to camera miniaturization. Moreover, any level of camera system integra-
tion that reduces the total parts count of the corresponding product leads to cost savings that

can be passed onto the consumer.
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In this thesis the author has identified two important issues concerning the solid-state imag-
ing technology known as CMOS Active Pixel Sensors, firstly the need to establish the funda-
mental performance limitations of this technology, and secondly to investigate how camera
system integration influences imaging performance. Before each of these issues was
addressed, prerequisite material was presented in Chapters 2 and 3. In Chapter 2 the principles
of solid-state imaging technology were reviewed, the architecture and operation of CCD and
CMOS APS image sensors were described, and non-idealities that limit the performance of
solid-state image sensors were discussed. In Chapter 3 the requirements for realizing a digital
colour camera were detailed, with particular emphasis on the necessary colour processing. In
Chapter 4 the fundamental performance limitations of CMOS APS technology were estab-
lished through the experimental characterization of a state-of-the-art colour CMOS photogate
sensor. In Chapter 5 the influence of camera system integration on imaging performance was
determined by the development and evaluation of a single-chip CMOS digital colour camera.
The significance of all performance results obtained were demonstrated by comparison with
data reported for CCD sensors. In the following section the major findings of Chapters 4 and 5

are summarized, and in the final section a number of conclusions regarding the future develop-

ment of CMOS imaging technology are presented.

6-1. The Performance of CMOS APS Image Sensors

6-1.1 CMOS Sensors Are Primarily Device And Not Circuit Limited

While CMOS APS technology is superior to CCD technology in terms of power dissipation
and camera system integration, the image quality obtained from CMOS APS sensors is inferior
to that provided by high-end CCD sensors. This was demonstrated through the experimental
evaluation of a colour CMOS photogate image sensor. It was found that while there is scope at

the circuit level to increase the sensor saturation level and improve gain in the signal path, the
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imaging performance of a CMOS sensor is primarily limited at the device leve] by fixed-pat-
tern noise (FPN), low quantum efficiency, significant pixel cross talk, and incomplete charge

transfer within each pixel.

6-1.1.1 Fixed-Pattern Noise

It was shown that using two levels of correlated-double sampling (CDS) it is possible to
cancel all sensor FPN due to mismatch in the read-out circuits (Section 4-11). However, under
these conditions the FPN performance becomes limited by dark current non-uniformity at low
signal levels, and pixel conversion gain non-uniformity at high signal levels. Dark current in
CMOS sensors is more than an order of magnitude greater than that found in CCD sensors
with surface pinning (Section 4-4). Consequently the FPN performance of CMOS sensors is
substantially worse than that of CCDs. Advancements in the FPN performance of CMOS sen-
sors through reduced dark current and greater conversion gain uniformity can only be achieved

at the fabrication process level.

6-1.1.2 Quantum Efficiency

The optical sensitivity of CMOS photogate sensors is limited by low quantum efficiency,
particularly in the blue portion of the spectrum (Section 4-6 and Section 4-12). When com-
pared to CMOS photodiode sensors and CCD sensors the quantum efficiency of the photogate
sensor is a factor of 3 or 4 lower due to absorption in the polysilicon photogate. To signifi-
cantly improve the optical performance of the photogate sensor would require reducing the

thickness of the polysilicon photogate at the fabrication process level.

6-1.1.3 Colorimetric Accuracy

The colorimetric accuracy of CMOS sensors is limited by poor blue response and signifi-
cant pixel cross talk (Section 4-13). Each of these issues can only be addressed at the fabrica-
tion process by increasing the quantum efficiency at short wavelengths, and changing the
substrate doping concentration to reduce the diffusion length of minority carriers respectively.

Cross talk could also be decreased by introducing channel stops between pixels.

6-1.1.4 Incomplete Charge Transfer

For the single-poly photogate pixel it is not possible to completely transfer all of the elec-
trons collected under the photogate to the pixel floating diffusion node (Section 4-9). This is
due to electrons being retained in the depletion region of the source of the pixel transfer device.
As a result the single-poly photogate sensor is subject to charge transfer noise and image lag.
Complete charge transfer can only be ensured by using alternative pixel designs such as the

double-poly photogate pixel, or developing new pixel designs based on pinned photodiodes.
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6-1.2 Non-Standard CMOS Is Required For Future Image Sensors

At present the imaging performance of CMOS APS sensors is not competitive with
high-end CCD sensors. While satisfactory imaging performance for low-end applications may
be attained from sensors manufactured in present generation CMOS fabrication technology,
this may not be possible in future generations of CMOS technology due to increased dark cur-
rent [Wong 1996]. It will therefore be necessary to introduce modifications to a standard
CMOS fabrication process to address performance issues such as dark current, conversion gain
non-uniformity, quantum efficiency, pixel cross talk, and incomplete charge transfer. It is likely
that many techniques developed for CCD image sensors can be used with CMOS APS sensors
with only relatively minor modifications to the standard CMOS fabrication process. For exam-
ple, a CMOS APS sensor with pinned photodiodes to minimize dark current and image lag has
already been produced with an additional module to a standard CMOS manufacturing process

[Guidash et al. 1997]. Dark current may also be reduced through improved process cleanliness.

6-1.3 Camera Integration Does Not Compromise Performance

Through the development of a single-chip digital colour camera it has been demonstrated
that CMOS APS technology can deliver complete camera system integration and extremely
low power dissipation. Significantly, it has been shown that this can be achieved without deg-
radation of camera system performance due to the coupling of digital switching noise into sen-
sitive analog circuits via the substrate (Section 5-12.1). The architecture of the single-chip
camera allowed the relative phase of the digital and analog system clocks to be varied to pro-
duce “quiet” or “noisy” periods in which sensitive analog sampling operations could be per-
formed. It was found that this technique did not change the temporal noise performance of the
camera. Instead sufficient immunity to digital switching noise was obtained by using separate
analog and digital supplies, and differential architectures for the column circuits and program-
mable gain amplifier. Fundamentally the performance of the single-chip camera was limited by
that of the sensor, and not as a result of integrating the entire camera system onto the same die
as the sensor (Section 5-12.2). The ability to integrate camera system functionality in this
manner without loss of camera performance provides CMOS APS technology with a signifi-
cant advantage over CCD technology in terms of reducing power dissipation, the physical size,

and potentially the cost of solid-state cameras.

6-2. The Future Of CMOS Imaging Technology

While it has been shown that producing the highest quality colour cameras in standard
CMOS is not possible, the future of CMOS imaging technology is still very promising. The
CMOS APS architecture is very attractive in terms of its extremely low power dissipation and
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compatibility with camera system integration. Having demonstrated that camera system inte-
gration can be achieved without performance degradation gives the designer enormous flexi-
bility in reducing the parts count of existing camera systems, and creates exciting new
possibilities for camera miniaturization. Furthermore, the ability to cancel all circuit mismatch
using correlated-double sampling means that the performance of future generations of CMOS
image sensors will be entirely determined by what advanced pixel structures can be produced
within a CMOS APS array. This means that ongoing development of CMOS APS technology
will focus on what process modifications can be introduced to the CMOS fabrication process
to manufacture high performance pixels without altering the behaviour of regular MOS tran-
sistors or significantly increasing the cost. As such the emphasis will be on device design
rather than circuit design. It can be expected that as CMOS imaging technology matures it will
seriously challenge the dominance of CCD technology in many solid-state imaging applica-

tions, particularly portable consumer imaging products.
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Appendix A Testing Environment
for the Photogate
Sensor

A-1. The Digital Acquisition System

To enable the experimental characterization of the photogate sensor a circuit board was pro-
duced to digitally acquire image data from the sensor. The architecture of the circuit board is
given in Figure A-1. The video difference amplifiers (VDA) and sample-and-hold stages (S/H)
support two levels of correlated double sampling. The board timing was provided by a digital
word generator and an Altera programmable logic device (PLD) generated the row and column
addresses for the sensor. The digital image data produced by the board was acquired by a PC
with a Matrox digital frame grabber and acquisition software. The analysis of the image data
was performed off-]ine using the MATLAB software package.

PCLK 10
. = PC

row [ column - . !

1 circuit board

address . » :

PG, RST, SHR, SHS, CB SH1
Y sample

) .

signal Z

photogate | ,——+ 2 \Vouf '.M-‘F |p:
E - = 24 ‘.!I : to
se- \. r . + VDA1 Vs 3 VDA2 é‘wbr”—rl- PC

s l e Voer! = e .

= RS :

R1 R3
" B

Figure A-1. Photogate sensor circuit board architecture.

A-1.1 Changing the System Gain

At various stages through the course of each measurement it was necessary to change the
system gain and offset (o ensure that the sensor signal and noise components were maximized
with respect to the input range of the analog-to-digital convertor (A/D). This was achieved
through the resistor networks R/-RS5. Resistors R/-R4 allowed the gain of the first and second
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video difference amplifiers to be controlled according to (A-1) and (A-2) respectively. The
potentiometer R5 enabled the offset level of the second differential amplifier Vg to be
adjusted.

_RI+R2
AVDA! - R2 (A-1)
_ R3+R4
Avpaz = ~fa (A-2)

For the majority of the sensor characterization experiments it was not necessary to perform
two levels of correlated double sampling to measure the desired image quantities. Instead only
one level of correlated double sampling was used to remove kTC noise and pixel offset mis-
match. Consequently most of the experiments were performed with both the sample-and-hold
stages and either the first or second video difference amplifier bypassed. The exception to this
arrangement was the part of the optical sensitivity experiment discussed in Section 4-11 where
the sensor fixed-pattern noise performance was quantified.

A-1.2 Acquiring Frames

Acquisition software on the PC permitted frames of image data from the photogate sensor
to be acquired by the PC. To reduce the hard disk storage requirements when acquiring a large
number of frames only a 122 x 100 sub-region of each image was actually saved to disk as
shown in Figure A-2. By comparison with computations performed using images of full
dimension it was possible to to demonstrate that this sub-region contained a sufficient number

of pixels to estimate image statistics accurately.

Figure A-2. The sub-region of the sensor image used to compute image statistics.

A-1.3 Referred Quantities
As part of the off-line experimental analysis measurement results were converted from ana-
log-to-digital converter units into equivalent volts referred to the sensor output. The formula
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used for converting a given quantity x measured in analog-to-digital converter units (ADU)

into equivalent volts referred to the sensor output is given by:

1 x ADU
x Volts = ( -V j A-3
AVDAI AA/DAVDAZ OFF ( )

The gain of the video differencing amplifiers Ay, and A, ,, were found by measuring
the resistor values R1-R4 used for a given experiment and applying (A-1) and (A-2) respec-
tively. The gain of the analog-to-digital converter A, ,,, was computed according to:

A _ number of digital levels
A/D " input range (volts) (A-4)

The analog-to-digital cohverter on the circuit board was of 12-bit accuracy (4096 digital

levels) and an input range of 2V so a value of 2048 was used for A, .

Unless otherwise stated all measurement results given are expressed as a voltage or RMS
voltage referred to the sensor output. However, occasionally it is useful to express measured
quantities as an equivalent number of electrons or RMS electrons at the pixel floating diffusion

node FD. Equation (A-5) is the required transformation where G is the sensor conversion gain.

x Volts

x electrons = (A-5)

A value of G = 28UV /electron is used; see justification in Section 4-10,

A-2. Definitions of Performance Measures for the Photogate Sensor

For the photogate sensor the only quantity available for direct measurement is the sensor
output voltage. However, a large number of sensor performance measures can be deduced

from the mean sensor output voltage, and its temporal and spatial RMS variations.

For each data point in a given experiment a number of frames M were acquired, each of
dimension 122 x 100 as illustrated in Figure A-2. As a preliminary step the mean signal level

u,; for each pixel in the sensor array p;; was estimated by averaging over a statistically signif-
icant number of frames M :

M
1
Wy = 3 2 p; (k) Volts (A-6)
k=1

where i and j denote the pixel row and column indices and k is the frame number.

. 2 . .
The temporal variance of each pixel cij was estimated using:
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M

2 1 2
O = 1 kzl ( Hi—p; (k)) "~ Volts RMS (A-7)

A-2.1  Definition: The Mean Signal Level
The mean signal level of the sensor W is defined as the mean of the pixel means .. com-
ij
puted using (A-6).

rows columns

b= ; Y X wy Volrs (A-8)
i J

number of pixels

A-2.2 Measuring the RMS Temporal Noise

The measured RMS temporal noise G, on the mean signal can be computed by (A-9)

measured

as the square root of the mean pixel variances calculated using (A-7).

1 rows columns )

= o. V i

O'f,.,m,mml Jnumber of pixels z z ij olts RMS (A-9)
! J

The mean signal level of the sensor p was computed according to (A-8) and the measured
RMS temporal noise o, was calculated using (A-9). By varying M between 10 and 1000

measured

it was found that 100 frames ( M = 100 ) were sufficient to estimate the mean signal level |
and the measured temporal RMS noise G, with a high degree of repeatablity to at least 3

measured

significant figures.

However, the measured RMS temporal noise otm.‘_”w is not equivalent to the RMS tempo-

ral noise produced by the sensor o, due to additional noise introduced as part of the acquisi-

tion process. Instead 6, ) is equal to:
= ﬁ2+02 +o°  Volt RMS
otmru.mred - 4 lreadCI)S IA/I) ots (A-10)
where © is the the temporal read noise of the amplifiers and sample-and-hold stages

redd CDS
on the circuit board used to implement correlated-double sampling, S, is the quantization
A/D

noise of the A/D converter, and G,, C, , and c, , are independent noise sources that add

in quadrature.

read CDS

A-2.3 Quantization Noise

The RMS quantization noise of an analog-to-digital convertor O, isgiven by:
A/D
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= i Volts RMS (A-11)

G’A /D A/i—z

where d is the voltage increment of a single digital level [Schrieber 1993].

The A/D that was used had 4096 digital levels (12-bit) and an input range of 2V giving
d=488.21V . This yields S, = 141.00V RMS referred to the A/D input. Alternatively
6, =0.2887ADU RMS expressed in A/D units at the A/D output.

Lasp

To ensure that quantization noise did not play a significant role in temporal noise measure-
ments and could be omitted from (A-10), the gains of the video differencing amplifiers AVDA ;
and A, , were set at the start of each experiment such that the following condition was sat-

isfied:

° >, (A-12)

Lmeasured A/D

A-2.4  Circuit Board Noise

The temporal noise of the video differencing amplifiers and the sample-and-hold stages
used to implement correlated-double sampling was considered as a lumped temporal noise
component O, To measure S the photogate sensor chip was removed from the cir-
cuit board and the corresponding two inputs to the first video difference amplifier Vg and Vg
were shorted to ground. 100 frames of image data were acquired and G, determined. If

measured

condition (A-12) was satisfied then G, was approximately equal to ¢ . As o,

Jd CDS measured read CDS

was dependent on the gains of the video differencing amplifiers and the system bandwidth it

was re-measured in this manner whenever these quantities were changed through the course of

an experiment.

A-2.5 Definition: Sensor RMS Temporal Noise

The sensor RMS temporal noise ¢, was defined by re-arranging (A-10):

’ 2 2
G, = Gtmmsurtd B Glrznd CcDS Vozts RMS (A-1 3)

t

was computed according to (A-9), and o, s vas determined using the
measured rea:

procedure outlined in Section A-2.4. Any small contribution from S, . is also removed from

where o

G, in this definition as it is implicitly included in the measurement of G,
read CDS
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A-2.6 Fixed-Pattern Noise
The photogate sensor architecture introduced both pixel and column fixed-pattern noise to
the image data. To quantify the fixed-pattern noise a composite image F consisting of the 122

% 100 mean pixel values M, as defined by (A-14) was formed.
FU = u'ij Volts (A-14)
An example image F is shown in Figure A-3 corresponding to a uniform sensor faceplate

illumination of 1-lux, an integration period of 30ms, and one level of correlated double sam-

pling.

:'i
i

S

Figure A-3. F for 1-lux faceplate illumination, 30ms integration time, and one level of CDS. To
emphasize the fixed-pattern noise the image has been scaled such that the minimum and maximum
pixel values correspond to the minimum and maximum available grey levels respectively.

As an intermediate step the variances of the F " for each row and column of F were com-
puted according to (A-15) and (A-16) respectively where the row and column means are calcu-

lated using (A-17) and (A-18).

i~ number of rows — 1

columns
) | N 2
Ci = Lumber of columns — | ; (W =Fy) " Volts RMS (A-15)
0.2 = ) 2 (u'j ot FU) : Volts RMS (A,1 6)
:
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i columns
i = amber of columns Z Fy Volts (A-17)
J
] rows
Wi = umber of rows Z Fy Volts (A-18)
!

A-2.7  Preliminary Definition for Pixel and Column Fixed-Pattern Noise

The RMS pixel fixed-pattern noise G, was defined as the square root of the mean variance
of the columns of F, and the RMS column fixed-pattern noise G, was defined as the square

root of the mean variance of the rows of F according to:

122
1 2
o, = {m Zci Volts RMS (A-19)
1
| 100 5
c, = WZGJ. Volts RMS (A-20)
J

The RMS pixel fixed-pattern noise G, was defined as the square root of the mean variance
of the columns of F, and the RMS column fixed-pattern noise G, was defined as the square

root of the mean variance of the rows of F' according to (A-19) and (A-20) respectively.

1 columns 5
% = J number of columns Z ©; Volis RMS (A-21)
1

rows

| 2

Oc = ,/number of rows Z % Volts RMS (A-22)
J

A-2.8 Problems with the Preliminary FPN Definitions

However, it was found that (A-21) and (A-22) could not be directly used as the RMS pixel
and column FPN definitions of the photogate sensor due to an image artifact introduced during
the sensor design. A bus sizing error in the sensor layout gave rise to a gradual voltage drop in
the signal across each row and down each column of the fabricated sensor. This trend as illus-
trated in Figure A-4(a) where column 10 of Figure A-3 is shown plotted. Using (A-21) and
(A-22) as the definitions of the pixel and column FPN on the raw F i values would result in the

measured FPN being significantly dependent on the voltage drop along each row and column.
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As this image artifact can be removed with correct sizing of the sensor buses, the author
believed that its influence should not be included in any FPN calculations.

To remove the gradual drop in signal level across the rows and down the columns of the
image F a digital spatial filter was employed. As FPN is predominantly due to random pixel
and column offsets it is essentially high frequency in nature. Consequently a digital high pass
filter was used to eliminate the low frequency voltage drop from F while leaving the FPN
unchanged. Consistent with the classical difference equation description of a digital filter given
in (A-23) a 5t order high pass Butterworth filter was designed using the MATLAB software
package whose coefficients are presented in (A-24) and (A-25).

y(n) = bx(n) +byx(n=1) +...+bsx(n-35) (A-23)
=a,y{n—-1) —...-agy(n-1)

b = [0.8159 -4.9794 8.1588 -8.1588 4.0794 -0.8159) (A-24)

a = [1.0000 -4.5934 84551 -7.7949 3.5989 -0.6657) (A-25)

The filter coefficients were used in a zero phase forward and reverse digital filtering routine
as part of MATLAB to realize a 10" order high pass filter with a spatial cut-off frequency of
2% of the sampling rate. The application of the high pass filter on column 10 of Figure A-3 is

illustrated in Figure A-4(b).

2330 5
4
2328 Z
= 5
_,‘g 2326 =4 2
= ":(‘\ 1t
0O 2324 ~—
- k 0O
<
& 2322 -1r
oy g z
2320 o
=3
e 20 40 60 80 100 40 20 40 60 80 100
Row Row
(a) (b)

Figure A-4. (a) Column 10 of Figure A-3 (b) Column 10 of Figure A-3 after high pass filtering.

Two new composite images F, and F. were generated corresponding to the high pass fil-

tered rows and columns of F respectively. Equation (A-26) and (A-27) describe this operation
where filter denotes the application of the high pass filter on an image row or column vector.
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FRj = filter(Fj) (A-26)
FC,. = filter (F)) (A-27)

The next step involved computing the spatial column variance of F. and the spatial row
variance of F according to (A-28) and (A-29) respectively where the requisite column and
row means were determined using (A-30) and (A-31).

rows

2 1 2
°¢. = Tumber of rows — 1 Z (Be, = FC.—,-) Volts RMS (A-28)
j

columns

2 1 2
CR]. = number of columns — 1 Z (uRj—FRU) Volts RMS (A_29)

1 rows

= F
e, = Lumber of rows Z Cy Volts (A-30)
J
1 columns

HR, = Lumber of columns Z F R, Volts (A-31)

[

A-2.9 Definition: RMS Pixel Fixed-Pattern Noise
The RMS pixel fixed-pattern noise G, was defined as the square root of the mean variance

of the columns of F . according to:

) columns )
p = |number of columns Z Oc, Volis RMS (A-32)
]

A-2.10 Definition: RMS Column Fixed-Pattern Noise
The RMS column fixed-pattern noise 6, was defined as the square root of the mean vari-

ance of the rows of Fp according to:

umber of rows

l rows 2
o, = \/n Z oRj Volts RMS (A-33)
j
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A-2.11 Definitions: FPN as a Percentage of Saturation Peak-to-Peak

The pixel and column FPN defined as a percentage of saturation peak-to-peak were com-

puted using:

60
Pixel FPN % sat. p-p = —L x 100% (A-34)

sat

60
Column FPN % sat. p-p = — x 100% (A-35)

sat
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B-1. Measured Tristimulus Values for the Macbeth ColorChecker

A Minolta CR-110 Chroma Meter and DP-100 Data Processor were used to measure the
luminous reflectance values Y and chromaticity coordinates (x, y) for each of the colour sam-
ples of the Macbeth ColorChecker with a Dgs illuminant. For each colour sample a number of
measurements were performed and the results averaged. Using (3-12) the CIE (X, Y, Z) tristim-
ulus values for the colour samples were found. The matrix given in (4-62) was then applied to
find the NTSC (R, G, B) tristimulus values for the colour samples. The mean (X, Y, Z) and
NTSC (R, G, B) tristimulus values for the colour samples of the Macbeth ColorChecker are

given in Table B-1.

Sample Name X Y 4 R G B
! dark skin 11.03 9.88 6.09 36.92 21.54 13.78
2 light skin 35.71 33.18 24.37 114.26 7535 55.88
3 blue sky 16.37 17.47 31.57 33.76 4429 75.97
4 foliage 973 12.68 6.78 25.94 38.51 14.38
S blue flower 23.43 22.03 41.28 55.46 48.96 99.92
6 bluish green 28.42 38.31 42.61 56.71 117.17 98.69
7 orange 3423 28.35 4.95 128.31 56.43 8.60
8 purplish blue 11.84 10.40 33.08 19.80 20.27 81.35
9 moderate red 26.43 18.30 12.49 97.53 25.23 2954
10 purple 776 6.06 13.02 20.60 10.14 31.86
i yellow green 29.55 38.79 1021 86.26 119.05 1757 |
12 orange yellow 40.77 38.92 6.72 144.98 92.63 10.6?\
13 bive 7.32 5.14 27.33 8.83 5.68 6794 |
14 green 12.71 20.71 8.88 28.05 70.79 17.48
15 red 19.10 11.54 4.52 76.24 10.22 10.62
16 yellow 52.91 56.92 9.60 178.5 151.8 13.86
17 magenta 21.85 16.94 28.01 64.71 28.57 68.11
18 cyan 11.84 15.48 34.33 11.78 4527 82.79
19 white 70.58 7475 79.82 189.11 192.00 18671
20 neutral 8 47.07 49.83 49.83 125.65 12791 126.13
21 neutral 6.5 29.36 31.15 33.63 78.26 80.12 7871
2 neutral 5 15.28 16.17 17.43 40.84 41.50 40.81
23 neutral 3.5 7.02 \ 7.50 8.18 18.55 19.40 19.15
24 black 2.89 \ 3.06 3.33 7.69 7.86 779

Table B-1. The mean (X, Y, Z) tristimulus values for the 24 samples of the Macbeth ColorChecker
colour rendition chart normalized to 100. The corresponding NTSC (R, G, B) tristimulus values
normalized to 255.
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B-2. Acquired Tristimulus Values for the Macbeth ColorChecker

An image of the Macbeth ColorChecker colour rendition chart was acquired by the colour
photogate image sensor under Dgs illumination using the experimental arrangement of Figure
4-43. The aperture on the lens assembly was f/2.0 and the integration period of the photogate
sensor was 90ms. The image was interpolated and for each colour sample of the chart,
sub-regions of 30 x 30 pixels were averaged to yield the mean tristimulus values
(R, ,G, B, ) foreachsample. The mean (R, ,G, , B, ) values were normalized to 255

int? ~int
and are given in Table B-2..

Sample Name Rint Gint Byt
] dark skin 41 32 30

2 light skin 112 88 82

3 blue sky 43 49 59

4 foliage 39 43 36

5 blue flower 68 66 81

6 bluish green 70 98 99

7 orange 109 65 48

8 purplish blue 31 36 54

9 moderate red 96 53 53

10 purple 36 31 36

11 yellow green 101 105 76

12 orange yellow 135 92 65

13 blue 18 22 39

i4 green 46 63 49

15 red 86 44 43

16 yellow 189 151 111

17 magenta 99 62 72

18 cyan 31 56 74

19 white 206 202 207

20 neutral 8 150 144 148

21 neutral 6.5 98 95 95

22 neutral 5 56 54 53

23 neutral 3.5 27 26 25

24 black 14 13 12

Table B-2. The mean (Rint Gints Bint) tristimulus values for the 24 samples of the Macbeth ColorChecker
colour rendition chart acquired by the colour photogate sensor and normalized to 255. The relative
gains of the red, green, and blue pixel values were set to achieve an approximate white balance.
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B-3. The Least-Squares Method
An analytical solution to the MSE in the CIE XYZ colour space was found using the

least-squares method. The least-squares method is best expressed using matrices.

Let A be a 24 x 3 matrix whose rows contain the (R, , G, . B, ) interpolated tristimulus
values from the colour photogate sensor given in Table B-2, and B be a 24 X 3 matrix whose
rows contain the actual (X, Y, Z) tristimulus values for the colour samples given in Table B-1.
An estimate of B, denoted B, found by application of the matrix H can be computed using:

B = AX (6-1)

: . . T
through the introduction of a new variable X = H .

If the difference between B and B is defined as:
E=B-B (6-2)
then the objective function f(X) for the MSE can be written:
f(X) = E'E (6-3)
Substituting (6-2) and expanding using (6-1) yields:
f(X) = B'B-B'AX-X'A'B+X'aaX (6-4)
Differentiating with respect to X and equating to zero to find the minimum yields:
X = (A "4 J—]ATB (6-5)

. T, "1, T.
which can be solved by recognizing that (A AJ A" is the pseudo-inverse of matrix A
which can be efficiently computed using the standard value decomposition [Golub and Van

Loan 1996].
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B-4. The Conjugate Gradient Method

The numerical optimization method used to minimize the RMS colour difference in the CIE

L*u*v* colour space (AE* ) was the conjugate gradient algorithm [Chong and Zak

1996].

RMS

B-4.1 Formulating the Problem

As with the least-squared algorithm it is helpful to reformulate the conjugate gradient al go-
rithm using matrices. The same definitions for A, B, B, and X can be used. By transforming
the r?spective rows of B and B to the CIELUV colour space the corresponding matrices B Luv
and By, are obtained. If the element-by-element difference of these two matrices is given by:

E = BLuv—BLuv (B-1)

then the RMS colour difference can be computed according to:

= ¥ EY B-2)

(rows, columns)

where the ~ 2 denotes the square of each matrix element and the summation is performed
"2 . L ,
over the rows and columns of £ ~. f(X) is the objective or cost function to be minimized by

the conjugate gradient algorithm.

B-4.2 The Conjugate Gradient Algorithm
The formulation of the conjugate gradient algorithm used by the author can be described as

follows:

1. Set the iteration count k to 0. Select an initial value X, .
2. Compute the gradient of the cost function G, = Vf(X,) . Set the initial direction equal to
the negative gradient, D, = -G,,.

3. Perform a numerical line search to find a positive scalar o. that minimizes f(X0 +aD,) ,or

more generally o, = argmin, 5 o f(X, + oD,) . The line search routine is described in

Section B-4.3.

If the line search fails set D, = -G, and a = 1.0.
4. Calculate the next value for X using X, ., = X, + o, D, .

5. Re-compute the gradient of the cost function G, , ; = Vf(X,“r D -
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6. Calculate a convergence or stopping criteria. For example if G 1| < € then stop, where €

1s a very small positive constant.

T
Gk+1 (Gk+] —Gk)

= . Note that for this for-
Dk (Gk+ 1~ Gk)

7. Compute the Hestenes-Stiefel formula B, =

mula to produce a scalar, the matrices G, , ,, G, , and D, must be first expressed as vec-

tors. For example:

811 812 813 T
Gy = |8, 82 83| = [811 812 813 821 822 823 831 &3, g33:l
831 832 833

8. Determine the next direction accordingto D, . | = - G, + Bka. Every few iterations

re-initialize the direction to the negative gradient instead, i.e. D, 1 = =Gy, -
9.k =k+1,gotostep3.

B-4.3 The Line Search Routine

The line search algorithm used with the conjugate gradient method is due to Dennis and
Schnabel [Dennis and Schnabel 1989]. As with the Hestenes-Stiefel formula it is necessary to
express all matrix quantities as vectors for the line search algorithm to operate correctly. The

pseudo-code for the line search algorithm is as follows:

Initialize o =10, «, , =00, a,, =, done = false.

While not (done) loop
If f(X,+aD,) <f(X,) +k Vf(X,) @D, then
If Vf(X,+0oD,) aD,>kVf(X,) aD, then
done = true
Else
alow = 0
If aw,= co then
o = 20
Else

o = refine(o, 0, , Olu,,)

End If
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Else
ocup =0
If o, = 0 then
2 T
-0 Vf(Xk) Dk

i 2( F(X, +aDy) —f(X,) —aVf(X)) TDD

o

o = max(am,cla)
Else
o = refine (o, o, aup)
End If
End If

End Loop
If after 100 iterations of the loop the conditions necessary to satsify done had not been

reached, the line search routine was deemed to have failed.

B-4.4 The Function refine
The function refine used by the line search routine is given by the following pseudo-code:
Function refine
Begin
& =0, =0y,
X

X,, = X, +0a,,D,

low = X+ 0,0y

52Vf(X10w) TDk
o, = Oy —
: Z—(f(Xup) —f(Xlow) - vi(XIOW) TDD

o = min(max(a,, o, +c,0), ocup—czﬁ)
Return o
End
B-4.5 Values Used for the Constants
The values used for the constants in the line search algorithm were k; = 0.0001

k, = 08,c, = 0.1,and c, = 0.2.
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B-5. The L*u*v* Colour Difference Errors after Colour Correction

To quantify the colour error for each sample of the Macbeth ColorChecker after the applica-

tion of the colour correction matrix, the (AL*, Au*, Av*) colour difference errors were com-
puted. This calculation was performed for the optimal colour correction matrices determined
by minimizing the MSEy,, and (AE* ) .. o colour error metrics respectively and the data is
listed in Table B-3.

Colour Error Metric MSE ., Colour Error Metric (AE* ) RMS
Sample Name AL* | Au* Av* | AE* | AL* | Au* Av* | AE*
| dark skin 0.31 6,32 7.83 10.07 0.91 6.05 7.04 9.33
2 light skin 1.35 5.82 0.25 597 1.53 6.31 0.73 6.53
3 blue sky 337 -0.79 0.10 3.46 2.67 -0.88 -0.70 289
4 foliage -2.39 -0.54 1.97 314 -2.64 0.50 1.55 3.11
5 blue flower 1.20 (.43 -2.78 3.05 0,65 0.30 -3.15 3123
6 bluish green 3.06 -1.30 294 4,44 1.73 -1.01 294 3.56
7 orange 4.11 2.94 -3.87 6.36 5.40 0.73 -5.48 7.73
8 purplish blue 2.27 1.83 -0.23 293 1.50 1,13 -1.35 2.31
9 moderate red 0.67 5.60 573 8.04 2.16 222 5.99 6.74
10 purple 5,65 267 634 $.90 45,40 232 681 9.0
I yellow green .0.94 342 -1.59 1.88 -141 132 033 1.96
12 orange yellow 2.73 -3.58 -6.95 8.28 3153 -3.49 -7.62 9.10
13 blue 370 271 -2.68 531 3.03 1.88 -3.19 479
14 green -1.95 -5.06 1.89 574 -2.74 -3.85 246 5133
15 ed | 434 | o2 Pl 8 .
16 yellow -1.15 -1.84 271 347 -0.98 0.04 3.66 379
18 cyan 4150 277 8.21 8.79 3.14 191 6.34 713
19 white 0,49 270 0.19 275 -0.41 3.69 1.14 188
20 neutral 8 -1.16 075 0.46 146 -1.85 0.07 114 218
21 neutral 6.5 41,89 0.05 78 422 22,40 0.81 .3.40 4.5
22 neutral § 22 022 -3.89 448 2.44 035 407 276
23 neutral 3.5 0.50 -1.36 -1.49 2.08 077 1,09 257 2.00
24 black 3.19 -2.99 155 4.64 4.53 -3.25 073 5.62

Table B-3. The CIE L*u*v"* colour difference errors for the samples of the Macbeth ColorChecker after
the application of the colour correction matrices determined by minimizing the MSE in the CIE XYZ
colour space using the least squares method, and by minimizing the RMS L*u*v* colour difference with
the conjugate gradient method. The samplesh wi:l} tEa eLwo largest colour difference errors have been

ighlighted.
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C-1. Camera System Control Parameters

C-1.1 Camera Control Parameters Set 1.

Integrated Digital
Colour Camera

parameter_address[3..0] Description Default Value

0000 configuration word 00000000
0001 clock division factor [1..0] 00

00 - divide clock by 1

01 - divide clock by 2

10 - divide clock by 4

11 - divide clock by 8
0010 reset row offset [7..0] 00100011
0011 reset row offset [8] 1
0100 region-of-interest row start [7..0] 00000001
0101 region-of-interest row start {8] 0
0110 region-of-interest column start [7..0] 00000001
0111 region-of-interest column start [8] 0
1000 region-of-interest row finish [7..0] 00100000
1001 region-of-interest row finish [8) 1
1010 region-of-interest column finish [7..0] 01100000
1011 region-of-interest column finish [8] 1
1100 frame enable front porch {7..0] 00000001
1101 frame enable front porch [15..8] 00000000
1110 frame offset [7..0] 00000110
1111 frame offset [15..8] 00000011

Table C-1. Camera control parameters 1. The module_address[3..0] is 0000. The camera configuration

word is defined in Section C-1.2.
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C-1.2 Camera Configuration Word

Bit Description Default Value
0 quiet/noisy mode 0
0 - quiet (quiet)
| - noisy
[1..2] mosaic pattern 00
00 - GRBG (GRBG)
01 - RGGB
10 - BGGR
11 - GBRG
3 window type mode 0
0 - internal (internal)
1 - external
4 input mode 0
0-A/D (A/D)
1 - external test input
[5..6] output mode 00
00 - A/ D, final FIFO value (A /D, final FIFO value)
0l - interpolation
10 - colour correction
7 electronic shutter enable 0 (disabled) T

Table C-2. Camera configuration word. The module_address[3..0] and parameter_address[3..0] are
both 0000.

C-1.3 Camera Control Parameters Set 2

parameter_address[3..0] Description Default Value
0000 input latency [3..0} 0010
(A /D and PGA)
0001 black offset correction enable [0] 1 (enabled)
0010 crowbar enable [0] 1 (enabled)
0011 PGA red coefficient | [2..0] 000
0100 PGA red coefficient 2[2..0] 000
0101 PGA green coefficient 1 [2..0] 000
0110 PGA green coefficient 2[2..0] 000
0111 PGA blue coefficient 1 [2..0] 000
1000 PGA blue coefficient 2[2..0] 000

Table C-3. Camera control parameters 2. The module_address[3..0] is 0001.
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C-2. Interpolation Coefficients

Default Interpolation Coefficients
(module_address[3..0])
parameter_address [3..0] Description Red Green Blue
(0101) (0110) (0111)
0000 common exponent [3..0] 0011 0011 0011 —‘
0001 coefficient | mantissa (5..0] 000010 000001 000010
0010 coefficient 2 mantissa {5..0} 000100 000010 000100
0011 coefficient 3 mantissa [5..0] 000010 000001 000010 |
0100 coefficient 4 mantissa [5..0] 000100 000010 000100 |
0101 coefficient 5 mantissa [5..0] 001000 000100 001000
0110 coefficient 6 mantissa [5..0] 000100 000010 000100
0111 coefficient 7 mantissa [5..0] 000010 000001 000010
1000 coefficient 8 mantissa [5..0] 000100 000010 000100
1001 coefficient 9 mantissa [5..0] 000010 000001 000010

Table C-4. Interpolation coefficient parameters. The numbering of the coefficients is consistent with
Figure 5-29(a). The default values correspond to the interpolation fiiter kernels given in (5-1 0).

C-3. Colour Correction Coefficients

C-3.1 Colour Correction Coefficients Parameters

parameter_address [3..0] Description Default Value
0000 %} 010000 10
0001 C12 000000 10
0010 c13 000000 10
0011 Cay 000000 10
0100 c1 010000 10 ]
0101 Cy3 000000 10
0110 e 00000010 |
0111 Cyp 000000 10
1000 Ci3 010000 10
1001 pre offsety 00000000
1010 pre offsetg 00000000
1011 pre offsetg 00000000
1100 post offsetg 00000000
1101 post offset 00000000
1o post offsetp 00000000

Table C-5. Colour correction coefficient parameters. The module_address[3..0] is 1001

C-3.2 Finding and Representing Colour Correction Coefficients

The optimal colour correction coefficients and offsets would typically be determined
off-line by the host using a procedure similar to that described in Section 4-13.2. Such an opti-
mization procedure would be realized using floating point arithmetic and hence the coefficients

and offsets are found with floating point precision. A method is therefore required to compute
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their closest value in the representation implemented in the colour correction subsystem
described in Section 5-8.1. The pseudo-code for such an algorithm is as follows:

Starting with each coefficient C;j in floating-point format:

32 31
If (Cijz_g,_z) and (%'53_2) then
exponent = 3

mantissa = round (32X c;)

j
, 32 31
Else if (Cijz*ﬁ) and (c,.js—) then

16
exponent = 2

mantissa = round (16 X c,)

j]
Else if (cijZ—';—zj and (c

31
ij < gj then
exponent = 1

mantissa = round (8 X Cij)

. 32 31
Else 1f (cijz-jj and (c..sj) then

ij
exponent = 0
mantissa =

= round (4 X cl.j)
Else

Error : cannot represent €
End if

where round performs a rounding operation to the nearest integer.

Once the integers mantissa and exponent have been found using this method they must be
converted to a two’s complement binary and an unsigned binary representation respectively.
As an example, using this method to find the closest representation of ¢y = 1.1731 gives

exponent = 2 and mantissa = 19, and yields the coefficient 070011 10.
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C-4. Parameters of the Image Statistics Subsystem

parameter_address[3..0]
{module_address[3..0])

Description

parameter_address[3..0]
(module_address[3..0])

Description
(Default Value)

0 red bin 0 [7..0} 0 blue bin 0 [7..0}
(0010) (o1

i red bin 0 [15..8} 1 blue bin 0 [15..8)}

2 red bin 1 [7..0} 2 bluebin1[7.0) |

3 red bin 1 [15..8} 3 blue bin 1 [15..8)

4 red bin 2 [7..0} 4 blue bin 2 [7..0)

5 red bin 2 [15..8} 5 blue bin 2 [15..8)

6 red bin 3 [7..0) 6 blue bin 3 [7..0)

7 red bin 3 [15..8} 7 blue bin 3 [15..8)

8 green bin 0 [7..0} 0 threshold 0 [7..0]

(0100) (00000000)

9 green bin 0 [15..8) 1 threshold 1 [7..0}
(01000000)

10 green bin | [7..0} 2 threshold 2 [7..0]\
(10000000)

11 green bin 1 [15..8} 3 threshold 3 [7..0}
(11000000)

12 green bin 2 [7..0} 4 threshold 4 [7..0]
(111111

13 green bin 2 [15..8}

14 green bin 3 [7..0}

15 green bin 3 [15..8}

Table C-6. Image statistics parameters. Note that threshold 0 to threshold 4 must contain monotonically
increasing values.
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Colour Plate 1

(a) Colour errors resulting from the application of the colour correction matrix
determined by minimizing the MSEyy, using the least squares algorithm.
The centre portion of each sample gives the desired colour while the sur-

round gives the colour rendered by the colour correction matrix.

(b) Colour errors resulting from the application of the colour correction matrix
determined by minimizing (AE*,,)ams using the conjugate gradient algo-
rithm.




Colour Plate 2






