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Abstract

The imager is the front-end of any machine vision system. Traditional machine vision sys-
tems have used CCD video cameras with a single analog output channel, which results in
several limitations. The single output channel is generally designed for human vision, around
30 frames/sec, which is much slower than desirable for some machine vision tasks. The im-
ager dynamic range is low compared to the scene dynamic range, which can be as much as
100,000:1 for automotive applications. The analog output format is incompatible with digital
processing chips, requiring additional chip(s) for correlated double-sampling, gain control, and
analog-to-digital conversion.

This thesis describes the theory, design, and characterization of a prototype 256 x 256
CMOS active pixel sensor (APS) array which addresses these problems. Array output is column-
parallel, allowing a high frame rate. Dynamic range is increased using a technique which varies
the lateral overflow gate voltage over the integration period. The compression curve is digitally
controlled and user-adjustable. Fixed-pattern noise (FPN) is partially removed by a switched-
capacitor circuit. Imager output is digitized on-chip by cyclic analog-to-digital converters.

The prototype imager was manufactured in a 0.8 pum CMOS process with linear (poly - n*)
capacitors. The imager was characterized at 30 frames/sec, although operation was verified
for frame rates between 30 and 400 frames/sec. The saturation level was 1.69 V, and random
noise was 0.57 mV (1 o), producing a dynamic range of 3000 for the linear imaging mode.
The wide dynamic range imaging technique increases dynamic range by 20x with good image
quality, and by approximately 160x with reduced image quality. The static power dissipation
was 52 mW. Pixel FPN for a dark frame was 3.9 mV (1 o), and column FPN was 1 mV (1 o).

Thesis Supervisor: Charles G. Sodini
Title: Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction

Solid-state imaging is now an integral part of modern life. For example, camcorders, digital still
cameras, surveillance cameras, electronic news gathering, and machine vision systems use solid-
state imagers frequently or exclusively. These applications have very different requirements for
resolution, frame rate, output signal format, and so on, which impose different design challenges
for the imager. In this thesis, an imager for machine vision is developed.

A machine vision system, shown in Fig. 1-1, consists of an imager and either an analog
signal processor or an analog-to-digital converter (ADC) and digital processor. The imager is
typically a CCD imager with a single analog output, a dynamic range between perhaps 100:1
and 1000:1, and a low (~30 Hz) frame rate. The imager is a limitation for applications which
require high frame rate, such as assembly line inspection systems, or applications which require
high dynamic range, such as automotive vision systems. In addition, it is desireable to integrate
the system to reduce its power, size, and cost.

The MIT Machine Vision Group [1] has been exploring systems which use analog signal
processing and varying levels of integration. Several chips designed in the course of this project

: —1 digital signal
isnager —E—<ADC —] [:g(; cis:'i'g:g' ——— low BW output

analog signal
processing

Figure 1-1: Block diagram of a machine vision system. A given system will use either analog
or digital signal processing.

14



CHAPTER 1. INTRODUCTION 15

have integrated the imager with an analog processor using full 2-D connectivity [2, 3, 4]. The
benefits include a wide data path between imager and processor, elimination of the ADC, and
reduced system size. Impressive results have been achieved for certain machine vision tasks;
for example, one chip is capable of locating the center of mass and orientation of an object at
5000 fps [2]. One drawback of this architecture is the conflict between making a good imager
and making a highly functional processor. As the processor area increases, the light-collecting
area of the pixel decreases, decreasing quantum efficiency. Since each pixel is generally placed
next to a processing element, the pixel array is spread out over the entire chip, requiring an
expensive large-format lens. Another drawback is that the output from the imager can only be
used by the processor on that chip.

Quantum efficiency and pixel array size are improved by physically separating the pixel
array from the processing circuits. Integrated systems employing this architecture include a
focus-of-expansion chip [5] and a 2-D discrete cosine transform chip [6]. In both cases, the
analog processor has limited flexibility, and pixel array output is available only to the on-chip
processor.

In some systems, the analog processor is on a different chip from the pixel array [7, 8].
The advantages are that more area is available for both pixel array and processor, and pixel
array output is available for multiple processors. ThLe disadvantage is decreased integration. A
programmable analog processing element tends to be large; a recent design required 700 pm x
270 pm (8] per processing element in a 0.8 pm CMOS process.

Digital processing allows higher accuracy, and larger processing arrays on a chip [9]. This
requires analog-to-digital conversion, which could be performed on a separate chip, the digi-
tal processor chip, or the imaging chip. Using a separate chip decreases system integration.
Column-parallel conversion on the processing chip requires multiple analog channels between
the imager and processor, and maintaining low crosstalk between adjacent channels is a po-
tential drawback. Conversion on the imager chip mostly avoids the crosstalk problem, and is
the more common choice. For example, Paul {10] has described a charge-based converter which
produces serial digital output from a CCD pixel array. Column-parallel approaches have also
been described [11, 12] using single-slope converters and sigma-delta converters. A focal-plane,
column-parallel cyclic converter was chosen for the present work.

In addition to on-chip data conversion, the usefulness of this imager is improved by the use
of a technique which increases the dynamic range. Low dynamic range is seen in the image as
clipping in the dark and/or bright regions. The wide dynamic range technique used in this thesis
has several advantages over other previously described schemes [13, 14, 15, 16, 17, 18, 19, 20, 21].



CHAPTER 1. INTRODUCTION 16

It is capable of approximating any compressive imaging characteristic. The compression curve
(Qint vs. Irradiance) is user-adjustable, and can be effectively turned off if desired. Pixel area
is the same as for an ordinary active pixel sensor (APS) pixel because it uses a transistor which
doubles as the reset transistor.

The main contribution of this thesis is a practical method of employing the wide dynamic
range pixel in an area array. The pixel itself has been previously described in a CCD version,
but no method has been described for generating a uniform lateral overflow gate waveform
without requiring charge storage in the array. A further contribution of this thesis is the fully-
differential signal processing chain for correlated double-sampling and column-parallel analog-
to-digital conversion.

This thesis describes many advancements in the state of APS design. Although the dynamic
range enhancement technique is not original with this thesis, it is shown that the continuous-
time barrier described by previous authors can be replaced by a stepped barrier function with
good results. A general mathematical relationship between the compression curve and barrier
function is derived. A practical pixel array architecture which avoids dynamic range degradation
due to optical crosstalk is developed.

The thesis is organized as follows. Chapter 2 covers background material on CCD and CMOS
imaging, previously described techniques for dynamic range enhancement, and techniques for
focal plane analog-to-digital conversion. Chapter 3 discusses the continuous-time and stepped-
time theory behind the dynamic range enhancement technique. Chapter 4 covers the design of
the prototype imager. Chapter 5 presents test data from the prototype. Chapter 6 summarizes

the results and presents suggestions for future work and enhancements.



Chapter 2
Background

A pixel array transduces light to an electrical quantity (charge, current, or voltage) over a
two-dimensional scene. Nearly all visible-light solid-state imagers are based on the principle of
carrier photogeneration. Photons entering a semiconductor generate electron-hole pairs if the
photon energy exceeds the bandgap energy. An electric field separates the holes and electrons;
typically, the electrons are collected in a potential well and the holes are discarded. The major
differences between imager types are related to how the electrons are converted to an output
signal and how the array is scanned out.

Two technologies for imaging arrays were considered for this project. The charge-coupled
device (CCD) array has been the dominant solid-state imager since its invention in 1970 [22].
CCD arrays make excellent imagers. Read noise as low as 3 e~ per pixel has been achieved [23].
Pixel sizes as small as 2.4 pum X 2.4 um can be achieved in currently available technologies [24].
Fixed-pattern noise (FPN) in the dark is so low that it is seldom reported; FPN in a recent
CCD imager was reported to be 10 e~ while using a dark current reduction technique [25].

Several MOS imagers were built before 1970 [26] and MOS imagers have recently experienced
a resurgance of interest. Compared to CCD imagers, MOS imagers generally have higher read
noise, higher fixed-pattern noise, and larger pixels. However, they can be built in readily
available CMOS processes, and thus they can take advantage of the constant advances in
minimum feature size. Digital and analog circuitry are more easily integrated with the imager.
The CMOS imager has other advantages for wide dynamic range imaging which will be explained
later.

This chapter begins by defining several imager parameters. CCD imaging arrays are dis-
cussed next. The principle of CCD operation is explained. Photogate and photodiode CCD

17



CHAPTER 2. BACKGROUND 18

pixels are described, and the common pixel array architectures are reviewed. MOS pixels and
architectures are described. CCD and CMOS technologies are compared for imaging applica-
tions. Several techniques for increasing the effective pixel dynamic range are discussed. Finally,
several analog-to-digital converter architectures will be compared for focal-plane data conver-

sion.

2.1 Imager Performance Characterization

Imagers are commonly characterized by quantum efficiency, conversion gain, random noise,
FPN, lag, smear, saturation level, anti-blooming, and dynamic range. These terms will be
defined below.

2.1.1 Quantum Efficiency

Quantum efficiency is the probability that a photon incident on the pixel creates a hole or
electron that is collected in the pixel’s potential well. Quantum efficiency depends on several
parameters, including the reflection coefficient of the optical stack on the pixel, the fraction
of the pixel area which is light-shielded, the fraction of the pixel area where photocharge goes
elsewhere than the photosite, the photon wavelength, the bulk and surface carrier lifetimes, the
depth of the potential well, and the volume and shape of the depletion regions. It is useful to
think of quantum efficiency as the product of optical aperture, which is the fraction of pixel arca
which is optically active, optical stack transmission, which is the fraction of photons incident
on optically active areas which reach the silicon surface, and collection efficiency, which is the

fraction of photogenerated electrons that get collected.

2.1.2 Conversion Gain

The image data starts as charge and is usually converted to voltage. For an imager with a lincar
charge-to-voltage characteristic, the ratio of output signal to collected charge is a constant,
referred to as the conversion gain. It is usually expressed in units of uV/e™ and is equal to the

reciprocal of the charge sense capacitance, times any system gain.

2.1.3 Random Noise

An imager with a constant scene should produce identical output from frame to frame. In
practice, the output from a given pixel will vary over time due to thermal noise, charge trapping,
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and 1/f noise in the devices which comprise the imager. Photonic shot noise is usually not
included in this quantity, although this also contributes to noise at the output. Random noise
is typically stated in terms of input-referred equivalent electrons, i.e., the root mean square

(rms) output voltage noise divided by the conversion gain.

2.1.4 Saturation Level

Pixel saturation occurs when the pixel stores the maximum amount of charge. If more charge
is added, it simply spills into the substrate or adjacent pixels. It is usually expressed in terms
of electrons, although it is sometimes referred to the output as a voltage. It can also be stated
in terms of the illumination required to produce the saturation charge. Depending on design,
the output circuit can saturate before the pixel saturates. In this case, the saturation level is

set by the output circuit.

2.1.5 Fixed-Pattern Noise

Fixed-pattern noise (FPN) is the fixed (constant in time) variation between pixel outputs under
spatially uniform illumination. Fixed-pattern noise is typically due to random or mask-induced
mismatches in device parameters such as threshold voltage, trap density, parasitic capacitance
and transistor . FPN is usually a function of illumination, and can be written as the sum of
a gain term and an offset term for an imager with a linear response characteristic. Offset FPN
is constant over illumination, and gain FPN is proportional to illumination.

FPN consists of components that describe variation between columns, and variation between
pixels in a single column. Column FPN is the standard deviation of the column-average pixel

output values in a time-average, uniformly illuminated frame.

£(P; — P)?

FPN (column) = -

(2.1)

where P; is the average pixel value in column j and P is the average pixel value in the frame.
Since a column FPN calculation requires multiple columns, 5 > 1. Pixel FPN is the standard
deviation of pixel output values after column FPN has been removed. In order to calculate

pixel FPN, multiple pixels are required, so z-j > 1.

%ij(Pyj — Pj)?
ij—1

FPN (pixel) = \/ (2.2)
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2.1.6 Image Lag

Image lag refers to the persistance of one frame in successive frames. An imager demonstrates
lag when, for example, a strong illuminant is suddenly turned off but the imager output does
not immediately return to the black level. Lag is usually caused by incomplete charge reset. It

is informally characterized by whether or not it is visible on a video display.

2.1.7 Smear

In a CCD imager, pixel charge is clocked out through a shift register. A charge packet passing
by a region of high illumination accumulates additional charge due to optical crosstalk, creating
vertical stripes in the reconstructed image. Smear is characterized by the charge accumulated
by a potential well passing by a column of pixels 10% the total column height, with the pixels
illuminated by the saturation illumination. For example, assume a 1000 x 1000 pixel interline
CCD imager. The imager is completely in the dark, except for 100 rows which are illuminated
with the saturation illumination. An empty potential well in the vertical shift register, starting
at the top of the shift register, will acquire charge Qgmear by the time it reaches the bottom.
Smear is expressed in dB as the ratio of the saturation charge to Qgmear-

Charge readout CMOS imagers can exhibit the same behavior. A column line can easily
collect stray charge from a highly illuminated pixel, corrupting the readout of all pixels in that

column.

2.1.8 Crosstalk

Crosstalk is any contamination of one pixel’s signal by another pixel’s signal. Smear is an exam-
ple of optical crosstalk. Examples of electrical crosstalk include ground bounce and capacitive

coupling.

2.1.9 Anti-Blooming

Blooming is the spread of charge from saturated pixels into surrounding potential wells. It differs
from optical crosstalk in that all photogenerated charge, not just a small fraction, spreads out
into the surrounding pixels/shift registers. Most pixels contain some means for shunting excess
charge to a drain in order to preserve the information in nearby non-saturated pixels. Anti-
blooming characterizes the effectiveness of the technique used to drain excess charge. It is
expressed as the ratio of the illumination required to produce blooming to the illumination
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Figure 2-1: MOS capacitor structure.

required to saturate the pixel. For example, a pixel with no anti-blooming protection would

have 1x anti-blooming.

2.2 CCD Imagers

The CCD is the most common solid-state imager. The basis of this imager is the ability to
completely transfer charge between adjacent MOS capacitors by applying overlapping clocks
to their gates. The MOS capacitor with buried-channel implant is shown in Fig. 2-1. The
buried-channel implant is a lightly n-doped region that can be fully depleted; it keeps the
charge packet away from the SiO; interface, reducing charge loss in the interface traps and
creating fringing fields to allow higher transfer speed. Figure 2-2(a) shows the potential profile
for several different gate voltages with a fully depleted buried-channel implant. In practice,
the gate voltage is set to one of two voltages: high to store charge and low to remove all
charge. A third level is sometimes used to enable charge transfer through an alternate path.
Figure 2-2(b) shows the potential profile for a fixed (high) gate voltage and various amounts
of stored charge [27]. Free charge is indicated by a flat region at the bottom of the potential
profile. The potential well is full when charge spills into adjacent pixels or through an overflow
drain, or when the flat region extends to the silicon surface, since the MOS capacitor becomes
a surface-channel device at that point.

Charge is transfered between adjacent MCS capacitors by applying overlapping clocks to
their gates. The concept is demonstrated by Fig. 2-3, which shows two adjacent MOS gates
and their corresponding potential energy diagrams. The potential energy diagrams are shown
using the fluid model of the CCD, where the y-axis is electron potential energy, and charge is
thought of as a fluid that flows to the state of lowest potential energy. In Fig. 2-3(a), the charge
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Figure 2-2: (a) Buried-channel potential profiles for zero charge. (b) Buried-channel profile for
fixed gate voltage and varying charge.

is entirely under gate 1. In (b), the voltage on gate 2 is high so that charge is shared evenly
between the two gates. In (c), the voltage on gate 1 goes low, transfering all charge under gate
2. Note that as voltage on a gate increases, the bottom of its potential energy well is lowered.
This happens because potential energy diagrams are usually drawn for electrons, which have

negative charge.

2.2.1 CCD Pixels

The CCD pixel is an integrating type, i.e., charge is accumulated over the integration time
and sent to the output circuit at the end of the integration period. In its simplest form, a
pixel is just a potential well and a transfer gate. The potential well can be created by either a
photogate or a photodiode.

A photogate pixel, shown in Fig. 2-4(a), uses a MOS capacitor to create a potential well.
During integration, the transfer gate (TX) voltage is low and the photogate (PG) voltage
is high. Charge is transfered out of the pixel by raising the transfer gate and lowering the
photogate. The vertical shift register phase ¢1 is high, creating a potential well to receive the
charge. Photogate pixels tend to have a high saturation level due to the large gate capacitance.
They also tend to have poor quantum efficiency, especially in the shorter wavelengths, due to
absorption in the polysilicon gate.

A simple photodiode pixel is shown in Fig. 2-4(b). Operation is similar to the photogate
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Figure 2-3: (a) All charge under gate 1. (b) Charge evenly divided between gate 1 and gate 2.
(c) All charge under gate 2.
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Figure 2-4: (a) Photogate CCD pixel. (b) Photodiode CCD pixel.

pixel. During integration, the transfer gate isolates the charge packet from the vertical shift
register. At the end of the integration period, TX and ¢1 go high, skimming the integrated
charge in the photodiode into the vertical shift register. Then TX goes low, starting another
integration period. Readout of a photodiode pixel is relatively slow since transfer of the last
few electrons takes place solely by diffusion. Quantum efficiency will be relatively high since
no photogate blocks the short wavelengths.

2.2.2 CCD Architectures

Charge packets in the pixels must be transfered to the output circuit(s). The unique feature of
CCD'’s is that this transfer occurs through a sequence of complete transfers between adjacent
MOS capacitors. The details of the transfer process are specified by the architecture. Common
CC'D area imager architectures include the frame transfer (FT), interline transfer (IT), and
frame interline transfer (FIT) designs [28].

A frame transfer array is shown in Fig. 2-5. At the end of the integration period, charge
is rapidly transfered directly through the array to a light-shielded storage area. The frame is
then read out from the storage area. Smear ic a problem for this architecture, and the transfer
speed is limited due to the large length of a pixel compared to the length of the transfer gate in
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Figure 2-5: Frame transfer (FT) CCD array.

a typical CCD shift register. Optical aperture is excellent, approaching 100% in some imagers.
This is somewhat misleading, however, as the channel stops and polysilicon photogates have
poor optical response. A storage area, roughly equal in size to the imaging area, is required to
store the frame until it can be read out.

An interline transfer (IT) array is shown in Fig. 2-6. A vertical shift register is placed
between each column of pixels. At the end of the integration period, the transfer gate (TG)
in the pixel and ¢1 go high. Pixel charge spreads under those gates. As the transfer gate and
photogate go low, the remainder of the charge is transfered under the ¢1 gates. As soon as TG
goes low, the pixel can start another integration period. Meanwhile, the charge packets in the
vertical shift register are shifted down towards the horizontal shift register. When a new set of
packets is shifted into the horizontal shift register, the vertical shift register halts until all of
the charge in the horizontal shift register is transfered to the output circuit, where the packets
are converted into voltages. The shift registers are usually timed so that it takes exactly one
integration period to clock out all of the pixels in the array, so that by the time one frame has
been read out, the next frame is ready to be read out.

The IT array suffers somewhat in optical aperture since the vertical shift register is light
shielded, and is therefore optically inactive. However, smear is low compared to a frame transfer
array operated at the same frame rate, since the charge is not shifted through optically active
regions.

The FIT architecture combines the IT and FT architectures, as shown in Fig. 2-7. The
advantages are the photodiode capability and very low smear. The disadvantages are reduced
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Figure 2-6: Interline transfer (IT) CCD array.

optical aperture due to the vertical shift register and an approximate doubling of the required

silicon area because of the storage region.

2.2.3 CCD Performance
Quantum Efficiency

Optical aperture is strongly dependent on architecture type. An FT imager can have nearly
100% optical aperture. An IT or FIT imager has lower optical aperture since the shielded
interline shift registers block at least some of the incident light. Shift register area is a largely
a matter of design, subject to design rule limitations. For example, consider a photogate IT
imager which uses the same buried-channel implant for integrating well and four-phase shift
register. If it is necessary for the shift register to handle the full pixel capacity, the shift register
area must be twice the photogate area, limiting optical aperture to 33%. If a photodiode is
used, the integrating well capacitance decreases, allowing a small shift register and higher optical
aperture. If pixel capacity is limited by a lateral overflow gate or vertical anti-blooming, the
shift register can again be reduced. Shift register capacity can be increased by increasing the
buried channel implant. In any case, the shift register can be no smaller than that allowed by
minimum design rules.

Collection efficiency is determined by pixel geometry and doping profile. CCD pixels usually
have carefully tailored doping profiles which can optimize collection efficiency given other design

constraints, such as vertical anti-blooming or surface pinning [29].
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Figure 2-7: Frame interline transfer {FIT) CCD array.

Random Noise

Random noise includes photonic noise, dark current noise, charge transfer noise, switch noise,
and amplifier noise. These components are added in quadrature to find the total random noise.
Photonic and dark current noise refer to the shot noise of the photocurrent and dark current,

respectively. The noise for these sources is

Ne,shot,rms = V %(Qs + Qd)a (2-3)

where @ is the signal charge and @ is the dark charge. Charge transfer noise [30] is due to
a similar shot noise process; when a charge packet is transfered between potential wells, cach

electron has a probability € of making the transfer. The total noise in the charge transfer is

Ne,ct,rms = V 2(1 - e)NsNta (2'4)

where Ny is the number of signal electrons and N; is the number of transfers. Switch noise is

caused by resetting the output diffusion. It has magnitude

kT
Ne,switch,rms = 'qu'Csense, (2°5)

where Cyense is the capacitance of the output diffusion. The source-follower amplifier has input-

referred 1/f and thermal noise. Switch noise and amplifier 1/f noise can be mostly removed
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Figure 2-8: Output source f>llower for CCD imager.

using correlated double-sampling (CDS), but the source follower thermal noise is actually dou-
bled by CDS. Source-follower thermal noise can be estimated from Fig. 2-8. Only one stage is
shown, although in some cases, multiple source-follower stages are used. The thermal noise at

the output is

_ Cersr |8 kT
Ne,thermal = quf 3 G (grn.l + gm2)Af (2.6)

_ Cess (8 KT T

= quf 3 Gz (gm1 + gm2)2 Coad 2 (2.7)
Cess \/2 kT

= + 2.8
qG, f 3 GoutCload (gm1 gm) (28)
Cesr |2 kT

= 2 (gm1 + gme) (2.9)
9Gsr \| 3 (9me1 + Im1 77, 2222%) (Cloaa + actsgely)

~ Ceff kT gm1 + gm2 2.10

~ C C, 1 ( . )

q load gmbl + gml Cunse +Cgal

where C,y is given by
Ceff = Csense + Cys1 (1 — Gyj), (2.11)

and Gy is the source follower gain.

The sum of the signal-independent noise sources is called read noise. Read noise varies
from about 3 e~ to 200 e~ [23]. Shot noise has a square-root dependence on signal; above a
certain irradiance, random noise is dominated by photon shot noise (charge transfer noise also
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Figure 2-9: Signal dependence of random noise in a CCD imaging array.

/

has a square-root dependence on signal, but should be much lower than the photonic noise).

Figure 2-9 shows the general noise dependence on signal level.

Saturation Level

The pixel saturation level is proportional to the integrating well capacitance, size, and voltage
swing. The saturation level for a pixel in a CCD imager is usually in the range of 1000 to 3000
e~ /pum?.

FPN

Fixed-pattern noise is usually negligible for CCD imagers, except for defective pixels. Defective
pixels are defined as those having gain and/or offset FPN exceeding specified limits. CCD
imagers are sorted into different grades, depending on the maximum number and type of defects
allowed in specified regions of the array (see, for example, [31]). Typically, no more than a
handful of defective pixels are tolerated in any grade.

Offset FPN occurs through pixel dark current I;. Gain FPN arises from variation in pixel
optical aperture Ay, or any source of quantum efficiency mismatch. Gain FPN can become a
problem as the aperture size becomes comparable to the polysilicon grain size. The net FPN is

FPN = Tip, (AId + I, AA"”‘) , (2.12)
Aopt

where I, is the pixel photogeneration current.
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Table 2-1: Comparison of CCD pixel specifications.
Pixel Size (um®) | Qgat (€7) | €™ /um? | Smear (dB) | Architecture | Reference

6.0 x 12.6 70 000 930 80 FT bosiers94a(32)
73 x 173 80 000 1500 7 1T nichols92{33]
9.6 x 5.4 100 000 1900 140 FIT yamashita94{34)
5.1 x 5.1 60 000 2300 75 FT bosiers94b[35]
12 x 12 > 300 000 2100 NA TDI agwani95(36]
Image Lag

Photogate CCD’s usually have no visible image lag, since pixel charge is fully transfered into the
vertical shift register. Possible sources include bulk trapping and insufficient readout time. The
most problematic bulk traps are those with time constants greater than the pixel readout time
but less than the integration time. These traps fill during bright frames but do not discharge
during readout. In a subsequent dark frame, the traps discharge without being refilled, adding
charge which is indistinguishable from photogenerated charge. The bulk trap density is generally
low enough that this is not a significant problem. Insufficient readout time causes lag by turning
off the transfer gate before all integrated charge has been removed. This is seldom a problem
because the time constants for charge transfer are usually quite small, and transfer time is
relatively unconstrained.

Lag can be a significant problem in a photodiode CCD. Because charge transfer occurs by
subthreshold conduction through a MOS transistor, the photodiode is never completely reset.

Any residual charge in one frame appears in the following frame.

Smear

Smear is determined by the doping profiles of the integrating well and shift register, the prox-
imity of the shift register to the aperture, and the configuration of the light shield over the
vertical shift register. Smear is typically 70 - 80 dB (3.5 - 4 orders of magnitude) in an IT
imager, although it can be much better in an FIT architecture. Table 2-1 lists the smear and

saturation level for several recent CCD imagers.

Crosstalk

The CCD imager is robust against electrical crosstalk since voltage fluctuations in the substrate
do not affect the number of carriers stored in a potential well. The vertical overflow drain
(VOD), a common structure in CCD’s, produces a potential barrier which inhibits injected
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electrons from entering a pixel. Also, the epi-substrate interface has a high defect concentration,
which tends to recombine injected electrons.

Optical crosstalk results from light entering one pixel which adds charge to another pixel’s
charge packet. One form is pixel-to-pixel crosstalk, which is present in all pixel arrays. This is
relatively benign since it seldom occurs between pixels with widely varying intensities. Smear is
a more serious form, as it limits the scene dynamic range, especially for FT and IT architectures.

Smear can be greatly reduced by an FIT architecture, but this requires approximate doubling
of the silicon area.

2.3 MOS Imagers

An MOS imager is any pixel array which uses MOSFET transistors to convey the signal from
the pixels to the output circuit(s). Signal transfer occurs over a wire, and the signal can be

charge, current, or voltage. Pixel output can be either continuous-time or integrated.

2.3.1 MOS Array Architecture

A typical MOS array architecture is shown in Fig. 2-10. The MOS array differs from the CCD
array in that the column line can only carry one signal at a time, and must therefore be time
multiplexed between all the pixels in a column. This requires a row select device in the pixel;
when a row is read out, all other rows are disconnected from the column line. The outputs
from all pixels in a row become available simultaneously. If only one output circuit is available
for the entire array, the output columns must be multiplexed to one output.

The transduced signal is initially charge. MOS pixels can be classified according to the form
of the signal between the pixel and the output circuit(s). The usual choices are charge, current,
and voltage. The output circuit converts that signal to either an analog signal (normally a

voltage) or a bit stream, and drives the signal off-chip.

2.3.2 Charge Output Pixel

Figure 2-11 shows a plan view and cross-section of a charge readout pixel. A photogate imple-
mentation is also possible; it would give a higher saturation charge but lower quantum efficiency.
Figure 2-12 shows the equivalent circuit and timing diagram for a pixel and output circuit.
The crosstalk current source represents the optical crosstalk current from other pixels on the

same column line. The line capacitance is due to parasitic capacitances between the column
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Figure 2-10: MOS imaging array architecture.

line to the substrate, column line to row select lines, and output diffusion to substrate.

To read out a charge packet, the feedback capacitor Cy, is reset. The row select line is
turned on and off, dumping the pixel charge onto the line. Since the column line capacitance is
much greater than the pixel capacitance, nearly all of the imaged charge shifts onto the column
line. This operation also resets the pixel. The pixel charge moves onto Cy;, via the feedback
action of the op-amp, producing a nominal output voltage of

2.13
h (2.13)

Vout = Vreset -

Quantum Efficiency

The charge readout pixel has only one transistor, two wires, and two contacts, resulting in a
relatively high optical aperture. The wires and transistor can be minimum size due to the small
currents they pass.

Collection efficiency depends largely on doping profile. An enhanced CMOS process with
additional implants could achieve collection efficiencies comparable to a CCD pixel. In a digital
CMOS process, the choices are limited. Available photodiodes include the nt - p-well diode, p*
- n-well diode, and n-well - substrate diode. Diffusion — well photodiodes will have relatively
poor blue response because degenerate doping increases the defect density near the silicon
surface; carriers generated near the surface tend to recombine before reaching the potential
well. Red response is also compromised due to the limited space charge layer depth. The
n-well photodiode avoids both of those problems, and should therefore produce good collection
efficiency [37].
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Figure 2-11: Charge readout pixel cross-scction and plan view.

Conversion Gain

The conversion gain is C’f"bl. There is no benefit in making the feedback capacitance greater
than that which results in a full-scale swing for a saturation charge packet. Lower feedback

capacitance results in higher conversion gain but limits the saturation charge.

Random Noise

Random noise sources include photonic noise, dark current shot noise, switch noise from the row
select device, and amplifier noise. Photonic noise is a fundamental noise source for all imagers,
and is caused by the Poisson statistics of the incoming photons. The resultant number of noise
electrons is equal to the square root of the total number of imaged electrons. Dark current
behaves the same as photogeneration current, and has the same shot noise characteristics. The
main difference between these noise sources is that photonic noise increases with illumination,
while dark current noise is independent of illumination.

Switch noise is the well known kT'C noise caused by any switching operation onto a capacitor.
The relevant capacitance in this case is the series combination of the pixel capacitance and the

column line capacitance. Since the pixel capacitance is much less, the noise charge is very close
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Figure 2-12: (a) Equivalent circuit for charge readout pixel and output circuit. I 51k is the

optical crosstalk current from all pixels close to the column line. (b) Timing diagram for charge
readout pixel. T;, is the readout time.
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Figure 2-14: Random noise model for charge readout output circuit.

to

Qn,sw,rms = \/ kTCpi:L‘cl- (2~14)

It is desirable to keep the pixel capacitance as low as possible for noise reasons. Switch noise is
independent of illumination. Note that the reset device M2 also produces switch noise, but it
can be ignored because CDS mostly removes it.

The noise model for the amplifier (assumed to be a folded cascode design) is shown in

Fig. 2-13. The input-referred noise spectral density is

2 2
Sp =2 (Snl.‘Z + Sn3a <9m3,4) + Sns,6 (gms'ﬁ) ) : (2.15)
gm1,2 gm1,2
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The noise model for the entire readout circuit is shown in Fig. 2-14. The input-referred
amplifier noise is multiplied by the closed loop gain of the system and limited by the system
bandwidth. The noise, referred back to pixel charge, is

Qn,amp,rms = col\/Sn -BW (Hz) - ”/2: (2.16)

where BW is the closed-loop bandwidth of the system. This quantity is related to the readout
time T;,. The bandwidth should be just enough to allow settling in the readout time.

N

Tro=NT = 5 BW (i)’

(2.17)

where N settling times are assumed. For 10 bit settling, N = 7 is required to get within one
Isb of the value at ¢ = co. Amplifier noise decreases as T}, increases. Readout time is usually
limited by a minimum frame rate requirement.

The noise for a voltage readout pixel has a similar expression, where the noise source is the
source follower device instead of the op-amp input devices. The noise is much lower for the
voltage readout pixel because the corresponding capacitance is the pixel capacitance Cpd rather

than the column line capacitance C,,. This noise is signal-independent.

Saturation Level

The pixel charge saturation level is the product of photodiode capacitance and photodiode
voltage swing. Small pixel capacitance is desirable for low random noise, so high saturation level
can only be achieved at the expense of higher random noise. The minimum photodiode voltage
1s approximately ground; if the voltage goes significantly below ground, the photodiode becomes
forward biased. The maximum photodiode voltage is the reset voltage, which is probably about
Viad/2. Therefore, the voltage saturation level is no more than about Via/2, and will be less if
the output buffer swing is the limiting factor.

Fixed-Pattern Noise

FPN in the charge readout pixel is caused by mismatches in the optical aperture Aopt and pixel
dark current Ij,. Sources outside the pixel include mismatches in column line capacitance
Ceol, op-amp offset voltage V,s, sense capacitance Crp, op-amp gain A,,, column dark current
Iy, and M2’s threshold voltage Vi.,» and M2’s gate-drain overlap capacitance Cy 4. The

photocurrent is I,.
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Table 2-2: FPN sources for a charge readout pixel

Parameter | Nominal Value Sensitivity * Mismatch
Vos oV 1 10 mV
Aoa 10,000 Coot(K/A00)*(IyTint + o) | 10% Aoa
Aopt 50 pm? (KTine/Aopt) I 2% Aopt
T, 0.5 fA KTom 10% 1,4
Ceol 2.5 pF _(K:Z/Aoa)(IpTint + QO) 0.1% Ceot
T 50 fA KT, 1% Ia,
Crb 14 {F —K*(I,Tint + qo) 1% Cpp
Vge,g 0.9V KC(,[,Q 5 mV
Cor2 0.87 IF KV 1% Cora

[1]K = Aoa/(AoaCrb + Ceot)
[2](10 = Id,ptrint + Id,cTro + Col,?‘/tc.Z

FPN can be calculated if the sensitivities of the output voltage to various mismatch sources

are known. The relevant equation is

O0ve\ 2 O0v, \ 2
'U%‘PN.rms = (5:??) agl + (3.’1::) ‘722 L (2.18)
where z,, z3, - - - are the independent variables. The expression for output voltage is
Vout = Vieset + Vos + K(IpTint + (IO) (2'19)
dgo = Id,pTinl + Id,cTro + Col,sZVte,2 (2'20)
Aoa

K = ————, 2.21

Aoacfb + C'col ( )

Table 2-2 shows the sensitivities, along with estimates of their expected error magnitudes, for
a 10 pm x 10 pm pixel with 50% optical aperture. Mismatch magnitudes are for illustrative
purposes only; mismatches (especially dark current) are likely to be highly process dependent.
The dominant sources are expected to be Vos, Agpt, Iyp, and Cjp, mismatch. Op-amp input
offset voltage mismatch produces only an offset error, which can be removed by CDS. Optical
aperture mismatch produces gain error. Pixel dark current mismatch produces an offset term
which cannot be removed by CDS. Feedback capacitance mismatch produces offset and gain
errors which cannot be removed by CDS. Figure 2-15 shows a graph of FPN for the charge
readout pixel. Figure 2-16 is a graph of signal-to-noise ratio as a function of illumination.
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Figure 2-15: Simulated FPN for charge readout pixel with and without correlated double-
sampling. The signal is plotted for reference.
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Figure 2-16: Simulated signal-to-noise ratio for charge readout pixel. Noise is sum of random
and fixed-pattern noise.
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Image Lag

Image lag depends on how the pixel is reset. If the row select is turned on just long enough to
dump the charge onto the column line, and then turned off, the fraction of charge remaining

on the pixel is

= ————Cp d
de + Ccol

If the row select remains off until the next readout time, the residual charge is seen as image lag.

(2.22)

Image lag can be reduced by keeping the row select on until the op-amp has settled, moving
essentially all imaged charge onto the feedback capacitor. It can also be reduced by using a
separate reset phase. After reading out the charge, the row select remains on and the column

line is connected to a voltage source.

Crosstalk

Electrical crosstalk is caused by incomplete settling and ground bounce. Incomplete settling
may or may not be a problem, depending on how column lines are reset. The column line is at
least partially reset by the amplifier moving pixel charge from the column line to the feedback
capacitor. This process cannot be completed in finite time, so a residual charge is left on the
column line. If the next pixel is read out immediately afterwards, its charge is combined with
this residual charge, resulting in crosstalk. If the column line is reset with a voltage source
before the next pixel is read out, there is no crosstalk.

Ground bounce is the variation in ground (substrate) potential due to current flow in the
substrate. The difference in ground voltage between the pixel and the output circuit is indis-
tinguishable from signal. Noise generators outside the pixel array can generally be shielded
by surrounding substrate contacts; proper techniques and their effectiveness are discussed in
several recent papers.

These techniques can usually not be directly applied to a pixel array because substrate
contacts are seldom placed inside the array. At readout, the pixel charges dumped onto the
column lines induce mirror charges to flow through the substrate and epitaxial layer. Figure
2-17 shows a cross-section through several column lines and photodiodes. The figure shows
the substrate currents induced during readout due to column line #2. It can be seen that the
effective ground for photodiode #1 depends on the currents induced by column line #2. The
resultant crosstalk is extremely small since the total charge flowing in the substrate due to one
pixel being read out is just the pixel charge, and the associated time constant is very small.
Crosstalk is analyzed further for the voltage readout pixel.
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Figure 2-17: Substrate noise induced during readout.

Optical crosstalk is a more serious problem. Monochromatic light of wavelength A entering
an optical opening generates electron-hole pairs as an exponential function of depth into the

silicon.

Dz
G(z) = xo(/\)e , (2.23)

where I) is the photon flux incident at the silicon interface (z = 0) and zo(\) is the penetration
depth at wavelength A. For short wavelengths, the penetration depth is small. Light tends
to get absorbed by surface layers such as polysilicon, and photons which do make it to the
silicon frequently generate carriers so close to the surface that they are quickly recombined.
Few carriers are generated beyond the photodiode space charge layer. For longer wavelengths,
zo is large and many of the photons penetrate beyond the well to create electron-hole pairs
in the neutral substrate. These charges diffuse randomly, some recombining, some entering
the collection well, and some entering other potential wells. Charge entering adjacent pixels
effectively results in a convolution of the actual image with a lowpass filter. The degradation
of the image is minimal, and is common to all pixel arrays.

Unfortunately, optical crosstalk can also affect distant pixels in the same column in the
charge readout design. The drain diffusion of the readout transistor is always connected to the
column line. Charge must diffuse only a short distance before entering the drain, and it adds
directly to the signal charge from the pixel currently being read out. This is a problem because
the added charge comes from several pixels, which may be quite far from the readout pixel
and have much higher illumination. This problem is particularly acute for an imager designed
to operate over a very wide dynamic range. Optical crosstalk was a significant factor in the

decision not to use the charge readout pixel.
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Anti-blooming

Anti-blooming structures can be formed in several ways. A digital CMOS process can use a
lateral overflow gate or p* — n-well photodiodes, using the n-well as a vertical overflow drain
(VOD). If the n-well doping decreases with depth into the silicon, the n-well has a field directed
towards the substrate. When a pixel saturates, it injects holes into the n-well, and the field
directs them away from the surface. Because the field is probably low, the anti-blooming
performance is poor. Extra implants can form a better VOD structure.

Another anti-blooming structure could be formed by using a p* S/D implant inside a
separate n-well. By biasing the n-well at high potential, any stray holes in the substrate will

be reflected away.

2.3.3 Current Output Pixel

A current output pixel transduces light to an output current. The output circuit converts the
current to a voltage. There are many possible ways to do this, although many are impractical.
For example, the direct pixel photocurrent could be switched into the column line during the
readout time. The output circuit transresistance would have to be extremely high to get
reasonable output signal levels, forming a slow time constant. It would be a difficult challenge
to obtain even standard video rate operation. A poor phototransistor structure could be built
using the n-well as base, the substrate as collector, and a p* S/D diffusion as emitter. This
would increase the pixel output current level by a factor of 3, but the n-well makes a poor base
and the current gain is unlikely to exceed one order of magnitude.

Either of these two solutions tends to be noisy and/or slow to respond to the input light
because of the continuous-time nature of the output. The output current can be sampled for
only a short time (much less than the frame time). If the detector responds quickly, the sampled
noise is averaged only over the sampling interval and is therefore relatively high. If the detector
is slow, noise is effectively averaged over a long time, but the slow response produces image lag.

A better implementation is shown in Fig. 2-19 [38]. The photodiode is reset at the start of
the integration period by turning on M2 and M3, and ihe switch to the column bias current
is closed. The photodiode voltage rises to the level required to sink Iy;,s through M1. Next,
Devices M2 and M3 are turned off and the current bias switch is opened. Charge integrates on
the photodiode, dropping its potential V,4. At the end of the integration period, the row select
device M3 turns on and the switch to the transresistance circuit is closed. The output current,
Iy, has a quadratic dependence on the integrated charge. The transresistance element converts
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Figure 2-18: Alternative output circuits for current output pixel.

the output current I,,; to an output voltage V,,;. In this case, the diode-connected transistor
M5 performs this role. A differentiai readout mode is possible where the direct current I,,; and
the bias current Ij;,, are read out simultaneously, permitting a correction for column-to-column
variation in the bias current.

Two alternative implementations of the output circuit are shown in Fig. 2-18. In Fig. 2-18(a),
the output current passes through a resistor, and the voltage prodnced is proportional to cur-
rent. In Fig. 2-18(b), the op-amp holds the column line at a constant voltage, and forces the
pixel output through the feedback resistor. With either of these output circuits, the response to
illumination is nonlinear, since the relationship between illumination and current is nonlinear,

and voltage is proportional to current.

Quantum Efficiency

The current readout pixel in Fig. 2-19 requires three transistors, four wires, and five contacts,

so the optical aperture for this pixel is likely to less than for a similar size charge readout
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Figure 2-19: Current output pixel and operating sequence. Portion in dashed box is inside the
pixel, while devices M4 and M5 are common to all devices in the column. (a) Reset phase. (b)
Charge integration phase. (c) Readout phase.
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pixel. Collection efficiency will also tend to be less due to the presence of extraneous n* S/D
diffusions such as M1’s source and drain. The photodiode choices are the same as for a charge
readout pixel. The S/D diffusion in a digital CMOS process provides fair collection efficiency;
an enhanced CMOS process allows specialized doping profiles for increased collection efficiency.

Conversion Gain

Conversion occurs in three steps. The integrated charge generates a voltage on the sense
capacitance, this voltage generates an output drain current through M1, and M1’s drain current
is converted to voltage by the transresistance of the output circuit. The conversion gain changes

over the integration time; the conversion gain as a function of photodiode voltage is

1 Wl 2
de kn L, (Vpd VI‘) Routa (2'24)

where V; is voltage across the photodiode, R, is the transresistance of the output circuit,
and Cpq is the capacitance of the photodiode. Conversion gain can be selected by the choice of
Wh Lla and Roy;.

Random Noise

Random noise is the sum of the noises introduced at reset, during charge integration, and at
readout. Noise sources at reset include photodiode reset noise, thermal noise in M1 and M4,
and 1/f noise in M1 and M4. Photodiode reset noise has been discussed previously; it produces
a mean square voltage at M1’s gate of

, T

nyms = C

(% .
pd

(2.25)

It will be assumed that 1/f noise is sufficiently correlated between the reset and output phases
that correlated double-sampling removes it. The remaining noise sources are thermal noise in
M1 and M4. A noise model for the reset phase is shown in Fig. 2-20(a). Thermal noise referred

to M1’s gate has mean square voltage

2
8 kT kT ¥
vi o= - -BW (Hz) + 3 .BW (Hy) [ Zndrst (2.26)
’ 3 Iml,rst Gmd,rst Imli,rst
8 kT 9md,rst L gmipa™
. 1 + L  —_— 2.27
3 gmi,rst ( 9ml,rst 2 Ceat 2 ( )

2 kT 9ma,rst
= = 14— 2.28
3 Ccol ( Gmi,rst ( )
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Figure 2-20: Noise models for current readout pixel. (a) Reset phase. (b) Sample phase.

The only noise source during the charge integration period is dark current shot noise, which
has been previously discussed. The mean square noise referred to M1’s gate is

Tintlagq,

vg,rms == 5 e, (2.29)
C
pd

where ¢, is the charge of one electron, or 1.6 x 10~1°C.
The noise sources in the readout phase are thermal and 1/f noise in M1 and M5. As before,
1/f noise is assumed to be removed using correlated double-sampling. The noise model for

the pixel and readout circuit in the readout phase is shown in Fig. 2-20(b). The voltage noise
referred to M1’s gate is

2
V2 e = 8 kT Bw (Hz)+§ AT -BW (Hz) (g—"ﬂ“—‘) (2.30)
! 3 gm1,out 9ms,out 9m1l,out
8 kT 9m5,0ut 1 gms0ut ™
= < 1 4 Imbout ) 2 gmbou T 2.31
3gml,out( 9mi,out 2r Ceot 2 ( )
2
2 kT [ gms,out 9m5,0ut
= = LR J 2.32
3 Ceol (gml,out (gml,out ( )

The total square rms noise is the sum of the individual contributions.

qrzz,rms = Tilage + kTde + ZkT pd 1+ 9md,rst + 9m5,0ut + 9m5,0ut (2.33)
3 Cea Omlrst  9mil,out 9ml,out

~ intIdQe + kTde (234)

where the approximation follows because Ceo 3> Cpa.
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Saturation Level

The saturation level expressed in terms of charge is the product of the sense capacitance and
photodiode voltage swing. The lowest usable photodiode voltage is nominally M1’s threshold
voltage. As the voltage decreases further and M1 enters subthreshold, the output current
decreases so much that the column line cannot settle in the time allotted for the readout phase.
A further problem in the case of the readout circuits of Fig. 2-18 is that the subthreshold
current is so low that the output voltage becomes indistinguishable from V;. The maximum

21piqs
Vidmaz = Vi ‘/——-—, 2,

and occurs at reset. The voltage swing is therefore

photodiode voltage is

AVpa = (2.36)

kn(W/L)'

FPN

FPN sources include mismatches in bias current, output circuit transresistance Ry, M1’s
width and length W) and L;, M2’s overlap capacitance C, 2 and effective threshold voltage
Vie,2, photodiode capacitance Cpq, and optical aperture Aop. Threshold voltage mismatch in

M1 is cancelled, to first order, by the reset procedure.

Bias Current A mismatch Alj;,, in bias current causes a mismatch Ag in photodiode charge

of magnitude

2 Al
Imi,rst
. In:
= Ciense Tyias Alpias (238)

Omirst Ibias

during the reset phase. This produces offset FPN.

Output Circuit Transresistance A fractional mismatch § in transresistance R, is equiv-
alent to a fractional mismatch § in pixel output current, which can be referred back to a

photodiode voltage mismatch by dividing by g,n;.

Ag = Ciense AVpa (2.39)

Al
= Csense ot (2'40)

gmi,out
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ARout Iout

Csense m (241)

9Imi,out

M1 Aspect Ratio A fractional decrease § in M1’s W/L ratio is equivalent to a fractional
decrease ¢ in Ij;s combined with a fractional increase § in Ryy;. In the reset phase, the photodi-
ode voltage V;,q would be the same, because M1 would be operating at the same current density.
In the readout phase, the output current would be lower by a fraction §, tut would produce
the same output voltage because the transresistance is higher by a fraction §. Combining these
using Equations 2.38 and 2.41 gives

AWL/Ly) [ Tow Tias
Ag = C - — 2.42
7 sense Wl/Ll 9mlout  Gmlrst ( )
Tout Tpias AW, AL,
_c out _ _ ( - ) 2.43
sense (gml,out gml,rst) Wi L, ( )

M1 aspect ratio mismatch produces only a gain-like FPN, i.e., FPN which is approximately
proportional to illumination, as opposed to offset FPN which has the same magnitude at every

illumination.

M2 Threshold Voltage and Overlap Capacitance Mismatches in M2's effective threshold
voltage and overlap capacitance directly inject charge onto the photodiode, producing an offset
FPN of magnitude

Ag = —Vie28Co12 — Co1,2AVie 2, (2.44)

where Vje o is the effective threshold voltage of M2, including back-gate effect, AV 2 is the rms
mismatch in M2’s threshold voltage, Cy2 is M2's gate-drain overlap capacitance, and ACy 2

is the rms mismatch in M2’s gate-drain overlap capacitance.

Charge Sense Capacitance A fractional increase § in charge sense capacitance is equivalent
to a fractional decrease J in the integrated charge, leading to a gain FPN

_q ACSCRSC
Csense

2
= - 1 (Ade + ACol,? + §W1L100:1: (

sense

Ag = (2.45)

(2.46)

AW, + AL, ))

14} L, ’
where Ciense is the total charge sense capacitance, ACsense is the rms mismatch in sense ca-
pacitance, Cpq is the photodiode capacitance, and AC;q is the rms mismatch in photodiode

capacitance.
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Table 2-3: FPN sources for a current readout pixel.

Parameter | Value Sensitivity (AQ/Ax) Mismatch
Ias | 120 pA Caense. 1% Ibias
Rou | 33 KQ Lacnaclour. 1% Rout
w, 2 pm _QSE:E:’: + Qﬁﬁﬂ (g—"’xﬂl-“:; - g_:.hnm:—c) 0.1 pm

L, 0.8 pm qQ%?C—;ff Q-‘ﬁm (971.?‘;‘: - g—r'nhl'ﬁ—‘) 0.1 pm
Vie2 09V —Col2 5 mV
Cot2 0.87 fF ~Vie2 — gt 2% Co2
Cpa 10 fF — o 2% Cpa
Aopt 30 pm? Tg;[ 2% Aopt

I, 0.5 fA Tint 10% Iy

Optical Aperture Quantum efficiency, and therefore integrated charge, is proportional to
optical aperture. Optical aperture is defined as the fraction of the pixel area which is optically
active. A fractional increase d in optical aperture produces the same effect as a fractional in-
crease ¢ in illumination. Given a constant integration period, the integrated charge is increased
by a fraction 4.

(2.47)

where A, is the optical aperture and AA,, is the rms mismatch in optical aperture.

Optical aperture may be correlated with charge sense capacitance, but this is not necessarily
so. It is possible to use a field oxide region uncovered by polysilicon or metal to generate
photocharge, which is then collected by a small S/D diffusion. The advantages are small sense
capacitance and improved responsivity. The optical aperture in this case is not defined by the
photodiode area, and thus their mismatches are uncorrelated. Even if they are correlated, the
correlation could be positive or negative, depending on pixel construction and process details.

A graph of FPN as a function of pixel photocurrent is shown in Fig. 2-21. Mismatch
parameters are from Table 2-3. A simple square-law model for transistor current is assumed,
using a toz of 17.2 nm and a g, of 500 cm? /V-s. Also, the output transresistance is assumed to
be a simple resistor. With CDS, M2’s overlap capacitance is the dominant source of FPN at low
illumination. Note that without CDS, FPN approaches zero as signal approaches saturation.



CHAPTER 2. BACKGROUND 50

FPN (V)

10"

10-!4

Pixel Photocurrent (A)

Figure 2-21: Simulated FPN and signal for current output pixel.

For high illumination, the photodiode voltage V4 is close to ground; M1 passes very little
current and has very low transconductance. Stated another way, whether M1’s gate-source
voltage is 0.1 V or 0.11 V, the output voltage is very close to Vyy. Signal-to-noise ratio is
plotted in Fig. 2-22.

Image Lag

During pixel reset, the column line voltage must settle from its value at readout to the steady-
state value which, when applied to the gate of M1, produces a drain current of Iy;,,. Since
the time allowed for the system to settle must be limited, the system does not completely
settle. The residual voltage on the column line at the end of the reset phase is trapped on the
photodiode, and affects that pixel’s output current on the next frame.

The magnitude of trapped voltage depends on the type of output circuit that is used. For
the output circuits of Figs. 2-19 and 2-18(a), the voltage on the column line during readout
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Figure 2-22: Simulated signal-to-noise ratio for current readout pixel. Noise is sum of random
and fixed-pattern noise.
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varies considerably with output current level. For example, with an I;,s of 1 A and an R,,;
of 1 MQQ, the circuit of Fig. 2-18(a) produces a 1 V full-scale swing. The residual voltage at the
end of the reset phase is

Vresidual = ('Uout - vrst)e—tr/1r1 (248)

where voy; is the output voltage during the readout phase, v, is the column line voltage during
reset in the infinite time limit, ¢, is the reset phase time, and 7 is the time constant during the

reset phase, given by c
col

9m1
For the readout circuit of Fig. 2-18(b), the op-amp holds the column line voltage close to

Tr = (2.49)

Veol, and therefore the column line voltage during the readout phase is not dependent on output

current level. During the reset phase, the voltage on the column line is
Veol = (Veal — 'Urst)e_t'/T', (2.50)

which does not depend on the output current. The residual voltage trapped on the photodiode
is therefore not dependent on output current level, and does not appear as lag.

Crosstalk

Electrical crosstalk caused by substrate current will be analyzed for the voltage readout pixel.
The result there, which extends to the current readout pixel, is that crosstalk between adjacent
lines is negligible. This pixel has no other obvious source of electrical crosstalk.

Optical crosstalk occurs when light entering a pixel generates photocharge outside the pixel’s
collection region. Optical crosstalk occurs between pixels and from pixels onto the column line.
The level of the crosstalk current will usually be much smaller than the signal currents; the bias
current in the actual devices was around 120 ¢A. The only possible exception is for very bright
pixels, where the output signal current is close to zero. Crosstalk current will cause those pixels
appear less bright than they actually are.

Anti-blooming

A charge output pixel can use any of the anti-blooming options available to the charge readout
pixel. The charge readout pixel inherently has two forms of anti-blooming. The reset transistor
also acts as a lateral overflow gate if its “off” voltage is not too low. The column lines also

provide some anti-blooming, since the S/D diffusions attached to column lines act as sinks for
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Figure 2-23: Voltage output pixel.

blooming charge. The pixel blooming current is much smaller than the pixel output current, so

the blooming current does not result in significant crosstalk.

2.3.4 Voltage Output Pixel

The basic form of the voltage readout pixel is shown in Fig. 2-23. The pixel is reset by pulling ¢,
high. In a “hard” reset, ¢, is pulled more then a threshold drop above V,; and the photodiode
is reset to Vyq. In a “soft” reset, ¢, does not go high enough to equalize the voltage across M2.
Assuming ¢, goes to Vyq4, the photodiode is reset to approximately Vyq— Vie 2. Integration starts
when ¢, goes low. The photodiode potential drops at a rate proportional to the illumination.
At the end of the integration period, the row select device M3 turns on, connecting M1’s source
to the current source at the bottom of the column line. The output signal is the voltage on the

column line, which has an approximate linear dependence on the illumination.

Quantum Efficiency

The optical aperture of a voltage readout pixel should be similar to that of a current readout
pixel. Like that pixel, the voltage readout pixel contains .hree transistors, at least four wires
(column line, row select, V4, and ¢,), and five contacts. Typical optical apertures are around
20-30% [26].

Similar remarks apply to the collection efficiency. In a digital process, only S/D diffusion
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and n-well photodiodes are available. An enhanced CMOS process can have a customized

photodiode doping profile for improved collection efficiency.

Conversion Gain

The conversion gain is G55Cy,L ., where Gy is the source follower gain and the charge sense
capacitance Ciense is the total capacitance at the gate of M2. Since Cjgepnse is approximately
proportional to the photodiode area, the output voltage for a given light intensity is fixed by
process parameters. It may be desirable to increase the in-pixel gain for improved desensitivity
to external noise and offset. One common technique is to have separate charge integration and
charge sense nodes. If the photodiode and charge sense areas are Apg and A, respectively, the
conversion gain is increased by a factor of A,4/A¢;. In a photodiode implementation, this results
in lag since the current from the photodiode into the charge sense node decreases gradually after
the light is removed. A photogate implementation does not have the same problem.

Random Noise

Random noise sources include switch noise, the photonic and dark current shot noise, and
thermal and 1/f noise in the source follower transistor. These are caused by independent
phenomena, and therefore they can be added in quadrature. Switch noise depends on whether
the reset is hard or soft; a hard reset will be assumed here, and the soft reset case will be
discussed when the wide dynamic range pixel is analyzed. Using an analysis similar to that of

the current output pixel, the total random noise is

8 kT gm1 + gmm m

Qrzz,rms = kTCsense + Q(Id + Ip)Tint + §C.§'Zen.~segm1 27Co 2 (2-51)
2 C
= kTCsense + ‘I(Id + Ip)Tint + 5 (1 + M]‘) e kT Cjense (2-52)
3 gmi1 Ceol
~ kTCsense + ‘I(Id + Ip)Tint’ (2'53)

where Ty, is the integration period, I; is the dark current, and I, is the photogenerated current.
The random noise, to a close approximation, is the sum of reset noise and dark + photonic shot

noise.

Saturation Level

The voltage saturation level of the photodiode is the difference between its maximum and

minimum levels. The maximum photodiode voltage Vs is achieved at reset, and will typically
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be around 4 V. The lower limit on the photodiode voltage is set by the current source compliance;
the photodiode voltage must be above the minimum operating voltage of the current source by
at least a threshold drop plus the overdrive of M1. This is usually around 1.5 V. The saturation
level is at most 2.5 V.

In terms of illumination, the saturation level is proportional to the voltage saturation level
and the charge sense capacitance, and inversely proportional to the quantum efficiency, optical
aperture, and integration time. For example, the dynamic range extension technique described
in this work increases the saturation level by using shorter integration times for higher illumi-

nations.

Fixed-Pattern Noise

FPN sources include mismatches in photodiode capacitance Cpq, optical aperture A,py, bias
current Ip;qq, pixel dark current I, M1's width and length W and L, M1’s threshold voltage
Vie,1, M2’s overlap capacitance Cy2, and M2's threshold voltage Vi 2. With the reset device
M2 on, the output voltage is Vyuirse- At the end of the integration period, clock feedthrough
from the reset transistor, photecurrent, and dark current have dropped the voltage on the sense
capacitance. The voltage at the output is

G
hard reset: Vouy = Vourrst — C s/ (Cot,2(Vad + Vie2) + (Ip + 1y)Tins) (2.54)
sense
G
soft reset: Vou = Vourat = 5 S (CotaVaa + (Ip + Ia)Tine) (2.55)
sense
where the sense capacitance is
2
Csense = ULUpd + 001,2 + §ConlL1(1 - Gsf)a (2-56)
the source follower gain is
Gyf = Jm1 (2.57)

gm1 + gmp1 + Go1
The transconductance of M1 is g1, the back-gate transconductance of M1 is g1, and the
drain-source conductance of M1 is g;. Table 2-4 shows the FPN sources, their output voltage
sensitivities, and their expected mismatches assuming a hard reset is used.
The dominant sources of gain FPN are expected to be Cpy and A,,;. The dominant sources
of offset FPN (without CDS) are Vi1 and Cp 2. The only source of offset FPN with CDS is
the dark current. Current source mismatch is the only source of column FPN, but fortunately

Vout is fairly insensitive to Ipi,s, and the offset is easily removed by CDS. Estimated rms FPN
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Table 2-4: FPN sources for a voltage readout pixel.

Parameter | Value Sensitivity Mismatch
Cod | 10fF Sesrlpinstao) 2% Cpa
Aopt 30 pm? —% 2% Aopt
Tyius 1 pA —(gmer + gmlcratio)—l 1% Ipias

I 0.3 fA = Gt 10% Iy
Wi 2 pm %LlCﬂst(l—f:,je)“p,n"ﬁq()) + “’l(gmbl,‘l;'i;:nlcmlio) 0.1 pum
Ly 0.8 pm %W'C‘"G’i(lC";_,f’::fc)(’l'Tf"""q") B Ll(ymml—li'-;l::lcnmo) 0.1 pum
Vie,1 1.2V -1 5 mV
Co2 | 0.87 fF Cotllpmiontio) _ Goffua oo 2% Cot,2
Viez | 10V —Gyit 5 mV
q0 = lapTint + Cot,2(Vua + Vie,2) Cratio = a—i"—i‘%ﬁﬁ

is plotted as a function of pixel photocurrent in Fig. 2-24. The signal-to-noise ratio is plotted
in Fig. 2-25.

The major difference between the current output and voltage output FPN plots is their
behavior at high illumination. The current output pixel FPN becomes very small at high
illumination because the output transistor M1 is cutoff. When this happens, no current flows
and the output voltage is simply Vg, regardless of any device parameters. The voltage output
pixel does not experience any dramatic change at high illumination.

Another difference is that the voltage output pixel appears to have much better FPN per-
formance. The main reason is the manner in which correlated-double sampling is assumed to
operate. In the current output pixel, correlated-double sampling removes offsets due to bias
current and output resistance, but not charge feedthrough from the reset switch. For the volt-
age output pixel, charge feedthrough can be removed by sampling the reset voltage immediately
after the pixel has been reset and the reset gate turned off. The residue offset FPN is due solely
to dark current mismatch.

The voltage output pixel should have lower gain FPN because it uses fewer signal conver-
sions. The voltage output pixel converts light to charge, charge to voltage, and voltage to
voltage. The current output pixel converts light to charge, charge to voltage, voltage to cur-
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Figure 2-24: Simulated FPN and signal for voltage readout pixel.
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Figure 2-25: Simulated SNR for voltage readout pixel. Noise is the sum of random and fixed-
pattern noise (with CDS).
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rent, and current to voltage. Each of these conversions introduces a gain term which can vary

between pixels.

Image Lag

Image lag is caused by the incomplete reset of the photodiode during a soft resct. As the pho-
todiode voltage approaches its asymptotic reset value, M2’s current decreases and the scttling
time constant increases. Since there is a limited time available for reset, the photodiode voltage
may not completely settle. The dependence of the residual voltage on the previous illumination
level is seen as image lag. A pixel which uses a hard reset should not have significant image lag

because the settling time constant has a lower limit.

Crosstalk

The voltage readout pixel has many of the same crosstalk sources as the charge readout pixel.
Optical crosstalk has a minimal effect on the output voltage. Although charge can still enter
the column line from pixels which are not being read out, it has only a very small effect on
the total current in the source follower device, and a negligible effect on its output voltage.
For example, 1 pA would be an enormous amount of crosstalk current from one pixel into the
column line. If all pixels in a column have that amount of crosstalk, the total crosstalk current
is still less than 1 nA, which is insignificant compared to the a typical 1 uA bias current. The
voltage readout pixel array is still susceptable to pixel-to-pixel optical crosstalk, but as stated
earlier this is relatively benign, and unavoidable in any case.

Incomplete settling on the column line can cause electrical crosstalk. When one sample is
being read out, the column line voltage has a component due to the previous sample. This
residual component decays quite fast with reasonable source follower bias currents, and can be
completely eliminated by shorting the column line to a fixed voltage source between samples.

Electrical crosstalk through the substrate is an important issue in the voltage readout pixel
array. Wires and S/D diffusions are capacitively coupled to the substrate. When they change
voltage, they induce currents in the substrate, which in turn cause voltage fluctuations in the
substrate. The impact of substrate noise can be reduced by using guard rings around noise
sources and receivers, multiple ground pins to reduce the effective bond wire inductance, and
fully-differential analog circuit design. These techniques are difficult to apply within the pixel
array itself, since substrate contacts are seldom present inside the pixel and the pixel output is

inherently single-ended. The column lines are particularly troublesome because they are close
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to adjacent pixel cohunns, undergo appreciable voltage swings, and extend for the entire length
of the array. Crosstalk occurs when a voltage change on one column line induces a voltage
change on another column line whick does not settle before the signal is sampled.

Simplified plan and cross-sectional views of the pixel array are shown in Fig. 2-26. An
accurate simulation would require a full three-dimensional simulation using the actual p-well
and S/D diffusion doping profiles. Fortunately, a simpler simulation can indicate whether or
not crosstalk is likely to be a problem. A column line and the underlying substrate act as an
R-C circuit, where C is the capacitance between the column line and substrate, and R is the
resistance between the silicon beneath the column line to the substrate contact. The exact field
doping profile for the process is unknown, but is not expected to differ too much from that used
in the MIT baseline twin-well CMOS process [39]. The MIT process uses epitaxial wafers; it is
assumed that the process in which the imager chip is faabricated also uses epitaxial wafers. For
the MIT CMOS process, the p-well doping is estimated to lie between about 10!> ¢cm™3 and
3 x 10" cm™3 between 0 pm and 6 um into the silicon. For depths exceeding 6 pm, doping
increases approximately exponentially with depth, up to the point where the silicon becomes
degenerately doped. The doping exceeds 2 times 10'® cm™3 for depths greater than 6.5 pum; it
is assumed that the substrate is effectively ground beyond this depth. The surface has a highly
doped field implant, but it is irrelevant for this simulation.

The simulated structure is shown in Fig. 2-27. The gap between pixels in the same column
is only 1.6 pm, which is small compared to the total pixel height of 22 um. The structure is
therefore approximately two-dimensional. The S/D diffusions are very shallow; they are only
about 0.25 pm for the MIT 2 pm process, and are even shallower for a 0.8 um process. Thus,
their thickness is ignored. The p-well thickness is approximately 6.5 pm, based on the MIT
process parameters. The substrate current flow is symmetric about the midpoint of the column
line; therefore only the right half of the structure is simulated.

The substrate current was simulated with a 1 V bias applied between the top and bottom
electrodes. Figure 2-28 is a plot of voltage along the silicon surface as a function of distance from
the center of the column line. The net induced voltage on an n* photodiode would be found by
averaging this voltage distribution over the length of the photodiode. Induced voltages clearly
decay rapidly with distance from the disturbance: approximately one order of magnitude for
every 10 pm. Given a pixel 22 pm wide, the voltage disturbance is significant only for the
pixel columns closest to the column line. The conclusion is that electrical crosstalk due to the

coupling between column lines is not a significant problem, given the assumed conditions.
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Figure 2-26: (a) Plan view of column line and pixels. (b) Cross-sectional view.
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Figure 2-27: Simulation structure for crosstalk.
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Figure 2-28: Attenuation of voltage disturbance along silicon surface.

Anti-blooming

The voltage readout pixel has the same anti-blooming options as the charge readout pixel.

Automatic anti-blooming is provided by the reset device and the column line S/D diffusions.

2.4 Comparison of CCD and CMOS Imagers

Table 2-5 summarizes the performance specifications for an IL CCD, CMOS charge readout,
and CMOS voltage readout pixel arrays. The CMOS current readout pixel is very similar to
the voltage readout pixel, and is therefore not listed separately. Some entries depend on the
particular process which is used.

Several processes can be used for imagers. The NMOS/CCD process is currently the
most commonly used for this application. Depletion-mode NMOS devices are formed us-
ing the buried-channel implant; they are typically used in the output source follower chain,
A CCD/CMOS process adds enhancement-mode NMOS and PMOS devices [40]. A digital
CMOS process (D-CMOS) has enhancement-mode NMOS and PMOS devices, one poly layer,
and no capacitors aside from those normally considered parasitic. A enhanced CMOS process
(E-CMOS) has additional fcatures to enhance its imaging capabilities, such as two poly layers
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and tailored pixel doping profiles.

2.4.1 Quantum Efficiency

CCD and enhanced CMOS processes should have equivalent collection gain, since the pixel
doping profile is similar. Digital CMOS processes have to use either the n-well or S/D diffusion.
The n-well should have good collection gain for two reasons. The n-well is deep enough that
most photocharge is generated inside the diffusion, where it cannot wander away. Also, the n-
well doping is light enough so that the implant damage can be annealed out. The produces fewer
traps and a lower likelihood that a generated electron-hole pair is recombined. The S/D diffusion
is likely to have poor collection efficiency because the implant is shallow. Recombination is
high for the shorter wavelengths, since they get absorbed in the silicon close to the silicon-oxide
interface, where the trap density is highest.

Optical aperture is limited by the vertical shift register in the IL CCD, and by wires,
transistors, and contacts in a CMOS array. The optical aperture for a photogate IL CCD array
with a four-phase shift register cannot exceed 33% if the shift register has the same channel
doping as the photogate. Otherwise, the shift register will overflow with a saturation-level
charge packet. The optical aperture can be higher with a photodiode pixel, or when pixel
capacity is limited by an overflow drain.

The charge readout pixel tends to have higher optical aperture than the voltage readout

pixel since it has one fewer wires, two fewer transistors, and three fewer contacts.

2.4.2 Conversion Gain

Conversion gain is limited only by minimum design rules for the IL CCD and charge readout
pixel arrays. In the simplest voltage readout pixel, the charge sense capacitance is roughly
proportional to the size of the active area. Conversion gain can be greatly improved by having
separate charge collection and charge sense nodes. Using separate regions allows a large, high
capacitance diffusion to be used to collect a large amount of charge. The charge sense node is

made very small so that it has low capacitance.

2.4.3 Random Noise

Photonic shot, noise and dark current shot noise are common to all imagers. Mean square dark
shot noise is proportional to dark current, so this component can be reduced by minimizing dark

current. Digital CMOS processes are at a disadvantage because their depletion regions extend
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to the silicon-oxide interface, a region with a high concentration of recombination-generation
sites.

Digital CMOS processes also produce kTC noise during pixel reset. CCD’s do not suffer from
this because the charge is completely transfered out of the pixel at readout. With appropriate
enhancements, a CMOS process can completely transfer charge out of the charge integration
node, performing a noiseless reset. For example, an imaging array using this technique has
achieved 42 e~ noise [41], which was dominated by the shot noise of the dark current. A
digital CMOS process can approximate this using a small diffusion between the photogate and
transfer gate.

The charge readout pixel also suffers from amplifier noise. This noise source is particularly

important because of the large closed-loop gain of the output circuit.

2.4.4 Saturation Level

Saturation level is the product of pixel area and electron capacity per unit area, which in
turn depends on optical aperture and doping profile. CCD pixels typically have saturation
levels of 1000 - 3000 e~ /um?. Reported pixel saturation levels for voltage output CMOS pixels
include 3750 e~ /um? [41] and 7500 e~ /um? [42], however, imager saturation occurs at lower
illumination than pixel charge saturation. The charge saturation level is proportional to optical
aperture, so the current output pixel should have a charge saturation level similar to that of
the voltage output pixel, and the charge output pixel should have a charge saturation level

approximately double that of the voltage readout pixel.

2.4.5 FPN

Mismatches in optical aperture and dark current are sources of FPN in all pixel arrays. Dark
current magnitude, and therefore mismatch, can be reduced by appropriate pixel doping profiles.
Dark current FPN is therefore likely to be higher in a digital CMOS process than either a CCD
process or an enhanced CMOS process.

Readout capacitance mismatch is only present when multiple charge sense nodes are used.
A CCD or charge readout array can use a single output circuit for the entire array, but the
voltage readout array inherently uses a separate charge sense node for each pixel.

The voltage readout pixel also has significant FPN due to mismatch in source follower gain
and mismatch in the reset transistor gate-source overlap capacitance. The charge readout pixel

is insensitive to overlap capacitance mismatch because the same charge is injected into the pixel
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each time it is reset.

The best FPN performance is produced by a CCD array and charge readout CMOS array
with a single output circuit for the entire array. They have no sources of FPN beyond those
common to all pixel arrays. FPN for the CCD array is lower than the FPN for a charge readout
array built in a digital CMOS process since the digital CMOS process has higher dark current.

FPN is next best for the voltage readout pixel. Compared to the charge readout pixel,
the voltage readout pixel has additional FPN due to the reset transistor and charge sense
capacitance, which are different for each pixel. The conversion between voltage on the charge
sense node and output voltage is given by the source follower gain, which is not highly sensitive
to bias current or source follower device aspect ratio.

FPN is highest for the current output pixel. It has all the FPN sources of the voltage
readout pixel. In addition, it has gain FPN from mismatches in the bias current device (M4 in
Fig. 2-19), the aspect ratio of the in-pixel active device (M1 in Fig. 2-19) and the output device
aspect ratio (M5 in Fig. 2-19).

2.4.6 Image Lag

The CCD pixel array does not suffer from lag due to the complete charge transfer property. A
charge readout pixel leaves a small proportion of its charge in the pixel at readout, resulting in
slight image lag. A voltage readout pixel has significant image lag only if the pixel uses a soft
reset. The charge sense ncde is reset so quickly during a hard reset that significant image lag

is unlikely.

2.4.7 Crosstalk

All pixel arrays have optical crosstalk between adjacent pixels, which is not usually a serious
problem. CCD and charge readout pixel arrays suffer from smear, which is optical crosstalk
from pixels into the adjacent shift register. Voltage readout pixel arrays use a low-impedance
column line which is insensitive to leakage photocurrent, and therefore do not experience smear.

The CCD is immune to electrical crosstalk, up to the point where the charge is converted to
voltage. The charge readout and voltage readout CMOS pixel arrays are potentially sensitive to
crosstalk due to the lack of substrate contacts inside the pixel array. Electrical crosstalk caused
by analog or digital circuits elsewhere on the die is a concern; return current paths through the
substrate should be routed outside the pixel array. There are no inherent crosstalk problems

in a CMOS pixel array; the substrate disturbance caused by a column line does not extend far
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Table 2-5: Comparison of CCD and CMOS Imaging.

Interline CCD Charge Readout Voltage Readout
coll. gain high fair (D-CMOS) fair (D-CMOQS)
high (E-CMOS) high (E-CMOS)
optical aperture | < 33% (photogate) 2W,1T,2C 3W,3T,5C
conv. gain 1/Csense 1/Css 1/Csense
random noise photonic noise photonic noise photonic noise
dark current shot dark current shot dark current shot
kTC reset (D-CMOS) | kTC reset (D-CMOS)
amplifier
FPN optical aperture optical aperture optical aperture
dark current dark current dark current
Csense (mult. output) | Cyp (mult. output) Csense
SF gain
reset device Co;
saturation 1000 - 3000 e~ /pum
anti-blooming VvOD LOG (D-CMOS) LOG (D-CMOS)
VOD (E-CMOS) VOD (E-CMOS)
lag none incomplete PD reset incomplete PD reset
optical adjacent pixels adjacent pixels adjacent pixels
crosstalk pixel to shift register | pixel to column line
electrical none minimal miniraal
crosstalk (column-to-column) (column-to-column)
system CCD/NMOS: low high high
integration CCD/CMOS: high

spatially or temporally.

2.4.8 Anti-Blooming

Lateral overflow gates are available in any of the architectures. An effective vertical overflow

drain (VOD) can be made in a typical CCD process or an enhanced CMOS process.

2.4.9 System Integration

It is impractical to build sophisticated analog or digital circuits in an NMOS/CCD process.
Usually, the only circuit built in such a process is the source follower chain that buffers the
output diffusion voltage. A CMOS/CCD process can offer the same devices available in a digital
CMOS process, allowing the integration of gain correction, color balance, gamma correction,
analog-to-digital conversion, etc.

Both digital and enhanced CMOS processes allow high levels of system integration. En-
hanced CMOS processes can provide good floating capacitors, which make switched-capacitor

designs more practical.
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2.5 Dynamic Range Expansion

One major limitation on imager performance is dynamic range. Imager dynamic range refers
to the ratio of the highest detectable illumination to the lowest detectable illumination. If the
dynamic range of the scene exceeds the dynamic range of the imager, portions of the scene will
saturate the imager and appear either completely black or completely white. This is a common
problem in outdoor scenes where the dynamic range may be as much as five orders of magnitude
[16].

Pixel dynamic range is limited by noise on the low end and pixel saturation on the high end.
Most CMOS pixels, like the CCD, are linear imaging devices. The stored charge is proportional
to the irradiance, and the sensitivity of the imager is independent of illumination. In order to
extend the upper end of useable irradiances, the sensitivity must be reduced. This does not
increase the dynamic range since the lowest illumination which brings the signal above the noise
floor is increased in the same proportion. What is desired is a pixel which has high sensitivity
for low irradiance, and low sensitivity for high irradiance.

Two types of techniques have been developed to extend dynamic range. One technique uses
a nonlinear imaging element, usually the gate-source voltage of a subthreshold MOSFET or the
voltage across a forward-biased diode. The other technique combines information from several
frames of a linear imager using multiple integration times. The specific techniques are discussed

below.

2.5.1 Nonlinear Imaging Element

Antiblooming pixels have an inherent nonlinearity near the point at which the pixel satu-
rates [43]. This allows for a simple type of compression using only a lateral overflow gate.
Figure 2-29 shows one implementation of this idea. The blooming gate and imaging gate are
held at fixed potentials. During the integration period, the transfer gate is held at a low po-
tential to prevent electron flow into the output diffusion. At the end of the integration period,
charge is read out in a manner similar to a CCD output. The output diffusion is reset by pulsing
Vrc high and low, and then the transfer gate is pulsed high and low to allow the imaged charge
to flow into the output diffusion. Reading out the charge also resets the imaging gate.

If the illumination is low, the charge level under the imaging gate is always substantially
below the potential barrier under the blooming gate. All charge produced under the imaging
gate remains there, and the integrated charge is proportional to the illumination. If the illumi-

nation is very high, the charge quickly reaches the level where all of the current flows across the
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Figure 2-29: Compressing photodetector with fixed lateral overflow gate.

blooming drain. The integrated charge increases only slightly with illumination. In between
these extremes, there is a range of illumination where the current divides between the channel

capacitance and drain current. The total number of integrated electrons is derived in [43] as

Nint = C;/th' l [ _'Avmt/vth(l — e-IPrmt/C‘u») + —IPT;’M/CV”.] . (2.58)

where C is the integration capacitance, Vi, is the thermal voltage, AV,q is the maximum
voltage swing of the integration well channel potential, and Ip is the photocurrent.

This photodetector has low image lag, due to the complete reset operation. Compression is
somewhat limited by the readout time; photocharge imaged during the time the transfer gate is
high adds directly to the output charge. The longer the time required for transfer, the lower the
achievable compression. Random noise will be limited to dark current and photonic shot noise,
plus a contribution from the barrier limiting process, which will be discussed later. Resetting
the output diffusion results in kT/C noise, but this is easily removed using CDS. The main
drawback of this pixel is the inflexibility of the compression curve.

Another nonlinear imaging element uses an n* diffusion instead of an imaging gate, and ties
the blooming gate to the diffusion [13]. The photodetector and associated potential diagram is
shown in Fig. 2-30. The anti-blooming device M1 has a low threshold voltage to avoid cutoff;
it always operates in subthreshold. As illumination increases, M1’s source voltage decreases so
that photocurrent and subthreshold current are in equilibrium. This is similar to the operation

of the previous pixel, except that M1’s gate is connected to its source rather than a fixed voltage.
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Figure 2-30: DALSA DYNASENSOR pixel. M1 is a depletion-mode device to allow current
flow at zero gate-source voltage.

Optical aperture increases because there is no bias line to route, and sensitivity increases because
a given change in illumination results in a larger source voltage change.

This pixel has a dynamic range of over seven orders of magnitude [13]. Random kTC
noise in the pixel is estimated from different sources as either 46 e~ [44] or 142 e~ [45]. The
noise equivalent power of a linear imager using these photodetectors is 10710 W/cm? [44].
Image lag is likely to be a significant problem because the settling time constant is set by the
large photodiode capacitance in parallel with a source impedance of a subthreshold MOSFET.
Although similar to other CMOS pixel structures, this pixel cannot be implemented in a digital
CMOS process since the anti-blooming device must be depletion-mode. There are no means
for adjusting the compression characteristic.

An isolated photodiode exposed to light will become forward-biased so that the forward-
bias current matches the photocurrent. The voltage is proportional to the logarithm of the
irradiance, following a 60 mV/decade relationship. Mann uses a photodiode operating in this
mode in the design of an adaptive photoreceptor [14]. Dark current is the sole source of fixed-

pattern noise, since the relation between diode voltage and current is based on fundamental
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Figure 2-31: Silicon retina photoreceptor.

device physics. Random noise is similar to the reset noise for an integrating-mode photodiode.

2 — i%,rms — 2Q(I+Id) — _1_]'7T
n,rms g‘21 9?1 9 /‘d’

where Cy is the total photodivde capacitance, which comprises a depletion capacitance term

v -BW (Hz) (2.59)

and a diffusion capacitance term. The pixel output voltage has a large temperature coefficient.
The forward biased photodiode performs two functions, converting light to current and
converting current to voltage. If these functions are separated, a lincar element can be used to
transduce the light, and a nonlinear element to convert from current to voltage. An adaptive
photoreceptor using this approach is shown in Fig. 2-31 [15]. The open-base bipolar Q1 acts
as a phototransistor. The base current is the photocurrent, which gets amplified by the 3 of
the transistor. This amplified current passes through M1, setting Vgs,1 via the subthreshold
current equation. M2 and M3 form an amplifier which keeps M1'’s emitter voltage approximately
constant. The gate-source voltage Vg, | appears entirely at the gate of M1, which is also the
output. The output voltage will be
Ip +1y+ Ig
Is
where I, is the photocurrent and I is the pixel dark current.

Vou[ - nVT ln ( ) -+ VE, (2.60)

The large number of transistors will tend to cause large random noise and increase pixel
size. The actual random noise will depend on the capacitances present in the pixel, and force
a trade-off between noise and image lag. Higher internal capacitances produce lower noise but

greater image lag.
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Figure 2-32: Subthreshold-mode MOS pixel.

Another variant using a reverse-biased photodiode is shown in Fig. 2-32 [17]. Here, the
photocurrent passes directly through M1, which is in subthreshold. Fixed-pattern noise reported
for a 256 x 256 pixel array was large; 60 mV for pixel FPN and 20 mV for column FPN. This
could be improved by CDS, but CDS is difficult to implement due to the continuous-time nature
of the pixel. Response is logarithmic over six orders of magnitude of illumination. Like the
previously dicussed techniques, the compression is non-adjustable. Seger et al. have built and
tested a similar prototype imager [16].

The CCD, which is normally a linear imaging device, can be turned into a nonlinear element
by selectively transferring charge to the vertical shift register. Figure 2-33 [46] shows one
scheme. At the start of the integration period, ¢4p is low, creating a potential barrier to
electron flow into the sink. The photosite sampling gate clock ¢s is high. As photocharge
accumulates in the pixel, it first flows under the storage gate since the potential is highest there.
As additional charge accumulates, it spreads out under the storage gate, photosite sampling
gate, and photogate. At the end of the integration period, the photosite sampling gate goes
low, splitting the charge. The anti-blooming gate goes high, dumping the charge under the
photogate to the sink. The charge under the storage gate is clocked through the transfer gate
into the vertical shift register, where it is sent to an output circuit. Using one storage gate
produces a two-slope compression curve, but the concept can be extended to multiple storage
gates and compression curves with multiple sloped regions.

The CCD version of this compressive pixel should have insignificant image lag, due to the
complete reset of the pixel. A properly-designed CMOS version will also have low image lag. The
increase in dynamic range is the ratio of the total photogate area to the storage gate area, which
is limited by design rules. Random noise will have the usual dark current and photonic shot.

noise components, plus an additional term from the partition noise of the photosite sampling
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Figure 2-33: Area-based nonlinear CCD pixel.

gate. Fixed-pattern noise is likely to be large due to variation in the channel potentials under
the photogate and storage gate(s), and asymmetry in the charge partition gate. This FPN is
difficult to correct.

Another variant of a CCD compressive pixel is shown in Fig. 2-34 [18]. Photocharge is
integrated under the photogates PCK and SCK. For low illumination, the channel potential
under PCK and SCK is greater than the potential under the BIAS gate, and all the charge
stays under the photogates. For high illumination, gates SC1, SC2, and BIAS implement a
switched-capacitor resistor which drains off a fraction of the photocharge in excess of the knee

charge Qnee- The knee charge is given by

Qlcnee = Apg Cchan (¢chan,py (O) - ¢chan,bia3 (0) )’ (2'61 )

where Ap, is the combined photogate area (PCK and SCK), ¢chanpg(0) is the zero-charge
channel potential under the photogates, and @pan pias(0) is the zero-bias charge under the
BIAS gate. This produces a two-slope compression curve where the knee point is adjusted by

the potential on the bias gate and the second slope is controlled by the clocking frequency.

2.5.2 Multiple Integration Periods

The other major approach to enhanced dynamic range is the combination of information from
multiple integration periods (or multiple iris settings). Shorter integration times allow imaging
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Figure 2-34: Nonlinear CCD pixel using switched-capacitor resistor.

73



CHAPTER 2. BACKGROUND 74

of the brighter regions, and longer integration times allow imaging of the darker regions. Overall
dynamic range is the product of the camera dynamic range and the ratio of longest to shortest
integration times.

This operation can be performed by a system external to the imager. A camera control unit
(CCU) [21] controls the integration period and downloads several frames at different integration
times. The CCU combines this frame information, providing a transparent interface to the
system designer. A CCU is a simple technique for upgrading an existing system, but limits the
reduction of overall system size and power.

Another technique, the “Hyper-D range IL-CCD”, uses the vertical blanking period to
integrate a second frame [20]. The integration period of the second frame is user-adjustable and
can be extremely short (10 ps). Charge packets from the two frames are transfered to separate
gates in the vertical shift register and shifted out. At the output, an external circuit decides for
each pixel whether or not that pixel saturated during the first frame (long integration time).
If it did saturate, the effective pixel value is the pixel value from the second frame, multiplied
by the ratio of the long integration time to the short integration time. Otherwise, the effective
pixel value is simply the pixel value from the first frame.

For example, assume that the long integration period is 1/30 s, the short integration period
is 1/300 s, and the pixel saturation level is 100,000 clectrons. If the illumination produces a
photocurrent of 3 x 10° e~ /s, the charge integrated over 1 /30 s is 10,000 e¢~. The pixel does
not saturate, and the effective pixel value is 10,000 e~. If the photocurrent is 6 x 10° ¢~ /s,
the charge integrated over 1/30 s would be 200,000 ¢™, except that the pixel saturates during
the first frame, limiting the collected charge to 100,000 ¢~. The charge integrated during the
second frare is 20,000 ¢~. This value is multiplied by the ratio of the integration times (10) to
obtain an effective pixel value of 200,000 e~.

Random noise, fixed-pattern noise, and image lag should all have values typical of an IL-
CCD imager. The dynamic range is extended by the ratio of the integration times of the first
and sccond frames, which is as much as 3300 given the specifications in Komobuchi’s paper.

The drawbacks of the technique are the somewhat limited flexibility and the need for external
signal processing. The technique is only practical for two-slope compression curves, The vertical
shift register must simultancously store n frames for an n-slope compression curve, and n = 2
is the practical limit,

It is possible to use a single integrating well with different effective integration times for
light of different intensities, using a lateral overflow gate. One implementation is shown in

Fig. 2-35 [19]. The pixel cross-section is shown at the top. The first potential diagram shows
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Figure 2-35: Timing-based nonlinear CCD pixel.

the situation near the end of the integration period. In Fig. 2-35(b), the transfer gate into
the vertical shift register is partially on, clipping the charge level to a level determined by the
V-CCD gate potential and the channel implant. If the irradiance is low, clipping doecs not
remove any charge. Figure 2-35(c) shows the potential diagram at the end of the integration
period. An additional amount of charge is integrated during the vertical blanking period, but
the amount of extra charge is limited by the short integration time. In effect, the additional
charge is integrated with a very short integration time. In Fig. 2-35(d), the charge is completely
transferred into the vertical shift register. A two-slope compression curve is realized.

This scheme has many advantages over the other schemes mentioned in this chapter. Like
the other CCD-based implementations, this pixel does not suffer from image lag. No additional
area is required; the algorithm affects only the manner in which the transfer gate and vertical
shift register operate. Threshold voltage mismatch in the channel leads to fixed-pattern noise,
and random noise results mainly from the clipping operation. Only one packet is sent to the

output circuit, requiring no change in the design of the vertical shift register. Although not
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mentioned in the original paper, this technique can be extended to produce a multiple-slope
transfer characteristic. This scheme is very similar to the scheme which was eventually chosen

for the wide dynamic range imager described in this thesis.

2.6 Comparison of Compressive Imaging Techniques

The various techniques for compressive imaging are summarized in Table 2-6. Some general
observations can be made. Most of these techniques are not programmable. The CCU is
programmable, but does not allow a high level of system integration. The timing-based non-
linear CCD imager is also programmable, but only to a limited extent.

The techniques which perform logarithmic compression tend to have very high dynamic
range. The others apply two-slope compressive characteristics which extend dynamic range by
only a modest factor. Dynamic range expansion in the area-based non-linear CCD is limited by
photogate size, since the storage gate size is fixed by minimum design rules. High dynamic range
is possible only with a very large pixel. The Hyper-D range IL-CCD and timing-based non-
linear CCD have dynamic ranges fixed by the ratio of time intervals. The smaller time interval
was the vertical blanking time, but a shorter interval could in principle be used. Ultimately,
these CCD’s are limited by smear.

The pixel chosen for this thesis is a variant of the timing-based non-linear CCD. The tech-
nique is extended to allow a programmable multiple-sloped compression curve, and implemented

in a CMOS APS array to avoid the smear limitation.

2.7 Comparison of On-Chip ADC Architectures

Several converter architectures have been used for imaging arrays. The converter choicc was
based on the signal format, accuracy, sampling rate, and area. The signal format is a sequence
of voltage steps as shown in Fig. 2-36, each step representing the output of one pixel. The
required accuracy is 10 bits, although lower accuracy may be acceptable in some applications.
The sampling rate depends on the number of channels. The product of the channel count
and the converter sampling rate must equal the total number of samples per second, which is
approximately 66 MS/s at a 1 KHz frame rate. This frame rate was one of the goals for the
imager, and would be useful for certain machine vision tasks such as automated inspection.
Area is the product of channel count and individual converter area. Area should be as small as

possible.
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Table 2-6: Comparison of compressive imaging techniques.

Pixel Size Programmable | Dynamic Range | Compression
pixel with VOD or LOD o 108 linear (low light)
anti-blooming required log (high light)
DYNASEN .

SOR | approx. same as no > 107 logarithmic
std. active pixel
silicon retina 1 extra W o S 10° logarithmic
photoreceptor + 1l extra T
forward-biased 6 .
no change no > 10 logarithmic
photodiode
sub-threshold same as voltage o 108 logarithmic
MOSFET readout
area-based 3 extra gates o X Apg/Asg 2-slope
non-linear CCD | + drain diff
camera control | off-chip memory yes > 10 NA.
unit (CCU) and processor
Hyper-D range no change no x20 2-slope
IL-CCD
timing-based i
no change knee point x6.8 2-slope
non-linear CCD
A vin
I L
Ll

Figure 2-36: Typical signal waveform from pixel array.
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2.7.1 Delta-Sigma Converter

The delta-sigma converter is used in high accuracy, low sampling rate applications. Accuracy is
usually from 12 to 20 bits, and typical input signal bandwidth is in the several kilohertz region.

The delta-sigma converter is typically implemented as a switched-capacitor circuit. An Lt"-
order converter requires L integrators and one comparator. If C is the number of channels, the

total area is
Aa_s=L-C- Ay, (2.62)

where A;,; is the area of one integrator stage.

The total sampling rate is the product of the Nyquist sampling rate and the oversampling
ratio. Assuming a one-pole anti-aliasing filter and 10-bit settling, the filter bandwidth must be
at least 66 MH 462

2 -
———— ~ —MH: 2.63

C o MHz (2.63)

in order for the filtered signal to settle adequately close to the true step value. The required

BW = In(27!0)

Nyquist sampling rate is twice this bandwidth.

The oversampling rate (OSR) is determined by the allowable in-band quantization noise,
which depends on the required conversion accuracy. The signal-to-noise ratio (SNR) at maxi-
mum input signal amplitude must be at least 2'° for 10-bit accuracy. The input signal cannot
exceed the separation A between the two quantization levels for the converter to be stable. The
in-band quantization noise is [47)

L

m - 5 .
ne = e,m,ﬁ(osn) (L+0.5) (2.64)

where the total quantization noise is

A

€rins = _\/T—-‘z‘ (2.65)
Combining all of the preceeding cquations, the required oversampling ratio is

A 910, L 1/(L+0.5)
OSR=— = |~ 2.66
ng ( 12(2L + 1) (2.66)

The total sampling rate is
462 [ 2M0gk  \ V0D

fs = fNyquist -OSR = 2? (m MHz, (2.67)
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Figure 2-37: Sampling rate in oversampled A — ¥ converter.

Figure 2-37 plots sampling rate as a function of area, expressed in terms of SC integrator stages.
For any reasonable area, the SC integrator must operate above 25 MHz. As shown below, this
sampling rate is much higher than that required for an algorithmic converter using a similar

number of stages.

2.7.2 Flash Converter

Flash converters are used in low accuracy, very high speed applications. Typical accuracy is
six bits, and typical conversion rates are in the tens to hundreds of megasamples per second
range. Required area and power increase exponentially with accuracy; a 10-bit flash converter
would require 1024 comparators, each offset cancelled to within about 1 mV. The large area

and power required for these comparators is likely to make the flash architecture impractical.

2.7.3 Dual-Slope Converter

Dual-slope converters, like delta-sigma converters, are used in high accuracy, low sampling
rate applications. It is an attractive option, since the digital counter and reference voltage
ramp can be shared by all converters on a chip. Each converter requires only an RC integrator,

comparator, and digital latch. Given the small arca and low conversion rate, it is most practical
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to use a separate channel for cach column. The drawback is the very high speed operation of

the global counter. To perform a 10-bit conversion in 4 ps, the count rate must exceed

210
in = —. 2.68
f count,min 4[1.8 ( )
In other words, all converters must recieve the digital word in under 4 ns. Controlling skew is

likely to be extremely difficult.

2.7.4 Algorithmic Converters

An algorithmic converter is a series of stages, each of which perforims a mathematical operation
on the input voltage and produces one bit and an output voltage. The output voltage, or residue,
is the input for the following stage. A typical operation is to double the input and cither add
or subtract a reference voltage, depending on whether the input is positive or negative. The
generated bit is 1 if positive, 0 if negative.

Algorithmic converters can be subdivided into pipeline and cyclic architectures. In the
pipeline converter, separate SC integrators are used to implement cach stage. In a cyclic
converter, the same SC integrators are reused to generate subsequent bits. For 10-bit output,
10 stages are used in the pipeline converter. The cyclic converter can use any number of stages,
but two stages were found to be most convenient in the actual design, and will be assumed
for comparison. A typical pipeline converter operates at a 1-20 MS/s sampling rate, with an
accuracy of about 10-12 bits uncalibrated, or 15-16 bits with digital calibration. A typical cyclic
converter operates at sampling rates on the order of 10-100 KS/s, with an accuracy of 8-14 bits.

Saripling rate and area are inversely related for an algorithmic converter. Figure 2-38 shows
this relation assuming that the SC integrator size is constant. Because of the similarity of these
designs, their sampling rate — area curves overlap except at very small and very large arca.
However, neither of those regions are of practical interest.

In the small area limit, area is constrained to be less than the area of 10 comparators and
10 SC integrators. Only the cyclic architecture can be used. There is no realistic reason for
the area to be so constrained, since 10 comparators and 10 SC integrators take up only 0.42
mm? in a 0.8 um process, using parameters from the actual design. This area is insignificant,
compared to the pixel array size.

In the large arca limit, there is more than enough area for every column to have its own
cyclic converter. This area is greater than the arca of 512 comparators and SC integrators,
which is 21.4 mm?, again using parameters from the actual prototype imager. This is over

one-fourth of the total die arca, which is undesirably high.
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Figure 2-38: Stage sampling rate for algorithmic converter. Graph assumes 1000 frames/s
conversion rate on a 256 x 256 pixel array.

The conclusion is that the cyclic and pipeline converters trade off roughly equally over the
range of usable converter area. Since the cyclic converter has no major drawbacks, and consumes

far less power than an oversampled delta-sigma converter, it was chosen for the prototype chip.



Chapter 3

The Wide Dynamic Range Pixel

3.1 Introduction

The wide dynamic range pixel used in this thesis uses a lateral overflow gate whose potential
changes over the infegration period to produce a non-linear compression curve [48, 49]. The
implementation in this thesis is a CMOS voltage readout pixel, with CDS applied to reduce
offsets. A plan view of the pixel is shown in Fig. 3-2, and a cross-section is shown in Fig. 3-1.
An equivalent circuit is shown in Fig. 3-3.

The lateral overflow gate M4 is used to increase the dynamic range of the pixel. Over the
integration period, the voltage on this gate decreases in steps; depending on the size, number,
and timing of these steps, any compressive characteristic can be approximated. The charge spill
gate M3 increases the sensitivity of the pixel. It acts as a common gate amplifier; photocurrent
flows into the low impedance source node and is discharged into the high impedance drain.
This allows charge collected by the large photodiode to be sensed by the small charge collection
diffusion. The source follower M1 buffers the pixel from the large column line capacitance. The
row select device M2 connects the source follower output to the column line when the row is
read out.

The integration period starts with the lateral overflow gate and sense diffusion at high
potential. M3 acts as a common-gate amplifier. Charge generated in the large photodiode
diffuses across M3 into the sense diffusion, lowering its potential. M4 applies a time-varying
potential barrier to clectron flow. At the end of the integration period, M2 turns on, allowing
a bias current to flow through the source follower device. After a suitable period of time to
allow the voltage on the column line to settle, the pixel output voltage is sampled by the CDS

82
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Figure 3-1: Pixel cross-section.
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Figure 3-2: Plan view of wide dynamic range pixel.
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Figure 3-3: Equivalent circuit for the wide dynamic range pixel. M1 is the source follower
device, M2 is the row select device, M3 is the charge spill device, and M4 is the lateral overflow
gate. The dashed box shows the portion inside the pixel.

circuit. Next, M4’s gate is pulled to its maximum voltage, resetting the pixel. After allowing
the column line to settle, the pixel output voltage voltage is sampled again. M4’s gate drops
to the first step potential, and the integration period begins again.

Although it is not immediately obvious, it is possible to obtain any desired compressive
characteristic by appropriately choosing the waveform applied to the lateral overflow gale.
This chapter proceeds by analyzing the relationship between the barrier waveform b(t) and
the compression curve Q(I) for the continuous-time case. Since it is difficult to generate and
apply continuous-time waveforms to the imaging array, the continuous-time barrier waveform is
approximated with a stepped waveform. The relationships between b(t) and Q(I) are analyzed
for that case. The effects of nonidealities are taken into account. Finally, the pixel random

noise and fixed-pattern noise are estimated for the stepped-barrier case.

3.2 Barrier Waveform and Compression Curve: Continuous-
Time
3.2.1 Physical Modeling

The barrier is modeled with an ideal diode characteristic. Barrier current is zero when the

charge integration curve is below the barrier, and infinite when the charge integration curve is
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above the barrier. The barrier waveform b(t) and the compression curve Q(I) are plotted as
increasing functions, although the actual photodiode voltage drops over time.

Figure 3-4 shows a typical barrier waveform and associated compression curve. The com-
pression curve has three regions, defined by the photocurrents I,,,;, and I,,4z.

For I < Iyin, the charge integration curve is always below the barrier, and all photocharge
stays in the pixel. The barrier is constrained to have a nonzero minimum value fQuqz, where
Qmmaz is the well capacity and f is positive but otherwise unconstrained, so there will always
some points on the compression curve corresponding to I < I,in. The final integrated charge
is directly proportional to the photocurrent.

For Ipin < I < Ipez, the charge integration curve intersects the barrier curve at least
once. During this time, the charge integration curve is limited to the barrier height. The
barrier waveform slope is increasing, and eventually its slope exceeds the slope of the charge
integration curve. At this point, the curves diverge and the charge is free to integrate for the
remainder of the integration period.

For I > L4z, the photocurrent is large enough to saturate the charge sense diffusion before
the end of the integration period. The maximum available integration time is T its value is
limited by the frame rate requirement. For example, for a 30 Hz frame rate, T cannot exceed
33 ms.

For analysis, it is sometimes useful to separate the total integrated charge into a barrier-
limited portion @ and a freely accumulated portion Q free- The barrier-limited portion refers to
the integrated charge at the time when the charge integration curve and barrier curve separate.
The freely accumulated portion is the charge which is acquired after that time. If the charge
integration curve and barrier curve never meet, all charge is freely accumulated charge.

The barrier waveform shown in Fig. 3-4 may be slightly altered to reset the pixel after read-
out. A CCD implementation requires no alteration of the barrier waveform; reset is performed
automatically during readout. A voltage or current output pixel usually requires a reset tran-
sistor in the pixel. This could be a separate device, but it is more efficient to use the barrier
transistor for reset. This requires that the barrier momentarily drop to the zero charge level
between frames. Figure 3-5 compares altered and unaltered barrier waveforms. In the remain-
der of this chapter, the weveform will be drawn as in Fig. 3-5(a), but the actual waveform may
be slightly different.

The relationship between the barrier waveform and compression curve has a “forward”
problem and a “reverse” problem. In the forward problem, the goal is to find the compression

curve for a given barrier waveform. In the reverse problem, the goal is to derive a barrier
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Figure 3-4: (a) Typical barrier waveform. I, I, and I3 correspond to illumination levels falling
in each of the three regions. (b) Compression curve for barrier waveform in (a).
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Figure 3-5: (a) Original barrier waveform. (b) Barrier waveform modified to perform pixel
reset.
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Figure 3-6: Determination of breakpoints I,;, and I,az.
waveform that produces the desired compression curve.

3.2.2 Forward Problem

To solve the forward probiem, the breakpoints I,,;, and I,,,; must be determined. The break-
point Iy, can be found conceptually by taking a straight line passing through the origin and
rotating it counter-clockwise until it just touches the barrier waveform. The slope of this line
defines I,;,. This is shown in Fig. 3-6. If an equation for b(t) is known, then I,,;, can be

determined analytically.

b(tmi
Imin = V' (tmin) = @ (3.1)

min
If this equation has no solution, then there is also no effective compression; the pixel behaves
as a conventional linear imager.
Likewise, I nqr can be found conceptually by taking a straight line passing through (T, Q,az)

and rotating it clockwise until it just touches the barrier curve.

Qniar — (1
Imaz = b,(tma.’z) = 2"‘:‘;’_ ¢ ( max) )
.mazx

(3.2)

where £,,4z is the departure time corresponding to I,pez. Aside from the degencrate case where
b(t) > Qmaz, this equation always has a solution.

For Iinin < I < Ipes, there is a departure time ¢4(7) at which the barrier and charge curves
separate from each other. The total integrated charge is the charge stored in the well at that

time, plus the charge added in the remainder of the integration period.

Q(I) = b(tq) + I(T — tq). (3.3)
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Since the slopes of the charge curve and barrier curve match at t4.

I=b(t)=tr)- (3.4)
which can be inverted to give
tq =b"H(I). (3.5)
Combining these equations gives
Q) = b(ta) + I(T = ta)ly,=p-1(ry- (3.6)

For example, assume a barrier waveform

b(t) = Qmaz(ae’™ + c). (3.7)
Choose a and ¢ so that
b(0) = fQmazx (3.8)
b(tmaz) = b(T') = Qmaz- (3.9)
Solving these gives
1-f .
a = (:‘—T/T_—-l (310)
fetlm -1 .
C = ;ﬁ. (-3-11)

The maximum detectable illumination is the given by the maximnm slope of b(t) which occurs

at the end of the integration period.

Iper = b,(t)maa: = Qmar(a/'r)eT/T (3.12)
mazx 1 - 0 o1

- QT [1—6—{%] (3.13)
~ Qmaz 2 14

~ T (3.1 1)

Dynamic range is increased by a factor of

Linazx . Lnax _ T
= .= —.
Imaa:,nc Qmaz/T T

(3.15)

The departure times are
ta(I) = T]n(IT/anax)a (3.16)



CHAPTER 3. THE WIDE DyNAMIC RANGE PIXEL 89

and the compression curve is

TI 0 S I S Inu'n
Q(I) = (Qmaz - Imaz'r) + IT[]- - ln(I/Ima:c)] Lnin I < Iyar (3'17)
@maz I2> e

The dynamic range increase depends on the maximum allowable slope of b(t). The integration
time T is the reciprocal of the frame rate, typically 30 frames/sec. The maximum value of b'(t)
is inversely proportional to 7, so the dynamic range is proportional to the maximum slope of
b(t). If our system allows a rising edge slope of 1 V/100 ns to be accurately distributed over

the array, the dynamic range expansion will be a factor of 400,000.

3.2.3 Reverse Problem

In this section, the barrier waveform b(t) is derived given a desired compression curve Q(I).

The starting point is (3.3). Taking the derivative with respect to I gives

QI = b(ta)ty(l) + (T — ta) — Ity(I)
= (V'(ta) = Ditg(I) + (T — tg)
= T—tda

where the last equation results from 3.4. The departure time can be written as a function of I
ta(I) = T — Q(D), (3.18)
which can be inverted to obtain I in terms of ¢4
I{ta) = (T - Q)" (t). (3.19)
The barrier curve can be found by substituting (3.19) into (3.3) and substituting ¢ for t,.
b(t) = QU®)) — I(E)T — t), tamin < t < tamas- (3.20)

It was assumed that the barrier curve never gocs to zero. One consequence is that the
compression curve must have a discontinuity in first derivative at I,;,. The magnitude of this

discontinuity determines tg min.
QUnin—€) = T (3.21)
Ql(Imin + 6) = T- td,min (3'22)
tamin = Q'(Lmin — €) — Q'(Lnin + ¢). (3.23)
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Figure 3-7: Stepped barrier curve and compression curve.

It is not possible, in general, to obtain a closed-form expression for td,maz- An implicit relation
between tymer and b(tamaez) can be found once b(t) is calculated for tymin < ¢ < tammer

Evaluating (3.20) at ¢ = tg nar gives

b(td,maz) = Q(Ima:n) - Irna:l: (T - t(l,maa:) (3-24)
= Qmaa: ~ Linas (T - td,mum) (3-25)

3.3 Barrier Waveform and Compression Curve: Stepped Bar-
rier

It will be explained later how high dynamic range is incompatible with charge storage in the
pixel. Each pixel must be read out immediately at the end of its integration period. Since
it is impossible to read out all pixels at once, a staggered readout is required in which the
integration period ends at a slightly different time for each row. Each row therefore requires
a barrier waveform which is delayed from the barrier waveform of the preceeding row. As a
practical matter, it is difficult to bring 256 continuous-time barrier wavcforms onto the imager
chip, or to generate multiple delayed versions of a continuous-time waveforn.

The continuous-time barrier can be approximated with a stepped barrier. The stepped
barrier is much casier to generate and stagger, as will be shown later. The compression curve
obtained from a stepped barrier is an excellent approximation to the continuouns-time compres-

sion curve, as shown in Fig. 3-7.
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As before, the solutions to the forward and reverse problems can be obtained using the
usual simplifying assumptions. The solutions to the forward and reverse problems are much
simpler in the stepped-barrier case since the barrier and compression curves are described by
only a limited set of numbers.

The barrier curve is specified by the N corners (¢;,b;). As before, the barrier curve is
constrained to lie above a certain minimmum level. The highest barrier level corresponds to the

saturation charge of the pixel in order to take advantage of the full pixel capacity.
b(t) =b; >0, ti1<t<t;, L<i<N. (3.26)

The reset level by defines the zero charge level.
In order to use every barrier level, levels must be chosen so that the piecewise linear cnirve
connecting the points (¢;, b(¢;)) is convex upward.

b (bi=bior _ bini = bi

, 2<i<N-1L 3.27
L ti—ti-1 tig— (3:27)

The compression curve is piecewise linear, with positive but decreasing slopes
si=Q'(I), L<I<Iy, 0<i<N-L (3.28)

The compression curve always stirts at zero, and limits at the saturation charge Qaz for
I1>1y.

3.3.1 Forward Problem

In the forward problem, the barrier levels by and departure times t; are known, and the com-
pression curve breakpoints (I;, Q(;)) must be calculated. Breakpoints occur when the charge
integation curve departure point switches from t; = #; to t4 = t;,. At this point, both #; and

tr4+1 are departure points. The charge integration curve passes through (¢x, by) and (fg41, bry1).

I = b‘—_b—“—‘ 1<i<N (3.29)
ti —ti
QL) = by +L(T~-t_), 1<i<N. (3.30)

3.3.2 Reverse Problem

In the reverse problem, the breakpoints (I;, Q(/;)) in the compression curve are known, and

the barrier levels by and departure times ¢ are desired. The departure times are uniquely
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determined by the slopes of the segments of the compression curve; once these are known, the
barrier levels can be found by rearranging (3.30).
Liyy) — QI
b o= T Q41) — Q(Ix)
Teyr — I
by = QUik+1) =Lt (T—t), 0<E<SN-L (3.32)

, 0<k<N-1 (3.31)

3.3.3 Comparison Between Stepped-Time Barrier and Continuous-Time Bar-

rier

The number of steps required in the stepped-barrier approximation depends on the desired
quality of fit to the continuous-time barrier. More steps produce a better fit, but additional steps
require additional on-chip circuitry. This section will show a connection between “goodness of
fit” and the number of steps.

The first issue is to figure out how the image degrades when only a few steps are used.
Dynamic range does not degrade as long as there are at least two steps (aside from reset
level). With two steps, one can use the entire integration period Ty, for integrating low-level
illumination and a very short integration time for very high-level illumination. The compression
curves for the stepped-time (ST) and continuous-time (CT) barriers thus match at the low and
high illumination limits. This situation is illustrated in Fig. 3-8(a).

The problem occurs in the region between the low-illumination and high-illumination limits.
The sensitivity S, defined as the slope of the compression curve, can be very different for the ST
and CT cases. There must be some range of illumination for which the ST compression curve
is less sensitive than the desired CT compression curve. In Figs. 3-8(a) and (b), this range
is Iy < I < Iyee. This appears in the image as reduced contrast for pixels with illumination
between I, and I, .

A recasonable standard for goodness of fit is the difference between the sensitivities for the
ST and CT compression curves. Evenly spacing the steps along the sensitivity axis minimizes
the maximum deviation between the ST and CT sensitivity curves. Two-step and three-step
examples are shown in Figs. 3-8(a) and (b). For an n-step ST barrier curve, the maximum

sensitivity difference is
Smaz - Smiu

2n !

where Sp,q; is the maximum sensitivity of the CT compression curve and S,,i, is the minimum

AS = (3.33)

sensitivity. The maximum sensitivity deviation is inversely proportional to the number of steps.
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Figure 3-8: Comparison of stepped-time and continuous-time compression curves. (a) Two-step
approximation to a continuous-time compression curve. The slopes are matched at I = 0 and
I = Iqz. (b) Sensitivity curves (first derivative) for compressioncurves in (a). (c¢) Two-step
ST compression curve which minimizes maximum difference between CT and ST compression
curves. (d) Three-step ST compression curve which minimizes maximum difference between
CT and ST compression curves.
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Figure 3-9: (a) Barrier and charge integration curves before and after nonlinearity compensa-
tion. (b) Charge compression curve before and after nonlinearity compensation.

3.4 Nonidealities

The physical situation is clearly more complicated than has been assumed in these derivations.
It is necessary to understand how the simple physical model differs from reality, and how this

affects the operation and performance of the algorithm.

3.4.1 Charge Integration Nonlinearity

It was assumed that the charge integration curve was a straight line for fixed illumination when-
it was not barrier limited. This is not precisely true since the charge sense capacitance increases
as the photodiode voltage decrcases. The charge integration curve ¢(t) is warped in the vertical
direction during linear integration periods, as shown by Fig. 3-9(a).

If the barrier and compression curves are compensated by a multiplying by QE(0)/QE(Q),
the lincar integration regions are restored to straight lines. The compensated barrier curve is
b*(t), and it produces a compression curve Q*(I), where b*(t) and Q* (1) are related to b(t) and
Q(I) by
Q%[(J[%b(t) (3.34)

QE(0)
QE(Q(I))

Note that both the forward and reverse solutions involve solving an implicit relation. For the

5)

O(I). (3.3

forward problem, b(t) is given. It is simple to caleulate 0*(f) and Q*([), but solving for Q(/)
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involves solving (3.35), an implicit relationship. For the reverse problem, Q([) is known, from
which Q*(I) and b*(t) are easily derived. Finding b(t) requires solving (3.34), another implicit
relationship. The implicit relations in the forward and reverse problems should be easy to solve
by iteration, since QE(Q) is only a weak function of Q.

Note that charge sense nonlinearity is inherently compressive. It is not possible for the algo-
rithm to undo this compression, so it is theoretically possible for some compression curves to be
unobtainable via the algorithm. This is not a case of practical interest, since the compression
obtained solely from the charge sense nonlincarity is modest compared to the desired compres-
sion. As the photodiode changes voltage from: 3.7 V to 2.0 V, the charge sense capacitance
increases from 9.87 fF to 10.9 fF. The sensitivity of output voltage to illumination decreases
approximately 9% due solely to increasing charge sense capacitance. In summary, nonlinear
charge sense capacitance can be easily accounted for in the solutions of both forward and reverse
problems. Any practical compression curve is still obtainable by a slight modification of the
barrier curve.

Nonlinear quantum efficiency can be handled in the same way. Quantum efficiency is a weak
function of voltage, since the collection region, but not the photogeneration region, shrinks as
voltage decreases. This effect is modest, however, compared to the nonlincarity of the charge

sense capacitance.

3.4.2 Clock Feedthrough

The barrier device is a MOS transistor with overlap capacitance Cyy 40 between its gate and
drain, and overlap capacitance Cy 45 between its gate and source. The source node is the high
impedance charge sense node, so a change in b(t) can cause a significant change in the charge
sense node voltage via feedthronugh from the gate. The cffect depends on whether or not the

charge integration curve intersects the barrier curve.

Case 1

In Case 1, the charge integration curve does not intersect the barrier curve. The equivalent
) |

circuit at all times during the integration period is shown in Fig. 3-10. The sense capacitance

Ciense includes the feedthrough capacitance Cy 4. The sense node voltage at the end of the

integration period is the sum of the photocurrent and feedthrough components.

Cot,
Viense = IT + 'MAV(; (336)

M
Csensc
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Figure 3-10: Equivalent circuit for analyzing feedthrough cupacitance. V, is the voltage on the
barrier gate.

C
= IT+ nno—l'gs(Qmaz = bmin), (3.37)

“sense

where Vj is the gate voltage and by, is the minimum of &(¢). Subthreshold conduction param-
eter n and sense node capacitance Csense depend on the sense node voltage, but are assumed
constant for simplicity. To first order, the feedthrough produces a constant offset for low illu-

mination.

Case 2

In Case 2, the charge integration curve intersects the barrier curve. While the charge integration

curve is barrier limited, the feedthrough capacitance changes the effective current to

by =1+ nb’(t)g—"‘ﬂ. (3.38)

1
sense

At the departure time ty s, the effective illumination is

1
I = . 3.39
e/ 1 - nCol,gs/Csense ( )
The increase in barrier-limited charge Qp due to feedthrough is
AQu = (QUegs) — Q' (Less)Legy) — (QUI) — Q"(DI). (3.40)

The change in freely accumulated charge Q.. due to feedthrough has two components.

One component accounts for the change in gate voltage during the free integration period, and
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the other accounts for the time difference of the free integration period.

C
Aeree - n ol,gs (Qmaz — b(td,eff) + I(tg — td,ef]) (3.41)
sense
n 5" (Qmaz = bltd.ess) + 1(Q (Lyy) = Q1)) (3.42)
sense

The total change in charge is

AQtot = nM(Qmar - b(td,eff) + Q’(Ieff)(l o Ieff) + Q(Ieff) o Q(I) (3-43)

Csense

CO S !
~ =22 (Quar — (QUess) = Q' Legr) Les), (3.44)

Csense
where the last three terms approximately cancel if I = I.;;. Given a b(t). the ideal compression
curve Q(I) can be determined. The actual compression curve is found by rescaling the I (z)
axis and determining the offset from the ideal curve at each value of I. In the reverse problem,
the desired compression curve is given. The ideal compression curve Q(I) must be found from

this by iteration, and then the appropriate b(t) can be calculated.

3.4.3 Optical Crosstalk

The effective pixel photocurrent is a weighted sum of the photocurrents at the pixel and its

immediate neighbors. For uniform illumination, the effective photocurrent is
Tetesy = (1 +6)1, (3.45)

where 4 is typically around 0.01 or 0.02, and [ is the photocurrent from the light entering a
single pixel.
The situation is very different when the pixel has a storage region. Crosstalk charge entering

the storage diffusion stays there, adding directly to the sensed charge. The total charge is then

Qrar(I) = Q(]cl,ejf) + cIT, (3.46)

where ¢ depends on the physical layout of the pixel and process details. It will typically
on the order of 1%. The compression curve with and without a storage region is shown in
Fig. 3-11. The crosstalk severely limits the achievable compression. In Fig. 3-11, the maximum
photccurrent with and without crosstalk are shown as Iparee and Ippez, respectively, For
example, if ¢ = 0.01, then the maximum improvement in dynamic range is a factor of 100, and
even this would impose only one choice for the compression curve. This was the main reason

fo- choosing a pixel without a storage region.
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Figure 3-11: Compression curve shift with optical crosstalk.

3.4.4 Subthreshold Conduction

The barrier does not act as an infinitely sharp “knife edge.” Because of subthreshold conduction,
current can pass through the barrier when the charge integration curve is below the barrier.
The subthreshold current is given by [50] as

Ip = 4@ sourec)(1 — e7V051%), (3.47)
where

Q = _ 7Coq é el¥sa(VeB)—26r]/ ¢t o~ Vsn/ée (3.48)

I,source 2 \/m t
$e = -k—:: (3.49)
v = body-effect coefficient (3.50)
C.. = gate capacitance per unit area (3.51)
¥sa(Vgp) = surface potential at gate-bulk voltage Vgp (3.52)
¢r = Fermi potential (3.53)
Vsp = source-bulk voltage (3.54)

Assuming that the drain voltage is several hundred millivolts above the source voltage, this

simplifies to
w yC.

!
I - or [¥sa(VaB)—20rF)/¢t ,~Vsn/dt 3.55
D Lﬂ¢t2 ¢sa(VGB)¢te e (3.55)
~ IseVGB/mﬁte—VSB/‘ﬁt. (3.56)

]se—(b(t)'-Q(t))/Cpmt’ (3.57)

Q
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Figure 3-12: (a) Ideal charge integration curve (b) Charge integration curve with subthreshold
conduction over barrier.

where the photodiode capacitance Cpq is approximately constant and q(t) is the charge inte-
gration curve. The I; term has a gate voltage dependency, which is weak compared to the
exponential term. The gate voltage uniquely determines the channel potential, which sets the
barrier height. The current then has an exponential dependence on the barrier-photodiode
potential difference.

Subthreshold conduction has no effect on integrated charge for low illumination because the
charge integration curve is far below the barrier, and the subthreshold current is negligible.
For high illumination, the charge curve never meets the barrier curve, but instead is spaced
from it by constantly varying amount. Figure 3-12 compares the charge curves for the ideal
case and the subthreshold conduction case. With subthreshold current, the separation between
barrier-limited charge integration and free integration becomes indistinct. During the time
roughly corresponding to barrier-limited integration, the separation between the barrier and
charge curves is related to the slope of b(t), which is approximately equal to the slope of the
charge integration curve. When the slope is small, the separation Ab; is small. When the slope
is large, the separation Ab, is large.

The photocurrent splits between the subthreshold current and photodiode charging current,
giving

I = I,e~0O=a0)/Cpate 4 d‘;_(tt)_ (3.58)
There is no obvious closed-form solution to this nonlinear differential equation. The equation
can be solved numerically for a given barrier function b(t), for example, by using a circuit
simulation program such as HSPICE. The results of one such simulation for the exponential
barrier function of Eqn. 3.7. Subthreshold conduction has only a modest effect, which suggests
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Figure 3-13: Simulated effect of subthreshold conduction on charge compression curve.

that to first order, the barrier function can be determined from the desired compression curve
by ignoring subthreshold conduction. If greater accuracy is required, the barrier function must
be iteratively modified until the simulated compression curve is sufficiently close to the desired

compression curve.

3.5 Random Noise

Random noise sources include photonic shot noise, dark current shot noise, charge flow over
the barrier, and pixel source follower thermal noise. These noise sources are independent, and

can be added in quadrature to find the total random noise.

3.5.1 Photonic and Dark Shot Noise

Photonic and dark current noise is generated only during free charge integration. The associated

shot noise variance is equal to the number of integrated carriers.
02(Ne) = N, (3.59)

1
Ne,noise,shot(l) = \/E(I + Idark)(T - td(I)) (3-60)
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Figure 3-14: Barrier current noise model.

= \/§(I+zda,k)cz'(1>. (3.61)

3.5.2 Barrier Current Noise

Figure 3-14 shows a noise model for the pixel when cusrent flows over the barrier. The current
through the charge spill gate has shot noise, modelled by the i2 current source. The current
through the barrier device also has a shot noise of the same magnitude (since the currents
are the same). The voltage noise is calculated by integrating the product of the current noise

spectral density and the impedance at the sense node.

o
i o= Y (3.62)
= ?{mse (3.64)
= Cooned’ (3.65)

where g, is the source conductance of the barrier transistor. This number is doubled by the
CDS operation, since the shot noises are uncorrelated between the intervals when charge flows
over the barrier. The equivalent number of noise electrons is

1
e2,barr = 25 kT Csense- (3.66)

3.5.3 Thermal Noise

The source follower and current source devices have thermal and 1/f noise. The 1/f noise

component is nearly completely removed by the CDS operation during readout. The thermal
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noise of a MOS device with transconductance g,, is modelled by a shunt current source between
the drain and source, having a mean square magnitude

o 8KkT .

i, = 3gm —Af, (3.67)
where Af is the noise bandwidth.

The circuit and noise model of the source follower and current source are shown in Figs. 3-15(a)
and (b). The noise currents are injected at the source follower output; the voltage noise is depen-
dent on the output impedance. The output capacitance is the sumn of the line capacitance Cj;pe
and the series combination of the photodiode capacitance Cpq and M1’s gate-source capacitance

Cgs 1-
deCgsl
de + Cgsl '

The output conductance is the sum of M1’s back-gate transconductance g,,5; and the effective

Cout = C’line + (3.68)

source conductance of M1.

C
Gout = gmb1 + gm1 C_pd—-deJj' (3.69)

In calculating output conductance, it is important to take into account the local feedback
around M1 formed by the capacitive divider Cys, - Cpq [51].

The rms number of thermal noise electrons is

Csense |8 kT .
Nethermat = qsén;e \/ G2 t (gm1 + gm2)AS (3.70)
s ou
Csense 8 kT oul ™
_ + ul 3.71
quf \/3 G%ﬂ[ (gml 9m2) Cout 2 ( )
C 2 kT
= qs((;n;e \/5 GouiC t(gml + gm2) (3~72)
s outLou
Csense 2 kT

= - o "Cos (9m1 + gm2)  (3.73)
quf \ 3 (gmbl + gmlc_‘i.ﬁm')(clmc + C"P‘Tl.rc%%)

Csense kT Im1 + Gm2

~ . ra (3.74)
q \ Cline gmb1 t+ gml’c—p";‘f%g‘:l‘
where Ciepse is given by
Csense = de + Cgsl(l - st) (3.75)

gm1 + gmbl
Since the line capacitance is much greater than the sense capacitance, thermal noise in the

source follower and current source are much smaller than the barrier current noise.
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Figure 3-15: Pixel noise model for thermal noise in source follower and current source.

3.6 Fixed-Pattern Noise

Fixed-pattern noise (FPN) is caused by mismatches in the photodiode capacitance Cpq, optical
aperture Agp, pixel dark current I, M1’s width and length W) and L;, M1’s effective threshold
voltage Vie,1, M3’s drain overlap capacitance C, 3, M4’s effective threshold voltage Vi 4, and
M4’s overlap capacitance Cy 4.

The resultant FPN was found in a previous chapter when the lateral overflow gate was
constant over the integration period. This pixel differs in that most FPN terms are associated
only with free charge. Table 3-1 lists the sources of FPN, their expected magnitudes, and the
sensitivity of the pixel output voltage to each mismatch. The FPN with and without CDS is
plotted in Fig. 3.6, assuming the compression curve of Eq. (3.7).

The sensitivity of the FPN to each source is shown qualitatively in Fig. 3-16. Mismatches in
Thias, Va1, and AV, a2 produce the same output offset voltage at all illuminations. Mismatches
in Aopt and Cisense only affect the freely accumulated charge. There is no freely accumulated
charge in the dark, so these sources do not contribute to dark FPN. At high illumination, the
FPN sensitivity depends on the barrier curve; the plots in Fig. 3-16 assume that the free charge
component tends towards zero as the pixel saturates. Mismatches in dark current and reset
device (M2) gate-drain overlap capacitance create offset, FPN which cannot be removed using
CDS. The dark charge is dumped out at reset, m>xing its contribution different during the
sample and reset phases. The overlap capacitance cannot be correlated out because the reset

gate voltage is different during the sample and reset phases.



CHAPTER 3. THE WIDE DYNAMIC RANGE PIXEL 104

A S(Aopl) A S(Csense) A S(Vt.M 1 .MZ)
CDS no help CDS no help CDS removes
1 T r
A S(dark) A S(Col,M?.) A S(Ipias)
CDS no help CDS no help CDS removes
- -
I I I

Figure 3-16: FPN sensitivities for various mismatch sources in wide dynamic range pixel.

Table 3-1: FPN sources in wide dynamic range pixel.

Parameter | Value Sensitivity Mismatch
Aopt 237 qu _Gsf Angg::nu ,+l{lark 2% Aopt
I 2.4 fA Gy UgeefCoanse 10% I
Ga ree Gs ! ias
W 71 pm | 3LiCop(l - Gyp) Sefytleee 4 Celities | 0.1 pm
Ga ree Ga I ias
L, 0.8 um | 2W\Cos(l — Gyy) C’agg"“ - 0.1 pm
Vie,1 1.2V -1 5 mV
Cota 0.87 {F GofByree 2% Cot3
Vie 1.0V -1 5mV
Co4 | 0.87fF — Gerlpe 20) 2% Cota
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Chapter 4
Experimental Chip Design

A test chip was fabricated in a 0.8 pum CMOS process with one poly layer, three metal layers,
and a linear capacitor option !. A block diagram of the imager is shown in Fig. 4-1. The three
major components of the imager are the pixel array, the barrier generation / row select block,
and the upper and lower output arrays. In addition to the major blocks, the imager has a bias
circuit, a two-phase clock generator, switch select and column select multiplexers, and several
test structures, including an individual pixel, an individual correlated double-sampling (CDS)
circuit, an individual ADC circuit, and a 10 x 10 array of photodiodes. The die photograph is
shown in Fig. 4-2.

4.1 Output Circuit

The chip has 32 output pins. Each output pin is driven by one output multiplexer. Each output
multiplexer combines the outputs from four ADC’s, and each ADC converts the outputs of two
CDS circuits. Each CDS circuit samples a single column line. A block diagram of one output
multiplexer and its associated signal chain is shown in Fig. 4-3.

The op-amp is a crucial element of both the ADC and CDS circuits, so its design and
performance will be explained first. The ADC and CDS circuits will be shown and their
function explained. Finally, the output multiplexer and pad driver are described.

'Process provided by the National Semiconductor Corporation

106
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Figure 4-1: Imager block diagram. The signal path for one column is shown in bold.

4.1.1 Op-Amp

The op-amp is a folded-cascode design. Input transistors M1 and M2 form a differential pair
which divides the tail current between M3 and M4. Cascodes M3 and M4 increase the effective
output impedance of the input transistors M1 and M2. It will be shown later that they approx-
imately double the DC gain. Cascodes M7 and M11 buffer the differential pair currents onto
the output nodes, where they are converted to voltage by the output impedance. The circuit
diagram of the core amplifier is shown in Fig. 4-4, and the bias circuit is shown in Fig. 4-5.

DC Gain

The low-frequency differential gain is found from the half-circuit consisting of M2, M4, and M5
- M8. The complete small-signal model is shown in Fig. 4-6(a). When an input v;,, is applied
to the gate of M2, the generated current is
lin = gm1Vin- (4°1)
The impedance looking into the source of M4 is
4 + Gmb: 9m7 +
G,y = Imt T Gmbt (908 4G, Im? 9mb7), (4.2)
Jo4 Go7
so the fraction of i;n which passes through M4 (as opposed to flowing through the output
conductance of M2) is
G,

= — 4.3
h Gy + go2 (43)

= 0.92. (4.4)
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Pigure 4-2: Die photograph of imager.
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Figure 4-3: Output block diagram for one output pad.
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Figure 4-4: Folded cascode op-amp core.
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Figure 4-5: Bias circuit for folded cascode op-amp.

where f;’s value is calculated from the simulated operating point conditions.
M4’s drain current splits between g,3 and M7. The fraction of M4’s drain current which

goes to M7 is

Gp_qm7+9m;,1
— o7 4_?
f2 Gpgm7;‘-ﬂgmh1 + gos ( 0)
= 0.64. (4.6)
The dc gain is

Vout
. = Im fu- f2/Gp (4.7)

mn
= (204 p5)(0.92)(0.64)/(5.16 nS) (4.8)
= 23,000, (4.9)

which agrees well with the simulated dc gain of 20,200.

Cascode device M4 increases dc gain by increasing the fraction of 7;, which reaches the
source of M7. Because M2 is a minimum-length device, its output conductance is quite high. If
M4 were removed, the conductances at the source of M7 would be g42 (6.8 £S), gos (1.1 1S), and
the conductance looking into M7’s source (1.9 1S). Most of the injected current 7;, would pass
through M2’s source. M4 effectively forces the current to split between M8 and M7, instead of
between M8, M7, and M2.

M4 does not significantly increase op-amp area and does not require an additional bias

voltage. It also does not significantly affect the input common-mode swing. To keep the input
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Figure 4-6: Small-signal model for evaluation of op-amp dc gain. (a) Half-circuit model. G, is
the PMOS cascode conductance. (b) Same as (a), except M7 and PMOS cascode are replaced
by effective conductance.

pair saturated, the inputs cannot go below the gate overdrive voltage of M4. Under the bias
conditions used, this is about 200 mV. Simulation shows that adding M4 increases DC open-loop
gain from 8,380 to 20,200.

A side benefit of M4 is that it slightly reduces the input capacitance. Input capacitance is
the sum of the gate-source capacitance and the Miller-multiplied gate-drain capacitance. Since
M4 provides a low impedance node for M1’s drain current, the Miller multiplication factor
is greatly reduced. Simulation shows that adding M4 decreases parasitic capacitance at each

input node from 89 fF to 78.7 fF, a minor improvement.

Differential Mode Frequency Response

The transfer function has two poles and one zero. The dominant pole is formed by the load

capacitance, and is located at
G,

C'laad '
The nondominant pole is formed by parasitic capacitance at M7’s source, and is located at

(4.10)

P=-

1 904902 )
2 = — (9m7 +gmer + gost —>— 4.11
p G, (Gm7 + gmb7 + 9o oot + Goma (4.11)
1
T (9m7 + gmo7 + 9o8) - (4.12)
P

A zero at 2| = gma/Cyq2 is formed by the gate-drain overlap capacitance of the input device M2.
At z,, the transconductance current g,ov;, is cancelled by the displacement current through
Cya2, so that no current goes to the output. A Bode magnitude plot of the differential mode
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Figure 4-7: Simulated op-amp differential mode response.

response is shown in Fig. 4-7. An additional 500 fF capacitor has been added to each output
in this simulation to account for loading.

Common-Mode Feedback

Any fully differential op-amp requires common-mode feedback to maintain operation in the high
gain region. The common-mode feedback consists of a common-mode detector and feedback
network. The common-mode detector is shown in Fig. 4-8. If phi5 is low and V¢, ge is initially
midway between V%, and V,,,, then any changes in the output common mode will be tracked
by Vem,det-

At startup, or in the presence of leakage current, the voltage at node A can differ from
the output common mode. Capacitors C3 - C4 and switch transistors M1 - M6 act as a
switched-capacitor resistor which restores Vi, 4ot to the output common mode. The clocking
frequency must be high enough to prevent leakage current from significantly changing the
detected common mode.

The common-mode detector is used in a feedback loop which includes M17 - M19, M8 and
M12 in Fig. 4-4. As the output common mode increases, V., 4ot increases. More of the tail
current is steered through M17 and M19, increasing the current through M8 and M12. This,
in turn, pulls down the outputs, restoring the output common mode.

The gain and frequency response of the common mode loop are important since that loop
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Figure 4-8: Common-mode detector.

must be stable, but cannot be much slower than the differential response. The dc gain of the

common mode loop is
2C1  gmi7 gm2

2C1 + Cg18 gm19 gm1
where Agn, qc is the differential mode gain at dc and Cjy;5 is the total capacitance at the gate
of M18.

The common mode feedback has the same poles as the differential response, plus one more

Acm,dc = Adm,dca (4'13)

due to the transconductance and capacitance at the gates of M8 and M12. The extra pole tends
to occur before the nondominant pole of the differential response, which makes it necessary to
limit the gain of the common mode loop. Extra parasitic capacitance was intentionally added
at the gate of M18 for this purpose.

P Go
1 = -
Cload
pp = — gm19
1 ( 904902 )
= —= + Gmb7 + gos + ————— | .
D3 Cpl 9m7 T Gmbd7 T Go It + Goba

A plot of the simulated common mode response is shown in Fig. 4-9.

Common Mode Rejection

In the ADC and CDS, the op-amp differential offset is removed during the reset/sample phase
by putting the op-amp in unity-gain feedback. The input common mode during reset is, of
course, identical to the output common mode. The input common mode may shift during
subsequent phases due to charge injection or variation in output common mode in different op-

amps. The op-amp used in the CDS circuit exhibits a particularly large shift in input common
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Figure 4-9: Simulated op-amp common-mode response.

mode between its samplel and sample2 phases. Due to device mismatch, the change in
input common mode results in a change in output differential mode, which appears as an error
voltage.

The small-signal model for the input stage is shown in Fig. 4-10. The tail current source is
assumed to be ideal, i.e., have zero output conductance. Each input pair device parameter is

assumed to consist of a common-mode component and a differential-mode component.

gm1 = gm,i"‘%Agm.i (4.14)
gm2 = gm,i"'%Agm,i (4.15)
gor = go,i+%Ago,i (4.16)
92 = Yoi— %Ago,i, (4.17)

where gy, ; is the nominal transconductance of input devices M1 and M2, and g, ; is the nominal
drain-source conductance of input devices M1 and M2.

A common-mode signal v; ., and a differential-mode signal v; 4,, are simultaneously applied
to the inputs so that the net output voltage does not change. In order for this to be true, the
voltages at the gates of M7 and M11 in Fig. 4-4 must stay constant despite input common-mode
voltage shift. It must also be true that the sources of M3 and M4 have the same voltage in

order to sink the same current; however, that common voltage changes significantly with input
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Figure 4-10: Small-signal model for input pair mismatch.

common-mode level. The drain currents of M3 and M4 cannot change with input common-
mode level (ideal tail current source), but their bulk voltage changes with input common-mode
level, since they are in the same well as M1 and M2. Their source voltage must also change so
that the incremental currents injected by the gn34 and gnp3,4 sources cancel. The change in
source voltage given a change v in the bulk potential is

gmb3 4
Vs34 = Ud1p = —————y, (4.18)
gm3,4 + 9mb3 4

where v;3 4 is the source voltage of M3 and M4, equal to the drain voltage vg; 2 of M1 and M2.
The sum of the incremental currents in the M1 branch and M2 branch must be zero.

1
0 = (gm1 + gm2)(vs — Viem) + §(gm2) — 9m1)Vidm

9gmb3 4
. N " YO 4.19
(9o1 + go2) ( s s gm3a + gmb3.4) | |

1 :
= ng,i('us - 'Ui,cm) + EAgm,i'vi,dm + 290,:'”.9 ——gm}ﬂ—“ (4-20)
gm3,4 + 9mb3 4

It follows that the source voltage of M1 and M2 is

'Us — g"l,i (4 21)

) - - R Im3, 4
Vi,em Im,i + 9o,i 9m3,4t9mb3,4

The difference in current between the M1 and M2 branches must be zero, because v; ¢, and

Vi dm are chosen to make it so.

1 Gmb3 4
1 (v, ...rv-" .__'vn'd + v 1_.._.'— =
9m ( s iem — 5V m) + 9o s( T3t + Gmba

1 Imb3 .4
Vg — Viem + =i + Gor¥s | 1 — ———— ] 4.22
9m2 (Vs hem T o l,dm) Jo2 s( Jmsa + Gmbag ( )
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The common-mode rejection ratio (CMRR) is defined as the ratio of differential-mode gain
to common-mode gain. The common-mode gain is not the common-mode loop gain derived
in Eq. 4.13, but the ratio of a common-mode input to the differential signal produced at the
op-amp outputs. After some algebra, CMRR is found to be

gm,i gmb3 4

__Viem _ 1+ 90,i (1 + 9m3,4 )

CMRR = 2 — ___foi 1 Imsd
Vi dm go..i + Qm..t
9o,i 9m,i

(4.23)

Input Offset Voltage

Threshold voltage and geometry mismatches create input offset voltage, which is defined as the
input differential voltage which must be applied to produce zero output voltage. The systematic
offset voltage is zero due to the fully differential structure of the op-amp. The random offset is
due mainly to random mismatches in device pairs M1 and M2, M8 and M12, and M5 and M9.

Inn (A(W/L))
ml W/L M1,2

9ms Ins A(W/L))
+Im8 { AV, prs a2 + (
gmi1 ( LMB8.12 'm8 WIL ] ps10

gms Ings (A(W/L)
22 AV, g0+ 22 ) 1.24
Im1 ( t,M5,9 Ims W/L M50 ( )

Aves = AViami-m2 +

The mismatches are independent Gaussian random variables, and can therefore be added in

quadrature.

Random Noise

Thermal and 1/ f noise in the transistors can be referred back to the input as an equivalent input
noise for the op-amp. Thermal noise is assumed to be the dominant noise source, since 1/ f
noise is cancelled, to first order, in the same way that op-amp input offset voltage is cancelled.
The important thermal noise sources are M1 and M2, M8 and M12, and M5 and M9.
Thermal noise in a MOSFET can be modeled as a shunt current source from drain to source.
8

2= hTgmA]. (4.25)

Since the bandwidth for both the current source devices and the input devices is set by the
capacitance and conductance at the outputs, the squared noise currents can be directly added.
For the M2 branch of the op-amp,

- 8
7‘121 = 2§kT(gm2 + 9ms + ng)Afa (4.26)
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Table 4-1: Summary of Operational Amplifier Design [1]

Differential DC Gain 20,200
Differential Unity Gain Bandwidth (2] 35.3 MHz
Differential Phase Margin [2] 77°

Common-Mode DC Gain 12,300
Common-Mode Unity Gain Bandwidth [2] 17.6 MHz
Common-Mode Phase Margin (2] 47°
CMRR [3] 65 dB
Power Dissipation 855 pW
Input Offset Voltage [4] 18 mV
Input Random Noise 17.6 nV/vVHz

(1] Simulated parameters.
[2] Assumes 500 fF load at outputs.
[3] Assumes 1% relative mismatch in g, and go.

{4] Assumes 10 mV threshold voltage mismatch and 1% relative gcometry mismatch.

where E is the total noise current. Referred to the input, and taking both differential circuits

into account, this represents a voltage noise spectral density

16 kT
So = ?Q—(QWQ + gms + gms)- (4.27)
Im2

The actual noise is proportional to noise bandwidth, and therefore inversely proportional to the

capacitive load at the output.

4.1.2 ADC Architecture

A simplified diagram of the cyclic converter is shown in Fig. 4-11. Conversion starts by
sampling the input voltage A;;. The input range is -1 V to +1 V. The input is compared to
zero to produce the MSB by; bg is 1 if the input is positive and 0 if the input is negative.
The input is doubled, —V;..y = ~1V is added if by is 1, and V,.;y = 1V is added if by is 0. In
cither case, the analog output (residue) from the first stage is between -1 V and +1 V. The
second stage performs the same operation as the first stage, taking as its input the residue
of the first stage. It produces the next most significant bit b;. The first stage then samples
the residue of the second stage, producing bs. This cycle continues until the desired number
of bits is obtained. Design techniques exist which provide insensitivity to finite op-amp gain
and capacitor-ratio [52], but these techniques were not used due to the large number of extra

clocking phases and capacitors required.
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Figure 4-11: Simplified cyclic converter schematic.

A complete schematic is shown in Fig. 4-12, and a simpler schematic diagram in Fig. 4-13.
The cyclic converter contains two op-amps, two comparators, eight capacitors, and several
switches. A four-phase nonoverlapping clock is used, with an additional phase, ¢0, used to
sample the input. The circuit can be divided into a first stage consisting of op-amp #1,
comparator #1, capacitors C1 - C4, and their associated switches, and a second stage consisting
of op-amp #2, comparator #2, capacitors C5 - C8, and their associated switches.

Conversion starts with ¢0 and ¢1 high. Clocks with “D” suffixes are slightly delayed
versions of the base clock; e.g., 1D is a delayed version of ¢1 and ¢$1DD is a delayed version
of ¢1D. The outputs from comparator #1, CO1+ and CO1-, are both low during the first
phase. Op-Amp #1 is in unity-gain feedback, and samples the op-amp input offset voltage on
the top plates of C1 - C4, while the ADC input is sampled on the bottom plates. The ADC
configuration during phase 1 is shown in Fig. 4-13(a).

In the second phase, ¢2 goes high. The feedback loop around op-amp #1 is opened, and
the bottom plates of C1 - C4 are shorted together. In this phase, op-amp #1 acts as an offset-
cancelled preamp for comparator #1. A finite voltage difference exists at the inputs to the
open-loop op-amp, causing the outputs to diverge toward. the rails. The output at A-A’ is
gated to the inputs of comparator #1. As ¢2 goes low, the comparacor inputs are disconnected
from the op-amp outputs. The ADC configuration during phase 2 is shown in Fig. 4-13(b).

Several events occur during the third phase. As ¢3 goes high, A and A’ are briefly shorted
together through three series switches. This assists recovery of the op-amp from its saturated
state. The bottom plates of C3 and C4 are connected to the op-amp outputs. If the bottom
plates of C1 and C2 were shorted together, their charge would be shifted onto C3 and C4,
resulting in a doubling of the input voltage. In fact, C1 and C2 are connected to +V,.;.
Conceptually this is equivalent to shorting the bottom plates of C1 and C2 together, followed
by adding or subtracting +Vsef — Ve = 2 V.
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Figure 4-12: Complete cyclic ADC schematic.
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During phase 3, the latch is connected to the power rails, causing it flip to one of two stable
states. The comparator outputs, CO14+ and CO1-, are used to select whether 4V, is applied
to Cl1 and —V;.s to C2 or vice versa. The comparator output is also sent to cpouta; cpouta
will be low if the input was positive and high if the input was negative. Meanwhile, the second
stage is now in the same configuration that the first stage was in during the first phase. Instead
of sampling the ADC input, however, the second stage samples the residue produced by the
first stage. The ADC configuration during phase 3 is shown in Fig. 4-13(c).

During the fourth phase, the first stage is inactive. The second stage is in the same config-
uration that the first stage was in during the second phase. The sampled residue is compared
to zero to calculate the second bit. This bit is sent to the output as cpoutb, and is low if the
second bit is 0 and high if the second bit is 1. The ADC configuration during phase 4 is shown
in Fig. 4-13(d).

The ADC returns to the first phase, and the second stage is now producing a residue voltage.
The Zrst stage samples its input, which now comes from the output of the second stage instead
of the ADC input. This cycle continues until all bits have been generated. A sample timing

diagram for one complete 12b conversion is shown in Fig. 4-14.
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4.1.3 ADC Nonidealities

Capacitor Mismatch The algorithmic converter depends on accurate matching between
capacitor pairs C1, C3 and C2, C4. The residue of one stage is

1 /C1 (C2 1/C1 (C2
Vresidue = Vin (1 + 2 (a + a)) + Vref§ (55 + a) ) (4.28)

where Vo = Viejp — Veerm- If the standard deviation of the capacitor value is AC, then the

residue has variance

. 2 ) 2 . 2
(AVresidue)z — (aweszdue) (ACI)2+ (avresuiue) (AC2)2+ (6Vreszdue) (AC3)2

aC1 aCc?2 oC3
+ (aVresidue)z (AC4)2 (4 29)
oc4 )
2 2 2
= 5(Vin £ Vie)*(A0) (4.30)

The corresponding residue plot is shown in Fig. 4-15(a).

Op-Amp Input Offset Voltage The op-amp offset voltage is mostly cancelled during the
sampling phase. The cancellation is incomplete due to the finite op-amp gain. The voltage at

the input and output of the op-amp during the sampling phase is

A

Yn =71

Vos- (4.31)

The effective residual input-referred offset is

1 2C+C,
Vos,res= Ar1 C

Voss (4.32)

where C,, is the parasitic capacitance at the op-amp input. The corresponding residue plot is
shown in Fig. 4-15(b).

Finite Op-Amp Gain Aside from incomplete cancellation of the op-amp offset voltage, finite
op-amp gain causes gain error in the calculation of the residue. The op-amp places the correct
charge on the capacitors during the reset phase, since the output voltage in that phase is zero,
and the finite gain is irrelevant. When the residue is output from the op-amp, the finite gain
requires that a small fraction of the op-amp output voltage be applied at the op-amp inputs.
If the ideal output value is Vi¢sique, the voltage at the op-amp input is Viegigue/A, where A is
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the op-amp gain. The input-referred error for the stage is the voltage that must be applied to

C1 and C2 in order to create that op-amp input voltage. This error is

12C+C
VA,err = ‘Z_'E""'E'Vresidue- (433)

The residue plot with finite op-amp gain is shown in Fig. 4-15(c).

Comparator Offset Voltage Comparator offset is important when the sampled input volt-
age is so small that the op-amp outputs barely move during the pre-amp phase. Moving from
the stage input to the op-amp input terminals, the input voltage v;,, which is the residue of

the previous stage, is scaled by a capacitive divider.

2C

Vin,oa = 'Uinz_CTC— (4.34)
p

The differential output current from the op-amp is the applied input voltage v;, oo, multiplied by
the transconductance g, ; of the input pair devices. This current is integrated by Cjoeq, which is
the comparator input capacitance plus parasitics on either np-amp output node. This charging

phase has duration 6¢pre—_amp. The condition for the input voltage to exceed the comparator

offset is
|vin,aal *Gm,i° atpre—amp 2 Cloachomp,os (4-35)
1C Cload 1
vl > V. 1+ -—") o 4.36
I lnl comp,os < 2 C ( gm'i 6tpre_amp ( )
1C - .
> Vcomp,os (1 + "2""6'.2) (UGBW : 6tpre—amp) lv (4"37)

where UGBW is the unity-gain bandwidth of the op-amp. The residue is qualitatively identical
to the plot for op-amp input offset voltage (Fig. 4-15(b)).

Charge Injection When a switch opens, it injects channel charge and displacement charge
into the source and drain. The only relevant switching event is at the end of the sampling phase,
when the feedback loops around the op-amp are opened. If the ADC is perfectly symmetric,
the charges injected on both sides are identical, and there is no net effect. In practice, these
charges differ because the switch transistors do not exactly match, their initial source/drain
potentials differ due to op-amp input offset voltage, and the impedances through the sampling
capacitors differ due to the differing voltages at the two inputs.

The nominal charge injected into either side is a complicated function of clock timing and

source/drain impedances. It can be assumed that the fall time of the switch is small compared
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to the op-amp settling time, so that the op-amp output is purely capacitive. It is also assumed
that the fall time is long enough that the voltage across the switch is zero until the channel
charge is completely drained. Under these assumptions, the nominal charge injected into each
summing node is

2C+ Gy

+ Cp + Cous
where W and L are the width and length of the switch device, V, is the threshold voltage with
a source voltage of V., Cy is the gate-drain overlap capacitance, and C,,; is the capacitance

Qinj = —(WLCyyz + 2Cs)(Vaa — Vi — Vem) 3 5 = (Vi + Vem)Cal, (4.38)

at the op-amp output.

The mismatch AQ;nj in the injected charge is typically on the order of 10% of Q;,j. The
injected charge has an input voltage dependence due to the impedance mismatch between the
two sides, but this is ignored. The equivalent error in V;, is

__4aQ
AV, = oo (4.39)

The residue plot with charge injection error is shown in Fig. 4-15(d).

Random Noise The switches introduce kT /C noise when they open, and the op-amp itself
has input-referred thermal and 1/f noise. The 1/f noise is similar to op-amp offset voltage,
and is assumed to be cancelled in the same manner. Noise potentially results in errors at two
points in the algorithm. First, input-referred op-amp noise causes fluctuation in the comparator
input during the pre-amplification phase. Second, switch noise and op-amp thermal noise cause
errors in the input sampling operation.

During the pre-amp phase, the op-amp input-referred noise is added directly to the input
signal. The op-amp and capacitive load form a linear system with an impulse response as shown

in Fig. 4-16. The mean square noise at the output is

BpZa®) = [ Su. (DI (4.40)
= 5 [ IHO)PY (4.41)
— S /_ :h2(t)dt (4.42)
_ { 9m 2
= S() \C[oad) tphasm (443)

where the input noise spectral density Sy, , is So, gm is the transconductance of the op-amp
input pair, tppese is the during of one phase (@1, ¢2, ¢3, or ¢4) of operation, and Parseval’s
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Figure 4-15: Residue plots for various nonidealities: (a) capacitor ratio mismatch (b) cp-amp
input offset voltage (c) finite op-amp gain (d) charge injection
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Figure 4-16: Impulse response of op-amp and capacitive load.

theorem has been applied. For the deterministic signal, the system gain is

Vo 2C Im

—_—= = . 4.44
v; 2C + Cp Cload phase ( )

The effective input-referred mean square noise voltage is obtained by dividing the mean square
noise at the output by the square of the system gain. The root mean square (RMS) value of

2C + C, ’ S
Vin,rms = 5 £ 7 ho . (4.45)
phase

This noise is only 6.9 pV, and can therefore be ignored.

the input-referred noise is

The noise model for the first sampling operation is shown in Fig. 4-18. The total noise is
the sum of thermal noise in the op-amp and switch noise when the sampling switches open.
The op-amp thermal noise referred to the ADC input is

2C+C,,>2 _1 Gm2 (2C+c,,)2
°2C ) " 4°Cou+2C+C, \" 2¢ )

%100 = S0 BW(Hz)} ( (4.46)

which has an approximate rms value of 115 uV.

The switch noise is the portion of the thermal noise from the switches which appears across
the sampling capacitors. The noise spectrum produced by the switches is shown in Fig. 4-17.
The op-amp suppresses the portion of the noise below w;, the op-amp unity-gain bandwidth.
The cutoff frequency for the total switch thermal noise is wy. These frequencies are

Im,i
w = -— 4.47
! Cioad (4.47)

gm,i
= X 4.48
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Figure 4-17: Input-referred noise spectrum for switch resistance.

= 110Mrad/s (4.49)
9ds,sw
= ——r 4.50
“2 Cnet,sw ( )
Gds,sw
= : 4.51
@+ C)[[Cou (451
= 1200Mrad/s, (4.52)

so the switch bandwidth is significantly greater than the op-amp bandwidth. The effect of the

op-amp is ignored in the following analyses, leading to a small overestimate of switch noise.
The total mean square switch noise is

2 —9. kT

n,sw,tot Cout“(2C + Cp)’

where the factor of two accounts for the two switches, and the capacitance used is the net

v (4.53)

capacitance for each switch. The fraction of the total switch noise which appears at the inverting

op-amp terminal is

2
C
1)721,sw.in— = ‘Ur21,sw,tot (COut F ;ué + Cp) . (454)

The noise at the op-amp inverting input can be referred back to the input by taking into account

the capacitive divider between v;;, and the op-amp inverting input.

2C + Cp\ 2
U?z,sw,in = v?;,sw,in— ('_Fp) . (4.55)
Combining these equations gives
2 2
W2 = 9. kT Cout (20 + Cp) (4.56)
S Cout||(2C + Cp) \ Cout +2C + C, 2C
2 2
Cout(2C + Cp) \ Cout +2C +C, 2C

k_T2C+Cp Caut
C 2C Cou+2C+C,

(4.58)
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Figure 4-1%: Noise sampling operation for first sample (single-ended).

The rms switch noise referred back to the stage input is approximately 74 V. The total rms
noise for the first sampling operation is the sum of the op-amp thermal noise and switch noise,
which is 137 pV.

The input sampling noise for subsequent samples can be estimated from Fig. 4-19. Three
noise sources contribute to the sampling noise: thermal noise in the first op-amp, thermal
noise in the second op-amp, and switch noise when the sampling switches open. Noise on the

sampling capacitor 2C due to thermal noise in the first op-amp is

2
vi, = (SoUGBW(HZ)Zz[) (20 Z gg)
~ \47%Cou +2C+Cl[(C+Cp)2C + G, C

lS Im 2C+ G,
4°Cu+2Cc+Cl(C+C,) C

where UGBW is the op-amp unity-gain bandwidth and Sy is the input-referred thermal noise
spectral density (V?/Hz). The rms noise is approximately 143 xV2. All of the noise is assumed
to appear across the sampling capacitors because the second op-amp maintains a virtual ground
at its input.

Sampling noise due to thermal noise in the second op-amp is

2
Un,2,low f

2
(SOUGBW(Hz)g) (3%91)

4°Cu+2C+C, \" 2C¢ )

which has an estimated rms value of 115 V. This calculation assumes that the output of the
first op-amp is a virtual ground, which is only true at low frequency. As frequency increases,

the gain of the first op-amp falls while the gain of the second op-amp is still high, due to the
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Figure 4-19: Noise sampling operation for subsequent samples (single-ended).

different closed-loop gains. In the extreme case where the gain of the first op-amp is zero, the

effective output impedance of the first stage is just the output capacitance.

2. _lg gm2 Cout +CIC+Cy) G\’
m2hight = 4200+ Cp+ 2C|[(Cout + Cl|(C + Cp)) \2C + Cout + CI|(C+ C,) ~ 2C

(4.59)

The estimated rms noise for the high frequency case is 83.8 pV. The actual noise is between

the low frequency and high frequency estimates.
Switch SW produces kT /C; noise. The series combination of the capacitances on the right
and left of the switch is

Chet = Cout||(Cp + 2C||(Cout + C||(C + Cp))). (4.60)

The fraction of the switch noise which appears across the sampling capacitor can be calculated
by assuming that the first op-amp does not respond while the switch opens, which is reasonable
considering the relative speeds of the op-amp ard the switch. The reduction of switch noise at
low frequency due to op-amp feedback is ignored for the reason stated previously, namely, that
the switch bandwidth is much greater than the op-amp bandwidth. The net switch noise is

; _ T Cout [ Cou+CIUC+GC) . G\
msw = B\ Cout + Cp + 2C[[(Cout + CIIC + Cp)) ) \2C +Com +C(C +Cp) " 2C ) °

(4.61)

which is approximately 71 pV.
The total noise is found by summing the thermal noise contributions of the op-amps and

the switch noise.

Un,rms = \/”121.1 +vda+ 02 (4.62)
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The total rms noise for each sampling operation except the first is 197 pV.

In terms of the residue plot, random noise adds a band of uniform width around the ideal
residue plot. Noise can be input-referred by adding the noises introduced at each sampling
operation.

0 1 1 1
V2 oms = (137uV)? + (197uV)? (Z tEtat ) (4.63)

Unyrms = 195uV (4.64)

Although the total rms noise was calculated assuming an infinite number of bits, the noise is
not significantly different for an 8b or 10b conversion. The noise is well below the 2 mV Isb

level.

4.1.4 CDS Circuit

Figure 4-20 shows a complete schematic diagram of the CDS circuit; the associated timing
diagram is Fig. 4-22. The CDS circuit reduces fixed-pattern noise by subtracting the pixel
output at reset from the pixel output at the end of the integration period. It also converts the
single-ended output from the pixel to a fully differential voltage.

When a pixel reaches the end of its integration period, its row select turns on. At the
same time, samplel goes high. The CDS circuit configuration during this interval is shown in
Fig. 4-21(a). After the column line voltage viine(t1) and op-amp output V, have settled to the
required accuracy, samplel goes low. Feedback switches M9 and M10 are timed to open slightly
before the other switches clocked on samplel to reduce clock feedthrough. Next, sample2
goes high and clkb goes low. There is no specific delay required between the falling edge of
samplel and the rising edge of sample2, but the two clocks must not overlap. The falling
edge of clkb advances the barrier generation shift register so that the barrier gate voltage rises
to the reset level. The CDS configuration during this period is shown in Fig. 4-21(b). After the
column line voltage vjne(t2) and the op-amp output have settled, isolate goes low, isolating
the CDS circuit from any change in potential on the column line. This configuration is shown
in Fig. 4-21(c).

The resultant output voltage is found by equating the charge stored on the summing nodes

before and after the samplel phase. The output voltage at the end of the sample2 phase is

Vo = (Vem — Vos) + (Viine(t2) — Viine(t1))- (4.65)

The common-mode voltage v, is 2 V, the offset voltage v,; is 3 V, and the column line reset

voltage wvjine(t2) is approximately 2.5 V. The pixel output voltage at the end of the integra-
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Figure 4-20: Complete CDS circuit schematic. Input signal path is shown in bold. On sample
phase, signal is passed onto C4. On reset phase, signal is passed onto C2.
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Figure 4-21: CDS clocking sequence. The signal path is shown in bold.
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Figure 4-22: CDS circuit timing diagram.

tion period varies from about 2.5 V to 0.5 V, so that the total output voltage ranges from

approximately -1 V to +1 V.

Errors in CDS Circuit

The CDS operation is nonideal due to random noise, capacitor mismatch, op-amp input offset

voltage, finite op-amp gain, op-amp CMRR, and clock feedthrough.

Random Noise Since correlated double-sampling removes 1/ f noise to first order, only ther-
mal noise will be examined. Noise arises from three operations. When the samplel switches
open, switch noise and op-amp input-referred noise are sampled at the summing node. The
noise model for this operation is shown in Fig. 4-23(a). When the isolate switches open, switch
and op-amp noise are again sampled at the summing node, as shown in Fig. 4-23(b). When
the ADC samples the CDS output, direct noise is present due to the op-amp noise, as shown
in Fig. 4-23(c).

The sampled noise in Fig. 4-23(a) is the sum of the switch noise vy 51 and the op-amp
input-referred noise vy 0q,1. The effect of the op-amp on the switch noise is ignored, as usual,
because the switch bandwidth is much larger than the op-amp bandwidth. The mean square

noise charge trapped on the summing node is

2kT ( Cout

2
2 2 24 5,-UGBW(Hz)- = (2 2 (4,
i = G TRC T O Cout+20+0p) (2C+Cy)? +So-UGBW (Hz) - Z(2C +Cy)?. (4.66)
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SW1

Figure 4-23: (a) CDS noise model when samplel switches open. (b) CDS noise model when
isolate switches open. (¢) CDS noise model for direct noise.
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Referred to the CDS input, the mean square noise noise voltage is

o _ T Cout 2 (2C+c,,)2+13 m2 (2C+Cp)2
LT Coutl|(2C + Cp) \ Cout +2C + Cp C 47 Cou+2C + Cr C
(4.67)

When the isolate switches open, the CDS noise model is as shown in Fig. 4-23(b). The

noise charge trapped on the summing node is identical in magnitude to the noise charge on
the input capacitor. Referred to the CDS input, the mean square noise voltage is therefore the

noise voltage on the input capacitor.

2
2 kT ( Cp + ClICout ) s Im2 ( c )

mim2 = Cl|(Cp + C||Cout) \ C + Cp + C||Cout 4 Cou + C||(C+ Cp) \2C + G
(4.68)

The direct noise is the op-amp noise sampled by the ADC. The noise model for direct noise
is shown in Fig. 4-23(c). The input-referred and output-referred noises are identical because
the CDS has unity gain, so the mean square input noise is

1 c+¢,
2 _ 1 am2 P
Unin3 = 150561 Cous 1 ONIG ( C ) ' (4.69)

The total CDS input-referred noise is

— 2 2 2
Un,inyrms = \/vn,in,l + vn,in,? + Un,in,3’ (4‘70)

which is approximately 308 V. This assumes that the values of C, C,, and C,,; are the same
for the CDS circuit as for the ADC, which is roughly valid.

Capacitor Mismatch Capacitors C1 - C4 have the same nominal value C. Mismatches in
these capacitances produce gain and offset errors. These errors can be derived by calculating
the output voltage v, as a function of those capacitances and taking partial derivatives with
respect to each capacitance.

The output voltage is determined by the condition that charge on the summing nodes is the

same in the samplel and sample2 phases.

G = (0 = vem)(C1+C3) +/Cpy (1)
= (" —v,-)C3 + (V" — vem)C1 + 1" Cpy (4.72)
Gin—- = (V' —v05)C2 + (v — Vine(t1))C4 + ' Cp (4.73)
= (V" —v54)C4 + (V" — viine(t2))C2 + 0" Cp, (4.74)



CHAPTER 4. EXPERIMENTAL CHIP DESIGN 135

where v, is the offset voltage, v, = o4+ — vo— is the final output voltage, v' = v, is the voltage
at each op-amp input during the samplel phase, Cp,; and C,_ are the parasitic capacitances
at the positive and negative op-amp input terminals, and v” is the voltage at each op-amp input
during the sample2 phase. The simultaneous solution of these equations is

B 2(C1 + C3 + Cpy)
T C3(C2+C4+ Cy_) + C4(C1+ C3+ Cpy)

(Viine (1) C4—iine(t2) C2+vps C2—ver - C4).
(4.75)

Sensitivities to capacitor mismatch are found by taking partial derivatives of v, with respect to

Vo

each capacitance. The sensitivities are

Ac?lv/ocl = z(zoc+ Gy onm (4.76)
%ZU/OCE = (vVos — Vline(t2)) — 2(TCC-;-_CTP)_U°'"°’" (4.77)
ﬁvfm N ‘mo(;Jr—fép)vo,nom (4.78)
KCATI;)EZ = (viine(t2) — vos) + 2_(200—_:'0_&5%'"0'" (4.79)
AC'JDA+U/OC'p+ N 2(2CC-I|'- C,) Pomom (4.80)
'A‘C",',A_?T - ‘;z(zcc—iq,)”omom’ (4.81)
where v, nom is the nominal output voltage. The resultant offset and gain errors are
offset error = (%672 - %) (Vtine(t2) — vos) (4.82)
gain eror = 5 (Acc;l -2 L0 +G/0) (% - %)
¢ (Acffr B Acfi—)) : (4.83)

Using the usual approximations for C, and C, and assuming that these capacitors match to
0.2%, the rms offset error is 1.4 mV (0.71 Isb) and the rms gain error is 0.053%. Although
channel-to-channel accuracy is limited by capacitor matching in the CDS and ADC, dynamic

range is unaffected.

Input Offset Voltage and Finite Op-Amp Gain Input-referred offset voltage is com-

pletely cancelled when the op-amp gain is infinite. If the gain is finite, the actual output
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voltage can be found as before by equating the charges stored at the op-amp inputs. In the

samplel phase,

Gint = 2(Vo— —Vem)C +vo-Cp (4.84)
A 1 A

= H__A'Uosc + ('Ucm + ‘2"H_—Avos) Cp (4.85)

Gin- = (20p- — Voffset — Vine(t1))C + v,-Cp (4.86)

A 1 A
= (2’Ucm - m’vos - vOﬁSCt —_ ’Uh‘ne(tl)) C + ('Ucm - §1+—Avos) Cp. (487)

In the sample2 phase,

Gin- = (2Vin- — Vot — Vtine(t2))C + vin—Cp. (4.89)

By the definition of offset voltage,
Vo = Vot — Vo = A(Vint+ — Vin— — Vps). (4.90)
Equating gin+ — gin— in the samplel and sample2 phases gives

(" I—.E_A'Uos + voﬁ‘set — Uem + 'Uline(tl) - 'Uline(t2)) C - ’H_LA'Uost

(1+3)Cc+4G ’ (491)

Vo =

which can be approximated by

1 C,
Vo = Vo,nom — Z('Uo,nom + 'Uos) (2 + _é')‘) . (4-92)

Finite op-amp gain and op-amp input offset voltage produce both a gain and an offset error.
Because the op-amp gain is high (20,000), gain error due to finite op-amp gain is only about
0.01% and offset error is unlikely to exceed 5 pV.

CMRR One problem with the design of the CDS circuit is the shift in input common mode
between the two configurations. This is unavoidable because the pixel output voltages during
the samplel and sample2 phases are not symmetric about v.,,. Two undesireable effects
result. Mismatch in the parasitic capacitances C, at the two inputs causes differential charge
injection into the input nodes when the input common mode changes. The resulting change in
output voltage has already been derived. The other effect is that device mismatches in the op-

amp produce a differential output in response to a change in the input common mode voltage.
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This can be modeled by an effective differential input signal Av; 4,,, where

A .
Av; gm Eﬁi—c{—&, where (4.93)
C
Aviem mvo- (4.94)

The effective change in input differential signal is multiplied by the closed-loop gain of the

system, producing a gain error
1 v,

A = 5 EMRR
Since the CMRR is estimated at 65 dB, the gain error due to finite CMRR is approximately
0.03%.

(4.95)

Clock Feedthrough Clock feedthrough occurs when switching between the samplel and
sample2 phases. The magnitude of feedthrough will be the same as for the ADC, since the

circuit configuration is identical.

4.1.5 Output Multiplexer and Pad Driver

The output multiplexer schematic is shown in Fig. 4-24. The multiplexer takes eight outputs
from four converters and selects one at a time to get buffered and sent to the output pin. The
multiplexer latches the ADC outputs, since the outputs are valid only for the duration of an
individual clock phase. The corresponding timing diagram is shown as Fig. 4-25. The signals
swsell, swsel2, and swsel3 come in from off-chip and generate switchl - switch8 on-chip.
The pad driver is a four-stage tapered buffer shown in Fig. 4-26. It drives a 20 pF load with a
simulated propagation delay tpLy = 2 ns.

4.2 Row Select and Barrier Generation

The barrier generation circuit applies a stepped voltage waveform to the lateral overflow gates
in each row. Every row sees the same waveform, but the waveforms are staggered in time
between rows. This is neccessary because the pixel does not contain a storage region, and
therefore must be read out immediately at the end of its integration period. Since finite time
is required to read out the row, the next row’s integration period must end slightly later.

One way to produce a staggered barrier waveform is an analog delay line. Errors in the

transmission of analog voltage levels are cascaded, causing the barrier levels at the end of the
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Figure 4-24: Output multiplexer schematic.

delay line to be significantly different from the barrier levels at the start. The imager would be
likely to have large row pattern noise.

The method used on this chip is a digital shift register. Bits can be easily transmitted
without error down the length of the array. Eight bits are used to connect the lateral overflow
gate in each row to one of eight analog voltage levels. The analog voltages are supplied from cif-
chip, although they could also be generated on-chip. For example, a string of diode-connected
PMOS transistors, connected between analog power and ground, will evenly divide the 5 V
supply voltage. Step voltages generated in this way will have poor power supply rejection.
The idea could be improved by using a bandgap reference to generate the upper voltage. The
levels are completely adjustable, and the time points at which the barrier level can change
are defined by the falling edge of the shift register clock, which occurs approximately every
4 ps when operated at 1000 fps. Advantages of digitally-controlled compression inciude good
matching between compression and expansion curves and easy and accurate modification of the
compression characteristic [53].

Figure 4-27 shows two bits of the barrier generation shift register for one row. The analog
voltages are V) and V. The two-phase non-overlapping clock is p1 and p2, which is generated
on-chip from the external clock clkb. If d; is 1, row(i) is connected to V; when p2 goes high.
If d; is zero, no connection is made between row(i) and V;. In each row, exactly one of the
digital bits d; will be a one, so the row is connected to exactly ore of the analog levels V;. The
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Figure 4-26: Pad driver schematic.
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Figure 4-27: Two bits of the the barrier generation circuit for one row.

bit travels to the output unchanged (since the two inversions cancel), where it is passed on to
the next row.

Figure 4-28 shows the barrier waveforms for each row and the switch connections at the
instant of time indicated by the dashed line. The figure is drawn for an 8-row, 4-step barrier
function imager, but this example scales to the actual 256-row, 8-step barrier function test chip.
Each time the barrier shift register advances, the dashed line moves to the left by the row time
T,. After eight row times, all rows have been read out and the cycle repeats, so for this example
the frame time Ty = 8 T,. The actual test chip has 256 rows, so Ty = 256 T,.

The clock generator takes the input clocks for the barrier and row select shift registers, and
creates the two-phase nonoverlapping clocks required for their operation. The schematic for
each of the clock generators is shown in Fig. 4-29 [54]. Assume that the input clock ¢ is high.
The output of the top NOR gate, A, must be low. After propagating through the top inverter
chain, ¢, goes low. The bottom NOR gate has two low inputs, and therefore its output B
goes high. After propagating through the bottom inverter chain, ¢» goes high. The outputs
remain in this state until ¢ goes low. Then B goes low, and after propagating through the
bottom inverter chain, ¢, goes low. Now both inputs to the top NOR gate are low, and A goes
high. After propagating through the upper inverter chain, ¢; also goes high. Note that only
one output can be high at any given time, and when that output goes low, the other output

cannot go high until the signal has propagated through a NOR gate and the inverter chain.



CHAPTER 4. EXPERIMENTAL CHIP DESIGN 141

T 000
] — rl_,——i 1o OO0od
L= .. OOo0o0
— Ll ... Ooon
— L . Ooon
T OO0
— 1L niniala

T 'L—T V,, V.. V.. V DDDD

Figure 4-28: Staggered readout example for an 8-row, 4-step barrier function imager. T, is the
row time and T; is the frame time. The digital word next to each row specifies which analog
level V;; is connected to the barrier in that row.

The noncverlapping period is the sum of the NOR gate delay and six inverter gate delays.

4.3 Pixel Array

The pixel array is a 256 x 256 grid of wide dynamic range pixels. The power supply V4 and
the spill gate voltage cgbias are common to all pixels in the array. The lateral overflow gate
voltage and row select are common to all pixels in a given row, and the the pixel outputs are

common to all pixels in a given column. Each column is biased with a 20 zA cascoded current

Figure 4-29: Nonoverlapping clock generator.
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Figure 4-30: Pixel equivalent circuit.

sink to drive the in-pixel source-follower.

4.3.1 Wide Dynamic Range Pixel

The pixel design was described in a previous chapter. The pixel equivalent cicuit is repeated

below as Fig. 4-30. In this section, the expected performance characteristics for the test chip
are calculated.

Sensitivity

The pixel sensitivity is defined in this context as the ratio of output voltage to input light
power.

Rtrinth f

—mtIss 4.96
C.QBTISC ( )

where R is the responsivity (A/W), G,y is the source follower gain, and Cyense is the total

capacitance at the charge sense node. It is measured by illuminating the array with light of a

S =

known power density (W/m?), measuring the average output code, and subtracting the average

output code in the dark. The code can be referred back to pixel output voltage since the
reference voltage levels used in the ADC are known.



CHAPTER 4. EXPERIMENTAL CHIP DESIGN 143

R,
(mA/W)

180

160

100
L

80

Figure 4-31: Spectral responsivity for n*-p photodiode. Dashed lines indicate lines of constant
quantum efficiency.

Responsivity Responsivity depends on the fraction of the pixel area occupied by diffusion,
the fraction of pixel area occupied by windows, and details of the process such as diffusion
depth, doping profiles, and overglass thicknesses. Responsivity alsc has a strong wavelength
dependence. Estimated spectral responsivity for an n* photodiode in p-substrate is plotted in
Fig. 4-31 [55].

Responsivity for a non-monochromatic light source is a weighted average of the respon-
sivity over the relevant bandwidth. For example, a blackbody radiation source at absolute

temperature T has a spectrum

2mhc? 1
B(\) = . .
Q) A5 exp(he/AkT) -1 (4.97)
The net responsivity over the visible spectrum is
80
_ Jioonm BO)RdA (198)
Jioonm B(A)dA

Based on the spectral responsivity in Fig. 4-31, the responsivity to blackbody radiation at T =
2856 K is approximately 103 mA/W.
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Source Follower Gain The source follower gain is

gm1
G.r = 4,99
ol gm1 + 9mb1 + go1 + gcs, ( )

where gm1, gms1, and g, are the transconductance, back-gate transconductance, and drain-
source conductance, respectively, of the source follower device M1 in Fig. 4-30. The output
conductance of the current source is g.s; this term is usually negligible compared to the other
terms. The simulated source follower gain is a weak function of output voltage, ranging from

0.792 to 0.889 over the pixel output range.

Sense Capacitance The sense capac:iance Cisepse is found by summing all of the capacitances

at the charge sense node.

Csense = Ani-subCami-sub + Pri-subCpra1-sub + Arr1—potyCa,zi-poty +
PMl-polyCP,Ml—poly + Apoly—subCA,poly—sub + Ppoly—subCP.poly—sub +
AdifrCadifr(OV) + PuijrCpaifr (0V) + 3WoiCot + AsCoate(l — Gsy),(4.100)

where
o Apri—_sup is the area of the metall - substrate parasitic capacitance
o C4 n1-sup is the parasitic area capacitance between metall and substrate
o Fyri—sup is the perimeter of the metall - substrate parasitic capacitance
e Cp ai—sub is the parasitic perimeter capacitance between metall and substrate
o Apri—poty is the area of the metall - poly parasitic capacitance
o Ca Mi-poly is the parasitic area capacitance between metall and poly
® Pprri—poly is the perimeter of the metall - poly parasitic capacitance
o Cp a1-poly is the parasitic perimeter capacitance between metall and poly
® Apoly—sub is the area of the poly - substrate parasitic capacitance
o C4 poly—sub is the parasitic area capacitance between poly and substrate

® Pyoy—sub is the perimeter of the poly - substrate parasitic capacitance
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e Cppoly—sub is the parasitic perimeter capacitance between poly and substrate
o Agijs is the area of the diffusion - substrate parasitic capacitance

o Cu4if7(0 V) is the parasitic area capacitance between diffusion and substrate
® Pyiys is the perimeter of the diffusion - substrate parasitic capacitance

e Cpuiff(0 V) is the parasitic perimeter capacitance between diffusion and substrate with

0 V applied across the junction
e W, is the width of the transistors abutting the sense diffusion
e C, is the overlap capacitance per unit length of the abutting transistors
e A,y is the source follower gate area
® Cyate is the capacitance per unit area of a transistor gate

e G,y is the source follower gain.

The sense capacitance varies from 9.32 fF to 11.0 {F.

Saturation Level

Pixel capacity is product of sense capacitance and usable voltage range. Taking the nominal
output range of the pixel as 2.5 V to 0.5 V, the sense diffusion voltage ranges from 3.87 V
to 1.54 V. Using a nominal 10 fF value for the sense capacitance, the saturation charge is
approximately 146,000 e~. Of course, the corresponding saturation illumination depends on

the barrier curve.

4.3.2 Settling Time

The column line settling time is determined by the time constant of the column line capacitance
and the output conductance of the source follower. The simulated column line capacitance is
3.83 pF, the simulated output conductance g1 + gms1 of the source follower is 213 1S, and the
minimum drain-source conductance g452 of M2 is 1.51 mS, giving a time constant
7= Cline
gm1 + gmo1||9as2

Adequate settling requires around ten time constants, or 210 ns. The total sampling time for

= 21 ns. (4.101)

the column voltage is at least 1 us, so the column settling time is adequate.
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Random Noise

Photonic shot noise and barrier noise are the major components of random noise. Shot noise
depends on free charge, which is dependent on illumination and the barrier function. The worst
case is when the chip is operated as a linear imager, and the pixel just saturates. The shot

noise in this case is 382 e~. The barrier noise is given by

dn.barr = V 2,‘:chsense =56 e, (4.102)

where the factor of two is due to the double-sampling operation. Barrier noise represents 0.04%

of the full-scale signal.

4.4 Imager Operation

The complete row timing diagram for 12 bit output is shown in Fig. 4-32. The row select
advances on the falling edge of clkr. As the outputs from the next selected row become available
on the column line‘s, the CDS circuits are in the samplel phase to sample these outputs. After
the CDS circuits have settled, samplel goes low and clkb is strobed, advancing the barrier
waveform. The barrier in the selected row goes to the highest potential, resetting the pixels in
that row. The sample2 clock goes high to sample the pixel output values during reset. After
the column line voltages settle, isolate goes low to hold the sampled pixel outputs. When ¢0
goes high, the ADC accepts input from the CDS circuit specified by Aselect and Bselect.
After digitizing this quantity, the ADC accepts input from the other CDS circuit and digitizes
that quantity. Outputs from four ADC’s are latched into the output multiplexer by clkA and
clkBB, and are selected for output by swsell, swsel2, and swsel3.

The frame timing diagram is shown in Fig. 4-33. The row select shift register input rsin
defines the start of the frame. It is high for only one row time, so that only a single “1” is
present in the row select shift register. The column select bits colsel(i) are held constant during

each row time, but their values depend on the choice of barrier function.

4.5 Bias Circuit

The currents in the pixel source followers and op-amps are set by the on-chip bias circuit,
shown in Fig. 4-34. The bias circuit takes three current inputs and generates four bias voltages:
oalbias for the CDS op-amps, oa2bias for the ADC op-amps, and csbias and ccbias for the

pixel source followers. The devices and currents are large in order to generate low impedance
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Figure 4-32: Complete timing diagram for one row time.

Figure 4-33: Frame timing diagram. Total frame time T; = 256 T;.
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Figure 4-34: Bias circuit for test chip.

bias voltages. This minimizes noise coupling and slow-settling time constants in the transient
response caused by changing bias point.



Chapter 5
Experimental Results

The experimental setup consists of a camera board, a test board, the experimental imager chip,
a lens and lens mount, light sources, filters, apertures, integrating sphere, and a host PC. The
test board can be connected to the camera board, allowing characterization of the on-chip test
structures. Frames can be downloaded using only the camera board and imager chip. The
camera board has a DB-25 connector which is used to interface to the parallel port on the host
PC.

The performance of each major imager component (pixel, CDS, and ADC) was determined
from individual test structures. The test circuit, test method, and results are discussed for each
of these structures. The transfer characteristic relating input illumination to output digital
code is shown for both the linear and compressive imaging modes. Sets of uniformly illuminated
frames are used to determine fixed-pattern and random noise. Sample frames contrasting linear

and compressive imaging are presented.

5.1 On-Chip Test Structures

5.1.1 Pixel

The equivalent schematic diagram of the on-chip individual test pixel is shown in Fig. 5-1.
The test pixel is identical to an array pixel, except that a PMOS source follower is added to
buffer the output. Responsivity and conversion gain are measured. The transfer characteristic
is determined for a quasi-logarithmic compression function. The quasi-logarithmic compression
function is logarithmic over a limited range of illumination; at very low and very high illumi-

nation, the response must be linear with illumination. Time-domain output voltage waveforms

149
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Figure 5-1: Schematic diagram of on-chip individual test pixel.

are shown for low, medium, and high illumination.

The pixel output tp4 is connected to an off-chip 20 pA current source. The charge spill
gate tp3 is connected to the off-chip 1 V bias source used by the pixel array. The row select line
tpl is connected to the rsin clock, although this signal is usually kept high when performing
pixel tests. The barrier gate voltage tp2 is connected to the output of an off-chip 8-to-1 analog

multiplexer. The multiplexer inputs are the bias voltages coll-8.

Responsivity

Responsivity cannot be characterized directly from the test pixel since the charge sense node is
not directly accessible. This parameter is determined from a 10 x 10 array of photodiodes, each
of which is identical to an array pixel except that the photocurrent is taken out directly. Their
combined photocurrents are brought off-chip and measured with an HP 4140B picoammeter.

The test setup used to determine responsivity is shown in Fig. 5-2. In Fig. 5-2, the imager
chip is placed directly behind a 0.4 mm diameter aperture and current from the photodiode ar-
ray is measured. Aperture size is chosen so that the on-chip photodiode array can be completely
illuminated, but the light does not extend beyond the surrounding on-chip light shield. Pho-
tocurrent due to background illumination is cancelled by covering the aperture and subtracting
the residual photocurrent. The imager chip is then replaced with a Newport 818-SL photode-
tector. The aperture is increased to 1.52 mm diameter to ensure a more accurate reading. As
a check, the aperture is removed to completely illuminate the photodiode.

The responsivity is
S = Ipdarray/Apdarray , (5_1)
Py1s-s1./Asis-stL
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Figure 5-2: Test setup for measuring pixel responsivity.

where Ipgarray is the photodiode array current with background illumination cancelled, Apdarray
is the area of the on-chip photodiode array, Pg;3-sy, is the power measured by the 1815-C optical
power meter, and Ag;s—sy, is the illuminated area of the 818-SL photodetector. The photodiode

array area is
Apdarray = 100 - (22pm)? = 4.84 - 108 m?, (5.2)

The illuminated area of the 818-SL is approximately 1.8 - 10~m? with the aperture and 1.13 -
10~*m? without the aperture [56]. Combining these expressions with the measured data results
in the responsivities shown in Table 5-1.

The responsivities with and without the aperture should be the same, since the area is
taken into account in both cases. Any difference between the two readings is due either to
experimental error or a A-dependent difference between the photodetector responsivities at the

center and edge.

Conversion Gain

Conversion gain is the ratio of output voltage to integrated charge. Equivalently, it is the ratio
of NMOS source follower gain to sense capacitance. Because the sense capacitance and source
follower gain are nonlinear, conversion gain is not uniform over the output voltage range. An

average value can be obtained by finding the charge required to move the pixel output voltage
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Table 5-1: Responsivity of photodiode array.
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A (nm) | Tdarray (PA) | Php-gp (0W) | PR o) (uW) | 8 (mA/W) | S (mA/W)
450 11.1 1.93 1.55 14.9 16.7
550 25.3 2.99 2.41 22.0 24.5
650 52.9 4.60 4.48 29.9 27.6

[1] with aperture

[2] without aperture

over its output range. Simulation predicts an average conversion gain of 16.8 pV/e™.

measured value is 13.1 uV/e™.

Compressive Transfer Characteristic

The

The dynamic range enhancement technique is tested by applying a staircase waveform to the

lateral overflow gate.

The compression curve used is quasi-logarithmic; for some range of

pixel photocurrent, the relation between photocurrent and output voltage is approximately

logarithmic.

where

.

\

BITI
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2Qmaz + SLTI
3 Qmaz + $5TI
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The corresponding barrier waveform is

[ 1Qmar 0<t<AT
2Qmar ST <t<3T
2Qmaz 3T <t<ET

b(t) = §'Q’"‘” %;‘r sts %IT (5.5)

§Qma$ ’l—G'T <t< ﬁT
2Qmar BT <t< BT
$Qmar HT <t<HT

[ 0 BIT<t<T

The theoretical barrier curve and compression curve are plotted in Fig. 5-3. The lowest
potential applied to the lateral overflow gate must keep the current source in saturation. The
minimum voltage on the current source is 315 mV. The minimum sense capacitor voltage is
chosen to give a source voltage of 500 mV, and the lateral overflow gate voltage is chosen to
lie 700 mV above this level. This gives a minimum lateral overflow gate voltage of 2.2 V. The
maximum voltage is 5 V. The other six levels are evenly spaced between these limits. The
measured and simulated data for the compression curve are shown in Fig. 5-4. Note that the
pixel output voltage does not become zero in the limit of zero photocurrent; this is due to

feedthrough from the barrier gate overlap capacitance.

Sample Pixel Output Waveforms

The data presented for the quasi-logarithmic compression curve shows the difference between the
pixel output voltages at the end of the integration period and during reset. It is also interesting
to examine the pixel output voltage as a function of time over the entire integration period.
Figures 5-5, 5-6, and 5-7 show the pixel response under low, medium, and high illumination,
respectively.

Two particular features are noteworthy. The low illumination figure shows significant
feedthrough from the barrier gate to the pixel output at each step. Feedthrough is actually
present in all cases, but is easiest to see in the low illumination case. The other feature is easicst
to see in the medium illumination case. As the pixel output saturates at a barrier step, the
pixel output does not abruptly change from a linear region to a flat line. The settling looks
approximately exponential when the pixel output is close to saturation. This is not evident
in the low illumination case because the pixel output is never close to saturation. It is not

visible in the high illumination case because the photocurrent is much higher and the settling
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Figure 5-3: Theoretical barrier and compression curves for pixel compression test. (a) Barrier
curve (b) Compression curve.
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Figure 5-4: Simulated and measured pixel output using quasi-logarithmic compression curve.
is therefore much faster.

5.1.2 Analog-to-Digital Converter

The test board circuits used to test the on-chip analog-to-digital converter are shown in Fig. 5-8.
The host computer sets the input by sending a 12b digital word to the DAC. The DAC output
is a fully differential current. An offset current is added to both sides via a resistive divider,
and the resultant current is converted to voltage by passing it through a V-to-I converter. The
system gain is tuned by adjusting the bias current in the DAC. The system common-mode offset
is adjusted by either R1 or R2 and R3, while the differential offset is adjusted by R2 and R3.
The potentiometers are adjusted to produce a full-scale swing of 2 V and a 2 V common-mode
voltage.

The output bits are available alternately at tacpoutb and tacpouta during the phil and
phi3 phases, respectively. During its off phase, an ou put bit is zero. Negative logic is used;
a low output represents 1 and a high output represents v The NAND gate properly combines
information from both outputs so that the bits shifted into the shift register use positive logic.
The input to the shift register is latched on the rising edge of the clock, which is delayed by 25
ns relative to the data to allow for propagation delay. The timing is shown in Fig. 5-9. After

12 bits have been shifted into the shift register, the contents are transfered to a register. The
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Figure 5-5: Measured pixel output and barrier curve for low illumination.
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Figure 5-6: Measured pixel output and barrier curve for medium illumination.
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Figure 5-7: Measured pixel output and barrier curve for high illumination.

host computer reads this value, increments the digital word sent to the DAC, and repeats the
procedure until all input values are tested.

The transfer characteristic for the on-chip ADC is shown in Fig. 5-10. The transfer char-
acteristic was obtained by averaging the results of 100 sweeps. The tested sampling rate is
12.8 kS/s, and the sample is digitized to 12 bits. The differential and integral nonlinearity are
shown in Fig. 5-11 and Fig. 5-12, respectively. The DNL and INL indicate 9-b accuracy. The
INL plot has a large shift at the major carry point and smaller shifts at the next most signifi-
cant carry points, characteristic of capacitor mismatch or signal-dependent charge feedthrough.

Nonlinearity plots obtained from three chips produced very similar results.

5.1.3 Correlated Double-Sampling Circuit

The on-chip correlated double-sampling circuit is tested by applying a stepped voltage at the
input and observing the output voltage. The important parameters are offset and gain. Offset is
the output differential voltage given a 0 V step input, and slope is the ratio of output differential
voltage to input step voltage. Linearity should be very good, but is not a critical parameter
since the pixel output itself is highly nonlinear.

The test board circuits for generating the input test signal and sensing the CDS output are
shown in Fig. 5-13(a) and (b), respectively. The host computer generates a 12b word, which
generates the analog voltage tadcinl in Fig. 5-8. Signal tadcinl simulates the pixel output
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Figure 5-8: (a) Test board circuit to generate test input signal for on-chip ADC. (b) Test board
output data path for on-chip ADC.
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Figure 5-9: Timing for test analog-to-digital converter.
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Figure 5-10: Transfer characteristic for on-chip analog-to-digital converter.
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Figure 5-11: Differential nonlinearity plot for on-chip analog-to-digital converter.
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Figure 5-12: Integral nonlinearity plot for on-chip analog-to-digital converter.



CHAPTER 5. EXPERIMENTAL RESULTS 161

AD7512
tadcin} T3
sample2 >~ tcdsline
W =
(a)
Lime218
tecboutl +
OA2 —VVWA— T VWA —
——AAA——
[ >
g OA4 AD671KD |— DO-DI|
S +
——AMN— ]
\ S LM6218
0A3 AW A
tccbout2 / $
L ime218

(b)

Figure 5-13: (a) Test board circuit to generate input signal for CDS circuit (b) Test board
circuit for sensing CDS output voltage.

voltage at the end of the integration period. The analog multiplexer (AD7512) switches between
this voltage and a constant voltage simulating the pixel output voltage at reset. The stepped
voltage, tcdsline, is input to the on-chip CDS circuit.

The on-chip CDS circuit outputs are tccboutl and tccbout2. Test board amplifiers OA2,
OA3, and OA4 implement an instrumentation amplifier, performing a differential to single-
ended conversion on tccboutl and tccbout2. The single-ended signal is converted by an
AD671KD analog-to-digital converter. The output bits are latched into a register and down-
loaded to the host computer. The host computer increments the digital input word and repeats
the procedure until all input values are tested.

Testing of the CDS circuit verified that the output transfer characteristic (V,y; vs. input
step voltage) was a straight line with unity slope. The output voltage is zero with a 1 V step

input.

5.2 Image Frames

Frame data is used to measure the saturation level, optical crosstalk, linear and compressive
imaging transfer functions, FPN, random noise, and power dissipation. The fundamental clock

period for most tests is 814 ns, giving an integration time of 40 ms and an equivalent frame
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rate of 30 frames/sec at 10 bits/sample.

5.2.1 Saturation Level

Saturation is obtained by subtracting the average pixel value in a dark frame from the average
pixel value in a saturated frame, using linear imaging. The difference in average pixel value is

3451 codes, corresponding to 1.69 V.

5.2.2 Dark Respouse

Dark response is measured by keeping the imager in the dark and calculating the average pixel
value for several different integration times. The longest integration time used is 1.28 sec, and
the shortest is 20 ms. The measured dark response is 174 mV/s, which is equivalant to a pixel

dark current of approximately 2.1 fA.

5.2.3 Optical Crosstalk/Blooming

Blooming and optical crosstalk are tested by applying high illumination to a small region of
the imager. Blooming and optical crosstalk appear as a saturated region much larger than the
area actually exposed to illumination. An informal test was performed by imaging a tubular
fluorescent lamp in front of a newspaper. The acquired image shown in Fig. 5-14 shows no sign
of blooming.

In another test, a laser beam was directed onto the imager. A 0.4 mW HeNe laser with a
wavelength of approximately 650 nm was used, and the illumination was varied using neutral
density filters. The glass cover on the imager chip was removed to avoid any scattering or
reflection from that surface. The benefit of the laser beam is that it minimizes the effect of any
reflective paths. The direct beam falls completely on the pixel array. Much of the incident beam
is reflected off of the imager, but as long as there are no specular surface nearby, any reflected
light that returns to the imager is greatly attenuated. The results are shown in Fig. 5-15. At
the higher illuminations, the central spot is surrounded by an interesting pattern of light spots.
These spots are not characteristic of blooming or optical crosstalk, since these would create a
(roughly) circularly symmetric spot with a diameter greater than the exposed spot. The spots
are apparently due to the laser itself, since they can be observed in the incident beam by holding
a sheet of paper in front of the laser. The conclusion is that blooming does not occur below an

illumination of ~ 50,000 saturation illumination in the linear mode.
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Figure 5-14: Blooming test performed with fluorescent lamp and newspaper. The horizontal
bright line is a crease in the newspaper.
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(a) (b)

Figure 5-15: Blooming test performed with laser. Linear imaging mode used in all cases.
(a) ~ 500x saturation illumination. (b) ~ 5,000x saturation illumination. (c) ~ 50,000x
saturation illumination.
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Figure 5-16: Measured transfer characteristic for linear imaging mode.

5.2.4 Transfer Characteristic

Transfer characteristics were measured for the imager operating in the linear mode and the com-
pressive mode. The linear transfer characteristic is shown in Fig. 5-16. The compressive trarsfer
characteristic is shown in Figs. 5-17 and 5-18, along with simulated results from HSPICE. The
barrier curve used to obtain the compressive transfer function is shown in Fig. 5-19. Figure 5-20
shows the transfer characteristic for a barrier curve intended to produce a high dynamic range;

the measured dynamic range increase is ~ 160x.

5.2.5 Fixed-Pattern and Random Noise

Fixed-pattern noise (FPN) and random noise are determined by uniformly illuminating the
pixel array at several different irradiances. At each irradiance, 16 frames are captured. FPN is
calculated from the measured data using Eqs. (2.1) and (2.2). Random noise is determined by
averaging all 16 frames, and subtracting that average from each frame. The rms pixel value of

the difference frames represents random noise.

‘/z,wf(z ,4) = Pi,5))?.

(5.6)

n rms

The FPN and random noise for the linear imaging mode is shown in Fig. 5-21. Pixel FPN

initially rises from its value in the dark due to gain FPN sources, but falls when the pixels
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Figure 5-17: Measured and simulated transfer characteristics for compressive imaging mode
(linear plot). Linear response transfer function is shown for comparison.
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Figure 5-18: Measured and simulated transfer characteristics for compressive imaging mode
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Figure 5-19: Barrier curve for compressive imaging mode.
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Figure 5-20: Compression curve and barrier curve (inset) for high dynamic range expansion.
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Figure 5-21: Measured random and fixed-pattern noise for imager operating in linear mode.

saturate. This is expected, since sense capacitance and optical aperture do not affect the
output voltage when the pixel saturates. Random noise also initially increases from its value
in the dark, presumably due to photonic noise. It falls when the pixel saturates, since photonic
shot noise goes away, leaving only barrier shot noise.

The FPN and random noise for the compressive imaging mode is shown in Fig. 5-21. Com-
pared with the FPN and random noise for the linear imaging mode, random noise and pixel
FPN are clearly reduced. This is due to the limited free charge Q sree, which is the sole source
of photonic noise and gain FPN. Column FPN approximately follows the shape of the transfer
characteristic, implying that column-to-column mismatch is mostly a gain error on the pixel

output voltage.

5.2.6 Sample Frames

Figui. 5-23 is a frame sequence which demonstrate the wide dynamic range feature. In
Fig. 5-23(a), the imager operates in the linear imaging mode. The illumination is sufficient
for the upper half of the truck, but the lower half is underexposed. In Fig. 5-23(b), the overall
illumination has been increased so that detail in the lower half of the truck is visible, but now
the upper half of the truck is overexposed. In Fig. 5-23(c), the imager operates in the compres-

sive imaging mode, using the same illumination as in (b). Details in both halves of the truck
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Figure 5-22: Measured random and fixed-pattern noise for imager operating in compressive
imaging mode.

are visible, demonstrating the value of the wide dynamic range feature.

5.2.7 Imager Power Dissipation

Power dissipation was determined by monitoring the difference in the supply current to the
board with and without the imager inserted. The on-chip digital power dissipation, except for
the pad driver power, could not be determined due to large fluctuations in the measured current.
This power can be roughly estimated by examining all nodes which are charged through the
digital supply. For each such node, the energy dissipated per frame is

.
Euiss = 5CV*Nyu, . (57)

where C is the node capacitance, V is the supply voltage (5 V), and Ny, is the expected munber
of times that the signal changes state over one frame. In order to simplify the calculation, C

includes only gate and diffusion capacitance; wiring capacitance is ignored. Also, the short-

circuit current during switching is ignored. Summing all of these terms for the entire imager,
the energy is estimated to be 16.5 pJ/frame. At a 30 Hz frame rate, this is only about 0.5 mW,
and thus is quite small compared to the other components.

Power dissipation as a function of frame rate is shown in Fig. 5-24. At each measured frame

rate, power was determined by decreasing the bias currents until the image became visibly



CHAPTER 5. EXPERIMENTAL RESULTS 170

(a)

©)

Figure 5-23: Sample frames demonstrating wide dynamic range feature. (a) Lincar imaging
with underexposure of bottom half. (b) Linear imaging with overexposure of top half. (¢) Wide
dynamic range imaging using same illumination as (b).
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Figure 5-24: Frame rate vs. imager power dissipation (5 V). Power quoted is sum of analog
supply power and output pad driver power.

degraded. Assuming that the curve is linear out to 1600 fps, it would take approximately 1 W
to operate the imager at 1000 fps.

5.2.8 Performance Summary

The measured and estimated imager performance is summarized in Table 5-2. With the ex-
ception of responsivity, measured and estimated figures are in close agreement. Dark response
was not estimated, since dark current is extremely process dependent. The conversion gain
was estimated by HSPICE simulation using BSIM level 28 parameters with a pixel circuit
model extracted from the layout. Fixed-pattern noise is estimated from Fig. 3.6; lacking actual
mismatch data for the process, the ~ 2x difference between measured and estimated value is
reasonable. Estimated saturation level was obtained from an HSPICE simulation of the pixel.
Random noise is estimated from dark shot noise and reset (kT/Cjsense) noise. The measured
dark current and sense capacitance were used in the random noise estimate. The measured
noise performance is actually better than estimated. The reason may be that the barrier noises
during the sample and reset phases are correlated due to the slow time constant at the sense

node.
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Table 5-2: Summary of imager performance.

parameter measured estimated

dark response 174 mV /s @ 22° C —
responsivity 23 mA/W @ 550 nm 82 mA/W @ 550 nm
conversion gain 13.1 uV/e~ 16.8 uV/e~
FPN (dark) 4.0 mV (1 o) 23 mV (1 o)
power dissipation 52 mW @ 30 Hz, 5 V (10 bits) —
saturation level 169V 1.64 V
random noise (dark) 0.56 mV (1 o) 0.88 mV (1 o)
DR (linear mode) 3000 2000

DR expansion 1x - 160x ~ 200x

The FPN in the linear mode consists of an offset term of 4 mV rms (0.2% saturation) and a
gain term of approximately 1% of the output signal. The offset and gain FPN are comparable to
other recent CMOS imagers, where such comparison can be made. For example, a series of 128
x 128 APS arrays achieved p-p dark FPN ranging from 3.7% saturation to 0.08% saturation,
depending on array implementation and whether or not CDS was used [58]. If the peak-to-peak
value corresponds to the 3 o level, for example, then the rms FPN’s would range from 1.2%
saturation to 0.03% saturation. Another recent 256 x 256 APS array reports dark FPN of
0.2% saturation p-p, and FPN arising from conversion gain mismatch as “under 1%” [57]. The
corresponding dark FPN value is 0.07% saturation rms. A 128 x 128 APS array with clectronic
shutter quoted a dark intracolumn (pixel) FPN of 1.5 mV and a bright intracolumn FPN of 5.1
mV, which represents a change of 3.6 mV on a saturation level of 470 mV, or 0.76% gain FPN
rms[59]. The dark pixel FPN is 0.3% saturation. On the same imager, column FPN increased
from 12.0 mV to 18.6 mV rms between the dark and bright frames, representing about 1.4%
gain FPN.
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Conclusions

6.1 Summary

This thesis described the design and testing of a CMOS imager for automotive machine vision.
The goal was a high speed, high dynamic range imager which allows a high level of system
integration.

On-chip column-parallel analog-to-digital conversion was chosen for several reasons. Column-
parallel outputs allow high frame rates. Digital output allows convenient integration with digital
signal processors, without crosstalk between adjacent channels. Integrating the converters on
the imager chip potentially reduces system size, power, and cost.

Several converter architectures were compared for focal-plane conversion. Full flash convert-
ers are too large for the required 10 bit accuracy. Dual-slope converters are usable for standard
frame rate (30 frames/sec), but too slow for 1000 frames/sec operation. Delta-sigma converters
are also too slow, and very poorly matched to the signal format coming from a pixel array.
Algorithmic converters do not suffer from these problems. Cyclic and pipeline algorithmic
converters are both suitable choices; a cyclic architecture was chosen.

Wide dynamic range is required due to uncontrolled lighting conditions in automotive appli-
cations. Several previous schemes for increasing dynamic range were reviewed. These schemes
could be roughly divided into two types: nonlinear pixels and multiple integration periods.
Nonlinear pixels usually use the logarithmic current-to-voltage characteristic provided by a
forward-biased diode or a subthreshold MOSFET. These techniques provide very large dy-
namic range, but no control over the compressive characteristic. Multiple integration periods

are more flexible, but often require frame storage which makes integration difficult. Two CCD-

173
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based schemes were described which do not require frame storage. For one of these schemes,
the dynamic range increase is set by a gate area ratio, which is severely limits the achievable
improvement. The other is based on time period ratios, which is much more useful.

The wide dynamic range pixel employed in this imager was essentially identical to a CCD
version first described by Knight. It was shown that a CMOS pixel could employ the same
technique, and that a stepped barrier function could be employed with little loss of flexibility.
The barrier is digitally controlled from off-chip by just three digital signals. A 256-stage digital
shift register selects one of eight barrier levels for each row. This shift register, and a row select
shift register, are coordinated with the correlated double-sampling circuits to read out the array
in “moving shutter” fashion. This avoids the need for storage in the array, which reduces the
influence of optical crosstalk and increases fill factor.

———A-prototype imaging chip-was-designed-and-fabricated-in-a 6:-8 pum-€MOSprocess; which———

is essentially a digital process with linear capacitors. The pixel is an active pixel sensor (APS)
design with a charge-spill gate to increase sensitivity. The correlated double-sampling (CDS)
circuit reduces FPN, but does not entirely remove it. In particular, it does not affect FPN
produced by barrier gate overlap capacitance mismatch. The CDS circuit is switched-capacitor
and fully-differential. Cyclic ADC’s are shared between adjacent columns. Each switched-
capacitor ADC is fully-differential for improved noise and mismatch immunity. Digital output
is provided through 32 channels, which must be multiplexed between the 128 converters.

The pixel was characterized for dark response, responsivity, saturation level, and conversion
gain. The dark response was determined by optically shielding the array and measuring the av-
erage output voltage for different integration periods; the measured dark response is 174 mV/s.
The responsivity is found from illuminating an on-chip photodiode array with monochromatic
light, and comparing the measured photocurrent with the reading from a power meter exposed
to the same illumination; the result is 9.8 mA/W at a 550 nm wavelength. The saturation level
is determined from the minimum and maximum output codes from the array; the measured
result is 1.69 V. Conversion gain is determined from the change in average output code when
light intensity is varied; the conversion gain is 13.1 uV/e™.

The CDS and ADC transfer characteristics were obtained from separate test structures on
the chip; the outputs were found to be well-behaved. The ADC was further characterized for
nonlinearity. A set of 100 sweeps were performed and averaged to obtain the DNL and INL;
they were determined to be compatible with 9 bit performance. Their accuracy is limited by
capacitor mismatch, which was expected.

FPN was found by taking sets of 16 frames at each of multiple illumination levels. The
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frames at each illumination were averaged to remove random noise. The random noise in the
dark was 4.0 mV (1 o). Random noise was found by subtracting the FPN from cach of the 16
frames. The random noise in the dark was 0.56 mV, which provides a base dynamic range for
the linear imager of 3000:1.

Power as a function of speed was determined by setting the bias currents at cach speed to
the minimum required to remove any degradation in the image. The power dissipation was
approximately linear with speed, increasing from 52 mW at 30 fps to about 400 mW at 400
fps. It was actually possible to obtain good quality images at 800 fps, but the power could not
be increased enough to completely remove all degradation. Power was obtained by adding the
contributions of the analog supply power and the power for the output pad drivers. It was not
practical to measure the digital supply power, but this component should be quite low at low
to moderate frame rates.

The wide dynamic range technique was verified, both at the pixel level and at the frame
level. Transfer characteristics were obtained for quasi-logarithmic compression. These were
found to agree with simulated results. Frame dynamic range was investigated by illuminating
the imager with a laser beam. No blooming was found for illuminations as high as 50,000 x
saturation exposure (in tiie linear mode).

Several factors limit the usable dynamic range. One limitation is internal reflections in the
camera body. Reflections can occur between the lens, imager chip surface, and the lens mount.
The camera board limits dynamic range by imposing a minimum integration time of 1/256 of
the frame time. The major limitation of the imager iteself is the minimum time required to
sample a pixel output voltage, which depends on how fast the CDS circuit can settle. Since
this can settle in about 1 ps, the maximum dynamic range in this case is on the order of 30,000
for a 30 ms integration time.

A camera and software were developed. The camera consists of a camera board, lens and lens
mount, a power supply, and a host PC. The camera board provides bias voltages, bias currents,
and clocking. Output frames are stored in on-board memory; approximately 2.5 frames oi fall
12-bit data can be stored. The host PC downloads frame data through a bidirectional parallel

port.

6.2 Contributions

The main contribution of this thesis is the integration of the wide dynamic range pixel into an

APS architecture. The starting point of the thesis was a scheme for applying a continuous-time
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barrier function to a lateral overflow gate in a single pixel. This work has demonstrated a

practical imager using these pixels with the following properties:

¢ No charge storage required in the pixel or a vertical shift register, which means higher fill

factor and higher achievable dynamic range.

e Digital generation and control of the barrier function. Only n control bits are required to

produce a 2™-slope barrier function.

e Offset introduced by threshold voltage mismatch in the barrier device is partially removed

by correlated double-sampling.

A secondary contribution is the switched-capacitor correlated double-sampling circuit. The
CDS circuit in this thesis simultaneously removes offsets and converts the single-ended pixel
output voltage to a fully-differential voltage. Charge injection from the switches is cancelled,
to first order, by the fully-differential design of the CDS.

A third contribution is a successful demonstration of column-parallel cyclic analog-to-digital
conversion for focal-plane conversion. Crosstalk is necessarily a major cencern when ADC’s and
pixel arrays are integrated, but it is very difficult to accurately estimate. This chip is “proof-
by-existence” that cyclic converters and an APS can be integrated with no apparent ill effects.

even at high frame rate.

6.3 Conclusions

The original goals for the imager were
e a 64 x 64 pixel array
e 1000 fps operation
e 10-bit output
e fill factor > 50%
e dynamic range of at least 105:1 (120 dB)

The performance of the fabricated imager in most cases approaches or exceeds these specifica-

tions.

e By switching to a 0.8 pm CMOS process, a 256 x 256 pixel array was achieved.
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e The immager operates with no visible image degradation up to 390 fps, and with only minor
degradation up to approximately 800 fps. The frame rate is limited by the relatively large
capacitors used in the CDS and ADC circuits. The op-amp and associated bias circuits
were originally designed assuming 50 fF unit capacitors would be used. A second lot was
fabricated where the 50 fF capacitors were replaced with 400 fF capacitors, but the chip
was otherwise identical. After metal mask changes to correct errors on the first run of

chips, only chips from the second lot were shipped.

e The converter accuracy is limited to 9 bits, so the overall output accuracy does not meet
the 10-bit goal. This is not surprising, since it was not expected that capacitor matching
would be much better than 9 bits. However, the pixel charge capacity would have to be
at least 10% e~ to achieve a signal-to-noise ratio of 2'°:1. Given the actual pixel capacity,

the signal-to-noise ratio is limited to 380 while operating in the linear mode.

e The fill factor was 49%. The effective optical aperture is somewhat greater due to the

unshielded field regions between metal lines.

e The dynamic range expansion is board-limited to approximately 200x, producing an
overall dynamic range of 116 dB. This is quite close to 120 dB. The dynamic range could

be increased beyond 120 dB without any change in the imager itself.

The ultimate dynamic range achievable by the wide dynamic range technique is limited by
the settling time of the CDS circuit. Dynamic range is maximized by minimizing the duration
of the final step in the barrier curve. This last step begins when the barrier voltage falls to its
minimum value, and ends when the CDS circuit has sampled the pixel output (samplel goes
low). Ideally, the op-amp outputs would would exactly track the pixel output voltage while
samplel is high, and hold the last value when sainplel goes low. In reality, the pixel output

voltage is a ramp, and the voltage sampled by the op-amp has the general form
Usample = At + Be_t/r + C, (61)

where 7 is the closed-loop time constant of the op-amp. The desired response is the lincar term.
The exponential term determines how fast the system settles to the ramp, and therefore how
long samplel must stay high. The constant terim is due to the finite transconductance of the
op-amp. While the pixel output is being sampled on the bottom capacitor plates, current must
be supplied to the top plates. This requires a finite input differential voltage at the op-amp

input terminals. For higher illuminations, the ramp is steeper and the constant term increases,
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This results in an offset between the actual and ideal responses, even if sufficient time is allowed
for settling.

The imager is suitable for its intended purpose, but its suitability for other purposes is
limited. The wide dynamic range algorithm imposes lower limits on both FPN and random
noise performance. FPN is produced by mismatch in the overlap capacitance of the lateral
overflow gate. Random noise is produced by charge flow under the lateral overflow gate. CDS
removes neither of these. CDS does remove FPN due to mismatch in the in the lateral overflow
gate threshold voltage, but this requires a “soft” reset which results in image lag.

The column-parallel cyclic converter structure was a success. Despite the large number of

converters, image quality was not visibly degraded and power consumption was modest.

6.4 Future Work

The next step is combination of the imager with an analog or digital processor to create a
complete stereo vision system. A prudent first step is behavioral simulation of the stereo vision

algorithm with simulated frame sequences containing fixed-pattern noise. This will show that

the algorithm is robust against FPN, or show the need for further algorithm development.

The stereo vision system requires real-time imager operation, which is not currently possible
because of the long time required to download and reorganize data. The raw data could be
reorganized and reformatted in real-time using dedicated digital hardware. One method is
sketched in Fig. 6-1. The bits corresponding to a single sample become available over several
cycles of operation. As a partially constructed sample is read out of memory, it is combined
with present data from the imager and written back to the memory. When a row of samples is
fully constructed, a different area of memory is used to construct the next row of samples and
the reconstructed samples are read out.

The current version of the imager chip can be used as-is in the stereo vision system. If an
advanced prototype system is required, it may be worthwhile to refabricate the chip. The imager
interface can be dramatically simplified by a few chip modifications. The digital output bits
can be reorganized on-chip so that all bits for a given pixel are output simmultancously. Timing
and bias generation can also be integrated on-chip so that the only external connections are
power, ground, digital barrier control, an output digital signal to indicate the start of a frame,
and the fundamental clock.

If very high dynamic range is required, it will almost certainly become necessary to reduce

reflections inside the camera body. Special materials and /or coatings may be required on the
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read—out write—back output sample
out<i> out<i> out<i>
SRAM digital SRAM digital SRAM J__ digital
MUX I I MUX MUX
4 , - -4
register register register

Figure 6-1: Implementation of real-time data reformatter. In the first phase, raw data from
imager is combined with stored data in SRAM’s. In the second phase, this data is read back
into memory. In the third phase, fully reconstructed data in memory is read out as raster scan.

imager chip, lens, and lens mount.

Most commercial interest will be for consumer imagers. The correlated double-sampling and
ADC circuits could be very useful for these applications, but the wide dynamic range feature
is of limited use. FPN performance is very important for images that people will view, so
FPN and random noise (which will appear as FPN in a digital still camera) must be kept to
a minimum. As explained previously, the wide dynamic range technique sets a lower limit to
randorn noise and FPN performance. The wide dynamic range technique extends the upper

limit of usable illumination, but extension of the lower limit would be more useful.
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Board Schematics

Abel source files for PAL1, PAL2, PAL3, PAL5, and PAL5PP are listed below (PAL4 is not
used). PALS5 is used with the Strawberry Tree data acquisition card, while PALSPP is used
with the parallel port interface.

Schematic diagrams for the camera and test boards are powerview documents located in
/homes/decker/powerview/imager/camera.xxx. They are reproduced in this appendix.
The design is divided into a camera board (first three sheets) and a test board (last two sheets).
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// pall.abl

//

// SCCS id: 1.1

//

// Steven J. Decker
// decker@mtl.mit.edu
//

// 5/6/1997

Module pall

Title

’PAL1 equations
Steven J. Decker
decker@mtl.mit.edu
pall.abl

SCCS id: 1.1
5/6/97°

Declarations

pall device ’P22V10C’;

pal_clk pin 2;
a0 pin 3;
al pin 4;
a2 pin 5;
a3 pin

a4 pin

O N OO 0w W

ab pin
a6 pin 10;
a7 pin 11;

isolate pin 17 istype ’reg_D,buffer’;
!sample2 pin 18 istype ’reg_D,invert’;
samplel pin 19 istype ’reg_D,buffer’;
bselect pin 20 istype ’reg_D,buffer’;
aselect pin 21 istype ’'reg_D,buffer’;
phi0 pin 23 istype ’reg_D,buffer’;
'phi4 pin 24 istype ’reg_D,invert’;
'phi3 pin 25 istype ’reg_D,invert’;
'phi2 pin 26 istype ’reg_D,invert’;
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'phil pin 27 istype ’'reg_D,invert’;

Equations

[ isolate, sample2, samplel, bselect ].oe = !0;
[ aselect, phiO, phil, phi2, phi3, phi4 ].oe = !0;

[ isolate, sample2, samplel, bselect ].clk = pal_clk;
[ aselect, phiO, phil, phi2, phi3, phi4 ].clk = pal_clk;

isolate := (al & a2 # a3) & a4 & a5 & 'a6 # ('a0 # 'al # !a2
# 'a3 # 'ad) & a6;

sample2 := a0 & a2 & !a3 & a4 & ab & 'a6 # al & a2 & 'a3 & a4 &
ab & 'ab # a3 & a4 & ab & !a6 # 'a3 & !ad & 'ab & a6 #
'la0 & 'a2 & a3 & 'a4 & !'ab & a6 # !'al & 'a2 & a3 & 'a4 & !a5 & af;

samplel := al & a2 & 'a3 & a4 & ab & 'a6 # a3 & a4 & a5 & !ab &
'la3 & 'ad4 & 'ab & a6 # 'al & 'a2 & a3 & !'a4 & !'ab & ab;

aselect := !a2 & 'a3 & 'a4 & !'ab & 'ab # a6 # ab & a4 &
(a3 # a2 & (al # a0));

bselect := 'a6 & 'ab & (a4 # a3 # a2 & (al # a0)) # a5 & (la4d
# 'a3 & !a2);

phi0 := 'a2 & 'a3 & !'ad & !ab & 'a6 # 'a2 & !'a3 & a4 & a5 & !a6;

phil := tal & !a2;

phi2 := al & !a2;

phi3 := !'al & a2;

phid4 := al & a2;

End pall
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// pal2.abl

//

// SCCS id: 1.1

//

// Steven J. Decker
// decker@mtl.mit.edu
//

// 5/6/1997

Module pal2

Title

'PAL2 equatiomns
Steven J. Decker
decker@mtl.mit.edu
pal2.abl

SCCS id: 1.1
5/6/97’

Declarations
pal2 device ’'P22V10C’;

pal_clk pin 2;
a0 pin 3
al pin 4
a2 pin §
a3 pin 6;
a4 pin 7
ab pin 9
a6 pin 10;
a7 pin 11;

!row_clk pin 17 istype ’reg_D,invert’;
sor pin 18 istype ’reg_D,buffer’;

eof pin 19 istype ’reg_D,buffer’;
swsel3 pin 20 istype ’reg_D,buffer’;
swsel2 pin 21 istype ’'reg_D,buffer’;
swsell pin 23 istype ’'reg_D,buffer’;
clkb pin 24 istype ’reg_D,buffer’;
clkr pin 26 istype ’reg_D,buffer’;
clka pin 26 istype ’reg_D,buffer’;
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clkbb pin 27 istype ’reg_D,buffer’;

Equations
[ row_clk, sor, swsel3, swsel2 ].oe = !0;
{ swsell, clkb, clkr, clka, clkbb ].oce = !0;

eof.oe = 0;

[ row_clk, sor, eof, swsel3, swsel2 ].clk = pal_clk;
[ swsell, clkb, clkr, clka, clkbb ].clk = pal_clk;

row_clk := a0 & al & a2 & a3 & a4 & !'ab & a6;

sor := a0 & al & 'a2 & !'a3 & !'ad4 & 'ab & !a6;

eof := 0;

swsel3d := !a2;
swsel2 := a0;
swsell := ail;

clkb := 'a0 & al & 'a2 & a3 & 'ad4 & !ab & a6;

clkr := a0 & al & 'a2 & 'a3 & a4 & a5 & 'a6;

clka :

a0 # al # 'a2;

clkbb := a0 # al # a2;

End pal2
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// pal3.abl

//

// SCCS id: 1.1

//

// Steven J. Decker
// decker@mtl.mit.edu
//

// 5/6/1997

Module pal3

Title

'PAL3 equations
Steven J. Decker
decker@mtl.mit.edu
pal3.abl

SCCS id: 1.1
5/€/97°

Declarations

pal3 device ’P22V10C’:

pal_clk pin 2;
s0 pin

sl pin

s2 pin 5;
s3 pin

s4 pin

»

© N O b W

sb pin 9;
s6 pin 10;

s7 pin 11;

sor pin 12;
mem_full pin 13;

c_frame_acq pin 16;

clkr pin 18;
preclkr pin 19;
preclkb pin 24;

rsin pin 17 istype ’reg_D,buffer’;
mem_store pin 20 istype ’reg_D,buffer’;
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!sof pin 21 istype ’reg_D,invert’;
'eof pin 23 istype ’reg _D,invert’;
colsel3 pin 25 istype ’reg_D,buffer’;
colsel2 pin 26 istype ’'reg_D,buffer’;
colsell pin 27 istype ’reg_D,buffer’;

Equations

[ rsin, mem_store, sof, eof ].oe = !0;

[ colsel3, colsel2, colsell ]J.oce = !0;

[ clkr, preclkr, preclkb ].oe = 0;

[ rsin, mem_store, sof, eof J.clk = pal_clk;
[ colsel3, colsel2, colsell ].clk = pal_clk;

rsin := !sO & s1 & s2 & s3 & s4 & sb & s6 & s7;

mem_store := 1;

sof := !mem_full & 'eof & c_frame_acq & (sof #
sor & sO & s1 & s2 & s3 & s4 & sb & s6 & s7);

eof := (sof & mem_full # eof) & c_frame_acq;

// linear imaging

colsell := I!s7 # !s6 # !s5 # Is4 # !s3 # 152 # !s1;
colsel2 := 0;
colsel3 := 1;

// wide dynamic range imaging (quasi-log)

// clocking order: (colsell,colsel2,colsel3) = (0,0,0), (1,0,0),
// (1,1,0), (0,1,0), (0,1,1), (1,1,1), (1,0,1), (0,0,1).

// (1,0,1) is lowest potential, (0,0,1) is highest (reset)

// colsell := s7 & (!s6 # s6 & !'sb # s6 & s5 & s4 & s3 & (!s2 #
// s2 & 's1));

// colsel? := s7 & s6 & (!sb # s5 & 's4 # s5 & s4 & !s3 # s5 & s4
// & s3 & !s2);

// colsel3 := s7 & s6 & s5 & s4;

// wide dynamic range imaging (three-step)
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// clocking order: (colsell,colsel2,colsel3) =

// (0,0,0), (1,0,0), (1,0,1), (0,0,1)

// (1,0,1) is lowest potential, (0,0,1) is highest (reset)
// colsell := s7 & s6 & s5 & s4 & s3 & s2 & !si;

// colsel2 :

0;

// colsel3 :

s7T & s6 & s5 & s4 & s3 & s2 & (s1 # s0);

End pal3
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// pal5.abl
78

// SCCS id: 1.1

//

// Steven J. Decker
// decker@mtl.mit.edu
//

// 3/31/1997

Module palb

Title

'PALS equations
Steven J. Decker
decker®mtl.mit.edu
pal5.abl

SCCS id: 1.1
3/31/97°

// Notes:
//

// 1. It is necessary to initialize the address by setting c_st_clr

// low and clocking c_st_clk.
//

// 2. The first real data in memory is at O0xO1.

// 3. Strawberry Tree should be toggling st_clk before board power is

//
// turned on. Otherwise, enabled drivers could fight.
Declarations

palb device ’P22V10C’;

c_st_clk pin 2;
!sof pin 4;

'eof pin 5;
en_clk pin 6;
pal_clk pin 7;
'c_st_clr pin 9;
enl pin 10;

en2 pin 11;
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'enable4 pin 20
tenable3 pin 21
'enable2 pin 23
'enablel pin 24

istype
istype
istype
istype

'reg_D,invert’;
‘reg _D,invert’;
‘reg_D,invert’;

’reg_D,invert’;

ladr_clr pin 25 istype ’com,neg’;

adr_clk pin 26 istype ’com,pos’;

mem_en pin 27 istype ’com,pos’;

Equations

[ enablel, enable2, enable3, enable4 ].0E = !0;

[ adr_clr, adr_clk, mem_en ].0E = !0;

[ enablel, enable2, enable3, enable4 ].CLK = c_st_clk;

enable4 := l!enl & !'en2;

enable3 := !enl & en2;
enable2 := enl & !'en2;
enablel := enl & en2;

adr_clr = c_st_clr;

adr_clk = c_st_clk & !sof # pal_clk & sof;

mem_en = !sof # !en_clk;

End palb
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Chip Pinout and Bonding Diagram
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Table B-1: Pin list, pads 1 - 72

[pad # [ pin | name [ value [I/O/P ]| pad # | pin | name | value [1/O/P
1 D3 | tcdsline (1) I 37 N4 col8 25-5V I
2 C2 | tccbout2 | (0, 5) 0 38 P3 col7 25-5V I
3 Bl | tecboutl | (0, 5) 0 39 Q2 col6 25-5V 1
4 D2 NC — - 40 P4 colb 25-5V I
5 E3 NC — - 41 N5 cold 25-5V I
6 C1 NC — - 42 Q3 col3 25-5V 1
7 E2 NC — - 43 P5 col2 25-5V I
8 D1 NC — - 44 Q4 coll 25-5V I
9 F3 NC — - 45 N6 gnda ov P
10 F2 NC — - 46 P6 clkb (2) 1
11 | El| outl [(0,5)| O 7 | Q5 | clkr ) i
12 G2 out?2 (0, 5) (0] 48 P7 | sample2 (2) I
13 G3 out3 (0, 5) 0] 49 N7 | samplel (2) I
14 F1 out4 (0, 5) (0] 50 Q6 | isolate (2) I
5 | GL| outs |(0,5)| O 51 Q7 | phi5 (2) I
16 H2 out6 (0, 5) 0 52 P8 phi6 (2) 1
17 H1 out? (0, 5) 0 53 Q8 | Bselect (2) 1
18 H3 out8 (0, 5) (0] 54 N8 [ Aselect (2) I
19 | J3 | outd | (0,5 ] O 55 | N9 | phi0 [0) I
36 | J1 | outlo | (0,5)] O 56 | Q9 | phiObar 2) T
21 | K1 | outll | (0,5)| O 57 | QI0 | phi3 ) I
22 J2 outl2 (0, 5) [0) 58 P9 phid (2) I
23 | K2 | outld | (0,5)] O 59 | P10 | phi2 ) I
24 K3 outl4 (0, 5) (¢} 60 N10 clkA (2) 1
25 | L1 | outls | (0,5)] O 61 | Qi1 | clkBB ) i
%6 | L2 | outl6 | (0,5) | O 62 | P11 | phil @) I
27 M1 gnda oV P 63 Q12 | colsell (2) I
28 N1 gndd oV P 64 Q13 | colsel2 (2) I
29 M2 vddd 5V P 65 P12 | colsel3 (2) I
30 L3 | lowrail oV P 66 N1l | swsell (2) I
31 N2 | highrail | 5V p 67 P13 | swsel2 (2) I
32 P1 NC — - 68 Q14 | swseld (2) I
33 M3 NC — - 69 N12 rsin (2) I
34 N3 NC — - 70 N13 | cgbias 1-5V I
35 P2 NC — - 71 P14 NC — -
36 Q1 NC — - 72 Q15 NC — -

(1) switched between ~2.5 V and 0.5 - 2.5 V
(2) valid lo input < 0.7, valid hi input > 4.3
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Table B-2: Pin list, pads 73 - 144
[ pad # | pin | name | value 1/O/P || pad # | pin name value 1/O/P |
73 M13 NC — - 109 | Ci2 | taphiOb (0,5)V 1
74 N14 NC — - 110 B13 | tadcphi0 (0,5)V I
75 P15 NC — - 111 Al4 | tavrefp 25V I
76 M14 NC — - 112 B12 | tavrefm 1.5V I
77 L13 NC — - 113 C11 vdda 5V I
78 N15 | highrail 5V P 114 Al13 | tcbias2 oa2bias I
79 L14 lowrail ov P 115 B11 | tadcphi2 0,5V I
80 M15 vddd 5V P 116 Al12 | tadcvem 2V I
81 | K13 | gndd 0V P 117 | C10 | tadcphid | (0,5)V i
82 K14 gnda oV P 118 B10 | tadcin2 1.5-25 V I
83 L15 outl? (0,5)V (6] 119 All | tadcinl | 1.5-25 V I
84 J14 outl8 (0,5)V O 120 B9 | tacpoutb | (0,5)V 0
85 J13 outl9 (0,5)V 0 121 C9 | tacpouta | (0,5)V (0]
86 K15 out20 (0,5)V [6) 122 Al0 vdda 5V P
87 J15 out21 (0,5)V [¢) 123 A9 gnda ov P
88 H1i4 out22 (0,5)V (0] 124 B8 gnda oV P
89 | HI5 | out23 (0,5)V 0) 125 | A8 | vdda 5V P
90 | Hi3 | out24 (0,5)V o) 126 | C8 vem 2V I
91 G13 out25 (0,5)V (0] 127 C7 | oa2bias 2.8 mA I
92 G15 out26 (0,5)V (0] 128 A7 vrefm 1.5V I
93 F15 out27 (0,5)V [¢] 129 A6 vrefp 25V I
94 G14 out28 (0,5)V (0] 130 B7 | oalbias 1.4 mA I
95 | Fi4 | out29 (0,5)V o) 131 | B6 | offset 3V I
96 F13 out30 (0,5)V (0] 132 C6 csbias ~0.94 V [¢)
97 E15 out3l (0,5)V (0] 133 A5 ccbias ~12V (0]
98 El4 out32 (0,5)V (0] 134 B5 cbias 5 mA 1
99 D15 | tp4 (1,2) 1-5V (0] 135 A4 | tcdsvem 2V I
100 Ci15 tp3 (1) 1-5V 1 136 A3 gnda ov P
101 D14 | tp2(1) | 25-5V I 137 B4 | tcdsphi6 (0,5)V ]
102 | E13 | tpl (1) | (05)V i 138 | C5 | tedsphib | (0,5)V I
103 Cl14 | tparray 0-1 uA 0] 139 B3 tcbiasl oalbias I
104 B15 vddd 5V P 140 A2 vdda 5V P
105 D13 gnda oV P 141 C4 | tcisolat (0,5)V I
106 C13 gndd ov P 142 C3 | tcsmpll (0,5)V I
107 B14 | tadcphil (0,5)V I 143 B2 tcoffset 3V I
108 Al5 | tadcphi3 | (0,5)V I 144 Al | tcsmpl2 (0,5)V I
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(1) Test pixel pads are row select (tpl), barrier gate (tp2), charge spill gate (tp3), and output (tp4).
(2) Output is 61.3/1.0 PMOS source follower, and should be current source biased.
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Table B-3: Output bit order

cola |[ colb | cole || cold || cole || col f ] colg || col h
bl 1 49 2 50 3 51 4 52
b2 5 53 6 54 7 55 8 56
b3 9 57 10 58 11 59 12 60

b4 13 61 14 62 15 63 16 64
bb 17 65 18 66 19 67 20 68
b6 21 69 22 70 23 71 24 72
b7 25 73 26 74 27 75 28 76

b8 29 77 30 78 31 79 32 80
b9 33 81 34 82 35 83 36 84
b10 37 85 38 86 39 87 40 88
b1l 41 89 42 90 43 91 44 92
b12 45 93 46 94 47 95 48 96

Table B-4: Imager columns converted at cach output
cola [ colb | colc | cold [ cole | colf|colg | colh
out 1 242 244 246 248 250 | 252 254 256
out 2 226 228 230 232 234 236 238 240
out 3 210 212 214 216 218 220 222 224
out 4 194 196 198 200 202 204 206 208
out 5 178 180 182 184 186 188 190 192
out 6 162 164 166 168 170 172 174 176
out 7 146 148 150 152 154 156 158 160
out 8 130 132 134 136 138 140 142 144
out 9 114 116 118 120 122 124 126 128
out 10 98 100 102 104 106 108 110 112
out 11 82 84 86 88 90 92 94 96
out 12 66 68 70 72 74 76 78 80
out 13 50 52 54 56 58 60 62 64
out 14 34 36 38 40 42 44 46 48
out 15 18 20 22 24 26 28 30 32
out 16 2 4 6 8 10 12 14 16
out 17 1 3 h) 7 9 11 13 15
out 18 17 19 21 23 25 27 29 31
out 19 33 35 37 39 41 43 45 47
out 20 49 51 53 55 57 59 61 63
out 21 65 67 69 71 73 75 77 79
out 22 81 83 85 87 89 91 93 95
out 23 97 99 101 103 105 107 109 111
out 24 | 113 115 117 119 121 123 125 127
out 25 | 129 131 133 135 137 139 141 143
out 26 | 145 147 149 151 153 155 157 159
out 27 | 161 163 165 167 169 171 173 175
out 28 | 177 179 181 183 185 187 189 191
out 29 | 193 195 197 199 201 203 | 205 207
out 30 | 209 211 213 215 217 | 219 221 223
out 31 | 225 227 229 231 233 235 237 239
out 32 | 241 243 245 247 249 | 251 253 255
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