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OVERSAMPLED IMAGE SENSOR WITH CONDITIONAL PIXEL READOUT

TECHNICAL FIELD

[0001] The present disclosure relates to the field of electronic image sensors, and more

specifically to a sampling architecture for use in such image sensors.

BACKGROUND

[0002] Digital image sensors, such as CMOS or CCD sensors, include a plurality of
photosensitive elements (“photosensors”) each configured to convert photons incident upon the
photosensors (“captured light” or “collected light”) into electric charge. The electric charge can
then be converted into image data representing the light captured by each photosensor. The
image data includes a digital representation of the captured light, and may be manipulated or
processed to produce a digital image capable of display on a viewing device. Image sensors are
implemented in integrated circuits (“ICs”) with a physical surface that may be divided into a
plurality of pixel regions (for instance, one or more photosensors and attendant control circuitry)
configured to convert light into an electrical signal (charge, voltage, current, etc.). For
convenience, pixel regions within an image sensor may also be referred to as image pixels
(“IPs”) and the aggregate of the pixel regions or image pixels will be referred to as the image
sensor region. An image sensor IC typically will also include areas outside of the image sensor
region, for example certain types of control, sampling, or interface circuitry. Most CMOS image
sensors contain A/D (analog-to-digital) circuitry to convert pixel electrical signals into digital
image data. The A/D circuitry can be one or more ADCs (analog-to-digital converters) located

within or at the periphery of the image sensor region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The various embodiments disclosed herein are illustrated by way of example, and not
by way of limitation, in the figures of the accompanying drawings and in which like reference

numerals refer to similar elements and in which:

[0004] Figure 1 illustrates a cross-section of a portion of an image sensor, according to one
embodiment;
[0005] Figure 2 illustrates partial array circuitry of an analog pixel image sensor with

multiple pixel signal thresholds, according to one embodiment useful, e.g., in the layout of
Figure 1;

[0006] Figure 3 illustrates an example image sensor read circuit configured to convert a
pixel signal into a multi-bit digital conversion, according to one embodiment useful, e.g., with

the embodiments of Figures 1 and 2;
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[0007] Figure 4 illustrates an example circuit block diagram embodiment of an image sensor
system with a multi-bit architecture, according to one embodiment using, €.g., the cross-section
of Figure 1 and the circuitry of Figures 2 and 3;

[0008] Figure 5 illustrates another example circuit block diagram of an image sensor system
architecture with read circuit arrays located peripherally to an IP array, according to one
embodiment using, e.g., the cross-section of Figure 1 and the circuitry of Figures 2 and 3;

[0009] Figure 6a illustrates a top view of a pixel array IC in an example two-layer image
sensor system architecture alternative to Figures 4 and 5, according to one embodiment using,
e.g., the array circuitry of Figure 2;

[0010] Figure 6b illustrates a top view of a preprocessor IC in an example two-layer image
sensor system architecture alternative to Figures 4 and 5, according to one embodiment using,
e.g., the read circuitry of Figure 3;

[0011] Figure 6c illustrates a partial cross section of the pixel array IC of Figure 6a and the
preprocessor IC of Figure 6b in an example two-layer image sensor system architecture,
according to one embodiment;

[0012] Figure 7 illustrates the operation of an image sensor read circuit, such as the read
circuit of Figure 3, according to one embodiment;

[0013] Figure § illustrates data flow in an image capture system, according to one
embodiment useful with the systems described herein;

[0014] Figure 9 illustrates various temporal sampling policies for use by an image sensor
read circuit, such as the read circuit of Figure 3, according to one embodiment;

[0015] Figure 10 illustrates an embodiment of a modified 4-transistor pixel in which a non-
destructive overthreshold detection operation is executed to enable conditional-reset operation in
conjunction with correlated double sampling;

[0016] Figure 11 is a timing diagram illustrating an exemplary pixel cycle within the
progressive read-out pixel of Figure 10;

[0017] Figures 12 and 13 illustrate exemplary electrostatic potential diagrams for the
photodiode, transfer gate and floating diffusion of Figure 10 below their corresponding
schematic cross-section diagrams;

[0018] Figure 14 illustrates an embodiment of an image sensor 300 having a progressive-
readout pixel array;

[0019] Figures 15A-15C illustrate alternative column read-out circuit embodiments that may
be employed in connection with the progressive read-out pixels described in reference to Figures

10-14;
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[0020] Figure 16 illustrates a quad-pixel, shared floating diffusion image sensor architecture
in which the row and column transfer-gate control lines disclosed in the embodiments of Figures
10-14 may be applied in a manner that enables multiple decimation modes without requiring
additional array-traversing control lines;

[0021] Figure 17 illustrates an exemplary physical layout of the quad-pixel architecture
shown in Figure 16;

[0022] Figures 18A and 18B illustrate color filter array (CFA) patterns that may be
employed with respect to the quad-pixel architecture of Figures 16 and 17;

[0023] Figures 19 and 20 present timing diagrams illustrating exemplary phases of full-
resolution (non-binning) and binned-mode pixel read-out operations, respectively, within an
image sensor containing the 2x2 quad-pixel arrangement shown in Figure 16;

[0024] Figure 21 illustrates an alternative binning strategy that may be executed with respect
a collection of 4x1 quad-pixel blocks in conjunction with a color filter array;

[0025] Figure 22 illustrates a column-interconnect architecture that may be applied to enable
voltage-binning of analog signals read-out from selected columns of 4x1 quad-pixel blocks;
[0026] Figure 23 illustrates an exemplary timing diagram of binned-mode read-out
operations within the 4x1 quad-pixel architecture of Figures 21 and 22;

[0027] Figure 24 illustrates a more detailed embodiment of an image sensor having an array
of 4x1 quad pixel blocks operable in the decimation (binning) mode described in reference to
Figures 21-23;

[0028] Figures 25A-25C illustrate an embodiment of a selectable-gain (or multi-gain) read-
out circuit that may be used to effect a high-gain partial read-out and near-unity gain full read-
out within a pixel column;

[0029] Figure 26 presents an exemplary timing diagram illustrating the alternating
application of common-source and source-follower gain configurations during hard-reset,
integration, partial read-out and (conditional) full read-out operations within the multi-gain
architecture of Figure 25A;

[0030] Figure 27 illustrates an alternative embodiment of a selectable-gain (or multi-gain)
read-out circuit that may be used to effect a high-gain partial read-out and near-unity gain full
read-out within a pixel column;

[0031] Figure 28 illustrates an embodiment of an image sensor having a pixel array disposed
between upper and lower read-out circuits;

[0032] Figure 29 illustrates an embodiment of an imaging system having a conditional-reset

image sensor together with an image processor, memory and display;
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[0033] Figure 30 illustrates an exemplary sequence of operations that may be executed
within the imaging system of Figure 29 in connection with an image processing operation;
[0034] Figure 31 contrasts embodiments of the conditional-reset pixel of Figure 10 and a
“split-gate” pixel;

[0035] Figure 32 is a timing diagram illustrating an exemplary pixel cycle (reset/charge
integration/read-out) within the split-gate pixel of Figure 31;

[0036] Figure 33 illustrates exemplary low-light and high-light operation of the split-gate
pixel of Figure 31, showing electrostatic potential diagrams in each case beneath schematic
cross-section diagrams of the photodetector, dual-control transfer gate and floating diffusion;
[0037] Figure 34 illustrates an alternative overthreshold detection operation within the split-
gate pixel of Figure 31;

[0038] Figure 35 illustrates an exemplary implementation of the dual-control gate shown in
Figure 31;

[0039] Figure 36 illustrates an alternative manner of implementing the dual-control gate
structure of Figure 31;

[0040] Figure 37 illustrates a quad-pixel, shared floating diffusion image sensor architecture
in which pairs of row and column transfer-gate control lines are coupled to a dual-gate structure
within each of four split-gate pixels;

[0041] Figures 38 and 39 illustrate exemplary physical layouts of the quad-pixel of Figure
37, showing the four photodiodes disposed about and switchably coupled to a centralized
floating diffusion via respective dual-control gate structures;

[0042] Figures 40 and 41 illustrate a split-gate pixel architecture and corresponding timing
diagram according to an alternative embodiment that lacks a dedicated row transfer-gate (TGr)
line;

[0043] Figure 42A illustrates an alternative dual-control gate arrangement in which the gate
elements of a dual-control gate are formed by respective p-doped and n-doped regions of a
diode;

[0044] Figure 42B illustrates another alternative dual-control gate arrangement in which the
gate elements of a dual-control gate are formed by respective p-doped regions of back-to-back
diodes having a shared n-doped region;

[0045] Figure 43 illustrates a 4x1 block of split-pixels (a quad, split-pixel block) that may be
operated in binned or independent-pixel modes as described above, for example, in reference to

Figure 21;
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[0046] Figure 44 illustrates an imaging system architecture in which the data transfer
bandwidth required between an image sensor and image processor is reduced using a visually
lossless lookup table (VLL);

[0047] Figure 45 illustrates an exemplary compression function that may be applied within
the VLL of Figure 44 to convert an N-bit input to an M-bit output, where M is less than N.
[0048] Figure 46 illustrates an exemplary threshold referenced VLL transform;

[0049] Figure 47 illustrates embodiments of a line memory and VLL logic circuit that may
be used to implement the line memory and VLL logic shown in Figure 44;

[0050] Figure 48 depicts an exemplary output table showing an exemplary interpretation of
ADC and VLL outputs for the various states of flag bits recorded within line memory;

[0051] Figure 49 illustrates an exemplary sequence of four subframes that constitute an
image frame interval (exposure interval) within the image sensor of Figure 44;

[0052] Figure 50 illustrates an exemplary per-lane VLL logic component capable of
applying subframe-specific threshold-referenced VLLs as shown in Figure 49, and that may be
employed to realize the individual per-lane VLL logic circuits depicted in Figure 47;

[0053] Figure 51 depicts an exemplary serializer output as a sequence of samples, with
eight-bit samples being transmitted back-to-back in an 8-bit bit-depth mode, and 7-bit samples
being transmitted back-to-back in a 7-bit bit-depth mode;

[0054] Figure 52 illustrates an embodiment of a low power image sensor that may be used to
implement component circuitry within the image sensor of Figure 44

[0055] Figure 53 illustrates a sequence of operations that may be executed within the pixel
array, sample/hold banks and comparator circuitry of Figure 52 to carry out pixel state
assessment and enable subsequent ADC operation for row after row of pixels;

[0056] Figure 54A illustrates an exemplary timing diagram in accordance with the sensor
architecture of Figure 52 and operational sequence of Figure 53, including alternate TGce
waveforms corresponding to split-gate and continuous-gate pixel array embodiments,
respectively;

[0057] Figures 54B and 54C present exemplary read-out sequences that may be employed
with respect to even and odd rows of pixels.

[0058] Figure 55 illustrates an embodiment of multi-bank sample-and-hold circuit that may
be used to implement the sample-and-hold (S/H) circuitry depicted in Figure 53;

[0059] Figure 56 illustrates an exemplary sample and hold pipeline corresponding generally

to the S/H bank usage intervals within the timing arrangement of Figure 54;
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[0060] Figure 57 illustrates embodiments of a reference multiplexer, comparator input
multiplexer and comparator that may be used to implement like-named components depicted in
Figure 52;

[0061] Figure 58 illustrates embodiments of a column-shared programmable gain amplifier
and K:1 ADC input multiplexer that may be deployed within the embodiment of Figure 52.
[0062] Figure 59A illustrates embodiments of a read-enable multiplexer, ADC-enable logic
and ADC circuit that may be used to implement the K:1 read-enable multiplexer and ADC
circuitry of Figure 52;

[0063] Figure 59B illustrates a convert signal timing diagram corresponding to Figure 59A;
[0064] Figure 60 illustrates an example of a 2x2 read kernel that may be effected through
read dilation, with the four pixels shown disposed beneath color filter elements disposed in a
Bayer pattern, including a red element (R), blue element (B) and two green elements (Gr and
Gb);

[0065] Figure 61 illustrates an exemplary read dilation flow diagram with respect to a read
kernel, assuming for purposes of explanation that neighboring read kernels do not overlap;
[0066] Figures 62A and 62B illustrate an exemplary set of 2x2 read kernels and
corresponding read-dilation flow diagram in an embodiment in which the bottom row of each
read kernel overlaps the top row of the read kernel below;

[0067] Figures 63A and 63B illustrate an exemplary set of 2x2 read kernels and
corresponding read-dilation flow diagram within an image sensor embodiment in which the
bottom row of each read kernel overlaps the top row of the read kernel below, but having 2x2
shared-readout pixel blocks instead of the 1x4 shared-readout pixel blocks assumed in Figures
62A and 62B; and

[0068] Figure 64 illustrates an exemplary K-column section of an image sensor having logic

to carry out read-dilation operations as illustrated in Figures 62A/62B and 63A/63B.
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DETAILED DESCRIPTION
[0069] In some image sensors, electrical information representing a photon response and
resulting from light incident upon a pixel region (referred to herein as a “pixel signal”) is
converted to a digital image data value by read circuitry. The read circuitry can reside within the
image sensor, or can be located external to the image sensor. In some approaches, a read circuit
can be located within the image sensor for use by one or more pixel regions adjacent or near the
read circuit. For read circuits located external to the image sensor, the pixel signals of one or
more pixel regions associated with the read circuits can be transferred from the pixel regions to
the read circuits.
[0070] Each read circuit samples a pixel region, receives a pixel signal from the sampled
pixel region, and converts the pixel signal to a multi-bit digital value representative of the pixel
signal. In the event that a pixel signal or a digital value representative of the pixel signal exceeds
a sampling threshold, the pixel signal stored at the pixel region associated with the pixel signal is
reset (for instance, by resetting a photosensitive element associated with the pixel region). If the
pixel signal or the digital value do not exceed the sampling threshold, the pixel signal stored at
the pixel region is not reset. The sampling of a pixel region and the resetting of a pixel signal at
the pixel region only when the pixel signal exceeds a sampling threshold is referred to herein as

“non-destructive sampling with conditional reset.”

Image Sensor Overview

[0071] Figure 1 illustrates a partial cross-section of an image sensor 25 useful in an
embodiment. In image sensor 25, light passing through a microlens array 10 and a color filter
array 12 (useful for color imaging) is incident upon a silicon section 20 of the image sensor.

The use of microlenses (or other concentrating optics) and color filters is optional and is shown
here for illustrative purposes only. Silicon 20 contains photodiodes (not shown) to collect charge
generated by photons absorbed by the silicon, and access transistors (also not shown) to operate
the photodiodes. Pixel array IC wiring 14 provides connections used to route signals and supply
voltages within the array. As shown, image sensor 25 is a BackSide Illuminated (BSI) sensor
because light enters the silicon from the side of the integrated circuit opposite the wiring layers
and primary active circuit formation. Optionally, pixel array IC wiring 14 can be arranged
between the color filter array 12 and silicon 20 (with primary active circuit formation within the
“top” of the silicon as oriented in Figure 1) for FrontSide Illumination (FSI).

[0072] The image sensor 25 includes a plurality of IPs (“image pixels™), IP1-IP3 shown,
upon which light collected by the lenses of the microlens array 10 is respectively incident. Each

IP includes one or more photodiodes embedded within the silicon 20. At least some photons
7-
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entering silicon 20 are converted to electron-hole pairs in the silicon and the resulting electrons
(or holes in alternate embodiments) are collected by the IPs. The description herein will refer to
this process as the capture and conversion of light by the IPs into image data for the purposes of
simplicity. Each IP of the image sensor represents a portion of the surface area of the image
sensor, and the IPs of the image sensor may be organized into various arrays of columns and
rows. In a CMOS or CCD image pixel technology, each IP (for instance, each photosensor)
converts light incident upon the IP into a charge and includes readout circuitry configured to
convert the charge into a voltage or current. In one embodiment, the light captured by each IP of
the image sensor represents one pixel of image data for an associated digital image, though in
other embodiments image data from multiple IPs is combined to represent a fewer number (one
or more) of pixels (downscaling).

[0073] The image sensor 25 may include components outside the IP array. Similarly,
portions of the IP array may include components that do not convert light into charge. The
region defined by the IPs in the aggregate will be referred to as the image sensor region. As
described herein, the image sensor may include amplifiers, analog-to-digital converters
(“ADCs”), comparators, controllers, counters, accumulators, registers, transistors, photodiodes,
and the like. In different architectures, some of these components may be located within the
image sensor region or external to the image sensor region, and some components may be
located on a companion integrated circuit. In these embodiments, a lens (such as those of the
microlens array 10) may be configured to direct light toward the actual light-sensing elements
within the IP rather than, for example, on the amplifiers, comparators, controllers, and other
components.

[0074] As noted above, an image sensor may include an array of multiple IPs. Each IP, in
response to light (for instance, one or more photons), captures and stores a corresponding
charge. In one embodiment, upon sampling an IP, if a pixel signal representative of the charge
stored at the IP exceeds a sampling threshold, the pixel signal is converted to a digital value
representing the pixel signal and the charge stored by the IP is reset. Alternatively, upon
sampling an IP, a pixel signal representative of the charge stored at the IP is converted to a
digital value representative of the pixel signal, and if the digital value exceeds a sampling
threshold, the charge stored by the IP is reset. In other embodiments, an analog-to-digital
conversion is begun, and when enough of the conversion has been completed to determine
whether the threshold is exceeded, a determination is made as to whether to continue the
conversion. For instance, in a successive approximation register (“SAR”) ADC, if the threshold

is equal to a most-significant-bit(s) pattern, as soon as the pattern is resolved a determination can
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be made as to whether to continue the conversion and perform a reset of the pixel, or stop the
conversion. A determination of whether a pixel signal or a digital value representative of a pixel
signal exceeds a sampling threshold can be made through the use of a comparator configured to
compare the pixel signal or the digital value to a sampling threshold.

[0075] Figure 2 illustrates an analog pixel image sensor with multiple pixel signal
thresholds, according to one embodiment. The image sensor of Figure 2 is a CMOS sensor, and
includes an IP array 40. The IP array can include any number of columns and rows, with any
number of IPs per column and per row. IP column 50, a column representative of full or partial
IP columns in the IP array, is highlighted in Figure 2. The IP column 50 includes a plurality of
IPs communicatively coupled via the column line 55. IP 60, an IP representative of IPs in the IP
array, is highlighted in Figure 2.

[0076] The IP 60 includes a photo diode 65 together with control elements that enable the
photo diode to be precharged in preparation for exposure and then sampled after exposure. In
operation, a transistor 70 is switched on to couple the cathode of the photo diode to a voltage
source and thus “precharge” the cathode of the photo diode to a precharge voltage. The
transistor 70 is switched off at or before the start of an exposure interval. With the transistor 70
off, the cathode voltage incrementally discharges in response to photon strikes, lowering the
photo diode potential, Vpgr, in proportion to the amount of light detected. At the conclusion of
the exposure interval, an access transistor 72 is switched on to enable a signal representative of
the photo diode potential to be amplified/driven onto the column line 55 via follower-transistor
74 as pixel signal 80.

[0077] An ADC 85 is communicatively coupled to the IP column 50 via the column line 55.
In the embodiment of Figure 2, the ADC is located at the edge of the pixel array 40, and may be
located within or external to the image sensor on which the IP array is located. The ADC
receives the pixel signal 80 (the representation of the analog photo diode potential) from the IP
60. The ADC digitizes the pixel signal to generate a 3-bit digital value (“Pix[2:0]7)
representative of the pixel signal. The ADC includes 7 pixel thresholds, Threshold 1 to
Threshold 7 (referred to herein as “Vr; to V;7). If the magnitude of the pixel signal is less than
Ve but greater than Vr;, the ADC converts the pixel signal to the digital value “000”. Pixel
signals less than V; but greater than Vr, are converted to the digital value “001”, pixel signals
between V1 and V13 are converted to “010”, and so forth, up to pixel signals less than V7,
which are converted to “111”.

[0078] In the embodiment of Figure 2, the potential difference between successive pixel

thresholds is approximately the same (e.g., V3 - Viu = Vs - Vg). In other words, the pixel
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thresholds are linearly distributed between V; and V7. In addition, in the embodiment of
Figure 2, the potential difference between V. and Vr is greater than the potential difference
between successive pixel thresholds (e.g., Vpe - V1 > V13 - V14), although in other
embodiments all steps are equal. The selection of Vi such that Vi - Vi > V3 - Vi reduces
the effect of, e.g., dark noise when sampling an IP. The potential difference between V1; and
Vioor in the embodiment of Figure 2 also can be greater than the potential difference between
successive pixel thresholds (e.g., V17 - Vioor > V13 - V14). Finally, instead of linear threshold
spacing, a given embodiment can space the thresholds exponentially, e.g., with each threshold
spacing doubling from the one below, or in another pre-determined way that can be converted
back to linear. For systems that accumulate multiple ADC samples to form an image, non-linear
spacing is converted to a linear value prior to accumulation.

[0079] Vioor represents the pixel saturation threshold at which the cathode voltage of the
photo diode 65 no longer linearly discharges in response to photon strikes. For pixel signals
within the linear sensitivity region 90, the conversion of pixel signals to digital values is shown
in graph 95. It should be noted that the maximum number of detectable photon strikes (i.e., the
pixel saturation point) is proportional to the capacitance of the photo diode and thus its physical
size. Consequently, in a traditional sensor design the photo diode footprint is dictated by the
dynamic range required in a given application and does not scale appreciably with shrinking
process geometries.

[0080] During the capture of an image, in one embodiment the IPs of a given row or rows in
the IP column 50 and each other column in the IP array 40 are successively sampled and the
pixel signals associated with each are converted into digital values using the ADC or ADCs
associated with each column. The digital values output by the ADCs are accumulated
(conditionally in some embodiments, as explained below) and stored during the image capture
period. Other types and configurations of IPs than that illustrated in Figure 2 can be used in the
image sensor system. For instance, a different arrangement of transistors can be used than the
transistors 70, 72, and 74. In addition, although one ADC 85 is shown in Figure 2 in conjunction
with the IP column 50, in other embodiments, more than one ADC can be used per IP column,
with different ADC groups serving different sections of the array rows of the ADC column.
Additional combinations of ADCs (in the form of read circuits) and IPs are described below in
greater detail. Finally, the output of the ADC (e.g. Pix[2:0] in the embodiment of Figure 2) can
be any multi-bit length, and can be associated with any number of thresholds distributed in any

manner between V. and Vi

-10-
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Image Sensor System with Multi-bit Sampling and Conditional Reset

[0081] Figure 3 illustrates an example image sensor read circuit configured to convert a
pixel signal into a multi-bit digital conversion, according to one embodiment. The embodiment
of Figure 3 illustrates an IP 100, an IP memory 116, and a read circuit 110, the read circuit
including an ADC/comparator circuit 112 (hereinafter “ADC/comparator”) and an adder 114. It
should be noted that in other embodiments, the modules of Figure 3 can include additional,
fewer, and/or different components. For example, the ADC/comparator can be implemented as
separate components, and the adder can be located external to the read circuit.

[0082] The IP 100 represents an IP in an image sensor, and can be, for instance, the IP 60 of
Figure 2. The IP 100 receives one or more control signals, for instance from external control
logic. A control signal can enable the IP to begin an image capture, for instance by resetting the
IP to Vpre and enabling the exposure of the IP’s photosensitive element to light to result in the
storing of charge relative to Vpre. Similarly, a control signal can enable the IP to end an image
capture, for instance by disabling the exposure of the IP’s photosensitive element to light after
the passing of an image capture period. A control signal can also enable the outputting of a pixel
signal by an IP and the subsequent conversion of the pixel signal to a digital value representative
of the pixel signal by a read circuit (referred to herein as “sampling the IP” or “sampling the
pixel signals™). As described above, a pixel signal can be a representation of the integrated
charge (e.g., a source follower voltage, an amplified voltage, or a current having a component
proportional to the integrated charge).

[0083] The IP 100 receives a reset signal, for instance from external control logic. The reset
signal resets the charge stored by the IP to Vpre, for instance at the beginning of an image
capture period. The IP also receives a conditional reset signal from the ADC/comparator 112 (in
some circuits, the conditional reset and initial reset are supplied using common circuitry). The
conditional reset signal resets the charge stored by the IP, for instance during an image capture
period in response to a pixel signal exceeding a sampling threshold when the IP is sampled. It
should be noted that in other embodiments, the conditional reset signal is received from a
different entity. In one implementation, the ADC/comparator may determine that the pixel signal
exceeds a sampling threshold, and may enable external control logic to output a conditional reset
signal to the IP; in such an embodiment, the reset signal (a row-wise signal) and the conditional
reset signal (a column-wise signal) may be ANDed by the IP to initiate all resets. For simplicity,
the remainder of the description will be limited to embodiments in which the ADC/comparator

provides conditional reset signals to the IP.
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[0084] The read circuit 110 receives a threshold signal, a sample signal (or “sample enable
signal”), a compare signal (or “compare enable signal”), a residue signal (or “residue enable
signal”), and a reset signal, for instance from external control logic, and receives pixel signals
from the IP 100. The IP memory element 116 corresponding to IP 100 receives a readout signal
that selects it for readout/write by adder 114 and for external readout. The ADC/comparator 112
samples the IP 100 in response to receiving one or more sample signals. During an image
capture, the ADC/comparator receives a sample signal at various sampling intervals, for instance
periodically or according to a pre-defined sampling interval pattern (referred to herein as a
“sampling policy”). Alternatively, the sample signal received by the ADC/comparator can
include a sampling policy, and the ADC/comparator can be configured to sample the IP based
on the sampling policy. In other embodiments, the IP receives one or more sample signals and
outputs pixel signals based on the received sample signals. In yet other embodiments, the IP
outputs pixel signals periodically or according to a sampling policy, or the ADC/comparator
samples pixel signals periodically or according to a sampling policy, independent of received
sample signals. The ADC/comparator can request a pixel signal from the IP prior to sampling
the pixel signal from the IP.

[0085] During a sampling of the IP, the ADC/comparator 112 receives a pixel signal from
the IP and converts (optionally in some embodiments based on the pixel signal exceeding the
sampling threshold) the pixel signal to a multiple-bit digital value representative of the pixel
signal. If the pixel signal exceeds a sampling threshold, the ADC/comparator outputs a
conditional reset signal to reset the charge stored at the IP. If the pixel signal does not exceed a
sampling threshold, the ADC/comparator does not output a conditional reset signal to reset the
charge stored at the IP. The sampling threshold can be varied during the image capture and
received via the threshold signal, or can be pre-determined or preset for a given image capture.
One sampling threshold can be used during multiple image captures, different sampling
thresholds can be used for different image captures, and multiple sampling thresholds can be
used during a single image capture. In one embodiment, the sampling threshold varies in
response to detected changing light conditions (for instance, the sampling threshold can decrease
in response to low light conditions, and can increase in response to high light conditions).
[0086] In one embodiment, the sampling threshold is an analog signal threshold. In this
embodiment, the ADC/comparator 112 includes an analog comparator and compares the pixel
signal to the sampling threshold to determine if the pixel signal exceeds the sampling threshold.
If the pixel signal includes a voltage representative of the charge stored by the IP 100, the
sampling threshold is exceeded if the pixel signal is lower than the sampling threshold. Using
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the embodiment of Figure 2 as an example, if the sampling threshold of the ADC/comparator is
Threshold 4, then the pixel signal will exceed the sampling threshold only if the pixel signal
includes a voltage lower than the voltage associated with Threshold 4.

[0087] In one embodiment, the sampling threshold is a digital signal threshold. In this
embodiment, the ADC/comparator 112 includes a digital comparator, and first converts the pixel
signal to a digital value representative of the pixel signal. The ADC/comparator then compares
the digital value to the sampling threshold to determine if the pixel signal exceeds the sampling
threshold. Using the embodiment of Figure 2 as an example, for a sampling threshold of “1017,
if the ADC/comparator converts a pixel signal to a digital value of “001” (indicating that the
pixel signal is between Threshold 1 and Threshold 2), then the pixel signal does not exceed the
sampling threshold and a conditional reset signal is not outputted. However, if the
ADC/comparator converts a pixel signal to a digital value of “110” (indicating that the pixel
signal is between Threshold 6 and Threshold 7), then the pixel signal does exceed the sampling
threshold and a conditional reset signal is outputted.

[0088] In another embodiment, the sampling threshold is a digital signal threshold that can
be evaluated prior to the complete digital conversion of the pixel signal. This can be
advantageous in some embodiments or use cases to allow faster conditional reset of a pixel,
and/or power savings by avoiding unneeded ADC operations. For instance, with a successive
approximation register ADC, multiple clock cycles are used to resolve the digital representation
of the pixel signal. The first clock cycle resolves the most significant bit, the second clock cycle
the next most significant bit, etc., until all bit positions have been resolved. Using the
embodiment of Figure 2 as an example, for a sampling threshold of “100,” a determination of
whether the threshold is met or not can be resolved after the first SAR ADC clock cycle. For a
sampling threshold of “110,” a determination of whether the threshold is met or not can be
resolved after the second SAR ADC clock cycle. For embodiments with a bit depth of, e.g., 6 or
8 bits, making a reset determination after one or two conversion cycles can result in significant
time/power savings, which can be realized by selecting a sampling threshold with one or more
LSBs that are 0.

[0089] In one embodiment, a row-wise compare signal is supplied to each ADC/comparator
“compare” signal input, and signals the ADC/comparator as to the appropriate clock cycle to
perform the comparison. When the compare signal is asserted, the comparison is performed
based on the current state of the analog-to-digital conversion. If the threshold is met by the
compare for ADC/comparator 112, the conditional reset signal is asserted to IP 100 and to adder

114, and the SAR ADC continues converting the pixel signal. If the threshold is not met, the
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conditional reset signal is not asserted, and can be used in conjunction with the compare signal
to gate the clock signal of SAR ADC to terminate the conversion.

[0090] The ADC/comparator 112 outputs a digital value representative of a pixel signal
received by the ADC/comparator (referred to herein as a “digital conversion”) to the adder 114.
The ADC/comparator 112 can output a digital conversion in response to the pixel signal
associated with the digital conversion exceeding a sampling threshold. The conditional reset
signal can be used as an enable to signal to the adder 114 to load the digital conversion and add
it to the IP memory 116 location corresponding to IP 100 (which in this embodiment is selected
from a plurality of such locations by address selection of the readout line). In other
embodiments, the ADC/comparator outputs a digital conversion during each sampling of the IP
100, regardless of whether the pixel signal associated with the digital conversion exceeds a
sampling threshold. In these embodiments, the adder can be configured to accumulate digital
conversions associated with pixel signals that exceed a sampling threshold and to disregard
digital conversions associated with pixel signals that do not exceed a sampling threshold.
Alternately, if the threshold is set to “001” in Figure 2, for example, the adder can
unconditionally add the digital conversion to IP memory 116 each time IP 100 is read, while still
producing correct results. In some embodiments, adder 114 may be configured to execute a
weighted sum in which the value to be accumulated is multiplied with a weighting factor prior to
adding to the IMP memory 116. The weight factor can depend on the sampling policy, the
subframe being added, etc.

[0091] In one embodiment, the ADC/comparator 112 also outputs a digital conversion in
response to receiving a residue signal assertion (without the compare signal being asserted). The
residue signal assertion is associated with the end of an image capture, and enables the
ADC/comparator to output a full digital conversion to the adder 114 regardless of whether the
pixel signal associated with the digital conversion exceeds a sampling threshold, and asserts the
conditional reset. The residue signal can prevent the loss of image information associated with
light received by the IP 100 but not surpassing the threshold at the end of a capture period. If the
pixel signal representative of such received light does not exceed the sampling threshold, the
ADC/comparator otherwise may not output the digital conversion associated with the pixel
signal, and the charge stored by the IP would not be reset by the conditional reset signal (which
is also triggered by assertion of the residue signal). In embodiments where the ADC/comparator
outputs digital conversions to the adder regardless of whether the pixel signals associated with

the digital conversions exceed a sampling threshold, the adder can receive the residue signal,
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and can be configured to accumulate a digital conversion associated with a pixel signal received
at the end of a capture period in response to receiving the signal.

[0092] The adder 114 is configured to accumulate digital conversions received during a
capture period. As discussed above, in embodiments in which the ADC/comparator 112 outputs
digital conversions only if the pixel signals associated with the digital conversions exceed a
sampling threshold, the adder accumulates all received digital conversions (including the
additional digital conversion output by the ADC/comparator in response to receiving a residue
signal) into IP memory 116. In embodiments in which the ADC/comparator outputs digital
conversions associated with each received pixel signal, the adder accumulates only the digital
conversions associated with pixel signals that exceed the sampling threshold, plus the digital
conversion output by the ADC/comparator in response to receive a residue signal, into IP
memory 116; such embodiments require the adder to be aware of when pixel signals exceed a
sampling threshold and when a residue signal is received, and are not discussed further herein
for the purpose of simplicity.

[0093] The adder 114 receives reset/add control signaling, for instance from external control
logic. In response to receiving a reset signal (for instance at the beginning of an image capture
period), the accumulator stores all zeros to the selected IP memory location 116 the
accumulation of received digital conversions as image data. The adder also receives a reset
signal and resets the accumulation of received digital conversions.

[0094] In alternative embodiments, the adder is located external to the read circuit 110. For
instance, the ADC/comparator can output a stream of conversions to a digital channel (e.g.,
multiplexed with other conversions from other ADCs) to a separate circuit that supplies the
accumulation function. In such a case, the ADC/comparator must also output a symbol for “no
conversion,” which can be 0. One possibility is for a circuit in the digital channel interface (e.g.,
PHY 134 in Figure 4) to code digital conversions to reduce bandwidth. A “no conversion” in
one embodiment is output as a “00,” a upper threshold exceeded ADC conversion is output as a
“01,” and all other ADC conversions are output as “1xxxxxx,” where an x represents one of the
resolved bits of the ADC conversion and the number of x positions is equal to the bit depth of
the ADC.

[0095] In one embodiment, the IP is configured to output a pixel signal and receive a
conditional reset on the same line. In this embodiment, the IP and the ADC/comparator 112
alternately drive the pixel signal and the conditional reset on the shared line. For example, the IP
can output a pixel signal on the shared line during a first portion of a sample period, and can

receive conditional resets on the shared line during a second portion of a sample period. Finally,
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the ADC/comparator can receive a threshold signal, a sample signal, and a residue signal on a
shared line. For example, the ADC/comparator can receive a threshold signal at the beginning of
an image capture, can receive sample signals throughout the image capture period, and can
receive a residue signal at the end of the image capture period. It should also be noted that the
reset signal received by the IP can be the same reset signal received by the accumulator 114, and
can be received on a shared line.

[0096] Figure 4 illustrates an example embodiment of an image sensor system with a multi-
bit architecture, according to one embodiment. The image sensor system 120 of Figure 4
includes an image sensor region 125, a read circuit array 130, control logic 132, and a physical
signaling interface 134. In other embodiments, the image sensor system may include fewer,
additional, or different components than illustrated in the embodiment of Figure 4 (for instance,
the circuit may have memory 116 integrated therewith). The image sensor system shown in
Figure 4 can be implemented as a single IC, or can be implemented as multiple ICs (for instance,
the image sensor region and the read circuit array can be located on separate ICs). Further,
various components (such as the read circuit array, the control logic, and the physical signaling
interface) can be integrated within the image sensor region 125.

[0097] For purposes of example, the image sensor system 120 and a host IC (not shown in
Figure 4) communicatively coupled to the image sensor system are assumed to form the primary
image acquisition components within a camera (e.g., a still-image or video camera within a
mobile device, compact camera, digital SLR camera, stand-alone or platform-integrated
webcam, high-definition video camera, security camera, automotive camera, etc.). The image
sensor IC and host IC can be more generally deployed alone or together with like or different
imaging components within virtually any imaging system or device including without limitation
metrology instruments, medical instruments, gaming systems or other consumer electronics
devices, military and industrial imaging systems, transportation-related systems, space-based
imaging systems and so forth. Operation of the image sensor system generally involves the
capture of an image or frame through the exposure of IPs to light, the conversion of stored
charge as a result of the exposure into image data, and the outputting of the image data to a
storage medium.

[0098] The image sensor region 125 includes an IP array 127 including N-rows (indexed
from O to N-1) and M-columns (indexed from O to M-1). The physical signaling interface 134 is
configured to receive commands and configuration information from a host IC (e.g., a general-
purpose or special-purpose processor, application-specific integrated circuit (ASIC) or any other

control component configured to control the image sensor IC), and is configured to provide the
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received commands and configuration information to the control logic 132. The physical
signaling interface is also configured to receive image data from the read circuit array 130 and to
output received image data to the host IC.

[0099] The control logic 132 is configured to receive commands and configuration
information from the physical signaling interface 134, and is configured to transmit signals
configured to manipulate the operations and functionality of the image sensor system 120. For
example, in response to receiving a command to capture an image or frame, the control logic
may output a series of exposure signals (configured to cause IPs to reset) and sample signals
(configured to cause the read circuits in the read circuit array 130 to sample the pixel signals
from the IPs in the IP array 127), enabling the capture of the image or frame by the image sensor
system. Similarly, in response to receiving a command to initialize or reset the image sensor
system, the control logic may output reset signals configured to reset each IP in the IP array,
causing each IP to disregard any accumulated charge. The control signals produced by the
control logic identify particular IPs within the IP array for sampling, may control the
functionality of read circuits associated with IPs, or may control any other functionality
associated with the image sensor system. The control logic is shown in Figure 4 as external to
the image sensor region 125, but as noted above, all or portions of the control logic may be
implemented locally within the image sensor region.

[00100] The control logic 132 outputs control and reset signals for each IP in the image
sensor region 125. As illustrated in the embodiment of Figure 4, each IP in an image pixel
IP[X][Y] receives a row-parallel Cntrl[X] signal (corresponding to a “row” select control signal
for each IP) and a row- parallel Reset[X] signal from the control logic to reset the IPs, wherein
“X” and “Y” refer to the coordinates of the IP within the image sensor region. Although the
control signal and reset signals received at any given IP are each only 1 bit as indexed in the
embodiment of Figure 4, it is to be appreciated that such an indexing is done for the purposes of
simplicity only, and that these signals may in practice be any width or dimension.

[00101] The read circuit array 130 includes M read circuits, each configured to receive pixel
signals from a column of IPs in the IP array 127. It should be noted that in other embodiments,
the read circuit array can include multiple read circuits configured to receive pixel signals from
each IP column, as is discussed in figures 5a, 5b, and Sc. A pixel signal bus couples the IPs in
each IP column in the IP array to the read circuit associated with the IP column within the read
circuit array. Each IP is configured to output a pixel signal produced by the IP to the pixel signal
bus, and each read circuit is configured to sample the pixel signals from the IPs in the IP column

associated with the read circuit. For example, read circuit 0 is configured to sample pixel signals
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from pixel signal bus 0, and so forth. Each read circuit in the read circuit array can sample pixel
signals iteratively from IPs in the IP column associated with the read circuit (for instance, by
sampling pixel signals from successive IPs in order over multiple passes), or can sample pixel
signals according to a pre-determined non-sequential order. In one embodiment, read circuits
can sample multiple pixel signals simultaneously. Although not illustrated in the embodiments
of Figure 3 and Figure 4, the read circuits can additionally include memories configured to store
accumulated digital values prior to outputting the accumulated values as image data.

[00102] A conditional reset bus couples the IPs in each IP column in the IP array 127 to the
read circuit associated with each IP column. After sampling a pixel signal from an IP in an IP
column, the read circuit associated with the IP column produces a conditional reset signal if the
sampled pixel signal exceeds a sampling threshold. For example, if an IP in an IP column
outputs a pixel signal to a read circuit associated with the IP column via the pixel signal bus
coupling the IP to the read circuit, and if the read circuit determines that the pixel signal exceeds
a sampling threshold, the read circuit outputs a conditional reset signal to the IP via the
conditional reset bus coupling the read circuit to the IP and the IP resets the charge stored at the
IP. As described above, the pixel signal bus and the conditional reset bus can be implemented in
a shared bus with Cntrl[X] enabling pixel signals to be output from row X to the shared bus and
Reset[X] enabling conditional reset for pixels in row X from the shared bus, though such
embodiments are not described further herein for the purposes of simplicity.

[00103] The control logic 132 produces read control signals for the read circuits in the read
circuit array 130. The read control signals can control the sampling of pixel signals from the IPs
in the IP array 127 by the read circuits, the conversion of sampled pixel signals into digital
values, the accumulation of the digital values, the outputting of the accumulated digital values,
and the resetting of the adders. The read control signals can include a threshold signal, a sample
signal, a compare signal, a residue signal, a readout signal, and a reset/add signal for each read
circuit in the read circuit array as described in Figure 3.

[00104] The control logic 132 is configured to produce read control signals for the read
circuit array 130 to enable the capture of an image over an image capture period. Prior to the
image capture period or at the first use of a particular I[P memory location for an image capture
period, the control logic can produce a reset to cause the accumulator of each read circuit 110 to
reset the IP memory location. At the beginning of the image capture period, the control logic can
produce a threshold signal for each of the read circuits; as discussed above, the threshold signal
is used by each read circuit to determine a threshold to which pixel signals are compared for the

purposes of conditionally resetting IPs associated with the pixel signals and accumulating digital
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values associated with the pixel signals. During the image capture period, the control logic can
produce a series of sample signals configured to enable the read circuits to sample pixel signals
from IPs associated with the read circuits. In one embodiment, the control logic produces sample
signals according to one or more sampling policies. Sampling policies are described in greater
detail below. At the end of the image capture period, the controlled logic produces a residue
signal configured to enable each read circuit to accumulate a digital value representative of a
pixel signal regardless of whether the pixel signal exceeds a sampling threshold. After the image
capture period, the control logic produces a readout signal configured to enable each read circuit
to output the accumulated digital values representative of sampled pixel signals that exceed an
associated sampling threshold as image data. The control logic may also produce a reset signal
after each image capture period to reset the accumulated digital values within each read circuit.
[00105] The control logic may also be configured to produce pause and resume signals
configured to cause the IPs and the read circuits to pause and resume an image capture, and to
produce any other signal necessary to control the functionality of the IPs and read circuits in the
read circuit array. For each read circuit, the image data output by the read circuit is a digital
representation of the light captured by each IP in an IP column associated with the read circuit.
The image data is received by the physical signaling interface for subsequent output to a host IC.
[00106] Figure 5 illustrates an example image sensor system architecture with read circuit
arrays located peripherally to an IP array, according to one embodiment. In the architecture of
Figure 5, six read circuit arrays (140a, 140b, 140c, 140d, 140e, and 140f) are located around an
image sensor region 145 including an IP array. Unlike the embodiment of Figure 4, in which one
read circuit array 130 is located to one side of the image sensor region 125, the read circuit
arrays 140 of Figure 5 are located on all sides of the image sensor region 145. The read circuit
arrays can be located within an IC also containing the image sensor region, or can be located on
one or more separate ICs. For example, each read circuit array could be located on the periphery
of an image sensor IC, or could be located in dedicated read circuit array ICs located adjacent to
the image sensor IC.

[00107] In the previous embodiment of Figure 4, each read circuit in the read circuit array
130 is coupled to an IP column in the IP array 127. In the embodiment of Figure 5, each read
circuit array 140x is coupled to a set of six IPs from partial rows and partial columns of the
image sensor region 145. For example, read circuit array 140a is coupled to IP1, IP2, 1IP3, IP7,
IP8, and IP9. Each read circuit array 140x includes one or more read circuits. In one
embodiment, each read circuit array includes 6 read circuits, with each read circuit in a read

circuit array coupled to one IP. In such an embodiment, each read circuit samples only the IP to
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which it is coupled. More typically, each read circuit will be shared by a block of IPs comprising

a large number of rows and one or more columns. Although control logic is not illustrated in the
embodiment of Figure 5, each read circuit array can be coupled to universal control logic, or
each may be coupled to dedicated control logic. Further, although a physical signaling interface
is not illustrated in the embodiment of Figure 5, each read circuit array may output image data
via a common bus to a common physical signaling interface, or may output image data via a
dedicated bus to a dedicated physical signaling interface coupled to each read circuit array.
[00108] Figure 6a illustrates a top view of a pixel array IC in an example two-layer image
sensor system architecture, according to one embodiment. The pixel array IC of Figure 6a
includes peripheral circuitry 162 surrounding an IP array. The IP array includes row control
circuitry 164 and four row groups of IPs (IP Row Groups O through 3). Each IP row group is the
width of the array and includes one-fourth of the rows in the array, and the row control circuitry
provides control and reset signals needed for operation of the IPs (for instance, signals
configured to cause the IPs to be enabled for reset and selected for readout, and any other signals
discussed herein).

[00109] Figure 6b illustrates a top view of a preprocessor IC in an example two-layer image
sensor system architecture, according to one embodiment. The preprocessor IC of Figure 6b
includes peripheral circuitry 172 surrounding a read circuit array. The read circuit array includes
a physical signaling interface 175 (which may alternately be on pixel array IC 160), read control
circuitry 176, four read circuit arrays (read circuit array O through 3), and accompanying
memory groups 0A/B, 1A/B, 2A/B, and 3A/B. Each read circuit array includes one or more read
circuits (including an ADC, adder, and reset logic for each IP column) connected to
corresponding rows in an associated memory group. When a particular IP row is selected in an
IP row group of the pixel array IC, a corresponding row in the corresponding memory group is
selected on the preprocessor IC.

[00110] Figure 6c illustrates a cross section of the pixel array IC of Figure 6a and the
preprocessor IC of Figure 6b in an example two-layer image sensor system architecture,
according to one embodiment. In the embodiment of Figure 6¢, the pixel array IC 160 is located
above the preprocessor IC 170 such that the bottom surface of the pixel array IC is coupled to
the top surface of the preprocessor IC. A microlens array 180 and a color filter array 182 are
located above the pixel array IC. The pixel array IC and the processor IC are coupled via pixel
array IC wiring 184 and preprocessor IC wiring 186. By locating the pixel array IC above the
preprocessor IC, the die size and percentage of surface area in the image sensor system capable

of capturing light is increased. For instance, in a single-layer IC architecture including an IP

-20-



WO 2015/038569 PCT/US2014/054886

array and one or more read circuit arrays, the portion of the single-layer IC including the one or
more read circuit arrays are incapable of capturing light; such an embodiment reduces the
percentage of silicon die used to capture light incident upon the single-layer IC. This requires
the camera module footprint to be larger than the lens and the imaging array, and increases the
cost and size of the camera module. The top-layer of the embodiment of Figure 6¢, in contrast,
does not include read circuit arrays, so the die size of the top single layer IC is reduced to
approximately the size of the IP array. Light incident upon the top-layer passes through the
microlens array and the color filter array, is captured by the IPs in the IP array, and signals
representative of the captured light are sampled by the read circuit arrays via the pixel array IC
wiring and the preprocessor IC wiring.

[00111] Figure 7 illustrates the operation of an image sensor read circuit, such as the read
circuit of Figure 3, according to one embodiment. In the example embodiment of Figure 7, an
image is captured over the course of 16 sampling intervals. The ADC of the example
embodiment of Figure 7 converts pixel signals to 5-bit digital values, and the accumulator
accumulates 5-bit digital values into a 9-bit digital value during the image capture period.
Further, in the embodiment of Figure 7, the ADC converts received pixel signals into digital
values representing the pixel signals such that each additional photon detected by an IP results in
an increase in the digital value by one. For example, if an IP detects 5 photons after being reset,
the pixel signal produced by the IP will be converted by the ADC into the value “00101”. It
should be emphasized that in other embodiments, the ADC converts received pixel signals into
digital values representing the pixel signals such that multiple additional photons detected by an
IP results in an increase in the digital value by one. In the embodiment of Figure 7, pixel signals
are analog voltages, and thus aren’t shown in Figure 7 for the purposes of simplicity.

[00112] At the beginning of the image capture period (sampling interval 0), a control signal is
received configured to configure an IP of the read circuit to be reset and begin exposure. In the
embodiment of Figure 7, the “begin exposure” control signal also resets the value stored at the
memory element corresponding to the IP to zero. In addition, a threshold signal is received to set
the sampling threshold for the read circuit at a pixel signal equivalent to 20 photons.

[00113] During the first sampling interval, 4 photons are detected by the IP. The IP then
produces a pixel signal representing the charge collected by a photosensitive element within the
IP equivalent in response to detecting the 4 photons, and the ADC converts this pixel signal to
the digital value “00100”. Since the 4 detected photons do not trigger the sampling interval of 20
photons (“10100”), the accumulator does not accumulate the digital value “00100”, and the
charge stored by the IP is not dissipated (the IP is not reset). Note that the column “Photons (det.
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—accum.)” indicates first the number of photons detected by the IP during a particular sampling
interval and second the number of accumulated photons since the last conditional reset of the IP.
[00114] During sampling interval 2, 7 additional photons are detected by the IP. The charge
stored by the IP increases from the charge produced in response to detecting 4 photons during
sampling interval 1 to a charge produced in response to detecting 11 accumulated photons (4
photons during sampling interval 1 and 7 photons during sampling interval 2). The pixel signal
produced by the IP in response to the stored charge is converted to the digital value “01011”.
Since the total 11 photons do not trigger the sampling threshold of 20 photons, the accumulator
does not accumulate the digital value “01011”, and the IP is not reset. Similarly, during
sampling interval 3, 2 additional photons are detected by the IP, and the charge stored by the IP
increases to a charge produced in response to detecting 13 accumulated photons (4 photons
during sampling interval 1, 7 during sampling interval 2, and 2 during sampling interval 3). The
pixel signal produced by the IP in response to this increased stored charge is converted to the
digital value “01101”. Since the accumulated 13 photons do not trigger the sampling threshold
of 20 photons, the accumulator does not accumulate the digital value “01101”", and the IP is not
reset.

[00115] During sampling interval 4, 11 additional photons are detected by the IP. The charge
stored by the IP increases to a charge equivalent to detecting 24 accumulated photons (4 during
sampling interval 1, 7 during sampling interval 2, 2 during sampling interval 3, and 11 during
sampling interval 4). The pixel signal produced by the IP in response to the stored charge is
converted to the digital value “11000”. Since the accumulated 24 photons exceeds the sampling
threshold of 20 photons, the adder accumulates the digital value “11000” into the memory
element for the IP, and the IP is reset.

[00116] The 14 photons detected during sampling interval 5 do not exceed the sampling
interval of 20, the digital value produced by the ADC, “01110” is not accumulated and the IP is
not reset. The 8 photons detected during sampling interval 6 results in an accumulated detection
of 22 photons by the IP (14 photons during sampling interval 5, and 8 during sampling interval
6), and the adder accumulates the digital value “10110” (resulting in a total accumulated value
of “000101110” into the memory element), and the IP is reset.

[00117] This process is repeated for each of the 16 sampling intervals. The digital values
produced by the ADC during sampling intervals 10, 14, and 15 are all accumulated in response
to the sampling threshold of 20 photons being exceeded by the number of accumulated photons
detected by the IP. Accordingly, the IPs are reset for the sampling intervals following these

intervals (sampling interval 11, 15, and 16). During sampling interval 16, 19 photons are
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detected by the IP, which does not exceed the sampling threshold of 20 photons. In addition,
during sampling interval 16, a residue signal is received configured to instruct the accumulator
to accumulate the digital value produced by the ADC (the residue value 190, “100117).
Accordingly, the adder accumulates the value “10011” to the maintained accumulation value
“001111011” in the memory element to produce the image data 195, “010001110”. Finally, a
reset signal is received during sampling interval 16, which enables the read circuit to output the
image data and which resets the values output by the ADC and stored at the accumulator to zero
subsequent to outputting the image data.

[00118] Figure 8 illustrates pixel information flow in an image capture system, according to
one embodiment. During the course of an image capture period, an IP 200 detects photons and
outputs pixel signals 202 to the read circuit. In response, the read circuit 204 converts the
received pixel signals to digital values representative of the receive pixel signals, and for each
digital value associated with a pixel signal that exceeds a sampling threshold, accumulates the
digital value and resets the IP. After the image capture period, the accumulated digital values are
output as image data 206.

[00119] A post processing module 208 receives the image data 206 and performs one or more
processing operations on the image data to produce the processed data 210. In one embodiment,
a response function can be used to transform the image data 206 according to a desired response.
For example, the image data can be transformed with a linear function or a logarithmic function
based on the intensity of the light detected by the IP. The processed data is then stored in
memory 212 for subsequent retrieval and processing. The IP 200, the read circuit 204, the post
processing module, and the memory can be located within an IC, or can be located within
separate coupled ICs.

[00120] Figure 9 illustrates various temporal sampling policies for use by an image sensor
read circuit, such as the read circuit of Figure 3, according to one embodiment. In the
embodiment of Figure 9, an image is captured over an image capture period 220 equivalent to 16
time units. For each of the three illustrated sampling policies, an “x” indicates the sampling of a
given IP by a read circuit.

[00121] In sampling policy 1, the read circuit samples the IP after each of the 16 time units.
In sampling policy 2, the read circuit samples the IP after every 4 time units. As the read circuit
in sampling policy 2 samples the IP less frequently than the read circuit in sampling policy 1, the
IP in sampling policy 2 is more likely to saturate than the IP in sampling policy 1. However, the
resources (processing, bandwidth, and power) required to implement sampling policy 2 (4 total

samples) may be lower than the resources required to implement sampling policy 1 (16 total
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samples), since the read circuit in sampling policy 2 samples the IP only 25% as often as the
read circuit in sampling policy 1.

[00122] In sampling policy 3, the read circuit samples the IP after time units 1, 2, 4, §, and
16. The exponential spacing of the samplings of sampling policy 3 provide short sample
intervals (for instance, the sample interval between time unit 0 and time unit 1) and long sample
intervals (for instance, the sample interval between time unit 8 and time unit 16). Allowing for
both short and long sampling intervals preserves the dynamic range of sampling policy 1 with
nearly as few samplings as sampling policy 2 (5 samplings for sampling policy 3 vs. 4 samplings
for sampling policy 2). Other sampling policies not illustrated in Figure 9 may also be
implemented by read circuits in the image sensor systems described herein. Depending on the
overall length of an exposure interval or other scene- or user-dependent factors, different
sampling policies can be selected to meet desired power, SNR, dynamic range, or other

performance parameters.

High-SNR Image Sensor with Non-Destructive Threshold Monitoring

[00123]  While the three-transistor (3T) pixel architecture shown in Figure 2 is suitable for
many applications, four-transistor (4T) designs having a “transfer gate” disposed between the
photodiode and source follower (i.e., between node “Vpgr” of photosensitive element 65 and
element 74 in Figure 2) provide a number of advantages. First, the now-isolated floating
diffusion at the gate of the source follower may be reset (e.g., coupled to Vpp) without
disturbing the charge state of the photodiode, thereby enabling a correlated double-sampling
(CDS) operation in which the noise floor of the floating diffusion is sampled prior to charge
integration and then subtracted from the subsequent sampling of the photodiode potential,
canceling the noise and significantly improving the SNR. Another advantage is,
counterintuitively, a more compact pixel design as the switched connection between the
photodiode and source follower (i.e., via the transfer gate) enables the source follower, reset and
access transistors to be shared among multiple photodiodes. For example, only seven transistors
are required to implement a set of four “4T” pixels having a shared source follower, reset
transistor and access transistor (i.e., four transfer-gates plus the three shared transistors), thus
effecting an average of 1.75 transistors per pixel (1.75T).

[00124] In terms of pixel read-out, the direct connection between photodiode and source
follower in a 3T pixel permits the charge state of the photodiode to be read-out without
disturbing ongoing photocharge integration. This “non-destructive read” capability is
particularly advantageous in the context of the conditional reset operation described above as the

3T pixel may be sampled following an integration interval and then conditionally permitted to
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continue integrating charge (i.e., not be reset) if the sampling operation indicates that the charge
level remains below a predetermined threshold. By contrast, the charge transfer between
photodiode and floating diffusion as part of a 4T pixel readout disrupts the state of the
photodiode, presenting a challenge for conditional-reset operation.

[00125] In a number of embodiments described below in connection with Figures 10-14, a
modified 4T pixel architecture is operated in a manner that dissociates the reset threshold from
pixel sample generation to enable a non-destructive (and yet CDS) overthreshold determination.
That is, instead of reading out the net level of charge accumulated within the photodiode (i.e., a
pixel sampling operation) and conditionally resetting the photodiode based on that read-out (i.e.,
as in a 3T pixel sampling operation), a preliminary overthreshold sampling operation is executed
to enable detection of an overthreshold state within the photodiode, with the full photodiode
read-out (i.e., pixel sample generation) being conditionally executed according to the
preliminary overthreshold detection result. In effect, instead of conditionally resetting the
photodiode according to the pixel value obtained from full photodiode readout, full photodiode
readout is conditioned on the result of a preliminary, non-destructive determination of whether
the threshold has been exceeded; an approach enabled, in at least one embodiment, by
dissociating the conditional-reset threshold from the pixel value generation.

[00126] Figure 10 illustrates an embodiment of a modified 4T pixel 250, referred to herein as
a “progressive read-out pixel,” in which a non-destructive overthreshold detection operation is
executed to enable conditional-reset operation in conjunction with correlated double sampling.
As explained more fully below, the overthreshold detection involves a limited read-out of the
photodiode state which, when determined to indicate an overthreshold condition, will trigger a
more complete read-out of the photodiode state. That is, pixel 250 is read-out in a progression
from a limited overthreshold detection read-out to a complete read-out (the latter being
conditional according to the overthreshold detection result).

[00127]  Still referring to Figure 10, progressive read-out pixel 250 includes a transfer gate
251 disposed between a photodiode 260 (or any other practicable photosensitive element) and
floating diffusion node 262, and a transfer-enable transistor 253 coupled between a transfer-gate
row line (TGr) and transfer gate 251. The gate of transfer-enable transistor 253 is coupled to a
transfer-gate column line (TGc) so that, when TGc is activated, the potential on TGr is applied
(minus any transistor threshold) via transfer-enable transistor 253 to the gate of transfer-gate
251, thus enabling charge accumulated within photodiode 260 to be transferred to floating
diffusion 262 and sensed by the pixel readout circuitry. More specifically, floating diffusion

262 is coupled to the gate of source follower 255 (an amplification and/or charge-to-voltage
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conversion element), which is itself coupled between a supply rail (Vpp in this example) and a
read-out line, Vout, to enable a signal representative of the floating diffusion potential to be
output to read-out logic outside the pixel.

[00128] As shown, a row-select transistor 257 is coupled between the source follower and the
read-out line to enable multiplexed access to the read-out line by respective rows of pixels. That
is, row-select lines (“RS”) are coupled to the control inputs of row-select transistors 257 within
respective rows of pixels and operated on a one-hot basis to select one row of pixels for
sense/read-out operations at a time. A reset transistor 259 is also provided within the
progressive read-out pixel to enable the floating diffusion to be switchably coupled to the supply
rail (i.e., when a reset-gate line (RG) is activated) and thus reset. The photodiode itself may be
reset along with the floating diffusion by fully switching on transfer gate 251 (e.g., by asserting
TGc while TGr is high) and reset transistor 259 concurrently, or by merely connecting the
photodiode to a reset-state floating diffusion.

[00129] Figure 11 is a timing diagram illustrating an exemplary pixel cycle within the
progressive read-out pixel of Figure 10. As shown, the pixel cycle is split into five intervals or
phases corresponding to distinct operations carried out to yield an eventual progressive read-out
in the final two phases. In the first phase (phase 1), a reset operation is executed within the
photodiode and floating diffusion by concurrently asserting logic high signals on the TGr, TGc
and RG lines to switch on transfer-enable transistor 253, transfer gate 251 and reset transistor
259, thereby switchably coupling photodiode 260 to the supply rail via transfer gate 251,
floating diffusion 262 and reset transistor 259 (the illustrated sequence can begin with an
unconditional reset (e.g., at the start of a frame), and can also begin from a preceding conditional
read-out/reset operation). To conclude the reset operation, the TGr and RG signals (i.e., signals
applied on like-named signal lines) are lowered, thereby switching off transfer gate 251 (and
reset transistor 259) so that the photodiode is enabled to accumulate (or integrate) charge in
response to incident light in the ensuing integration phase (phase 2). Lastly, although the row-
select signal goes high during the reset operation shown in Figure 11, this is merely a
consequence of an implementation-specific row decoder that raises the row-select signal
whenever a given row address is decoded in connection with a row-specific operation (e.g.,
raising the TGr and RG signals during reset directed to a given row). In an alternative
embodiment, the row decoder may include logic to suppress assertion of the row-select signal
during reset as indicated by the dashed RS pulse in Figure 11.

[00130] At the conclusion of the integration phase, the floating diffusion is reset (i.e., by

pulsing the RG signal to couple the floating diffusion to the supply rail) and then sampled by a
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sample-and-hold element within the column read-out circuit. The reset and sample operation
(shown as phase 3 in Figure 11), in effect, samples the noise level of the floating diffusion and is
executed in the embodiment shown by asserting the row-select signal for the pixel row of

. . .th
interest (i.e., the “1°”

pixel row, selected by RSi) while pulsing a reset-state sample-and-hold
signal (SHR) to convey the state of the floating diffusion to the sample-and-hold element (e.g., a
switch-accessed capacitive element) within the column read-out circuit via read-out line, Vout.
[00131] After acquiring the noise sample in phase 3, an overthreshold detection operation is
executed in phase 4 by raising the TGr line to a partially-on, “overthreshold-detection” potential,
VTGpariai, concurrently with switching on transfer-enable transistor 253 (i.e., by asserting a logic
high TGec signal, although in this embodiment TGc is already on). By this operation, illustrated
graphically in Figures 12 and 13, VT Ggpanial 1s applied to transfer gate 251 to switch the transfer
gate to a “partial on” state (“TG partial on”). Referring to Figures 12 and 13, electrostatic
potential diagrams for photodiode 260 (a pinned photodiode in this example), transfer gate 251
and floating diffusion 262 are shown below their corresponding schematic cross-section
diagrams. Note that the depicted levels of electrostatic potential are not intended to be an
accurate representation of the levels produced in an actual or simulated device, but rather a
general (or conceptual) representation to illustrate the operation of the pixel read-out phases.
Upon application of VT Gpaial to transfer gate 251, a relatively shallow channel potential 271 is
formed between photodiode 260 and floating diffusion 262. In the example of Figure 12, the
level of charge accumulated within the photodiode at the time of the overthreshold detection
operation (phase 4) does not rise to the threshold level required for charge to spill over (i.e., be
transferred) to the floating diffusion via the shallow channel potential of the partially-on transfer
gate. Accordingly, because the accumulated charge level does not exceed the spillover threshold
established by application of VTGyarial to the control node of transfer gate 251, there is no
spillover from the photodiode to the floating diffusion and the accumulated charge instead
remains undisturbed within the photodiode. By contrast, in the example of Figure 13, the higher
level of accumulated charge does exceed the spillover threshold so that a portion of the
accumulated charge (i.e., that subset of charge carriers that are above the transfer gate partially-
on electrostatic potential) spills over into floating diffusion node 262, with the residual
accumulated charge remaining within the photodiode as shown at 272.

[00132]  Still referring to Figures 11, 12 and 13, prior to conclusion of overthreshold
detection phase 4, the charge level of the floating diffusion is sampled and held within a signal-
state sample-and-hold element (i.e., in response to assertion of signal SHS) to yield a threshold-

test sample -- the difference between the signal-state sample and the previously obtained reset-
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state sample -- to be evaluated with respect to a conditional-reset threshold. In one embodiment,
the conditional-reset threshold is an analog threshold (e.g., to be compared with the threshold-
test sample in a sense amplifier in response to assertion of a compare/convert strobe signal) set
or programmed to a setting above the sampling noise floor, but low enough to enable detection
of minute charge spillover via the shallow transfer gate channel. Alternatively, the threshold-
test sample may be digitized in response to assertion of the compare/convert signal (e.g., within
an analog-to-digital converter that is also used to generate the finalized pixel sample value) and
then compared with a digital conditional-reset threshold, again, set (or programmed to a setting)
above the noise floor, but low enough to enable detection of trace charge spillover. In either
case, if the threshold-test sample indicates that no detectable spillover occurred (i.e., threshold-
test sample value is less than conditional-reset spillover threshold), then the photodiode is
deemed to be in the underthreshold state shown in Figure 12 and the TGec line is held low in the
ensuing conditional read-out phase (phase 5, the final phase) to disable transfer gate 251 for the
remainder of the progressive read-out operation — in effect, disabling further read-out from the
photodiode and thus enabling the photodiode to continue integrating charge without disruption
for at least another sampling interval. By contrast, if the threshold-test sample indicates a
spillover event (i.e., threshold-test sample greater than conditional-reset/spillover threshold),
then the TGc line is pulsed during the conditional read-out phase concurrently with application
of a fully-on, “remainder-transfer” potential, VT Gy, to the TGr line, thereby enabling the
remainder of the charge (i.e., charge 272 as shown in Figure 13) within photodiode 260 to be
transferred to floating diffusion 262 via the full-depth transfer-gate channel (273) so that,
between the overthreshold transfer in phase 4 and the remainder transfer in phase 5, the charge
accumulated within the photodiode since the hard reset in phase 1 is fully transferred to the
floating diffusion where it may be sensed in a pixel read-out operation. In the embodiment
shown, the pixel-readout operation is effected by pulsing the SHS signal and compare/convert
strobe in sequence during conditional read-out phase 5, though either or both of those pulses
may optionally be suppressed in absence of an overthreshold detection. Note that conditional
read-out of the photodiode (i.e., effected by pulsing TGc in conjunction with application of
VTGg on TGr) effectively resets the photodiode (i.e., drawing off all charge to the floating
diffusion), while suppression of the conditional read-out leaves the integration state of the
photodiode undisturbed. Accordingly, execution of the conditional read-out operation in phase
5 conditionally resets the photodiode in preparation for integration anew in the succeeding
sampling interval (subframe) or refrains from resetting the photodiode to enable cumulative

integration in the subsequent sampling interval. Thus, in either case, a new integration phase
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follows phase 5, with phases 2-5 being repeated for each subframe of the overall frame (or
exposure) interval, before repeating the hard reset in a new frame. In other embodiments, where
cumulative integration is permitted across frame boundaries, the hard reset operation may be
executed to initialize the image sensor and omitted for an indeterminate period of time
thereafter.

[00133] Figure 14 illustrates an embodiment of an image sensor 300 having a progressive-
readout pixel array 301, sequencing logic 303, row decoder/driver 305 and column read-out
circuit 307. While pixel array 301 is shown to include four rows and two columns of shared-
element pixels, other embodiments may include many more pixel rows and columns to
implement, for example, a multi-megapixel or gigapixel image sensor. The column read-out
circuit 307 (for which two columns of read-out circuitry are depicted) and row decoder/driver
305 may likewise be scaled to meet the number of pixels in the pixel array.

[00134] In the embodiment shown, each column of the pixel array is populated by shared-
element pixels in which every four pixels form a quad pixel cell 310 and contain respective
photodiodes 260 (PD1-PD4), transfer gates 251, and transfer-enable transistors 253, but share a
floating diffusion node 312, reset transistor 259, source follower 255 and row-select transistor
257. By this arrangement, the average transistor count per pixel is 2.75 (i.e., 11 transistors/4
pixels), thus effecting a relatively efficient, 2.75T-pixel image sensor.

[00135]  As shown, row decoder/driver 305 outputs a shared row-select signal (RS) and reset-
gate signal (RG) to each row of quad-pixel cells 310, and outputs independent row transfer-gate
control signals (TGr1-TGr4) to drain terminals of respective transfer-enable transistors 253. In
an embodiment in which row decoder/driver 305 sequences incrementally through the rows of
the array (e.g., pipelining reset, integration and progressive read-out operations with respect to
the rows of pixel array 301 such that one row is read-out after another), the row decoder/driver
may include logic to assert the RG, RS and TGr signals at the appropriate time for each row
(e.g., synthesizing those signals with respect to a row clock from sequencing logic 303).
Alternatively, row decoder/driver 305 may receive individual timing signals corresponding to
each or any of the RG, RS and TGr signals, multiplexing any individual enable pulse onto the
corresponding RG, RS, or TGr lines of a selected row at the appropriate time. In one
embodiment, the row decoder/driver receives transfer-gate control voltages corresponding to the
off, partially-on and fully-on states shown in Figures 11, 12 and 13 (i.e., VT Gofr, VT Gpartial,
VTGgy) from an on-chip or off-chip programmable voltage source 309, switchably coupling
each of the different control voltages to a given transfer-gate row line at a deterministic time, for

example, as shown in Figure 11. In alternative embodiments, more than one voltage source 309
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may be provided within image sensor 300 to enable transfer-gate control voltages to be locally
calibrated and thus compensate for control-voltage and/or performance variations (i.e., non-
uniformity) across the pixel array.

[00136] Still referring to the embodiment of Figure 14, column read-out circuit 307 includes a
bank of read-out circuits 315, each implementing a digital threshold comparator and a relatively
low bit-depth analog-to-digital converter (e.g., a 4-10 bit ADC, though lower or higher bit depth
ADCs may be employed) to execute the overthreshold detection and conditional sampling
operations, respectively, discussed in connection with Figures 11-13. In one implementation,
the threshold comparator and ADC are implemented by separate circuits so that the pixel sample
value may be generated without regard to the conditional-reset threshold applied in the
overthreshold determination. Through this approach, the conditional-reset threshold is
dissociated from the reference signals (“ADC Vrefs”) used in the ADC conversion, freeing the
conditional-reset threshold and ADC reference voltages to be independently adjusted (e.g.,
through reprogramming a threshold-reference generator) dynamically during or prior to sensor
operation to achieve calibration and/or compensate for changing operating conditions or sub-
optimal imaging results. In an alternative embodiment, the threshold comparator may be
implemented as part of the ADC (e.g., using a reference applied in connection with resolving the
digital sample value as the conditional-reset threshold), potentially reducing the footprint of the
column read-out logic through more compact circuit design.

[00137] In the embodiment shown, the sequencing logic delivers a column clock, sample-
and-hold strobes (SHR, SHS, which are applied to enable signal storage within sample-and-hold
elements at the front-end of the ADC/threshold comparator), and compare/convert strobe to the
column read-out logic to enable the operational timing shown, for example, in Figure 11. That
is, during the overthreshold detection phase (i.e., phase 3), the read-out circuit for a given pixel
column asserts (or maintains assertion of) the TGe line (e.g., in response to assertion of a TGcEn
signal from sequencing logic 303 and logic OR gate 316) so that, when the row decoder/driver
switches the TGr line for a given pixel row to the partially-on potential (e.g., VT Gpartial, Which is
applied to the transfer gates of the pixel row), execution of the overthreshold detection operation
described above is enabled. Accordingly, the threshold comparator within each read-out circuit
evaluates the state of the threshold-test sample (which is generated according to the state of
shared floating diffusion 312 following application of VTGyarial to the transfer gate of a given
photodiode) with respect to the conditional-reset threshold to yield a binary overthreshold result.
If an overthreshold condition is detected, the read-out circuit raises the TGe signal again a short

time later (i.e., in conjunction with the fully-on TGr potential (VTGg,) to effect a conditional
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read-out operation, enabling a full read-out of the photodiode state onto Vout and resetting the
photodiode) and executes an analog-to-digital conversion operation in response to assertion of

the compare/convert strobe to yield a digitized pixel sample.

Read-Out Circuitry

[00138] Figures 15A-15C illustrate alternative column read-out circuit embodiments that may
be employed in connection with the exemplary progressive read-out pixels described above.
Figure 15A, for example, illustrates a column read-out circuit 350 formed by sample-and-hold
bank 351, analog-to-digital converter (ADC) 353, sense amplifier 355 and ADC-enable gate
357. Sample-and-hold (S/H) bank 351 includes switch elements and analog storage elements
(e.g., capacitive elements) to enable the reset-state and signal-state of a selected pixel (delivered
via column “Vout” line) to be sampled and held in response to assertion of reset-state and
signal-state control signals. In one embodiment, the pixel reset-state and signal-state signals are
output differentially (e.g., signal-state — reset-state) from S/H bank 351, thus enabling sense
amplifier 355 and ADC 353 to receive measurement signals that reflect the state of the floating
diffusion less a variable (i.e., noisy) reset level. In the embodiment shown, sense amplifier 355
and ADC 353 receive separate reference signals (“SA Ref” and “ADC Refs”) for application in
overthreshold detection and ADC operations, respectively. More specifically, when a compare-
strobe signal (“Compare”) is pulsed, a threshold comparison is triggered within sense amplifier
353, yielding a logic high or low comparison result according to whether the S/H signal output
(and thus the noise-corrected pixel signal-state) exceeds the sense-amp reference signal (i.e., a
spillover threshold or conditional-reset threshold as described above). The comparison result is
fed back to the pixel column as the conditional-reset signal discussed above, and is also supplied
to logic gate 357 to selectively enable an analog-to-digital conversion operation within ADC
353. That is, if sense amplifier 355 signals an overthreshold condition (a logic ‘1’ comparison
result in this example), then an ensuing convert-strobe pulse (“Convert”) is enabled to pass
through logic AND gate 357 (i.e., by virtue of the high sense-amp output) to a convert-enable
input of ADC 353, thereby triggering the ADC operation. In one embodiment, a buffer 359 is
provided to store the resulting N-bit ADC value (e.g., an 8-bit to 12-bit value in a number of
embodiments, though higher or lower resolutions may apply in all cases), as well as the
comparison result from sense amplifier 355, the latter forming a validity bit “V”” that qualifies
ADC content within buffer 359 as containing valid or non-valid data. Accordingly, if no
detectable spillover has occurred within the pixel being read-out, the logic-low comparison
result will not only suppress the ADC operation (saving power), but also qualify the content of

the read-out buffer, thereby permitting compression of the outgoing data stream. This result is
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indicated in the timing waveform at 360 by the dashed ADC data transmission -- showing
generation and transmission of ADC data only if the pixel measurement exceeds the spillover
threshold (V=1).

[00139] Figure 15B illustrates an alternative read-out circuit embodiment 365 that lacks a
sense amplifier and instead applies ADC circuit 353 to perform both the threshold comparison
and, if necessary, generation of ADC data corresponding to full pixel read-out. As before, S/H
bank 351 outputs a measurement signal that reflects the difference between the signal-state and
reset state during spillover (partial read-out) and full read-out operations. A compare-strobe
(“Compare”), when asserted, is applied via logic OR gate 368 to an enable-convert input of the
ADC to enable an ADC operation with respect to the measurement signal acquired during a
partial-read operation (i.e., application of VTGparial to the transfer gate of a selected pixel as
discussed above). If the ADC output exceeds a digital threshold value (i.e., a multi-bit digital
value or digital number), comparator 367 asserts a conditional-reset/overthreshold signal (e.g., to
a logic ‘1’ state in the example shown), thereby enabling an ensuing convert-strobe pulse
(“Convert”) to pass through logic AND gate 369 (and logic OR gate 368) to trigger another
ADC operation, this time with respect to a measurement signal acquired during a full read-out
operation. As in the embodiment of Figure 15A, the conditional-reset signal is driven back to
the pixel column to enable the full-read (and pixel reset) operation within the subject pixel, and
is also output to read-out buffer 359 to be stored as a validity bit, qualifying the corresponding
ADC data content of that buffer. Although the compare-strobe, convert-strobe and transmit-data
waveforms in the embodiment of Figure 15B (i.e., shown at 370) are illustrated as matching
those in Figure 15A, a somewhat larger delay may be imposed between the compare-strobe and
convert-strobe pulses to account for the additional time required within ADC to digitize the S/H
partial-read measurement. In both cases, the interval between the compare-strobe and convert-
strobe pulses may be different from the intervals shown, for example, to align the read-out
timing operations with the pixel operations described above (e.g., as shown in Figure 11).
[00140] Figure 15C illustrates a variation (375) of the read-out circuit embodiment of Figure
15B. In general, the sequence of read-out operations is as discussed in reference to Figure 15B
except that the partial-read ADC output is latched within read-out buffer 377 and, if
underthreshold (i.e., no conditional reset and thus no subsequent full-read ADC output), the
digitized partial-read measurement is transmitted off chip together with an overthreshold bit
(OT) that indicates whether the overthreshold condition has been detected. If the partial-read
ADC output exceeds the spillover threshold, then the full-read measurement is digitized in a

second ADC operation and stored within the read-out buffer, overwriting the partial-read ADC
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value. By this operation, a valid pixel read-out value, reflecting either a partial read-out (OT=0)
or a full read-out (OT=1) is transmitted to an external destination regardless of whether the
spillover threshold is exceeded, thus permitting a sequence of partial-readout values to be
accumulated (integrated) within the final pixel value. Note that storage and transmission of the
OT bit may be omitted, particularly in embodiments in which ADC measurements are
aggregated or otherwise combined without regard to whether their acquisition occurred in a full

or a partial read-out operation.

Image Decimation and Pixel Binning

[00141] A number of conditional-reset image sensor embodiments described herein are
operable in decimation modes that yield less than maximum image resolution. For example, in
one embodiment an image sensor capable of generating an 8MP (8 megapixel) output in a still-
image mode, yields a 2MP output in a decimated, high-definition (HD) video mode; a 4:1
decimation ratio (higher or lower resolutions may apply in each mode, and other decimation
modes and ratios may be achieved in alternative embodiments; also, if the still and video frame
aspect ratios differ, some areas of the sensor may not be used at all in one or the other modes).
[00142] While post-digitization logic may be provided to decimate full-resolution data (e.g.,
on-chip logic at the output of the ADC bank or off-chip processing logic), pixel charge
aggregation or “binning” within the pixel array and/or voltage binning within sample-and-hold
storage elements is applied in a number of embodiments to effect pre-digitization (i.e., pre-ADC
and thus analog) decimation, obviating die-consuming and power-consuming digital binning
logic and, in many cases, yielding improved signal-to-noise ratio in the decimated output.
[00143] Figure 16 illustrates a quad-pixel, shared floating diffusion image sensor architecture
in which the row and column transfer-gate control lines (TGr and TGc) disclosed in the
embodiments above are applied in a manner that enables multiple decimation modes without
requiring additional array-traversing control lines. More specifically, by centralizing a shared
floating diffusion 401 between four pixels (each including a respective photodiode, PD1-PD4,
and transfer-enable transistor, 403.1-403.4, and transfer gate, 404.1-404.4) and splitting the
column transfer-gate control line TGc into separate odd and even column-enable lines (TGcl
and TGc2, each coupled to a respective logic OR column-line driver 421, 423), it becomes
possible to charge-bin all or any subset of the pixels in a decimation mode and also to operate
and read-out each pixel individually a non-decimated (full-resolution) mode.

[00144] In the particular embodiment shown, the shared floating diffusion 401 (illustrated in
two interconnected parts for drawing simplicity) is switchably coupled to photodiodes PD1-PD4

of the four pixels through respective transfer gates 404.1-404.4, with each transfer gate
-33.



WO 2015/038569 PCT/US2014/054886

controlled by a different pair of TGr and TGc signals within the control signal matrix. That is,
transfer gate 404.1 is controlled by transfer-enable transistor 403.1 via control signals
TGr1/TGcel, transfer gate 404.2 is controlled by transfer-enable transistor 403.2 via control
signals TGr2/TGcl, transfer gate 404.3 is controlled by transfer-enable transistor 403.3 via
control signals TGr1/TGc2 and transfer gate 404.4 is controlled by transfer-enable transistor
403.4 via control signals TGr2/TGce2. As in the shared-element pixel arrangements described
above, the shared floating diffusion 401 is coupled to a shared source follower 405, row-select
transistor 407 and reset transistor 409, thus enabling a more compact quad-pixel layout.
Moreover, as shown in the exemplary physical-layout diagram of Figure 17, the four transfer
gates (““TG”) may be physically disposed at the corners of a centralized floating diffusion (FD)
with transfer-enable transistors, reset gate, source follower and row-select transistors formed at
the periphery of the quad-pixel layout, thus effecting a highly compact quad-pixel footprint that
may be repeated in row and column dimensions across a multi-megapixel array.

[00145] Figures 18A and 18B illustrate color filter array (CFA) patterns that may be
employed with respect to the quad-pixel architecture of Figures 16 and 17 and that may dictate
practical decimation modes. In the CFA pattern of Figure 18A, for example, the green corner
pixels (G) that include photodiodes PD1 and PD4 (i.e., PD1 and PD4 are disposed beneath green
color filter elements) may be binned in a 4:3 charge-binning decimation mode, while in the CFA
pattern of Figure 18B, which includes, white, green, red and blue color filters, both pairs of
corner pixels in each quad-pixel (i.e., the pixels that photodiodes PD1 and PD4, and the pixels
that include photodiodes PD2 and PD3) may be charge-binned in a 4:2 decimation mode. Other
charge-binning arrangements may be employed with respect to other CFA patterns and/or black
and white (or grayscale) imaging.

[00146] Figures 19 and 20 present timing diagrams illustrating exemplary phases of full-
resolution (non-binning) and binned-mode pixel read-out operations, respectively, within an
image sensor containing the 2x2 quad-pixel arrangement shown in Figure 16. For purposes of
example, different read-out gain configurations are assumed during partial read-out (threshold
testing) and full-read out operations within each of the timing diagrams, with separate sets of
sample and hold elements being applied to capture reset-state and signal-state samples during
those read-out operations. Examples of different gain configuration circuits and their benefits
are described below in reference to Figures 25A-25C, 26 and 27.

[00147] Turning first to the full-resolution read-out of Figure 19, a reset operation is
performed in phase 1 (delineated at the bottom of the timing diagram) by fully asserting the

transfer-gate row signal as shown at 420 for the row being read-out (TGri), together with the odd
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and even transfer-gate column signals (TGcl, TGc2), thereby applying the full read-out

potential to the transfer gates for the even and odd columns within the selected row to enable
charge transfer from the corresponding photodiodes to the shared floating diffusion (i.e.,
resetting the photodiodes to an initial state in preparation for charge integration). After lowering
the TGri signal, the reset-enable signal (RG) is pulsed at 422 to switch on the reset transistor and
thus reset the floating diffusion. During integration phase 2 (duration not shown to scale),
charge is integrated/accumulated within the photodiodes according to the intensity of the
incoming light. During odd-column threshold-testing phase 3a, the RG signal is pulsed a second
time at 424 to reset the floating diffusion, and reset-state sample-and-hold signals SHRsa and
SHRadc are pulsed at 426 and 428 while row-select line RSi is high to enable the reset-state of
the floating diffusion to be sampled within the sample-and-hold elements for the sense amplifier
and ADC, respectively. After the reset-state of the floating diffusion is sampled, the even
column transfer-gate signal (TGc2) is lowered (while TGcel is held high) and TGri is raised to
the VT Gparial potential to enable a threshold-test read-out with respect to the odd-column pixel.
At 430, a signal-state sample-and-hold signal, SHSsa, is raised to enable a sample of the floating
diffusion state (i.e., any spillover charge therein) to be captured within a sample-and-hold
element for the sense-amplifier, and, at 432, the compare-strobe signal (“Compare”) is pulsed to
enable the sense amplifier component of the read-out circuit to generate a comparison result
between the floating diffusion signal state (less the reset state) and the conditional-reset
(spillover) threshold.

[00148] The odd-column transfer-gate signal (TGcel) is lowered following capture of the
floating diffusion signal-state at 432 and prior to raising the row transfer-gate signal to the fully-
on (VT Ggu) potential in odd-pixel, conditional read-out phase 4a. More specifically, if the
comparison result indicates an underthreshold condition, the TGcl line is held low while TGri is
raised to the VT Gg, potential, thereby suppressing the full pixel read-out and allowing the
charge integrated within the photodiode during integration phase 2 to remain undisturbed and
serve as the initial state during a subsequent integration interval (i.e., continued integration). By
contrast, if the sense-amp comparison result indicates an overthreshold condition (i.e., the
charge accumulated during integration phase 2 exceeds the conditional-reset threshold), then the
TGcl line is raised as shown by the dashed pulse at 434 concurrently with application of the
VTGg potential on TGri, thereby applying VTGgyy to the odd-pixel transfer gate to enable a full
pixel read-out operation. Shortly thereafter, just prior to the conclusion of the odd-pixel
conditional read-out, signal-state sample-and-hold signal SHSadc is pulsed (as shown at 436) to

capture a sample of the odd-pixel read-out signal within the signal-state sample-and-hold
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element for the ADC. At 438, after capturing the odd-pixel read-out signal in the ADC sample-

and-hold element, the convert-strobe is pulsed to trigger an ADC operation with respect to the
differential between the reset-state and signal-state samples captured within the ADC sample-
and-hold elements.

[00149] At the conclusion of the odd-pixel conditional read-out (i.e., phase 4a), the row
transfer-gate signal is lowered so that, in the ensuing even-pixel threshold testing phase 3b,
assertion of the odd-pixel column transfer-gate signal TGcl at 440 drives the odd-pixel transfer
gate low (ensuring isolation between the photodiode and floating diffusion), thus enabling the
floating diffusion to be reset by the RG pulse at 442 without disturbing the odd-column pixel
state. Still in phase 3b, the even-column transfer gate signal is raised at 446 concurrently with
assertion of the SHRsa pulse at 448 to acquire a reset-state sample of the floating diffusion. As
in the odd-pixel threshold test, the row transfer-gate signal TGri is raised to the partially-on
potential (VTGpartial) at 450 (while TGc2 remains high), thereby enabling charge spillover
from the even-pixel photodiode to the floating diffusion if an overthreshold condition exists
within the photodiode. At 452, SHSsa is pulsed to sample the even-pixel signal-state and the
compare-strobe is pulsed at 454 to enable an even-pixel overthreshold determination (even-pixel
signal-state less floating diffusion reset-state) within the read-out sense-amplifier. As with the
odd-pixel, if the comparison result from the sense amplifier indicates an overthreshold
condition, the even-pixel column transfer gate signal is asserted at 456 concurrently with
elevation of the TGri potential to the fully-on level (VTGgy), thus enabling a full read-out of the
even-pixel signal state followed by assertion of the SHSadc and convert-strobe signals (at 458
and 460, respectively) to yield an even-pixel ADC result. If the comparison result from the
sense amplifier indicates an underthreshold condition, the TGc2 pulse at 456 is suppressed to
avoid disturbing the state of the even-pixel photodiode, thus leaving the charge on the
photodiode intact for continued integration.

[00150]  Still referring to Figure 19, in data-transfer phase 5, the row-i ADC values for the
even and odd pixels are transmitted (e.g., to an off-chip image processing destination) one after
another to an on-chip or off-chip image processing destination. As discussed above, in the case
of an underthreshold condition with respect to a given pixel, analog-to-digital conversion with
respect to that pixel may be suppressed and/or the ADC output omitted from the outgoing data
stream. In any case, data transmission with respect to a selected pixel row may be pipelined
with pixel read-out operations within subsequent rows as shown, for example, by the
transmission of row i-1 data concurrently with phases of the read-out operation with respect to

row 1 pixels.
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[00151] In the binned-mode read-out timing diagram of Figure 20, hard-reset and integration
operations (phases 1 and 2) are executed as described above in reference to Figure 19, as is the
floating diffusion reset (i.e., asserting RG while TGcl and TGe2 are high, and sampling the
reset-state in response to assertion of the SHRsa and SHRadc signals) at the start of threshold-
testing phase 3. Thereafter, partial read-out operations are executed one after another with
respect to corner pixels (i.e., containing photodiodes PD1 and PD4, in the example shown), by
driving TGr1 to the partially-on state at 476 concurrently with assertion of TGcl and deassertion
of TGc2, and then driving TGr?2 to the partially-on state at 478 concurrently with assertion of
TGc2 and deassertion of TGel. By this operation, any spillover charge from photodiodes PD1
and PD4 is aggregated in the floating diffusion and thus captured within the sense amp sample-
and-hold element when SHSsa is asserted at 480. Accordingly, assertion of the compare-strobe
signal at 482 enables a comparison of the aggregated the spillover charge from PD1 and PD4
(less the reset-state of the floating diffusion) and the conditional reset/conditional read-out
threshold. If the comparison result indicates an overthreshold condition, TGcl and TGc?2 are
pulsed one after another at 484 and 486 (and each concurrently with assertion of the VT Ggyy
potential on corresponding row lines TGr1 and TGr2, respectively) to enable the remainder of
the charge accumulated within the corner photodiodes (PD1 and PD4) to be transferred to the
floating diffusion, charge binning the pixel integration results and resetting each pixel in
preparation for the next charge integration interval. Accordingly, when the SHSadc signal is
pulsed at 488, the photodiode charge binned (or aggregated) within the floating diffusion is
captured within the signal-state sample and hold element for the ADC, thus enabling an ADC
operation with respect to the combined charge from the corner pixels (less the floating diffusion
reset state) when the convert-strobe is pulsed at 490. The resulting digitized pixel value (i.e.
ADC output) for row i may be transmitted to off-chip or on-chip processing logic during read-
out of the following pair of pixel rows.

[00152]  Still referring to Figure 20, if the comparison result output by the read-out sense
amplifier indicates an underthreshold condition, the TGcl and TGc2 signal assertions shown at
484 and 486 are suppressed to avoid disturbing the contents of the subject photodiodes, thereby
permitting continued integration during a subsequent subframe interval. While the timing
sequence shown yields the output of binned results from the corner pixels containing
photodiodes PD1 and PD4 (i.e., northwest and southeast corners in the layout shown in Figures
16 and 18), the waveforms output onto signal lines TGel and TGc2 may be swapped to yield
binned results from corner pixels containing photodiodes PD2 and PD3. Further, read-out of the

aggregated (binned) charge within all four photodiodes may be effected by performing
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additional partial-read operations in phase 3 (i.e., repeating the TGrl, TGr2 partial-on pulses,
but reversing the assertion sequence of column transfer gate signals TGcel and TGc?2 to effect
partial-reads of photodiodes PD2 and PD3), and then, if an overthreshold result is detected,
performing additional full read-out operations in phase 4 (i.e., repeating the TGrl and TGr2
fully-on pulses, but reversing the assertion sequence of column transfer gate signals TGel and
TGce2).

[00153] Figure 21 illustrates an alternative binning strategy that may be executed with respect
to a collection of 4x1 quad-pixel blocks 310 and the color filter array (CFA) fragment shown at
500. In the embodiment shown, each quad pixel block 310 (shown at 310.1-310-4 with respect
to the CFA fragment) is implemented generally as described in reference to Figure 14 and may
be read-out according to any of the read-out techniques described in reference to Figures 14 and
I15A-15C. As shown, CFA fragment 500 (i.e., a sufficient portion of a sensor-wide CFA to
demonstrate the CFA pattern) includes collections of like colored filter elements at the corner
pixels of each 3x3 pixel group. Thus, green filter elements are disposed over shaded pixels ‘G’,
blue filter elements are disposed over striped pixels ‘B’ and red filter elements are disposed over
hashed pixels ‘R’. In this arrangement, each pair of like-filtered pixels (i.e., subject to light
filtered by same-color filter elements, R, G or B) disposed in the same quad-pixel block thus
permit charge binning within their shared floating diffusion as detailed below. Further, referring
to Figure 22, by fixing column offset between the pixel pair within each column and the like-
filtered pair of pixels coupled to the same row lines (i.e., fixed at a spacing of two columns in
the example shown) and by providing switching elements at the column read-out points of pixel
array 551 (i.e., switching elements 561 and 562 within sample-and-hold circuitry 553), it
becomes possible to “voltage-bin” the results of the two charge-binned pixel pairs within
sample-and-hold circuitry 553, thus combining (i.e., aggregating, binning) the four corner pixels
in each 3x3 pixel group prior to digitization within the ADC elements of SA/ADC block 555.
[00154] Figure 23 illustrates an exemplary timing diagram of binned-mode read-out
operations within the 4x1 quad-pixel architecture of Figures 21 and 22. In the example shown,
row lines for pixel rows 1 and i+2 are operated in lock step to achieve 2:1 charge binning within
the shared floating diffusion of a given quad-pixel block. More specifically, row signals for
pixel rows 1 and 3 of a 4x1 quad pixel block (or row of such quad pixel blocks) are asserted in
unison, followed by locked-step assertion of row signals for pixel rows 2 and 4, before
advancing to assert row signals for the next row of 4x1 quad pixel blocks. Transverse

connections are established within sample-and-hold switch elements (e.g., at 561 and 562 of
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sample-and-hold block 553 as shown in Figure 22) to achieve 2:1 voltage binning and thus an
overall 4:1 analog signal summing and concomitant image decimation.

[00155] Referring more specifically to Figure 23, the row-select signals (RS), reset-gate
signals (RG) and row transfer-gate signals (TGrl, TGr3 or “TGrl,3”) are operated in lock step
to reset the photodiodes and shared floating diffusion of the selected pixel rows during hard-
reset phase 1, permit charge integration during integration phase 2, determine whether the
charge-binned and voltage-binned charge-accumulation results within each column-interleaved
collection of four pixels (i.e., the 3x3 corner pixels as described in reference to Figures 21 and
22) exceed the conditional-reset threshold in threshold-test phase 3, and, if an overthreshold
condition is detected, conditionally read-out and digitize the full charge-binned and voltage-
binned accumulated charge within the subject pixel collections in conditional read-out phase 4
before transmitting the digitized pixel value to downstream (on-chip or off-chip) processing
logic in output phase 5. Considering the phases one by one, during hard-reset phase 1, the row-
transfer gate signals TGrl and TGr3 are pulsed to VTGgy (as shown at 570) while
simultaneously raising column transfer-gate signal TGc, thus transferring accumulated charge
from photodiodes PD1 and PD3 to their shared floating diffusion node. After the photodiode-to-
floating-diffusion charge transfer, reset signal RG is pulsed at 572 to clear charge from the
floating diffusion in preparation for the ensuing charge integration in phase 2. At the start of
threshold-test phase 3, the reset signal is pulsed again (574) to reset the floating diffusion and
then signals SHRsa and SHRadc are pulsed at 576 and 578 (while RSi is asserted) to capture
samples of the reset-state of the floating diffusion within the sample-and-hold elements for the
sense amplifier and ADC. At 580, TGr1 and TGr3 are raised to the partial-on transfer potential,
VTGgarial, to enable charge spillover to the shared floating diffusion if an overthreshold
condition exists in the photodiodes of the subject pixels. The SHSsa signal is then pulsed at 582
while the transverse-interconnect switch elements (e.g., transistors) are switched to a conducting
state within the sample and hold bank to capture the signal-state of the floating diffusion nodes
within related columns (i.e., column j and column j+2 in the embodiment shown) within a
shared sample-and-hold element, thus voltage binning the two charge-binned spillover samples.
The threshold-test phase is concluded by lowering the TGe signal and asserting the compare-
strobe (584) to trigger a threshold comparison within the sense amplifier, comparing the
aggregated spillover charge from the four charge/voltage binned pixels against a conditional-
reset threshold. If the comparison result indicates an overthreshold condition, the TGe signal is
pulsed at 586 during application of VT Ggy; on the TGrl and TGr3 lines, (thus enabling a full
read-out of photodiodes PD1 and PD3 to the shared floating diffusion within corresponding
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quad pixel block), and then the SHSadc signal is raised at 588 to capture the signal-state of the

floating diffusion nodes of switch-interconnected pixel columns within a signal-state sample-
and-hold element for the ADC (i.e., voltage-binning the charge-binned floating diffusion
contents). Thereafter, the convert-strobe is pulsed at 590 to trigger an ADC operation with
respect to the voltage/charge-binned signal state captured within the sample-and-hold circuit (if
any), followed by transmission of the ADC output in phase 5. As discussed above, the ADC
operation and data transmission operations may be suppressed to save power and reduce
signaling bandwidth if an overthreshold condition is not detected in threshold-test phase 4.
[00156] Figure 24 illustrates a more detailed embodiment of an image sensor 600 having an
array of 4x1 quad pixel blocks 601 operable in the decimation (binning) mode described in
reference to Figures 21-23. As in the embodiment of Figure 14, a row decoder/driver 605
receives transfer gate voltages (e.g., VT Gpartial, VITGran and VTGgr) from an on-chip or off-chip
voltage source 309 and a row address value and row clock (used to control row signal timing)
from sequencing logic 603, outputting row control signals, RG, RS and TGr1-TGr4 in response.
Sequencing logic additionally outputs a set of read-out control signals to column read-out
circuitry 607, including a column clock signal (which may be composed of multiple
timing/control signals for timing operations within the sense amplifiers, ADCs, memory buffers,
etc. with column read-out circuitry 607), compare-strobe and convert-strobe signals as described
above, the column transfer-gate enable signal (TGcEn), SHR and SHS signals (which may
include separate signals for sense amp and ADC sample-and-hold elements). Sequencing logic
also outputs a decimation-mode signal (“Dec Mode”) to both column read-out circuitry 607 and
row decoder/driver 605 to enable/disable the above-described charge and voltage binning
operations. For example, in one embodiment, the decimation mode signal is configurable in one
of at least two possible states (e.g., according to a decimation mode setting within a
programmable configuration register 604), including a binning-disabled state in which pixel
rows and columns are operated individually to enable full-resolution image read-out, and a bin-
enable state in which the row decoder/driver asserts row signal pairs (e.g., TGr1/TGr3 and then
TGr2/TGr4) in locked-step to achieve charge binning within the shared floating diffusion, and in
which column read-out lines (Vout) for even and odd column pairs are transversely coupled
(e.g., as shown in Figure 22) to enable voltage binning within sample-and-hold elements.
[00157]  Still referring to the embodiment of Figure 24, column read-out circuitry 607
includes, in addition to sense amplifiers 617 and TGc logic gates 619 (which operate generally
as described above), a set of column eclipse detect circuits 615, each coupled to receive a pixel

reset signal from sample-and-hold block 609 ,and having circuitry to determine whether the
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photodiode measurement (whether binned or at full resolution) exceeds a saturation threshold.

If a given eclipse-detector 615 (e.g., implemented by a threshold comparator) detects a
saturation condition (i.e., saturation threshold exceeded), the eclipse detector raises an eclipse
signal at a secondary enable input of ADC circuit 611 to disable ADC operation therein. The
eclipse signal is also output to a line memory element 621 to qualify the ADC output, being
recorded therein as a logic ‘1° eclipse bit if a saturation condition was detected (thus indicating
that the ADC output is invalid and in fact should be represented by a maximum read-out value)
and a logic ‘0’ eclipse bit otherwise. By this operation, the eclipse bit and underthreshold bit
recorded for each pixel column serve jointly to qualify the corresponding ADC output as follows

(where ‘X’ indicates a don’t care status):

Underthreshold Eclipse ADC Value Interpretation
0 0 Invalid Underthreshold: ADC output assumed to be 0
X 1 Invalid Saturation:, ADC output assumed to be all ‘1’s
1 0 Valid Overthreshold without Saturating
Table 1

[00158]  Still referring to Figure 24, when the binning mode is set to enable voltage binning
between column pairs (e.g., even numbered columns voltage binned and odd-numbered columns
voltage binned), the sense amplifier and ADC within one column in each binned column pair
may be disabled to save power, with the transmitted data stream decimated according to the

binning mode.

Dynamic-Gain Pixel Read-Out

[00159] As briefly mentioned in connection with Figures 19 and 20, different gains may be
applied during partial and full read-out operations. That is, because the spillover charge during a
partial read-out may be exceedingly small (i.e., where the charge integration level barely
exceeds the conditional-reset threshold), it may be beneficial to apply a higher gain during the
partial read-out. By contrast, because the full read-out may range between minimum and
maximum charge integration levels, a significantly lower gain may be applied to normalize
those charge levels to the minimum and maximum ADC output values. Accordingly, in a
number of embodiments herein (including those described above in reference to Figures 19-24),
different gains are applied by the column read-out circuitry during partial read-out and full read-
out operations.

[00160] Figure 25A illustrates an embodiment of a selectable-gain (or multi-gain) read-out
circuit that may be used to effect a high-gain partial read-out and near-unity gain full read-out

within a pixel column. More specifically, in the implementation shown, multiplexers 651 and
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653 are used to establish either a common-source amplifier configuration (gain =
transconductance of transistor M1 * load resistance Ry, where ‘*’ denotes multiplication) or a
source-follower configuration (unity gain or near-unity gain) according to the state of
multiplexer control signals CS and SF. In the common-source amplifier configuration, (CS=1,
SF=0), multiplexer 653 couples column line Col2 to voltage supply rail Vdd via load resistance
Ry (655), while multiplexer 651 couples column line Coll to ground. As shown, Col2 is
coupled to the drain terminal of row-select transistor 683 so that Voutl will vary according to
the current flow through transistor M 1; a function of the applied gate voltage (floating diffusion
charge level) and transconductance of that transistor. More specifically, as can be understood
from Figure 25B (which illustrates the common source gain configuration), Voutl is given by
Vdd — Iy *Ry, so that Voutl/Vgp is approximately g, *RL, where g, represents the
transconductance of transistor M1. Accordingly, by appropriately sizing M1 and/or R;, a
common-source gain substantially greater than unity may be achieved, thus improving
sensitivity to the relatively small level of charge that may spillover to the floating diffusion
during partial read-out operations. Note that reset transistor 685 is also coupled to the Col2 line,
thus enabling the floating diffusion to be pulled up to CS mode Vout (i.e., reset) in response to
RG signal assertion while in the common-source gain configuration.

[00161] In the source-follower configuration (SF=1, CS=0), multiplexer 653 couples a
current source 657 to the Col2 line, and multiplexer 651 couples column line Coll to Vdd, thus
establishing M1 as a source-follower amplifier (i.e., output voltage at M1 source and thus Vout2
follows the floating-diffusion voltage applied at the gate of M1 ) as shown at Figure 25C. More
specifically, in order to maintain a substantially constant current through the Col2 line, the
feedback loop that maintains the constant current source raises the potential at Vout2 as
necessary to counteract any conductance change in transistor M1. Accordingly, assuming a
substantially linear transconductance within M1, the current source raises and lowers Vout2 in a
substantially linear correspondence to increase and decrease in the floating diffusion potential,
thus effecting substantially constant proportionality between Vout2 and Vgp. In the embodiment
shown, the constant of proportionality is slightly less than unity (e.g., 0.85 in the specific
example depicted, though other proportionality constants, including unity, may be achieved in
alternative embodiments or other programmed configurations) in the source follower
configuration.

[00162] Still referring to Figure 25A, separate sets of sample-and-hold elements (e.g.,
capacitive elements and switch elements) 669 and 671 are coupled to the Voutl and Vout2

nodes, respectively, to accommodate the different gain configurations applied during partial

42-



WO 2015/038569 PCT/US2014/054886

read-out and full read-out operations, with correspondingly separate sets of reset-state and
signal-state sample-enable signals applied to the two sample-and-hold circuits. In the example
shown, the partial read-out sample-and-hold circuit 669 (i.e., controlled by signals SRcs and
SScs in the common-source gain configuration) provides a differential output (i.e., signal-state
sample less reset-state sample) to a sense amplifier circuit 675, while the full read-out sample-
and-hold circuit 671 (controlled by signals SRsf and SSsf in the source-follower gain
configuration) provides a differential output to ADC 677. As in all embodiments having both a
sense amplifier and ADC, the sense amplifier may be omitted and the ADC applied during both
the partial and full read-out operations as discussed in reference to Figures 15B and 15C. In
such ADC-only implementations, the outputs of sample-and-hold circuits 669 and 671 may be
multiplexed to the input of ADC 677 according to the state of the CS and SF signals. In an
embodiment in which the CS and SF signals always have complementary states, a single signal
may alternatively be used to switch between common-source and source-follower gain
configurations.

[00163] Figure 26 presents an exemplary timing diagram illustrating the alternating
application of common-source and source-follower gain configurations during hard-reset,
integration, partial read-out and (conditional) full read-out operations within the multi-gain
architecture of Figure 25A. As shown, the common-source enable signal (CS) is asserted at 686
concurrently with the hard-reset RG pulse (i.e., asserted in preparation for charge integration)
and at 688 (floating diffusion reset in preparation for reset-state sampling). During at least a
portion of the charge integration interval, signal gain may be disabled altogether to save power
(i.e., lowering both the SF and CS control signals as shown), though in actuality one or both gain
modes may be applied during that interval to enable operations in other pixel rows. During
reset-state sampling, the common-source and source-follower gain configurations are enabled
one after another as shown at 690 and 692 (i.e., initially holding CS high while SF is low and
then reversing that configuration), with reset-state sampling signals SRcs and SRsf being pulsed
at 694 and 696 while in the common-source and source-follower gain configurations,
respectively, to capture reset-state samples within the different sample-and-hold circuits
provided for the two gain configurations. Thereafter, CS is raised at 698 (and SF lowered) to
apply the common-source gain configuration during the partial read-out operation (effected by
raising TGr to the partially-on state at 700 while TGc is held high and concluding with assertion
of the SScs and compare-strobe signals), and then SF is raised at 702 (and CS lowered) to apply

the source-follower gain configuration during the ensuing conditional full read-out operation
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(effected by raising TGr to the full read-out potential at 704 concurrently with conditional

pulsing of the TGc signal and concluding with assertion of the SSsf and convert-strobe signals).
[00164] Reflecting on the multi-gain architecture described in reference to Figures 25A-25C
and Figure 26, it should be noted that other gain configurations or combinations of gain
configurations may be used in alternative embodiments. For example, as shown in Figure 27,
two different common-source gain configurations, may be effected by coupling different pull-up
resistances (RL1 and RL2) to the col2 line via multiplexer 701, and thereafter selecting one gain
or the other (i.e., through appropriate assertion of control signals CS1 and CS2) generally as
described in reference to Figure 26. In another embodiment, a programmable gain amplifier
may be coupled to the Col2 and/or Coll line and switched between programmed settings to
effect different partial read-out and full read-out gains. More generally, any practicable
configuration or architecture that enables adjustment of the gain applied during partial read-out

and full read-out operations may be employed in alternative embodiments.

Image Sensor Architecture, System Architecture

[00165] Figure 28 illustrates an embodiment of an image sensor having a pixel array 731
disposed between upper and lower read-out circuits 732.1 and 732.2. The read-out circuits are
coupled to respective halves of the pixel rows in the array and are operable in parallel, thereby
halving the time required to scan through the rows of the pixel array. In one embodiment, the
pixel rows are allocated between the upper and lower read-out circuits according to the physical
half of the pixel array in which the pixel rows reside. For example, all upper pixel rows (i.e.,
above a physical midpoint) may be coupled to the upper read-out circuit, and all lower pixel
rows may be coupled to the lower read-out circuit, thereby reducing the overall column line
length (reducing capacitance, noise, required drive power, etc. with respect to each Vout and
reset feedback (TGe) line). In other embodiments, the pixel row interconnections to the upper
and lower read-out circuits may be interleaved across the rows of pixel arrays, with the
connection alternating between upper and lower read-out circuits for each successive row of
pixel blocks (e.g., every fourth row in a pixel array populated by the 4x1 quad-pixel block
shown in Figure 21, or every second row in a pixel array populated by the 2x2 quad-pixel block
shown in Figures 16 and 17, or every other row in a pixel array populated by pixels having
dedicated Vout interconnects). In the embodiment shown, each read-out circuit (732.1 and
732.2) includes a sample-and-hold bank 733 (e.g., including per-column capacitive storage
elements and switching elements as described above), a sense amplifier bank 735 including per-
column sense amplifier circuits (or latches) and reset-feedback logic, a per-column ADC bank

737 and a digital line memory 739. In embodiments that apply the per-column ADCs to digitize
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partial read-out samples, the sense amplifier bank 735 may be omitted and the per-column ADC
bank outfitted with digital comparators to generate reset-feedback signals (i.e., conditional-reset
signals, TGc). Also, the sample-and-hold bank may include transverse switching elements as
described in reference to Figure 22 to support voltage binning operations. More generally, the
various circuit blocks of the upper and lower read-out circuits may be operated and/or
configured as described above to support various decimation modes and read-out options.
Though not specifically shown, the upper and lower digital line memories 739 may feed a
shared physical output driver (PHY), for example, disposed to the left or right of the pixel array
and coupled to receive data in parallel from each of the digital line memories. Alternatively,
separate PHYs may be provided with respect to the two digital line memories, with the PHY's
being disposed, for example, at an opposite edges of the image sensor IC. Further, while the
upper and lower read-out circuits may be implemented on the same physical die as pixel array
731 (e.g., at the periphery of the die (sandwiching the pixel array) or in the center of the die
between respective halves of the pixel array, the read-out circuits may alternatively be located
on another die (e.g., coupled to the pixel array die in a stacked configuration that may
additionally include other imaging-related dies).

[00166] Figure 29 illustrates an embodiment of an imaging system 800 having an image
sensor 801, image processor 803, memory 805 and display 807. The image sensor 801 includes
a pixel array 811 constituted by temporally-oversampled conditional-reset pixels according to
any of the embodiments disclosed herein, and also includes pixel control and read-out circuitry
as described above, including row logic 815, column logic 8§17, line memory 819 and PHY 821.
Image processor 803 (which may be implemented as a system-on-chip or the like) includes an
image signal processor (ISP) 831 and application processor 833, coupled to one another via one
or more interconnect buses or links 836. As shown, ISP 831 is coupled to receive imaging data
from the pixel array via PHY 827 (and signaling link(s) 822, which may be implemented, for
example, by a Mobile Industry Processor Interface (“MIPI” bus) or any other practicable
signaling interface), and the ISP and application processor are coupled to a memory control
interface 835 and user-interface port 837 via interconnect 836. Further, as explained below,
interconnect 836 may also be coupled to the image sensor interface of ISP 831 (i.e., the ISPs
interface to PHY 827) via side-channel 838 to enable the application processor to deliver data to
the ISP in a manner that emulates an image sensor.

[00167]  Still referring to Figure 29, imaging system 800 further includes one or more
memory components 805 coupled to the memory control interface 835 of image processor 803.

In the example shown, and in the discussion below, the memory components are assumed to
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include a dynamic random access memory (DRAM) which may serve as a buffer for image sub-
frame data and/or as a frame buffer for other functions. The memory components may
additionally include one or more non-volatile memories for long-term storage of processed
images.

[00168] User-interface port 837 is coupled to a user display 807 which may itself include a
frame memory (or frame buffer) to store an image to be displayed for a user (e.g., a still image
frame or video frame). Though not shown, user-interface port 837 may also be coupled to a
keypad, touchscreen or other user-input circuitry capable of providing information to image
processor 803 corresponding to user-input, including operating mode information that may be
used to configure decimation modes within the image sensor 801. Although also not shown,
image processor 803 may be coupled to image sensor 801 through a sideband channel or other
control interface to permit transmission of operating mode, configuration information,
operation-triggering instructions (including image capture instructions, configuration-
programming instructions, etc.) and the like to the image sensor.

[00169] Figure 30 illustrates an exemplary sequence of operations that may be executed
within the imaging system of Figure 29 in connection with an image processing operation.
Starting at 851, the application processor configures ISP 831 for DMA (direct-memory-access)
operation with respect to memory control interface 835 and thus memory IC 805. By this
arrangement, the ISP is enabled to operate as DMA controller between image sensor 801 and
memory IC 805, receiving subframe data from image sensor 801 row by row (as shown at 853)
and transferring the subframe data to the memory IC. Thus, the subframe data generated by
temporal oversampling within image sensor 801 are, in effect, piped through the ISP directly to
memory IC (e.g., a DRAM) where they may be accessed by the application processor. Note
that, in the embodiment shown, subframes are loaded into the memory one after another until a
final subframe has been received and stored (i.e., the frame-by-frame storage loop and its
eventual termination being reflected in decision block 855). This process may be optimized in
an alternative embodiment by omitting storage of the final subframe in memory IC 805 and
instead delivering the final subframe data directly to application processor 833. That is, as
shown at 857, the application processor retrieves and combines (e.g., sums) the stored subframes
to produce a consolidated (integrated) image frame so that, instead of storing the final subframe
in memory and then reading it right back out, the final subframe may be delivered directly to the
application processor to serve as a starting point for subframe data consolidation. In any case, at
859 the application processor configures ISP 831 for operation in image-processing mode and,

at 861, outputs the image frame data (i.e., the consolidation of the temporally oversampled
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image sensor data) to the image-sensor interface of the ISP (i.e., to the front-end of the ISP via
channel §838), thereby emulating image sensor delivery of a full image frame to ISP 831. At
863, the ISP processes the image frame delivered by the application processor to produce a
finalized image frame, writing the completed (processed) image frame, for example, to DRAM
or non-volatile memory (i.e., one or both of memory ICs 805), and/or directly to the frame

buffer within display 807 to enable the image to be displayed to the system user.

Split-Gate Architecture

[00170] Figure 31 contrasts embodiments of the conditional-reset pixel 250 of Figure 10 and
a modified pixel architecture 870, referred to herein as “split-gate” conditional-reset pixel or
split-gate pixel. In the embodiment shown, split-gate pixel 870 includes a photodiode 260
together with the same floating diffusion 262, reset transistor 259, source-follower 255, and
read-select transistor 257 as pixel 250, but omits transfer-enable transistor 253 and single-
control transfer-gate 251 in favor of a split, dual-control transfer-gate 871. Referring to detail
view 880, dual-control transfer gate (or “dual-gate”) includes distinct (separate) row and column
transfer gate elements 881 and 883 disposed adjacent one another over the substrate region
between photodetector 260 (PD) and floating diffusion 262 (FD). The row and column transfer
gate elements (881 and 883) are coupled to row and column control lines, respectively, to
receive row and column control signals, TGr and TGc and thus are independently (separately)
controlled. As discussed in further detail below, by omitting the source/drain implant ordinarily
required between series-coupled transistors (and thus between adjacent gate terminals), the row
and column transfer gate elements may be disposed closely enough to one another that the
resulting overlapping electrostatic fields will form a continuous enhancement channel 885 when
both TGr and TGc are asserted, (at a signal level to provide charge transfer), while maintaining
an ability to interrupt the channel when either of TGr and TGc are deasserted, (at a signal level
to prevent charge transfer). Accordingly, the logic-AND function effected by the combined
operation of transfer-gate 251 and transfer-enable transistor 253 in pixel 250 may be achieved
within the substantially more compact dual-control gate 871, reducing the pixel footprint (i.e.,
die area consumption) by a transistor or a significant portion of a transistor relative to pixel 250.
In the case of a quad pixel layout, for example, the dual-gate arrangement lowers the per-pixel
transistor count from 2.75T (i.e., when pixel 250 is employed) to approximately 1.75T to 2T,
depending on the dual-gate implementation. In addition to the reduced pixel footprint, the dual-
gate design permits a negative potential to be applied to the transfer gate or transfer gates during
the charge-integration (light accumulation) interval to reduce PD to FD leakage current and

transfer gate dark current, a function not readily available in embodiment 250 as a negative TGr
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voltage may disruptively forward-bias the source/drain to substrate diodes in transfer-enable
transistor 253. Further, in contrast to the floating potential that results at transfer gate 251 of
pixel 250 whenever TGc is lowered, row and column transfer gate elements 881 and 883 are
continuously coupled to signal driving sources and thus continuously driven to the driver output
voltage (i.e., not floating), potentially reducing noise in the pixel read-out operation.

[00171] Figure 32 is a timing diagram illustrating an exemplary pixel cycle (reset/charge
integration/read-out) within the split-gate pixel of Figure 31. As in embodiments described
above, the pixel cycle is split into five intervals or phases corresponding to distinct operations
carried out to yield an eventual progressive read-out in the final two phases (the pixel can also
provide an unconditional readout sequence that skips phase four). Referring to both Figure 32
and split-gate pixel 870 in Figure 31, a reset operation is executed within the photodiode and
floating diffusion in phase one by concurrently raising the TGr and TGc signals to establish a
conduction channel between photodiode 260 and floating diffusion 262 (i.e., as shown at 885 in
Figure 31), and thereby reset the photodiode by enabling residual or accumulated charge within
the photodiode to be transferred to the floating diffusion. After (or concurrently with) the
charge transfer operation, the reset-gate signal (RG) is pulsed to switch on reset transistor 259
and thus evacuate/empty charge from the floating diffusion by switchably coupling the floating
diffusion to V44 or other supply voltage rail. In the embodiment shown, TGr is driven to a
negative potential following the photodetector reset operation (e.g., immediately after concurrent
assertion with TGc or at the conclusion of the reset phase), thereby establishing a low-leakage
isolation between the photodetector and floating diffusion, and reducing dark current from the
region below TGr. Also, because the row and column control signals are jointly applied to
adjacent transfer gate elements, TGc may be raised and lowered as necessary following the
photodetector reset operation and during the ensuing integration phase (phase 2) without
undesirably floating the transfer gate. Thus, TGc is lowered following pixel reset and, while
shown as remaining low throughout the ensuing integration and noise sampling phases (phases 2
and 3), will toggle between high and low states during those phases to support reset and read-out
operations in other pixel rows.

[00172] The noise or reset sampling operation within phase 3, overthreshold detection within
phase 4 and conditional read-out (or conditional transfer) within phase 5 are carried out
generally as discussed in reference to Figure 11, except that TGc need only be raised in
conjunction with the TGr pulses (i.e., to VIGpartial and VTGfull) during the partial-transfer and
conditional-transfer operations. In the embodiment shown, a quad-potential TGr driver is

provided within the row decoder/driver (e.g., within element 305 of Figure 14) to maintain TGr
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at the negative potential throughout the integration phase, and then step TGr up to a pre-read
potential (zero volts in the example shown) at the start of the noise sampling phase before
raising TGr further to VT Gparial and finally to VT Ggy in the overthreshold detection and
conditional read-out operations, respectively. In alternative embodiments, a three-potential
driver may be used to maintain TGr at the negative potential except when pulsed to VTGpariial OF
VTGgy (i.e., no pre-read potential).

[00173] Figure 33 illustrates exemplary low-light and high-light operation of the split-gate
pixel of Figure 31, showing electrostatic potential diagrams in each case beneath schematic
cross-section diagrams of the photodetector (photodiode 260 in this example), row and column
transfer gate elements 881 and 883 (i.e., forming a dual-control transfer gate) and floating
diffusion 262. As in preceding examples, the depicted levels of electrostatic potential are not
intended to be an accurate representation of the levels produced in an actual or simulated device,
but rather a general (or conceptual) representation to illustrate the operation of the pixel read-out
phases. Starting with the low-light example, a relatively low level of charge is accumulated
within the photodiode during the integration phase (phase 2) so that, when TGc is asserted and
TGr is raised to the partial-on potential (VTGparia) during overthreshold detection phase 4 (i.e.,
after noise sample acquisition in phase 3), the charge level is insufficient to be transferred via
the relatively shallow channel formed between photodiode 260 and floating diffusion 262.
Because the accumulated charge level does not exceed the spillover threshold established by
application of VT Gparial to the gate element couple to the TGr line, there is no spillover from the
photodiode to the floating diffusion and the accumulated charge instead remains undisturbed
within the photodiode. Because no spillover is detected during the overthreshold phase, TGc is
deasserted during conditional transfer (conditional read-out) phase 5. Although some charge
will migrate to the well under the row gate during TGr assertion, that charge will move back to
the photodiode well when TGr is deasserted, thus maintaining the charge level within the
photodiode as a starting point for further charge accumulation in a subsequent integration
interval. By contrast, in the high-light example, the higher level of accumulated charge does
exceed the spillover threshold during overthreshold detection phase 4 so that a portion of the
accumulated charge (i.e., that subset of charge carriers that are above the transfer gate partially-
on electrostatic potential) spills over into floating diffusion node 262, with the residual
accumulated charge remaining within the photodiode as shown at 918. Accordingly, during
overthreshold phase 5, TGr is raised to the VT Gy potential concurrently with assertion of TGc,
thus establishing a full conduction path through the channel formed by the dual-gate structure to
transfer the entirety of the accumulated charge from photodiode 260 to floating diffusion 262.
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[00174] Figure 34 illustrates an alternative overthreshold detection operation within the split-

gate pixel of Figure 31. As shown, instead of driving the TGr line to a partial potential (i.e.,
VTGgarial), a fractional (i.e., reduced-width) TGr pulse 920 is applied in conjunction with the
TGc pulse (which may also have a fractional pulse width) thus limiting the time available for
charge transfer between the photodetector and floating diffusion. In one embodiment, for
example, fractional pulse 920 is a short-duration pulse having a time constant shorter than
required to transfer all charge above the threshold defined by the voltage applied to the dual-
control transfer gate and therefore transfers the charge only partially, in contrast to a full-width
pulse which is long enough to transfer all of that charge. Accordingly, due to the time constant
and sub-threshold characteristics of the photodetector-to-diffusion charge transfer, below-
threshold charge integration within the photodetector will yield little or no charge transfer during
the fractional pulse interval, while overthreshold charge integration will yield a detectable
charge transfer, analogous, in effect, to application of VTGpaia for the full pulse interval. Pulse
width control may provide superior performance (i.e., relative to voltage-level control) in terms
of repeatability and/or threshold precision, particularly in noisy environments (e.g., where
switching noise may couple to the TGr line) or where programmable threshold trimming or
calibration may be needed. As shown at 921, the partial-readout control, whether pulse-width or
voltage-level controlled, alternatively (or additionally) may be applied to the TGc line,
particularly where the TGc signal is used to control the gate element nearest the photodetector.
Also, pulse-width control and voltage control may be combined, for example, by driving a
fractional pulse having a reduced voltage onto the TGc or TGr line. Further, the full pulse
applied to the TGr and/or TGe line during a conditional read-out operation (and/or during a reset
operation) may be replaced by a burst of fractional pulses as shown at 922, thus establishing a
uniform (fractional) with for each pulse applied. In one embodiment, the full pulse width during
conditional-readout phase 5 is on the order of 200 to 1000 nanoseconds (nS), while the
fractional pulse width is on the order of 2 to 200 nanoseconds, though other fractional and/or full
pulse widths may apply in alternative embodiments. Although shown as operative for a split-
gate embodiment, similar fractional pulse methods are also applicable to the operation of, for
example, a Figure 14 or Figure 16 embodiment.

[00175] Figure 35 illustrates an exemplary implementation of the dual-control gate 8§71
shown in Figure 31. In the implementation shown, two distinct polysilicon features 925 and 927
are formed in immediate proximity to one another over the substrate region between photodiode
260 and floating diffusion 262 with a separation distance (“dy,”) shorter than the minimum

inter-poly distance specified for polysilicon lines of drain-to-source-coupled transistors, but long
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enough to ensure electrical isolation between the two polysilicon features (i.e., sufficient
separation to avoid shorting the features to one another). In one fabrication technique, the two
polysilicon features are formed separately to enable a distance dp that is less than the minimum
lithographic feature size. In an alternative embodiment, a single polysilicon feature is formed
and then etched or otherwise split/divided into two distinct polysilicon features(e.g., with d,, set
to the minimum lithographic feature size or smaller). In the implementation shown, sidewall
spacers 929, 931 are formed with respect to each polysilicon line, with spacer structures formed
within separation region merging as shown at 933 (i.e., due to the narrow d,., dimension) so that
subsequent doping to form source/drain implant structures is blocked within the separation
region, thus avoiding formation of such a carrier trapping structure in the otherwise continuous
substrate region between photodiode 260 and floating diffusion 262, yielding the dual-gate
control described above. While polysilicon feature 925 (Poly 1) is shown as the gate element
coupled to TGr and polysilicon feature 927 (Poly 1°) as the gate element coupled to TGc, that
interconnection arrangement may be reversed in alternative embodiments.

[00176] Figure 36 illustrates an alternative manner of implementing the dual-control gate
structure 871 of Figure 31. In this embodiment, a first polysilicon feature 941 is formed (e.g.,
lithographically printed and etched), covered with a layer of insulating material 945, and then a
second polysilicon feature 943 is formed over the top of the first. A portion of the second
polysilicon feature (not shown) is etched away to expose and enable metal-layer contact to the
initial polysilicon feature 941 without removing the (insulating) material 945 that remains in the
separation region (i.e., the region marked by “d.,”). By this operation, ds., may be made
arbitrarily small (i.e., as small as possible while maintaining integrity of the insulating material
within the separation region and thus electrical isolation between the two polysilicon features)
and the overall footprint of the dual-control gate is similar to a single-control gate. Various
alternative and/or supplemental fabrication techniques may be employed in other embodiments
to form the dual-gate structure between photodiode 260 and floating diffusion 262.

[00177] Figure 37 illustrates a quad-pixel, shared floating diffusion image sensor architecture
in which pairs of row and column transfer-gate control lines (TGrl/TGr2 and TGcl/TGe2) are
coupled to a dual-gate structure (957.1-957.4) within each of four split-gate pixels in the manner
described above. More specifically, by centralizing a shared floating diffusion 955 between
four pixels (each also including a respective one of photodiodes PD1-PD4 and one of dual-
control transfer gates 957.1-957.4, together with shared reset-gate transistor 409, source follower
405 and read-select transistor 407) and splitting the column transfer-gate control line TGe into

separate odd and even column-enable lines (TGcel and TGc2, each coupled to a respective
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column-line driver), a highly compact pixel layout may be achieved. Figures 38 and 39
illustrate exemplary physical layouts of the quad-pixel of Figure 37, showing the four
photodiodes disposed about and switchably coupled to a centralized floating diffusion (“FD”)
via respective dual-control gate structures. In the embodiment of Figure 38, row lines (TGrl,
TGr2) are coupled to respective gate elements 961 nearest the photodiodes and column lines are
coupled to gate elements 962 nearest the floating diffusion (i.e., gate elements 961 and 962
collectively forming a dual-gate), while that interconnect order is reversed in the embodiment of
Figure 39, with row lines coupled to gate elements 972 nearest the floating diffusion and column
lines coupled to gate elements 971 nearest the photodiodes. In both layouts, each row line may
be coupled to the gate elements for photodiodes in the same row (e.g., PD1/PD3 or PD2/PD4 in
the example shown) via a single metal-to-poly contact and each column line may likewise be
coupled to the gate elements for photodiodes in the same column (e.g., PD1/PD2 or PD3/PD4)
via a single contact, thus halving the contact area as compared to implementations that require
two interconnects per signal line per quad pixel. Also, in the embodiments of both Figures 38
and 39, the shared reset gate transistor, read-select transistor and source follower transistor are
disposed at the periphery of the photodiode cell as shown at 964, 965 and 966 in Figure 38 and
974, 975 and 976 in Figure 39 (each transistor being shown as a polysilicon line over a diffusion
region, omitting interconnect lines to avoid obscuring other features of the drawing). In both
layouts, the transistors may be disposed in positions/locations other than those shown. For
example, all three shared transistors may be co-located at the same edge of a given pixel, or all
or one or more of the transistors may be disposed in a central region of the quad pixel between
rows or columns of the photodiodes. Also, while a consolidated diffusion region is shown, the
diffusion region may alternatively be split into two or more interconnected diffusion regions.
The structures shown allow both individual and selective charge-binned readout of pixels with
the quad group.

[00178] Figures 40 and 41 illustrate a split-gate pixel architecture and corresponding timing
diagram according to an alternative embodiment that lacks a dedicated row transfer-gate (TGr)
line. More specifically, the read-select and row transfer-gate control functions are merged
within a single read-select (or row-select) signal coupled to row gate element 881 and to read-
select transistor 257 as shown, thus reducing the number of row signal lines per pixel row from
three to two (column transfer gate element 883 and the remaining shared transistors (255, 259)
are connected as described above). This row line reduction may be particularly beneficial in
front-side illuminated implementations as the 33% row metal reduction increases the overall fill

factor of the pixel array. Even in backside illuminated embodiments, the row line reduction may
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simplify per-cell signal line interconnection, possibly reducing the number of metal layers
required or otherwise reducing fabrication complexity and cost. Note that frontside or backside
illumination may be employed with respect to any of the embodiments disclosed herein.
[00179] Referring to Figure 41, reset, integration, noise-sampling, overthreshold detection
and conditional read-out operations are carried out generally as described in reference to Figure
32, except that row transfer gate element 981 is switched to conducting and non-conducting
states through assertion and deassertion of the read-select signal (RS), and overthreshold and
conditional read-out operations are managed by asserting partial potential (and/or pulse width)
and full potential (and/or full pulse sequence) on the column control line (TGc). Thus, a
photodiode reset is effected by asserting TGe concurrently with read-select signal assertion,
overthreshold detection is carried out by raising TGce to the VT Gparial potential (and/or applying
a reduced-width TGc pulse) concurrently with read-select signal assertion, and conditional read-
out is executed by conditionally (selectively) raising TGc to the VT Ggyy potential as shown. In
the embodiment of Figure 40, row gate element 981 is disposed nearest the floating diffusion
and the column gate element 983 is disposed nearest the photodiode. This disposition may be
reversed in alternative embodiments.

[00180] Figure 42A illustrates an alternative dual-control gate arrangement in which the gate
elements of a dual-control gate are formed by respective p-doped and n-doped regions of a
transfer gate diode 987. The doping is achieved by depositing a lightly or intrinsically doped
polysilicon, and using the pinning implants and FD implants to dope the PD and FD sides of the
TG respectively. Alternate methods can also be employed. With this structure the TGr signal is
connected to the p-type side of the diode 987 via a first contact (not shown), and the TGc signal
is connected to the n-type side of the diode 987 via a separate, second contact (also not shown).
Electrical isolation of the two gate control signals is achieved by diode isolation and does not
require two physically separate polysilicon structures. As a result the dual-control gate is
smaller.

[00181] Figure 42B illustrates another alternative dual-control gate arrangement in which the
gate elements of a dual-control transfer gate 990 are formed by respective p-doped regions of
back-to-back diodes having a shared n-doped region 991. The doping is achieved by depositing
a lightly or intrinsically doped polysilicon, and using the pinning implants, FD implants and/or
specific transfer gate doping implants to dope the PD and FD sides and center n-type region
(991) of the dual-control transfer gate, respectively. As with all embodiments disclosed herein,
alternative fabrication methods can be employed. With this structure the TGr signal is

connected to the p-type side of the diode adjacent to the PD via a separate contact, (not shown),
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and the TGc signal is connected to the p-type side of the diode 990 adjacent to the FD via a

separate contact, (not shown). Electrical isolation of the two gate control signals is achieved by
diode isolation (intervening n-type region 991) and does not require two physically separate
polysilicon structures.

[00182] Figure 43 illustrates a 4x1 block of split-pixels (a quad, split-pixel block) that may be
operated in binned or independent-pixel modes as described above, for example, in reference to
Figure 21. As shown, floating diffusion regions FD;, and FD34 for upper and lower pixel pairs,
respectively, are interconnected via conductor 992 (or alternatively formed by a single floating
diffusion region), thus permitting, for example, the states of photodiodes PD1 and PD3 or
photodiodes PD2 and PD4 to be read conjunctively (i.e., read concurrently or as one). Each
photodiode in the 4x1 pixel block is switchably coupled to a floating diffusion node via a dual-
control gate, with a row gate element 993 coupled to a respective one of the four row lines (i.e.,
TGr1-TGr4 for photodiodes PD1-PD4, respectively) and a column gate element 994 coupled to
the per block column line. In the implementation shown, a shared column-line contact is
coupled to each of the two column gate elements adjacent a given floating diffusion, thus
halving the required number of column line interconnects. Shared transistors 995, 996 and 997
(i.e., reset-gate, source follower and read-select transistors) are disposed in regions between
photodiodes PD1-PD4, though any or all of those transistors may be disposed at other positions.
Also, while the row line is coupled to the dual-control gate element nearest the photodiode and
column line coupled to the gate element nearest the floating diffusion, that arrangement may be

reversed in alternative implementations.

Bandwidth Reduction — Threshold-Referenced Visually Lossless Lookup Table

[00183] Figure 44 illustrates an imaging system architecture in which the data transfer
bandwidth required between an image sensor 1001 and image processor 1003 is reduced through
one or more data compression strategies. In the embodiment shown, for example, image sensor
1001 employs a visually lossless lookup table (VLL) 1025 to reduce the volume of data required
to convey the oversampled output of a conditional-reset/readout pixel array to image processor
1003, and image processor 1003 includes circuitry and/or logic (e.g., within an image signal
processor 1031, application processor 1033 or both) to execute an inverse-VLL operation 1032
to reproduce the pre-VLL output of pixel array 1011 as closely as possible. As in embodiments
described above, image sensor 1001 includes row and column logic (1015, 1017) to conduct
row-by-row pixel read-out operations, line memory (1019) to store the read-out results for
eventual transfer, a physical interface to effectuate image data transfer (PHY 1021) over output

path 1022 to a counterpart PHY 1027 within image processor 1003, and control logic (1020) to
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provide timing and control signals to the other circuit blocks as necessary to synchronize and
pipeline their operations. In addition to image-data-transmitting output driver circuitry, PHY
1021 includes receive circuitry to receive commands and data from the image processor via
signaling path 1024 (which may be a bidirectional path also used to convey image data and/or
status), including lookup table data to be loaded into the VLL 1025 as discussed below. Though
not specifically shown, the imaging system of Figure 44 additionally includes one or more
memory components that interface with image processor via memory control circuitry 1035, and
one or more user-interface components (e.g., a display on which images may be rendered)
coupled to UI port 1037.

[00184] Figure 45 illustrates an exemplary compression function that may be applied within
the VLL of Figure 44 to convert an N-bit input (VLLN[N-1:0]) to an M-bit output (VLLour[M-
1:0), where M < N. In a number of embodiments, the compression function corresponds
generally to a log function (shown by the curve at 1041), but with a linearized initial region
1042 to enhance resolution relative to the steepest part of the log curve and thereby minimize the
loss caused by the VLL. In one implementation, for example, VLL = VLLout up to the
maximum input value (X) of the linear region.

[00185] Continuing with Figure 45 and considering that no read-out occurs in pixels yielding
below-threshold partial-transfer samples (i.e., those pixels instead being permitted to continue
charge integration into a subsequent subframe), it follows that the portion of the VLL
transformation that corresponds to input values below the threshold need not be converted for
subframes that employ conditional readout. Thus, instead of mapping the VLL compression
curve to the entire range of possible input values, the compression curve may be encoded with
the pixel reset threshold (or slightly above or below the threshold) as the starting point, thereby
reducing the input range by Y, the value corresponding to the pixel reset threshold in the full-
range mapping. An example of such a “threshold-referenced” VLL transform is shown in
Figure 46, in this case representing any pixel yielding a partial-transfer sample at or below the
reset threshold with a zero-valued VLL output and showing the input values for which no output
representation is needed (or provided) as a dashed line extending below the pixel reset threshold.
[00186] Reflecting on the threshold-referenced VLL shown in Figure 46, because the range of
possible input values is reduced by Y (i.e., the input values 0 to Y-1 need not be mapped to
output values), it becomes possible to (i) reduce the corresponding output range (and possibly
the number of bits required to convey the range of output values) while maintaining the same
VLL resolution, (ii) increase the VLL resolution by mapping the same number of output values

(e.g., 2M) to the reduced number of input values, or (iii) both reduce the output range and
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increase the resolution in the case of a sufficiently high conditional read/reset threshold.

Further, in an oversampling image sensor embodiment that permits the conditional read/reset
threshold to be varied or adjusted from subframe to subframe (i.e., threshold for at least one
subframe of a multi-subframe exposure interval is different from the threshold for at least one
other subframe), correspondingly varied VLLs may be applied, including, in some cases, VLLs
having different output bit depths. For example, a subframe-specific conditional read/reset
threshold that reduces the required output range by half enables output bit-depth to be reduced
from M bits to M-1 bits, thereby further reducing bandwidth requirements in the imaging
system.

[00187] In addition to threshold-referenced VLLs (e.g., applied to respective subframes of an
overall frame interval), VLLs may output reserved codes to signal underthreshold conditions and
saturation conditions, the latter including extreme brightness conditions that cause the reset state
of the floating diffusion to collapse -- the above-mentioned “eclipse” events in which the
resulting read-out mimics a low-light (dark) condition. More specifically, the zero-valued
output (or any other output) of a given VLL may be reserved to represent an underthreshold
condition and thus an unknown state of the pixel for the subframe at issue, while an all ‘1" VLL
output (i.e., ‘FF’ in hexadecimal format in the case of an 8-bit VLL output, but any other output
could be so defined) may signify a saturated or eclipsed pixel and thus another unknown pixel
state. The inverse VLL logic implemented within the image processor (element 1032 of Figure
44) may detect such out-of-range codes and take appropriate processing steps to compensate for
the missing pixel values.

[00188] Referring again to Figure 44, in addition to the bandwidth reduction effected by VLL
logic 1025, column logic 1017 may selectively disable sample digitization (i.e., disabling
analog-to-digital-converter (ADC) operation) when underthreshold, saturation or eclipse events
are detected, thereby reducing power consumption. Also, the disabled digitization may be
signaled to downstream logic, including the VLL and line memory PHY, to disable operations in
any or all of those circuit blocks, thus avoiding power and bandwidth consumption with respect
to such non-readouts. In a number of embodiments described below, the result of the pixel state
assessment (i.e., determining whether the pixel is underthreshold, eclipsed and/or saturated (with
the eclipse state in some embodiments treated as a special case of saturation)) is captured by
read-enable circuitry within the image sensor column logic and output as a set of one or more
flag bits. Examples of such flag bits include the underthreshold and eclipse bits described above
in reference to Figure 24. Further in a number of embodiments, the information conveyed in the

underthreshold and eclipse bits are logically reorganized in a read-enable bit (RE) and an
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above/below range bit (AB), where the RE bit is set (e.g., to a logic ‘1°) if the subject pixel is

not eclipsed and not saturated and not underthreshold, and cleared (or reset) otherwise. If the
RE bit is cleared (i.e., RE= 0 to indicate that the pixel is either underthreshold, eclipsed or
saturated), then the AB bit is set to indicate a saturation condition (i.e., eclipsed or above
saturation threshold) and cleared to indicate an underthreshold condition. As explained below,
because the AB bit is unneeded when the RE bit is set and the ADC output is unneeded when the
RE bit is cleared, a single bit within the line memory may be used to store either the AB bit or a
bit of the ADC output, depending on the state of the RE bit, thus reducing the amount of line
memory storage required to capture row read-out results.

[00189] Figure 47 illustrates embodiments of a line memory 1050 and VLL logic circuit 1053
that may be used to implement the line memory and VLL logic shown in Figure 44, together
with output drivers 1059 that may be included within the image sensor PHY. In the embodiment
shown, each output driver 1059 is assumed to drive a bit-serial differential link (a single-ended
link may alternatively be used) that corresponds to an output “lane” of the image sensor, with
each output lane including a respective VLL logic component 1057 and a respective segment of
line memory 1050. Further, for purposes of example only, individual ADC/Flag values output
from line memory 1050 to the VLL logic 1053 are assumed to include an eleven-bit composite
value constituted by a 10-bit ADC value (ADC[9:0]) and a single-bit read-enable flag (RE), with
the most significant bit of the ADC value, ADC[9], doubling as the AB bit when RE is low.
Figure 48 depicts an exemplary output table corresponding to such an arrangement and showing
the interpretation of the ADC field (i.e., within the line memory) and VLL output for the various
states of the RE and AB flag bits. Each VLL logic component 1057, for its part, generates an
encoded output that indicates either an out-of-range condition (underthreshold or
saturated/eclipsed) or a point in the overthreshold portion of a composite VLL transform as
explained above. Also, at least in the Figure 47 embodiment, each VLL logic component 1057
drives a parallel set of eight signal lines (assuming a 10-bit to 8-bit compression), one or more of
which may remain undriven in low bit-depth compressions and/or instances of out-of-range
pixel states. These specific numbers of bits and flag encoding schemes are carried forward in a
number of embodiments described below, but in all such cases any practicable alternative
representation of flag/status bits and/or quantities of bits conveyed in ADC values or composite
flag-ADC values may apply.

[00190]  Still referring to the embodiment of Figure 47, line memory 1050 includes two
component memory buffers, referred to herein as the primary buffer 1051 and secondary buffer

1052, together with column multiplexer circuitry 1055. Though not specifically shown, primary
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buffer 1051 is coupled to receive the parallel outputs of the column logic (e.g., element 1017 in
Figure 44) and, when fully loaded, transfers the read-out results in parallel to the secondary
buffer 1052, thereby freeing the primary buffer to be loaded with read-out results from a
subsequent row of the pixel array while data from the secondary buffer is streamed, column by
column (and lane-parallel), to the VLL logic components 1057 and serializing output drivers
1059. Multiplexing circuitry 1055 is provided to serialize the output of the secondary buffer
segment allocated to each output lane (i.e., selecting image data from one pixel column at a
time) in the embodiment shown, but may be omitted in embodiments in which the secondary
buffer is organized as a set of parallel-load, shift registers that shift out one column data value at
a time. Also, while each column data value is depicted as an 11-bit value consisting of an RE bit
and 10-bit ADC value (with the most significant bit of the ADC value serving as an AB bit
when RE is low), other flag-bit formats and ADC bit depths (e.g., 12-bit ADC instead of 10-bit)
may be employed in alternative embodiments or configurations. Lastly, while the VLL logic
component 1057 for each lane is shown to output an 8-bit output (e.g., with the all ‘1’ and all ‘O’
values encoding the saturation/eclipse and underthreshold conditions, respectively), alternative
output bit depths may apply (e.g., 10-bit in the case of a 12-bit ADC value) and/or the flag bits
(RE bit, AB bit or other flag encodings) may be explicitly output from the image sensor instead
of being encoded within the VLL output value.

[00191] Figure 49 illustrates an exemplary sequence of four subframes that constitute an
image frame interval (exposure interval) within the image sensor of Figure 44. There may be
more or fewer subframes per image frame in alternative implementations or configurations. As
in embodiments described above, image pixels are conditionally reset and read out during all but
the last subframe, with all pixels being unconditionally read and reset during that final subframe.
Further, in the embodiment shown, different pixel reset thresholds are applied in each of the
conditional read/reset subframes (any of which may have a different duration than any other of
the subframes), and correspondingly different threshold-referenced VLLs are applied to
compress the readout.

[00192] Figure 50 illustrates an exemplary per-lane VLL logic component 1065 capable of
applying subframe-specific threshold-referenced VLLs as shown in Figure 49, and that may be
employed to realize the individual per-lane VLL logic circuits 1057 depicted in Figure 47. As
shown, VLL logic circuit 1065 receives a read-enable bit (RE), a 10-bit ADC value (the MSB of
which serves as the AB bit when RE is low), and a subframe-advance signal (SFA) that signals
transitions between subframes. The subframe-advance signal is applied to a subframe counter

1069 (“SF CNT”) which, in this four-subframe per complete frame example, progresses through
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a modulo-four subframe count sequence (0, 1, 2, 3, 0, 1, 2, 3... or, in binary notation: 00, 01, 10,
11,00, 01, 10, 11 ...) as the subframe-advance signal cycles (which may be four times per frame
or up to once per row, for fully interleaved readout). A 2:4 decoder 1071 converts the counter
output into a one-hot set of four VLL select signals which are in turn applied, along with the
read-enable bit, to respective logic gates 1073,-10735 to gate a delayed version of the subframe-
advance signal (i.e., delayed by element(s) 1059). By this arrangement, when the RE bit
corresponding to a given ADC value is high (indicating a valid ADC value), a subframe-count-
indexed one of the four gates 1073,-10735 is enabled to pass the delayed sub-frame advance
signal to the enable input of a respective one of VLLs 1075,-10753, thus enabling one of the four
VLLs (collectively, VLLs 1075) to output a lookup value corresponding to the incoming ADC
value. In the embodiment shown, the outputs of VLLs 1075 are supplied to multiplexer 1079
and output therefrom when RE =1. When RE is low, the AB bit (i.e., most significant bit of the
ADC value in this example) selects either an all ‘0’ or all ‘1’ value to be output to downstream
logic, thereby signaling an underthreshold condition or a saturated/eclipsed condition, as the
case may be. More compact output forms may be chosen to represent the out-of-range
conditions (under threshold or saturated/eclipsed) in alternative embodiments, as discussed
below.

[00193]  Still referring to Figure 50, a serializer 1081 converts the multi-bit output of
multiplexer 1079 into a serial bit stream, in this case performing an 8:1 parallel-to-serial
conversion. The serializer output may be compressed further by compression logic 1083 (e.g.,
which may implement Huffman coding or any other practicable compressed-output encoding) to
reduce the volume of output data. To accommodate non-uniform bit-depth VLL
implementations (e.g., some VLL outputs being represented in fewer bits than outputs of other
VLLs), one or more bit depth signals may be supplied to serializer 1081 to specify the number
of valid bits conveyed in the multiplexer output. In one embodiment, for example, the bit depth
signal is a single-bit signal that is high to indicate a full bit-depth (i.e., all output lines from
multiplexer 1079 output carry valid image data) and low to indicate a lesser bit-depth (e.g., one
or more lines of the multiplexer output are unused). In other embodiments, the bit depth signal
may be a multi-bit signal to indicate more than two possible bit depths, and in yet other
embodiments, the output of the VLLs and/or multiplexer 1079 are used, alone or together with
an explicit bit-depth signal, to indicate bit depth (e.g., MSB or MSBs of VLL output or
multiplexer output indicates bit depth). In any case, serializer 1081 operates to pack the
outgoing serial bit stream in accordance with the bit-depth indication. Figure 51, for example,

depicts the serializer output as a sequence of samples, with eight-bit samples (s;, Siy1, Sis2, ---)
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being transmitted back-to-back (i.e., without any unused transmission slots) in an 8-bit bit-depth
mode, and 7-bit samples being transmitted back-to-back in a 7-bit bit-depth mode to effect a
compression ratio of 7:8 (12.5% data reduction).

[00194] Referring to detail view 1088 in Figure 50, the functions of serializer 1081 and VLL
output multiplexer 1079 may alternatively be implemented within a serializer circuit 1091 that
receives the VLL outputs, flag bits (RE, AB/ADCI[9]), and bit depth signals and includes gear
logic to output digitized samples having one of multiple depths according to those inputs,
including a two-bit value in cases where RE is low, and an eight-bit value when RE is high. As
an example, the RE bit may form the most significant bit of each packet, with the remaining
number of bits being one (AB bit) or seven (seven-bit VLL output) according to whether the RE
bit is low or high, respectively. Other bit-depths may apply in alternative embodiments or

configurations.

Low Power, Pipelined Image Sensor

[00195] Figure 52 illustrates an embodiment of a low power image sensor that may be used to
implement component circuitry within the image sensor of Figure 44. In the example shown,
image sensor 1101 includes a pixel array 1011, multi-bank sample-and-hold (S/H) circuitry
1103, column-shared programmable-gain (PG) amplifier bank 1105 (PGA), comparator/ADC
circuitry 1107 (including per-column comparator circuitry and column-shared ADC circuitry as
discussed below), and line memory 1050. Pixel array output lines convey pixel read-out signals
to sample-and-hold circuitry 1103, which in turn supplies analog samples of the read-out signals,
with and without gain from the PGA 1105, to comparator/ADC circuitry 1107. To conserve die
area, a single programmable gain amplifier 1105 and single ADC circuit 1130 are shared among
K columns of the pixel array and cycled K times for each row of the pixel array. By contrast, a
dedicated (separate) threshold comparator 1122 is provided for each column of pixels to enable
pixel state (e.g., eclipse, under/over threshold, saturation) to be assessed across an entire row of
pixels in parallel. In the embodiment shown, such “per-column” threshold comparators 1122 are
operated cyclically to perform multiple pixel state evaluations per pixel row (i.e., in parallel for
each pixel in the row), including an eclipse assessment to determine, for each pixel in the row,
whether the reset state of the floating diffusion has fallen below an eclipse threshold; an
underthreshold assessment to determine whether charge integration within the pixel has
exceeded a conditional read/reset threshold, and a saturation assessment to determine whether
the pixel charge integration level sampled in a conditional read/reset operation exceeds a
saturation threshold (i.e., a threshold corresponding to a saturation point of ADC circuit 1130).

Thresholds corresponding to the various pixel state assessments (e.g., eclipse threshold,
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conditional read/reset threshold, saturation threshold) are applied one after another to the input
of the per-column comparators 1122 via corresponding reference multiplexers 1120, and a
comparator input multiplexer 1121 is provided to select between multiple sample-and-hold
circuit outputs as discussed below.

[00196] Comparator results for each pixel column are captured within a respective read-
enable logic circuit 1125 which conditionally drives a conditional read/reset signal (e.g., TGc)
back to the pixel column and also outputs read-enable and above/below-range bits (RE and AB)
to primary buffer 1051 of line memory 1050. After pixel state assessment is complete for a
given pixel row, the read-enable bit for each of K columns is passed, one after another via
multiplexer 1126, to the enable input of column-shared ADC (analog-to-digital converter)
circuit 1130 and to column-shared PGA 1105, thereby selectively enabling digitization of
individual column read-outs (i.e., according to the logic state of the selected RE bit), suppressing
signal amplification and digitization (and thus conserving power) for pixels that are eclipsed,
below the conditional read/reset threshold, or saturated. Multiplexer 1127 is provided to
demultiplex (i.e., distribute) digitized samples from column-shared ADC circuit 1130 into
respective per-column storage locations within the primary line-memory buffer 1051 including,
in the embodiment shown, overwriting the AB bit location.

[00197]  Still referring to Figure 52, pipelined operation within the various data read-out
stages (i.e., pixel state assessment, conditional ADC, and line memory read-out) is enabled, at
least in part, by multi-bank sample-and-hold circuitry 1103. In the embodiment shown in detail
view 1104, for example, three separate sample-and-hold banks are provided for sequentially
executed read-out operations, including an “Eclipse/Vt” bank 1113 that stores pixel samples
evaluated to detect eclipse events and determine whether the conditional read/reset threshold is
exceeded (the latter referred to alternately as “Vt assessment” or conditional read/reset threshold
assessment); an even-row conditional read S/H bank 1115 (Conditional Read Bank 1) to store
pixel samples that enable saturation detection and read-out digitization (ADC operation) for
even-numbered pixel rows, and an odd-row conditional read S/H bank 1117 (Conditional Read
Bank 2) to store pixel samples that enable saturation detection and read-out digitization for odd-
numbered pixel rows. As explained in greater detail below, by providing a separate (dedicated)
Eclipse/Vt bank 1113, S/H for the comparator operation can be pipelined with storage into the
conditional read S/H banks. Thus, by providing separate conditional read S/H banks for even
and odd rows and alternately storing samples therein for eventual digitization within the column-
shared ADC circuitry, it becomes possible to pipeline pixel state assessment and ADC

operations from row to row.
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[00198] Referring to detail view 1132, an exemplary implementation of RE logic 1125

includes shift register 1133 to capture the output of comparator 1122 following a sequence of
per-row pixel assessment evaluations, latching each new assessment result (i.e., comparator
output, including an eclipse flag, overthreshold flag and below-saturation flag) in response to a
timing signal from the sensor control logic (e.g., element 1020 of Figure 44). Read/reset logic
1135 evaluates the states of the eclipse and overthreshold (i.e., above Vt) flags when enabled by
another timing signal (or state transition signal), asserting a conditional read/reset signal
according to their states as discussed below. Similarly, Enable-ADC logic 1137 outputs read-
enable and above/below-range bits (RE) and (AB) for the pixel under evaluation in response to
another control/timing signal and according to the states of the eclipse, overthreshold and below-
saturation flags.

[00199] Figure 53 illustrates a sequence of operations that may be executed within the pixel
array, sample/hold banks and comparator circuitry of Figure 52 to carry out pixel state
assessment and enable subsequent PGA and ADC operation for row after row of pixels. In the
implementation shown, each image frame is assumed to contain a sequence of conditional-read
subframes that conclude with conditional read/reset operations, and a final unconditional-read
subframe in which the integration states of pixels within the subject row are unconditionally
read-out and, if no saturation or eclipse condition is detected, digitized to yield a subframe
output.

[00200] Starting at 1141, row and subframe indices (Row, SF) are cleared to zero, followed
by a three-phase pixel assessment operation involving, in order, the selected pixel row (i.e., row
zero in the first loop iteration), the sample and hold circuitry, and the comparator/read-enable
logic. More specifically, the floating diffusion (FD) is reset in a pixel operation at 1143, a
sample of the FD reset state is captured in the sample-and-hold circuitry at 1145 and the reset-
state sample is compared with an eclipse threshold at 1147, with the result of the eclipse
assessment being latched as a Boolean “Eclipse” flag (e.g., within RE shift register 1133 of
Figure 52). If the subframe is not the last (final) subframe in the exposure interval (negative
determination at 1149), another three-phase pixel assessment operation is carried out to
determine whether charge integrated within the pixel has exceeded the conditional read/reset
threshold. Thus, a partial transfer from photodetector to floating diffusion is executed in a pixel
operation at 1151, a sample of the signal-state of the floating diffusion (enabling determination
of whether a least a specified amount of charge was transferred during the partial-transfer
operation) is captured within the sample and hold circuitry at 1153, and the signal-state sample

is compared within a conditional read/reset threshold (ThreshR) within the comparator circuitry
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at 1157, with the result of the comparison being latched as a Boolean “OverThr” flag within the

RE logic. In the embodiment shown, if the subframe is the final subframe (i.e., affirmative
determination at 1149), the partial transfer operation at 1151 is bypassed, thus leaving the state
of the photodetector undisturbed in preparation for an unconditional read operation (note that
some other operating modes may have more than one unconditional read per row per frame). In
one implementation, the sample and hold operation at 1153 and the ThreshR
comparison/OverThr latching operations at 1157 are carried out regardless of whether partial
transfer operation 1151 is bypassed, thus simplifying control of the sample and hold circuitry
and comparator/RE logic (i.e., the logic may operate the same way for each subframe so that no
subframe-dependent control operation is needed with respect to the operations shown at 1153
and 1157). In alternative embodiments, the control logic may account for the final subframe
condition and bypass the partial transfer sample operation 1153 and/or comparator/read-enable
logic operation 1157.

[00201] Referring to the read/reset determination at 1159, if either the Eclipse flag or
OverThr flag is set (indicating that the subject pixel is in an eclipsed state and thus should be
reset, or that sufficient charge has been integrated within the pixel to trigger conditional read and
reset), or if the subframe is the final subframe in the integration interval (indicating that an
unconditional read/reset is to be performed), then a full transfer from photodetector to floating
diffusion is executed in the pixel operation at 1161 (thus resetting the photodetector), followed
by capture of the signal-state of the floating diffusion in a sample-and-hold operation at 1163,
and then a comparison of the signal-state sample with a saturation threshold (ThreshS) at 1165,
with the comparison result being latched as a Boolean “BelowSat” flag within the RE logic (a
differential saturation test may be applied in alternative embodiments, comparing the difference
between the signal-state sample and reset sample with the saturation threshold). Note that the
floating diffusion of the pixel will be reset at 1143 before further sampling so that the
photodetector-to-floating diffusion charge transfer at 1161 effectively resets the pixel. Thus, if
the pixel is eclipsed, has integrated charge above the conditional read/reset level, or is being
evaluated in the final subframe of an exposure interval (i.e., affirmative determination at 1159),
the pixel is reset. By contrast, if the pixel is neither eclipsed or overthreshold in a non-final
subframe (negative determination at 1159), the charge transfer operation at 1161 is bypassed,
thereby preserving charge within the photodetector to enable integration to continue into the
next subframe. Note that the sampling operation at 1153 and BelowSat comparison/result-latch

at 1157 may be omitted for eclipsed pixels in an alternative embodiment.
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[00202] At 1167, the OverThresh, BelowSat and Eclipse flags are evaluated together with the

final-subframe indication to either enable or disable PGA and ADC operation with respect to the
subject pixel, a selection effected by setting or clearing the RE bit in a line memory write
operation at 1169 or 1171, respectively. More specifically, if the pixel state flags indicate that
the pixel is not eclipsed and below the saturation threshold, and either (i) the subframe is the
final subframe or the pixel state flags indicate that the partial read-out exceeded the conditional-
reset threshold (i.e., affirmative determination at 1167), then PGA and ADC operation is enabled
by setting the read-enable bit in a line memory write operation at 1169. In that case, the value
written to the AB bit, if any, is a don’t care (‘X’) as the set RE bit will enable a subsequent ADC
output to overwrite the AB bit. If the pixel state flags indicate that the pixel is either eclipsed or
saturated, or does not exceed the conditional read/reset threshold (except in final subframe), or is
not below the saturation threshold (i.e., negative determination at 1167) then PGA and ADC
operation is disabled by clearing the read-enable bit in a line memory write operation at 1171. If
ADC operation is disabled, the AB bit is written with a value that indicates whether the pixel
state is saturated or eclipsed (AB := 1), or the pixel is underthreshold (AB :=0). Note that the
expression shown in operation 1171 reflects the particular implementation of the pixel
assessment shown in Figure 53 (i.e., OverThresh is meaningless if the pixel is eclipsed, and
BelowSat is meaningless if Overthresh and Eclipse are both false in a non-final subframe) and
may be different for a different pixel assessment sequence. Following the line memory write
operation at 1169 or 1171, the row index is incremented by the scan sequencer (i.e., within
control logic 1020 of Figure 44) at 1173 in preparation for loop iteration with respect to the
subsequent pixel row, rolling/resetting to row zero following loop iteration with respect to the
final row in the sensor (for interleaved operation, row sequencing will not be sequential and the
subframe index may change at each row). If a row reset occurs (i.e., affirmative determination
at decision 1175), the subframe index is incremented at 1177 in preparation for subsequent
subframe processing, rolling to zero if the just-processed subframe was the final subframe in an
exposure. Note that depending on the pixel architecture and subframe exposure method, the
next row may not be physically adjacent to the subsequent row.

[00203] Referring to Figures 52 and 53, in one embodiment, the comparator/RE logic
operations shown at 1147, 1157 and 1165, not only latch the comparator output within the RE
logic (e.g., shifting the comparator result into shift register 1133 of Figure 52), but also advance
the control input to reference multiplexer 1120, thereby sequencing in order through the eclipse,
conditional-reset and saturation thresholds (ThreshE, ThreshR, ThreshS). While not specifically

shown, the conditional reset and/or saturation thresholds may be changed from subframe to
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subframe, thus enabling subframe-specific thresholds to be applied according subframe duration
(i.e., setting a higher or lower conditional reset threshold according to the subframe integration
interval), programmable gain settings (i.e., aligning ThreshS with the signal level that will
saturate the ADC for a given programmable gain setting), and/or any other factors.

[00204] Figure 54A illustrates an exemplary timing diagram in accordance with the sensor
architecture of Figure 52 and operational sequence of Figure 53, including alternate TGce
waveforms, “TGe (split-gate)” and “TGc (unit-gate),” corresponding to split-gate and
continuous-gate pixel array embodiments, respectively. As noted above, the TGc waveforms for
the two embodiments differ primarily in the TGc state during intervals of isolation between
photodetector and floating diffusion. In the exemplary diagram of Figure 54A, for instance,
TGec is lowered in the split-gate embodiment to maximize the isolation between photodetector
and floating diffusion, but held high in the continuous-gate embodiment for the same purpose
(i.e., to ensure that the low state of the TGr line is applied to the transfer gate and thus avoid (or
minimize) the floating transfer-gate condition.

[00205] Figures 54B and 54C present exemplary read-out sequences that may be employed
with respect to even and odd rows of pixels. More specifically, Figure 54B illustrates a non-
shared pixel architecture where even and odd rows and pixels have a dedicated RS control and
are read-out one after another, while Figure 54C illustrates a shared pixel architecture in which
each pair of pixels within a pixel column form a two-pixel cell (sharing a floating diffusion) and
share a read-out line. In this arrangement, a first 2-row by 1-column shared pixel cell containing
even-row pixels ‘1’ and ‘i4+2’ and a second 2-row by 1-column shared pixel cell containing odd-
row pixels ‘i+1” and ‘i+3’ constitute a 4-row by 1-column region. A single row-select signal
(RS-E) is provided for the first shared pixel cell (the even-row pixels) and another single row-
select signal (RS-0O) is provided for the second shared pixel cell (the odd-row pixels). The row
readout order is as shown from top down (i.e., i, i+2, i+1, i+3) to avoid resource conflict with the
shared floating diffusion region in the shared pixel cells. In general, the timing diagram of
Figure 54A, sample-and-hold circuitry described below in reference to Figure 55 and sample-
and-hold pipeline shown in Figure 56 refer to the dedicated row-select embodiment of Figure
54B. In all cases, the timing events and circuitry shown may be extended to cover the shared-
read-out architecture of Figure 54C or other shared read-out (shared floating diffusion)
architectures, including 2x2 pixel-sharing readout architectures where each row readout may
only be a half-row (even or odd columns) readout. It is also noted that “even” and “odd”
readout refers to the use of the sample and hold registers and does not require that readout of an

odd array row always follow an even array row—for interleaved readout where a row readout
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from one subframe is followed by a row readout from another subframe, the two row indices
always may be spaced apart in the array and thus an even row could follow another even row in
readout order, without causing a resource conflict.

[00206] In the timing example presented in Figure 54A, interleaved pixel row operations are
executed for even and odd pixel rows with the row operations for any single row corresponding
to those shown in Figure 53. More specifically, pixel reset, reset-state sample, eclipse
assessment, partial transfer, signal-state sample and overthreshold (i.e., conditional read/reset
threshold) assessment operations are executed with respect to even pixel row ‘1’ during an
interval in which an even-row row-select signal (RS-E) is asserted as shown at 1201, followed
by pixel reset, reset-state sample and eclipse assessment operations with respect to odd pixel row
‘i+1” during assertion of odd-row row-select signal (RS-O) at 1203. Thereafter, RS-E is raised
again at 1202 to enable signal-state sample capture following a conditional read/reset operation
in pixel i, with RS-O and RS-E thereafter being alternately enabled to permit interleaved
(pipelined) reset-state and signal-state sampling operations with respect to the even and odd
sample-and-hold banks. As discussed above, pixel reset is effected by assertion of a reset-gate
signal (RG) as shown at 1205 to couple the floating diffusions within a given row of pixels to a
reset potential. Note that the pixel row index ‘i’ shown beneath the signal pulse in the signal RG
waveform signifies a pulse on the RG signal line for row ‘1’, while pulse ‘i+1° shown in that
same waveform signifies a pulse on the RG signal line for row ‘i+1’ and thus the pulsing of a
separate signal line — this indexed interpretation applies in a number of waveforms depicted in
Figures 54A and 55.

[00207] Continuing with Figure 54A, a row ‘i’ reset-state sample capture within the
Eclipse/Vt S/H bank is triggered by assertion of SHRcomp at 1207, with SHR, being
simultaneously (1209) asserted to capture a reset-state sample within the even row conditional
read S/H bank, the latter sample to be applied during subsequent saturation assessment and, if
enabled, ADC operation. An eclipse signal is pulsed at 1211 to enable the SHR ;,mp reset-state
sample to be compared with an eclipse threshold (ThreshE) and latch the comparison result (e.g.,
within the RE logic as discussed above). Thereafter, at 1217, TGc is pulsed (split-gate
embodiment) or maintained high (continuous-gate embodiment) and TGr is concurrently raised
to a partial-transfer potential (e.g., VT Gparia as discussed above) at 1213 to enable partial charge
transfer from photodetector to floating diffusion, followed by an SHSomp pulse at 1223 to
capture a signal-state sample of the floating diffusion within the Eclipse/Vt sample-and-hold
bank. In the case of a non-final subframe, Vtcomp is pulsed at 1225 to compare the partial-

transfer sample (i.e., the signal-state sample less the reset-state sample within the Eclipse/Vt
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sample-and-hold bank) with the conditional read/reset threshold (ThreshR) and latch the

comparison result. As discussed above, the Vtcomp pulse may be suppressed in a subframe in
view of a forthcoming unconditional read.

[00208]  Still referring to Figure 54A, the read-enable logic conditionally asserts the TGc
signal at time 1219 (i.e., if the conditional read/reset threshold is exceeded, the pixel is eclipsed
or an unconditional read/reset is to be performed), concurrently with the full-transfer pulse 1215
on the TGr line, thereby enabling charge integrated within the photodetector to be transferred in
its entirety to the floating diffusion, resetting the photodetector in preparation for the next
integration interval. SHS; is pulsed at 1226 to capture the signal state of the floating diffusion
within conditional read S/H bank 1, and at 1227 a saturation signal is pulsed to enable the
floating diffusion signal state less reset-state (the latter captured in response to the SHR, pulse
at 1209, or alternately the floating diffusion signal state) to be compared with an appropriate
saturation threshold (ThreshS). As discussed above, the combined pixel assessment results (i.e.,
eclipse, conditional read/reset and saturation assessments) may be recorded in line memory in
the form of RE and AB bits, thus enabling column-sequential ADC operations to be carried out
selectively according to the RE bit state for each individual pixel column. At 1229, a convert
signal is cycled K times (e.g., 48 times) per row read interval (e.g., 2.75 microseconds, though
different row intervals may apply) to enable column-shared ADC operation, with the output of
each individual pixel column (i.e., signal state less reset state amplified according to the gain
selected within the programmable gain amplifier) being selectively/conditionally digitized
according to the state of the corresponding RE bit. Digitized read-out values are stored within
the line memory as described above, with the contents of the primary line memory buffer
transferred to the secondary buffer and output via the PHY with a one row-interval latency as
shown at 1231.

[00209] The multi-bank sample-and-hold implementation shown in Figure 53 and described
in further detail below in reference to Figure 55 becomes easier to understand in the context of
Figure 54A. More specifically, provision of separate even-row and odd-row conditional read
S/H banks makes it possible to capture a signal-state sample of the full charge transfer from
photodetector to floating-diffusion within the conditional read S/H bank for an odd pixel row
(e.g., row i+1 as shown at SHS; pulse 1228) concurrently with ADC operations with respect to
prior-row pixel samples latched within the even-row conditional read S/H bank, and vice-versa.
Similarly, because the reset-state sample captured within a given conditional read S/H bank is
maintained for more than one row interval (i.e., to support Vt assessment as shown at 1225, and

ADC operation at 1229, provision of two reset-state S/H elements, ‘a’ and ‘b’, per conditional
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read S/H bank makes it possible to pipeline those operations without resource conflict. This can
be seen by the alternating assertion of signals SHR;, and SHR;, for even row reset-state samples
(e.g., for samples 1 and i+2 as shown at 1209 and 1210) and, similarly, by the alternating
assertion of signals SHR», and SHR;, for odd row reset-state samples. Further, because the
Eclipse/Vt assessment may be completed within a row interval, a single Eclipse/Vt S/H bank is
sufficient to support operations in all rows.

[00210] Figure 55 illustrates an embodiment of multi-bank sample-and-hold circuit 1081
that may be used to implement the sample-and-hold (S/H) circuitry depicted in Figure 52. As
shown, the column read-out line for each of K pixel columns (outy, outy, ..., outk.;) is supplied
to a respective per-column S/H circuit 1251, each of which includes three sets of sample-and-
hold elements (switch elements and storage elements) corresponding to the three sample-and-
hold storage banks shown in Figure 53, namely, an eclipse/Vt assess bank, and separate even
and odd conditional read banks (i.e., Conditional Read Bank 1 and Conditional Read Bank 2).
More specifically, as shown in detail view 1252, a per-column component of the eclipse/Vt
assess bank 1255 includes two capacitive storage elements, Crcomp, CScomp, cOupled via switch
elements 1261 and 1263 to control lines SHR comp and SHScomp, respectively. By this
arrangement, when either of the SHR comp 0r SHScomp signals is pulsed (e.g., as shown in Figure
54A), the floating diffusion state driven onto column read-out line, Out (e.g., by a source
follower transistor as described above), is captured within the corresponding capacitive element.
[00211]  Still referring to Figure 55, even-row conditional read S/H bank component 1257
includes a pair of reset-state capacitive elements, Cry, and Cryp, and corresponding switch
elements 1265, 1267 (controlled by SHR, and SHR;, respectively), and a signal-state
capacitive element Csjand corresponding switch element 1269 controlled by SHS;. Odd row
S/H bank component 1259 similarly includes reset-state capacitive elements, Crz, and Crap,, and
corresponding switch elements controlled by SHR,, and SHR;y, respectively, and a signal-state
capacitive element, Cs,, and corresponding switch element controlled by SHS,. As explained
above, by providing separate reset-state capacitive elements within each conditional read S/H
bank, it becomes possible to extend the interval for which a given reset-state sample is held
(maintained) beyond two row intervals, and thus enabling pixel state assessment, conditional
read/reset and selective ADC operations to be pipelined. Figure 56 illustrates an exemplary
sample and hold pipeline corresponding generally to the S/H bank usage intervals within the
timing arrangement of Figure 54A.

[00212] Figure 57 illustrates embodiments of a reference multiplexer 1277, comparator input

multiplexer 1279 and comparator 1281 that may be used to implement like-named components
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depicted in Figure 52. In the embodiment shown, reference multiplexer 1277 sequences through
selection of three threshold references, including the eclipse, conditional-reset and saturation
thresholds discussed above (ThreshE, ThreshR, ThreshS). As mentioned, additional thresholds
may be provided and selected to account for variation in programmable gain, reset threshold and
so forth (e.g., from subframe to subframe and/or according to imaging settings). The
comparator input multiplexer 1279 includes a reset-state multiplexer 1285 and signal-state
multiplexer 1287, as well as a single-ended/differential multiplexer 1289 that enables selection
between single-ended and differential outputs, the latter (i.e., difference between signal-state and
reference-state selections) being generated by difference circuit 1288.

[00213] In one embodiment, the eclipse evaluation is carried out by supplying Creomp (i.€., the
reset-state stored on capacitive element Creomp Within the eclipse/Vt S/H bank) in single-ended
form to comparator 1281 for comparison with ThreshE, and the saturation assessment can be
similarly carried out by supplying Cs; or Cs; in single-ended form to comparator 1281 for
comparison with ThreshS. By contrast, conditional-reset comparison is effected by selecting the
differential between Cscomp and Creomp, and the saturation comparison by selecting the
differential between Cs; and either of Cry, and Cryp, or Cs, and either of Cr;, and Cry,. In
alternative embodiments, any of the single-ended comparisons may be differential and vice-
versa, in some cases simplifying the comparator input multiplexer circuitry (e.g., if no single-
ended signals need be forwarded to comparator 1281).

[00214] Figure 58 illustrates embodiments of a column-shared programmable gain amplifier
1315 and K:1 ADC input multiplexer 1097 that may be deployed within the embodiment of
Figure 52. The ADC input mux includes a column multiplexer 1299 and a set of K source-select
multiplexers 1297 that cooperate to enable column-by-column delivery of one of four signal-
state/reset-state signal pairs (Csi/Cri,, Cs1/Crip, Cs2/Craa or Cs2/Crap) to the differential input of
programmable-gain amplifier 1315. By this arrangement, after read-enable bits have been
recorded to reflect the pixel state assessment for each of K columns, the source-select
multiplexer can be set to select an even row or odd row input signal pair (e.g., alternating
between Cs;/Cri, and Cs;/Cryy, for every other even pixel row, and alternating between Cs2/Cra,
and Cs,/Cryy, for every other odd pixel row) and the K:1 column mux may be sequenced through
the input sources from 0 to K-1 to support selective ADC operation.

[00215] In the embodiment shown, programmable gain amplifier 1315 includes multiple
stages of capacitively coupled differential amplifiers 1323, each of which applies a
programmable gain according to the ratio of an input capacitance 1319 and feedback-coupled

variable capacitance 1321. In one implementation, shown in detail view 1322, variable
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capacitance element 1321 is implemented by switchably coupling a variable number of
capacitive elements 1329 in parallel with a minimum capacitance 1327 in accordance with a
program setting. In one embodiment, switchably coupled capacitive elements 1329 are binary-
weighted (capacitances = x, 2x, 4x, 8x, etc.) to enable 2® different capacitance settings in
accordance with an R-bit control value. Alternatively, capacitive elements 1329 may be
thermometer coded, have matching capacitances or any other arrangement that allows
programmable gain amplifier to meet a desired amplification range and resolution. Also, the
programmable gain amplifier may be disabled by opening gain-stage switch elements 1317 in
response to deassertion of a PGA enable signal (e.g., a signal equivalent to or derived from the
RE bits recorded within line memory 1050 and supplied via multiplexing element 1126 of
Figure 52). Also, any of the gain stages (only two of which are shown) may be bypassed
according to programmed gain settings to further extend the amplification range of
programmable gain amplifier 1315. Note that various other programmable gain amplifier
implementations may be used in alternative embodiments, including PGA implementations that
are enabled and disabled per the RE flag bit to save power.

[00216] Figure 59A illustrates embodiments of a read-enable multiplexer 1341, ADC-enable
logic 1343 and ADC circuit 1345 that may be used to implement the K:1 read-enable
multiplexer and ADC circuitry of Figure 52. As shown, read-enable multiplexer 1341 is
coupled to receive read-enable bits from each of K storage locations within primary line
memory 1051 (i.e., each location corresponding to a respective pixel column) and iteratively
sequences through those locations to supply the read-enable bits, one after another, to the input
of ADC-enable logic 1343 (i.e., an AND logic gate in the embodiment shown) and also to the
column-shared PGA (where they may serve as or enable generation of the PGA-enable signal
described above). Referring to Figures S9A and 59B, a convert signal (“Convert”) is cycled K
times per pixel row to advance the read-enable bit selection (e.g., by incrementing a counter that
controls the read-enable multiplexer selection), with the selected read-enable bit gating
application of the convert signal to an enable input of ADC circuit 1345. By this operation, the
high-state of the convert signal either passes through or is blocked by logic gate 1343 according
to the state of the RE bit for that cycle of the convert signal, thereby either enabling or disabling
operation of the PGA and ADC circuit according to the state of the RE bit. The ADC result for
each read-enabled pixel column is stored within primary line memory buffer 1051 for eventual
output to the VLL circuitry and PHY. Though not specifically shown, a set of “store” strobes
that enable the output of ADC 1345 to be loaded into respective line memory buffer locations

may be asserted in succession to enable successive (and selective) loading of ADC results into
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primary line memory buffer 1051. Alternatively, the ADC results may be loaded into a shift

register and then transferred in parallel to the line memory buffer, masking or otherwise

preventing buffer load operations for those pixel columns in which the RE bit is not set.

Read-Out Dilation

[00217] When a color filter array is applied in connection with the conditional read/reset
image sensors described above, image distortion may occur when a moving object triggers
color-differentiated sampling operations — conditional read/reset operations in a given subframe
within pixels for some colors, but not for adjacent pixels of other colors. For example, a moving
object that triggers read-out operations in green pixels (i.e., pixels that receive light
predominantly in the green wavelength band), but not adjacent red or blue pixels, may trigger
relatively rapid read/reset operations within the green pixels while the blue and red pixels are
infrequently read (or read on different subframes than the adjacent green pixels), thus producing
artifacts in the finalized image. In a number of embodiments described below, such chromatic
distortion is mitigated by modifying the conditional read/reset determination for a given pixel to
account for the read/reset assessment for one or more neighboring pixels, in effect, expanding
the number of pixels to be read/reset in response to an overthreshold determination with respect
to a given pixel; an approach referred to herein as “read-out dilation” or “read dilation.”

[00218] As a matter of terminology, pixels that form an interdependent group for purposes of
conditional read/reset are referred to as a “read kernel.” With some exceptions, discussed
below, if one pixel within the read kernel exceeds the conditional read/reset threshold, all other
pixels within the kernel are marked for read/reset, thus dilating the read-out region to the entire
kernel in a manner that prevents the chromatic distortion described above. Figure 60 illustrates
an example of a 2x2 read kernel 1360, with the four pixels shown disposed beneath color filter
elements disposed in a Bayer pattern, including a red element (R), blue element (B) and two
green elements (Gr and Gb, with the ‘r’ and ‘b’ indicating the color of the same-row pixel within
the kernel). In the example shown, the green elements are determined to exceed the conditional
read/reset threshold (i.e., overthreshold), triggering read/reset operations in those pixels, with
read-dilation circuitry acting to include the red and blue pixels in the read/reset operations
despite the underthreshold status of those pixels.

[00219] Figure 61 illustrates an exemplary read dilation flow diagram with respect to a read
kernel, assuming for purposes of explanation that neighboring read kernels do not overlap (i.e.,
each pixel is in no more than one read kernel). More detailed embodiments that enable

overlapping read kernels are presented below with respect to Figures 62A/62B and 63A/63B.
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[00220] Starting at 1371, a pixel index ‘i’ and dilation flag are initialized to zero. Following

an integration interval, the partial-transfer result for pixel ‘1’ is sampled at 1373 and compared
with the conditional read/reset threshold. If pixel ‘i’ is overthreshold (affirmative determination
at 1375), the read-enable flag for pixel ‘1’ is set at 1377 and the dilation flag is also set at 1379.
If the threshold test result indicates an underthreshold condition (negative determination at
1375), the read-enable flag for pixel ‘1’ is cleared at 1381. In either case (overthreshold or
underthreshold), the dilation flag and read-enable flag are evaluated at 1383. If either flag is
true (i.e., logical ‘1’ in this example), a read/reset operation is executed with respect to pixel ‘1’
at 1385, followed by an increment operation at 1387 to increment the pixel index and repeat the
loop operations for the next pixel in the kernel, concluding the kernel read-out operations if ‘i’
has exceeded the maximum index (i.e., affirmative determination at 1389). Returning to
decision 1383, if neither the dilation flag nor the read-enable flag is true, the conditional
read/reset operation is skipped, and loop index incremented to proceed to the next pixel in the
kernel.

[00221] Reflecting on the operations shown in Figure 61, it can be seen that setting the
dilation flag at 1379 ensures that conditional read/reset operations will be performed for all
subsequent pixels in the kernel (i.e., pixels corresponding to indices greater than ‘1’), in effect
overriding the threshold test result for those pixels. Further, because only a single loop iteration
is carried out with respect to each pixel in the kernel and pixels are evaluated sequentially, read-
dilation extends only to those pixels evaluated after the first pixel determined to exceed the
conditional read/reset threshold. In the read kernel of Figure 60, for example, assuming that
pixels are implemented in a 2x2 shared pixel architecture and are evaluated in the order {Gr, R,
B, Gb}, if pixel R is the first overthreshold pixel (i.e., Gr is underthreshold), read-dilation will
extend only to pixels B and Gb, not to pixel Gr. Similarly, if pixel B is the first overthreshold
pixel, read dilation will extend only to pixel B, with pixels Gr and R not being read or reset. In a
number of embodiments, this prospective read-dilation effect has implications for desired pixel
evaluation order, with some pixels being evaluated in reverse column-order (i.e., proceeding
from higher to lower column index) to minimize the possibility that a given color pixel will be
systematically skipped for a given image capture. In other embodiments, pixel state assessment
for a given row is recorded within the read-dilation logic for all pixels within the same row of a
given read kernel before being written to line memory, thus enabling read-dilation to be
extended to all such same-row, same-kernel pixels.

[00222] Figures 62A and 62B illustrate an exemplary set of 2x2 read kernels and

corresponding read-dilation flow diagram in an embodiment in which the bottom row of each
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read kernel overlaps the top row of the read kernel below. As a point of reference, the leftmost
column of pixels in each read kernel is referred to as the even pixel column and the rightmost
column of pixels as the odd pixel column. Also, pixels in each row are evaluated in parallel
(concurrently) as in the embodiments of Figures 52-59, and the pixels in each read kernel are
disposed between Bayer-patterned color elements as in Figure 60.

[00223] Figure 62A illustrates, within read kernels 1401, 1403, 1405 and 1407, the four
possible scenarios in which only one of four pixels (shaded) exceeds the conditional read/reset
threshold. Assuming the row to row progression shown in Figure 62B at 1415 (i.e., within
adjacent columns of 1x4 shared-readout pixel blocks), in all four single-pixel exceedance cases,
read-dilation logic extends the conditional read/reset operation to all the pixels in the read
kernel.

[00224] Figure 62B presents an exemplary flow diagram of the read dilation logic applied to
realize the read kernel results in Figure 62A. Starting at 1421, a next-row flag (NextRowFlag) is
reset in preparation for the start of a scan through the pixel rows for a given subframe. At 1423
the next-row flag is evaluated and, if set, triggers the operations shown at 1425; setting read-
enable flags for the even and odd pixel columns (RE-Even, RE-Odd) and clearing the next-row
flag. If the next-row flag is found not to be set at 1423, then the read-enable flags for the even
and odd pixel columns are cleared at 1427.

[00225] Following the flag setting/clearing operations at 1425 or 1427, eclipse evaluations
are performed in parallel for the even- and odd-column pixels at 1429e and 14290. In each case,
if the pixel is determined to be eclipsed, then the corresponding read-enable flag (i.e., RE-Even
for the even pixel, RE-Odd for the odd pixel) is cleared and the NextRowFlag is set at
1433e/14330 and the remaining tests and read are bypassed. Otherwise, for either of the pixels
determined not to be eclipsed, a conditional-reset threshold test is performed and evaluated at
1431e/14310, setting the next-row flag at 1433 if the conditional-reset threshold is exceeded in
either pixel.

[00226] Following the pixel assessment operations at 1429e/14290 and, if necessary,
1431e/14310 (and any flag setting/clearing operations resulting therefrom), the read-enable flag
is evaluated for each column in conjunction with the next-row flag at 1435e/14350. As shown,
if the read-enable flag for a given column is set, or if the next-row flag is set, a read/reset
operation is carried out with respect to that pixel at 1437e/14370. Thus, even if only one of the
even and odd pixels is uneclipsed and exceeds the conditional-reset threshold, setting of the
next-row flag at 1433 will result in a conditional read/reset operation being performed with

respect to both pixels by virtue of the dilation logic in operations 1435e and 14350. Moreover,
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because the read-enable flags for both pixel columns are set at the start of a loop iteration (i.e., at
1423) upon determining that the next-row flag is set, the even and odd pixels for a given row
will be conditionally read and reset regardless of their respective pixel assessment results if the
next-row flag was set for the preceding row, thus extending the read dilation from an
overthreshold non-eclipsed pixel in a given read kernel to its neighbor in the row and to the two
pixels below, as shown in the read kernels of Figure 62A.

[00227] Continuing with the exemplary flow diagram of Figure 62B, following a read/reset
with respect to either pixel at 1437e or 14370, the read-out value is compared with a saturation
threshold in a saturation test at 1439e/14390. If the pixel is not saturated (read-out value is
below saturation threshold, yielding an affirmative determination at 1439e/14390), the read-
enable flag for the pixel is set at 1441e/14410. Otherwise, the read-enable flag is cleared at
1443e/14430. Following the detection of an eclipse at 1433e/14330, or following read-enable
set or clear operations at 1441e/14410 or 1443e/14430, or following a negative determination at
1435e/14350 (i.e., neither read-enable flag nor next-row flag set and thus a determination to
bypass pixel read/reset at 1437¢/14370), a line memory write operation is executed at 1445 to
record the read-enable flag for both the even and odd columns as a read-enable bit (i.e., for the
even-column pixel RE := RE-Even, and for the odd-column pixel RE := RE-Odd), and to set the
AB bit according to the pixel assessment results. Thereafter, the loop iteration is executed for
the next row of pixels, carrying forward the affirmative state of the next-row flag if set in
operation 1433 (i.e., either of the even/odd pixels in the current row is non-eclipsed and exceeds
the conditional read/reset threshold).

[00228] Figures 63A and 63B illustrate an exemplary set of 2x2 read kernels and
corresponding read-dilation flow diagram within an image sensor embodiment in which the
bottom row of each read kernel overlaps the top row of the read kernel below, but having 2x2
shared-readout pixel blocks instead of the 1x4 shared-readout pixel blocks assumed in Figures
62A and 62B. Because the pixels in each row of a given read-kernel share a floating diffusion
(e.g., as described above in reference to Figures 16 and 17), the pixel evaluation sequence
progresses sequentially through each pixel as shown at 1470 in Figure 63B instead of column-
parallel as in the embodiment of 62B. Moreover, instead of a simple left-to-right pixel
evaluation progression within each row, the “green” pixel in each row (i.e., pixel disposed
beneath a green color element, Gr or Gb within the Bayer color pattern shown) is evaluated first
to maximize the opportunity to dilate the conditional read/reset to at least one pixel of each
color. This optimization can be appreciated by considering each of the possible single-

threshold-exceedance scenarios shown in Figure 63A in the context of the pixel evaluation
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sequence shown at 1470 in Figure 63B. In the first read kernel (1461), pixel Gr is the sole

overthreshold pixel, but also the first pixel evaluated, thus extending the conditional read/reset
operation to the remaining three pixels (R, Gb and B) despite their underthreshold condition. In
the second read kernel (1463), the second evaluated pixel, pixel ‘R’, is the sole overthreshold
pixel, but because pixel Gr was already determined to be underthreshold and not conditionally
read/reset, the opportunity to extend the conditional read/reset to that pixel has passed (at least in
an embodiment that refrains from regressive pixel evaluation). Consequently, though the
overthreshold determination in pixel R results in read-dilation to the remaining pixels in the read
kernel, the Gr pixel remains unread, as indicated by its placement outside the bold boundary
(which encompasses the pixel subset included in the read-dilation) and cross-hatching. Despite
omission of the Gr pixel, however, the subsequent-row green pixel (Gb) is nevertheless included
within the read-dilation subset, thus ensuring that a pixel of each color is read-out, thus
mitigating chromatic distortion in the scenario described above.

[00229] Continuing with Figure 63A, if pixel Gb is the sole overthreshold pixel as in read
kernel 1465, the reverse-direction pixel progression (i.e., from right to left as shown in Figure
63B at 1470) ensures that pixel B will be included in the read-dilation subset and thus that all the
pixels in the read kernel will be conditionally read/reset. Considering the alternative case in
which pixel progression proceeds from left to right in each row (a possible embodiment); in that
case pixel B would be read first, found to be underthreshold and therefore not conditionally
read/reset — omitted from the read-dilation subset as in the case of pixel Gr above. In that case,
the read-dilation pixel group would lack a blue pixel, making the sensor susceptible to chromatic
distortion.

[00230] In the final read kernel 1467, pixel B is the sole overthreshold pixel which, due to the
reverse (right to left) progression within the first pixel row, excludes pixel Gb from the read-
dilation subset. Because the read-dilation pixel subset will still include pixel Gr, however, read-
out of at least one pixel from each color group is guaranteed. Thus, by sequencing through the
pixels of each row in an order that begins with a pixel color that appears redundantly within the
read kernel, a pixel of each color is guaranteed (or at least more likely) to be included in the
read-dilation pixel subset.

[00231] Figure 63B presents an exemplary read-dilation flow diagram corresponding to the
read kernels shown in Figure 63A. Starting at 1471, two row flags are reset (i.e., cleared), one
for the current row within a given read kernel (“ThisRowFlag”) and one for the subsequent row
(“NextRowFlag”). At 1473, an eclipse test is executed for the first pixel within a 2x2 shared-

readout pixel block. If the pixel is not eclipsed, a threshold test is executed at 1475 to determine
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if charge integrated within the pixel exceeds the conditional read/reset threshold (“Vt”). If over
threshold (“Over Vt”), the pixel is read/reset at 1481 and a saturation test is performed at 1483
to determine whether the read-out sample exceeds the saturation threshold. If the saturation
threshold is not exceeded (i.e., pixel not saturated), the read-enable bit for the pixel is setin a
line memory write operation at 1485 to enable a subsequent ADC operation (the AB bit will be
overwritten with the ADC result, and thus is shown as being written with a “don’t care” value,
‘X’ in the line memory write operation) and the current row flag is evaluated at 1487. If the
current row flag is not set (negative determination at 1487), then the current row flag and next
row flag are set at 1489. If the current row flag is determined to be set in branch point 1487 and
if the pixel under evaluation was overthreshold (i.e., the subject pixel triggered or would have
triggered a read-dilation event), then the next-row flag is set at 1491. At 1493, the pixel
sequencing status is evaluated to determine whether the pixel under evaluation is the last of the
two pixels to be evaluated within a given row of a 2x2 shared pixel block (e.g., either pixel R or
pixel B in the exemplary sequence shown at 1470). If so, then the next pixel to be evaluated will
be in a subsequent row so that, at 1495, the logic state of the next row flag is transferred
(assigned) to the current row flag and the next row flag is reset. If the pixel under evaluation is
not the last of the two pixels to be evaluated within a given shared pixel block row, the transfer
and reset operations at 1495 are skipped.

[00232] Returning to the threshold test at 1475, if the pixel is determined to be underthreshold
(under Vt), then the current row flag is evaluated at 1479 and, if clear (negative determination at
1479), a line memory write is executed at 1499 to clear the read-enable bit for the current pixel
(thus disabling ADC operation for that pixel) and clear the AB bit to reflect the underthreshold
condition. By contrast, if the current row flag is determined to be set at 1479, a conditional
read/reset is executed at 1481, despite the underthreshold status of the pixel, thus effecting a
read dilation. Because any overthreshold determination with respect to a pixel within the current
row or previous row will ensure execution of a read/reset operation at 1481 for all non-eclipsed
pixels yet to be evaluated within a given read kernel (i.e., by virtue an affirmative determination
at 1479 if the subject pixel is not itself overthreshold), read dilation extends to all pixels within
the read kernel following identification of an overthreshold pixel, thus effecting the read kernel
patterns shown in Figure 63A. Determination that a given pixel is saturated (i.e., affirmative
determination at 1483) clears the RE bit in the line memory write at 1499 and sets the AB bit to
reflect the saturation result (i.e., AB=1). In the embodiment of Figure 63B, the saturation
determination also results in skipping the conditional flag setting operations at 1489 and 1491.

In alternative embodiments, a saturated pixel may result in setting flags at 1489 or 1491, despite
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disabling ADC operation for the subject pixel. Similarly, while an eclipse determination at 1473
results in bypassing the threshold testing operation at 1475 (proceeding straight to pixel reset at
1497; an operation which may be effected by a conditional read/reset operation as discussed
above), clearing the RE bit and setting the AB bit at 1499 (i.e., to reflect the eclipsed condition),
and then bypassing the conditional flag setting operations at 1489 and 1491, an eclipsed pixel
may alternatively result in setting flags at 1489 or 1491, despite disabling the ADC operation.
[00233] Figure 64 illustrates an exemplary K-column section of an image sensor 1510 having
logic to carry out read-dilation operations as illustrated in Figures 62A/62B and 63A/63B. In
the arrangement shown, the pixel array 1011, multi-bank sample-and-hold circuitry 1081,
column-shared PGA 1083, column-shared ADC circuitry 1130, multiplexing circuits 1126 and
1127, and line memory buffers 1050 are implemented generally as described in reference to
Figures 52-59. Comparator circuitry 1511 is also implemented generally as described in
reference to Figures 52 and 57, except that the per-column read-enable logic (element 1125 of
Figure 52) is replaced by multi-column read-enable/dilation logic 1515 coupled to receive the
output of the comparators for multiple adjacent columns corresponding to pixels within the same
read kernel (two adjacent columns and thus columns 1/2, 3/4 , ..., K-1/K, in the embodiment
shown). By this arrangement, the read-enable bit determination for a given pixel may be based
on the pixel assessment results and corresponding row flags for multiple column-adjacent and
row-adjacent pixels within a read kernel as described in reference to Figures 62A/62B and
63A/63B.

[00234] In embodiments that allow interleaved operation between two or more subexposures,
RE/Dilate Logic 1515 is designed to save dilation state when switching row context from one
subexposure to another. For instance, if four subexposure scans are interleaved, logic 1515
retains four separate dilation states. When dilation state for a row x is complete, it is retained in
an indexed set of registers while, e.g., dilation state for up to three unrelated rows is accessed for
the next three row operations. On the fourth successive row operation, which visits row (x+1),
the row x state is referenced to determine whether dilation requires pixel reads due to
overthreshold state at row x.

[00235] Dilation may be neither necessary nor desirable in all modes of operation. Thus
preferably, logic 1515 has at least one dilate mode and at least one non-dilate mode (where
every pixel is evaluated for readout completely independent of surrounding pixels). In some
embodiments, dilation can also be activated on a subframe basis. For instance, only the longest
subexposure(s) may use dilation, as that is where motion artifacts would be more apparent

and/or problematic. Dilation logic 1515 would in such case, when interleaving is used, allow
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state storage for each subexposure that indicates whether or not dilation applies each time a row
is visited for that subexposure.

[00236] When received within a computer system via one or more computer-readable media,
such data and/or instruction-based expressions of the above described circuits can be processed
by a processing entity (e.g., one or more processors) within the computer system in conjunction
with execution of one or more other computer programs including, without limitation, net-list
generation programs, place and route programs and the like, to generate a representation or
image of a physical manifestation of such circuits. Such representation or image can thereafter
be used in device fabrication, for example, by enabling generation of one or more masks that are
used to form various components of the circuits in a device fabrication process.

[00237] In the foregoing description and in the accompanying drawings, specific terminology
and drawing symbols have been set forth to provide a thorough understanding of the disclosed
embodiments. In some instances, the terminology and symbols may imply specific details that
are not required to practice those embodiments. For example, any of the specific numbers of
bits, signal path widths, signaling or operating frequencies, component circuits or devices and
the like can be different from those described above in alternative embodiments. Additionally,
links or other interconnection between integrated circuit devices or internal circuit elements or
blocks may be shown as buses or as single signal lines. Each of the buses can alternatively be a
single signal line, and each of the single signal lines can alternatively be buses. Signals and
signaling links, however shown or described, can be single-ended or differential. A signal
driving circuit is said to “output” a signal to a signal receiving circuit when the signal driving
circuit asserts (or de-asserts, if explicitly stated or indicated by context) the signal on a signal
line coupled between the signal driving and signal receiving circuits. The term “coupled” is used
herein to express a direct connection as well as a connection through one or more intervening
circuits or structures. Integrated circuit device “programming” can include, for example and
without limitation, loading a control value into a register or other storage circuit within the
integrated circuit device in response to a host instruction (and thus controlling an operational
aspect of the device and/or establishing a device configuration) or through a one-time
programming operation (e.g., blowing fuses within a configuration circuit during device
production), and/or connecting one or more selected pins or other contact structures of the
device to reference voltage lines (also referred to as strapping) to establish a particular device
configuration or operation aspect of the device. The term “light” as used to apply to radiation is
not limited to visible light, and when used to describe sensor function is intended to apply to the

wavelength band or bands to which a particular pixel construction (including any corresponding
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filters) is sensitive. The terms “exemplary” and "embodiment” are used to express an example,
not a preference or requirement. Also, the terms “may” and “can” are used interchangeably to
denote optional (permissible) subject matter. The absence of either term should not be construed
as meaning that a given feature or technique is required.

[00238] The section headings in the above detailed description have been provided for
convenience of reference only and in no way define, limit, construe or describe the scope or
extent of the corresponding sections or any of the embodiments presented herein. Also, various
modifications and changes can be made to the embodiments presented herein without departing
from the broader spirit and scope of the disclosure. For example, features or aspects of any of
the embodiments can be applied, at least where practicable, in combination with any other of the
embodiments or in place of counterpart features or aspects thereof. Accordingly, the

specification and drawings are to be regarded in an illustrative rather than a restrictive sense.
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CLAIMS

What is claimed is:

1.

A method of operation within an integrated circuit image sensor having a pixel array, the

method comprising:

determining whether charge accumulation within a first pixel in the pixel array exceeds a
conditional-read threshold; and

generating a digitized sample of charge accumulation within a second pixel in the pixel
array in response to determining that the charge accumulation within the first pixel
exceeds the conditional-read threshold.

The method of claim 1 wherein the first and second pixels are disposed adjacent one

another in a row of pixels within the pixel array.

The method of claim 1 wherein the first and second pixels are disposed in adjacent rows of

pixels within the pixel array.

The method of claim 1 further comprising generating a digitized sample of the charge

accumulation within the first pixel in response to determining that (i) the charge

accumulation within the second pixel exceeds the conditional-read threshold or (ii) the

charge accumulation within the first pixel exceeds the conditional-read threshold.

The method of claim 1 wherein generating the digitized sample of the charge accumulation

within the second pixel comprises sampling the charge accumulation within the second

pixel and resetting the second pixel to enable renewed charge accumulation.

An integrated-circuit image sensor comprising:

a pixel array having first and second pixels;

assessment circuitry to determine whether charge accumulation within the first pixel
exceeds a conditional-read threshold; and

digitization circuitry to generate a digitized sample of charge accumulation within the
second pixel in response to determination by the assessment circuitry that the charge
accumulation within the first pixel exceeds the conditional-read threshold.

The integrated-circuit image sensor of claim 6 wherein the first and second pixels are

disposed adjacent one another in a row of pixels within the pixel array.

The integrated-circuit image sensor of claim 6 wherein the first and second pixels are

disposed in adjacent rows of pixels within the pixel array.

The integrated-circuit image sensor of claim 6 wherein the digitization circuitry is further

to generate a digitized sample of the charge accumulation within the first pixel in response

to determination by the assessment circuitry that (i) the charge accumulation within the
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second pixel exceeds the conditional-read threshold or (ii) the charge accumulation within

the first pixel exceeds the conditional-read threshold.

The integrated-circuit image sensor of claim 6 wherein the digitization circuitry to

generate the digitized sample of the charge accumulation within the second pixel

comprises circuitry to sample the charge accumulation within the second pixel and reset

the second pixel to enable renewed charge accumulation.

A method of operation within an integrated-circuit image sensor having a pixel array, the

method comprising:

determining, for each of a plurality of pixels within the pixel array, whether charge
integrated within the pixel in response to incident light during a first interval exceeds
a first threshold;

generating a first plurality of N-bit digital samples corresponding to the charge integrated
during the first interval within at least a subset of the plurality of pixels;

indexing a first lookup table using the first plurality of N-bit digital samples to retrieve
respective M-bit digital values, M being less than N and wherein a stepwise range of
charge integration levels represented by possible states of the M-bit digital values
extends upward from a first starting charge integration level determined based at
least in part on the first threshold.

The method of claim 11 wherein the stepwise range of charge integration levels is

represented by less than all of the 2™ possible states of the M-bit digital values.

The method of claim 11 wherein at least one of the 2™ possible states of the M-bit digital

values is reserved to indicate a level of charge integration that does not exceed the first

threshold, the method further comprising outputting an M-bit digital value in the reserved

one of the possible states for each of the plurality of pixels for which the charge integrated

therein is determined not to exceed the first threshold.

The method of claim 11 further comprising determining whether charge integrated during

the first interval within each of the plurality of pixels exceeds a second threshold that

corresponds to an upper end of the stepwise range of charge integration levels.

The method of claim 14 wherein first and second states each encompassing at least one of

the 2™ possible states of the M-bit digital values are reserved to indicate a level of charge

integration that does not exceed the first threshold and to indicate a level of charge

integration that exceeds the second threshold, respectively.

The method of claim 15 further comprising outputting an M-bit digital value in the first

reserved state for each of the plurality of pixels for which the charge integrated therein is
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determined not to exceed the first threshold and outputting an M-bit digital value in the

second reserved state for each of the plurality of pixels for which the charge integrated

therein is determined to exceed the second threshold.

The method of claim 15 further comprising outputting a less-than-M-bit digital value in the

first reserved state for each of the plurality of pixels for which the charge integrated therein

is determined not to exceed the first threshold and outputting a less-than-M-bit digital

value in the second reserved state for each of the plurality of pixels for which the charge

integrated therein is determined to exceed the second threshold.

The method of claim 11 further comprising:

generating a second plurality of N-bit digital samples corresponding to charge integrated
during a second interval within at least a subset of the plurality of pixels; and

indexing a second lookup table using the second plurality of N-bit digital samples to
retrieve additional M-bit digital values, wherein a stepwise range of charge
integration levels represented by possible states of the additional M-bit digital values
extends upward from a second starting charge integration level.

The method of claim 11 further comprising:

determining, for each of the plurality of pixels within the pixel array, whether charge
integrated within the pixel in response to incident light during a second interval
exceeds a second threshold;

generating a second plurality of N-bit digital samples corresponding to the charge
integrated during the second interval within at least a subset of the plurality of pixels;
and

indexing a second lookup table using the second plurality of N-bit digital samples to
retrieve respective K-bit digital values, K being less than N and not equal to M,
wherein a stepwise range of charge integration levels represented by possible states
of the K-bit digital values extends upward from a starting charge integration level
determined based on the second threshold.

An integrated-circuit image sensor comprising:

a plurality of pixels disposed within a pixel array;

pixel state assessment circuitry to determine, for each of the plurality of pixels, whether
charge integrated within the pixel in response to incident light during a first interval
exceeds a first threshold;

digitization circuitry to generate a first plurality of N-bit digital samples corresponding to

the charge integrated during the first interval within at least a subset of the plurality
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of pixels;
compression circuitry including a first lookup table and circuitry to index the first lookup
table using the first plurality of N-bit digital samples to retrieve respective M-bit
digital values, M being less than N and wherein a stepwise range of charge
integration levels represented by possible states of the M-bit digital values extends
upward from a first starting charge integration level determined based at least in part
on the first threshold.
The integrated-circuit image sensor of claim 20 wherein the stepwise range of charge
integration levels is represented by less than all of the 2™ possible states of the M-bit
digital values.
The integrated-circuit image sensor of claim 20 wherein at least one of the 2™ possible
states of the M-bit digital values is reserved to indicate a level of charge integration that
does not exceed the first threshold, and wherein the compression circuitry comprises
circuitry to output an M-bit digital value in the reserved one of the possible states for each
of the plurality of pixels for which the charge integrated therein is determined not to
exceed the first threshold.
The integrated-circuit image sensor of claim 20 wherein the pixel state assessment
circuitry comprises circuitry to determine whether charge integrated within each of the
plurality of pixels during the first interval exceeds a second threshold that corresponds to
an upper end of the stepwise range of charge integration levels.
The integrated-circuit image sensor of claim 23 wherein first and second states each
encompassing at least one of the 2™ possible states of the M-bit digital values are reserved
to indicate a level of charge integration that does not exceed the first threshold and to
indicate a level of charge integration that exceeds the second threshold, respectively.
The integrated-circuit image sensor of claim 24 wherein the compression circuitry
comprises circuitry to output (i) an M-bit digital value in the first reserved state for each of
the plurality of pixels for which the charge integrated therein is determined not to exceed
the first threshold and (ii) an M-bit digital value in the second reserved state for each of the
plurality of pixels for which the charge integrated therein is determined to exceed the
second threshold.
The integrated-circuit image sensor of claim 24 wherein the compression circuitry
comprises circuitry to output a less-than-M-bit digital value in the first reserved state for
each of the plurality of pixels for which the charge integrated therein is determined not to

exceed the first threshold and to output a less-than-M-bit digital value in the second
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reserved state for each of the plurality of pixels for which the charge integrated therein is

determined to exceed the second threshold.

The integrated-circuit image sensor of claim 20 wherein the pixel state assessment
circuitry is further to generate a second plurality of N-bit digital samples corresponding to
charge integrated during a second interval within at least a subset of the plurality of pixels,
and wherein the compression circuitry includes a second lookup table and circuitry to
index the second lookup table using the second plurality of N-bit digital samples to
retrieve additional M-bit digital values, wherein a stepwise range of charge integration
levels represented by possible states of the additional M-bit digital values extends upward
from a second starting charge integration level determined based on the second threshold.
The integrated-circuit image sensor of claim 20 wherein the pixel state assessment
circuitry is further to determine, for each of the plurality of pixels, whether charge
integrated within the pixel in response to incident light during a second interval exceeds a
second threshold, wherein the digitization circuitry is further to generate a second plurality
of N-bit digital samples corresponding to the charge integrated during the second interval
within at least a subset of the plurality of pixels, and wherein the compression circuitry
includes a second lookup table and circuitry to index the second lookup table using the
second plurality of N-bit digital samples to retrieve respective K-bit digital values, K being
less than N and not equal to M, wherein a stepwise range of charge integration levels
represented by possible states of the K-bit digital values extends upward from a starting
charge integration level determined based on the second threshold.

A method of operation within an integrated-circuit image sensor, the method comprising:
generating a respective set of N-bit samples for each of a plurality of subframes within an
image frame period, the N-bit samples within each set corresponding to charge

integrated within respective pixels of a pixel array;

for each of the subframes, selecting a lookup table from among a plurality of lookup
tables, the lookup table selected for at least one of the subframes being different from
the lookup table selected for another of the subframes; and

indexing the lookup table selected for each subframe using the set of N-bit digital samples
generated for the subframe to retrieve, for each of the N-bit digital samples, a
respective set of lookup values having fewer than N constituent bits.

The method of claim 29 wherein each of the lookup tables is populated with lookup values

that define a digitized range between upper and lower levels of charge integration within
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the pixels of the pixel array, wherein the lower level of charge integration defined by the

digitized range for at least one of the lookup tables is different from the lower level of

charge integration defined by the digitized range for at least one other of the lookup tables.

The method of claim 29 wherein each of the lookup tables is populated with lookup values

that define a digitized range between upper and lower levels of charge integration within

the pixels of the pixel array, wherein the digitized range for at least one of the lookup

tables spans a larger difference between upper and lower levels of charge integration than

the digitized range for at least one other of the lookup tables.

The method of claim 29 wherein at least one of the lookup tables is populated by lookup

values having M constituent bits, and at least one other of the lookup tables is populated by

lookup values having fewer than M constituent bits.

The method of claim 32 wherein the at least one other of the lookup tables is populated by

lookup values having M-1 constituent bits.

The method of claim 29, wherein for at least one unconverted pixel of the pixel array and

at least one of the plurality of subframes, a set of N-bit samples is not generated; for the

unconverted pixel, bypassing a lookup table value and instead substituting a value

indicating a condition that caused an N-bit sample to not be generated.

An integrated-circuit image sensor comprising:

a plurality of pixels disposed within a pixel array;

read-out circuitry to generate a respective set of N-bit samples for each of a plurality of
subframes within an image frame period, the N-bit samples within each set
corresponding to charge integrated within respective pixels of the plurality of pixels;

a plurality of lookup tables; and

table indexing circuitry to (i) select one of the lookup tables for each of the subframes, the
lookup table selected for at least one of the subframes being different from the
lookup table selected for another of the subframes, and (ii) index the lookup table
selected for each subframe using the set of N-bit digital samples generated for the
subframe to retrieve, for each of the N-bit digital samples, a respective set of lookup
values having fewer than N constituent bits.

The integrated-circuit image sensor of claim 35 further comprising circuitry to populate

each of the lookup tables with lookup values that define a digitized range between upper

and lower levels of charge integration within the pixels of the pixel array, the lower level

of charge integration defined by the digitized range for at least one of the lookup tables

being different from the lower level of charge integration defined by the digitized range for
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at least one other of the lookup tables.

The integrated-circuit image sensor of claim 35 further comprising circuitry to populate

each of the lookup tables with lookup values that define a digitized range between upper

and lower levels of charge integration within the pixels of the pixel array, the digitized

range for at least one of the lookup tables spanning a larger difference between upper and

lower levels of charge integration than the digitized range for at least one other of the

lookup tables.

The integrated-circuit image sensor of claim 35 further comprising circuitry to populate at

least one of the lookup tables with lookup values having M constituent bits, and to

populate at least one other of the lookup tables with lookup values having fewer than M

constituent bits.

The integrated-circuit image sensor of claim 38 wherein the circuitry to populate the at

least one other of the lookup tables with values having fewer than M constituent bits

comprises circuitry to populate the at least one other of the lookup tables with lookup

values having M-1 constituent bits.

The integrated-circuit image sensor of claim 35, wherein, for at least one unconverted

pixel of the pixel array and at least one of the plurality of subframes, (i) the read-out

circuitry does not generate a set of N-bit samples and (ii) the table indexing circuitry

bypasses the lookup table, substituting for a lookup table value a value indicating a

condition that caused an N-bit sample to not be generated.

A method of operation within an integrated-circuit image sensor having a pixel array

formed by a plurality of pixels, the method comprising:

resetting a floating diffusion region that forms part of at least a first pixel of the plurality of
pixels;

enabling first charge to be transferred from a photodetector of the first pixel to the floating
diffusion during a first interval;

enabling further charge to be transferred from the photodetector to the floating diffusion
during a second interval, without removing the first charge from the floating
diffusion;

generating first, second and third samples of the floating diffusion after resetting the
floating diffusion, after enabling first charge to be transferred to the floating
diffusion during the first interval and after enabling further charge to be transferred
to the floating diffusion in the second interval, respectively;

comparing three values respectively based at least in part on the first, second and third
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samples of the floating diffusion to respective thresholds; and

generating an enable value that indicates a state of the first pixel based on results of the
comparisons of the three values to the respective thresholds.

The method of claim 41 further comprising generating a multi-bit digital value based, at

least in part, on the third sample of the floating diffusion if the enable value indicates a

first state.

The method of claim 41 wherein generating the second and third values comprises, for at

least one of the second and third values, generating a difference between a state of the

floating diffusion before and after enabling the first charge to be transferred to the floating

diffusion.

The method of claim 41 wherein comparing the three values to respective thresholds

comprises:

comparing a first one of the three values to an eclipse threshold to determine whether the
first pixel is in an eclipsed state;

comparing a second one of the three values to a conditional read/reset threshold to
determine whether sufficient charge has accumulated within the photodetector to
enable the charge to be transferred from the photodetector to the floating diffusion
during the second interval; and

comparing a third one of the three values to a saturation threshold to determine whether
charge accumulated within the photodetector exceeds a level that corresponds to a
maximum digitized pixel value to be generated based at least in part on the third
sample.

The method of claim 44 further comprising executing an analog-to-digital conversion

operation to generate a digitized pixel value based at least in part on the third sample if the

comparisons of the first, second and third ones of the three values to the eclipse threshold,

conditional read/reset threshold and saturation threshold, respectively, indicate that (i) the

first pixel is not in the eclipsed state, (ii) sufficient charge has accumulated within the

photo detector to enable the charge to be transferred from the photodetector to the floating

diffusion during the second interval, and (iii) charge accumulated within the photodetector

does not exceed the level that corresponds to the maximum digitized pixel value.

The method of claim 44 wherein enabling further charge to be transferred from the

photodetector to the floating diffusion during the second interval is conditioned on results

of comparisons of the first and second of the three values to respective thresholds and

comprises enabling charge to be transferred from the photodetector to the floating

-87-



47.

48.

49.

50.

51.

WO 2015/038569 PCT/US2014/054886

diffusion if the comparisons of the first and second of the three values to the eclipse

threshold and conditional read/reset threshold, respectively, indicate that (i) the first pixel

is not in the eclipsed state and (ii) charge accumulated within the photodetector is not

below a level that corresponds to a minimized digitized pixel value to be generated based

at least in part on the third sample.

The method of claim 44 further comprising:

generating a fourth sample of the floating diffusion after resetting the floating diffusion
and prior to enabling the first charge to be transferred to the floating diffusion; and

executing an analog-to-digital conversion operation to generate a digitized pixel value
based at least in part on a difference between the third and fourth samples.

An integrated-circuit image sensor comprising:

a pixel array having a plurality of pixels disposed therein, including a first pixel and a
floating diffusion that forms part of at least the first pixel;

pixel control circuitry to (i) reset the floating diffusion region, (ii) enable first charge to be
transferred from a photodetector of the first pixel to the floating diffusion during a
first interval and (iii) enable further charge to be transferred from the photodetector
to the floating diffusion during a second interval;

sampling circuitry to generate first, second and third samples of the floating diffusion after
resetting the floating diffusion, after enabling first charge to be transferred to the
floating diffusion during the first interval and after enabling further charge to be
transferred to the floating diffusion in the second interval, respectively;

comparator circuitry to compare three values respectively based at least in part on the first,
second and third samples of the floating diffusion to respective thresholds; and

enable circuitry to generate an enable value that indicates a state of the first pixel based on
results of the comparisons of the three values to the respective thresholds.

The integrated-circuit image sensor of claim 48 further comprising analog-to-digital

conversion circuitry to generate a multi-bit digital value based, at least in part, on the third

sample of the floating diffusion if the enable value indicates a first state.

The integrated-circuit image sensor of claim 48 wherein the sampling circuitry to generate

the second and third values comprises, for at least one of the second and third values,

circuitry to generate a difference between a state of the floating diffusion before and after

the pixel control circuitry enables the first charge to be transferred to the floating diffusion.

The integrated-circuit image sensor of claim 48 wherein the comparator circuitry to

compare the three values to respective thresholds comprises circuitry to (i) compare a first
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one of the three values to an eclipse threshold to determine whether the first pixel is in an
eclipsed state, (i) compare a second one of the three values to a conditional read/reset
threshold to determine whether sufficient charge has accumulated within the photodetector
to enable the charge to be transferred from the photodetector to the floating diffusion
during the second interval and (iii) compare a third one of the three values to a saturation
threshold to determine whether charge accumulated within the photodetector exceeds a
level that corresponds to a maximum digitized pixel value to be generated based at least in
part on the third sample.

The integrated-circuit image sensor of claim 51 further comprising analog-to-digital
conversion circuitry to generate a digitized pixel value based at least in part on the third
sample if the comparisons of the first, second and third ones of the three values to the
eclipse threshold, conditional read/reset threshold and saturation threshold, respectively,
indicate that (i) the first pixel is not in the eclipsed state, (ii) sufficient charge has
accumulated within the photo detector to enable the charge to be transferred from the
photodetector to the floating diffusion during the second interval, and (iii) charge
accumulated within the photodetector does not exceed the level that corresponds to the
maximum digitized pixel value.

The integrated-circuit image sensor of claim 51 wherein the pixel control circuitry to
enable further charge to be transferred from the photodetector to the floating diffusion
during the second interval is responsive to results of comparisons of the first and second of
the three values to respective thresholds and comprises circuitry to (i) enable charge to be
transferred from the photodetector to the floating diffusion if the comparisons of the first
and second of the three values to the eclipse threshold and conditional read/reset threshold,
respectively, indicate that (i) the first pixel is not in the eclipsed state and (i1) charge
accumulated within the photodetector is not below a level that corresponds to a minimized
digitized pixel value to be generated based at least in part on the third sample.

The integrated-circuit image sensor of claim 48 wherein the sampling circuitry is further to
generate a fourth sample of the floating diffusion after resetting the floating diffusion and
prior to enabling the first charge to be transferred to the floating diffusion, the integrated-
circuit image sensor further comprising analog-to-digital conversion circuitry to generate a
digitized pixel value based at least in part on a difference between the third and fourth
samples.

A method of operation within an integrated-circuit image sensor having a pixel array, the

method comprising:
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generating respective first samples of floating diffusion regions within a first group of
pixels of a first row the pixel array;

generating respective first enable values based at least in part on the first samples;

over a first interval, selectively performing a respective analog-to-digital conversion
operation for each of the first group of pixels one after another according to whether
the corresponding one of the first enable values is in a first state; and

also during the first interval, generating respective second samples of floating diffusion
regions within a second group of pixels of a second row of the pixel array, and
respective second enable values based at least in part on the second samples.

56. The method of claim 55 further comprising, prior to the first interval, performing a full
pixel charge transfer and additional floating diffusion sample for each of the first group of
pixels for which the respective first enable value is in the first state, and, during the first
interval, performing a full pixel charge transfer and additional floating diffusion sample for
each of the second group of pixels for which the respective second enable value is in the
first state.

57. An integrated-circuit image sensor comprising:

a pixel array;

sampling circuitry to generate respective first samples of floating diffusion regions within
a first group of pixels of a first row the pixel array during a first interval and to
generate respective second samples of floating diffusion regions within a second
group of pixels of a second row of the pixel array during a second interval;

enable circuitry to generate first enable values based at least in part on the first samples,
each of the first enable values corresponding to a respective one of the pixels of the
first row; and

digitization circuitry to selectively perform, during the second interval, a respective
analog-to-digital conversion operation for each of the first group of pixels one after
another according to whether the corresponding one of the first enable values is in a
first state.

58. The integrated-circuit image sensor of claim 57 further comprising, during the first
interval, performing a full pixel charge transfer and additional floating diffusion sample for
each of the first group of pixels for which the respective first enable value is in the first
state, and, during the second interval, performing a full pixel charge transfer and additional
floating diffusion sample for each of the second group of pixels for which the respective

second enable value is in the first state.
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59. A method of operation within an integrated-circuit image sensor having a pixel array, the
method comprising:
partially transferring charge from photodetectors within respective groups of pixels of first,
second and third rows of the pixel array to floating diffusion regions associated
respectively with the pixels during successive first, second and third intervals,
respectively;

selectively enabling charge transfer operations to (i) transfer charge from photodetectors
within the group of pixels of the first row to the respective floating diffusion regions
during the second interval and (ii) to transfer charge from photodetectors within the
group of pixels of the second row to the respective floating diffusion regions during
the third interval; and

during the third interval, generating digitized samples corresponding to respective charge
levels of the floating diffusion regions corresponding to the group of pixels of the
first row.

60. The method of claim 59 further comprising, concurrent with partially transferring charge
from photodetectors within the group of pixels of the second row, sampling the selectively
enabled charge transfer for the group of pixels of the first row.

61. An integrated-circuit image sensor comprising:

a pixel array;

control circuitry to
enable partial charge transfer operations to transfer charge from photodetectors
within respective group of pixels of first, second, and third rows of the pixel array to
respective floating diffusion regions during successive first, second, and third
intervals, respectively, and
selectively enable charge transfer operations to (i) transfer charge from
photodetectors within the group of pixels of the first row to the respective floating
diffusion regions during the second interval and (ii) to transfer charge from
photodetectors within the group of pixels of the second row to the respective floating
diffusion regions during the third interval; and

analog-to-digital conversion circuitry to generate, during the third interval, digitized
samples corresponding to respective charge levels of the floating diffusion regions
corresponding to the group of pixels of the first row.

62. The integrated-circuit image sensor of claim 61 wherein the control circuitry comprises

circuitry to enable, concurrent with the partial charge transfer operation for the group of
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pixels of the second row, analog sampling of the selectively enabled charge transfer for the

group of pixels of the first row.

92-



WO 2015/038569 PCT/US2014/054886

1/36
Image Sensor 25 Microlens Array F I G . 1

\ /10

Color Filter Array
12

A
; ; Silicon |
s E 0
IP1 E IP2 E IP3 :
Pixel Array IC Wiring 14 ;
Column Line P C5o(l)umn
P 95 Ja IP Array
3 |I- - TT-—————-== X o] ats P
| 70 N T ‘
| | [T/ y A vy
\I N (8] o
VpeT 72 N[ -
| / P \\\_.»_
D —

;.

)/ ADC

/" Pixel 3 i 85

Signal
80

Image Pixel 60

/

I
I
I
I
I
2/ N\ T R
I
I
I
I
I
|

Pix[2:0]

/—/%

Pix[2:0] —1— Vpre Pix[2:0]
Viloor -|-——=———————— /_()/(F
111+ —Threshold 1
$ | 001
110 ) *q c ——Threshold 2
i S 3 Threshold 3 \ 010
100+ & © — Thresho A/D\ e
011+ ,\%Q' = — Threshold 4
8(1)(1): \’>°®(b % — Threshold 5 / 18(1)
000 & [ Threshold 6 / -
} } } — Threshold 7 7
n 2n 3n
Photon Strikes / i
— Vfloor Pixel

saturation



WO 2015/038569

PCT/US2014/054886
2/36
Threshold  Compare Reset/Add
Sample Residue
SFfixell Read Circuit 110
Control igna ADC/ Digital
IP Conditional conversion A
Reset 100 Reset comparator dder
> 112 114
T
F I G . 3 Readout IP Memory
116
llmage data

Image Sensor System 120

Y
‘ Cntrl[0] |

Reset[0] |

Image Sensor Region 125

1

X ()()
Cntri[1] R ()()
Reset[1] R ()()
Cntrl[2] R ()()
Reset[2] R ()()
Cntrl[3] N IP Array
> € 127
Reset[3] | 3
v «
o
o
i Cntri[N-1]|
Reset[N-1l
o) ol o]l «| ~| o] ] ®»] o ST
o s| 8| = 8| = B T B 2 2| =
£ [ [%] [ [%] [ [%] [ [%] — i
° o o o o o o o © o] o
5 | X 0| €| | X ol & 2 S| 8
5 3| 3| 8| 8| T| 3| B T | X
S | 5| 2| 8| 2| 5| & & 3| ® :
ol 8l =] 8l 8] § 33 2l 2
el o
Y Y Y Y Y
Control Read Read Read Read Read
Read control o o o o o e
i =
LOgIC Circuit | Circuit | Circuit | Circuit Circuit Read Circuit Array
- 0 1 2 3 M-1 ] 130
-
132
A
Commands/configuration Image data
information ’

PHY 134




WO 2015/038569 PCT/US2014/054886

3/36
Read Circuit Array Read Circuit Array
140a 140b
Read Read
Circuit Circuit F I G 5

Image sensor region
145

Read Circuit Array Read Circuit Array

140c 140d
Read Read
Circuit Circuit

Read Read
Circuit Circuit
Read Circuit Array Read Circuit Array

140e 140f



WO 2015/038569

4/36

PCT/US2014/054886

Peripheral Circuitry 162

IP Row Group 0

IP Row Group 1

Row Control 164

IP Row Group 2

IP Row Group 3

Peripheral Circuitry 172

Memory Group 0A

Read Circuit Array 0

Memory Group 0B

Memory Group 1A

Read Circuit Array 1

Memory Group 1B

Memory Group 2A

PHY 174
Read Control 176

Read Circuit Array 2

Memory Group 2

Memory Group 3A

Read Circuit Array 3

Memory Group 3B

Pixel Array IC
160
(top view)

FIG. 6a

Preprocessor IC
170
(top view)

FIG. 6b

_ Microlens
Pixel Array IC 160 (cross section) " Array
N 180
\ 0
IP Row Group 0 | IP Row Group 1 | IP Row Group 2 | IP Row Group 3 |Color Filter
Array
Pixel Array IC Wiring 184 - 182
Q0 Q0 Q0 Q0
Preprocessor IC Wiring 186
me| Sead lve|ma| 3029 Jvs|ma| Be2d Jve|ms| 524 |vs
0A ircuit 0B | 1A Circuit 1B | 2A Circuit 28 | 3A | Circuit |'og
Array 0 Array 1 Array 2 Array 3

Preprocessor IC 170 (cross section)

FIG. 6¢c



FIG. 8

WO 2015/038569 PCT/US2014/054886
5/36
Sampling Photons  Threshold Memory
Control interval (det. - accum.) met? ADC value Element
Begin exposure, 0 N/A NA T XXXXX | XXXXXXXXX
Threshold = 20
1 4-4 n 00100 Q100000000O00O0
2 7-11 n 01011 00000O0O0O0O
3 2-13 n 01101 00000O0O0O0O
4 11-24 y 11000pPp000011000
5 14 - 14 n 01110 1000011000
6 8-22 y 10110pP000101110
7 4-4 n 00100 Q1000101110
8 0-4 n 0010010001011 10
9 6-10 n 01010 1000101110
10 13-23 y 101114p001000101
11 1-1 n 00001 001000101
12 2-3 n 00011 001000101
13 12-15 n 01111 001000101
14 13 - 28 y 11100pP001100001
Reset 15 26 - 26 y 11010p001111011
Residue 16 19-19 n I10(|)1 1|—->p100(|)1 1 1q
Residue Image data
FIG 7 190 195
IP Image capture period 220
200
|
Pixel signals 202 . X" denotes a sampling by a read circuit
Sampllng ..... X ..... XXX ..... X XX ..... X XX ..... X XX ..... XXX
Read policy 1
Circuit
204 SAMPING [ g
pOIICy2 ................ X X X X
Image data 206
Post SAMPING | s S X
Processing policy 3
208
Processed data 210 T T T T T T T T T T T T T T
01234567 8 910111213141516
Memory Time
212

FIG. 9



WO 2015/038569

FIG. 10

PCT/US2014/054886

6/36

l /250
RG °_| 059

TGr
253 | 255
¢ | 257~
& Vdd
251
260
pE
TG k PD j QDJLZSQ
N o p (substrate) Vout
Integration over-
time _ threshold
columns
................... -\ / only
RS EE— = }TGpartial | /\/Ty
K
I__|
FIG. 1 1 TGe LJJJ
RG [ ] [ ]
SHR |
] ro
SHS L
compare/ Ll
convert Noise | OverThresh| Conditional
R’E‘et Inte'g_|rate S?ﬂ|ale Detect Rea’\d_-‘ Out Integrate
2]
1] 23 4] E Elati

FIG. 12
TGe r

FIG. 13 .

T

TG off
Qin low light pixel ey
PD

260

ov

o

Vpinn

(] [¥]

Vraset- -

TG partial on

ov

[=]

Vpinn

Vresef >

TG off

v v

Vreset

Electrostatic patential

oV T T

TG off
Qinhilight pixel s

| —

TG threshold level
( based on VTGr)

Vpinn

[] []
o
<
\

Vreset:

Qy sesseseemaness TG partial on

[#]

Vi
pinn 279
Vresef
OV remeeememmeees 273 ——
5 Vpinn 5
1 a
TG fully on/
Vreset:



PCT/US2014/054886

7/36

WO 2015/038569

L X B X N X X N N N B N N N ¥ N N N N N N N ¥ J .
" AloWaN oL Hmmmmﬁco:_vcou .. .u>u\o_Eou
° [ ] N
" : ! HRIVEETY) um%%_
. - .
: L0€ dwoaqg Jojesedwo) |euSig+ gmrm L o .
" wEuo< (vg oﬁ-q\.m.wn_ug ; - .
uwn|o) .A|
: (suwnjos g) . 5 _ e
" H_ZUL_U “:Olumoz :E:— U — C L R X X X ¥ N ¥ ¥ N ¥ N ¥ ¥ N N N N N N N ¥ ¥ N ¥ N J e __ J
leccccccccccccccccccanaad it i S e el __m_tawo._.> = tow._.>l_
[, A —o——|——— oo
20y ——— ° 9L gog ) le d /
— o) . -
ceceemecleceafocoococcsccooaacooonn "
RIL EEERTEETIEEERRrs : "
. : ' 320D
" ' Moy
" _ o511 ;
[ ]
- | oJ e
[] 091 HIS ] s wiol mmBOUmU
: 7491 ".A|
" [ |}
: (e ) m i
; oA
’ oA . he
. | ——3 liers o ; Sy P " -
" SY 7991 | |
" eoL m <191 Jaalq/ispoaag
: ZLe ]!m. . oy
: (@) } folers & (a1} T :
. | a4 . .
H ooy | | "A|
" o el "Aa
: Zi01 !
" [ _ = 1
. '
[ ]
" —— . . ez 09zl <
: [[2D [oX1d-pent ;
" 2 [ sz T oIl |
m (suwnjod g x smou t) 511 _|.ﬁwk o
s Aeny |9xid TioL :u".A
" e eccecccccccccccccaccccncaa=
P cceccecccccccccccccacaacnaanan



PCT/US2014/054886

WO 2015/038569

8/36

onfep OL [In4 = elea XL :S9A
anfep O elled = eled XL :ON
¢ploysaiy] < juswainsesiy

LT eleq XL
Ll 1J3AUO)

L aJedwo)

(O/MAHd oL

Ino-peay (Ind |
? Ino-pesy [ened 0
LIE

_ e1ep Hay Ug-N _ 10 __
A A
\\
\ 19¢
ploUsSIL |V yuﬂ
69¢
[ofeloy JaAuo)us YETITeR)
sav (89 asedwo)
A A
s}y 0av
1GE
_ Jueg H/s -
A
G/¢ Aﬁ
oA yoeqpos4 19say
[eUOIIPUOD

oGl Ol

(1=A) ploysaiu} < Juswainsesw
31 Ajuo pepiwisuely/palessushb ejep DAY

eleq XL
_L 1I9AUO)
LI asedwo)
(O/AHd oL
6G¢
£1Ep DAY HY-N _ A _
A A
\\
\ 19¢€
ploUssiL |V yuﬂ
69¢
€Ge 1BAUODUS YETIITR)
sav (89 asedwo)
A A
ENRI
1GE
_ Jueg H/S -
A
Go¢ v
. Jyoegpas4 1959y
[euoIpuO)

dgl oOld

(1=A) plousaiy} < Juswainsesw
31 Ajuo pepiwisuely/palessush eyep DAy

eyeq X1
_ _ 1JoAUO)
LI asedwo)
(O/AHd oL
6S¢
e1Ep 30V UG-N _ A _
A A
A
tm>coucmA|g 19AUOD
€Ge
gse N
oav XF& 3.edwo)
EHIEDS
A A 9 A
JOU VS
s§94 DAV
A1
_ e H/s -
A
0S¢ v
INOA Joe(pood 19s9Yy

[euoIpuO)

V&l Old



PCT/US2014/054886

WO 2015/038569

9/36

(0[0)7
N

Joeqpas 1959y [EUOIHPUOD

w[>»] 88 Ol
s |2 v81 'Ol
sfn b e

A m&q
ENERVERLTE
PPo-UToDL ¢
sjoy dwy asuas ¢
SBUD1IMS PUE siolioede)
UWN|0)-19d P|oH-pue-ajdwes
A Sl
NOA 901 1901
 /
L0V
vad Waj 7ad
Pror— T zop
— ], 07
_|o __zeoy
" | |
reor—
|50V 071
[
sop _|o \ €ad J o \ 1ad J
oY
CYor— - Loy
oA | | _\r €0t
| [
ceor—
OTID1




(N(wmopeay

_|_ ~oop geb— _|_ LDAUOD)

PCT/US2014/054886

_ _ ~8sY 9er— _ _ OPeSHS

_ _ 9y~ _ _ OPBYHS

_|_/vmv va\_|_ . . aredwo))

10/36

WO 2015/038569

| |
T 1
_ _/va osy— _|_ I I BSSHS
| |
T 1
_ _/wvv @Nv\_ _ | | ESYHS
| |
Ns\_ _ vmv\_ _ | __ _/va )]
\  MA< 1o} STn[o) A0 _ “
Vi
P | | o)
_| ~gtt I | ool
6y /. _ |
Oiu\_ _V‘ |_ | | 1901
vy _ _
“““““ L Fost _Lﬂ_ | | o2y~ mol
__Em.u._.> ﬁgom | _
| I _ _ SY
| |
| |
L —
N _
- i, pedy Soreuy \'__ QI uoneIsAu]

|
INO-peay uonn|osay |In4 @ —\ . mV_H_



PCT/US2014/054886

WO 2015/038569

11/36

T M0

[-1 MO (N()mopeay

_|_ ~06Y

(opep1eau0)

_ _ ~88Y

OPESHS

_ _ OPEIHS

_|_ ~esy

(es)oredwo))

_ _ ~08y

BSSHS

L

BSUHS

WA JBT) SUnjo) AjuQ

L] oy

DL

~98v \ [_
¥

~v8y

1°D1L

[ ey

¢IDL

_ _ ISy

-t

X

Q] pedy Soeuy P duiny uoTRISAU]

INO-pesy (psuuig) psjewiosqg ON mV_H_



PCT/US2014/054886

WO 2015/038569

12/36

voLe €0LE <C0lE 1°0lE

005
swbelq y49

\

Y

AN a

UOWIIOD UIYJIM
|~ pouuig-ebiey)

usWse HS
ps|dnoo-A|geyonms
ulyIm pauuig-sbejjon

L¢ Ol




PCT/US2014/054886

WO 2015/038569

13/36

GGG

8uluuiq 28e3 oA Joy
sJo110eded 103UU0d Ue)
0| PIoH pue s|dwes

€66

suwinjos

490Ig OAv/vS

A

¥ X SMOJ ¢ \V_

Aeduy [9xid

INOA
201
N
ai) (vad)
vioL
(a3 €ad
€91
(a3 zZad
o
Fe ZioL
ad) (7ad
fooy  J——
191
PPA

Y

oA

PPA

oA

¢dd

&
S

e

.T

PPA

_|A.

TioL




PCT/US2014/054886

WO 2015/038569

14/36

Buruurg-0) [9XId PAIEYS [Xp — § UOISIIA

(N(wopeay

1I0ATO))

OPESHS

_ _ ~8.§

OPEdHS

_|_ ~¥8S

aredwo)

_ _/Nwm

BSSHS

_ _ ~9.§

BSUHS

WA JeY) SULmio) AjuQ

vmm\_ _

_ DL

-

QuiL], pedy Soreuy

|
|
|
|

_ _ ISy

|
|
|
|
|
|
|
|
|
|
|
]
__ _ ~clS DY
|
|
|
)
1
|
|
]
|
|
|

LU

Q) uoTeIZoIu]

¢ 9Old



PCT/US2014/054886

WO 2015/038569

15/36

_ L L L L
I 8 | 8 | s | :
[ N dpis T | dpis:o N dpisit | dpis:o |!
€79 AOWRIN Joyng —{| BIEP IAY HAN | inopeay 0 | snopeo 1 e1ep DAY HA-N | nopeay 0 | nopeoy T _ J08
_
| ) A S ) R S S Bo Biios 700
_ W 1 dosit) o diiswo w1 dost ) diysio | ——=r==
129 AlowaA aur] _ IEP OQV HAN | ynopesy :0 | Inopeay ‘T R 0V MaN | ynopesy 0 | nopesy ;T _ H
I 1 D
_ Lo —————— 009
| 3|qesia = 0 | 319esid = 0 |« | 32010 10D \
| a|qeui=T a|qeuy =1 ERISTN €09
_ ajqouz = 0 | | 19120 ajqouz = 0 | | 19120 __A| g
| a|qusiq =1 asdifo3 dwy ajqousig =1 asdija3 dwy 6191 SHS 21807
_ aav asuas Jav asuas [ S8uiouanbag
| 91 GlL9 91 HHS :
“ /19 “A 3po 22d
I "Au_mm VS
| ® ® -
mo@/_7 | “syay oav
sayoums pue sioiede) H/S SayoMMS pue siolidede) H/S _
_
. N M — S —— L _ | M0
— T Twon ~—  —~—~ —— |~ = [|wmopn~— - —~— — [ Moy
@) (vad @) (vad | biope
_8/_ _ | _ . y o
_ piDL 791 _AE .VN ' mv _ H_
L~
_ (a3) (<ad (a3) (<ad _ g
_ €191
€91 €191 _A| _—
_ S09 <
(0 (zad (0 (zad _ « | (T moJ-penb)
_ oS o JaALIq
) 5 _ [ ) 5 _ [ _ oy | /18P0220 MOY ¢
_ _ zioL _ 7oL -
_ a1 Tad ad Tad _
_Io oY _|. _Io Y _|. E
_ TID1 TID1 _AE
_ PPA PPA

(suwnjod g x smod ¥) Aeday [axid

| L S, S

L T e —

_ﬂm_tmnmu._.> gy | A tom.u._.\/l_\ 60€




PCT/US2014/054886

WO 2015/038569

O
™
~
O
L |
G8 0~ (d4A/ZINOA
SpOW UIED 4S
ZINOA
TN aip
ooy
PPA

QG¢ Ol

Y46 ~ [GHdp/1In0A
spop ulen SO

PPA

dgc Old

i

oavy
uwn|o) Jad

—_——)—_—_—_—_—- - —_

|
ysss — 1yl € 5SS
“ (1eudis “1osay) (1eudis ‘1osay) |
| S3YINMS pue S3YIUMS pue I
$SUS — P sdep ajdwies sdey ajdwes [€T— SAS
_ !
129 699 “
| PPA |
! 169 559 “
| anopn| ™S | 1anoa !
_
_ o |
I T > E— !
e e e __ !
TN _ a4
z10d m A
SUN2ID
uwn|o)-J4ad _lmm
AN
€89
SUpA _All_ _lo oy
TI9D
o Yl | ise
[
_

[

SO — P : 7 le—1—5
s —L | XN LA > S
L 5 _

[ zIod _

I PPA PPA _
A _____ J

_ 291
9L

V&c Old




PCT/US2014/054886

WO 2015/038569

17/36

PPA  PPA
4 A}
ZanoA d m_W _ TINOA
0.

o [owre =58

2100 _H (a4

€89 _|mm

689

Q
o

110D

/¢ Ol

weidel Sunut], 14S 4S/SD

(N(wmopeay

_ _ [REYTS)
_|_ REN
_|_ aredwo))

_|_ BTN
LI o6 RER
Lo S9US

aS

LY _

QI uoneIsAu]

9¢ Ol



PCT/US2014/054886

18/36

WO 2015/038569

| | | | | | | | | I N
Z Mows su [eybiq I I I I I I [ [ [ [
A A : A A : A A : A A : A A : A A : A A : A A : A A : A A : A A
| | | | | | | | | |
| | | | | | | | | |
¢ jueg OQdv uwnjop-ied | | | | | | | | | |
¢ | ¢ 1L e 1 o 1 o 1 o | & | & | & | ¢ 1 e (z'zez) ynoao

\

3
Ll
3
Lt
3
Ll
3
Lt
3
Ll
3
Lt
3
Ll
3
Lt
3
Ll
3
Lt
3
Ll
3
Lt
3
Ll
3
Lt
3
Ll
3
Lt
3
Ll
3
Lt
3
Ll
3
Lt
3
Ll
3
Lt

Jno-peas Jamoj

Noegpaad 19say + YojeT ® S S S S S S S S S S

+ N V_CNm QE< mwcmm [ ] “ [ ] “ [ ] “ [ ] “ [ ] “ [ ] “ [ ] “ [ ] “ [ ] “ [ ] “ ®

A A A A A A A A A A A
(seyoyms % sdeo uwn|oo-lad) _ _ _ _ _ _ _ _ _ _
¢ueg H/S 1 1 1 1 1 1 1 1 1 1

T T T T T T T T T T
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | [ | | | |
I I I I Les I I I [ .
[ [ [ [ Renry [oxid [ [ [ [ wN mV_H_
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | | INOA
AV AV AV AV AV AV AV AV AV AV  Av yoeqpasa j9say
(eg2) (seyoyms @ sded uwinjoo-Jad) " " " " " " " " " " 1)
| jueg H/S L L L L L L L L L L INOH/S
(6g2) Moeqgpesd jesey + yoye ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ | ¢ | ¢ | [

+—\V_C0m QE<®WC®W [ ] i [ ] i [ ] i [ ] i [ ] i [ ] i [ ] i [ ] i [ ] i [ ] i ®

(1'zeL) unoaid

® | ¢ _ ® _ ® _ ® _ ® _ ® _ ® _ ® _ ® _ [ ] >
(££4) | Mueg DAY uwn|oD-1ad _ _ _ _ _ _ _ _ _ _ Ino-peas saddn
| | | | | | | | | |
| | | | | | | | | |
YV : YV : YV : YV : YV : YV : YV : YV : YV : YV : YV
(6€2) | Aowaly aur [exbiq [ [ [ [ _ _ _ _ _ [ inooav
1 1 1 1 1 1 1 1 1 1 J



PCT/US2014/054886

WO 2015/038569

19/36

€98

Aeldsip Jo/pue ‘Alowsw
s[lle[oA-UOU ‘YA 03 obew psa)s|dwod
Bunum ‘swel) ebewl sesssooid 43|

198 1

(Josues abewl woly
awel} sbewl |n} Jo uondsdal 4g| Bunenws)
dS| Jo eoeps}ul Josuas-abewi 0} ejep
awel} sbew sindino Jossaoold uoneolddy

658 1

uoneisado spow-buissasolid
10} G| sainblyuod Jossadoid uoljeolddy

158 1

swel) sbew pajepljosuod e sonpoid
0) ejep aWelgqns swns pue Alowsw Wolj
ejep sWelqns speal J0ssa00ld uoneol|ddy

soA

ou

¢PBAIBDBI BWelgns [eul

€68

D] AMowsw 0] elep sweljqns
ay) BuLlisjsuel) pue Josuss abeuwl wolj eyep
swelgns Buinieoal ‘yNQ e se sajessdo 43|

A

(sweygns ixau }ob)

168 [«

uoljesado spow-yNQ

1o} 4| senbijuoo Josseoold uonedlddy

0¢ 9Old

08 J0ssad0.d abew|~

=
S 708
[e]
TEg oo0ld ddy 5 > Aeidsig
k48
v T %88 | o -
TE8 ds| Zl€eP>| (nvuq 69
: o 0| Aowspy
bemeenceneeees ] _M
geg :
.
, j cct 128 AHd
[ W
: S 1zs (on) AHd
618 Wal\ auIT
L1821607 [0D
118
Relly [oxid
G| g 01607 moy
T08 10suag abew| -’/ “_
008

6¢ Old



PCT/US2014/054886

WO 2015/038569

20/36

cee—7]

aleibayu|

AJuo suwn|oo
ploysaly}-1ano

Jaaug o)
[ejualod-penod

5] [ ] B (7] (1]
O_|_ L Q_|_ s [ L~
INO-pesy 10919 s|dwe
[euonIpuoD |YsalylisnQ 9SION ejeibeul 1959y JHAAUOD
L L Jaredwod
] L] SHS
| dHS .
| | | ] Od NmU mv _ H_
4 91
! _|_ / _|_ uonesBajul abieyo
— Burinp mo| 991
AQ A \
\\V_ | _\l_ |_ o1 uonelbajul abieyd
- ejjed m m
|_ __e_.u_.>\ lenedgy | o o _|_| Sy uLinp 19) aAnebau
uoneibayu|
D1 D1
O ID]
®
0 15|
05z [

I

(128) ®¥eD-|lEng —\m” mv_H_



PCT/US2014/054886

WO 2015/038569

21/36

< 1953\
Y
uo uw\._. cy,mu._. ,M/Aowm
Poad
T /A — 19534
..:m_.n_. \w 16
! | O
.......... c“/_m Jed J9y ST
< 195U\
T~zoz

a4

000

™~

[ox1d 81 ysiy urp

991

1D1

| 557 € 19S3IA
— ad
uurdp <
H: _
o 0 | Y F— [9XId JYBI| MOJ UID  Eemrememecnene
N
_ 4o u\wM uo |Inj 491
— <o _A 19SaIA
ad i
uuldA _ Va ARSI SIS LTSS I
E uo o9y / ﬁ%n_w
NO — ........... uojeueduny T
— =5 < 19SaJA
ad
wuidA [¢] _ A o I
092
AO _ .......... —— / [9X1d YS) MO UID  Eorsoomoeeeeees
< > %UWM Ho oL
ajdwex3g , sjdwex3 o1
b1 Wb d
ybIy Mo 092~ dd-u V
_ ( ad )% +d
cos | _ 188 151
eeold | 1
0.8

A0

uuidp

A0

uuidp H
H




PCT/US2014/054886

WO 2015/038569

22/36

At
a4 +u jameAu

092

+d

BN A NN S s

NN S NS Y

E£v6

(zze) @ouanbeg as|nd jeuonoel4

/

91A padnpay
‘as|nd [euoijoeld

(09o1)
Z flod

19])
10

291

101
Jo

291 |

(191)
L Klod

cee 7]

ajelbaju|

vf&mu/

as|nd |[nd —
(0z6) os|nd |euonyoe.ay

B

™ 9€ 9Ol

v ]

09¢

I ﬂwwm dd-u
dos
dd +u > °°Fp i€ +d

N N

L€6
.~

e

126

(091) |- (1o1)
L Alod L Alod 626

£€6 - mm .mV_L

~ sieoedg
llemapig pabisiy

1]

1 9]
INO-pesy
leuonipuod

7]
10919
yseiylieno

sidweg
9SION

aeibayu|

[

19588y
JU9AUOD

U

Jjasedwiod

SHS

dHS

_|_ od

|2t

oL $E Ol

A0

| s



PCT/US2014/054886

WO 2015/038569

23/36

951

cl6

16 7951

9.6

G.6

¢i51

6¢ Old

¥.6

7451

351

J
351 996 1951

451

8¢ Ol

96
196

T451

1951

s

yie6— ] |

[ / -
Ih 2156 2101

L€ Ol

0

=) (o

€56~ | |

] luse 191




PCT/US2014/054886

24/36

WO 2015/038569

dzy Ol — \ZAdE —
9¢ 09¢

NN SN R NN

d u d u d
/! N 066 \N A 486
o1 / 5] /
| 66 151 il
B K2 QE H 1]
InO-pesy Jo8)e(g s|ldweg
[EuOmpUSY) |ysai oG | osioN ajesboju| 1050y MoAUOD 9]
_ jaredwoo
U L
] ] SHS 1non
_ _ dHS * O SYH
P} | ®
L] || o [ ep |1 ot
| | I _ _| 29] GGC~_ _
_ / A
— __Em.u._.>N enTdn ) A Sy 086
1 [ %NM _|o oY

l¥ Old !



PCT/US2014/054886

WO 2015/038569

25/36

1201 (O/1) AHd

6zoLoa16o7 1A
6L0L Wa\ suI
2101 21607 [0D

88\

vv Old

TO001 10SS990.4d abeuw ﬂ_
O
€E01 £
J0ssa201d ddy a
=l
[
¢
T 1A | (8
dsi Mg
£
zeoL | L
I L=
ol 1
L
— 20l AHd
| —
| R |
\_ |
1 L
- —| 020l 21607 |3uD
LO)|
S
TTor =
Keny |oxid 9
3
@]
o
1001 Josuag abew -

7951

€dd

Nmm\

<dad

cv Old

7I51
166
€451
451
966
G66
66 ¥66
T451



PCT/US2014/054886

WO 2015/038569

26/36

£G01

B/ V\I_U o160
l 8 TIA

6601
0 oue jndino

0 sue

[ logloav [e |34
0 [ o
[eloav/av

[6loav :1=34
gav :0=3d

o160

.|\|A_|\| TIA
3 8

| @ueT IndinQ

| sue

=
€ o %

o160

.|\|A_|\| TIA
3 8

Z @2ue ndino

JaAUp
ndino
Buizijeliss

Z sue

E o X%
1

o160

.|\|A_|\| TIA
3 8

¢ aue jndino

€ sue

F-¢401L }1G0L

X 050}

 hn AW Alows|y
7 aul
by - 2l

€501
21bo 17

joyng Jang
A Alepuogas Aeliid

xew  [0:b-NI"TIA Y

Lv Old

[ 4
xew  [0:b-NI"TIA 4
Lo S-40
U_o;wmztmmmm_mx_n_

[0:1-WP™ 1A

cew 9 9|

cvol

ploysaly 1850y [oXid [0:L-INT™ 1A

Gv Old




PCT/US2014/054886

WO 2015/038569

0:/]s

's

. = \yidep Ej
8 = yidep E@

27/36

24 8v 3 160}
- el d
Lirioltjo[t[ i o“TJF lazi|elss Alxlgjuw/o -
. ! g -
g Jo z :yidaq 19 a|dwes ) X |ﬂ_u
da@ g ﬂ ENEEA N A N Y
leloav/ay wwo/r %GZot
— p
5907 01607 TIA ueT-19d \ ST CRH |
v - TN |[€$ e J0L
Joa|1a[za|ea]va]ca|ealoalra]zalea|va[saloa] o« g 'STOT 0sq
g onT X| e 184
€807 - ” .
Buipog e BNr__w%_rww okl < " \|_H.JL|. 690 +N
- et ¢
[s[s]ee[s] | teov usidwo| b 8 00[=0""0 TIA €9 )0, IND
L | 1ezieuss 670} m/w
'l A_A_LlAl
N3 /JL_|. NS
e 6501
- ‘TN (€9
foa|ialzalea|val safeal zafoa] a|za]ea] va[saloafzaf o o — €404
Ltlg
DTS .
. a|qeu] yidaq < & — Om mV_H_
G Ol4 opooUT [6loav [0:610av
}osay 1osay
[euonipuosun [euonIpUOdUN
< swel
g swenygns | Z sweyqns | sweyqns ) 0 swelqgns
. 6 9Old
e L qusenyy
IIIIIIII Lysaiyy
yseiyy ou Zyseuu)
STIA “TIA TIA TIA
LLLL LLLL asd||o3/uoelnies ‘plieau] DAY L 0
0000 0000 ploysaly-iepun ‘plieau] DAV 0 0 .
[0:6]0QV Aq paxapu| 1N plieA DAV X L w.v mv_H_
INdiNO 1A uoljejaldisiu] Dav [6loav/dy | (s1geus pest) 3y

's

l




PCT/US2014/054886

410)3

T T T T av 3y Buiwi
. 1 [T-NDDav ) 1 [T-N]Dav layng A
<+ [o:z-N]oav /gy “w_nmﬁ peay |ese [0:z-N]bav L gy AGRUI PERY [ 0 onag o507 < A A D
¥ £ ¥ ¥ ) ¥ Lo
. 1 [T-NDbav . 1 [T-NDoav 194ng
[o:z-NDDay L /ay ; 8lqeud pesy |ese [o:z-NDoav 1 gy 1 O19BUI PR Jheug auM €11 21607 QY 9|9eus
L L 1 L
A A L) 5 A A bgor - egmopd] JuLBAGT  esdio
[ T e o P legmoled| JULIBAD 1103
Buiw | A4 V. 4
\ »_bCO .__.'_ﬁ_ O_lvlv_ﬁ_ O_I‘vI'_ﬁ_ OT
31807 3y 51807 3y T y €L lypenp |osdijog
_ 21607 Josoy/peoy _I — %
JaAuo) =1 JaAuo) =71 mmw—.r mNF F o_mOI— mm w-
Hanuo) oN =0 NG 343AUDD ON =0 )
jueq o
2av ojesedwo) Jav ojetedwo) JojeJsedwod o
paleys-uwn|od uwin|o)-ad paJleys-uwnjod uwnjod-139d wou} %
[
L04) v
w
© -+ sjoy Jojededwo)
(M} yi
~ 77 Sj9Y Dav
© | R R
N _ L Jaylidwy od _ L Jalidwy od _\mo:
- paJeys-uwn|od - paJeys-uwnjod
i 1|
}i ! : 4/
NI | C LOLL

_ A13241D) H/S uwinjo)-Jad

I|l—||

WO 2015/038569

] L ] L ] L ] l
 / SMOJ-A ‘S|0D <J ok souldury
sindino 00 sind3no [09-3 A S109-X Od PoIBYS (0D 0L wwnjo9 Jod syueg
TTOT Aedy [ax1d + PIoH pue ojdwes g
L] L] L] L] L] L ] L] L] L] L] L] \
» Z ueg pesy [BUOHIPUOD m
\ . | 3jueg pesy [BUOHIPUOD Sl
de) |eudis T » Jueg ssossy IA |
. SLil
25 'Ol e ¥
Twn[oy Jod
s1ndino |03-)
de) [eusiS T
dey19say T

Twn[oy Jad



PCT/US2014/054886

WO 2015/038569

29/36

> do ol ]

(1e11esed ul suwnjoo |je)
suoneiadO moy

A 4

v“ MOY1se] powl (| +MOy) =:MOY

| (141190 B8 (1eSMOlEg)IOU) 10 B5dI0T =:gV ‘0= | | X="gV ‘L='3Y |

ploysaly} }xau
0} doueApE pue ndino
Jojeredwod yojeq

VALY 6oLl

(41581 =< 48) 40 JYLI8AO)
2’9 Jegmolag g (8sdijo3)jou
Z0QV olqeuy

ou

€Ll

LLV)

do aibo Fy/dun m@rw\_ Sysaiyl > dweg|n =: lesmojag
X
do H/s I __ﬁm_ae_mm |
[«
do joXid \ F@:\_ a4 o3 8x lind _

jeuBis yoeqpooy
Josal/peol JeUCHIPUOD LIDSSY

4SIse] =< 4S
10 JyLJeAQ Jo esdijo]
ZFosoy/pesy

T

G/LL
soh

481827 pow (L+48) ='48

do oibog Iydurn e \_ yysedy] < dwesued =: JyllenQ
£
do H/S mm:\_ @x_m_tmun_ oidwes _
[
do foxit e | adomepxiened |
do atbo g Iyduis ~Nv_;\_ Jysaiy] > dweglesey =: asdijo3
K
do H/s o = m_ac_mm |
do [oXid ddessy
SriL x
[€

- 0=: (48) sWel4qgng ‘0=:moy
€S 'Ol e




PCT/US2014/054886

WO 2015/038569

30/36

1 MOY T
LLLLLLLLLLLLL

(N@mdino xHJ

JIOATO))

I

dwoo A

8¢cl~

I{SHS/'SHS

e+t

o+t

g€ccl”

|
|
|
|
1
|
|
|
|
|
1
|
|
|
1
|
|
|
|
_
I
| dgHg
I

I

(ore8-jrun) o0y,

(apes-yrds) 20T,

mo 100
g+
0-54
T+
T+
q-SY
I
mo 109

1+ ja— O-SY

T fat— d-SY

avs Old

£+t

VS

g+t T+ fhas! I+ [+ | 1oL
|
glzL~ |
|
1

_._ g+ _._Ni _._E :NT_._ : | osdnod
|
e; 1
& Tm | U/ S
. I
|
a el at i
oz | o oz | _Jm AHS/*AHS
— dmoo
€+ 42 I+t 1021~ ! m HHS

|

oY
e+t (4 [+t [BAISIUL MOY ! _
T 1

S02L! )
_ A m
|

d-Sd

BIEEE

T\Nomr

L0Z)




PCT/US2014/054886

WO 2015/038569

31/36

6Scl

Z jueg peay . i

i [euoppuo) .
|_I_|oI|_H

H '
H ’
H ’
H '
H ’
H ’
[}
H ’
H ’
: — CYHS
H .
' '
H ’
' '
L}
M .
: . [£+1 mo1 py puo | | +1 moi py puog| Z HIS Py [euonipuo)
' P uHs |2+ mos py puoo| 1 mos py puod | HIS pY leuonipuod
m HERELLS _m+_ mod | Z+1 >>9_ L+ mout| 1 mou _ H/S esdijog
L}
[}
' ta :
| L yueg peay P ay ) auljadid pjoH % 9|dwesg
s leuonipuod : '
Ly “ 9¢ Old
' T TYHS
. ’
- ’
. .
. ’
xnw yndui 0 ]
OQV g Xnuw indur g 4
J0121edWwon 0] “ "
4 ' — “HHS
; ’ .
: ' H SHS XN Indu] DAy ¥ xny induj Jojeredwo) o
m ; ; A 1801
: ! yueg ssessy , A ' p ~
' NBSsdIoT “ " ' A q ﬁ ﬁ a %w
g5zl 3 4 P R N
’ QEOUmU -4 ' ! £ QEOULU " 26271 Z Mueg pesy jeuonipuo)
m ;B9 Sl m TN~—— ¢ o o | yjueg pesy jeuoljipuod
m T e +mooyHg 15z} yueg ssessy ip/esdiog
“ F TT 115
| ————— ceccsccccscnccsad Akh.nbk.-.u I\W Pnoeinotno Z;no hino %no
| ISZT #N21D uwinjoy-1ad ~ v -
o H/s uwinjo) Jad mo%”"_w:wo._ 4

GG Old



PCT/US2014/054886

WO 2015/038569

32/36

5
+/i

¥
Tjﬂ/

Lcel

89 Old

v € ¢ |

«|t._.~.v | 1o moy

AR R R R
| | | | |

E 7%_ lsyng W1 Arewd

N N N
Y Y
965 Ol o e
0L
eveElL
Gvel Oav ug MBAUOD
oav ol -
A 4 ¢ vod oL <®m mu_H_
N\
.
oo 34 oL
STET |_| |_| 8|geuUs YO d
duyod \ \ ¢
> Ppa1pys-jod dwo V8cl
2cel + -
S —— A
=<i /el
(X4 3 -
L 6Lzl \MNN_\
~ f——————q4-————- -
el I_II_I\ _ [ xnwypes | _
N . _ 4 4 ezl
i o O]
( I
7 1282} 9971 Ggzl L1121
N-x 3 0 | xnn 1y I [xnwbis] [ xnwiss | _ Xnwl jel
Y W W Y A A A ":»
o - Jysaiyl
. YysaiyL
oo SysaiylL
Q00
SEE

(1-M |00) sjueg H/S
peay ‘pucH wolq

(0 |100) syueg H/S
peay ‘puoH wol

[4n}
T8
dwoas:)

qz4o
qT40

.G Ol



PCT/US2014/054886

WO 2015/038569

33/36

cael L I ]oxid Jesal/pesl

(sjexid Jusnbasgns
ul Jjnsal 189
6.¢1-"| ploysaliy) spuIsA0)

| =: Bey uone|p
+
_o = H__m_n_mcm-vmmg_ _ L = H__m_n_mcm-vmmg_
L8El LLEL
I loxid
Joj} JInsai Jajsuel)
elel -leised sidwes
)
0 =: Beyj uone|ip
Ligl ‘0 =1

uone|iqg Inopeay

19 Ol

ploysaJyi-lspun

PlOYsalyl-18A0 /

AY

\

09l

EDRE)Y
peay gxz

PIOYSaJYI-JOA0

ploysaJyl-lspun

09 Ol



PCT/US2014/054886

34/36

Syl
4V 134 |00 PPO ‘gV:3Y [0D UsAT 31IM IN

WO 2015/038569

A A A A A A
oghlL OL¥¥l oLyl aghil
PPO-3Y Je3|D pPpO-1Y 185 uaA3-3Y 185 usA3-3y Jes|d (
Y y A Y d 15
N 06E Yl >OA SOA 56E Yl ON J
1591 1eS ssed 1591 1eS ssed L0v}
Y y ¢ [0)
o/ebl o/chl ~
[9XId PPO peay [9Xld UdAF peay
Y Y -
N SOA ogepL agehL SaA oN y 19
¢ 8e]IMOYIXSN HO PPO-IY ¢ 8e]IMOYIXBN YO USAI-TY
Y Y 7 Y SovlL <
gerl
Be|4moyIxoN 195 d
ON | opgpy o 5o aepl| °ON )
ogepl Be|4MoYIxoN 135 Be|4moyIxaN 195 o ~
PPO-3Y 1€39[D ¢1591 Ysalyl ssed ¢1591 Yysalyl ssed UaA3-IY 4e3)D
pasdijo3 h h pasdi|23 10N pasdi|23 10N h h pasdijp3 v\m (A5 a9 g
O6ey) 159 asdidp3 o6cy) 159] asdipp3 €0v 1
A
h h o | g | emoy >
|+.+| .
102 PPO a |02 uaaj
>le | Y 1o | zmoy .
sevl 3e|4MoYIxaN Jes|d
Mo D] 9
levl PPO-34 Je3]D PPO-3Y 39S 49 d T mod 9
usA3-3y Jesp usA3-3y 195 |+1+| LoV <
A MO
oN A A R Y O | omoy u
|02 |02
gevl 195 Se|dmoyixaN ppo ?m>m ~
7y Sjauia)y pbay
» $)20|q |axid 1nopeay-paseys yXT Suiaey

MOJ IXoN LZbL Josuas adewl UlyHMm uolre[iq nopeay <N© ) mv _ L
429 'Ol




PCT/US2014/054886

35/36

WO 2015/038569

<
S6vl
Se|{MmoyIxaN 1959y
3e|{moysiyl <- Se|{MoYyixaN
-
g6yl SOA % ON Y 19
¢HIUS MOY Joj Bl 9% <
RN % % 6871
Se|4moy1xaN 39S Se|{MOYIXaN 135 ~
EUsaUyL ssed Se|dmoysiyL 39S )
SIA » » ON ON » SOA Y| Jo
1871
¢395 ej4moysiyL ¢¥es e gv G9PL <
g8yl % 66771 » g
uonetadp PE— - uonetado L
= = 9l = O
NQay sejqeus Yy gv O~ PH. MW ) ogv siqesip
1eS 10N 1 < (
£8hL qo q
159 UoljeINIES
€971 <
16v1
1871 % ~ o&l/r
[oXid 19594 /peay ° .n_hmmmm L
ospl. SPA » ON Js8] ysaiy| nwal_v g [emod
aJoubi/diys (
¢196S Se|dmoysiyL Yort N _A.lﬁ._o 7 Moy qo q
Y WEYYe) IA Japun
iyl N—— » 301 d T moy Lo9vL <
d
pasdip3 10N » pasdio3 y _A_I.__.u 0 Moy L
elvl 159 asdip]
syoo|q [axid Inopeay S[auia)y poay
Vﬁ -paJeys zxz Suiney Josuas

|03 JO MOJ IXoN -
(A" aSewl uIyym uoize|l nopeos <m© —L
Se|JMOYIXON 1359y | UIyMm uone|ig Inopeay mv
HEIs JO 3RS Se|dmoysiyl 19s9y m m”© . mv _ H_




PCT/US2014/054886

WO 2015/038569

36/36

I | exep oav/| €3y |v evep oav| €3y [¢ exep dav| zau [t esep oav| 13| seuna w1 Aepuoses
o501 £ 4+ f f % * _f 1
| exep 2av| €3y | exep oav| €3 [z erep oav| zau |1 erep oav| Tau | sesng Wi Aewug
> .~ L »d
" LZTT XNIN IndinQ
\o LGl
1JaAU0) ON =0
MaAUOD =T
LLGL <
L (g zT-0T) DAV yoeqposy
uwn|os-) Jad : T~ }959Y/pesy
euonpuod
Y w
\\ sjay Jojeledwo)
' s494 Qv
€801 T v9d [02-) 48d
A A A A A
Zueg peay [euolipuo)
1801 e . e T jueg peay |euoipuo)
dueg ssassy 1A/asdiP3
A v A A A v A 4
1101 . e " SMO-A ‘S|02-)
Aelry [oxid jo uawdas

Jluwinjo) “n e 7 uwnjo) g uwnjo) cuwn|og T uwn|o) #@ v — m



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - claims
	Page 83 - claims
	Page 84 - claims
	Page 85 - claims
	Page 86 - claims
	Page 87 - claims
	Page 88 - claims
	Page 89 - claims
	Page 90 - claims
	Page 91 - claims
	Page 92 - claims
	Page 93 - claims
	Page 94 - claims
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings
	Page 102 - drawings
	Page 103 - drawings
	Page 104 - drawings
	Page 105 - drawings
	Page 106 - drawings
	Page 107 - drawings
	Page 108 - drawings
	Page 109 - drawings
	Page 110 - drawings
	Page 111 - drawings
	Page 112 - drawings
	Page 113 - drawings
	Page 114 - drawings
	Page 115 - drawings
	Page 116 - drawings
	Page 117 - drawings
	Page 118 - drawings
	Page 119 - drawings
	Page 120 - drawings
	Page 121 - drawings
	Page 122 - drawings
	Page 123 - drawings
	Page 124 - drawings
	Page 125 - drawings
	Page 126 - drawings
	Page 127 - drawings
	Page 128 - drawings
	Page 129 - drawings
	Page 130 - drawings

