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METHOD AND SYSTEM FOR EXTENDING IMAGE DYNAMIC RANGE USING PER-PIXEL
CODING OF PIXEL PARAMETERS

TECHNICAL FIELD

[0001] The following relates generally to imaging, and more specifically, to a method and
system for extending image dynamic range using per-pixel coding of pixel parameters.

BACKGROUND

[0002] Imaging sensors, such as those found in still-cameras and video-cameras, have a
plurality of photosensitive receptors, or sensors, or photodetectors, such as a pinned-
photodiode. Typically, each receptor is a device fabricated using a semiconductor technology,
such as Complementary Metal Oxide Semiconductor (CMOS). Photons of light are collected on
photosites of the receptors, such as a p-n-junction. A pixel is an elementary cell of an image
sensor array. Typically, there is one or more photosites for each pixel. Typically, the photons are
directed to the photoreceptors of the imaging sensor via one or more lenses. An electrical
charge is produced in the semiconductor of the receptor, such as silicon, for each photosite,
where this photo-generated charge is typically proportional to the intensity of the light received.
The value of each charge is turned into a digital value by an analog-to-digital converter (ADC)
and is used to generate images, both as still photographic images and as frames within a video.

SUMMARY

[0003] In an aspect, there is provided a method for extending image sensor dynamic range
using coded pixels, the image sensor comprising a photodetector array to convert an incoming
light signal into a photo-generated electronic signal, the method comprising: providing pixel
codes 1o pixels in the photodetector array for each subframe of a frame; receiving a sensor
readout of each of the pixels in the photodetector array for each subframe; for each subframe,
based on the pixel code, routing each sensor readout value for collection at one or more taps or
o a drain; combining the collected sensor readout values at each of the taps to determine a

single pixel value for the frame; and outputting the single pixel value for each pixel for the frame.

[0004] In a particular case of the method, the pixel code comprises a code corresponding to
exposure time of the respective pixel, with a resulting photo-generated charge comprising the
respective sensor readout.

[0005] In another case of the method, the pixel code comprises a code corresponding to signal

gain of the signal received at the photodetector.
1
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[0006] In yet another case of the method, each pixel code is applied mutually to a group of

pixels.
[0007] In yet another case of the method, the pixel codes are predetermined.

[0008] In yet another case of the method, the pixel codes are determined adaptively based on

previously received pixel values.

[0009] In yet another case of the method, the pixel codes are preloaded into a code memory
store based on the previously received pixel values.

[0010] In yet another case of the method, the method further comprising sorting the collected
charges on each tap based on the pixel codes for the previous subframe as the sensor readouts
of a current subframe are collected.

[0011] In yet another case of the method, each pixel comprises one tap, and the pixel code for

each pixel comprises a one-bit binary number.

[0012] In yet another case of the method, the pixel codes for one or more of the pixels dictate
that each of the one or more taps have individually-programmable integration time intervals.

[0013] In yet another case of the method, an average of the integration time intervals is
equalized over multiple frames.

[0014] In another aspect, there is provided a system for extending image sensor dynamic range
using coded pixels, the image sensor comprising a photodetector array to convert an incoming
light signal into a photo-generated electronic signal, the system comprising circuit logic, the
circuit logic configured to execute: a coding module to provide pixel codes to pixels in the
photodetector array for each subframe of a frame and to, for each subframe, based on the pixel
code, route the photo-generated electronic signal value of a respective one of the pixels for
collection at one or more taps or to a drain; a high-dynamic-range (HDR) decoding module to
combine the collected signal values available at each of the taps to determine a single pixel
value for the frame; and an output module to ocutput the single pixel value for each pixel for the

frame.

[0015] In a particular case of the system, the pixel code comprises a code corresponding to
exposure time of the respective pixel, with a resulting photo-generated charge comprising the
respective sensor readout.
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[0016] In another case of the system, the pixel code comprises a code corresponding to signal

gain of the signal received at the photodetector.

[0017] In yet another case of the system, each pixel code is applied mutually to a group of

pixels.

[0018] In yet another case of the system, the pixel codes are determined adaptively based on
previously received pixel values.

[0019] In yet another case of the system, the coding module uses the pixel codes as loaded

into a code memory store based on the previously received pixel values.

[0020] In yet another case of the system, the coding module sorts the collected charges on
each tap based on the sensor readout values and the pixel codes for one or more previous
subframes.

[0021] In yet another case of the system, each pixel comprises one tap, and the pixel code for

each pixel comprises a one-bit binary number.

[0022] In yet another case of the system, each pixel in the photodetector array comprises one
or more charge collection nodes, and wherein the charge collection nodes from one or more
pixels are combined to modify the signal gain based on the pixel codes.

[0023] In yet another case of the system, the pixel codes dictate pixel exposure time for pixels

that sense time of flight of the incoming light signal.

[0024] In yet another case of the system, the pixel codes dictate signal gain for pixels that
sense time of flight of the incoming light signal.

[0025] In yet another case of the system, the HDR decoding module comprises an analog-to-
digital converter (ADC), and wherein the resolution of the ADC is different for digitizing the
subframes compared to digitizing the frames.

[0026] In yet another case of the system, the HDR decoding module comprises an analog-to-
digital converter (ADC), and wherein one or more parameters of the ADC are dynamically
adjusted for one or more subframes or for one of more frames.

[0027] In another aspect, there is provided a method for extending image dynamic range using
per-pixel coded exposure and a previous readout of sensors with such per-pixel coded
exposure, the method comprising: generating a current code matrix for a current coded

exposure derived from a previous readout; sending the current coded matrix to the pixels;
3
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receiving a current raw sensor readout of each of the pixels; reconstructing a high-dynamic-
range (HDR) image by processing the current raw sensor readout based on per-pixel exposure
time; and outputting at least one of the HDR image and the current raw sensor readout.

[0028] These and other embodiments are contemplated and described herein. It will be
appreciated that the foregoing summary sets out representative aspects of systems and
methods to assist skilled readers in understanding the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The features of the invention will become more apparent in the following detailed
description in which reference is made to the appended drawings wherein:

[0030] FIG. 1 is a schematic diagram of a system for extending image sensor dynamic range
using coded pixels, in accordance with an embodiment;

[0031] FIG. 2 is a diagram of an example of a single-frame high-dynamic-range (HDR)
approach;

[0032] FIG. 3 is a diagram of an example of a spatial light modulator (SLM) approach;

[0033] FIG. 4Ais a flowchart of an example implementation of an open-loop high-dynamic-
range (HDR) imaging method, in accordance with an embodiment;

[0034] FIG. 4B is a flowchart of an example implementation of a closed-loop HDR imaging
method, in accordance with an embodiment;

[0035] FIG. 5Ais a diagram illustrating exposure techniques of conventional image sensors

[0036] FIG. 5B is a diagram illustrating exposure techniques of coded-exposure-pixel (CEP)
image sensors;

[0037] FIG. 6A is a diagram depicting example exposure functionality of dual-tap CEP image
sensors where the two taps are controlled by arbitrary binary codes;

[0038] FIG. 6B is a diagram depicting example exposure functionality of a dual-tap CEP image
sensor where two buckets are controlled by fully arbitrary binary codes;

[0039] FIG. 6C is a diagram depicting example exposure functionality of indirect time-of-flight
(iToF) pixels controlled by two complementary one-bit binary codes that either demodulates a
photo-generated charge or drains it;
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[0040] FIG. 7Ais a circuit diagram of an example of a coded-pixel (CP) pixel architecture
showing a plurality of taps and including functionality of both coded-exposure pixels (CEP) and

coded-gain pixels (CGP);

[0041] FIG. 7B is a circuit diagram of an example of a coded-pixel (CP) pixel architecture where

an additional intermediate charge storage node is added,;

[0042] FIG. 7C is a circuit diagram of an example of a coded-pixel (CP) pixel architecture to
sense time of flight of incoming photons from an illumination source to a photodetector, showing
a plurality of taps and including functionality of both coded-exposure pixels (CEP) and coded-
gain pixels (CGP);

[0043] FIG. 7D is a circuit diagram of an example of a coded-pixel (CP) pixel architecture to
sense time of flight of incoming photons from an illumination source to a photodetector, where
additional intermediate charge storage nodes are added,;

[0044] FIG. 8A is a space-time visualization of an example case of pixel exposure codes for a
single-tap pixel;

[0045] FIG. 8B is a space-time visualization of an example case of pixel exposure codes for a
dual-tap pixel;

[0046] FIG. 8C is a space-time visualization of an example case of pixel exposure codes for a
single-tap pixel, where both the subframes duration and number of subframes are dynamically
adjusted for each frame, and where there are five subframes per frame in the n-th frame

[0047] FIG. 8D is a space-time visualization of an example case of pixel exposure codes for a
single-tap pixel, where both the subframes duration and number of subframes are dynamically
adjusted for each frame, and where there are four subframes per frame in the (n+17)-th frame;

[0048] FIG. 9A are circuit diagrams for two examples of a dual-tap pixel for HDR imaging by
using two exposure codes for the two in-pixel taps;

[0049] FIG. 9B is a diagram showing an example where the exposure periods for both taps are
continuous and start from the beginning of the frame;

[0050] FIG. 9C is a diagram showing an example where the tap exposures are set by arbitrary
temporal codes;

[0051] FIG. 9D is a plot of a simulated per-tap signal-to-noise ratio (SNR) versus incident light
intensity for a single dual-tap pixel;
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[0052] FIG. 10A are circuit diagrams for two examples of a four-tap pixel for HDR imaging by

using four exposure codes for the four in-pixel taps;

[0053] FIG. 10B is a diagram showing an example where the exposure periods for all taps are
continuous and start from the beginning of the frame;

[0054] FIG. 10C is a diagram showing an example where the tap exposures are set by arbitrary
temporal codes;

[0055] FIG. 10D is a plot of a simulated per-tap signal-to-noise ratio (SNR) vs incident light
intensity for a single four-tap pixel;

[0056] FIG. 11A is a diagram of a neighborhood of single-tap pixels of size TILE, pixels by
TILE, pixels repeated across the pixel array;

[0057] FIG. 11B is a diagram showing an example where exposure periods for all pixels are

contiguous, centered at half the frame time;

[0058] FIG. 11C is a diagram showing an example of an arbitrary temporal code programmed
for each of the pixels in the tile;

[0059] FIG. 11D is a plot of an example of simulated per-tap signal-to-noise ratio (SNR) versus
incident light intensity for a neighborhood of four single-tap pixels;

[0060] FIG. 12A is a diagram of a neighborhood of dual-tap pixels of size TILE, pixels by TILE,
pixels repeated across the pixel array;

[0061] FIG. 12B is a diagram showing another example where exposure periods for all pixels

are contiguous, starting at the beginning of the frame;

[0062] FIG. 12C is a diagram showing another example of an arbitrary temporal code

programmed for each of the pixels in the tile;

[0063] FIG. 12D is a plot of another example of simulated per-tap signal-to-noise ratio (SNR)

versus incident light intensity for a neighborhood of four single-tap pixels;

[0064] FIG. 13 is an example of a 2x2 single-tap pixel tile where respective exposure codes are
rotated and repeated over four frames;

[0065] FIG. 14 is a diagram of an example of a top-level system block diagram of a CP image

sensor;
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[0066] FIG. 15A is a flowchart of a dual-tap coded-exposure pixel (CEP) architecture for code-
memory pixel (CMP) pixel architecture;

[0067] FIG. 15B is a flowchart of a generalized dual-tap coded-exposure pixel (CEP)
architecture;

[0068] FIG. 15C is a flowchart of a dual-tap coded-exposure pixel (CEP) architecture for data-
memory pixel (DMP) architecture;

[0069] FIG. 16Ais a circuit diagram of an example of CMP pixel architecture with global drain;
[0070] FIG. 16B is a circuit diagram of an example of DMP pixel architecture with global drain;

[0071] FIG. 16C is a circuit diagram of an example of CMP pixel architecture with per-pixel
coded drain;

[0072] FIG. 16D is a circuit diagram of an example of DMP pixel architecture with per-pixel

coded drain;

[0073] FIG. 17A is a circuit diagram of another example of CMP pixel architecture with global

drain;

[0074] FIG. 17B is a circuit diagram of another example of DMP pixel architecture with global

drain;

[0075] FIG. 17C is a circuit diagram of another example of CMP pixel architecture with per-pixel
coded drain;

[0076] FIG. 17D is a circuit diagram of another example of DMP pixel architecture with per-pixel

coded drain;
[0077] FIG. 17E are example timing diagrams for CMP and DMP pixel architectures;

[0078] FIG. 18A illustrates an example layout and potential diagram for a dual-tap CMP image
sensor pixel example;

[0079] FIG. 18B illustrates an example layout and potential diagram for a dual-tap DMP image
sensor pixel example;

[0080] FIG. 19Ais a circuit diagram of an example of dual-tap pixels with both per-pixel coded
exposure and global gain control for CMP architecture;
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[0081] FIG. 19B is a circuit diagram of an example of dual-tap pixels with both per-pixel coded

exposure and global gain control for DMP architecture;

[0082] FIG. 20A is a circuit diagram of an example of dual-tap pixels with both per-pixel coded
exposure and per-pixel gain control for CMP architecture;

[0083] FIG. 20B is a circuit diagram of an example of dual-tap pixels with both per-pixel coded
exposure and per-pixel gain control for DMP architecture;

[0084] FIG. 20C is a circuit diagram of an example of four-tap pixels with both per-pixel coded
exposure and per-pixel gain control for indirect time-of-flight (iToF) CMP architecture;

[0085] FIG. 20D is a circuit diagram of an example of four-tap pixels with both per-pixel coded
exposure and per-pixel gain control for iToF DMP architecture;

[0086] FIG. 21A is a diagram of an example of digital readout circuitry with programmable-

resolution analog-to-digital convertor (ADC);

[0087] FIG. 21B is a diagram of an example operation mode when ADC resolution is coarse,
such as implemented by a comparator with fixed or variable VREF;

[0088] FIG. 21C is a diagram of an example operation mode when ADC resolution is set to fine

resolution;

[0089] FIG. 22A is chart showing an example of possible pixel tap values when the coarse ADC
reference voltage VREF is kept constant and charge accumulation on a given tap is stopped
after the tap value reaches VREF, with one subframe latency;

[0090] FIG. 22B is a plot showing SNR versus incident light intensity illustrating variation of
signal quality with a change of codes per subframe, for constant coarse ADC reference voltage
VREF;

[0091] FIG. 22C is a chart showing an example of possible pixel tap values when the coarse
ADC reference voltage VREF changes in every subframe and charge accumulation on a given
tap is stopped after the tap value reaches VREF, with one subframe latency;

[0092] FIG. 22D is a plot showing SNR versus incident light intensity illustrating variation of
signal quality with a change of codes per subframe, for time-varying coarse ADC reference
voltage VREF,;

Date Recue/Date Received 2024-01-12



10
11

12
13

14

15

16

17

18
19

20

21
22

23
24

25
26

27

28

3,138,215
2024-01-12

[0093] FIG. 23 diagrammatically illustrates examples of frame-to-frame dynamic space-time

coding of pixels exposure time;

[0094] FIG. 24A diagrammatically illustrates another example of coded space-time of pixels
exposure time within a single frame;

[0095] FIG. 24B is a schematic circuit diagram of an example 1-tap embodiment for each pixel;

[0096] FIG. 25A is an example of unary-weighted pixel exposure time settings and code

sequences;

[0097] FIG. 25B is an example of binary-weighted pixel exposure time settings and code
sequences;

[0098] FIG. 26A is a plot of an example of raw outputs of a pixel over a full range of illumination
for the unary-weighted scheme of FIG. 25A

[0099] FIG. 26B is a plot of an example of raw outputs of a pixel over a full range of illumination

for the binary-weighted scheme of FIG. 25B;

[0100] FIG. 27Ais a plot of an example of a normalized version of FIG. 26A;

[0101] FIG. 27B is a plot of an example of a normalized version of FIG. 26B;

[0102] FIG. 28 is a flow chart showing an example pipeline implementation;

[0103] FIG. 29 diagrammatically illustrates an example of using per-pixel coded exposure;

[0104] FIG. 30 illustrates plots of examples of raw output and HDR reconstruction for the
example of FIG. 29;

[0105] FIG. 31 is an image of a scene used for example experiments;

[0106] FIG. 32A shows an image captured with low exposure for the example experiments of
FIG. 31;

[0107] FIG. 32B shows an image captured with high exposure settings for the example
experiments of FIG. 31;

[0108] FIG. 33 illustrates a comparison for results of the example experiments of FIG. 31 for
three different coding schemes;

[0109] FIG. 34 shows an exemplary illustration of a coding scheme;

[0110] FIG. 35is an exemplary very-large-scale integration (VLSI) architecture;
9
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[0111] FIG. 36A is an image of an example camera having the image sensor;
[0112] FIG. 36B is an exemplary chip micrograph for the image sensor;

[0113] FIG. 36C shows the specifications and dynamic range of the example image sensor of
FIG. 36B;

[0114] FIG. 37 is a flow chart of a method for extending image dynamic range using per-pixel

coded exposure, in accordance with an embodiment;

[0115] FIG. 38A is an example of temporal pixel coding;

[0116] FIG. 38B is an example of partial spatio-temporal coding;

[0117] FIG. 38C is an example of per-pixel coded-exposure coding; and

[0118] FIG. 39 is a flow chart of a method for extending image sensor dynamic range using
coded pixels, in accordance with an embodiment.

DETAILED DESCRIPTION

[0119] Embodiments will now be described with reference to the figures. For simplicity and
clarity of illustration, where considered appropriate, reference numerals may be repeated
among the Figures to indicate corresponding or analogous elements. In addition, numerous
specific details are set forth in order to provide a thorough understanding of the embodiments
described herein. However, it will be understood by those of ordinary skill in the art that the
embodiments described herein may be practiced without these specific details. In other
instances, well-known methods, procedures and components have not been described in detail
so as not to obscure the embodiments described herein. Also, the description is not to be
considered as limiting the scope of the embodiments described herein.

[0120] Various terms used throughout the present description may be read and understood as
follows, unless the context indicates otherwise: “or” as used throughout is inclusive, as though
written “and/or”; singular articles and pronouns as used throughout include their plural forms,
and vice versa; similarly, gendered pronouns include their counterpart pronouns so that
pronouns should not be understood as limiting anything described herein to use,
implementation, performance, etc. by a single gender; “exemplary” should be understood as
“illustrative” or “exemplifying” and not necessarily as “preferred” over other embodiments.
Further definitions for terms may be set out herein; these may apply to prior and subsequent

instances of those terms, as will be understood from a reading of the present description.
10
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[0121] Any module, unit, component, server, computer, terminal, engine or device exempilified
herein that executes instructions may include or otherwise have access to computer readable
media such as storage media, computer storage media, or data storage devices (removable
and/or non-removable) such as, for example, magnetic disks, optical disks, or tape. Computer
storage media may include volatile and non-volatile, removable and non-removable media
implemented in any method or technology for storage of information, such as computer
readable instructions, data structures, program modules, or other data. Examples of computer
storage media include RAM, ROM, EEPROM, flash memory or other memory technology, CD-
ROM, digital versatile disks (DVD) or other optical storage, magnetic cassettes, magnetic tape,
magnetic disk storage or other magnetic storage devices, or any other medium which can be
used to store the desired information, and which can be accessed by an application, module, or
both. Any such computer storage media may be part of the device or accessible or connectable
thereto. Further, unless the context clearly indicates otherwise, any processor or controller set
out herein may be implemented as a singular processor or as a plurality of processors. The
plurality of processors may be arrayed or distributed, and any processing function referred to
herein may be carried out by one or by a plurality of processors, even though a single processor
may be exemplified. Any method, application or module herein described may be implemented
using computer readable/executable instructions that may be stored or otherwise held by such
computer readable media and executed by the one or more processors.

[0122] The following relates generally to imaging, and more specifically, to a method and
system for extending image dynamic range using per-pixel coded exposure.

[0123] “Per-pixel” or “pixel-wise”, as used herein, generally refers to operations or functions on
a per-pixel or pixel-by-pixel basis; however, it is understood that in some cases, it can include

operations or functions on a small-group-of-pixels by small-group-of-pixels basis.

[0124] The limited dynamic range of cameras with active pixels generally allow for capturing
bright or dark scenes, but not both simultaneously. Several high-dynamic-range (HDR)
techniques have been introduced to address this trade-off. Native-resolution full-frame-rate HDR
approaches add significant auxiliary circuits overhead to the pixel such as multi-gain pixel
readout, event-based readout or range compressing transfer functions (e.g., logarithmic), but
often suffer from a low fill factor and in-pixel analog circuit non-idealities. In cases where the
frame rate can be traded for the dynamic range, exposure is often varied over multiple frames.

This approach in most cameras generally requires a proportionally higher frame rate or can lead

11
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to motion blurs or ghosting. A single-frame HDR approach utilizing, for example, 2x2 tiles of
programmable pixels, each with a single storage node programmed with a different contiguous
exposure time interval starting at the beginning of the frame, for example, short, medium, long,
and extra-long, has been used. This approach is diagrammatically illustrated in FIG. 2. This
approach generally yields a four-times lower image resolution due to its structure and does not
allow for arbitrarily-programmable non-contiguous exposure time intervals. Another single-frame
HDR approach uses a controllable 2D light attenuator such as a spatial light modulator (SLM) or
a digital micromirror device (DMD) in front of the camera; but this approach is generally not
scalable to high image sensor spatial resolution and is prone to optical distortion, in addition to
having high complexity and high cost of the camera module. This approach is diagrammatically
illustrated in FIG. 3.

[0125] Exposure, or exposure time, is the amount of time during which the photons of light
reach a photosite and are sensed by the corresponding photosensitive receptor, and may be
read out, transferred to a storage node, drained, or otherwise used within the pixel. The limited
dynamic range of most image sensors in cameras allows for capturing either bright or dark

scenes, but not both for a given frame.

[0126] Pixel gain, or signal gain, is the factor by which the pixel input signal, such as light or
photo-generated charge, is scaled as the signal passes to the output of the pixel.

[0127] An image sensor pixel can be used to estimate incident light intensity or other light
characteristics, for example, the time it takes for light to travel to the sensor. The time of flight
(ToF) is the time over which light travels from a light source to a light receiver, such as a
photodetector. Indirect time-of-flight (iToF) methods measure this time of flight without using an
explicit timer. For example, employing a modulation signal, such as a periodic pulse waveform,
to modulate light being sent, and a demodulation signal, such as another periodic pulse
waveform of the same frequency. The time can be determined by measuring a phase difference
between the received modulated light signal and the demodulation signal.

[0128] Pixel code, or code, is a number or a signal that carries information to be used by a
pixel, for example to configure pixel exposure time, pixel gain, or other parameters of the pixel.
It can be represented by an electronic signal, for example voltage, current, charge, or time, and
can also be represented as a digital or analog signal, and can also be represented in continuous
time, discrete time, or in another representation format.

12
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[0129] Arbitrary-value pixel code, or arbitrary pixel code, refers to pixel code representation that
is not limited to any subclass of all possible code values, so the code can have any value at any
point in time, as needed or set by the system or a user. For example, a sequence of arbitrary
discrete-time 1-bit binary pixel codes can take a value of 0 or 1 for any code sample in the

sequence, as needed.

[0130] Some general-purpose coded-exposure imaging systems employ spatial light
modulators (SLM), digital micromirror devices (DMDs), or liquid crystals on silicon (LCoS) to
either pass or block light coming to each single-tap pixel of a camera, rendering them bulky and
expensive. In accordance with the present embodiments, multi-tap coded-exposure-pixel (CEP)
image sensors can provide various advantages, for example: (1) potentially smaller form factor
and lower cost due to pixel programmability directly in CMOS-IS technology; (2) better optical
signal fidelity, since, in many cases, no external optical devices are needed; (3) better light
efficiency as a photo-generated charge can be sorted among multiple taps instead of discarding
light when the one-tap pixel is “off’; and (4) lower noise as the photo-generated charge can be
selectively accumulated over multiple time intervals and read out only once per frame
(compared to an equivalent-speed high-frame-rate camera, which performs a noise-contributing

readout for each exposure).

[0131] Embodiments of the present disclosure provide can be used to extend image sensor
dynamic range that use coded pixels (CP) such as: (1) coded-exposure pixels (CEP) where
each pixel or a group of pixels can be programmed to have its/their own per-pixel/per-group
(herein referred to as per-pixel) exposure time; (2) coded-gain pixels (CGP) where each pixel or
a group of pixels can be programmed or controlled to have its/their own per-pixel/per-group
signal gain; and (3) other types of pixels where each pixel or a group of pixels can be
programmed or controlled to have its/their own operational parameters that may include
exposure, gain and/or any other parameters. The exposure time (herein referred to as the
exposure) refers to the time interval(s) that one or more photodetectors are exposed to light, or
the time interval(s) that one or more photodetectors are effectively exposed to light, for the
purpose of generation of an electronic signal which is a function of the input light signal. The
signal gain (herein referred to as the gain) refers to any type of gain in the signal path starting
from the incoming light signal all the way to the output; for example, the gain of optical and/or
electrical light modulators, the photo-generated charge conversion gain, the voltage gain, the
current gain, the digital gain, or any other type of gain. A photodetector (or a photosite) is a

device that converts an incoming light signal into a photo-generated electronic signal, such as a
13
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photo-generated charge, voltage, or current. Examples of a photodetector include a photodiode,
a pinned photodiode, a photo gate, a phototransistor, or any other light sensitive electronic

device.

[0132] Referring now to FIG. 1, a system 100 for extending image sensor dynamic range using
coded pixels, in accordance with an embodiment, is shown. As understood by a person skilled
in the art, in some cases, some components of the system 100 can be executed on separate
hardware implementations. In other cases, some components of the system 100 can be
implemented on one or more general purpose processors that may be locally or remotely
distributed.

[0133] FIG. 1 shows various physical and logical components of an embodiment of the system
100. As shown, the system 100 has a number of physical and logical components, including one
or more processors 102, data storage 104, an output interface 106, a CP image sensor 110, a
coding module 112, a HDR decoding module 114, an output module 116, and a local bus 118
enabling the components to communicate each other. In an embodiment, the modules can be
executed on the one or more processors 102. in other embodiments, the modules can be
implemented in hardware, via a dedicated processor, or on a remote processor via a network. In
some cases, the functions of the modules can be combined or further separated, as
appropriate. In some cases, the output interface 106 can be in communication with a display
device or other computing devices for outputting the output of the system 100. In other
embodiments, non-essential elements of system 100 can be omitted or combined with other
elements.

[0134] The dynamic range of the CP image sensors can be extended by several different
approaches, as illustrated by the flowcharts depicted in FIGS. 4A and 4B. FIG. 4A illustrates an
open-loop high-dynamic-range (HDR) imaging method, in accordance with an embodiment. In
order to extend the dynamic range of the sensor, per-pixel operational parameters, for example
exposure and per-pixel gain codes, are presented to the photodetector array without using
information from the currently imaged scene. As an example, these codes can be learned on-
line or off-line by one or more artificially intelligent machine learning algorithms based on
available image data and other information such as other current or past data from other
Sensors.

[0135] FIG. 4B depicts a closed-loop HDR imaging method, in accordance with an embodiment.

In addition to the functionality described in FIG. 4A, pixel codes can also be dynamically
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adapted based on current and/or past scene(s) being imaged, such as intensity information for
each pixel as well as any other information about the scene, available in the present or past

frames or subframes.

[0136] Programmability of operational parameters of each individual pixel using pixel codes,
such as those for the exposure time and the signal gain, is an advantageous property of coded-
pixel (CP) image sensors. Pixel codes in CP image sensors can have various types, formats,
and representations. For example, FIG. 5B illustrates a diagram of an example of operation of
coded-exposure-pixel (CEP) image sensors, which are a subclass of CP image sensors, where
the exposure time for each pixel is programmable. Exposure techniques of conventional image
sensors are depicted in FIG. 5A, which can be compared with CEP image sensors exposure
techniques depicted in FIG. 5B for the example of a single-tap CEP image sensor. Atap is a
node within a pixel that is used to collect a photo-generated electronic signal such as the photo-
generated charge in this example. A tap can be implemented as a capacitor, MOS capacitor,
trench capacitor, light-shielded floating diffusion node, light-shielded pinned diode, or by any
other means. In FIG. 5B, the total exposure interval of one frame is divided into multiple (N)
programmable sub-intervals, known as “subframes”, for fine per-pixel temporal control of
exposure, as controlled by digital coefficients, or “codes”, sent to all, or a portion, of pixels in
each subframe. In this example, the pixel has only one tap which can either collect charge or
not, so a 1-bit binary code can be used to select one of these two functionalities in a given
subframe. As a result, in each subframe, depending on whether the pixel code value is 1 or 0,
the photo-generated signal is either integrated on the in-pixel tap or not, respectively. If the
photo-generated charge is not integrated on the tap in a given subframe, it can either be
drained, in the example of a single-tap pixel, or shifted to other taps, if more than one tap is
available in a pixel, as described herein.

[0137] FIGS. 6A to 6C shows example exposure functionality of CEP image sensors for pixels
with two or more taps per pixel. This example depicts only two taps for ease of illustration. FIG.
6A depicts exposure functionality of dual-tap CEP image sensors where the two taps are
controlled by arbitrary binary codes; which in this example are complementary 1-bit binary
numbers for the two taps. A 1-bit binary code (taking values O or 1) can represent either code 1
or code 2, corresponding to charge accumulation on taps 1 and 2, respectively. As there is no
representation for code 0, this generally does not allow for per-pixel programmable
photodetector charge draining in individual subframes, but allows for global charge draining for

all pixels at the same time. In this example, only a single-bit binary code per pixel is required
15
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resulting in a compact pixel implementation. FIG. 6B depicts an example of exposure
functionality of the dual-tap CEP image sensor where the two buckets are controlled by fully
arbitrary binary codes (i.e., not necessarily complementary). This allows for per-pixel
programmable photodetector charge draining in individual subframes but requires more than
one bit to represent the pixel code. In this example, three states are needed, codes 0, 1, 2, as
depicted in FIG. 6B. This requires a two-bit binary code which encodes up to four states. The
remaining unused fourth state can be utilized for in-pixel programmable gain control as
described below for the coded-gain pixel (CGP) architecture. FIG. 6C depicts an example of
per-pixel coding for an indirect time-of-flight (iToF) pixel. In iToF sensing or imaging, two taps
are required to demodulate the photo-generated signal, as needed to estimate the distance to
the scene. The example in FIG. 6C illustrates how such a pixel can be selectively turned on and
off, using codes 1 and 0, respectively. This means that photo-generated signal demodulation
takes place when pixel receives code 1, and no demodulation happens when the pixel receives
code 0. Light demodulation in various demanding conditions, such as in presence of strong
background illumination, poses challenges that are addressed in this invention by increasing the

dynamic range of the pixel, including for example the iToF pixel architecture.

[0138] Each pixel, or group of pixels, in a CP imager pixel can have its own programmed
operational parameters using arbitrary temporal codes for each pixel or group of pixels. For
example, operational parameters can include exposure time, in the case of CEP architecture, or
signal gain, in the case of CGP architecture. FIG. 7A depicts an example coded-pixel (CP) pixel
architecture that combines both per-pixel coded-exposure pixel (CEP) and per-pixel coded-gain
pixel (CGP) architectures. In a subframe, the photo-generated charge is transferred from the
photodetector to one or more of the taps or drained to another node, for example VDD, as
controlled by the pixel’'s exposure code. As such, within one frame, total photo-generated
charge can be divided into smaller parts, one per subframe, and sorted among one of more
taps. Each tap is symbolically represented as a capacitor that, for example, stores photo-
generated charge transferred from the photodetector. The charge transfer timing and duration
can be controlled by the per-pixel exposure code supplied to some or all pixels in some or all
subframes. The signal gain can be symbolically represented by a variable-value property of the
capacitor, as illustrated in FIG. 7A. This symbolical representation can be explained by the
following example: the same-value photo-generated charge shifted onto two different-value
capacitors results in different voltage on those capacitors and thus in a different signal gain. The
size of each tap, for example of each capacitor, and thus the signal gain for each tap can be
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controlled by the per-pixel gain code supplied to some or all pixel in some or all subframes. The
tap capacitance can be modulated, for example, by combining or binning several floating
diffusion nodes together (one of which can be the drain node when not connected to a low
impedance node), by connecting taps to additional capacitors, or by other approaches.

[0139] FIG. 7B depicts another example of a CP pixel where an additional intermediate charge
storage node is connected to diode SD. Such additional storage node provides, for example, a
simpler overall pixel circuit and reduced overall pixel size. This node is symbolically represented
as connected to a diode symbol, as in practice a storage diode is one example for implementing
such storage node, but it is not limited to such. In this example the photo-generated charge is
first shifted globally, synchronously for all pixels to the node SD, and then subsequently sorted
among the one or more taps based on the supplied exposure code. The example architecture
depicted in FIG. 7A is referred to as code-memory pixel (CMP) and the example architecture
depicted in FIG. 7B is referred to as data-memory pixel (DMP). Both architectures can include
various additional circuits within and outside of the pixel as needed to implement correlated
double-sampling and/or double-sampling to reduce the effects of reset noise, flicker noise,
electronic circuit offsets, and other low-frequency noises and offsets.

[0140] FIG. 7C depicts an example of an indirect time-of-flight (iToF) CP pixel architecture that
performs demodulation of the photo-generated charge into preselected tap pairs, as controlled
by arbitrary exposure codes. The architecture combines both CEP and CGP functionalities, so
the pixel gain is also programmable by varying charge storing capacitance values. In a
subframe, the photo-generated charge is demodulated on a pair of equal-index taps, using
signal MOD and its complementary signal MOD. For example, the non-zero code, i, in a given
subframe selects a pair of taps R — TAPi and L — TAP i, one on each side, as shown in FIG.
7C. In that subframe, the photo-generated charge is collected on the tap on the right side, R —
TAP i when signal MOD is asserted and the photo-generated charge is collected on the tap on
the left side, L — TAP i when the signal MOD is asserted.

[0141] FIG. 7D depicts another example of an iToF CP pixel architecture where two additional
intermediate charge storage nodes are introduced, on the top terminal of the two storage diodes
L-SD and R-SD. These storage nodes are used to store the demodulated photo-generated
charge, transferred from the photodetector PD using signals MOD and MOD. In this example,
the photo-generated charge is collected on the storage node on right side, R — §D when the

signal MOD is asserted, and on the storage node on the left side, L. — SD when the signal MOD
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is asserted. The non-zero code, i, in a given subframe, transfers the charges from the storage

node to the corresponding-index tap or taps connected to the storage node.

[0142] FIG. 8A depicts a space-time example visualization of arbitrary exposure codes for a
pixel with one tap (i.e, the single-tap pixel), for N subframes within one frame (here N=4). Each
of the spatial dimensions of FRAME, pixels by FRAME, pixels is shown (this example shows a
5x5 subframe example with FRAME, = 5 pixels and FRAME, = 5 pixels). The t-axis corresponds
to time. In this example, there is one charge transfer per subframe. Code 0 means charge is
drained; code 1 means charge is shifted to the storage node. Both the k-th subframe duration
time, Tk, and the code for a given pixel in that subframe, ¢, can be chosen arbitrarily. The
programmable exposure time for that pixel can thus be expressed as: t.,, = YN _ ¢ Te. FIG. 8B
illustrates an example visualization of arbitrary exposure codes for a pixel with 2 taps, for N
subframes (here N=4). Each of the spatial dimensions are 5 x 5 pixels. Code 0 means charge is
drained; code 1 means charge is shifted to the storage node 1, and code 2 means charge is

shifted to the storage node 2.

[0143] Variable arbitrary subframe duration and arbitrary subframe count is further illustrated in
FIGS. 8C and 8D for the example of a single-tap pixel. A space-time map visualization of
exposure codes for the pixel for frames n and n+1 is depicted, where the k-th subframe duration
time, Tk, can be dynamically adjusted for each subframe. The number of subframes for each
frame can also be dynamically adjusted. in this example, there are five subframes per frame in
the n-th frame in FIG. 8C but four subframes per frame in the (n+1)-th frame in FIG. 8D. Thus,
both the k-th subframe duration time, Tk, and the code for a given pixel in that subframe, ¢, can

be chosen arbitrarily.

[0144] Examples of specific pixel exposure codes can be codes where the total time a pixel is
exposed can be expressed as a function; for example, ramp function, exponential function,
binary-weighted function, logarithmic function, or any other analytical or non-analytical function
of time or any other parameter. Additionally, the arbitrary nature of pixel codes is advantageous
in other ways. For example, in the case of dual-tap pixel exposure codes, exposure control can
be defined more generally than just continuous exposure time. Specifically, if a tap code is 1 for
k out of N subframes, then the exposure time of that tap is k. But there are k-choose-N distinct
ways to implement that exposure time (for example, different ways to permute the 1's and 2’'s in
the code sequence). These ways may not be equivalent when the scene is non-stationary. For

example, for compressive HDR video, the exact subframes where pixel codes are 1 or 2 should
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be controlled, not just their total number. Also, the arbitrary nature of the pixel codes may be the
most flexible representation of said codes, and is thus most suitable for both open-loop and
closed-loop HDR imaging. In many cases, the present embodiments can be employed in both
open-loop and closed-loop HDR imaging.

[0145] The example shown in FIGS. 8A to 8D illustrate the case of per-pixel programmable
exposure. Similarly, the system 100 can implement per-pixel programmable gain. For example,
photo-generated charge can be transferred to more than one capacitive node within a single
subframe. Such a capacitive node can, for example, be floating diffusion nodes corresponding
to one or more taps and a floating diffusion of drain node when it is not connected to a low
impedance node. The overall tap well capacity can be increased, which reduces the pixel
conversion gain. in other examples, additional gain control elements can be used, including as
described with respect to the pixel circuit examples described herein.

[0146] Coded-exposure-pixel (CEP) image sensors are a subclass of CP image sensors. CEP
image sensor pixels with two or more taps can be used to perform HDR imaging by
programming different exposure codes for their respective taps. FIG. 9A depicts examples of
simplified diagrams for two dual-tap pixels that can be employed for such a purpose: the code-
memory pixel (CMP) on top, and the data-memory pixel (DMP), which includes an extra charge
storage node, on bottom. Each of the two taps in a pixel has an arbitrarily programmable
exposure time, ranging from zero subframes to all subframes duration. In this example, two
complementary binary codes are used in order to collect all photo-generated charge (i.e., for
maximum signal). FIG. 9B depicts an example of the two codes, where the exposure periods for
both taps are continuous and start from the beginning of the frame. FIG. 9C depicts another
example where the tap exposure intervals are not necessarily contiguous. Any arbitrary
temporal code can be programmed for each of the two taps in the pixel. The fully arbitrary
nature of the code allows for additional degrees of freedom over non-arbitrary codes, for
example for improvements in the dynamic range and/or other performance improvements. FIG.
9D depicts an example of a plot of the simulated signal-to-noise ratio (SNR) versus incident light
intensity for each of the taps in a dual-tap pixel. For the purposes of an intuitive illustration, the
only noise included in the example simulation depicted in FIG. 9D is photon shot noise. In other
cases, further improvements in the SNR can be obtained by combining signals from multiple
taps. The SNR plot reaches a local minimum when the light signal level is near the borders
between the two light intensity subranges, which correspond to the two different taps. FIGS. 9A

to 9D use the CEP architecture as an example, but the same concept can be applied to all CP
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pixel architecture types; for example, the coded-gain-pixel (CGP) pixel architecture or indirect

time-of-flight (iToF) coded pixel architecture.

[0147] FIG. 10A shows example diagrams of two four-tap pixels that can be employed for HDR
imaging: CMP, on top, and DMP, on bottom, pixel architectures. Each of the four taps has an
arbitrary programmable exposure time, ranging from zero subframes to all subframes duration.
FIG. 10B depicts an example of four such codes, where the exposure intervals for all taps are
contiguous and start from the beginning of the frame. FIG. 10C depicts another example where
the tap exposure periods are controlled by arbitrary temporal codes. In this example, two
complementary binary codes are used in order to collect all photo-generated charge (i.e., for
maximum signal). FIG. 10D depicts an example of a plot of the simulated signal-to-noise ratio
(SNR) versus incident light intensity for each of the taps in a four-tap pixel. For the purposes of
clarity of illustration, the only noise included in this example simulation is the photon shot noise,
and individual tap signals are not combined to increase SNR. FIG. 10D illustrates that the SNR
degradation at the borders between light intensity subranges corresponding to different taps is
less prominent due to the increased number of subranges (four versus two subranges in the
previous example). FIGS. 10A to 10D illustrate the CEP architecture as an example; in further
cases, it can be applied to other CP pixel architecture types, for example, the coded-gain-pixel
(CGP) pixel architecture or indirect time-of-flight (iToF) coded pixel architecture.

[0148] The codes of CEP image sensor pixels can be used to group pixels into neighborhoods,
for example spatial tiles, in order to trade spatial resolution for improved dynamic range. The
system can perform this by using arbitrary-valued codes sent to each pixel, advantageously
without the need for hard-coding or hard-wiring this grouping functionality in the image sensor
schematic or layout. FIG. 11A illustrates an example of pixel codes that induce a TILE, by TILE,
spatial organization of singe-tap pixels for TILE,=2 and TILE, =2, repeated across the pixel
array. Each of the four pixels has an arbitrarily programmable exposure time, ranging from zero
subframes to all subframes duration. FIG. 11B depicts an example of such four codes. In this
case, the exposure intervals for all pixels are contiguous and are centered at the half-time of the
frame, in order to reduce motion blur non-uniformity among differently-exposed pixels. An
example of which is using four levels of exposure (1, N/3, 2N/3 and N, where N is the number of
subframes) distributed over a 2x2 Bayer-RGB-like tile block that can then be demosaiced to
obtain a higher dynamic range. FIG. 11C depicts another example where pixel exposure
intervals are not necessarily contiguous. Any arbitrary temporal code can be programmed for

each of the four pixels in the tile, allowing for additional degrees of freedom; for example, for
20
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further improved dynamic range and/or other performance improvements. FIG. 11D depicts an
example of a plot of the simulated signal-to-noise ratio (SNR) versus incident light intensity for
each of the four taps. For the purposes of clarity of illustration, the only noise included in this
simulation is the photon shot noise and individual tap signals are not combined to increase
SNR. FIG. 11D illustrates that the SNR reaches local minima for the light signal levels near the
borders between light intensity subranges, which correspond to different pixels. FIGS. 11A to
11D illustrate the CEP architecture as an example; in further cases, it can be applied to other
CP pixel architecture types, for example, the coded-gain-pixel (CGP) pixel architecture or

indirect time-of-flight (iToF) coded pixel architecture.

[0149] FIG. 12A illustrates an example of pixel codes that induce a TILE, by TILE, spatial
organization of dual-tap pixels for TILEx =2 and TILE, =2, repeated across the pixel array. Each
of the two taps in each of the four pixels have arbitrarily-programmable exposure intervals,
ranging from zero subframes to all subframes duration. For example, 11 through 4 are the
exposure time intervals of the first tap of the four pixels in the 2x2 pixel tile. FIG. 12B depicts an
example of eight such codes, where the exposure intervals for all pixels are contiguous and
start from the beginning of the frame. FIG. 12C depicts another example where pixel exposure
intervals can be controlled by any arbitrary temporal code for each of the eight taps of the four
pixels in the tile. FIG. 12D illustrates that the SNR degradation at the borders between light
intensity subranges corresponding to different taps is less prominent due to the increased
number of subranges (eight subranges versus four subranges in the example of FIG. 11A to
11D. FIGS. 12A to 12D illustrate the CEP architecture as an example; in further cases, it can be
applied to other CP pixel architecture types, for example, the coded-gain-pixel (CGP) pixel
architecture or indirect time-of-flight (iToF) coded pixel architecture.

[0150] In some cases, other measures can be taken to enable snapshot compressive
acquisition of HDR video. In some low dynamic range snapshot compressive video acquisition
approaches, individual single-tap pixels are assigned distinct exposure intervals in order to
sample the spatio-temporal cube depicted in FIG. 8A. These intervals are chosen in such a way
that reconstruction of the full spatio-temporal cube, ie., of a complete low-dynamic-range video
sequence, can be computed from just one captured image with the help of an appropriate
decoding algorithm. To enable acquisition of HDR video from a single snapshot, the codes
assigned to CEP pixels can be chosen so that both the exposure intervals and the total
exposure time varies among pixels and among taps within a pixel, as depicted in FIG. 8B.

These codes can be assigned individually to each pixel in the pixel array in order to maximize
21
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the quality of the reconstructed HDR video frames. Alternatively, the pixel array can be
organized into TILE, by TILE, neighborhoods, with each neighborhood receiving the same
codes, for example the codes in FIG. 8B. The HDR video is then obtained by use of an
appropriate decoding algorithm. The same concept can be applied to other CP pixel architecture
types, such as the coded-gain-pixel (CGP) pixel architecture or indirect time-of-flight (iToF)
coded pixel architecture.

[0151] The present embodiments can be applied, in most cases, to both open-loop and closed-
loop HDR imaging, as depicted in FIG. 4. In open-loop operation, the pixel codes and decoding
algorithms can either be inputted manually or computed from prior training data in order to
maximize HDR performance in a given application. In closed-loop operation, the pixel codes can
be computed adaptively to reduce saturation and/or increase SNR in the scene being imaged
or, more generally, to improve application-specific imaging performance. Example applications
include high-speed imaging, object detection, tracking, recognition, robotic navigation,
autonomous driving, 3D reconstruction, and the remote monitoring and analysis of the electrical
grid by imaging AC light bulbs (e.g., including but not limited to measuring grid phase and/or
frequency, recognizing bulb type, etc). Adaptive computation of said pixel codes can be
implemented in any suitable way; for example, (1) a manually-inputted function that maps the
previous video frame or sequence of video frames to codes for the full pixel array, (2) a
manually-inputted control algorithm, such as a PID controller, and (3) a learned control
algorithm that is based on prior training data. Similar considerations can also be applied to the
decoding algorithm. An example of a manually-inputted code generation function is described
herein.

[0152] In some cases, additional measures can be taken to reduce artifacts such as motion blur
non-uniformity or inter-frame variability when more than one CP image sensor pixel is used to
construct a single HDR pixel value in a video frame or in an HDR image obtained by burst-mode
acquisition. For example, in a CEP image sensor, this can be done by periodically swapping the
exposure codes among multiple pixels in the same spatial neighborhood, such as a pixel tile of
the size 2x2 pixels or of any other size. FIG. 13 illustrates an example of a 2x2 single-tap pixel
array, where the exposure codes for four subsequent frames are rotated by 90 degrees four
times. This allows each pixel to be exposed for the same average time over the duration of four
frames, equalizing the blur due to motion in the imaged scene that occurs during these frames.
FIG. 13 depicts the CEP architecture as an example, but the same concept can be applied to

other CP pixel architecture types, such as the coded-gain-pixel (CGP) pixel architecture.
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Exposure codes can be used to programmably impose a TILEx by TILEy spatial organization of
a neighborhood of single-tap or multi-tap pixels, which is repeated spatially across the pixel
array. Each of the pixels in the neighborhood then has arbitrarily-programmable exposure
interval(s). The exposure codes can be reorganized within the pixel neighborhood in each
subsequent frame so that over TILEn frames, each pixel has been exposed for the same or
approximately the same time interval(s). This can be represented as a small space-time volume
of the dimensions of TILEx by TILEy by TILEn pixels in the video that samples exposures both
spatially and across time, enabling a form of burst-mode demosaicking. In the case of the CGP

architecture, the average pixel gain will generally be the same for all pixels after TILEn frames.

[0153] The present embodiments can be used to programmably adjust dynamic range,
operating range, and/or gamut of CP pixel sensors fitted with RGB color, multi-spectral,
polarization, neutral density, and/or other assorted filter arrays. For example, a CEP sensor’s
color gamut can be shifted and/or expanded by choosing pixel codes that independently adjust
the total exposure time of the R-channel, G-channel, and/or B-channel pixels, respectively.
These codes can be specified a priori or be scene-dependent and tile-dependent, for open-loop
or closed-loop operation, respectively, as depicted in FIG. 4. The same concept can be applied
to other CP pixel architecture types, such as the coded-gain-pixel (CGP) pixel architecture. The
same concept can be applied to sensors fitted with attenuating, diffusing and/or diffractive
sensor masks, and/or metal lenses.

[0154] FIG. 14 depicts an example of a block diagram of a CP image sensor 1400. Any suitable
combination of the depicted functional blocks can be used. The “PIXEL ARRAY” 1402 in the
image sensor 1400 includes an array of photodetectors. The image sensor 1400 also includes
“CODE LOADING CIRCUITS” block 1404 and “ROW LOGIC AND DRIVER” block 1406 to
generate and deliver the per-pixel-exposure codes and per-pixel-gain codes. The pixel outputs
are read out using “ANALOG READOUT CIRCUITS” 1408 and “ADC READOUT CIRCUITS”
1410. “CONFIG. REG.” block 1412 is used to generate on-chip control signals. The “SIGNAL
PROCESSOR” 1414 perform various computing functions, for example: open-loop and closed-
loop pixel code generation; receiving and reorganizing pixel codes; decompressing pixel codes;
receiving the output images or video from the image sensor such as one or more frames of
subframes, or one or more regions of interest in one or more frames or subframes; generating
pixel codes based on this and other information supplied to the signal processor; HDR image
reconstruction, and/or any other type of image or video processing done on the output of the

image sensor readout circuits. Additional blocks may include, for example: devices, structures,
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and circuits for front-side and back side illumination such as microlenses, color filters, deep or
shallow trenches for electrical and optical isolation, attenuating, diffusing and/or diffractive
sensor masks, metal lenses, pixel anti-blooming control circuitry, pixel binning circuits,
correlated double-sampling circuits, double-sampling circuits, averaging circuits, circuits for
calibrating for fixed pattern noise, color correction and enhancement circuits, programmable-
gain control circuits, active illumination control circuits, time-of-flight imaging control circuits, or
any other pixel control circuitry or module implemented either on the same integrated circuit
(herein referred to as the chip) or the same wafer, or another integrated circuit or wafer, orina
stacked wafer or stacked die or single-package or single-module or multi-package or multi-
module configuration.

[0155] Other functional blocks can be included either on the same image sensor chip or off the
image sensor chip, such as for example on another stand-alone chip, or on another chip bonded
to the image sensor chip in a stacked-die or stacked-wafer configuration or implemented in any
other hardware or software. These additional functional blocks can include, for example: a
digital or analog signal processor (or any other computing device that can be used for the
purpose of output video processing), a pixel code generator, code compression, code delivery,
and/or code decompression, a temperature sensor; temperature-based control circuit,
temperature control circuit, ambient light sensor, artificial light sensor including sensors that
measure the amplitude and/or phase of indoor and cutdoor artificial lighting; artificial light control
module and circuits that control artificial light indoors and/or outdoors; active illumination source
such as a light projector, a laser light source, LED light source, color light source, multispectral
light source, hyperspectral light source, or any other light source used to illuminate the scene or
the surrounding environment, or any other sensor and control block; optical elements or
modules such as lenses, light modulators, mirrors, digital micro-mirrors devices (DMDs), or
color filters.

[0166] Specific circuit-level implementations of CP image sensor pixels for the example of
coded-exposure-pixel (CEP) image sensors, which are a subclass of CP image sensors, are
described herein. Pixel-level coded-exposure pixel (CEP) functionality can be implemented by
suitable approaches. FIG. 15B illustrates a flowchart showing an example operation of a multi-
tap pixel in a CEP image sensor, for the example of two taps. To implement code-dependent
sorting of photo-generated charge among multiple taps, the photo-generated charge is collected
on taps 1 or 2 based on the codes for that individual pixel, codes 1 and 2, respectively. FIGS.

15A and FIG. 15C illustrate two examples of operating CEP pixel architectures that follow the
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principle of operation shown in FIG. 15B. FIG. 15A shows a code-memory pixel (CMP) example
and FIG. 15C shows a data-memory pixel (DMP) example.

[0157] In the CMP pixel architecture of FIG. 15A, the code value is pre-loaded into an in-pixel
memory, referred 1o as the “code memory”, during the previous subframe in a pipelined fashion
and is applied for photo-generated charge sorting at the beginning of a current subframe
exposure time. Therefore, the photo-generated charge collected in the current subframe is
transferred to the respective tap or taps based on the current subframe code while the next
subframe’s code is pre-loaded into the pixel code memory. An in-pixel pipelined code memory

can be used for this purpose.

[0158] In the DMP pixel architecture of FIG. 15C, an intermediate storage node, referred to as a
“data memory”, is used. This can be implemented, for example, as a charge-domain memory
such as a storage diode, a storage pinned diode, or a different type of storage element. The
charge “sorting” is then performed on the storage diode based on the codes applied to the pixel
in a row-wise fashion for each subframe. Thus, the storage diode allows for sorting the charges
of the current subframe, while the photo-charges of the next subframe are being collected. In
more detail, after a global exposure in a given subframe, the photo-generated charge is first
transferred to the intermediate charge-storage node. During the next subframe’s exposure, in a
pipelined fashion, the current subframe’s pixel codes are applied from an outside-of-pixel
memory row-by-row to sort the stored photo-generated charge by shifting it to taps 1 or 2 for
codes 1 and 2, respectively. This is repeated N times per frame. As a result, the photo-
generated charges across all subframes of a frame are selectively integrated over the two taps
according to the per-pixel code sequence and are read out once at the end of the frame as two
images.

[0159] Examples of dual-tap CEP pixels are illustrated in FIGS. 16A to 16D for the cases of
CMP pixel architecture (FIG. 16A and FIG. 16C) and DMP pixel architecture (FIG. 16B and FIG.
16D). FIG. 16A and FIG. 16B correspond to the case when the codes for the two taps are
complementary, and can thus be represented by a 1-bit binary number per pixel.

[0160] FIG. 16A depicts a circuit diagram of an example of the CMP pixel architecture, which
includes one or more memory elements, such as a flip-flop, used for loading the 1-bit binary
subframe code row-by-row. In this example, there two flip-flops and ROW_LOAD latches the
code in. When the codes are complementary, only one memory element can be used that has
complementary outputs. When GLOBAL_EN is asserted, the memory output is enabled and it
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applies the codes globally (for the full pixel array). When GLOBAL_EN is de-asserted, all of the
flip-flop outputs are reset to zero. The one or more memories are referred to as the “code
memory.” Based on the code in each pixel, one or both of the two transfer gates connect the
photodetector, a pinned-photodiode (PPD) in this example, to the corresponding floating
diffusion nodes Crp1 and/or Crpz. When both transfer gates are on, this effectively implements

programmable per-pixel gain control; which is one example of a CGP pixel architecture.

[0161] FIG. 16B depicts a circuit diagram of an example of the DMP pixel architecture where
the pixel architecture includes an additional intermediate storage node, referred to as “data
memory”. In this example, the data memory is represented as the node on the upper terminal of
the storage diode SD. The charge photo-generated on the photodetector PPD is first shifted to
the data memory and subsequently sorted between the two taps based on the pixel coefficient,
in a raw-by-raw fashion.

[0162] Two other examples of pixel circuit diagrams for two dual-tap CEP pixel architectures,
CMP and DMP pixel architectures, are illustrated FIG. 16C and FIG. 16D, respectively. FIG.
16C and FIG. 16D correspond to the case when the codes for the two taps are not necessarily
complementary, and the photo-generated charge accumulated during any given subframe can
be drained when it is not transferred to any tap. As compared to the examples of FIGS. 16A and
16B, an additional code, code 0, controls when the photo-generated charge is drained in any
given subframe in a given pixel. This requires a total of three codes: CODEO, CODE1, and
CODE2.

[0163] FIG. 16C shows an example circuit diagram of the dual-tap CMP pixel architecture with
PPD as photodetector and three in-pixel 1-bit binary code memories memory (this example
uses flip-flops). Three binary codes can also be stored on two 1-bit binary memories, but an
example with three 1-bit binary memories is shown for simplicity. The codes denoted as
CODE[0:2] are made available at the input of the memories by peripheral code loading circuits
and latched by ROW_LOAD in a row-by-row fashion. The codes are made available at the
memory output node when GLOBAL_ EN signal is asserted, at the start of every subframe. At
the end of a subframe GLOBAL_EN signal is de-asserted. Based on the values of codes the
photo-generated charges are steered to the intended tap or drained to VDD during the exposure
time of the subframe.

[0164] FIG. 16D shows an exampile circuit diagram of the DMP pixel architecture (which

includes an extra intermediate storage node) where the codes for the two pixels are not
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necessarily complementary, and the photo-generated charge accumulated during any given
subframe can be drained when it is not transferred to any tap. The photo-generated charge in
the PPD can be transferred to SD by asserting the GLOBAL_EN signal at the end of every
subframe. The charge on node SD is then sorted into intended tap(s) or drained to VDD based
on the values of codes (CODEO, CODE1 and CODE?2 in this example) during the exposure time
interval of a subsequent subframe. This is done in a raw-by-raw fashion. The photo-generated
charges collected in the photodetector PPD during the subframe can also be flushed away all at
once by asserting GLOBAL DRAIN signal.

[0165] Additional example implementations of dual-tap CEP pixels are illustrated in FIGS. 17A
to 17D for the cases of CMP pixel architecture (FIG. 17A and FIG. 17C) and DMP pixel
architecture (FIG. 17B and FIG. 17D). FIG. 17A and FIG. 17B correspond to the case where the
codes for the two taps are complementary, and can thus be represented by a 1-bit binary
number per pixel. FIG. 17A depicts an example of the CMP pixel architecture, which includes
two latches, where one is used to pre-load the subframe code row-by-row and the other is used
to apply this code globally (to the full pixel array). Based on the code in each pixel, one of the
two transfer gates connects the pinned-photodiode (PPD) to the corresponding floating diffusion
node. The code in each pixel can be gated with an exposure signal to stop the integration during
the read-out phase. Also, this signal can be kept low during the global code updates to make
sure that signal and supply glitches caused by digital switching in the array are not affecting the
PPD charge transfer. The charges generated during this time can be stored in the PPD until
exposure signal is asserted again.

[0166] FIG. 17B depicts an example of the DMP pixel architecture where the pixel architecture
includes “data memory” on the data storage diode. The charge photo-generated on the
photodetector PPD is first shifted to the data memory and then sorted between the two taps
based on their complementary codes, in a raw-by-raw fashion. The photodetector charge can
only be drained globally, such as at the end of a subframe. This pixel topology can resemble
global-shutter pixel, but the data memory (floating diffusion storage) node is used for charge
sorting, rather than simply a readout.

[0167] FIG. 17C and FIG. 17D differ from FIG. 17A and FIG. 17B, respectively, in that they
correspond to the case when the codes for the two taps are not necessarily complementary, so
that the photo-generated charge accumulated during any given subframe can be drained when
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it is not transferred to any tap. An additional code, code 0, can be used such that the photo-

generated charge can be drained in any given subframe in a per-pixel programmable fashion.

[0168] As shown in the timing diagrams in FIG. 17E, during each subframe the charges are
generated and stored in the PPD, and at the end of the subframe, the GLOB_LOAD signal
transfers the generated charges from PPD to the storage diode (charge-mode memory) for all
pixels. Subsequently, the pattern of that subframe is sent to the pixels row-by-row to sort the
charges from the storage node through transfer gates on tap 1 and 2 based on the code. At the
same time, the photo-generated charges for the next subframe are collected in the PPD. Note
that the CODE-UPLOAD (i) happens during SUBFRAME (i-1) for the CMP pixel architecture in
contrast to SUBFRAME (i+1) for the DMP pixel architecture. For simplicity, per-pixel gain control
functionality is not shown in FIGS. 17A to 17D, but can be used, for example, by shifting charge
to more than one tap at a time, by shifting charge to a tap and to drain node configured as a
floating diffusion at the same time, or by including additional gain control elements as described

herein.

[0169] The layout and electrostatic potential diagrams for CMP pixel architecture in FIG. 17A
and for DMP pixel architecture in FIG. 17B are depicted in FIG. 18A and FIG. 18B, respectively.
These correspond to the case when the codes for the two taps are complementary, and can
thus be represented by a 1-bit binary number per pixel. In the CMP pixel example in FIG. 18A
the photo-generated charges are moved to one of the taps based on the code in individual
pixels.

[0170] In the DMP pixel example of FIG. 18B, the transfer gate TGG is controlled by the
GLOB_LOAD signal (as exemplified in FIG. 17) which transfers charges from PPD to the
storage diode globally in all pixels. Transfer gates TG1 and TG2 are responsible for storage
diode charge sorting based on the corresponding code. After a global exposure in a given
subframe, the photo-generated charge is first transferred to an intermediate charge-storage
node; such as the data memory. During the next subframe’s exposure, in a pipelined fashion,
the current subframe’s pixel codes are applied from an external memory row-by-row to sort the
stored photo-generated charge by shifting it to taps 1 or 2 for codes 1 and 2, respectively. This
is repeated N times per frame. As a result, the photo-generated charges across all subframes of
a frame are selectively integrated over the two taps according to the per-pixel code sequence
and are read out once at the end of the frame as two images. In some cases, the P-type metal-

oxide-semiconductor (PMOS) devices in the CMP structure may require significant overhead
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space, therefore reducing the pixel fill-factor. On the other hand, DMP pixels can use N-type

metal-oxide-semiconductor (NMOS) devices only, with a smaller total area.

[0171] The dynamic range of the CEP pixel architectures can be increased by increasing the
full well capacity of the individual taps. FIGS. 19A and 19B show two examples of the dual-tap
CP pixel architectures. FIG. 19A shows CMP, and FIG. 19B shows DMP, with per-pixel coded-
exposure functionality and globally programmable pixel gain. The full well capacity of the taps in
pixel, for both CMP and DMP, can be adjusted by controlling the global signal GAIN in each
subframe. Both CMP and DMP pixel architectures are able to be used for per-pixel coded
exposure, but with additional dynamic gain control functionality.

[0172] When GAIN signal is low, the photo-generated charges are collected only on capacitors,
Croi representing the floating diffusion nodes associated with tap; based on the per-pixel codes
CODE,. The capacitance value of Crp; is low, therefore the conversion gain is high. This state of

operation of the CP is generally optimal when the incident light intensity is low.

[0173] When GAIN is signal is high, the capacitors Crpi and Chpri are connected in a parallel
configuration, which increases the full well capacity on each tap of the CP. The photo-generated
charges from PPD are sorted into intended taps or drained to VDD based on the values of
CODE;,. The combined capacitance at the taps is higher, therefore conversion gain is lower. This
state of operation of the CP is generally optimal when the incident light intensity is high.

[0174] In some cases, the GAIN signal can be dynamically changed from subframe to subframe
to sample the wide dynamic range scene multiple times on floating diffusion capacitors, Crpi and
HDR capacitors, Chpori with different conversion-gain and exposure settings.

[0175] FIGS. 20A and 20B show two examples of the dual-tap CP pixel architectures with per-
pixel coded-exposure functionality and per-pixel coded-gain functionality. FIG. 20A shows CMP,
and FIG. 20B shows DMP, with per-pixel coded-exposure functionality and per-pixel coded-gain
functionality. FIG. 20A shows an example implementation of the CP pixel architecture with
photodetector PPD and in-pixel code memory (D-flip-flop in this example) for both per-pixel-
exposure codes and per-pixel-gain codes. This is an example of the CMP pixel architecture with
2 taps. The codes, EXPOSURE CODE[0:2], are used to decide which, if any, taps will be used
to collect the photo-generated charge in given subframe, and codes, GAIN CODE[0:1], to
decide the conversion gain of individual taps. Based on the values of CODEi (CODEO, CODE1
and CODEZ2 in this example), the photo-generated charge is steered to the intended taps or

drained to VDD during the exposure time of the subframe. The conversion gain of taps can be
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selected individually based on control signals GAINi (GAIN1, GAIN2 in this example). FIG. 20B
shows an example implementation of a dual-tap DMP CP pixel architecture with an intermediate
node, storage diode (SD), between the photodetector, PPD, and the floating diffusion nodes
Croi (also referred to as taps). The charge collected in SD is sorted into the intended taps or
drained to VDD based on the values on control signals CODE; (CODEO, CODE1 and CODE2 in
this example) during the exposure time of the subsequent subframe. When sorting the charge
on taps, the conversion gain of individual taps can be controlled independently using the control
signals GAIN; (GAIN1, GAIN2 in this example).

[0176] FIGS. 20C and 20D show two examples of the four-tap iToF CP pixel architecture to
sense the time of flight of the incoming photons from the illumination source to the
photodetector, with per-pixel coded-exposure functionality and per-pixel coded-gain
functionality. FIG. 20C shows an example of iToF CMP, and FIG. 20D shows an example of
iToF DMP, with per-pixel coded-exposure functionality and per-pixel coded-gain functionality.

[0177] FIG. 20C shows an example implementation of the iToF CMP pixel architecture with
photodetector PPD and an in-pixel code memory (D-flip-flop in this example). The codes
EXPOSURE CODE[0:2] are used to decide which, if any, pair of taps (TAP1 on Crp1 and TAP3
on Crps or TAP2 on Cep2 and TAP4 on Ceps) are used to collect the demodulated photo-
generated charge in a given subframe. Codes EXPOSURE CODE[0:2] and GAIN CODE[0:3]
are loaded into the in-pixel memories, such as D-flip-flops or latches. Based on values of CODEi
(CODEO, CODE1 and CODE2 in this example) and signals, MOD and MOD, the
photogenerated charge is steered to the intended taps or drained to VDD (if CODEO =1) during
the subframe. Control signals GAINi (GAIN1, GAIN2, GAIN3, GAIN4 in this example) set the
conversion gain of individual taps. The gain is decreased by connecting Crp; with Crpri.

[0178] FIG. 20D shows an example implementation of the iToF DMP pixel architecture with two
additional intermediate charge storage nodes, on storage diodes R-SD and L-SD. These are
placed between the photodetector PPD and pairs of floating diffusion nodes Crpi (also referred
to as taps) as depicted. In this example, the photo-generated charge is collected on the storage
node on right side, R-SD when signal MOD is asserted and - on the storage node on left side, L-
SD when signal MOD is asserted. The charge collected in L-SD and R-SD is sorted into the
intended taps or drained to VDD based on the values on control signals CODEi (CODEQ,
CODE1 and CODEZ2 in this example) during the subsequent subframe. When sorting charge on
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taps, the conversion gain of individual taps can be controlled independently using the control
signals GAINi (GAIN1, GAIN2, GAIN3, GAIN4 in this example).

[0179] An analog-to-digital converter (ADC) can be utilized for digitizing pixel tap outputs, both
on the same chip as the image sensor array and on different chips. Parameters of such ADC,
such as for example reference voltages, can be configured dynamically for one or more
subframes or one or more frames. FIG. 21A shows an example of a readout architecture in the
image sensor with an ADC with programmable resolution. The image sensor includes a CP
array. The ADC resolution can be configured dynamically using on-chip configuration registers
and/or external control signals. In FIG. 21B, the ADC is configured to the coarse-resolution
mode (1-bit resolution in this example, assuming constant VREF). In this mode, the ADC can
provide coarse intensity information about the pixel output at a very fast rate as limited by a
short subframe exposure period. The vertical scanner selects the rows of the pixel array one-by-
one. When the row is selected, data from the taps of the pixel are loaded on one or more
readout lines, READOUT[N-1:0]. The data from the taps can be made available on the
READOUT bus at the same time, or READOUT lines can be shared by multiple taps and the
data can be time and/or spatially multiplexed on the READOUT lines. The READOUT lines are
connected to the ANALOG READOUT CIRCUITS. The output of the ANALOG READOUT
CIRCUITS is connected to a low-resolution ADC (a comparator is used in this example) input,
which quantizes the input analog signal to generate a digital output. In this example, a 1-bit
output is generated for each tap based on the analog signal on the READOUT bus and
reference voltage, VREF, which can be arbitrarily programmed. In this example, the digital
output from the ADC is transferred out of the chip by means of a high-speed digital serializer.
Such operation can be performed during exposure when taps are still collecting the photo-
generated charge, for example either for the previous or the current subframe. The coarse ADC
readout generates a smaller number of bits compared to the high-resolution ADC, and hence,
this digital information can be transferred faster than for high-resolution ADC frame readout. In
FIG. 21C, the ADC is configured in high-resolution mode. The high-resolution ADC may or may
not reuse the low-resolution ADC circuits, such as the same comparator. In this mode, ADC can
provide a more accurate digital representation of each pixel tap output. In this example, the
ADC is used in this high-resolution mode to convert the analog data from the taps to digital
number with the highest accuracy, often at the cost of more power or higher output data rate or
longer read out time.
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[0180] The high-speed per-subframe analog-to-digital conversion and readout capability of the
image sensor, for example at coarse ADC resolution, is used to increase the dynamic range of
the CP. The approach shown below is an example of how such an image sensor can be used

when its resolution is varied:
1. Reset all the pixels.

s By resetting all the pixels, all the pixel outputs are set to zero (in practice, this
is typically a high voltage at or near VDD).

2. Set ADC in coarse high-speed mode.
3. Set VREF = VREF_PER_SUBFRAME[0]

= VREF_PER_SUBFRAMEIK] is the reference voltage level for subframe k.
4. Start the exposure

= As pixels collect photo-generated charges on the taps, their outputs rise (in
practice, the actual tap voltage signal typically falls).

5. Set the code for all the pixels to collect the photo-generated charges on TAP1
» TAP_CURRENT = TAP1

6. After the first subframe, compare the READOUT voltages of all the pixel with the
VREF row by row

= For every pixel
m If READOUT[TAP_CURRENT] > VREF

¢ Change the code of the pixel to collect photo-generated
charges on next tap (or drain it if there are no more taps)
» TAP_CURRENT = TAP_CURRENT +1

m clse

o Keep code the same as the previous code
» TAP_CURRENT = TAP_CURRENT

7. Readout

» After the exposure is over, set the ADC to high-resolution mode.

= Read out the sensor output frame at high ADC resolution
32
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[0181] Reference voltage VREF, such as that for the coarse-resolution ADC, can be
dynamically adjusted for every subframe; and the code for the next subframe can be chosen
based on the ADC output in the current subframe. FIG. 22A shows an example of possible pixel
tap values when the subframe codes are chosen to make sure that the minimum number of
pixels are saturated. Here reference voltage VREF is kept constant at a pre-defined value. As
per the above example, charge accumulation on a given tap is stopped after the tap value
reaches VREF, with one subframe latency.

[0182] By adjusting VREF for every subframe, further improvements in per-subframe SNR and,
as aresult, in the overall SNR can be achieved. FIG. 22B shows an example plot of per-
subframe SNR versus incident light intensity illustrating variation of signal quality with a change
of codes per subframe, for constant reference voltage VREF. FIG. 22C shows an example of
possible pixel tap values when the subframe codes are chosen to make sure that the minimum
number of pixels are saturated. Here reference voltage VREF is adjusted in every subframe k to

further improve the dynamic range. VREF for subframe k is given by ﬁvsﬂ, where Vsat is

the voltage on READOUT bus associated with saturated pixel tap level. FIG. 22D shows an
example plot of per-subframe SNR versus incident light intensity where variation of signal
quality with a change of codes per subframe is observed, when VREF is varied. An additional
improvement in the per-subframe SNR can be observed.

[0183] FIG. 39 illustrates a flow chart for a method of extending image sensor dynamic range
using coded pixels 200, according to an embodiment. At block 202, the coding module 112
provides pixel codes to pixels in a photodetector array of the image sensor 110 for each
subframe. The pixel codes for each pixel can include codes for exposure time or signal gain, or
both, or other programmable pixel parameters. At block 204, the image sensor 110 receives
sensor readout of each of the pixels in a photodetector array for each subframe. At block 206,
the coding module 112 routes the sensor readout of each of the pixels to be collected at one of
a plurality of taps or drained based on the pixel code. At block 208, the HDR decoding module
114 to combine the collected values at each of the taps to determine a single pixel value for the
frame. At block 210, the output module 116 outputs the single pixel value for each pixel for the

frame.

[0184] An example implementation of the closed-loop HDR imaging method is provided below.

In this example, a single-tap CEP image sensor with thermometer per-pixel exposure coding

dynamically updated based on the previous frame is used. The method is validated by example
33
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experimental results obtained from a fabricated prototype. For the purpose of illustration in this
example, no other past or current frames (other than the previous frame) nor current or past

subframes are used; nor per-pixel gain coding is used.

[0185] Advantageously, in this example, a technique for dynamic range extension of an image
sensor at its native resolution using a coded-exposure-pixel (CEP) pixel architecture. A CEP
image sensor allows for arbitrary programmable control over the exposure time of individual
pixels. Embodiments of the present disclosure, for example, analyze light fiux in each pixel in a
captured frame (frame [n]) and make dynamic adjustments to the respective exposure times in
the next frame (frame [n+1]) as depicted. An example of such approach is diagrammatically
illustrated in FIG. 23. In the illustrated example, white-fill color denotes the time intervals when a
pixel is on and black-fill color denotes the time intervals when a pixel is off. For example, pixels
that sensed low brightness of the imaged scene in the captured frame are dynamically
programmed to have higher exposure time in the next frame; such as the pixel in the upper left-
hand side of the array in FIG. 23. After normalization for different brightness in the captured
image, an HDR image is optimally reconstructed and visualized.

[0186] In an embodiment, the CEP image sensor 110 implements imaging by dividing the
exposure time of one frame into multiple subframes; an example of which is illustrated in FIG.
24A. In each subframe, each pixel receives a single bit of the exposure code provided by the
coding module 112. For example, code 0 turns the pixel off for the duration of the respective
subframe, and code 1 turns the pixel on for the duration of the respective subframe, as depicted
in FIG. 24A. As illustrated in FIG. 24B, the exposure code when loaded into the pixel’s latch
directs the photo-generated charge from a photosite such as a pinned photo-diode (PPD) to the
collection node Crp, for code 1 (latch output Q is asserted), or drains them through node V,,, for
code 0 (latch output Q is asserted). The signal can be accumulated on the collection node Cgp,
for multiple sequentially presented codes before being read out; for example, by using a
buffering amplifier SF for subsequent readout.

[0187] In an embodiment, the exposure code delivered to a pixel in a current frame depends on
scene brightness at or near that pixel in a previous frame. The exposure code sequence is
presented to the pixel serially, as predetermined by the photo-generated charge collected by
that pixel or neighbouring pixels in a previous frame. A code sequence is a series of digital bits,
1s and 0s. During an exposure phase, each pixel receives a predetermined code sequence.

The number of 1s in a code sequence determines the fraction of the exposure period during
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which the pixel will be exposed and the number of Os determines the fraction of the exposure
period when the pixel is not exposed. More 1s in a code sequence for a given pixel means that
the pixel will be ‘on’ for a longer period, which translates to a longer exposure time and allows
for capturing more light by that pixel. More 0s in a code sequence for a given pixel means the
pixel will be ‘off’ for a longer period, which translates to a shorter exposure time and allows for
capturing less light by that pixel; for example, in order to not saturate from bright elements in the
imaged scene. In the present embodiments, the choice of 1s versus Os in a code sequence for a
given pixel is based on the pixel or its neighbour values from a previous frame. In this way, the
number of 1s and Os in the code sequence can ensure that the pixel is exposed for as long as
possible to capture most of the light, while making sure it does not get saturated during that
time. In some cases, in some or all subframes of the initial frame, all pixels receive the same
initial code, such as code 1, to collect the initial photo-generated charge. In the subframes of
subsequent frames, pixels in darker areas of the image will receive more 1’s to integrate more
of the incoming photo-generated charge, but the pixels in brighter areas will receive more 0’s to
drain more of the incoming photo-generated charge.

[0188] As described herein, the sequence of receiving 1s and 0Os, as defined by the coding
module 112, is an exposure code sequence. In an embodiment, a code sequence is loaded to
each pixel before each subframe. If the code is 0, the pixel is masked and does not sense any
light during that subframe. If the code is 1, the pixel senses the light during that subframe. FIGS.
6A and 6B show examples of exposure time settings and code sequences, in a 4-subframe
setup (i.e, N = 4), for two subframe exposure coding schemes. Each of the four subframes is
active for time T+1,T2,T3,T4 respectively. In this example, a pixel P, receives code sequence is
Dr1, Dp2, Dpa, and Drs, where Dp; is a digital bit either O or 1 applied to pixel P during subframe i.
For example, for code sequence C2, the bit sequence is 1100. In this case, a pixel receives
code 1 during subframe 1 and subframe 2, and zero otherwise. This means that the pixel is
integrating photo-generated charge during subframe 1 and subframe 2 and is masked (not
collecting photo-generated charge) otherwise. Therefore, the effective exposure time for the
pixel is T1+T2. In this way, for example, code sequence C4 is most useful in low light intensity
conditions and code sequence C1 is most useful in bright light conditions. TABLE 1 shows
effective exposure time for different cases for a four subframe implementation:

TABLE 1

Code sequence [ Exposure time
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C1 1000 T1
Cc2 1100 T1+T2
C3 1110 T1+T2+T3
C4 1111 T1+T24T3+T4

[0189] For unary-weighted subframe exposure time, as shown in FIG. 25A, the exposure time
of one frame Ty, is divided equally into four subframes, expressedas T; =T, =T, =T, =
Texp /4. In contrast, for binary-weighted subframe exposure time, as shown in FIG. 25B, the
exposure time of each subframe is two times longer than the previous subframe, expressed as
8T, = AT, = 2T; = T, = 8Tgxp/15. The cumulative exposure time of all subframes gives the
effective exposure time of a pixel. For example, the effective exposure time using €3 is 3Tgxp /4
for unary-weighted subframe exposure, and 7Tgxp /15 for binary-weighted subframe exposure.

[0190] FIGS. 7A and 7B show examples of raw outputs of a pixel over a full range of
illumination for the unary-weighted scheme of FIG. 25A and the binary-weighted scheme of FIG.
25B, respectively. Both plots comprise 4 line-segments. Each segment corresponds to a
different code sequence, from C4 to C1 as exposure increases. When the scene brightness at
the pixel starts off low, code sequence C4 is used, because high effective exposure time allows
the capture of more details of the scene. When the brightness increases, code sequence
changes to code sequence C3, C2 or C1, to avoid saturating the pixel.

[0191] FIGS. 27A and 27B show examples of normalized versions of FIG. 26A and 7B,
respectively. In an embodiment, normalization by the HDR decoding module 114 converts the
piece-wise linear outputs to a full-range linear response using a corresponding effective
exposure time of each segment. After normalization, the maximum effective dynamic range of a
pixel is generally improved. In this example, with only 4 subframes, dynamic range is increased
by four times for unary-weighted subframe exposure time, and by fifteen times for binary-
weighted subframe exposure time. in this way, normalized output for unary weighted subframes
is N - 1/C and normalized output for binary weighted subframes is (2¥ — 1) * I /(2¢ — 1); where |
is sensor output, N is the total number of subframes, and C is the number of 1s in the code

sequence used to capture that output (for example, in C1, C2, C3, or C4).

[0192] A flow chart showing an example pipeline implementation of the present embodiments is
illustrated in FIG. 28. In this way, when a current frame is read out for displaying, it is also used
1o generate exposure codes for a next frame. This technique can be used for both unary-

weighted and binary-weighted subframe exposure coding. In frame n, one or several subframes
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integrate light in a given pixel. Based on the output, a new exposure code is generated and
uploaded for frame n + 1. Concurrently, an HDR image is obtained by the HDR decoding
module 114 by normalizing the output of frame n. In this example 4-subframe implementation,
normalization generates a 10-bit HDR image using an 8-bit sensor output and a 2-bit exposure
code. An exposure fusion technique allows for visualization of the 10-bit HDR image on an LDR
display. While example implementations of the embodiments described herein may illustrate a
four subframe implementation, it is understood that any suitable number of subframes may be
used.

[0193] In an embodiment, a definition of exposure code €, (i, j) is that pixel (i, j) will integrate
charges from subframe number 1 to subframe number €, (i, /). €, (i, j) is a positive integer with
1< C,(i,j) £ N, and N is the number of subframes in one frame. After the coding module 112

uploads €, to the CEP image sensor 110 for frame n, the captured image can be defined as I,,.

[0194] The normalization matrix R, comprises the effective exposure time of all pixels.
Equations (1) and (2) show definitions of R, (i, j) for unary-weighted and binary-weighted

subframe exposure:

Unary-weighted: R, (i,/) = C,(i,/) * Ty (1)
Binary-weighted: R, (i,j) = YD 2k-1. 1, )

where T, is the the exposure time of the first subframe.

[0195] The system 100 uses [,, and C, to generate a new exposure code matrix €, ., for frame

n + 1, and to reconstruct an HDR image H,,.

[0196] The generation of €, involves first analyzing the light flux in pixels in the captured
frame. A new normalization matrix R,,,, can then be obtained and converted to a new exposure
code matrix.

[0197] Light flux L,,(i, j) of a pixel is defined as light intensity per unit of effective exposure time:

&~ L., In(i,j
Lo(i)) = 222 (3)

[0198] A new normalization matrix is obtained by dividing a desired pixel output J of the sensor

by the light flux matrix:
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J
LnGi))

ﬁn+1(iﬂj) = (4)

[0199] In some cases, the desired output J can be set to approximately a half of the pixels’
saturation level to assure the maximum margin for over-exposure or under-exposure in the next
frame. For example, if the saturation level of the pixels is around 180DN, then J of 90DN can be

chosen for the operation (DN stands for digital number).

[0200] The new exposure code matrix C,.., can be generated using the inverse mapping of
Equation (4) with an approximation.

[0201] In an embodiment, the approximation can include starting with the non-approximate

code for pixel (i,j) in framen + 1 of C,,1(i,j). For the case of unary weights:

s from equation (4) there is:

Rn+1(i;j) = ) D)
¥ 2]

with equation (3):

/- Rn(ijj)

Rn+1(iij) = i i)

with equation (1):

C J) R =
n+1 (l ]) gv’l In(i,j)
s to arrive at simplified equation:
Car () = o Cali])
L))

The above equation is an accurate code output for a next frame. Generally, €, (i, j) must be an

integer, so C,..1(i,j) is approximated to a nearest valid integer so that 1 < €,.,;(i,j) < N.

[0202] For the case of binary weights, similar steps can be applied for binary weights to get an

exact C,.,(i,j) using the following two equations, which are equivalent:

26n4a(L)) — 1 = ) (26n G0 — 1)

LG )
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= CA'rt-!~1(7:»]') = log, ( (zén(i,j) -1)+ 1)

M)
where C,..,(i,j) is approximated from either of the above two equations to a nearest valid

integer so that 1 < C,,,1(i,j) < N.

[0203] In some cases, reconstruction of the HDR image H,, can require normalizing ,, by R,,:
77 (i N — T (i i\._LEXP
where Tgxp is a total exposure time for frame n.

[0204] In some cases, for frame n, the output module 116 can output the HDR image H,, to be
visualized on a low dynamic range (LDR) monitor. In some cases, the output module 116 can
use various exposure fusion and gamma correction techniques.

[0205] In some cases, the reconstructed HDR image can be split into several 8-bit images to
cover the full bit depth. In some cases, exposure fusion can merge this image set into a single
8-bit image. The advantage of the merge is that it selectively represents the image with desired
brightness and texture from the image set. In some cases, gamma correction can be used to
fine-tune the merged image. Generally, conventional displays are 24-bit RGB color displays.
These displays can show 28 different grayscale levels. By using exposure fusion, the system
100 can selectively enhance the different parts from different images which carry most amount
of information. Exposure fusion takes as input a set of similar images with different exposure
settings. A final image is generated that is created by per-pixel weighted combination of the
input images. The weight for the different parts of the input image is decided based on the
qualities such as contrast, saturation and well-exposedness.

[0206] FIG. 29 illustrates another example of using per-pixel coded exposure according to the
present embodiments. In this example, one frame is subdivided into four subframes. For this
example, code-sequences C1 through C4 are used. The code is updated at the start of each
subframe. The space-time volume on the right-hand side shows an example of how different
pixels can have different exposure time in any given frame based on the code sequence that is
applied to that pixel. When code sequence C1 is applied, the pixel is exposed for short time,
and when code sequence C4 is applied, the pixel is exposed for the full exposure period in that
frame. As illustrated in the plots of FIG. 30, the ability to capture subframe exposures is used to

capture an HDR scene. In these plots, the x-axis shows the increasing light intensity and the y-
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axis shows the raw sensor output. For example, if code sequence C4 is applied to the pixels
capturing dark regions of the scene, it makes sure the pixels are exposed for a full frame period;
but at the same time, if there are bright regions in the scene, code sequence C1 is applied to
pixels in that area. This coded-exposure makes sure that most of the light from dark regions of
the scene is captured while not saturating the pixels in the bright region of the scene. As shown
in the right-side plot of FIG. 30, the sensor output can be normalized based on the exposure
time of the individual pixels. After normalization, this can increase the effective dynamic range of

the image sensor.

[0207] FIG. 37 illustrates a flow chart for a method of extending image dynamic range using
per-pixel coded exposure 300, according to an embodiment. At block 302, an initial raw sensor
readout of each of the pixels of the CEP image sensor is received. In this initial readout, the
CEP image sensor is coded with a uniform coding matrix. At block 304, a code matrix for a
current coded exposure derived from the initial readout. In some cases, the current coded
matrix is for the subsequent frame after the initial readout. In other cases, the initial readout can
be from any previously obtained pixel readout. At block 306, the current coded matrix is sent to
the latches associated with each respective pixel in the CEP image sensor. At block 308, a
current raw sensor readout of each of the pixels of the CEP image sensor is received. At block
310, the current raw sensor readout is normalized based on per-pixel exposure time to
reconstruct an HDR image. At block 312, the HDR image and/or the normalized values are
outputted. In some cases, blocks 304 to 312 can be iteratively performed for each subsequent
image frame, except instead of the deriving from the initial readout, the code matrix is derived

from the previous frame.

[0208] The present inventors performed example experiments to illustrate the advantages of
the present embodiments. The example experiments were performed for both unary-weighted
and binary-weighted subframe exposure time. The example experiments used an image sensor,
fabricated in a 0.11um CMOS image sensor technology, with pinned photo-diode (PPD) pixels
and in-pixel latch to store exposure codes. The image sensor was configured in the single tap

mode (1 signal storage node) and the number of subframes N was set to 4.

[0209] The scene used for the example experiments is shown in FIG. 31, as captured using an
RGB camera. FIGS. 32A and 32B show two images captured using the CEP image sensor 110
with low and high exposure settings, respectively. FIGS. 32A and 32B illustrate the difficulty of

capturing both bright and dark regions simultaneously.
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[0210] FIG. 33 illustrates a comparison for results of the example experiments for three different
coding schemes. The exposure code matrices are presented at the top, and the reconstructed
HDR outputs of the sensor are presented at the bottom. For unary-weighted subframe
exposure, two different timing setups are demonstrated. The first row shows the results for
scheme 1 where unary-weighted subframe exposure timeis setas follows: T, =T, =T; =T, =
Texp /4. The second row shows the results for scheme 2 where unary-weighted subframe
exposure time is set as follows: T, = T, = T; = T, = Tgxp/15. Scheme 2 has the total exposure
time of 4Tgxp /15 per frame. The third row shows results for scheme 3, with binary-weighted
subframe exposure time. The exposure time for its first subframe is T; = Tgxp/15 and it has the
same total exposure time Txp as scheme 1. Dark scenes, highlighted using the horizontal
rectangles in FIG. 33, are reconstructed well using schemes 1 and 3. Bright scenes, highlighted
using the vertical rectangles in FIG. 33, are reconstructed well using schemes 2 and 3. In the
example experiments, it was determined that using binary-weighted subframe exposure time
yielded the best results and reduced the required number of subframes; thus, reducing the data
rate required for loading the codes.

[0211] As illustrated in the example experiments, the present embodiments provide an
advantageous approach for extending image sensor dynamic range. in embodiments described
herein, an approach is provided to extend the dynamic range of an image sensor at its native

sensor resolution using scene-aware per-pixel-coded exposure.

[0212] Advantageously, for unary-weighted subframe exposure time, the effective dynamic
range of the sensor is improved by 20log,,N dB, and for binary-weighted subframe exposure
time by 20log,,(2" — 1) dB, where N is the number of subframes within one full-rate video
frame.

[0213] In the present embodiments, two coding schemes are described; however, any suitable

coding scheme can be used.

[0214] Embodiments described herein use a class of optical image sensors (or imagers or
cameras) that have CEP pixel architecture and advantageously exploit having pixel-wise
programmable exposure during one frame time using exposure code (referred to as masking)
provided by the coding module 112. Using the masking of the coding module 112, the system
100 can individually select which pixels are to be masked. In an embodiment, when a pixel is
“masked,” (code 0), the signal collection node, associated with that pixel, herein referred to as

the “bucket”, does not integrate (collect) a signal in that respective pixel and the signal is
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drained. Conversely, when a pixel is “exposed” and does not have masking applied (code 1),
the bucket collects the signal in the respective pixel. FIG. 34 shows an exemplary illustration of
this approach. When a masking bit, associated with a particular pixel, provided by the coding
module 112 is 0, the photons received at the pixel are disregarded. Conversely, when the
masking bit is 1, the photons received at the pixel are integrated. The masking bit can be
changed for every sub-frame. in some cases, the memory for storing the mask bits can be spilit
into two separate blocks; a first memory block for preloading a next pattern of masking bits and
a second memory block for applying a current pattern of masking bits. VWhen implementing the
mask load, storage and usage, it can be useful to keep mask handling independent of the pixel
exposure in order not to limit the time available for signal collection. Therefore, a pipelined
operation of pre-storage of masking bits can be used via two memory blocks within the pixel or

elsewhere.

[0215] While the present disclosure references the image sensor 110 as a photodiode, any
suitable photo-detector can be used; for example, a pinned-photodiode, a photo-gate, a charge-
coupled device, a charge injection device, a single photon avalanche diode, or the like. While
the present embodiments refer to a visible spectrum of light, light as referred to herein is
understood to include any part of the electromagnetic spectrum along with, or instead of, light
from the visible spectrum; for example, in the ultraviolet, near-infrared, short-wave infrared,
and/or long-wave infrared.

[0216] FIG. 35 is an exemplary very-large-scale integration (VLSI) architecture of the image
sensor 110 of the system 100. FIG. 36A is an example of a camera that can be used having the
image sensor 110 of the system 100. FIG. 36B is an exemplary chip micrograph (4mmx3mm in
0.11um technology) of the per-pixel coded image sensor 110 of the system 100, with a
resolution of 244x162. FIG. 36C shows specifications and characterizations of the example
image sensor of FIG. 36B. FIG. 36C also shows calculated dynamic range improvement value
for different coding strategies and different number of subframes, for example N=4 and N = 10,
for the image sensor of FIG. 36B.

[0217] FIG. 38A illustrates a temporal pixel coding where a code sequence is applied to the full
image sensor pixel array to collect the light at different intervals of time in a given exposure
period. FIG. 38B illustrates partial spatio-temporal coding which offers enhanced
programmability in spatial domain by allowing different pixel subarrays of the image sensor to

receive different code sequences. FIG. 38C illustrates a per-pixel coded exposure coding of the
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present embodiments. This coding scheme allows code sequences for each pixel
independently. Multiple codes can be updated in single frame and photo generated charges

received in a frame can be integrated based on the code sequence.

[0218] Advantageously, the present embodiments are able 1o use arbitrary-valued pixel codes
for enhanced flexibility and applicability. Additionally, embodiments of the present disclosure
allow for closed-loop or scene-dependent pixel code generation for enhanced adaptability.
Additionally, embodiments of the present disclosure allow for pixel codes to be updated

simultaneously, or at around the same time.

[0219] Although the invention has been described with reference to certain specific
embodiments, various modifications thereof will be apparent to those skilled in the art without

departing from the spirit and scope of the invention as outlined in the claims appended hereto.
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CLAIMS

1. A method for extending image sensor dynamic range using coded pixels, the image
sensor comprising a photodetector array to convert an incoming light signal into a photo-
generated electronic signal, the method comprising:

providing pixel codes to pixels in the photodetector array for each subframe of a
frame;

receiving a sensor readout of each of the pixels in the photodetector array for each

subframe;

for each subframe, based on the pixel code, routing each sensor readout value for
collection at one or more taps or to a drain, the pixel codes determined adaptively
based on previously received pixel values by sorting the collected sensor readout
values on each tap based on the pixel codes for a previous subframe as the sensor

readouts of a current subframe are collected;

combining the collected sensor readout values at each of the taps to determine a

single pixel value for the frame; and
outputting the single pixel value for each pixel for the frame.

2. The method of claim 1, wherein the pixel code comprises a code corresponding to
exposure time of the respective pixel, with a resulting photo-generated charge comprising
the respective sensor readout.

3. The method of claim 1, wherein the pixel code comprises a code corresponding to signal
gain of the signal received at the photodetector.

4. The method of claim 1, wherein each pixel code is applied mutually to a group of pixels.

5. The method of claim 1, wherein the pixel codes are preloaded into a code memory store

based on the previously received pixel values.

6. The method of claim 1, wherein each pixel comprises one tap, and the pixel code for each
pixel comprises a one-bit binary number.

7. The method of claim 1, wherein the pixel codes for one or more of the pixels dictate that
each of the one or more taps have individually-programmable integration time intervals.
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8. The method of claim 10, wherein an average of the integration time intervals is equalized

over multiple frames.

9. A system for extending image sensor dynamic range using coded pixels, the image sensor
comprising a photodetector array to convert an incoming light signal into a photo-
generated electronic signal, the system comprising circuit logic, the circuit logic configured

to execute:

a coding module to provide pixel codes to pixels in the photodetector array for each
subframe of a frame and to, for each subframe, based on the pixel code, route the
photo-generated electronic signal value of a respective one of the pixels for
collection at one or more taps or to a drain, the pixel codes are determined
adaptively based on previously received pixel values by sorting the photo-
generated electronic signal values on each tap based on the collected signal

values and the pixel codes for one or more previous subframes;

a high-dynamic-range (HDR) decoding module to combine the collected signal
values available at each of the taps to determine a single pixel value for the frame;
and

an output module to output the single pixel value for each pixel for the frame.

10. The system of claim 9, wherein the pixel code comprises a code corresponding to
exposure time of the respective pixel, with a resulting photo-generated charge comprising
the respective sensor readout.

11. The system of claim 9, wherein the pixel code comprises a code corresponding to signal
gain of the signal received at the photodetector.

12. The system of claim 9, wherein each pixel code is applied mutually to a group of pixels.

13. The system of claim 9, wherein the coding module uses the pixel codes as loaded into a

code memory store based on the previously received pixel values.

14. The system of claim 9, wherein each pixel comprises one tap, and the pixel code for each
pixel comprises a one-bit binary number.

15. The system of claim 11, wherein each pixel in the photodetector array comprises one or
more charge collection nodes, and wherein the charge collection nodes from one or more

pixels are combined to modify the signal gain based on the pixel codes.
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16. The system of claim 10, wherein the pixel codes dictate pixel exposure time for pixels that

sense time of flight of the incoming light signal.

17. The system of claim 11, wherein the pixel codes dictate signal gain for pixels that sense
time of flight of the incoming light signal.

18. The system of claim 9, wherein the HDR decoding module comprises an analog-to-digital
converter (ADC), and wherein the resolution of the ADC is different for digitizing the

subframes compared to digitizing the frames.

19. The system of claim 9, wherein the HDR decoding module comprises an analog-to-digital
converter (ADC), and wherein one or more parameters of the ADC are dynamically

adjusted for one or more subframes or for one of more frames.
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