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Since active pixel sensors (APS) are fabricated in a commonly used CMOS
process, image sensors with integrated “intelligence” can be designed. These
sensors are very useful in many scientific, commercial and consumer
applications. Current state-of-the-art CMOS imagers allow integration of all
functions required for timing, exposure control, color processing, image
enhancement, image compression and ADC on the same die. In addition, CMOS
imagers offer significant advantages and rival traditional charge coupled devices
(CCDs) in terms of low power, low voltage and monolithic integration. This
lecture presents different types of CMOS pixels and introduces the system-on-a-
chip approach, showing examples of two “smart” APS imagers. The camera-on-
a-chip approach is introduced, focusing on the advantages of CMOS sensors on
CCDs. Different types of image sensors are described and their modes of
operation briefly explained. Two examples of CMOS imagers are presented, a
smart vision system-on-a-chip and a smart tracking sensor. The former is based
on a photodiode APS with linear output over a wide dynamic range, made
possible by random access to each pixel in the array and by the insertion of
additional circuitry into the pixels. The latter is a smart tracking sensor
employing analog non-linear winner-take-all (WTA) selection.

CMOS image sensor, active pixel sensor (APS), charge-coupled devices (CCD),
passive pixel (PS), system-on-a-chip, smart sensor, dynamic range (DR),
winner-take-all (WTA) circuit.
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1.1 Introduction

Driven by the demands of multimedia applications, image sensors have
become a major category of high-volume semiconductor production. The
introduction of imaging devices is imminent in consumer applications such as
cell phones, automobiles, computer-based video, smart toys and both still and
video digital cameras.

In addition to image capture, the electronics in a digital camera must
handle analog-to-digital (ADC) conversion as well as a significant amount of
digital processing for color imaging, image enhancement, compression
control and interfacing. These functions are usually implemented with many
chips fabricated in different process technologies.

The continuous advances in CMOS technology for processors and DRAMs
have made CMOS sensor arrays a viable alternative to the popular charge-
coupled devices (CCD) sensor technology. New technologies provide the
potential for integrating all imaging and processing functions onto a single
chip, greatly reducing the cost, power consumption and size of the camera [1—
3]. Standard CMOS mixed-signal technology allows the manufacture of
monolithically integrated imaging devices: all the functions for timing,
exposure control and ADC can be implemented on one piece of silicon,
enabling the production of the so-called “camera-on-a-chip” [4]. Figure I-1 is
a diagram of a typical digital camera system, showing the difference between
the building blocks of commonly used CCD cameras and the CMOS camera-
on-a-chip. The traditional imaging pipeline functions — such as color
processing, image enhancement and image compression — can also be
integrated into the camera. This enables quick processing and exchanging of
images. The unique features of CMOS digital cameras allow many new
applications, including network teleconferencing, videophones, guidance and
navigation, automotive imaging systems, and robotic and machine vision.

Most digital cameras currently use CCDs to implement the image sensor.
State-of-the-art CCD imagers are based on a mature technology and present
excellent performance and image quality. They are still unsurpassed for high
sensitivity and long exposure time, thanks to extremely low noise, high
quantum efficiency and very high fill factors. Unfortunately, CCDs need
specialized clock drivers that must provide clocking signals with relatively
large amplitudes (up to 10 V) and well-defined shapes. Multiple supply and
bias voltages at non-standard values (up to 15V) are often necessary,
resulting in very complex systems.
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Figure 1-1. Block diagram of a typical digital camera system.

Figure 1-2 is a block diagram of a widely used interline transfer CCD
image sensor. In such sensors, incident photons are converted to charge,
which is accumulated by the photodetectors during exposure time. In the
subsequent readout time, the accumulated charge is sequentially transferred
into the vertical and horizontal CCDs and then shifted to the chip-level output
amplifier. However, the sequential readout of pixel charge limits the readout
speed. Furthermore, CCDs are high-capacitance devices and during readout,
all the capacitors are switched at the same time with high voltages; as a result,
CCD image sensors usually consume a great deal of power. CCDs also cannot
easily be integrated with CMOS circuits due to additional fabrication
complexity and increased cost. Because it is very difficult to integrate all
camera functions onto a single CCD chip, multiple chips must be used. A
regular digital camera based on CCD image sensors is therefore burdened
with high power consumption, large size and a relatively complex design;
consequently, it is not well suited for portable imaging applications.

Unlike CCD image sensors, CMOS imagers use digital memory style
readout, using row decoders and column amplifiers. This readout overcomes
many of the problems found with CCD image sensors: readout can be very
fast, it can consume very little power, and random access of pixel values is
possible so that selective readout of windows of interest is allowed. Figure I-
3 shows the block diagram of a typical CMOS image sensor.
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The power consumption of the overall system can be reduced because
many of the supporting external electronic components required by a CCD
sensor can be fabricated directly inside a CMOS sensor. Low power
consumption helps to reduce the temperature (or the temperature gradient) of
both the sensor and the camera head, leading to improved performance.
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Figure 1-2. Block diagram of a typical interline transfer CCD image sensor.

An additional advantage of CMOS imagers is that analog signal processing
can be integrated onto the same substrate; this has already been demonstrated
by some video camera-on-a-chip systems. Analog signal processing can
include widening the dynamic range of the sensor, real-time object tracking,
edge detection, motion detection and image compression. These functions are
usually performed by nonlinear analog circuits and can be implemented inside
the pixels and in the periphery of the array. Offloading signal processing
functions makes more memory and DSP processing time available for higher-
level tasks, such as image segmentation or tasks unrelated to imaging.

This lecture presents a variety of implementations of CMOS image sensors,
focusing on two examples of system-on-a-chip design: an image sensor with
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wide dynamic range (DR) [5] and a tracking CMOS imager employing analog
winner-take-all (WTA) selection [6].
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Figure 1-3. Block diagram of a typical CMOS image sensor.

1.2 CMOS image sensors

CMOS pixels can be divided into two main groups, passive pixel sensors
(PPS) and active pixel sensors (APS).

Each individual pixel of a PPS array has only a photosensing element
(usually a photodiode) and a switching MOSFET. The signal is detected
either by an output amplifier implemented in each column or by a single
output for the entire imaging device. These conventional MOS-array sensors
operate like an analog DRAM, offering the advantage of random access to the
individual pixels. They suffer from relatively poor noise performance and
reduced sensitivity compared to state-of-the-art CCD sensors.

APS arrays are novel image sensors that have amplifiers implemented in
every pixel; this significantly improves the noise parameter.
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1.2.1 Passive Pixel Sensors
The PPS consists of a photodiode and just one transistor (labeled 7X in
Figure 1-4). TX is used as a charge gate, switching the contents of the pixel to

the charge integration amplifier (CIA). These passive pixel CMOS sensors
operate like analog DRAMs, as shown in Figure 1-5.
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Figure 1-4. Passive pixel sensor structure.
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Figure 1-5. Basic PPS architecture.

More modern PPS implementations use a CIA for each column in the
array, as shown in Figure I-6. The CIA readout circuit is located at the
bottom of each column bus (to keep the voltage on that bus constant) and uses
just one addressing transistor. The voltage V.ris used to reset the photo-diode
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to reverse bias. Following the reset, this switch is opened, for a period of
integration time (7). During this period, the photodiode discharges at a rate
approximately proportional to the amount of incident illumination. When the
MOS switch is closed again to reset the photodiode once more, a current
flows via the resistance and capacitance of the column bus due to the
difference between V.rand the voltage on the diode (Vgioqe). The total charge
that flows to reset the pixel is equal to that discharged during the integration
period. This charge is integrated on the capacitor Cy, and output as a voltage.
When the final bus and diode voltages return to V., via the charge amplifier,
the address MOS switch is turned off, the voltage across Cj, is removed by
the Reset transistor, and the integration process starts again.
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Figure 1-6. PPS implementation with a separate CIA for each column in the array (after [12]).

The passive pixel structure has major problems due to its large capacitive
loads. Since the large bus is directly connected to each pixel during readout,
the RC time constant is very high and the readout is slow. In addition, passive
pixel readout noise is typically high — on the order of 250 electrons rms
compared to less than 10 electrons rms for commercial CCDs. Because of
these factors, PPS does not scale well to larger array sizes or faster pixel
readout rates. Furthermore, differences between the individual amplifiers at
the bottoms of the different columns will cause fixed pattern noise (FPN).
FPN is time-independent and arises from component mismatch due to
variations in lithography, doping and other manufacturing processes.

PPS also offers advantages. For a given pixel size, it has the highest design
fill factor (the ratio of the light sensitive area of a pixel to its total area), since
each pixel has only one transistor. In addition, its quantum efficiency (QE) —
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the ratio between the number of generated electrons and the number of
impinging photons — can be quite high due to this large fill factor.

1.2.2 Active Pixel Sensors

The passive pixel sensor was introduced by Weckler in 1967 [7]. The
problems of PPS were recognized, and consequently a sensor with an active
amplifier (a source follower transistor) within each pixel was proposed [8].
The current term for this technology, active pixel sensor, was first introduced
by Fossum in 1992 [1]. Figure 1-7 shows the general architecture of an APS
array and the principal pixel structure. A detailed description of the readout
procedure will be presented later in this lecture.
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Figure 1-7. General architecture of an APS array.

Active pixels typically have a fill factor of only 50-70%, which reduces the
photon-generated signal. However, the reduced capacitance in each pixel
leads to lower read noise for the array, which increases both the dynamic
range and the signal-to-noise ratio (SNR).
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The pixels used in these sensors can be divided into three types:
photodiodes, photogates and pinned photodiodes. The most popular is
currently the photodiode.

1.2.3 Photodiode APS

The photodiode APS was described by Noble in 1968 [8] and has been
under investigation by Andoh since the late 1980s [9]. A novel technique for
random access and electronic shuttering with this type of pixel was proposed
by Yadid-Pecht in the early 1990s [12].

The basic photodiode APS employs a photodiode and a readout circuit of
three transistors: a photodiode reset transistor (Resef), a row select transistor
(RS) and a source-follower transistor (SF). The scheme of this pixel is shown
in Figure 1-8.
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Figure 1-8. Basic photodiode APS pixel.

The charge-to-voltage conversion occurs at the sense node capacitance,
which comprises the photodiode capacitance and all other parasitic
capacitances connected to that node. In this case, these are the source
capacitance of the Reset transistor and the gate capacitance of the SF
transistor. The SF transistor acts as a buffer amplifier to isolate the sensing
node; the load of this buffer (the active-current-source load) is located on each
column rather than on each pixel to keep the fill factor high and to reduce
pixel-to-pixel variations. The Reset transistor controls an integration time and
is usually implemented with an NMOS transistor. Since no additional well is
required for NMOS implementation, this allows a higher fill factor. However,
an NMOS transistor with Vpp on both gate and drain can only reach a source
voltage (at the photodiode node) of Vpp — Vr, thereby decreasing the dynamic
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range of the pixel. An example of a mask layout for this pixel architecture is
shown in Figure 1-9.

Photodiode APS operation and readout are described here with reference to
both Figure 1-7 and Figure 1-8. Generally, pixel operation can be divided
into two main stages, reset and phototransduction.

(a) The reset stage. During this stage, the photodiode capacitance is
charged to a reset voltage by turning on the Reset transistor. This reset voltage
is read out to one of sample-and-hold (S/H) in a correlated double sampling
(CDS) circuit. The CDS circuit, usually located at the bottom of each column,
subtracts the signal pixel value from the reset value. Its main purpose is to
eliminate fixed pattern noise caused by random variations in the threshold
voltage of the reset and pixel amplifier transistors, variations in the
photodetector geometry and variations in the dark current. In addition, it
should eliminate the 1/fnoise in the circuit.

Figure 1-9. An example of a pixel layout with an L-shaped active area (in green), which is the
most common pixel design.

(b) The phototransduction stage. During this stage, the photodiode
capacitor is discharged through a constant integration time at a rate
approximately proportional to the incident illumination. Therefore, a bright
pixel produces a low analog signal voltage and a background pixel gives a
high signal voltage. This voltage is read out to the second S/H of the CDS by
enabling the row select transistor of the pixel. The CDS outputs the difference
between the reset voltage level and the photovoltage level.

Because the readout of all pixels cannot be performed in parallel, a rolling
readout technique is applied. All the pixels in each row are reset and read out
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in parallel, but the different rows are processed sequentially. Figure 1-10
shows the time dependence of the rolling readout principle. A given row is
accessed only once during the frame time (7g.me). The actual pixel operation
sequence is in three steps: the accumulated signal value of the previous frame
is read out, the pixel is reset, and the reset value is read out to the CDS. Thus,
the CDS circuit actually subtracts the signal pixel value from the reset value
of the next frame. Because CDS is not truly correlated without frame
memory, the read noise is limited by the reset noise on the photodiode. After
the signals and resets of all pixels in the row are read out to S/H, the outputs
of all CDS circuits are sequentially read out using X-addressing circuitry, as
shown in Figure 1-7.

The output photodiode signal is supposedly independent of detector size,
because the lower pixel capacitance of smaller detectors causes an increase in
conversion gain that compensates for the decrease in detector size. However,
peripheral capacitances from the perimeters of the detector increase the total
capacitance of the sensing node and thus decrease the conversion gain. As the
pixel size scales down, photosensitivity decreases and the reset noise scales as
C", where C is the photodiode capacitance. These tradeoffs must be
considered when designing pixel fill factor, DR, SNR and conversion gain.
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Figure 1-10. Rolling readout principle of the photodiode APS.
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1.2.4 Photogate APS

Figure [-11 shows the common photogate pixel architecture [10]. The
basic concept for the photogate pixel arose from CCD technology. While
photon-generated charge is integrated under a photogate with a high potential
well, the output floating node is reset and the corresponding voltage is read
out to the S/H of the CDS. When the integration is completed, the charge is
transferred to the output floating node by pulsing the signal on the photogate.
Then the corresponding voltage from the integrated charge is read by the
source follower to the second S/H of the CDS. The CDS outputs the
difference between the reset voltage level and the photo-voltage level.

As mentioned above, the CDS can suppress reset noise, 1/f noise and FPN
due to V1 and lithographic variations in the array. The reduction of noise level
increases the total dynamic range and the SNR. The primary noise source for
the photogate APS is photon shot noise, which cannot be suppressed by any
means.

The photogate has a pixel pitch typically equal to 20 times the minimum
size of the technology, since there are five transistors in each pixel. Due to the
overlaying polysilicon, however, there is a reduction in QE, particularly in the
blue region of the spectrum.

VDD
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Figure 1-11. Basic photogate pixel architecture.

The photogate pixel architecture is shown as a mask layout in Figure 1-12.



APS Design from Pixels to Systems 13

DD Pix_out

Figure 1-12. Example layout of a photogate pixel design.

1.2.5 Pinned photodiode APS

The pinned photodiode pixel consists of a pinned diode (p -n-p), where the
photon collection area is dragged away from the surface in order to reduce
surface defect noise (such as that due to dark current) [12]. Photon-generated
charge is integrated under a pinned diode and transferred to the output
floating diffusion for the readout. As in the photogate APS, the sense node
and integration node are separated to minimize noise. However, the primary
difference is that the potential well for charge collection in a pinned diode is
generated by a buried intrinsic layer (or an n-type layer) instead of a pulsed
gate voltage as in the photogate. Each pinned diode pixel has four transistors
and five control lines, resulting in a fill factor higher than in the photogate
pixel, but lower than in the photodiode pixel. However, the small photon
collection area of the pinned diode results in a very small full well for photon-
generated charge collection and lower QE compared to the photodiode pixel.
Figure 1-13 shows a basic pinned photodiode pixel structure.
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Figure 1-13. Basic pinned photodiode pixel architecture.

1.2.6 Logarithmic Photodiode APS

Another type of APS is a logarithmic photodiode sensor [11]. This three-
transistor pixel enables logarithmic encoding of the photocurrent, thus
increasing the dynamic range of the sensor; i.e., the same range of sensor
output voltage is suitable for a wider range of illumination. The
implementation of the basic logarithmic photodiode pixel is described in
Figure 1-14.
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Figure 1-14. Basic logarithmic photodiode pixel architecture.

This pixel does not require reset and operates continuously. The voltage on
the photodiode (Vpy) is approximately equal to Vpp, causing the load
transistor to operate in the subthreshold region (Vpp = Veu + AVpy). The
photocurrent (/py) is equal to the subthreshold current (/ps). The voltage on
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the photodiode decreases logarithmically with linear increases in illumination
(and thus photocurrent) following the equation

KT 1
Vo =Vop =&V =Vpp ——— [lh(ﬂj (1.1)
q 1,

where K7/q is 0.026 V at T=300K and I, represents all constant terms.
While the logarithmic APS has the above-mentioned advantages, it suffers
from serious drawbacks such as significant temperature dependence of the
output, low swing of the output (especially for relatively low illumination
levels) and high FPN. Accordingly, the logarithmic APS is not commonly
used.

1.2.7 Snapshot pixels

Most CMOS imagers feature the rolling shutter readout method (also
known as the rolling readout method) shown in Figure 1-10. In the rolling
shutter approach, the start and end of the light collection for each row is
slightly delayed from the previous row; this leads to image deformity when
there is relative motion between the imager and the scene. The ideal solution
for imaging objects moving at high speed is the snapshot imager, which
employs the electronic global shutter method [12]. This technique uses a
memory element inside each pixel and provides capabilities similar to a
mechanical shutter: it allows simultaneous integration of the entire pixel array
and then stops the exposure while the image data is read out. The principal
scheme of snapshot photodiode APS was introduced by Yadid-Pecht in 1991,
and is shown in Figure 1-15.

The snapshot pixel includes a sample-and-hold (S/H) switch with analog
storage, which consists of all parasitic capacitances in the amplifier input. The
in-pixel amplification is performed by a source follower amplifier, identical to
that in a rolling shutter pixel. The full transistor scheme of a commonly used
global shutter pixel is shown in Figure 1-16.

In contrast to the rolling shutter technique, a sensor with global shutter
architecture exposes all its pixels at the same time. After the integration time
Tin, the signal charge is stored in an in-pixel sample-and-hold capacitance
until readout. One of the problems that should be addressed in the snapshot
pixels is the shutter efficiency. The light exposure of the S/H stage, shutter
leakage and the limited storage capacitance lead to signal lost. Figure 1-16
shows a pixel that employs an NMOS transistor as a shutter. This
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implementation allows a small pixel area, but it has a low shutter efficiency.
Shutter efficiency can be increased using a PMOS transistor as a shutter, if it
is well separated from the photodiode. Unfortunately, a PMOS shutter
decreases the fill factor and, due to increased parasitic capacitances, also
decreases the conversion gain.
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Figure 1-15. Architecture of a snapshot photodiode APS (after [12]).
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Figure 1-16. Transistor scheme of a commonly used snapshot pixel.

1.3 APS system-on-a-chip approach

CMOS image sensors allow implementations of complex sensing systems
on a single silicon die. For example, almost all CMOS imagers employ analog
to digital conversion on the same die. There are three general approaches to
implementing ADC with active pixel sensors:
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1. Chip-level ADC, where a single ADC circuit serves the whole APS array.
This method requires a very high-speed ADC, especially if a very large
array is used.

2. Column-level ADC, where an array of ADCs is placed at the bottom of the
APS array and each ADC is dedicated to one or more columns of the APS
array. All these ADCs are operated in parallel, so a low-to-medium-speed
ADC design can be used, depending on the APS array size. The
disadvantages of this approach are the necessity of fitting each ADC
within the pixel pitch (i.e., the column width) and the possible problems of
mismatch among the converters on different columns.

3. Pixel-level ADC, where every pixel has its own converter. This approach
allows parallel operation of all ADCs in the APS array, so a very low
speed ADC is suitable. Using one ADC per pixel has additional
advantages, such as higher SNR, lower power and simpler design.

In this section, two examples of CMOS imagers are described. The first
implements a “smart vision” system-on-a-chip based on a photodiode APS
with linear output over a wide dynamic range. An increase in the dynamic
range of the sensors is enabled by random access to the pixel array and by the
insertion of additional circuitry within each pixel. The second example is a
smart tracking sensor employing analog nonlinear winner-take-all selection.

In the design of a “smart” sensing system, an important step is to decide
whether computation circuitry should be inserted within the pixel or placed in
the periphery of the array. When processing circuitry is put within the pixel,
additional functions can be implemented, simple 2-D processing is possible,
and neighboring pixels can be easily shared in neural networks. These
systems are also very useful for real-time applications. On the other hand, the
fill factor is drastically reduced, making these systems unsuitable for
applications where high spatial resolution and very high image quality are
required. In all systems presented later in this lecture, most of the processing
circuitry is placed in the periphery of the array to avoid degradation of image
quality.

1.3.1 Autoscaling APS with customized increase of dynamic range
This section introduces the reader to the dynamic range problem in CMOS

imagers, showing possible existing solutions. Then an advanced autoscaling
CMOS APS with customized linear increase of DR is explained.
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1.3.1.1 Dynamic range problem and possible solutions

Scenes imaged with electronic cameras can have a wide range of
illumination. Levels can range from 10~ lux for night vision to 10° lux for
scenes illuminated with bright sunlight, and even higher levels can occur with
the direct viewing of light sources such as oncoming headlights. The
intrascene dynamic range capability of a sensor is measured as

DR =20 Tog(S/4) (1.2)

where S is the saturation level and N is the root mean square (rms) read noise

floor measured in electrons or volts. The human eye has a dynamic range of

about 90 dB and camera film of about 80 dB, but typical CCDs and CMOS

APS have a dynamic range of only 65-75 dB. Generally, dynamic range can

be increased in two ways: the first one is noise reduction and thus expanding

the dynamic range toward darker scenes. The second method is incident light
saturation level expansion, thus improving the dynamic range toward brighter
scenes.

Bright scenes and wide variations in intrascene illumination can arise in
many situations: driving at night, photographing people in front of a window,
observing an aircraft landing at night, and imaging objects for studies in
meteorology or astronomy. Various solutions have been proposed in both
CCD and CMOS technologies to cope with this problem [13-37]. Methods for
widening the dynamic range can be grouped into five areas:

1. Companding sensors, such as logarithmic compressed-response
photodetectors;

2. Multi-mode sensors, where operation modes are changed,

3. Frequency-based sensors, where the sensor output is converted to pulse
frequency;

4. Sensors with external control over integration time, which can be further
divided into global control (where the integration time of the whole sensor
can be controlled) and local control (where different areas within the
sensor can have different exposure times); and

5. Sensors with autonomous control over integration time, in which the
sensor itself provides the means for different integration times.

Companding sensors. The simplest solution to increase DR is to compress
the response curve using a logarithmic photodiode sensor, as described in
section 1.2.6. Another type of companding sensor for widening the DR was
introduced by Mead [16], where a parasitic vertical bipolar transistor with a
logarithmic response was used. The logarithmic function there is again a
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result of the subthreshold operation of the diode-connected MOS transistors,
added in series to the bipolar transistor. The voltage output of this
photoreceptor is logarithmic over four or five orders of magnitude of
incoming light intensity. It has been used successfully by Mahowald and
Boahen [17]. This detector operates in the subthreshold region and has a low
output voltage swing. A disadvantage of these pixels is that this form of
compression leads to low contrast and loss of details; adaptation, where
linearity around the operation point is exploited, was proposed to alleviate this
problem [18-19]. Also, the response of the logarithmic pixels with this kind
of readout is light dependent. This means that for low light intensities the
readout time would be very slow, depending also on the photodiode
capacitance.

Multimode sensors. A multisensitivity photodetector was proposed by
Ward et al. [21]. The detector is a parasitic vertical bipolar transistor between
diffusion, well and substrate. By connecting a MOS transistor to the base and
the emitter of the bipolar transistor in a Darlington structure, the current gain
can be boosted further. Thus, both bipolar transistors can be activated at very
low light intensities and inactivated at higher intensities. For moderate levels,
only one bipolar transistor is activated. Two selection transistors are required
within the pixel for choosing the mode. This pixel occupies a relatively large
area.

Frequency-based sensors. In 1994, Yang [22] proposed a pulse
photosensor that uses simple integrate-and-reset circuitry to directly convert
optical energy into a pulse frequency output. The output of this photosensor
can vary over 5-6 orders of magnitude and is linearly proportional to optical
energy. A diagram of the circuitry is presented in Figure 1-17.
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Figure 1-17. A pulse photosensor with reset circuitry (after Yang).

The pixel fill factor is much decreased with this approach, since the
inverter chain resides next to the photodiode. In addition, the pulse timing
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relies on the threshold voltages of the inverters. Since threshold voltage
mismatches exists between different transistors, there will be a different
response for each pixel. This makes this sensor worse in terms of noise, since
the threshold mismatch translates to a multiplicative error (the output
frequency of the pulses is affected) and not just constant FPN.

Sensors with external control over integration time. A multiple-integration-
time photoreceptor has been developed at Carnegie Mellon University [23]. It
has multiple integration periods, which are chosen depending upon light
intensity to avoid saturation. When the charge level nears saturation, the
integration is stopped at one of these integration periods and the integration
time is recorded. This sensor has a very low fill factor.

Sensors with autonomous control over integration time. The automatic
wide-dynamic-range sensor was proposed by Yadid-Pecht [24, 25]. This
imager consisted of a two-dimensional array of sensors, with each sensor
capable of being exposed for a different length of time with autonomous on-
chip control. Reset enable pulses are generated at specific times during the
integration period. At each reset enable point, a nondestructive readout is
performed on the sensor and compared to a threshold value. A conditional
reset pulse is generated if the sensor value exceeds the threshold voltage. The
main drawback with this solution is the extent of the additional circuitry,
which affects spatial resolution.

In the following sections, we describe an APS with an in-pixel
autoexposure and a wide-dynamic-range linear output. Only a minimum
additional area above the basic APS transistors is required within the pixel,
and the dynamic range enhancement is achieved with minimal effects on the
temporal resolution.

1.3.1.2 System architecture

The architecture of the DR approach is shown in Figure 1-18.

As in a traditional rolling-shutter APS, this imager is constructed of a two-
dimensional pixel array, here of 64 columns and 64 rows, with random pixel
access capability. Each pixel contains an optical sensor to receive light, a reset
input and an electrical output representing the illumination received. The pixel
used here is not a classic pixel, since it enables individual pixel reset via an
additional transistor [5]. The outputs of a selected row are read through the
column-parallel signal chain, and at certain points in time are also compared
with an appropriate threshold in the comparison circuits. If a pixel value
exceeds the threshold, a reset is given at that time to that pixel. The binary
information concerning the reset (i.e., applied or not) is saved in digital
storage for the later calculation of the scaling factor. The pixel value can then
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be determined as a floating-point number, where the exponent comes from the
scaling factor for the actual integration time and the mantissa from the regular
A/D output. Therefore, the actual pixel value would be

Value = Man [@T/(T/XEXP)) = Man X" (1.3)

where Value is the actual pixel value, Man (mantissa) is the analog or
digitized output value that has been read out at the time 7, X is a constant
greater than one (for example, 2), and EXP is the exponent value describing
the scaling factor. This digital value is read out at the upper part of the chip.
For each pixel, only the last readouts of a certain number of rows are kept to
enable the correct output for the exponent bits.
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Figure 1-18. General architecture description of the autoscaling CMOS APS.

The idea of having a floating-point presentation per pixel via real-time
feedback from the pixel has been proposed before by Yadid-Pecht [36].
However, the previous design required an area in the pixel that substantially
affected the fill factor, so it was then proposed that the control for a group of
pixels should be shared. In the currently proposed solution, however, the
necessary additional hardware will be placed in the periphery; as a result, the
information can be output with minimal effect on spatial or temporal
resolution. The spatial resolution is slightly modified, since the desired ability
to independently reset each pixel requires an additional transistor per pixel
[37]. Concerning the temporal resolution - for a certain pixel we should check
at different time points to get the exponential (scaling) term. Equivalently, we
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could look at the pixels of different rows to get the same information. In the
latter case, row n at time zero would provide the mantissa for row n (either
through an on-chip or an off-chip A/D output), while the pixels in row n — N/2
(where N is the total number of rows that set the frame time) would provide
the first exponent bit (/1) as a result of the logic circuit decision for that row.
Row n — N/4 would provide the second bit (W) for that row, row n — N/
would provide the third bit, and so on. Thus, at the cost of a customized
number of comparisons, the required information can be obtained
automatically and the mantissa scaled accordingly.

Figure 1-19 describes this approach via a combined time-space diagram
where the axes represent the row number and time, respectively. Wy, W, ...
W, represent the exponent bits; i.e., W, represents the first point of decision
T — T/2 (whether to reset or not for the first time), W, for the next point and so
forth. The equivalent is shown at point # — N/2 in the spatial domain, which is
the row that should be used for the decision concerning ;.
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Figure 1-19. Combined time-space diagram.

For example, an imaging device consisting of a square pixel array of 64
rows and 64 columns may be assumed, and it is desired to expand the
dynamic range by 3 bits due to a high illumination level. Therefore, W =3 and
N =64 in this case. For each pixel from the selected row n, three comparisons
(W1, W, and W3) are carried out at three corresponding time points (7 — 772,
T—T/4, T—T/8). The first comparison, which is with the threshold, is carried
out at row n — 32 (32 rows before regular readout of that pixel). This leaves an
integration time of 7/2 with a comparison result of W, =“1”, and this pixel is
reset. The second comparison is carried out at row n— 16 (16 rows before
regular readout of that pixel), leaving an integration time of 7/4 with a
comparison result of W, = “1”; this pixel is also reset. The third comparison is
carried out at row n — 8 (8 rows before regular readout of that pixel), leaving
an integration time of 7/8 with a comparison result of W5 =“1". This pixel is
reset as well. The autoscaling combination for the pixel in this example is
therefore (1 1 1): this means that the pixel has been reset three times during
the frame time, and the regular readout for this pixel should be scaled
(multiplied) by a factor of 2° = 8.
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The frame time of a pixel array consisting of N rows and N columns may
be calculated. Readout time for each row is composed of a copying time
(Teopy = the time needed to copy one row into the readout buffer) and a
scanning time (7., = the time needed to scan each pixel). Since there are N
pixels in each row, the total time for row readout (7o) is given by

T =T +NxT (1.4)

row copy scan
and the frame time (7Tg.me) is given by

T, =NxT (1.5)

Sframe scan

By adding W comparisons (for W different integration times) for each row, the
row readout time is slightly modified and is given by

', =wxI _ +T

row comp row
(1.6)
- W xTcomp +Tcopy +N xTvcan

where Teomp 1s the time for comparison to the threshold level. Since W << N
then

WXT —<<NXT (1.7)

comp scan

and 7w = Trow. Hence, the frame time Tf.ne iS insignificantly affected by
autoscaling. This enables the imager to process scenes without degradation in
the frame rate.

1.3.1.3 Design and implementation

A Dblock diagram of the proposed design is shown in Figure 1-20. The
design makes use of a column parallel architecture to share the processing
circuits among the pixels in a column. The pixel array, the memory array and
the processing elements are separated in this architecture. Each pixel contains
an additional transistor (in series with the row reset transistor) that is activated
by a vertical column reset signal; this allows the independent reset of the
pixel. Integration time can be adjusted for each pixel with this reset, and
nondestructive readout of the pixel can be performed at any time during the
integration period by activating the row select transistor and reading the
voltage on the column bus.
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The processing element contains the saturation detection circuit, which is
shared by all pixels in a column. Because of the column parallel architecture,
the pixel array contains a minimum amount of additional circuitry and
sacrifices little in fill factor. The memory array contains the SRAMs and
latches. Two horizontal decoders — one each for the pixel array and the
memory array — work in parallel and are used to retrieve the mantissa and
exponent, respectively. The vertical decoder is used to select the rows in

order.

The electrical scheme for a single column is presented in Figure 1-21.
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Figure 1-21. Electrical description of one column of an autoscaling CMOS APS.

In this circuit, the pixel output signal is evaluated at the comparator, where
it is compared with an appropriate threshold. If its signal exceeds a
predetermined threshold, the pixel is detected as saturated. Using this
information and the binary information concerning the pixel (stored in the
memory during different parts of the integration), a decision whether to reset
the pixel is made. If the decision is positive, the column reset (CRST) and row
reset (RRST) lines must both be precharged at a logical high voltage to
activate the reset transistor; the photodiode then restarts integration. If the
decision is negative, the reset is not active and the pixel continues to integrate.
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The binary information (whether the reset was applied or not) is saved in the
SRAM memory storage and output to the latches in due time. After the row is
read through the regular output chain, this additional information is retrieved
from the memory through the latches.

1.3.1.4 Experimental results

A 64 x 64 pixel chip was successfully fabricated using the HP 0.5 pm n-
well process. The chip photograph is shown in Figure 1-22. The sensor was
quantitatively tested for relative responsivity, conversion gain, saturation
level, noise, dynamic range, dark current and fixed pattern noise. The results
are presented in Table I-1.
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Figure 1-22: Photograph of the fabricated autoscaling CMOS APS test chip.

The conversion gain was in general agreement with the design estimate of
photodiode capacitance. The saturation level was approximately 1.33 V; fixed
pattern noise (FPN) was measured to be approximately 0.15% saturation; dark
current was measured to be on the order of 30-35 mV/sec, output referred, or
0.61 pA/cm?; and the inherent dynamic range was 71.4 dB, or 11 bits. The
extended dynamic range provided two additional bits to the inherent dynamic
range. No smear or blooming was observed due to the lateral overflow drain
inherent in the APS design. The chip was also functionally tested.

Table -1. Attributes of the autoscaling CMOS APS test chip.

Chip format 64 x 64 pixels

Chip technology HP 0.5 pm
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Chip format 64 x 64 pixels

Chip size 1.878 mm % 2.9073 mm
Pixel size 144 pm x 14.4 pm
Pixel type Photodiode

Pixel fill factor 37%

Conversion gain 12 pV/e

Fixed pattern noise (FPN) 0.15%

Dark current (room temp)
Power

Inherent dynamic range
Extended dynamic range
Saturation level

Quantum efficiency (QE)

35 mV/sec (0.61 pA/cm®)
3.71 mW (5 Mhz)

71.4 dB (~11 bit)

2 additional bits

133V

20%

Figure 1-23 shows a comparison between an image captured by a
traditional CMOS APS and by the autoexposure system presented here. In the
Figure 1-23(a), a scene is imaged with a strong light on the object; hence,
some of the pixels are saturated. At the bottom of Figure 1-23(b), the
capability of the autoexposure sensor for imaging the details of the saturated
area in real time may be observed. Since the display device is limited to eight
bits, only the most relevant eight-bit part (i.e., the mantissa) of the thirteen-bit
range of each pixel is displayed here. The exponent value, which is different
for different areas, is not displayed. This concept in its present form suits
rolling-shutter sensors, and a first prototype following this concept has been

demonstrated here.

{a)

(b}

Figure 1-23. (a) Scene observed with a traditional CMOS APS sensor.(b) Scene observed with

the in-pixel autoexposure CMOS APS sensor.
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1.3.2 CMOS smart tracking sensor employing WTA selection

This section presents an example of a smart APS sensor suitable for
tracking purposes. The system employs an analog winner-take-all circuit to
find and track the brightest object in the field of view (FOV). This system-on-
a-chip employs adaptive spatial filtering of the processed image, with
elimination of bad pixels and with reduction of false alarm when the object is
missing. The circuit has a unique adaptive spatial filtering ability that allows
the removal of the background from the image, and this occurs one stage
before the image is transferred to the WTA detection circuit. A test chip of
64 x 64 array has been implemented in 0.5 pm CMOS technology. It has a
49% fill factor, it is operated by 3.3 V supply, and it dissipates 36 mW at
video rate. The system architecture and operation are described, together with
measurements from a prototype chip.

1.3.2.1 Motivation

Many scientific, commercial and consumer applications require spatial
acquisition and tracking of the brightest object of interest. A winner-take-all
function has an important role in these kinds of systems: it selects and
identifies the highest input (which corresponds to the brightest pixel of the
sensor) and inhibits the rest. The result is a high digital value assigned to the
winner pixel and a low one assigned to the others. CMOS implementations of
WTA networks are an important class of circuits widely used in neura
networks and pattern-recognition systems [42, 44]. Many WTA circuit
implementations have been proposed in the literature [40-52]. A current-
mode MOS implementation of the WTA function was first introduced by
Lazzaro [40]. This very compact circuit optimizes power consumption and
silicon area usage. It is asynchronous, respondsin real time and processes all
input currentsin parallel.

Most of the existing WTA circuits can be integrated with APS sensors.
Usually, when WTA circuits are used in two-dimensional tracking and visual
attention systems, the image processing circuitry is included in the pixel;
however, there are penalties in fill factor or pixel size and resolution. Here we
show an implementation of a 2-D tracking system using 1-D WTA circuits.
All image processing is performed in periphery of the array without
influencing imager quality.

As mentioned above, the regular WTA circuit chooses a winner from a
group of input signals. When an APS with WTA selection system is used for
object selection, a number of problems can occur. If the object of interest
disappears from the processed image, the WTA will compare input voltages
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that represent intensity levels in the image background; hence, the circuit will
output the coordinates of some background pixel instead of the missing object
of interest and cause a false alarm. Background filtering and false alarm
reduction is therefore necessary. Another problem that can disrupt proper
operation of the system is a bad pixel. Since the bad pixel has a high value, it
can be selected as the winner regardless of other pixel values.

The simplest technique for background filtering is signal comparison
against a globally set threshold, above which pixels qualify as object pixels.
The disadvantage of this kind of filtering is that it is necessary to choose the
value of this threshold in advance; in the case where the background is overly
bright (i.e., above the chosen threshold), the circuit will not be able to cope
with the task. The problem is most severe if the object of interest disappears
from the processed image and the background is bright.

The system described here is a 64 x 64 element APS array with two-
dimensional WTA selection. A spatial adaptive filtering circuit allows
adaptive background filtering and false alarm reduction if the object is
missing from the scene.

1.3.2.2 System architecture

Figure 1-24 shows the block diagram of the system. There is no penalty in
spatial resolution using the proposed architecture, since the processing is done
at the periphery of the array.
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Figure 1-24. Block diagram of the proposed CMOS smart tracking sensor system.

The process of phototransduction in the APS is done row-by-row in two
phases: reset (where a photodiode capacitor is charged to a high reset voltage)
and phototransduction (where the capacitor is discharged after a constant
integration time). A commonly used CDS circuit is implemented on the chip
to subtract the signal pixel value from the reset one; the output is high for a
bright pixel and low for a dark one. The subsequent stage is adaptive
background filtering of all pixels for which the CDS values are less than a
threshold value. This threshold corresponds to the average of the outputs from
all row sensors, with the addition of a small variable epsilon value. Only the
signals that pass the filter are transmitted to the WTA selection circuit. When
there is no detectable object (i.e., only background signals exist), no signals
pass this filter, and so the “no object” output becomes high and false alarm
reduction is achieved. A detailed description of this filtering technique is
presented in section 1.3.2.3.

The next stage is the winner-take-all selection, which is done with a simple
voltage-mode WTA after Donckers et al. [48]. The main factor for choosing
this WTA circuit is its simplicity; generally any kind of voltage- or current-
mode WTA can be integrated with this system [53]. The winner selection is
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done row-by-row. The winner of each row is found, its value is stored into an
analog memory (a capacitor), and its address is deposited in the digital
storage. If there is more than one input with the same high value, the WTA
chooses the leftmost one using a simple logic. The result is a column of N
analog pixel values of row winners with their column addresses. From all the
row winners, a global winner is selected using an identical WTA circuit. The
1-D winner selection array was designed to consist of eight identical blocks of
eight-input WTA cells to achieve better resolution and reduce matching
problems. The row winner value is stored in the analog memory that
corresponds to the actual row and its column address is stored in the
corresponding digital memory; these analog and digital memories are in the
ROW logic block displayed in Figure 1-24. In the case of “no object” in a
row, the value transmitted to the memory is zero. Following a full frame scan,
the WTA function is activated on all 64 row winners (in the ROW WTA block
in Figure 1-24) and the location of the global frame winner is found. Its
analog value and its address are then read out of the memory by an encoder
(the ENC block in Figure 1-24).

This architecture allows the enlargement of the proposed system to any size
of N x N pixel array without affecting the system properties.

1.3.2.3 Descriptions of the circuits

1.3.2.3.1 The adaptive spatial filter

The principal scheme of the adaptive 1-D filter circuit used in the CMOS
smart tracking sensor system is shown in Figure 1-25. The inputs to the filter
correspond to the CDS values, and the outputs are the control signals. As
mentioned earlier, this circuit filters all pixels for which the CDS values are
less than a threshold value. This threshold corresponds to the average of the
outputs from all the row sensors, with the addition of a small variable epsilon
value. The Control output of the filter is high for an object pixel and low for a
pixel that is imaging the background. The advantage of this filtering is that
this epsilon value is adaptive and not constant for different input vectors. The
value of epsilon depends inversely on the average current value: it increases
when the average current decreases and decreases when current increases.
This results in a small epsilon value for a high background and a high epsilon
for a low background. The filtering process is thus more sensitive when a high
background is present and the input voltage of the object is very similar to
that of the background. The epsilon value can be controlled manually by
setting suitable V- and V+ voltage values (see Figure 1-25).
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Figure 1-25. Principal scheme of the spatial filter circuit in the CMOS smart tracking sensor.

If '+ is zero and V- is Vpp, then the epsilon value is zero and all Zyerage + €
currents of the circuit are equal to the average current of the » inputs in an -
sized array. The non-zero epsilon value can be added to this average by
increasing the V+ value. The epsilon value can also be subtracted from the
average by decreasing the V+ value. A positive epsilon value is usually of
interest here, so V- is Vpp in this case. Note that the voltages to the current
converters have a pull configuration (the current direction is shown by arrows
in Figure 1-25).

The adaptive functionality can be achieved by operation of transistor N in
the linear region. With an average current increase (reflecting an increase in
background), the Vs values of the P;...Py transistors are increased as well,
which causes a reduction in the Vg voltage of transistor N. The result is a fall
in current at transistor N and a reduction of epsilon. Note that if a constant
epsilon value is required, a stable current source (independent of the Vs, of
P,...Py) can be used instead of transistor N.

Instead of using a transistor N, another simple option is to connect two
parallel transistors, one with a relatively large W/L value operating in
saturation and another with a small /L operating in the linear region. This
arrangement can achieve a constant epsilon by cutting off the transistor that is
usually operated in the linear region and using only the saturation transistor.
Alternatively, an adaptive epsilon value can be achieved by using the
transistor operating in the linear region and cutting off the transistor that is in
saturation.

In addition to background filtering, the circuit enables “no object”
notification. If the control values of all pixels are “0”, the “no object” output
is high and false alarms are reduced. However, noise levels vary with the
background level and shot noise is higher at a higher background level. To
achieve proper operation of the “no object” function, the minimum value of
epsilon must therefore be limited.

The inputs to the WTA circuit depend on the filter control values — zero
for a background pixel and pixel intensity level for an object pixel.
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1.3.2.3.2 Elimination of bad pixels

Bad pixels can disrupt proper operation of the system. A bad pixel can have
a high value, so it may be selected as the winner regardless of other pixel
values. In the proposed CMOS smart tracking sensor system, bad pixels are
disabled with a special “dark mode” in which a dark image is input. Figure I-
26 shows the principal scheme for bad pixel elimination.

Bad pixels are eliminated in two stages. In the first stage (the dark mode),
the dark _mode signal in Figure 1-26 is “1” and the system processes a dark
image — a very low background without an object of interest. The circuit
finds bad bright pixels, using a regular WTA algorithm as described before.
The frame must be scanned (processed) N times in order to find N bad pixels.
After each additional frame scanning, a new bad pixel is found and its address
is stored in the memory (using the X addr and Y addr buses in Figure 1-26).

In the second stage (regular system operation), the dark_mode signal is “0”
and a real image is processed. For the “bad” pixels that were found in the dark
mode stage, however, only ground values are transmitted to the filter and the
WTA circuits. This is accomplished by comparing the address of every
processed row (in_addr in Figure 1-26) with the Y addr stored in the
memory. If their values are equal, the comparator will output “1” and the
X _addr of the bad pixel of this row is transferred to the Dec. 6%64 block. In
the array, the input bad pixel voltage is replaced with a ground value. The
values of all bad pixels are replaced by ground, and thus bad pixels cannot be
chosen as winners.

The fabricated prototype chip allows the elimination of up to three bad
pixels. Adding more logic can easily increase this capacity.
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Figure 1-26. Principal scheme for bad pixel elimination in the CMOS smart tracking sensor.

1.3.2.4 Performance and test chip measurements

The CMOS smart tracking sensor system was designed and fabricated in a
0.5 um, n-well, 3-metal, CMOS, HP technology process supported by
MOSIS. The supply voltage was 3.3 V. A photograph of the test chip is
shown in Figure 1-27. The test chip includes an APS array, row decoders,
correlated double sampling circuit, an adaptive spatial filter, eight identical
eight-input voltage WTA circuits, logic, a global winner selection circuit and
a bad pixel elimination block.

The test chip was designed to allow separate modular testing of every
functional block of the chip as well as measurements of the chip as a unit. The
main separate blocks of the chip (the APS with CDS, the adaptive filter and
the eight-input WTA circuit) were tested, as was the whole chip to check the
functionality.
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Figure 1-27. Photograph of the CMOS smart tracking sensor test chip.

1.3.2.4.1 APS with CDS
The layout of a single photodiode pixel of the CMOS smart tracking sensor
is shown in Figure 1-26.

Figure 1-28. Layout of a single photodiode pixel of the CMOS smart tracking sensor.

As mentioned before, there is no penalty in spatial resolution for this
architecture since the processing is done at the periphery. The pixel size is
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14.4 um % 14.4 um and the fill factor is 49%. Figure 1-29 shows four images
as captured by the sensor under different background illumination levels.

)) |

(2) (b) © (@

Figure 1-29. Four images as captured by the APS: (a) the Ben-Gurion University logo on a
high illumination background; (b) the VLSI Systems Center logo; (c) WTA with a laser beam
spot; and (d) a laser beam spot on a dark background.

1.3.2.4.2 Adaptive filter measurements

Measurements were carried out at both low and high background levels to
determine the properties of the filter. These measurements check the ability of
the circuit to filter background regardless of its level and also check the
dependence of the € value on the background level. Figure 1-30(a) and (b)
show the response of the filter to low and high backgrounds, respectively.
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Figure 1-30. Adaptive filter response for (a) a low background and (b) a high background.

In the first test, the average of the input voltages for a low background was
820 mV; this is represented by the horizontal solid line in Figure 1-30(a). One
of the filter inputs ranged from 0 V to 3.3 V; these inputs corresponded to the
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background in the case of a low value and the object in the case of a high
value. They are represented by the sloped sawtooth lines in Figure 1-30. The
pulsed voltage in Figure 1-30 is the filter control output (see Figure 1-25).
This square wave is low for Vj,;; < 1.6 V and high for Vj,;; > 1.6 V. This value
represents Vyerage + € When Vi3 = 1.6 V. In this case, the € value is 780 mV.
As mentioned earlier, the ¢ value can be changed for this input vector by
changing the V'+ and V- control voltages.

The same procedure was performed to test the high background case,
where the average was 1.54 V and the € value was found to be 360 mV.

The filter responded as expected: a high epsilon value was generated for a
low background level and a low epsilon value for a high background.

Figure 1-31 plots the epsilon value as function of background levels for
different V'+ values. As expected, an increase in V+ bias at a constant
background level gives a higher epsilon value. On the other hand, the epsilon
value decreases with background increase.
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Figure 1-31. Epsilon value as function of background levels for different '+ values.

1.3.2.4.3 Measurements of the filter response and false alarm reduction

Figure 1-32 shows the filter response to four different images. The column
beside each image shows the “no object” outputs for every row: white
corresponds to “1” in “no object” output and black to “0”. Figure 1-32(a) and
Figure 1-32(b) present the same object of interest (a laser beam spot) but with
two different background levels, a high background in Figure 1-32(a) and a
low background in Figure 1-32(b).

Because of the adaptive properties of the filter, the epsilon value is higher
for the low backgrounds in Figure 1-32(b) and (d), so the filtering is more
aggressive and only very high values pass the filter. For the high backgrounds
in Figure 1-32(a) and (c), the epsilon value is lower and relatively lower
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voltage values can pass the filter. The filtering process is thus more sensitive
when a high background is present and the object input voltage is close to the
background level. However, there is more freedom in filtering when a low
background is present. In both cases, the object of the interest passes the filter.
With a high background (small epsilon value), however, some pixels of the
background succeed in passing the filter, while for a low background (high
epsilon value) only the object pixels pass the filter. This effect can be seen in
Figure 1-32(a) and (b), where the “no object outputs” flags show the number
of rows that succeed to pass the filter. As expected, Figure 1-32(a) has more
“object” rows than Figure 1-32(b). Figure 1-32(c) and (d) examine the false
alarm reduction for low and high backgrounds. In both cases, the object of
interest is not in the processed image and thus no signal passes the filter. The
“no object” output is fixed on “1” when the object of interest disappears from
the processed image, and therefore a false alarm is prevented for both levels
of background.
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Figure 1-32. Adaptive filter response to four different images: (a) laser beam with a high
background; (b) laser beam with a low background; (c) high background only; and (d) low

background only.

1.3.2.4.4 The global winner measurements.

To examine the ability of the system to find the coordinates of the global
winner, a focused laser beam was used as object of interest. Figure 1-33(a)
shows the processed image; Figure 1-33(b) presents the winner as found by
the system. As expected, the winner is the pixel farthest to the upper left in the

first row of the object of interest.
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Figure 1-33. Global winner selection: (a) the processed image; and (b) the winner location.

Table 1-2 summarizes the chip specifications for the CMOS smart tracking

Sensor.

Table -2. Chip attributes for the CMOS smart tracking sensor.

Technology HP 0.5 um
Voltage supply 33V
Array size 64 x 64
Pitch width 14.4 pm
Fill factor 49%
WTA mode Voltage
WTA resolution 40 mV
Chip size (mm) 3.5x43
Frame scanning frequency 30 Hz
Minimum power dissipation (low ~28 mW
background without object).

Typical power dissipation (the laser ~36 mW
beam is ~10% of the frame)

FPN (APS) 0.15%
Conversion gain (APS) 7.03 uV/e-
Dark response (APS output) 5.77 mV/s
Dynamic range 65 dB
Output voltage range 147V
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1.4 Summary

In this lecture, the area of CMOS imagers was briefly introduced. CMOS
technologies, CCD technologies and different CMOS pixels were described
and compared. The system-on-a-chip approach was presented, showing two
design examples. The main advantages of CMOS imagers — low cost, low
power requirements, fabrication in a standard CMOS process, low voltage and
monolithic integration — rival those of traditional charge coupled devices.
With the continuous progress of CMOS technologies, especially the
decreasing minimum feature size, CMOS imagers are expected to penetrate
into various fields such as machine vision, portable devices, security,
biomedical and biometric areas, and other applications where custom sensors
and smart pixels are required. More systems on chips will definitely be seen
in the near future.

BIBLIOGRAPHY

[1] E. R. Fossum, “Active pixel sensors (APS) — Are CCDs dinosaurs?”, Proc. SPIE,
vol. 1900, pp. 2—-14, 1992.

[2] D. Litwiller, “CCD vs. CMOS: facts and fiction”, Photonics Spectra, pp. 154-158,
January 2001.

[3] P. Seitz, “Solid-state image sensing”, Handbook of Computer Vision and
Applications, vol. 1, 165-222, Academic Press, 2000.

[4] E. Fossum, “CMOS image sensors: electronic camera-on-a-chip”, IEEE Trans.
Electron Devices, vol. 44, p. 1689, 1997.

[S] O. Yadid-Pecht and A. Belenky, “In-pixel autoexposure CMOS APS”, IEEE J. Solid-
State Circuits, vol. 38(8), pp. 1-4, August 2003.

[6] A.Fish, D. Turchin and O. Yadid-Pecht, “An APS with 2-Dimensional Winner-Take-
All Selection Employing Adaptive Spatial Filtering and False Alarm Reduction”,
IEEE Trans. Electron Devices, vol. 50(1), pp. 159-165, January 2003.

[71 G. Wecklers, “Operation of p-n junction photodetectors in a photon flux integrating
mode”, IEEE J. Solid-State Circuits, Vol. SC-2, p. 65, 1967.

[8] P. Noble, “Self-scanned image detector arrays”, IEEE Trans. Electron Devices,
vol. ED-15, p. 202, 1968.

[91 F. Andoh, K. Taketoshi, J. Yamazaki, M, Sagawara, Y. Fujita, K. Mitani,
Y. Matuzawa, K. Miyata and S. Araki, “A 250,000 pixel image sensor with FET
amplification at each pixel for high speed television cameras,” IEEE ISSCC, pp.
212-213, 1990.

[10] S. K. Mendis, B. Pain, S. Kemeny, R. C. Gee, Q. Kim and E. Possum, “CMOS active
pixel image sensors for highly integrated imaging systems”, IEEE J. Solid-State
Circuits, vol. SC-32, pp. 187-198, 1997.



44

(11]

[12]

[14]
[15]

(24]

(25]
[26]

(27]

(28]

[29]

Lecture

N. Ricquier and B. Dierickx, “Pixel structure with logarithmic response for intelligent
and flexible imager architectures”, Microelectron. Engineering, vol. 19, pp. 631-634,
1992.

O. Yadid-Pecht, R. Ginosar and Y. Diamand, “A random access photodiode array for
intelligent image capture”, IEEE J. Solid-State Circuits, vol. SC-26, pp. 1116-1122,
1991.

R. Hornsey, Design and Fabrication of Integrated Image Sensors (course), Electrical
and Computer Engineering, University of Waterloo, Waterloo, Ontario, Canada,
1998.

B. Pain, CMOS Digital Image Sensors (SPIE course), San Jose, CA, USA, 2001.

N. Marston, “Solid-state imaging: a critique of the CMOS sensor”, Ph.D. Thesis, The
University of Edinburgh, November 1998.

C. Mead, “A sensitive electronic photoreceptor”, 1985 Chapel Hill Conference on
VLSI (H. Fuchs, ed.), Computer Science Press, Rockville, MD, 1985, pp. 463-471.

K. A. Boahen and A. G. Andreou, “A contrast-sensitive retina with reciprocal
synapses”, Advances in Neural Information Processing, vol. 4, pp. 762-772, 1992.

C. Mead, “Analog VLSI and Neural Networks”, Addison Wesley, 1989.

K. A. Boahen, “The retinotopic approach: pixel parallel adaptive amplification,
filtering, and quantization”, Analog Integrated Circuits and Signal Processing,
vol. 13, pp. 53-68, 1997.

T. Delbruck and C. Mead, “Adaptive photoreceptor with wide dynamic range”, Proc.
IEEE Intl. Symp. Circuits and Systems, London, UK, pp. 339-342, May 30-June 2,
1994.

V. Ward, M. Syrzycki and G. Chapman, “CMOS photodetector with built-in light
adaptation mechanism”, Microelectronics J., vol. 24(5), pp. 547-553, August 1993.
W. Yang, “A wide-dynamic-range, low power photosensor array”, IEEE ISSCC vol.
37, pp.230-231, 1994.

R. Miyagawa and T. Kanade, “Integration time based computational image sensor”,
1995 IEEE Workshop on CCDs and Advanced Image Sensors, Dana Point,
California, USA, April 20-22, 1995.

O. Yadid-Pecht, “Widening the dynamic range of pictures”, in Proc. SPIE/IS&T
Symp. on Electronic Imaging: Science and Technology, San Jose, California, SPIE
Vol. 1656, pp. 374-382, Feb. 9-14, 1992.

O. Yadid-Pecht, “Method and apparatus for increasing the dynamic range of optical
sensors”, Israeli Patent number 100620, February 1995.

0. Yadid-Pecht, “Wide dynamic range sensors”, Optical Engineering, vol. 38(10),
pp-1650-1660, October 1999.

O. Yadid-Pecht and E. Fossum, “Image sensor with ultra-high linear-dynamic range
utilizing dual output CMOS active pixel sensors”, IEEE Trans. Elec. Dev., special
issue on Solid State Image Sensors, vol. 44(10), pp. 1721-1724, October 1997.

T. Nakamura and K. Saitoh, “Recent progress of CMD imaging”, Proc. 1997 IEEE
Workshop on Charge-Coupled Devices and Advanced Image Sensors, Bruges,
Belgium, June 5-7, 1997.

Y. Wang, S. Barna, S. Campbell and E. R. Fossum, “A high dynamic range CMOS
APS image sensor”, presented at the IEEE Workshop CCD and Advanced Image
Sensors, Lake Tahoe, Nevada, USA, June 7-9, 2001.



APS Design from Pixels to Systems 45

(30]

(31]

[32]

[43]

[44]

[45]

[46]

D. X. D. Yang, A. El Gamal, B. Fowler and H. Tian, “A 640x512 CMOS image
sensor with ultra wide dynamic range floating point pixel level ADC”, IEEE ISSCC,
WA 17.5, 1999.

T. Lule, M. Wagner, M. Verhoven, H. Keller and M. Bohm, “10000-pixel, 120 dB
imager in TFA technology”, IEEE J. Solid State Circuits, vol. 35(5), May 2000.

E. Culurciello, R. Etienne-Cummings and K. Boahen, “Arbitrated address event
representation digital image sensor”, 2001 IEEE Int. Solid-State Circuits Conf.,
Digest of Technical Papers, ISSCC (Cat. No.01CH37177), IEEE 2001, Piscataway,
NIJ, USA, pp. 92-3.

L. G. Mcllrath, “A low-power, low-noise, ultrawide-dynamic-range CMOS imager
with pixel-parallel A/D conversion”, IEEE J. Solid State Circuits, vol. 36(5),
pp. 846-853, May 2001.

T. Hamamoto and K. Aizawa, “A computational image sensor with adaptive-pixel-
based integration time”, IEEE J. Solid State Circuits, vol. 36(4), pp. 580-585, April
2001.

0. Yadid-Pecht and A. Belenky, “Autoscaling CMOS APS with customized increase
of dynamic range”, Proc. IEEE ISSCC, San Francisco, CA, USA, February 4-7,
2001.

O. Yadid-Pecht, “The automatic wide dynamic range sensor”, in 1993 SID Int.
Symp., Seattle, Washington, pp. 495-498, May 18-20, 1993.

0. Yadid-Pecht, B. Pain, C. Staller, C. Clark and E. Fossum, “CMOS active pixel
sensor star tracker with regional electronic shutter”, IEEE J. Solid State Circuits, vol.
32(2), pp. 285-288, February 1997.

0. Yadid-Pecht, E. R. Fossum and C. Mead, “APS image sensors with a winner-take-
all (WTA) mode of operation”, JPL/Caltech New Technology Report, NPO 20212.

Z. S. Gunay and E. Sanches-Sinencio, “CMOS winner-take-all circuits: a detail
comparison”, ISCAS’97, Hong Kong, pp. 41-44, June 9-12, 1997.

J. Lazzaro, S. Ryckebusch, M. A. Mahowald and C.A. Mead, “Winner-tale-all
networks of O(n) complexity”, ed. D. S. Touretzky, Morgan Kaumann, San Mateo,
CA, vol. 1, pp. 703-711, 1989.

J. A. Startzyk and X. Fang, “CMOS current mode winner-take-all circuit with both
excitatory and inhibitory feedback”, Electronics Letters, vol. 29(10), pp.908-910,
May 13, 1993.

G. Indivery, “A current-mode hysteretic winner-take-all network, with excitatory and
inhibitory coupling”, Analog Integrated Circuits and Signal Processing, vol. 28, pp.
279-291, 2001.

T. Serrano, and B. Linares-Barranco, “A modular current-mode high-precision
winner-take-all circuit.” IEEE Trans. Circuits and Systems II, vol. 42(2), pp. 132—
134, February 1995.

G. Indiveri, “Neuromorphic analog VLSI sensor for visual tracking: circuits and
application examples”, IEEE Trans. Circuits and Systems, II, vol. 46(11), pp. 1337—
1347, November 1999.

S. P. DeWeerth and T. G. Morris, “CMOS current mode winner-take-all circuit with
distributed hysteresis”, Electronics Letters, vol. 31(13), pp.1051-1053, 22 June 1995.

D. M. Wilson and S. P. DeWeerth, “Winning isn’t everything”, ISCAS’95, Seattle,
Washington, pp. 105-108, 1995.



46

[47]

(48]

Lecture

R. Kalim and D. M. Wilson, “Semi-parallel rank-order filtering in analog VLSI”,
ISCAS’99, IEEE, Piscataway, NJ, USA, vol. 2, pp. 232-5,1999.

N. Donckers, C. Dualibe and M. Verleysen, “Design of complementary low-power
CMOS architectures for loser-take-all and winner-take-all”, Proc. 7th Int. Conf. on
Microelectronics for Neural, Fuzzy and Bio-Inspired Systems, IEEE Comput. Soc,
Los Alamitos, CA, USA,, pp. P360-5, 1999.

T. G. Moris and S. P. DeWeerth, “A smart-scanning analog VLSI visual-attention
system”, Analog Integrated Circuits and Signal Processing, vol. 21, pp. 6778, 1999.

Z. Kalayjian, J. Waskiewicz, D. Yochelson and A. G. Andreou, “Asynchronous
sampling of 2D arrays using winner-takes-all arbitration”, IEEE, ISCAS’96, NY,
USA, vol. 3, pp. 393-6, 1996.

T. G. Moris, C. S. Wilson and S. P. DeWeerth, “Analog VLSI circuits for sensory
attentive processing”, IEEE Int. Conf. on Multisensor Fusion and Integration for
Intelligent Systems, pp. 395-402, 1996.

T. G. Morris, T. K. Horiuchi and P. DeWeerth, “Object-based selection within an
analog visual attention system”, IEEE Trans. Circuits and Systems-11, Analog and
Digital Signal Processing, vol.45, no.12, pp. 1564 — 1572, December 1998.

A. Fish and O. Yadid-Pecht, “CMOS current/voltage mode winner-take-all circuit
with spatial filtering”, Proc. ISCAS’01, vol. 2, pp.636-639, Sydney, Australia, May
2001.



