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(57) Abstract: In one example, a method comprises: exposing a first
photodiode to incident light to generate first charge; exposing a second
photodiode to the incident light to generate second charge, converting, by
a first charge sensing unit, the first charge to a first voltage; converting,
by a second charge sensing unit, the second charge to a second voltage;
controlling an ADC to detect, based on the first voltage, that a quantity
of the first charge reaches a saturation threshold, and to measure a satu-
ration time when the quantity of the first charge reaches the saturation
threshold; stopping the exposure of the first photodiode and the second
photodiode to the incident light based on detecting that the quantity of
the first charge reaches the saturation threshold; and controlling the ADC
to measure, based on the second voltage, a quantity of the second charge
generated by the second photodiode before the exposure ends.
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PIXEL SENSOR HAVING ADAPTIVE EXPOSURE TIME

RELATED APPLICATION
{00011 This patent application claims priority to U.S. Application No. 16/5344,136, filed on
August 19, 2019 and to U.S. Provisional Application No. 62/719,953, filed on August 20, 2018,
U.S. Application No. 16/544,136 and U.S. Application No. 62/719,933 are incorporated herein

by reference in their entirety for all purposes.

BACKGROUND
{0002] The disclosure relates generally to image sensors, and more specifically to pixel cell

structure including interfacing circuitries for determining light intensity for image generation.

{06063] A typical pixel in an image sensor includes a photodiode o sense incident light by
converting photons into charge (¢.g., clectrons or holes). The incident light can include
components of different wavelength ranges for different applications, such as 2D and 3D
scnsing. Moreover, to reduce image distortion, a global shutter operation can be performed in
which each photodiode of the array of photodiodes senses the incident light simultancously in a
global exposure period to generate the charge. The charge can be converted by a charge sensing
unit (e.g., a {loating diffusion) to convert (o a voltage. The array of pixel cells can measure
different components of the incident light based on the voltages converted by the charge sensing

unit and provide the measurement results for generation of 2D and 3D images of a scene.

SUMMARY
{0004] The present disclosure relates to image sensors. More specifically, and without
limitation, this disclosure relates to a pixel cell. This disclosure also relates to operating the

circuitries of pixel cells to generate a digital representation of the intensity of incident light.

{0003] In ove example, an apparatus is provided. The apparatus comprises: a {irst photodiode

to generate first charge; a second photodiode to generate second charge; a first charge sensing
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unit to convert the first charge to a first voltage; a second charge sensing unit to convert the
second charge to a second voliage; an ADC capable of measuring a saturation time and a
quantity of charge; and a controller configured to: expose the first photodiode and the second
photodiode to incident hight to generate, respectively, the first charge and the second charge;
connect the ADC to the first charge sensing unit to detect, based on the first voltage, that a
quantity of the first charge reaches a saturation threshold, and to measure the saturation tirne
when the quantity of the first charge reaches the saturation threshold; stop the exposure of the
first photodiode and the sccond photodiode to the incident light based on detecting that the
quantity of the first charge reaches the saturation threshold; and counnect the ADC to the second
charge sensing unit to measure, based on the second voltage, a guantity of the second charge

generated by the second photodiode before the exposure ends.

{00061 In one aspect, the apparatus further comprises: a {irst shutter switch coupled between
the first photodiode and a first charge sink; and a second shutter switch coupled between the
second photodiode and a second charge sink. The controller is configured to: exposure the first
photodiode and the second photodiode to the incident light based on disabling the first shutter
switch and the second shutter switch; and stop the exposure of the first photodiode and the
second photodiode to the incident light based on enabling the {irst shutter switch and the second

shutter switch.

{0607] In onc aspect. the controller is configured to disable the first shutter switch and the
second shutter switch together at a first time and to enable the {irst shutter switch and the second
shutter switch together at a second time, such that a global shutter switch for the first photodiode

and the second photodiode starts at the first time and ends at the second time.

{00081  In one aspect, each of the first charge sensing unit and the second charge sensing unit
includes, respectively, a first capacitor and a second capacitor, The apparatus further comprises:
a {irst transfer swilch coupled between the first photodiode and the first charge sensing unit; and
a second transfer switch coupled between the second photodiode and the second charge sensing
unit. The controller is configured to: control the {irst transfer swilch to transfer the first charge to
the first capacitor of the first charge sensing unit; control the second transfer switch to transfer

the first charge to the second capacitor of the first charge sensing unit; and stop the exposure of
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the first photodiode and the second photodiode to the incident light after the transfer of the first

charge and the second charge completes.

{00091 In one aspect, the controller is configured to: at a first time, bias the fivst transfer switch
at a first bias voltage to transfer first overflow charge of the first charge from the {irst photodiode
to the first charge sensing unit for storage; at the first timne, bias the second fransf{er switch at the
first bias voltage to transfer second overflow charge of the second charge from the second
photodiode to the second charge sensing unit for storage; at a second time, bias the first transfer
switch at a second bias voltage to transfer {irst residual charge of the {irst charge {rom the first
photodiode to the first charge sensing unit for storage; and at the second time, bias the second
transfer switch at the second bias voltage to transfer second residual charge of the second charge
from the second photodiode to the second charge sensing unit for storage. The exposure of the
first photodiode and the second photodiode o the incident light is stopped after the transfer of

the first residual charge and the transfer of the second residual charge completes.

{00181 In one aspect, the first charge sensing unit includes a first switchable buffer coupled
hetween the first capacitor and the ADC. The second charge sensing unit 1ncludes a second
switchable buffer coupled between the first capacitor and the ADC. The controller is configured
to: when the first transfer switch is biased at the first bias voltage, enable the first switch buffer
to conirol the ADC to detect whether the quantity of the first overflow charge exceeds the
saturation threshold, and to measure the saturation time when the quantity of the first overflow
charge reaches the saturation threshold; and after the exposure of the {irst photodiode and the
second photodiode to the incident light stops: control the ADC to measure a quantity of the

second residual charge stored 1n the second capacitor,

{0811} In one aspect, the first capacitor develops the first voltage when the {irst overflow
charge is transferred to the first capacitor. The ADC is configured to measure the saturation time
based on comparing the first voltage against a {irst static threshold voltage representing the

saturation threshold.

{00121 In one aspect, the first capacitor includes a first main capacitor and a first auxiliary
capacitor. Prior to the transfer of the first residual charge, the controller is configured to:
disconnect the first auxiliary capacitor from the {irst main capacitor; and reset the {irst main

capacitor. The {irst residual charge is transferred to the lirst main capacitor after the first main

3
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capacitor is reset to generate a third voltage. The ADC is configured to measure a quantity of the
first residual charge stored in the {irst roain capacitor based on comparing the third voltage at the
first main capacitor with a first ramping threshold voltage. The ADC is configured to, after
measuring a quaniity of the first residual charge: connect the first auxiliary capacitor that stores a
portion of the {irst over{low charge with the {irst main capacitor to generate a fourth voltage; and
measure a gquantity of the first overflow charge based on comparing the fourth voltage with a
second ramping threshold voltage. The controller is configured select an output generated by
ADC based on one of the {irst voltage, the third voltage, or the fourth voltage. The selection is
based on whether the first voliage crosses the fivst static threshold voltage and based on whether
the third voltage crosses a second static threshold voltage representing a storage capacity of the
tirst photodiode. The countroller s confligured to provide the selected output (o represent an

intensity of the incident light received by the first photodiode.

{00131 In one aspect, the second capacitor includes a second main capacitor and a second
auxiliary capacitor. Prior to the transfer of the second residuoal charge, the controller is
configured to: disconnect the second auxiliary capacitor from the second main capacitor; and
resct the second main capacitor. The second residual charge is transferred to the second main
capacttor after the second main capacitor is reset to generate the second voltage. The ADC is
configured to measure the quantity of the second residual charge stored in the second main
capacitor based on comparing the second voltage at the second main capacitor with a first
ramping threshold voltage. The ADC is configured to, after measuring a quantity of the second
residual charge: connect the second auxiliary capacitor that stores a portion of the second
overflow charge with the second main capacitor to generate a third voltage; and measure a
quantity of the second overflow charge based on comparing the third voltage with a second
ramping threshold voltage. The controller is configured select an cutput generated by ADC based
on one of the second voltage or the third voltage. The selection is based on whether the second
voltage crosses a static threshold voltage representing a storage capacity of the second
photodiode. The controller is configured to provide the selected output to represent an intensity

of the incident light received by the second photodiode.
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{00141 In one aspect, the first photodiode is configured to detect a first component of the
ncident light having a first wavelength range. The second photodiode 1s configured to detect a

second component of incident light having a second wavelength range.
{00151 In one aspect, the first wavelength range and the second wavelength range are identical.
{0016] In one aspect, the first photodiode and the second photodiode are part of a pixel cell.

{00171 In one aspect, the first photodiode and the second photodiode are part of, respectively, a

first pixel cell and a second pixel cell.

{0018] In one aspect, the first pixel cell and the second pixel cell are part of a pixel cell array.

The first pixel cell and the second pixel cell are separated by one or more pixel cells.

{0019] In one example, a method 1s provided. The method comprises: exposing a first
photodiode to incident light to generate {irst charge; exposing a second photodiode to the
incident light to generate second charge; converting, by a first charge sensing unit, the first
charge to a first voltage; converting, by a second charge sensing unit, the second charge to a
second voltage; controlling an ADC to detect, based on the first voltage, that a guantity of the
first charge reaches a saturation threshold, and to measure a saturation time when the quantity of
the first charge reaches the saturation threshold; stopping the exposure of the first photodiode
and the second photodiode to the incident light based on detecting that the quantity of the first
charge reaches the saturation threshold; and controlling the ADC to measure, based on the
second voltage, a guantity of the second charge generated by the second photodiode before the

exposure ends.

{00281 In one aspect, the first charge is generated by the first photodiode based on detecting a
first component of the incident hight having a {irst wavelength range. The second charge is

generated by the second photodiode based on detecting a second component of the incident light
having a second wavelength range. The first wavelength range and the second wavelength range

are different.

BRIEF DESCRIPTION OF THE DRAWINGS

{00211 IHostrative examples are described with reference to the following figures.
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{00221 FIG. 1A and FIG. 1B are diagrams of an example of a near-eye display.

{00231 FIG. 2 is an example of a cross section of the near-cye display.

{00247 FIG. 3 illustrates an isometric view of an exaraple of a waveguide display with a single
source assembly.

{00251 FIG. 4 illustrates a cross section of an example of the waveguide display.

{00261 FIG. 5 is a block diagram of an example of a system including the near-eye display.
{00271 FIG. 6 illustrates block diagrams of an example of an image sensor.

{00281 FIG. 7A, FIG, 7B, and FIG. 7C illustrate operations for determining light intensities

of different ranges by example image sensor of FIG. 6.

{60291 FIG. 8A, FIG. 8B, FIG. 8C, and FIG. 8D illustrate examples of internal components

of an example pixel cell of the example image sensor of FIG. 6.

{00301 FIG. 9A and FIG. 9B illostrate examples of internal components of the example pixel
cells of FIG. 84, FIG. 8B, FIG. 8C, and FIG. 8D.

{00311  FIG, 16 illustrates an example of ranges of light intensity to be measured by the
disclosed technigues.

10032] FIG, 11A FIG. 11B, FIG, 11C, and FIG. 11D ilustrate example methods for
determining a light intensity.

{00331 FIG. 12 illastrates an example sequence of control signals to perform light intensity

measurement.

{00341 FIG. 134, FIG. 138, and FIG. 130 ilustrate examples of a multi-photodiode pixel

cell and its operation.

{00351 FIG. 144, and FIG. 14B illustrate another example of a multi-photodiode pixel cell

and ifs operation.

{60361 FIG. 154 FIG. 158, and FIG. 15C illustrate example grouping of photodiodes to

share guantization resources.

&
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{00371 FIG. 164 and FIG. 168 illustrate another example grouping of photodiodes to share

quantization 1esources.
{00381  FIG. 17 illustrates a flowchart of an example process for measuring light intensity.

{00381 The figures depict examples of the present disclosure for purposes of illustration only.
One skilled in the art will readily recognize from the following description that alternative
examples of the structures and methods Hustrated may be employed without departing from the

principles, or benefits touted, of this disclosure.

{0040] In the appended figures, similar components and/or features may have the same
reference label. Further, various cormaponents of the same {ype may be distinguished by following
the reference label by a dash and a second label that distinguishes among the similar
components. H only the first reference label 1s used in the specification, the description 15
applicable to any one of the similar components having the same first reference label irrespective

of the second reference label.

DETAILED DESCRIPTION
{00411 In the following description, for the purposes of explanation, specific details are set
forth in order to provide a thorough understanding of certain inventive examples. However, it
will be apparent that various examples may be practiced without these specific detatls. The

figures and description are not intended to be restrictive.

{00421 A typical image sensor includes an array of pixel cells. Each pixel cell includes a
photodiode to measure the intensity of incident light by converting photons into charge (e.g.,
clectrons or holes). The charge gencrated by the photodiode can be converted to a voltage by a
charge sensing unit, which can include a floating drain node. The voltage can be quantized by an
analog-to-digital converter (ADC) into a digital value. The digital value can represent an
intensity of light received by the pixel cell and can form a pixel, which can correspond to light
received from a spot of a scene. An image comprising an array of pixels can be derived from the

digital outputs of the array of pixel cells.

{0843] An image sensor can be used to perform different modes of imaging, such as 2D and
3D sensing. The 2D and 3D sensing can be performed based on light of different wavelength

ranges. For example, visible light can be used for 2D sensing, whereas invisible light (e.g.. infra-
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red light) can be used for 3D sensing. An image sensor may include an optical filter array to
allow visible light of different optical wavelength ranges and colors {(e.g., red, green, blue,
monochrome, etc.) to a first set of pixel cells assigned for 2D sensing, and invisible light to a

second set of pixel cells assigned for 3D sensing.

{0844] To perform 2D sensing. a photodiode at a pixel cell can generate charge at a rate that 1s
proportional to an intensity of visible light component (e.g., red. green, blue, monochrome, etc.)
incident upon the pixel cell, and the quantity of charge accumulated in an cxposure period can be
used to represent the intensity of visible light (or a certain color component of the visible light).
The charge can be stored temporarily at the photodiode and then transferred to a capacitor {c.g.. a
floating diffusion) to develop a voltage. The voltage can be sampled and quantized by an analog-
to-digital converter (ADC) to generate an output corresponding to the intensity of visible light.
Animage pixel value can be generated based on the outputs from multiple pixel cells configured

to sense different color components of the visible light (e.g., red, green, and blue colors).

{00431 Moreover, to perform 3D sensing, light of a different wavelength range {¢.g., infra-red
light) can be projected outo an object, and the reflected light can be detecied by the pixel cells.
The light can include structured light, light pulses, etc. The pixel cells outputs can be used to
perform depth sensing operations based on, for example, detecting patterns of the reflected
structured light, measuring a time-of-flight of the light pulse, etc. To detect patterns of the
reflected structured light, a distribution of quantities of charge generated by the pixel cells during
the exposure time can be determined, and pixel values can be generated based on the voltages
corresponding to the quantities of charge. For time-of-flight measurement, the timing of
generation of the charge at the photodiodes of the pixel cells can be determined to represent the
times when the reflected light pulses are received at the pixel cells. Time differences between
when the light pulses are projected to the object and when the reflected light pulses are received

at the pixel cells can be used to provide the time-of-flight measurement.

{00461 A pixel cell array can be used to generate information of a scene. In some examples, a
subset {e.g., a first set) of the pixel cells within the array can detect visible components of light
to perform 2D sensing of the scene, and another subset {e.g., a second set) of the pixel cells
within the array can detect an infra-red component of the light to perloro 3D sensing of the

scene. The fusion of 2D and 3D imaging data are useful for many applications that provide
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virtual-reality (VR), augmented-reality (AR) and/or mixed reality (MR) experiences. For
example, a wearable VR/AR/MR systermn may perform a scene reconsiruction of an environment
in which the user of the system is located. Based on the reconstructed scene, the VR/AR/MR can
generate display effects to provide an iteractive experience. To reconstruct a scene, a subset of
pixel cells within a pixel cell array can perform 3D sensing to, {or example, identify a set of
physical objects in the environment and determine the distances between the physical objects and
the user. Another subset of pixel cells within the pixel cell array can perform 2D sensing to, for
example, capture visual attributes including textures, colors, and reflectivity of these physical
objects. The 2D and 3D image data of the scene can then be merged to create, for example, a 3D
model of the scene including the visual attributes of the objects. As another example, a wearable
VR/AR/MR system can also perform a head tracking operation based on a fusion of 2D and 3D
image data. For example, based on the 2D image data, the VR/AR/AR system can extract certain
image features to identify an object. Based on the 3D image data, the VR/AR/AR system can
track a location of the identified object relative to the wearable device worn by the user. The
VR/AR/AR system can track the head movement based on, for example, tracking the change in

the location of the identified object relative to the wearable device as the user’s head moves.

{00471 To improve the correlation of 2D and 3D image dala, an array of pixel cells can be
configured to provide collocated imaging of different components of incident light from a spot of
a scene. Specifically, each pixel cell can include a plurality of photodiodes, and a phurality of
corresponding charge sensing units. Each photodiode of the plurality of photodiodes is
configured to convert a different light component of incident hight to charge. To enable the
photodiodes to receive different light components of the incident light, the photodiodes can be
formed in a stack which provides different absorption distances for the incident light for different
photodiodes, or can be formed on a plane under an array of optical filters. Each charge sensing
unit inclade one or more capacitors to sense the charge of the corresponding photodiode by
converting the charge to a voltage, which can be quantized by an ADC to generate a digital
representation of an intensity of an incident light component converted by cach photodiode. The
ADC includes a comparator. As part of a quantization operation, the comparator can compare the
voltage with a reference to output a decision. The output of the comparator can control when a
memeory stores a value {rorm a free-runuoing counter. The value can provide a result of guantizing

the voltage.
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{00481 The ADC can guantize the voltages based on different quantization operations
associated with different intensity ranges, which can increase the dynamic range of the hight
intensity measurement operation. Specifically, each photodiode can generate a quantity of charge
within an exposure period, with the quantity of charge representing the incident light intensity.
Each photodiode also has a quantum well to store at least some of the charge as residual charge.
The guanturm well capacity can be st based on a bias voltage on the switch between the
photodiode and the charge sensing unit. For a low light intensity range, the photodiode can store
the entirety of the charge as residual charge in the guantum well. In a PD ADC quantization
operation, the ADC can quantize a first voltage generated by the charge sensing unit from
sensing a quantity of the residual charge to provide a digital representation of the low light
inlensity. As the residual charge is typically much less susceptible to dark current in the
photodiode, the noise floor of the low light intensity measurement can be lowered, which can

further extend the lower limit of the dynamic range.

{0849] Moreover, for a medium light intensity range, the quantum well can be saturated by the
residual charge. and the photodiode can transfer the remaining charge as overflow charge to the
charge sensing unit, which can gencrate a second voltage from sensing a quantity of the overflow
charge. In a FD ADC quantization operation, the ADC can quantize the second voltage to
provide a digital representation of the medium light intensity. For both low and medium hight
intensities, the one or more capacitors in the charge sensing unit are not vet saturated, and the
magnitudes of the first voltage and second voltage correlate with the hight intensity. Accordingly
for both low and medium light intensities, the comparator of the ADC can compare the first
voitage or second voltage against a ramping voltage to generate a decision. The decision can
control the memory to store a counter valoe which can represent a quantity of residual charge or

overflow charge.

{00561 For a high light intensity range, the overflow charge can saturate the one or more
capacilors in the charge sensing unit. As a result, the magnitudes of the second voltage no longer
tracks the light intensity, and non-linearity can be introduced to the light intensity measurement.
To reduce the non-lincarily caused by the saturation of the capacitors, the ADC can perform a
time-to-saturation (TTS) measurement operation by comparing the second voltage with a static

threshold to generate a decision, which can control the memory to store a counter value. The

10
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counter value can represent a time when the second voltage reaches a saturation threshold. The
time-to-saturation can represent the intensity of light in a range where the charge sensing unitis
saturated and the value second voltage no longer reflects the intensity of light. With such

arrangements, the upper limit of the dynamic range can be extended.

{0851} The comparator of the ADC typically occupies the largest space and consumes the most
power among all other components of a pixel cell, especially when performing the multiple
quantization operations described above. Therefore, to reduce power and pixel cell footprint, a
single ADC can be shared among the multiple charge sensing units within a pixel cell. A
controller of the pixel cell can control each charge sensing unit to take turn to connect to the
single ADC to perform the TTS, FD ADC, and PD ADC operations, to generate a digital
representation of the intensity of a light component of the incident light. Such arrangements,
however, can substantially increase the total time of quantization operations of a pixel cell as
well as the frame period required to generate an image frame, which can lead to a lower frame
rate. This can degrade the image sensor’s capability of providing high resolution images of high
speed objects and/or scenes that change at a high speed and reduce the applications of the image
sensor. To reduce the total time of the quantization operations for cach photodiode, the controller
can configure some of the photodiodes to perform only a subset of the TTS, FD ADC, and PD
ADC operations. For example, the controller can connect the charge scnsing unit of one of the
photodiodes to the ADC, and control the ADC to perform the TTS, FD ADC, and PD ADC
operations. The controller can then connect other charge sensing units of other photodiodes
sequentially to the ADC, and control the ADC to perlorm only the PD ADC and FD ADC
operations for the outputs of those charge sensing units. In addition to reducing the frame period,
such arrangements can also ensure that all the photodiodes within the pixel cell have the same
exposure period, which can improve shutter efficiency and reduce motion blurring and

distortions when imaging a bright, fast moving object similar to a rolling shutter operation.

{00521  Although reducing the quantization operations of a subset of photodiodes of a pixel cell
can reduce the total time of guantization operations of the pixel cell and increase the frame rate,
such arrangements can reduce the upper limit of the dynamic range of the subset of photodiodes.
Specifically, the capacitor of the charge sensing units of the subset of photodiodes can become

saturated when the pixel cell is exposed to high intensity light components. But since no TTS

1§
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operations are performed for those photodiodes, the guantization outputs of the ADC is linear

ounly for the low and mediom Light 1ntensity ranges. This reduces the measurable upper limit of

the light intensity for those photodiodes and reduce their dynamic ranges. As a result, non-

hinearity can be introduced to the measurements of some or all light components of incident hight
/3

by a pixel cell, which not degrades not only the collated 2D/3D imaging operations but also the

global shutter operation of the pixel cell array.

{00531  This disclosure relates to an image sensor that can provide improved collocated 2D and
3D imaging operations, as well as improved global shutter operations, by addressing at least
some of the issues above. Specifically, an image sensor may include a first photodiode, a second
photodiode, a first charge sensing unit, a second charge sensing unit, and a controller. The first
photodiode can generate first charge in response to a first component of incident light. The
second photodiode can generate second charge in response {o a second component of incident
light. Each of first charge sensing unit and second charge sensing unit includes a capacitor,
which can be formed by a floating drain, to store the charge generated by the photodiodes. The
first charge sensing unit can share an ADC with the second charge sensing unit. Under the
sharing scheme, the ADC is to perform a TTS operation on the output of the {irst charge sensing
unit to measure a saturation time for a quantity of the first charge to reach a saturation threshold,
followed by a PD ADC operation and/or a FD ADC operation to measure a quantity of the first
charge. Moreover, the ADC is not to perform the TTS operation on the output of the second
charge sensing unit, and only to perform the PD} ADC and/or FD ADC operations on the output

of the second charge sensing unit to measure a quantity of the second charge.

{0854} The controller can start an exposure period for the first photodiode and the second
photodiode to generate, respectively, the first charge and the second charge. The image sensor
may include a shutter switch coupled between each of the first photodiode and the second
photodicde and a charge sink which can drain away the {irst charge and the second charge. The
exposure period can be started based on disabling the shutter switches. The controller can conirol
the ADC to perform the TTS operation on the output of the first charge sensing unit to detect
saturation and to measure the saturation time. Upon detecting saturation, the controller can stop
the exposure period of the first photodiode and the second photodiode based on enabling the

switches. The controller can then control the ADC to perform the PD ADC and/or FD ADC
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operations on the output of the second charge sensing unit to measure the quantity of the second
charge geoerated by the second photodiode within the exposure period. The controller can also
control the ADC to perform the PD ADC and/or FD ADC operations on the output of first
sensing unit to measure the quantity of the first charge generated by the first photodiode within
the exposure period, after the TTS operation. The quantization ouiputs from the {irst photodiode
and the second photodiode can form the same image {rame, or the same set of frames {(e.g., 2D

and 3D {rame) of the same frame period.

{00551  In some examples, the first photodiode and the second photodiode can be part of a
kemnel. A kernel can include multiple pixel cells and/or multiple photodiodes of a pixel cell. In a
kemel, a group of photodiodes can share an ADC. All of the photodiodes within the group except
the a master photodiode {e.g., the {irst photodiode) has access to an ADC to perform only PD
ADC and/or FD ADC operations, whereas the master photodiode has access to an ADC to
perform the TTS, as well as PD ADC and/or FD ADC operations. All the photodiodes within the
group can have the same exposure period, which can be stopped when the charge sensing unit of
the master photodiode is saturated. As a result, the quantization result of the charge sensing units
of those photodiodes, based on PD ADC and/or FI ADC operations, can still represent the
intensities of the light components with a reasonable {idelity. On the other hand, if there is no
indication of saturation from the master photodiode, the photodiodes can generate at least a
threshold quantity of charge within the pre-configured exposure period to maintain a minimum
signal-to-noise ratio for measurements of low and medium light intensitics, which can set the

fower limit of the dynamic range.

{00561 The photodiodes of a kernel can be {rom different pixel celis or from the same pixel
cell, and can be configured to detect the same or different light components. The grouping of
photodiodes in a kernel can be based on various schemes and can be application specific. As an
example, groups of pixels can be defined based on the contour/shape of a pre-determined object
to be imaged (e.g., a pointed light source), and each group of the pixels can form a kernel. As
another example, pixel cells that are likely to receive light components of similar intensity can
form a kernel. Moreover, the spatial distribution of the photodiodes of the kernel within a pixel
cell array can be based oun the application of the image sensor. For example, if the image sensor

images a small part of a scene, such that the received NIR light is concentrated at a small number
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of pixel cells, the kernel can include photodiodes of adjacent pixel cells. On the other hand, if the
image sensor images a large part of a scene, such that the pattern of NIR light is sparsely
distributed over the pixel cells, the kernel can include photodiodes of pixel cells that are spaced
apart. In some exarnples, a kernel of photodiodes can also include photodiodes of the same pixel
cell and configured to detect light components of different wavelength ranges. Such
arrangements can be useful when the image sensor operates in an environment with strong
ambient Hight and where each photodiode of a pixel cell can receive a high-intensity light
component, and the charge sensing unit of each photodiode is likely to saturate. In all these
cases, the photodiodes of a kernel can be conligured to detect Jight of the same wavelength range

or different wavelength ranges,

{00571  With embodiments of the present disclosure, with each pixel cell having the same
exposure period, a global shutter operation can be provided, while each pixel cell includes
multiple photodiodes to detect different components of light from the same spot of a scene to
support collated 2D and 3D imaging operations. Moreover, the photodiodes of the pixel cells are
or organized into kernels, with each kernel of photediodes sharing an ADC to perform
quantization operations to reduce the size and power consumption of the pixel cell, while the
exposure pertod of the photodiodes of each kernel can be dynamically adjusted to improve the
linearity of the measurement operations as well as the dynamic range of the image sensor. All

these can improve the performance of the image sensor.

{0058] The disclosed techniques may include or be implemented tn conjunction with an
artificial reality system. Artificial reality is a form of reality that has been adjusted in some
manner before presentation to a user, which may include, e.g., a virtual reality (VR), an
augmented reality {AR), a mixed reality (MR), a hybrid reality, or some combination and/or
derivatives thereof. Artificial reality content may include completely generated content or
generated content combined with captured (e.g., real-world} content. The artificial reality
content may include video, audio, haptic feedback, or some combination thereof, any of which
may be presented in a single channel or in multiple channels (such as stereo video that produces
a three-dimensional effect to the viewer). Additionally, in some examples, artificial reality may
also be associated with applications, products, accessories, services, or some combination

thereof, that are used to, e.g., create content in an artificial reality and/or are otherwise used in

14



WO 2020/041241 PCT/US2019/047156

{e.g.. perform activities in} an artificial reality. The artificial reality system that provides the
artificial reality content may be implernented on various platforms, including a head-mounted
display (HMD) connected to a host computer system, a standalone HMD, a mobile device or
computing sysiem, or any other hardware platform capable of providing artificial reality content

{0 One OF More viewers.

{00581 FIG. 1A 15 a diagram of an example of a near-eye display 100. Near-eye display 100
presents media to a user. Examples of media presented by near-cye display 100 include one or
more images, video, and/or andio. In some examples, audio is presented via an external device
(e.g., speakers and/or headphones) that receives audio information from the near-eye display
100, a console, or both, and presents audio data based on the audio information. Near-eye display
100 1s generally configured {o operate as a virtual reality (VR) display. In some examples, near-
eye display 100 is modified to operate as an augmented reality (AR) display and/or a mixed

reality (MR) display.

{00681 Near-eye display 100 includes a frame 105 and a display 110. Frame 105 is coupled to
one or more optical elements. Display 110 is configured for the user to see content presented by
near-eye display 100. In some examples, display 110 comprises a waveguide display assembly

for directing light from one or more images to an eye of the user.

{00611 Near-eve display 100 further includes image sensors 120a, 120b, 120c¢, and 120d. Each
of image sensors 120a, 120b, 120c, and 120d may include a pixel array configured to generate
imnage data representing duferent {ields of views along different directions. For example, sensors
120a and 120b may be configured to provide image data representing two fields of view towards
a direction A along the 7 axis, whereas sensor 120¢ may be configured to provide image data
representing a {ield of view towards a direction B along the X axis, and sensor 120d may be
configured to provide image data representing a field of view towards a direction C along the X

axis.

{0062] In some examples, sensors [20a-120d can be configured as input devices to control or
influence the display content of the near-eye display 100, to provide an interactive VR/AR/MR
experience to a user who wears near-eve display 100. For example, sensors 120a-120d can
generate physical image data of a physical environment in which the user is located. The

physical image data can be provided to a location tracking system to track a location and/or a
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path of movement of the user in the physical environment. A system can then update the image
data provided to display 110 based on, for example, the location and orientation of the user, to
provide the interactive experience. In some examples, the location tracking system may operate a
SLAM algorithm to track a set of objects in the physical environment and within a view of field
of the user as the user moves within the physical environment. The location tracking system can
construct and update a map of the physical environment based on the set of objects, and track the
tocation of the user within the map. By providing image data corresponding to multiple fields of
views, sensors 120a-120d can provide the location tracking system a more holistic view of the
physical environment, which can lead to more objects to be included in the construction and
updating of the map. With such an arrangement, the accuracy and robustness of tracking a

location of the aser within the physical environment can be improved.

{00631  In some examples, near-eye display 100 may {urther jnclade one or more active
illuminators 130 to project light into the physical environment. The light projected can be
associated with different frequency spectrums (e.g., visible light, infra-red light, ultra-violet
light, etc.), and can serve various purposes. For example, illuminator 130 may project light in a
dark environment (or in an environment with low intensity of infra-red light, ultra-violet light,
etc.) to assist sensors 120a-120d 1o capturing images of different objects within the dask
environment to, for example, enable location tracking of the user. lluminator 130 may project
certain markers onto the objects within the environment, to assist the location tracking system in

identifving the objects for map construction/updating.

{0064] In some cxamples, iHuminator 130 may also cnable stereoscopic imaging. For example,
one or more of sensors 120a or 120b can inclade both a first pixel array for visible light sensing
and a second pixel array for infra-red (IR) light sensing. The first pixel array can be overlaid with
a color filter {e.g., a Bayer f{ilter), with each pixel of the first pixel array being configured to
measure intensity of light associated with a particular color (e.g., one of red, green or blue
colors). The second pixel array (for IR light sensing) can also be overlaid with a filter that allows
only IR light through, with ecach pixel of the second pixel array being configured to measure
intensity of IR lights. The pixel arrays can generate an RGB image and an IR image of an object,
with each pixel of the IR image being mapped to each pixel of the RGB 1image. Hluminator 130

may project a set of IR markers on the object, the images of which can be captured by the IR
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pixel array. Based on a distribution of the IR markers of the object as shown in the image, the
systern can estimate a distance of different parts of the object from the IR pixel array, and
generate a stereoscopic image of the object based on the distances. Based on the stereoscopic
image of the object, the system can determine, for example, a relative position of the object with
respect to the user, and can update the image data provided to display 100 based on the relative

position information to provide the interactive experience.

{00651  As discussed above, near-eye display 100 may be operated in environments associated
with a very wide range of light intensities. For example, near-eye display 100 may be operaled in
an indoor environment or in an outdoor environment, and/or at different times of the day. Near-
eye display 100 may also operate with or without active illuminator 130 being turned on. As a
result, image sensors 120a-120d may need to have a wide dynamic range o be able to operate
properly (e.g., o generate an ouiput that correlates with the intensity of incident light) across a
very wide range of light intensities associated with different operating environments for near-eye

display 100.

{0066] FIG. 1B i a diagram of another example of near-eye display 100. FIG. 1B illustrates a
side of near-eye display 100 that faces the eyebali(s} 135 of the user who wears near-eye display
100. As shown in FIG. 1B, near-eve display 100 may {urther include a plorality of iluminators
140a, 140b, 140c, 140d, 140e, and 140{. Near-eye display 100 further includes a plurality of
image sensors 150a and 150b. Hluminators 140a, 140b, and 140c may emit lights of certain
frequency range {e.g., NIR) towards direction D (which 1s opposite to direction A of FIG. 1A).
The cmitted light may be associated with a certain pattern, and can be reflected by the left
eyeball of the user. Sensor 1530a may include a pixel array to receive the reflected light and
generate an image of the reflected pattern. Similarly, iluminators 140d, 140e, and 140f may emit
NIR lights carrving the pattern. The NIR lights can be reflected by the right eyeball of the user,
and may be received by sensor 150b. Sensor 150b may also include a pixel array to generate an
image of the reflected pattern. Based on the irnages of the reflected pattern from sensors 150a
and 150b, the system can determine a gaze point of the user, and update the image data provided
to display 100 based on the determined gaze point to provide an interactive experience to the

user.
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{0067] As discussed above, to avoid damaging the eyeballs of the user, illuminators 140a,
140b, 140c¢, 140d, 140e, and 140{ are typically configured to output Hights of very low intensities.
In a case where image sensors 150a and 150b comprise the same sensor devices as mage sensors
120a-120d of FIG. 1A, the image sensors 1202-120d may need to be able to generate an output
that correlates with the intensity of incident light when the intensity of the wncident light is very

low, which may further increase the dynamic range requirement of the image sensors.

{0068] Moreover, the image sensors 120a-120d may need to be able to generate an outputat a
high speed to track the movements of the eyeballs. For example, a user’s eyeball can perform a
very rapid movement (e.g., a saccade movement) in which there can be a quick jump from one
eyeball position to another. To track the rapid movement of the user’s eyeball, image sensors
120a-120d need to generate images of the eyeball at high speed. For example, the rate at which
the image sensors generate an image {rame (the frame rate) needs to at least match the speed of
movement of the eyeball. The high frame rate requires short total exposure time for all of the
pixel cells involved in generating the iroage fraroe, as well as high speed for converting the
sensor outputs into digital values for image generation. Moreover, as discussed above, the image

sensors also need to be able to operate at an environment with low light intensity.

{00691  FIG. 2 15 an example of a cross section 200 of near-eve display 100 illustrated in FIG,
1. Display 110 includes at least one waveguide display assembly 210, An exit pupil 23015 a
location where a single eyeball 220 of the user is positioned in an eyebox region when the user
wears the near-eve display 100. For purposes of Hustration, F1G. 2 shows the cross section 200
associated eyeball 220 and a single waveguide display assembly 210, but a second waveguide

display is used for a second eye of a user.

{00781 Waveguide display assembly 210 is configured to direct image light to an eyebox
located at exit pupil 230 and to eyeball 220. Waveguide display assembly 210 may be composed
of one or more materials {e.g., plastic, glass, etc.) with one or more refractive indices. In some
examples, near-eye display 100 includes one or more optical elements between waveguide

display assembly 210 and eyeball 220.

{00711 In some examples, waveguide display assembly 210 includes a stack of one or more
waveguide displays including, but not restricted to, a stacked waveguide display, a varifocal

waveguide display, ete. The stacked waveguide display is a polychromatic display (e.g., a red-
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green-blue (RGB) display) created by stacking waveguide displays whose respective
monochromatic sources are of dilferent colors. The stacked waveguide display 1s also a
polychromatic display that can be projected on multiple planes {e.g.., multi-planar colored
display). In some configurations, the stacked waveguide display s a monochromatic display that
can be projected on multiple planes {e.g., multi-planar monochromatic display). The varifocal
waveguide display is a display that can adjust a focal position of image light cmitted from the
waveguide display. In alternate examples, waveguide display assembly 210 may include the

stacked waveguide display and the varifocal waveguide display.

{00721 FIG. 3 illustrates an isometric view of an example of a waveguide display 300. In some
examples, waveguide display 300 i1s a component {e.g., waveguide display assembly 218} of
near-eye display 100. In some examples, waveguide display 300 is part of some other near-eye

display or other systern that directs image hight to a particular location.

{08731 Waveguide display 300 includes a source assembly 310, an output wavegnide 320, and
a controller 330. For purposes of illustration, FEG. 3 shows the waveguide display 300
associated with a single eyeball 220, but in some examples, another waveguide display separate,
or partially separate, from the waveguide display 300 provides image light to another eye of the

UsCr.

{0074] Source assembly 310 generates imnage light 355, Source assembly 310 generates and
outputs image light 355 to a coupling element 350 located on a {irst side 370-1 of output
waveguide 320. OQutput waveguoide 320 is an optical waveguide that outputs expanded image
light 340 to an eyeball 220 of a user. Cutput waveguide 320 receives image light 355 at one or
more coupling elements 350 located on the first side 370-1 and guides received inpuot image light
355 to a directing element 360. In some examples, coupling element 350 couples the tmage light
355 from source assembly 310 into output waveguide 320. Coupling element 350 may be, e.g.. a
diffraction grating, a holographic grating, one or more cascaded reflectors, one or more prismatic
surface elements, and/or an array of holographic reflectors.

{06751 Directing element 360 redirects the received input image light 355 to decoupling
element 365 such that the received input image light 355 s decoupled out of output waveguide
320 via decoupling element 365. Directing element 360 is part of, or atfixed to, first side 370-1
of output waveguide 320, Decoupling element 363 is part of, or allixed to, second side 370-2 of
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output waveguide 320, such that directing element 360 is opposed to the decoupling element
365. Directing element 360 and/or decoupling element 365 may be, ¢.g., a diffraction grating, a
holographic grating, one or more cascaded reflectors, one or more prismatic surface elements,

and/or an array of holographic reflectors.

{00761 Second side 370-2 represents a plane along an x-dimension and a y-dimension. Output
waveguide 320 may be composed of one or more materials that facilitate total internal reflection
of image light 355, Output waveguide 320 may be composed of e.g.. silicon, plastic, glass,
and/or polymers. Output waveguide 320 has a relatively small form factor. For example, output
waveguide 320 may be approximately 50 mm wide along x-dimension, 30 mm long along y-

dimension and 0.5-1 mm thick along a z-dimension.

{0477 Controller 330 controls scanning operations of source assembly 310. The controller 330
determines scanning instructions for the source assembly 310. In some examples, the output
waveguide 320 outputs expanded image light 340 (o the user’s eyeball 220 with a large field of
view (FOV). For example, the expanded image light 340 is provided to the user’s eyeball 220
with a diagonal FOV (in x and v) of 60 degrees and/or greater and/or 150 degrees and/or less.
'The output waveguide 320 is configured to provide an eyebox with a length of 20 mm or greater
and/or equal {o or less than 50 mm; and/or a width of 10 mm or greater and/or equal to or less

than 50 mm.

{00781 Moreover, controller 330 also controls image light 355 generated by source assembly
310, based on image data provided by image sensor 370, Image sensor 370 may be located on
first side 370-1 and may include, for example, image sensors 120a-120d of FIG. 1A to generate
image data of a physical environment in {ront of the user (e.g., for location determination).

image sensor 370 may also be located on second side 370-2 and may include image sensors 150a
and 130b of FIG. 1B to gencrate image data of eyeball 220 (c.g., for gaze point determination)
of the user. Image sensor 370 may interface with a remote console that is not located within
waveguide display 300. Image sensor 370 may provide image data to the remote console, which
may determine, for example, a location of the user, a gaze point of the user, etc., and determine
the content of the images to be displayed to the user. The remote console can transmit

mnstructions to confroller 330 related to the determined content. Based on the instructions,
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controller 330 can conirol the generation and outputting of image light 355 by source assembly

310.

{00791 FIG. 4 illustrates an example of a cross section 400 of the wavegaide display 300. The
cross section 404 includes source assembly 310, output waveguide 320, and image sensor 370. In
the exarople of FIG. 4, image sensor 370 may 1oclade a set of pixel cells 402 located on first side
370-1 to generate an image of the physical environment in front of the user. In some examples,
there can be a mechanical shutter 404 interposed between the set of pixel cells 402 and the
physical environment to control the exposure of the set of pixel cells 402. In some examples, the
mechanical shutter 404 can be replaced by an electronic shutter gate, as to be discussed below.
Each of pixel cells 402 may correspond to one pixel of the timage. Although not shown in FIG,
4, it is understood that each of pixel cells 402 may also be overlaid with a filter to control the

frequency range of the light to be sensed by the pixel cells.

{00801  After receiving tnstructions from the remote console, mechanical shutter 404 can open
and expose the set of pixel cells 402 in an exposure period. During the exposure period, image
sensor 370 can obtain samples of lights incident on the set of pixel cells 402, and generate image
data based on an intensity distribution of the incident light samples detected by the set of pixel
cells 402, Tmage sensor 370 can theo provide the jroage data to the remote console, which
determines the display content, and provide the display content information to controller 330,

Controller 330 can then determine image light 355 based on the display content information.

{00811 Sowurce asserubly 310 generates image light 355 in accordance with instructions from
the controller 330. Source assembly 310 includes a source 410 and an optics system 415. Source
410 1s a light source that generates coherent or partially coherent light. Source 410 may be, e.g.,

a laser diode, a vertical cavity surface emitting laser, and/or a light emitting diode.

{00821 Optics system 415 includes one or more optical components that condition the light
from source 410. Conditioning light from source 410 may include, e.g., expanding, collimating,
and/or adjusting orientation in accordance with instructions from countroller 338 The one or more
optical components may include one or more lenses, liquid lenses, mirrors, apertures, and/or
gratings. In some examples, optics system 415 includes a liquid lens with a plurality of

electrodes that allows scanning of a beam of light with a threshold value of scanning angle to
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shift the beam of light to a region outside the liquid lens. Light emitted from the optics system

415 (and also source assembly 310) 1s referred to as image light 355,

{00831  Output wavegnide 320 receives image light 355. Coupling element 350 couples image
light 355 from source assembly 310 into output waveguide 320. In examples where coupling
element 350 is diffraction grating, a pitch of the diffraction grating is chosen such that total
internal reflection occurs in output waveguide 320, and image light 355 propagates internally in

output waveguide 320 {c.g., by total internal reflection), toward decoupling element 365.

{00841 Directing element 360 redirvects image light 355 toward decoupling element 365 for
decoupling from output waveguide 320. In examples where directing element 360 is a diffraction
grating, the pitch of the diffraction grating is chosen to cause incident image light 355 to cxit

output waveguide 320 at angle(s) of inclination relative to a surface of decoupling element 365.

{00851  In some examples, directing element 360 and/or decoupling element 363 are
structurally similar. Expanded image light 340 exiting output waveguide 320 is expanded along
one or more dimensions (e.g., may be elongated along x-dimension}. In some examples,
waveguide display 300 includes a plurality of source assemblies 310 and a plurality of output
waveguides 320. Each of source assemblies 310 emits a monochromatic image light of a specific
band of wavelength corresponding to a primary color (e.g., red, green, or blue}. Each of output
waveguides 320 may be stacked together with a distance of separation to output an expanded

image light 340 that is multi-colored.

{00861 FIG. 5 is a block diagram of an example of a system 500 including the near-eve display
100. The system 500 comprises near-eye display 100, an imaging device 535, an input/output
interface 540, and image sensors 120a-120d and 150a-150b that are each coupled to control

circuitries 510. System 500 can be configured as a head-mounted device, a wearable device, elc.

{00871 Near-eye display 100 is a display that presents media to a user. Examples of media
presented by the near-eye display 100 include one or more images, video, and/or audio. In some
examples, audio is presented via an external device (e.g.. speakers and/or headphones) that
receives audio information from near-eye display 100 and/or control circuitries 510 and presenis
audio data based on the audio information to a user. ln some examples, near-eye display 100 may

also act as an AR eyewear glass. In some examples, near-eye display 100 angments views of a
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physical, real-world environment, with computer-generated elements {e.g., images, video, sound,

eic.).

{0088] Near-eve display 100 includes waveguide display assembly 210, one or more position
sensors 525, and/or an inertial measurement unit (IMU) 530. Waveguide display assembly 210

includes source assembly 310, output waveguide 320, and countroller 330.

{00891 IMU 530 is an electronic device that generates fast calibration data indicating an
estimated position of near-eye display 100 relative to an initial position of near-eye display 100

based on measurement signals received from one or more of position sensors 525,

{00981 Imaging device 535 may generate image data for various applications. For example,
imaging device 535 may generate image data to provide slow calibration data in accordance with
calibration parameters recetved from coutrol circuitries 510, Imaging device 535 may include,
for example, image sensors 120a-120d of FIG. 1A for generating image data of a physical
cnvironment in which the user is located, for performing location tracking of the user. Imaging
device 535 may further inclhude, for example, 1mage sensors 150a-150b of FIG. 18 for
generating image data for determining a gaze point of the user, to identify an object of interest of

the user.

{00911  The input/output interface 540 is a device that allows a user to send action requests to
the control circuitrics 510. An action request is a request to perform a particular action. For
example, an action request may be to start or end an application or to perform a particular action

within the application.

10092] Control circuitries 510 provide media to near-eye display 100 for presentation to the
user in accordance with tnformation received {rom one or more of: imaging device 533, near-eye
display 100, and input/output interface 540. In some examples, control circuitries 510 can be
housed within system 500 configured as a head-mounted device. In some examples, control
circuitries 510 can be a standalone console device communicatively coupled with other
componends of system 500. In the example shown in FIG, §, control circuitries 510 mnclude an

application store 545, a tracking module 550, and an engine 555.

{00931 The application store 545 stores one or more applications for execution by the control

circuitries 510. An application is a group of instructions, that, when execuled by a processor,
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generates content for presentation to the user. Examples of applications inclade: gaming
applications, conferencing applications, video playback applications, or other suitable

applications.

{00941 'Tracking module 550 calibrates system 500 using one or more calibration parameters
and may adjust one or more calibration parameters to reduce error in determination of the

position of the near-eye display 100.

{00951  Tracking module 550 tracks movements of near-eye display 100 using slow calibration
information from the imaging device 335. Tracking module 550 also determines positions of a
reference point of near-eve display 100 using position information from the fast calibration

information.

{0096] Eogine 555 executes applications withio system 500 and receives position information,
acceleration information, velocity information, and/or predicted future positions of near-eye
display 100 from tracking module 550. In some examples, information reccived by engine 555
may be used for producing a signal (e.g., display instructions} to waveguide display assembly
210 that determines a type of content presented to the user. For example, to provide an
interactive experience, engine 555 may determine the content to be presented to the user based
on a location of the user {(e.g., provided by tracking module 550), or a gaze point of the user {e.g.,
based on image data provided by imaging device 533), a distance between an object and user

(e.g., based on image data provided by imaging device 535}.

{00971 FIG. 6 illustrates an example of an image sensor 600. Image sensor 600 can be part of
near-eye display 100, and can provide 2D and 3D image data to countrol circuttries 510 of ¥1G. 3
to control the display content of near-eye display 100. As shown in FIG. 6, image sensor 600
may iovclude an array of pixel cells 602 including pixel cell 602a. Pixel cell 602a can include a
plurality of photodiodes 612 including, for example, photodiodes 612a, 612b, 612¢, and 6124,
one or more charge sensing units 614, and one or more analog-to-digital converters 616. The
plurality of photodiodes 612 can convert different components of incident light to charge. For
cxample, photodiode 612a-612¢ can correspond to different visible light channels, in which
photodiode 612a can convert a visible blue component (e.g., a wavelength range of 450 — 490
nanometers (nm)) to charge. Photodiode 612b can convert a visible green component {(e.g., a

wavelength range of 520 — 560 nm) to charge. Photodiode 612¢ can convert a visible red
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component {e.g., a wavelength range of 635 — 700 nm} to charge. Moreover, photodiode 612d
can convert an infra-red coroponent (e.g., 700 — 1000 nm) to charge. Bach of the one or more
charge sensing units 614 can include a charge storage device and a buffer to convert the charge
generated by photodiodes 612a-612d to voltages, which can be quantized by one or more ADCs
616 into digital values. The digital values generated from photodiodes 612a-612¢ can represent
the different visible light components of a pixel, and each can be used for 2D sensing in a
particular visible light channel. Moreover, the digital value generated {from photodiode 612d can
represent the infra-red light component of the same pixel and can be used for 3D sensing.
Although ¥IG. 6 shows that pixel cell 602a inchudes four photodiodes, it is understood that the

pixel cell can include a different number of photodiodes (e.g., two, three, etc.).

{0098] In addition, image sensor 600 also includes an illuminator 622, an optical filter 624, an
imaging module 628, and a sensing controller 630. Hluminator 622 may be an iofra-red
illuminator, such as a laser, a light emitting diode (LED), etc., that can project infra-red light for
3D sensing. The projected light may include, for example, structured light, light pulses, etc.
Optical filter 624 may include an array of f{ilter elements overlaid on the plurality of photodiodes
612a-612d of cach pixel cell including pixel cell 606a. Each filter element can set a wavelength
range of incident light received by each photodiode of pixel cell 606a. For example, a filter
element over photodiode 612a may transmit the visible blue light component while blocking
other components, a fiiter element over photodiode 612b may transmit the visible green light
component, a filter element over photodiode 612¢ may transmit the visible red light component,

whereas a filter elernent over photodiode 612d may transtoit the infra-red light component.

{00991 Image sensor 600 further includes an imaging module 628. Imaging module 628 may
further include a 2D imaging module 632 to perform 2D imaging operations and a 3D imaging
module 634 to perform 3D tmaging operations. The operations can be based on digital values
provided by ADCs 616. For example, based on the digital values from each of photodiodes 612a-
612¢ , 2D imaging module 632 can generate an array of pixel values representing an intensity of
an incident light component for each visible color channel, and generate an image frame for each
visible color channel. Moreover, 3D imaging module 634 can generate a 3D image based on the
digital values from photodiode 612d. In some examples, based on the digital values, 3D imaging

module 634 can detect a pattern of structured light reflected by a surface of an object, and
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compare the detected pattern with the pattern of structured light projected by iHluminator 622 to
determine the depths of different points of the surface with respect to the pixel cells array. For
detection of the pattern of reflected light, 3D imaging module 634 can generate pixel values
based on intensities of infra-red light received at the pixel cells. As another example, 3D imaging
module 634 can generate pixel values based on time-of-flight of the infra-red light transmitted by

illuminator 622 and reflected by the object.

{0100] Image sensor 600 further includes a sensing controller 640 to control different
components of image sensor 600 to perform 2D and 3D imaging of an object. Reference is now
made to FI1G, 7A — FIG. 7C, which illustrate examples of operations of image sensor 600 for 2D
and 3D imaging. ¥1G. 7A illastrates an example of operations for 2D imaging. For 2D imaging,
pixel cells array 602 can detect visible light in the environment including visible light reflected
off an object. For example, referting to FIG. 7A, visible light source 700 (e.g., a light bulb, the
sun, or other sources of ambient visible light} can project visible light 702 onto an object 704.
Vistble hight 706 can be reflected off a spot 708 of object 704. Visible light 706 can also include
the ambient infra-red light component. Visible light 706 can be filtered by optical filter array 624
to pass different components of visible light 706 of wavelength ranges w0, wl, w2, and w3 to,
respectively, photodiodes 612a, 612b, 612¢, and 612d of pixel cell 602a. Wavelength ranges w0,
wl, w2, and w3 can correspond to, respectively, blue, green, red, and infra-red. As shown in
FIG. 7A, as the infra-red dluminator 622 1s not turned on, the intensity of infra-red component
{w3) is coniributed by the ambient infra-red light and can be very low. Moreover, different
visible components of visible light 706 can also have ditferent intensities. Charge sensing units
614 can convert the charge generated by the photodiodes to voltages, which can be quantized by
ADCs 616 into digital values representing the red, bloe, and green components of a pixel
representing spot 708. Referring to F1{. 7C, after the digital values are generated, sensing
controller 640 can control 2D imaging module 632 (o generate, based on the digital values, sets
of images including a set of images 710, which incluades a red image frame 710a, a blue image
frame 710b, and a green image frame 710c cach representing one of red, blue, or green color
image of a scene within a frame period 714. Each pixel from the red image (e.g., pixel 712a),
from the bloc image (c.g., pixel 712b). and from the green image (e.g., pixel 712¢) can represent
visible components of light from the same spot {e.g.. spot 708) of a scene. A different set of

images 720 can be generated by 2D imaging module 632 in a subsequent frame period 724. Each
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of red image {¢.g., red images 710a, 720a, etc.} , blue timage {e.g., blue images 710b, 720b, etc.),
and green images (e.g., green images 710c, 720¢, etc.) can represent the image of a scene
captured in a specific color channel and at a particular time, and can be provided to an
application o, for example, extract image features from the specific color channel. As each
image captured within a frame period can represent the same scene, while each corresponding
pixel of the images is gencrated based on detecting light from the same spot of the scene, the

correspondence of images between different color channels can be improved.

{01811 Fuwrthermore, image sensor 600 can also perform 3D imaging of object 704, Referring
to FIG. 78, sensing controller 610 can control illuminator 622 to project infra-red light 732,
which can include a light pulse, structured light, etc., onto object 704. Infra-red light 732 can
have a wavelength range of 700 nanometers (nm) to 1 millimeter {(mm). Infra-red light 734 can
reflect off spot 708 of object 704 and can propagate towards pixel cells array 602 and pass
through optical filter 624, which can provide the infra-red component (of wavelength range w3)
to photodiode 612d to convert to charge. Charge sensing units 614 can convert the charge to a
voltage, which can be quantized by ADCs 616 into digital values. Referring to F1G. 7C, after the
digital values are generated, sensing controller 640 can control 3D imaging module 634 to
generate, based on the digital values, an infra-red image 710d of the scene as part of images 710
captured within frame period 714. Moreover, 3D imaging module 634 can also generate an infra-
red image 720d of the scene as part of timages 720 captured within {rame period 724. As each
infra-red image can represent the same scene as other images captured within the same frame
period albeit in a different channel (e.g., infra-red 1mage 710d versus red, blue, and green images
710a-710c, infra-red image 720d versus red, blue, and green images 720a-720¢, ¢tc.), while each
pixel of an infra-red image is generated based on detecting infra-red light from the same spot of
the scene as other corresponding pixels in other images within the same frame period, the

correspondence between 2D and 3D imaging can be improved as well.

{01021 FIG. 8A - FIG. 8D illustrate examples of arrangements of photodiodes 612 in a pixel
cell. As shown in FIG. 8A, the photodiodes 612a-612d in a pixel cell 602a can form a stack
along an axis that 1s perpendicular to a light receiving sorface 800 through which pixel cell 602a
receives incident light 802 from a spot 804a. For example, the photodiodes 612a-612d can form

a stack along a vertical axis (e.g., the z-axis) when the light receiving surface 800 is parallel with
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the x and y axes. Each photodiode can have a different distance from light receiving surface 800,
and the distance can set the component of incident light 802 being absorbed and converted to
charge by each photodiode. For examiple, photodiode 612a is closest to light receiving surface
800 and can absorb and convert the blue component to charge, which is of the shortest
wavelength range among the other components. Light 812 includes the remaining components of
light 802 {c.g., green, red, and infra-red) and can propagate to photodiode 612b, which can
absorb and convert the green component. Light 822 includes the remaining components of light
812 {e.g., red and infra-red) and can propagate to photodicde 612¢, which can absorb and
convert the red coraponent. The remaining infra-red component 832 can propagate to photodiode

612d to be converted to charge.

{0103} Each the photodiodes 612a, 612b, 612¢, and 612d can be in a separate semiconductor
substrate, which can be stacked to form image sensor 600. For example, photodiode 612a can be
inn a semiconductor substrate 840, photodiode 612b can be in a semiconductor substrate 842,
photodiode 612¢ can be in a semiconductor subsirate 844, whereas photodiode 612d canbe in a
semiconductor substrate 846. Each semiconductor substrate can include other photodiodes of
other pixel cells, such as pixel cells 602b to receive light from spot 804b. Image sensor 600 can
include another semiconductor substrate 848 which can inclade pixel cell processing circuits 849
which can include, for example, charge sensing units 614, ADCs 616, etc. Each semiconductor
substrate can be connected to a metal interconnect, such as metal interconnects 850, 852, 854,

and 856 to transfer the charge generated at each photodiode o processing circuit 849,

{0104] FIG. 8B - FIG. 8D illustrate other example arrangements of photodiodes 612, As
shown in FIG. 8B - FIG. 8D, the plurality of photodiodes 612 can be arranged laterally parallel
with light receiving surface 800. The top graph of FIG. 8B illustrates a side view of an example
of pixel cell 602a, whereas the bottom graph of FEG. 8B illustrates a top view of pixel array 602
including pixel cell 602a. As shown in FIG. 8B, with light receiving surface 800 being parallel
with the x and y axes, photodiodes 612a, 612b, 612¢, and 612d can be arranged adjacent to each
other also along the x and vy axes in semiconductor substrate 840. Pixel cell 602a further includes
an optical filter array 860 overlaid on the photodiodes. Optical filter array 860 can be part of
optical filter 624. Optical filter array 860 can include a {ilter element overlaid on each of

photodiodes 612a, 612b, 612¢, and 6124 to set a wavelength range of incident light component
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received by the respective photodiode. For example, filier element 860a is overlaid on
photodiode 612a and can allow only visible blue light to enter photodiode 612a. Moreover, filter
element 860b is overlaid on photodiode 612b and can allow only visible green light to enter
photodiode 612b. Further, filler element 860¢ is overlaid on photodiode 612¢ and can allow only
visible red light to enter photodiode 612¢. Filter element 860d is overlaid on photodiode 612d
and can allow only infra-red light to enter photodiode 612d. Pixel cell 602a further includes onc
or more microlens 862 which can project light 864 from a spot of a scene (e.g., spot 804a) via
optical tiler array 860 to different lateral locations of light receiving surface 800, which allows
each photodiode to become a sub-pixel of pixel cell 602a and to receive components of light
from the same spot corresponding to a pixel. Pixel cell 602a can also include semiconductor
substrate 848 which can include circuit 849 (e.g., charge sensing units 614, ADCs 616, elc.) to
generate digital values from the charge generated by the photodiodes. Semiconductor substrates

840 and 848 can form a stack and can be connected with interconnect 856.

{0105} The arrangements of FIG. 8B, in which the photodiodes are arranged laterally and an
optical filter array is used to control the light components received by the photodiodes, can offer
numerous advantages. For example, the number of stacks and the number of semiconductor
substrates can be reduced, which not only reduce the vertical height but also the interconnects
among the semiconductor substrates. Moreover, relying on filter elements rather than the
propagation distance of light to set the wavelength ranges of the components absorbed by each
photodicde can offer flexibilities in selecting the wavelength ranges. As shown in top graph of
FIG. 8C, pixel cells array 602 can include different optical filter arrays 860 for different pixel
cells. For example, each pixel cell of pixel cells array 602 can have an optical filter array that
provides monochrome channpel of a wavelength range of 380 — 740 nm (labelled with “M”) for
photodicdes 612a and 612b, and an infra-red channel of a wavelength range of 700 — 1000 nm
(labelled with “NIR”) for photodiode 612d. But the optical filter arrays may also provide a
different vistble color channel for the different pixel cells. For example, the optical filter arrays
860 for pixel cells array 602a, 602b, 602¢, and 602d may provide, respectively, a visible green
channel (abelled with “G”), a visible red channel {labelled with “R”), a visible blue channel
{(labelled with “B”), and a visible green channel for photodiode 612¢ of the pixel cells arrays. As

another example, as shown 1o the bottom graph of ¥1G. 8C, each optical filter array 860 can
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provide a monochrome and infra-red channel (labelied “M+NIR”) which spans a wavelength

range of 380 — 1000 nm for photodiode 612b of each pixel cells array.

{01061 FIG. 8D illustrates examiples of optical filter array 860 to provide the example channels
shown in FIG. 8C. As shown in FIG. 8D, optical filter array 860 can include a stack of optical
filters to select a wavelength range of hight received by each photodiode within a pixel cell array.
For example, referring to the top graph of FIG. 8D, optical filter 860a can include an all-pass
clement 870 (e.g., a transparent glass that passes both visible light and infra-red light) and an
infra-red blocking element 872 forming a stack o provide a monochrome channel for photodiode
612a. Optical filter 860b can also include an all-pass element 874 and an infra-red blocking
element 76 to also provide a monochrome channel for photodiode 612b. Further, optical filter
860c can include a green-pass element 876 which passes green visible light (but reject other
visible hight component), and an infra-red blocking element 878, to provide a green channel {or
photodiode 612¢. Lastly, optical filter 860d can include an all-pass element 880 and a visible
light blocking {ilter 882 {which can block out visible light but allows nfra-red light to go
through) to provide an infra-red channel for photodiode 612d. In another example, as shown in
the bottom graph of FIG. 8D, optical filter 860b can include only all-pass element 872 to provide

a monochrome and infra-red channel {or photodiode 612b.

{91071 Reference is now made to FIG. A and FIG. 9B, which illustrates additional
components of pixel cell 602a including an example of charge sensing unit 614 and ADC 616.
As shown in FIG. 94, pixel cell 602a can include a photodiode PD (e.g., photodiode 612a), a
shutter switch MO, a transfer switch M1, a charge sensing unit 614 comprising a charge storage
device 902 and a switchable buffer 904, and an ADC 616 comprising a CC capacitor, a
comparator 906, and output logic circuits 908. The output of comparator 906 is coupled, via
output logic circuits 908, with a memory 912 and a counter 914 which can be internal to or
external to pixel cell 602a. Pixel cell 602 further includes a controller 920 to control the
switches, charge seosing unit 614, as well as ADC 616. As o be described below, controller 920
can enable photodiode PD to accumulate charge based on incident light within a pre-configured
exposure period. Controller 920 can also stop the exposure period earlier than as pre-configured,
based on an exposure stop signal 922. Moreover, within the exposure period, controller 920 can

control charge sensing unit 614 and ADC 616 to perform multiple quantization operations
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associated with different light intensity ranges to generate a digital representation of the intensity
of the incident hght. Controller 920 can recetve a selection signal 924 (o select which of the
multiple quantization operations to be performed (and which is to be skipped). The selection can
come from a host device which hosts an application that uses the digital representation of
incident light intensity. Output logic circuits 908 can determine which guantization operation
output is to be stored in memory 912 and/or to be output as a pixel value. Controller 920 can be
internal to pixel cell 602a or part of sensing controller 640. Hach switch can be a transistor such
as, for exarnple, a metal-oxide—semiconductor field-effect transistor (MOSFET), a bipolar

junction trausistor (BIT), elc.

{01681 Specifically, shutter switch MO can be disabled by an AB signal provided by controllier
820 to start an exposure period, in which the photodiode PD can generate and accumulate charge
tn response to iocident light. Transfer switch M1 can be controlied by a TG signal provided by
controller 920 to transfer some of the charge to charge storage device 902. In one quantization
operation, transfer switch M1 can be biased at a partially-on state to set a guantum well capacity
of photodiode PD, which also sets a quantity of residual charge stored at the photodiode PD.
After the photodiode PD is saturated by the residual charge, overflow charge can flow through
transfer switch M1 to charge storage device 902.In another quantization operation, transfer
switch M1 can be fully turned on to transfer the residual charge from the photodiede PD to

charge storage device for measurement.

{01091 Charge storage device 902 has a configurable capacity and can convert the charge
transferred from switch M1 to a voltage at the OF node. Charge storage device 902 includes a
Cpp capacitor {(e.g., a tloating drain) and a Cexr capacitor {e.g., an MOS capacitor) conuected by
a M6 switch. M6 switch can be enabled by a LG signal to expand the capacity of charge storage
device 902 by connecting Cep and Cgxr capacitors in parallel, or to reduce the capacity by
disconnecting the capacitors {rom each other. The capacity of charge storage device %02 can be
reduced for measurement of residual charge to increase the charge-to-voltage gain and to reduce
the guantization error. Moreover, the capacity of charge storage device 902 can also be increased
for measurement of overflow charge to reduce the likelihood of saturation and to improve non-
linearity. As to be described below, the capacity of charge storage device 902 can be adjusted for

measurement of different light intensity ranges. Charge storage device 902 is also coupled with a
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reset switch M2 which can be controlled by a reset signal RST, provided by controlier 920, to

reset Crp and Cpyer capacitors between different quantization operations.

{0118} Switchable butfer 904 can be include a switch M3 configored as a source follower to
buffer the voltage at the OF node to improve its driving strength. The buffered voltage can be at
the input node PEXEL_OUT of ADC 616. The M4 transistor provides a current source {or
switchable buffer 904 and can be biased by a VB signal. Switchable buffer 904 also includes a
switch M5 which be enabled or disabled by a SEL signal. When switch MS is disabled, source
follower M3 can be disconnected from the PIXEL_OUT node. As to be described below, pixel
cell 602a may include multiple charge sensing units 614 each mcluding a switchable buffer 904,
and one of the charge sensing units can be coupled with PIXEL_OUT (and ADC 616) at one

time based on the SEL signal.

{0111} As described above, charge generated by photodiode PD within an exposure period can
be temporarily stored in charge storage device 902 and converted to a voliage. The voltage can
be quantized to represent an intensity of the incident light based on a pre-determined relationship
between the charge and the incident light intensity. Reference is now made to FIG, 1, which
tilustrates a quantity of charge accumulated with respect to time for different light intensity
ranges. The total quantity of charge accumulated at a particular time point can reflect the
intensity of light incident upon photodiode PD of FIG. 6 within an exposure period. The quantity
can be measured when the exposure period ends. A threshold 1002 and a threshold 1004 can be
defined {or a threshold’s guantity of charge defining a low light intensity range 1006, a medium
light intensity range 1008, and a high light intensity range 1010 for the intensity of the incident
light. For example, i{ the total accomulated charge is below threshold 1002 (e.g., Q1), the
incident light intensity is within low light intensity range 1006. If the total accumulated charge is
between threshold 1004 and threshold 1002 (e.g., Q2), the incident light intensity is within
medium light intensity range 1008. If the total accumulated charge is above threshold 1004, the
incident light intensity is within medium hight intensity range 1010. The quantity of the
accumulated charge, for low and medium light intensity ranges, can correlate with the intensity
of the incident hight, if the photodiode does not saturate within the entire low light inlensity range
1006 and the measurement capacitor does not saturate within the entire medium light intensity

range 1008,



WO 2020/041241 PCT/US2019/047156

{01121 The definitions of low light intensity range 1006 and medium light intensity range
1008, as well as thresholds 1002 and 1004, can be based on the full well capacity of photodiode
PD and the capacity of charge storage device 902. For example, low hight intensity range 706 can
be defined such that the total quantity of residual charge stored in photodiode PD, at the end of
the exposure period, is below or equal to the storage capacity of the photodiode, and threshold
1002 can be based on the full well capacity of photodiode PD. Morcover, medium light intensity
range 1008 can be defined such that the total guantity of charge stored in charge storage device
902, at the cnd of the exposure period, is below or equal to the storage capacity of the
measurernent capacitor, and threshold 1004 can be based on the storage capacity of charge
storage device 902. Typically threshold 1004 is can be based on a scaled storage capacity of
charge storage device 902 to ensure that when the quantity of charge stored in charge storage
device 902 is measured for intensity determination, the measurement capacitor does not saturate,
and the measured quantity also relates to the incident light intensity. As to be described below,
thresholds 1002 and 1004 can be used to detect whether photodiode P and charge storage

device 902 saturate, which can determine the intensity range of the incident light.

{0113] In addition, in a case where the incident light intensity is within high light intensity
range 1010, the total overflow charge accumunlated at charge storage device 902 may exceed
threshold 1004 before the exposure period ends. As additional charge is accumulated, charge
storage device 902 may reach full capacity before the end of the exposure period, and charge
leakage may occur. To avoid measurement error caused due to charge storage device 902
reaching full capacity, a time-to-saturation measurement can be performed to measure the time
duration it takes for the total overflow charge accumulated at charge storage device 902 to reach
threshold 1004, A rate of charge accumulation at charge storage device 902 can be determined
based on a ratio between threshold 1004 and the time-to-saturation, and a hypothetical quantity
of charge ((33) that could have been accumulated at charge storage device 902 at the end of the
exposure pertod (if the capacitor had himitless capacity) can be determined by extrapolation
according to the rate of charge accumulation. The hypothetical quantity of charge (Q3) can
provide a reasonably accurate representation of the incident light intensity within high light

intensity range 1010,

I8
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{01141 Referring back to FIG. %A, to measure high light intensity range 1010 and medium
light intensity range 1008, transfer switch M1 can be biased by TG signal in a partially turned-on
state. For example, the gate voltage of transfer switch M1 (TG) can be set based on a target
voltage developed at photodiode PD corresponding to the full well capacity of the photodiode.
With such arrangements, only overflow charge (e.g., charge generated by the photodiode after
the photodiode saturates) will transfer through transfer switch M1 to reach charge storage device
502, to measure time-to-saturation {for high light intensity range 1010) and/or the guantity of
charge stored in charge storage device 902 (for medium light infensity range 1008). For
measurernent of mediom and high light intensity ranges, the capacitance of charge storage device

902 (by connecting Cgxr and Cpp) can also be maximized o increase threshold 1004,

{0115] Moreover, to measure low light intensity range 1006, transfer switch M1 can be
controlled in a fully turned-oun state to transfer the residual charge stored in photodiode PD to
charge storage device 902. The transfer can occur after the quantization operation of the
overflow charge stored at charge storage device 902 completes and afier charge storage device
802 1s reset. Moreover, the capacitance of charge storage device 902 can be reduced. As
described above, the reduction in the capacitance of charge storage device 902 can increase the
charge-to-voltage conversion ratio at charge storage device 902, such that a higher voltage can
be developed for a certain quantity of stored charge. The higher charge-to-voltage conversion
ratio can reduce the effect of measurement errors {e.g., quantization error, comparator offset,
etc.) introduced by subsequent quantization operation on the accuracy of low light intensity
determination. The measurement error can set a it on a minimem voltage difference that can
be detected and/or differentiated by the quantization operation. By increasing the charge-to-
voltage conversion ratio, the quantity of charge corresponding to the minimum voltage
difference can be reduced, which in turn reduces the lower limit of a measurable light intensity

by pixel cell 602a and extends the dynamic range.

{0816] The charge (residual charge and/or overflow charge) accumulated at charge storage
device 902 can develop an analog voltage at the OF node, which can be buffered by switchable
huffer 904 at PIXEL_OUT and quantized by ADC 616. As shown in FI1G. 94, ADC 616
includes a comparator 906 which can be reset by a switch Mg, and output logic circuits 903,

ADC 616 1s also coupled with memory 912 and counter 914. Counter 914 can generate a set of
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count values based on a free-running clock signal, whereas memory 912 can be controlled, by

comparator 906 via output logic circuits 908, to store a count value (e.g., the latest count value)
generated by counter 914. Memory 912 can be, for example, a latch circuit to store the counter

value based on local pixel value as described below. The stored count value can be output to

represent incident Hght intensity.

{01171 Comparator 906 can compare an analog voltage COMP_IN, which is derived from
PIXEL_OUT by the CC capacitor, against a threshold VREF, and generate a decision VOUT
based on the comparison result. The CC capacitor can be used in a noise/offset compensation
scheme to store the reset noise and comparator offset information in a VCC voltage, which can
be added to the PIXEL_OUT voltage to generate the COMP_IN voltage, to cancel the reset noise
component in the PIXEL_OUT voltage. The offset component remains in the COMP_IN voltage
and can be cancelled out by the offset of comparator 906 when comparator 906 compares the
COMP_IN voltage against threshold VREF to generate the decision VOUT. Comparator 906 can
generate a logical one for VOUT if the COMP_IN voltage equals or exceeds VREF. Comparator
906 can also generate a logical zero for VOUT if the COMP _IN voltage falls below VREF.
VOUT can control a latch signal which controls memory 912 to store a count value from counter

914.

{01181 FIG. 11A llustrates an example of time-to-saturation measurement by ADC 616. To
perform the time-to-saturation measurement, a threshold generator {(which can be external to
pixel cell 602a) can generate a fixed VREF. Fixed VREF can be set at a voltage corresponding a
charge quantity threshold for saturation of charge storage device 902 (e.g., threshold 1004 of
FI1G. 10). Counter 914 can start counting right after the exposure period starts (e.g., right after
shutter switch M0 is disabled). As the COMP _IN voltage ramps down (or up depending on the
implementation) due lo accamulation of overflow charge at charge storage device 902, clock
signal keeps toggling to update the count value at counter 914. The COMP_IN voltage may
reach the fixed VREF threshold at a certain time point, which causes VOUT to flip from low to
high. The change of VOU'T may stop the counting of counter 914, and the count value at counter

914 may represent the time-to-saturation.

{0119] FIG. 11B ilostrates an example of measurement of a quantity of charge stored at

charge storage device 902. After measurement starts, the threshold generator can generate a
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ramping YREF, which can either ramp up (in the example of FIG. 11B) or ramip down
depending on implementation. The rate of ramping can be based on the frequency of the clock
signal supplied to counter 914. In a case where overflow charge is measured, the voltage range of
raroping VREF can be between threshold 1004 (charge guantity threshold for saturation of
charge storage device 902) and threshold 1002 (charge quantity threshold for saturation of
photodiode PD), which can define the mediom light intensity range. In a case where residual
charge 1s measured, the voltage range of the ramping VREF can be based on threshold 1002 and
scaled by the reduced capacity of charge storage device 902 for residual charge measurement. In
the example of FIG. 11B, the quantization process can be performed with uniform quantization
steps, with VREF increasing (or decreasing) by the same amount for each clock eycle. The
amount of increase {or decrease) of VREF corresponds to a quantization step. When VREF
reaches within one quantization step of the COMP_IN voltage, VOUT of comparator 906 {lips,
which can stop the counting of counter 914, and the count value can correspond {o a total number
of quantization steps accumulated to match, within one quantization step, the COMP_IN voltage.
The count value can become a digital representation of the quantity of charge stored at charge

storage device 902, as well as the digital representation of the incident light intensity.

{01281  As discussed above, ADC 616 can introduce quantization errors when there is a
mismatch between a quantity of charge represented by the quantity level output by ADC 616
{(e.g., represented by the total number of guantization steps) and the actual input quantity of
charge that is mapped to the quantity level by ADC 808. The quantization error can be reduced
by using a smaller quantization step size. In the example of FIG. 11B, the quantization error can

be reduced by the amount of increase {or decrease) in VREF per clock cycle.

{0121} Although quantization error can be reduced by using smaller quantization step sizes,
area and performance speed may lumit how {ar the quantization step can be reduced. With
smaller quantization step size, the total number of quantization steps needed to represent a
particular range of charge quantities (and light intensity) may ncrease. A larger number of data
bits may be needed to represent the increased number of quantization steps {(e.g., 8 bits to
represent 255 steps, 7 bits to represent 127 steps, etc.). The larger namber of data bits may
require additional buses to be added to pixel output buses 816, which may not be feasible if pixel

cell 601 is used on a head-mounted device or other wearable devices with very limited spaces.
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Moreover, with a larger number of quantization step size, ADC 808 may need to cycle through a
larger nurober of guantization steps before finding the guantity level that maiches (with one
quantization step), which leads to increased processing power consumption and time, and
reduced rate of generating image data. The reduced rate may not be acceptable for some
applications that require a high frame rate (e.g., an application that tracks the movement of the

cyeball).

{01221 Onc way to reduce guantization error is by employing a non-uniform guantization
scheme, in which the quantization steps are not uniform across the input range. FIG. 11C
illustrates an example of a mapping between the ADC codes (the output of the quantization
process) and the input charge quantity level for a non-uniform quantization process and a
uniforim guantization process. The dotted line illustrates the mapping for the non-uniform
quantization process, whereas the solid line llustrates the mapping for the aniform guantization
process. For the uniform guantization process, the quantization step size (denoted by Ay) is
identical for the entire range of input charge quantity. In conirast, for the non-uniform
quantization process, the quantization step sizes are different depending on the input charge
quantity. For example, the quantization step size for a low input charge quantity (denoted by Ag)
ts smaller than the guantization step size for a large input charge quantity {denoted by Ap).
Morecover, for the same low input charge quantity, the quantization step size for the non-uniform
quantization process {Ag) can be made smaller than the quantization step size {for the uniform

quantization process {A;).

{0123} One advantage of employing a non-uniform quantization scheme is that the
quantization steps for guantizing low ioput charge quantities can be reduced, which in turn
reduces the quantization errors for guantizing the low input charge guantities, and the minimum
input charge quantities that can be differentiated by ADC 616 can be reduced. Therefore, the
reduced quantization errors can push down the lower limit of the measureable light intensity of
the image sensor, and the dynamic range can be increased. Moreover, although the quantization
errors are increased for the high input charge quantities, the quantization errors may remain
small compared with high input charge quantities. Therefore, the overall quantization errors
introduced to the measurement of the charge can be reduced. On the other hand, the total mumber

of quantization steps covering the entire range of input charge quantities may remain the same
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{or even reduced), and the aforementioned potential problems associated with increasing the
nurober of quantization steps {(e.g., increase in area, reduction o processing speed, etc.) can be

avoided.

{01241 FIG. 11D illustrates an example of guantizing an analog voltage by pixel ADC 808
using a non-uniform quantization process. Compared with ¥1G. 11B (which employs a votlorm
quantization process), VREF increases in a non-linear {ashion with each clock cycle, with a
shallower slope initially and a steeper slope at a later time. The differences in the slopes are
attributed to the uneven quantization step sizes. For lower counter count values (which
correspond to a lower input quantity range), the quantization steps are made smalier, hence
VREF increases at a slower rate. For higher counter count values (which correspond to a higher
input quantity range), the guantization steps are made larger, hence VREF increases at a higher
rate. The non-uniform VREF slope can be generated based on, for example, changing the
frequency of counting of counter 814, changing the relationship between the VREF voltage and
the count values of counter 914, elc. In some examples, the non-uniform quantization process of
FIG. 11D can be employed for light intensity determination for low light intensity range 1006

and medium light intensity range 1008.

{0125} Reference 15 now made to FIG, 12, which illustrate an example sequence of the control
signals of pixel cell 1100 for measurement of incident light intensity. As shown in FIG. 12,
between times T0 and T1 is a first reset phase as in FIG. 12, in which both charge storage device
608 and comparator 906 can be put in a reset state by controller 1110 by asserting the R8T and
COMP_RST signals. Morcover, LG signal 1s asserted, which allows Cypy and Cyyy capacitors to
be reset by the RST signal and the PIXEL_OUT signal is set at the reset level, With COMP_RST
signal asserted and the positive terminal of comparator 906 connected t0 Vi pgn. COMP_IN can
be set to a sum of Vi nign and comparator offset Voo offeer. Moreover, with RST signal asserted,
PIXEL _OUT can be set the reset voltage Vpixel out rse a4 can inclode reset noise Yogpe. A first
sampling operation can be performed by the CC cap to store a Ve voltage including the
components of the comparator offset, the reset noise, and PIXEL_OUT voltage at the reset level,

as follows:

[0126] V(T = (erefﬁhigh + mep,offset) - (:Vpixe}ﬁoutﬁrst + Vogre) (Equation 1)
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{01271 Moreover, shutter signal AB can be asserted to prevent charge generated by photodiode

PD from reaching charge storage device 608.

{0128] Atame T1, the AB, COMP_RST, and the RST signals are released, which starts an
exposure period {labelled Togposme) in which photodiode PD can accumulate and transfer charge.
TG signal can set transfer swilch M1 in a partially turned-on state to allow PD to transfer
overflow charge to charge storage device 608. LG signal can remain asserted to operate in low
gain mode, in which both Cep capacitor and Cexr capacitor are connected in parallel to form
charge storage device 608 to store the overflow charge. The overflow charge develops a new
PIXEL_OUT voltage, Vpixel out sigr- 1he CC capacitor can AC couple the PIXEL_OUT voltage
to become the COMP_IN voltage. The COMP_IN voltage between times T1 and T2 can be set

based on Eguation 1 above.

{0129] Between times T1 and T2, a time-to-saturation (TTS) measurement can be performed
by comparator 906 comparing COMP_IN voltage with a static Vi 0w 10 generate VOUT. At
time T2, when controller 1110 determines the state of VOUT of comparator 906. The state of
VOUT can be provided to output logic circuits 908, which can generate a latch signal {o control
memory 912 to store a count value {rom counter 914 if VOUT indicates that COMP_IN voltage
reaches Vier 1w, which in turn indicates that charge storage device 902 is saturated. Output logic
circuits 908 can also store in its internal state that charge storage device 902 is saturated to
prevent the subsequent PD ADC and FD ADC operations from overwriting the TTS output in
memory 912. On the other hand, if charge storage device 902 1s not saturated, no count value
will be stored in memory 912 at time T2, and count values from subsequent PD ADC or FD

ADC operation can be stored into memory 912,

{0130} FPollowing the TTS measurement, between times T2 and T5, the PD ADC operation can
be performed to measure the residual charge stored in the photodiode PD. The LG signal is de-
asserted to disconnect Cgyxy from Cpp to increase charge-to-voltage conversion ratio, as described
above. The overflow charge (if any) is divided between Cpp and Cixy based on a ratio of
capacitances between Cpp and Cpxr such that Cyy stores a first portion of the overflow charge
and Cpxy stores a second portion of the overflow charge. Vpixel out sigr ¢an correspond to the first

portion of the overflow charge stored in Cap.
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{0131] To prepare for the PD ADC operation, between times T2 and T3, COMP_RST signal is
asserted again to reset comparator 906. The resetting of comparator 906 can set a new Vo
voltage across the CC capacitor based on a difference between Viiger out sigr and the output of

comparator 906 in the reset state, as follows:
[0132] V. (T2) = (erefﬁhigh + mep,offset) - (:Vpixe}ﬁou.t,,ssigl.(ng + Vogre) {Equation 2)

{0133] Optionally, the RST signal can be asserted between times T2 and T3 to reset Cgp and to
remove the {irst portion of the overflow charge, prior to the transfer of the residual charge. This
allows the subsequent PD ADC operation to quantize only the residual charge rather than a
mixture of the residual charge and the first portion of the overflow charge. Such arrangements
can improve the accuracy of measurement of low light intensity as there is no need to remove the
overflow charge component (based on the result of the subsequent FD ADC operation) from the
PD ADC operation cutput which could otherwise introduce additional errors. On the other hand,
not asserting the RST signal between times T2 and T3 can be advantageous, as such
arrangements can introduce redondancy in the PD ADC and FD ADC operations and increase
the signal-to-noise ratio, as both operations measurce a mixture of residual and overflow charge.
{0134] Between times T3 and T4, COMP_RST sigoal is released so that comparator 906 exiis
the reset state. Moreover, the TG signal can set transfer switch M1 in a fully turned-on state to
transter the residual charge to Cyp. The residual charge can be transferred to Cep, which changes
the PIXEL_OUT voltage 0 Vpixel out sigz- The new PIXEL _OUT voltage can be AC coupled

into a new COMP_IN voltage at time T4, as follows:
{0135} Vcompﬁin (T4‘> = vpixelfcutfsigz - Vpixelfoutfsigl + Vrefﬁhigh + vcompfoffset (Equaﬁon 3)

{0136] In BEgquation 3, the difference between Vpiyel out sigz — Vpixel out sigr represents the
quantity of residual charge transferred by the photodiode to charge storage device 608 between
times T3 and T4.

{01371 After TG is fully turned-on between times T3 and T4, the TG is de-asserted to
disconnect the photodiode PD from Cpp and Cyyy. As a result, no additional charge is transferred

to Cgp and Cexr after time T4 until the start of next exposure period.
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{01381 Between times T4 and T3, controller 1110 can perform the PD ADC operation by

comparing the COMP_IN voltage with a VREF ramp that starts from Ve pnigh 0 Vief tow margin. In
PD ADC phase, Voo nign can represent the minimum detectable quantity of residual charge stored
in photodiode PD, whereas Vi jow margin €80 represent the saturation threshold of photediode PD

with margin to account for dark current, as described above.

{0138] Atume T5, controller 1110 can check whether the COMP_IN voltage falls below
Vief tow margin. Which can indicate whether the photodiode PD saturates. It the COMP_IN voltage
goes above Vit jow margin (Which 1ndicates the photodiode PD saturates), and it no TTS output is
stored in the memory (based on the internal state of output logic circuits 208), output logic
circuits 908 can generate a latch signal to control memory 912 to store a count valoe {from
counter 914. Output logic circuits 908 can also store, as part of its internal state, the indication
that the photodiode PD saturates, so that the subsequent FD ADC operation will not be able
overwrite the PD ADC output {or TTS output} stored in the memory. If the COMP_IN voltage
falls below Vier jow margins 10 count value will be stored into memory 912 at tirne TS5, and a count

value from a subsequent FD ADC operation can be stored into memory 912.

{0140] Between times TS5 and T8, a FD ADC operation can be made to measure the overflow
charge transferred by the photodiode PD within the exposure period Tegposure. AS photodiode PD
remains disconnected from Cyp and Cexr, no additional charge is transferred to Cpp and Cixr,
and the total charge stored in Cep and Cyxr is mostly generated in the exposure period Tegposures
together with additional charge generated by the photodiode between times T3 and T4, With

such arrangement, the GSE of pixel

{0141} Atame T5, the LG signal is asserted to connect Cpp with Ceyy, which allows the
second portion of the overflow charge stored in Cpxr to combine with the residual charge stored
inn Cgp (and the first portion of the overflow charge if RST 1s not asserted between times T2 and
T3), and a new PIXEL_OUT voltage Vpixer put sigz can develop at the parallel combination of

Crp and Cpxy and is to be guantized.

{01421 Between times T5 and T7, a noise sampling operation can be performed to mitigate the
cffect of reset noise and comparator offset on the FD ADC operation. Between times TS and T6,

comparator 906 can be reset as part of the first sampling operation. The positive terminal of
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comparator 9006 is connected to the lower end of VREF, V.ot 1ow. The Vo voltage can include
components of reset noise and comparator offset as described above. The Ve voltage can be as

follows:
(01431 Voo (T5) = (Viettow + vcompfoffset} - (jvpixelfoutfsig’j + Voyrpes) (Equation 4)

{0144} Between times T6 and T7, both Cgp and Cxr can be reset, while comparator 906 exits
the reset state, as part of a second sampling operation. As a result of resetting, PIXEL_OUT can
be reset to a reset voltage Vpixel out rse- Moreover, second reset noise charge is also introduced
into charge storage device 608, which can be represented by Voygre,. The second reset noise
charge typically tracks the first reset noise charge. At time T6, as the result of the second

sampling operation, Vet our can be as follows:
[0145] vpixeiﬁgut(ri’é.) = Vpixel out rst T ¥VOxrcz {(Equation 5)

{0146] Attme T7, COMP_RST is released, and comparator 906 exits the reset state. Via AC-

coupling, the COMP _IN voltage can track Vpiyel 0ui{ T6) in addition to V.(T5) as follows:

{6147} mep,in <T7) - (vrfffﬁiow + Vcomp,,offset) + (.Vpixei;)ut,,rst - Vpixei,,out,,sig&) +

(Vokrez — Vogrer) {Eguation 6)
{0148] Following the second sampling operation, the COMP_IN voliage can be quantized by

comparing against a VREF ramp between times T7 and T8, The VREF ramp can start from

Vief 10w, Which can represent a minimum guantity of overflow charge detectable in charge storage
device 608 including Cpxr and Crp, and Vier nign, which can represent the quantity of overtlow
charge when charge storage device 608 saturates. A count value from counter 914 when VOUT
trips can be stored into memory 912 to represent the intensity of hight received in the exposure
period. After time T8, the digital value stored in memory 912 can be read out to represent the
intensity of light received by the photodiode PD within the exposure period Tesposure. at time T9.
In a case where one image frame is generated in a single frame period, the frame period can span

from time TO to T8.

{0149] The sequence of control signals, as well as theur tuming, are controlled by controller
920, as well as by exposure stop signal 922 and selection signal 924. Specifically. controller 920

can assert and de-assert the control signals (e.g., AB, RST, COMP_RST, TG, and LG signals)
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and conirol the VREF signal based on a pre-configured timing sequence, which can be
overwritten by exposure stop signal 922 and/or selection signal 924, Exposure stop signal 922
can trigger the PD ADC operation, which includes assertion of the RST and COMP_RST signal,
the de-assertion of the LG signal, followed by the assertion of the TG sigoal to transfer the
residual charge and then the assertion of the AB signal to stop the exposure period, to start at an
carlicr time than the time T2 of the pre-configured timing sequence. Exposure stop signal 922
can cause the exposure period to stop earlier than the time T4 of the pre-configured timing
scquence. Such arrangements can reduce the likelihood of charge storage device 902 being
saturated by the overflow charge. Moreover, selection signal 924 can configore controller 920 to
skip one or more of TTS, PD ADC, and FD ADC operations. As to be described in details below,
in a pixel cell comprising multiple photodiodes, selection signal 924 can be provided to
configure controlier 920 to skip the TTS operation for some of the multiple photodiodes to
reduce the total time of quantization operations of all the photodiodes of a pixel cell to reduce
frame period, whereas exposure stop signal 922 can be provided to dynamically reduce the
exposure period of the photodiodes for which the TTS operation is not performed to prevent
those photodiodes {rom satarating their respective charge storage devices 902 so that the
intensity of the light components detected by those photodiodes can be measured by the PD

ADC and/or FID ADC operations with a reasonable fidelity.

{01561 As shown in Equations 3 and 6, the polarity of comparison in PD ADC operation,
where Veomp in 16presents Vpixel out sigz — Vpixel out sigi» 15 Opposite to the polarity of
comparison in FD ADC operation, where Vegmp in represents Voot out rst — Vpixel out sigz- 11 PD
ADC, the VOUT of comparator 906 of FI1G. 9A becomes a logical zero when COMP_IN voltage
is higher than Vi tow marein, Which indicates the photodiode PD does not saturate. But in order to
store the digital value when VOUT trips, which represents a measurement of the residual charge,
into memory 912, memory 912 needs to receive a positive VOUT from comparator 906. In
contrast, in FD ADC, the VOUT of comparator 906 of ¥I{. 94 becomes a logical one when
COMP_IN voltage is higher than Vi.f 10w, which indicates that the overflow charge exceeds the
minimum detectable level. The polarity of comparison of FD ADC and the TTS operation is also

identical.
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{01511 Referring back to FIG. #A, output logic circuits 908 include circuits that account for
the different polarities of comparisons among the PD ADC, FI ADC, and TTS operations and to
maintain an internal state to control the storing of count values into the memory. FIG. 9B
includes an example of internal components of output logic civcuits 908. As shown in FIG, 98,
output fogic circuits 908 includes an inverter chain 942, a multiplexor device 946, {lag registers
948 and 950, and a NOR gate 952. Flag registers 948 and 950 can store, respectively, a FLAG 1
state bit and a FLAG_ 2 state bit. FLAG 2 state can indicate a state of VOU'T at the end of the
TTS operation, whereas FLAG_1 state can indicate a state of VOUT at the end of the PD ADC
operation. If FLAG_2 is asserted after the TTS operation, which indicates that the TTS operation
has stored a count value into memory 912, NOR gate 952 can keep the latch signal low to lock
memory 912 from being overwriticn by the subsequent PD ADC operation. Moreover, if
FLAG_1 is asserted after the PD ADC operation, FD ADC can be prevented from storing a
count value into memory 912, Inverter chain 942 and multiplexor device 946 can control the
output of the VOUT state based on the LG signal to registers 948 and 950 and NOR gate 952 to
account for the different polaritics of comparisons among the PD ADC, FD ADC, and TTS
operations. Specifically, referring back to FIG. 12, {or TTS and FD ADC operation the 1L.G
signal is asserted to combine Cyxr with Cep. Multiplexor device 946 can be controlled by the
asserted LG signal to select the non-inverted VOUT to output to register 950 (for FLAG_2 bty
and NOR gate 952. For PD ADC operation the LG signal is de-asserted to disconnect Cpyr from
Cepto increase the charge-to-voltage conversion ratio. Multiplexor device 946 can be controlled
by the de-asserted LG signal to select the tnverted VOUT (VOUTH in FI1G. 98) to output to
register 948 (for FLAG_1 bit) and NOR gate 952.

{0152] Referring back to FIG. 8A and FIG. 8B, 1o some examples, a pixel cell having
multiple photodiodes may include a charge sensing unit 614 and an ADC 616 of ¥FIG. %A for
cach of the photodiodes to perform the multi-stage quantization operations (TTS, FD ADC, and
PD ADC) as described in FIG. 12 for each of the photodiodes. Such arrangements, however, can
substantially increase the footprint and power consumption of a pixel cell. Specifically,
comparator 906 of ADC 616 may inclade an analog differential amplifier and other support
circuitries (e.g., biasing circuits, output buffers, etc.), which can occcupy the largest space and

consume the most power among the components of the pixel cell. If multiple ADCs 616 (and
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multiple comparators 906) are included in the pixel cell, the size and power consumption of the

pixel cell, as well as the pixel cell array, can become prohibitively large.

{01531 To redoce the footprint and power consumption of a pixel cell, a single ADC 616 can
be shared among the photodiodes of the pixel cell. The charge sensing unit 614 of each
photodiode can take turn to be connected with the single ADC 616 to perform the quantization
operations and store the output at memory 912. FIG. 134 ~ FIG, 13C illustrate an example of a
multi-photodiode pixel cell which includes a single ADC 616 shared among the multiple
photodiodes of the pixel cell. As shown in FIG. 134, pixel cell 602a can include a single ADC
H16a shared among the monochrome channel (M) photodiode, monochrome + near infra-red
channel (M+NIR) photodiode, the green channel () photodiode, and the near infra-red channel
{NIR) photodiode. Moreover, each of other pixel cells 602b, 602¢, and 6024 also inclades,
respectively, a single ADC 616b, 616¢, and 616d.

{01541 FIG. 138 dustrates an example of pixel cell 602a including multiple photodiodes. As
shown in FIG. 13B, pixel cell 602a includes a plurality of photodiodes including PDO, PD1, etc.,
as well as a plurality of charge sensing onis 614 including charge sensing unit 614a, 614b, etc.
Charge sensing unit 614a includes a charge storage device 902a and a switchable buffer 904a
and 1s configured to convert residual charge and overl{low charge transferved {rom photodiode
PDO to voltages. Charge sensing unit 614b inclades a charge storage device 902b and a
switchable buffer 904b and is configured to convert residual charge and overflow charge
transferred form photodiode PD1 to voltages. Each photodiode is coupled with a respective
shutter switch and a respective transfer switch. For exarnple, photodiode PDO is coupled with
shutter switch M0Oa and transfer switch M1a, whereas photodiode PD1 is coupled with shutter
switch MUb and transfer switch M1b. Controller 920 can control the timing of control signals
ABO and AB1 (for shutter switches MQa and MOb), control signals TGO and TG (for transfer
switches M1a and M1b), as well as control signals RSTO, LGO, RST1, and LG1 to individually
enable each photodiode to generate/accurmulate residual charge, and to transfer overflow charge
to a respective charge sensing unit 614. In addition, controller 920 can also control the timing of
control sigonals SELO and SEL1 to provide each charge sensing unit 614a and 614b access to

ADC 616 to perform guantization operations selected by selection signal 924,
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{01551 In one example configuration, selection signal 924 can select one of the photodiodes
{e.g.. PDO) to perform TTS operation as well as at least one of the PD ADC or the FD ADC
operations, and the rest of photodiodes to perform at least one of the PD ADC or the FD ADC

operations.

{0156] FIG. 13C illustrates an example sequence 1300 of some of the conirol signals of pixel
cell 602a of FIG. 13B. The example sequence can be based on the sequence described in FI6.
12 and provided by controller 920. At time TO the AB signal for each photodiode (ABO, AB1,
ABn, etc.) 1s de-asserted to start the exposure period for each photodiode. The TX signal for each
photodiode (TX0, TX1, TXn, etc.) are biased to allow overflow charge (if any) to {low to the
respective charge sensing unit, while the LG signal {for each photodiode (LGU, LGI, LGn, elc.) is
asserted to connect Cpxr and Cpp together to sense the overflow charge. At time T1 SELQ is
asserted to connect charge sensing unit 614a of photodiode PDO to ADC 616 lo quantize the

charge generated by PDO.

{01571 Between times T1 and T2, based on selection signal 924 ADC 616 can perform the
TTS operation to determine whether the overflow charge from photodiode PDO satorates charge
storage device 902a, and the time it took to saturate charge storage device 9(2a (saturation time).
Meanwhile, other charge storage devices 902 (e.g., 902b) of pixel cell 602a can confinue
accumulating charge generated by the respective photodiode PD between times T0 and T2. The
other charge storage devices can have a larger combined capacity of Cexy and Cyp than charge
storage device 902a so that when charge storage device 902a saturates the other charge storage

devices remain unsaturated.

{0158] Atame T2, alter TTS operation completes, the LG signal for each photodiode (LGO,
LG, LGn, ele.) is asserted to disconnect Cryr from Crp to prepare for the subsequent PD ADC
operation. Cpxr can be disconnected from Cyp to preserve a portion of the overflow charge (if
any} in Cpxy for the subsequent FD ADC operation, whereas Cpp can be optionally reset so that
Cyp only stores the residual charge to be transferred from the respective photodiodes, as
described in F1G. 82, At time T3, the TG signal for each photodiode (TGO, TG, TGn, etc.) 18
asserted to transfer the residual charge from the photodiode to the Cyp of the respective charge
storage device 902. At time T4, the AB signal for each photodiode (ABO, AB1, ABn, etc.) is

asserted to stop the exposure period of each photodiode in the pixel cell. The duration of the
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exposure period in FIG. 130 18 Toxposure-global, Which spans between times TO and T4.
Texposure~globat cant be pre-configured (e.g., based on selection signal 924 or other programming

information) and can be a global exposure period for all pixel cells of the pixel cell array.

{0158] Between times T4 and T3, based on selection signal 924 ADC 616 can perform the PD
ADC operation on Cgp of charge storage device 902a to measure a guantity of residual charge
stored in the Cpp. A count value from the PD ADC operation can be stored in memory 912 for
photodicde PDO if the TTS operation does not store a count value in memory 912, At time T3,
alter the PD ADC operation completes, Cpp of charge storage device 902a can be reset to remove
the residual charge, and then at time T6 the LGO signal for photodiode PDO can be asserted to
connect Cpxy from Cyp together again to redisiribute the portion of the overflow charge stored in
Crxr within charge storage device 902a. A FD ADC operation can then be performed between
times T6 and T7 to quantize the overflow charge stored in charge storage device 902a for
photodiode PDB0. A count value from the FID ADC operation can be stored in memory 912 for
photodiode PDO if neither the prior TTS operation nor the PD ADC operation stores a count

value in the memory.

{01606] Atume T7, after the quantization operations for photodiode PDO complete, SELT can
be asserted to connect charge sensing unit 614b of photodiode PD1 to ADC 616. Between times
T7 and T&, based on selection signal 924, ADC 616 can perform PD ADC operation on Crp of
charge storage device B0Zb to measure a quantity of residual charge stored in the Cgp for
photodiode PD1. Following the completion of the PD ADC operation, the Cyp of charge storage
device 902b can be reset at time T8, {ollowed by assertion of LG1 for the photodiode PD1 and
then FD ADC operation. Controller 920 can also control ADC 616 to perform PD ADC and FD
ADC operation {or other photodiodes of pixel cell 6(2a in sequence 1300 to generate the count

values for other photodiodes.

i0161] Compared with a case where the same sequence of guantization operations (e.g., TTS,
P ADC, and FD ADC operations) are repeated for each photodiodes, the arrangements in FIG.
13C can reduce the total time of quantization operations of a pixel cell by sclectively disabling
the TTS operations for all of the photodiodes except one photodiode. The reduced total time of
quantization operations can reduce the frame period and increase the frame rate. Moreover, as

the exposure periods of all the photodiodes of the pixel cell end at the same time (T4 in FI1G.
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13C), all the photodiodes of the pixel cell can have a uniform exposure period, which can
wmmprove shutter efficiency. All these can improve the performance of the image sensor especially

when used to image high speed objects.

{01621 On the other hand, the arrangements in FIG, 13C may reduce the upper limit of the
dynamic range of the image sensor. This is because the TTS operation, which measures the time-
to-saturation to extend the upper limit of the measurable light intensity beyond the level that
saturates the charge sensing unit, is performed for only one photodiode. For other photodiodes
for which only FI ADC and/or PD ADC operations are performed, the upper limit of the
dynamic range is still Himited by the charge storage capacity of the charge sensing units of those
photodiodes and is not extended by the TTS operation. As a result, the dynamic range of the

image sensor as a whole can be reduced.

{01631 FIG. 14A illustrates an exaraple of a multi-photodiode pixel cell 1400 that can provide
an extended dynamic range. As shown in FIG. 14A, output logic circunits 908 can output an
indication of saturation 1402 to controller 920 as exposure stop signal 922. Indication of
saturation 1402 can be generated during the TTS operation to indicate that charge storage device
90Za is saturated by the overflow charge. After controller 920 receives exposure stop signal 922,
controller 920 can stop the exposure period of all the photodiodes of the pixel cell before the pre-
configured end time. Such arrangements can reduce the quantity of charge transferred to a charge
storage device for a given light intensity, which can reduce the likelihood of the charge storage
devices of the pixel cell becoming saturated and cannot support accurate FI ADC and/or PD

ADC operations.

{0164] FIG. 148 Hustrates an example sequence 1410 of some of the control signals of pixel
cell 1400 of Fi{. 14A. The operations at times TO and T1 are identical to sequence 1300 of
FI1G. 13C. TTS operation for photodiode PDO is performed between times T1 and Tla. At time
T1, output logic circaits 908 outputs an indication of saturation 1402 based on VOUT indicating
that the COMP_IN voltage reaches the static VREF threshold. Based on the indication of
saturation, controller 920 can de-assert the LG signals of all the photodiodes {(e.g., LGO, LG1,
L.Gn, ete.} at time T1a, followed by assertion of the TG signals of all the photodiodes {e.g., TGO,
TGI, TGn, etc.) at ime T1b to transfer the residual charge from each photodiode to its respective

charge storage unit. Coniroller 920 can then assert the AB signals to stop the exposure period at
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time T2. Compared with sequence 1300 where the exposure period ends at time T4, the exposure
period in sequence 1410 ends at time T2 and have a duration of Tezposure—reduced that spans
between times T and T2. The exposure period Togposure-reduced 18 reduced with respect o the

global exposure period Teyposure-globat Which spans between times TU and T4,

{0165] By reducing the exposure period based on the TTS output of photodiode PDO, the
likelihood of the charge storage devices of photodiode PD1 and other photodiodes becoming
saturated can be reduced. The likelihood of saturation is further reduced if the capacity of the
charge storage devices of those photodiodes is made larger than that of photodiode PDO. As a
result, the linearity of the light intensity measurements from the ADC can become more linear,
which can iraprove the dynaroic range of the image sensor. Moreover, by detecting saturation
and adjusting the exposure period within the same frame period, the exposure period can adapt to
changing light intensities more quickly, which can improve the performance of the image sensor

especially when imaging high speed objects and scenes.

{01661 The PD ADC operation for PD0 can start from when the exposure period ends. In some
examples, after the exposure period cnds at time T2, controller 920 and pixel cell 1400 can enter
an idle state until time T4 so that the PD ADC operation {or PDO can start at the same pre-
configured time T4 as in sequence 1300. Moreover, the rest of the quantization operations are
also performed at the same pre-configured times as sequence 1300. Such arrangements can
ensure that the {frame period of pixel cell 1400 remains identical to other pixel cells that operate
with the pre-configured exposure period. In some examples, rather than entering an idle state to
make up for the reduced exposure time, controller 920 can also scale up the duration of the PD
ADC and FD ADC operations (¢.g., by reducing the clock rate, by reducing the slope of the
voltage ramp, efc.) to increase the quantization resolution, while ensuring that the quantization
operations of pixel 1400 complete at the same time, to maintain the same {rame period for pixel

cell 1400 and other pixel cells of the pixel cell array.

{0167]  As pixel cell 1400 can have a reduced exposure period compared with other pixel cells,
when generating an image {rame comprising the count value from pixel cell 1400 and other pixel
cells/photodiodes that generate count values based on exposure to light within the pre-configured
global exposure timne, the count value from pixel cell 1400 can be scaled based on the following

equation:
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[0168] DNy = DNpyy X moXposure-global (Equation 7)

Texpﬂsm’e-- reduced

{0169] In Eguation 7, DNy, represents the PD ADC or FD ADC count ouiput from a
photodiode of pixel 1400 obtained from exposure period Teyposure-reduced Which is reduced
from the global exposure period Toxposure—giobal- AS the quantity of charge (vepresented by the
count value) is directly proportional to the exposure period, DNy, can be extrapolated to a
normalized count value DNy, ., based on the ratio between Toyposyre-globatl and
Texposure~reduced S0 that the count values {rom all the photodiodes are obtained based on the

same exposure period and follow the same scale.

{01701 In the example of FIG. 14A, photodiodes of pixel cell 1400 shares a single ADC. In
some examples, however, photodiodes of different pixel cells can share a single ADC, and the
TTS operation for a photodiode of a pixel cell can control the exposure period of another
photodiode of a different pixel cell. The photodiodes that share a single ADC can be grouped ina
kernel, which can include photodiodes from different pixel cells or from the same pixel cell.
Each group of photodiodes in a kernel can be configured to detect the same or different hight
components. In the group of photodiodes of a kernel, all of the photodiodes except the a master
photodiode (c.g., the first photodiode) has access to an ADC to perform only PD ADC and/or FD
ADC operations, whereas the {irst photodiode has access to an ADC to perform the TTS, as well
as PD ADC and/or FD ADC operations. All the photodiodes within the group can have the same
exposure period, which can be stopped when the charge sensing unit of the master photodiode is
saturated. As a result, the quantization result of the charge sensing units of those photodiodes,
hased on PD ADC and/or FD ADC operations, can still represent the intensities of the light
components with a reasonable fidelity. Ou the other hand, if there is no indication of saturation
from the master photodiode, the photodiodes can generate at least a threshold quantity of charge
within the pre-configured exposure period to maintain 8 minumum signal-to-noise ratio for
measurements of low and medium light intensities, which can set the lower limit of the dynamic

Tange.

{0171} The grouping of photodiodes into a kernel can be based on various schemes and can be
application specific. In one example, a kernel of pixels can be defined based on the

contour/shape of a pre-determined object to be imaged. FIG, 184, ¥FIG, 158, and FIG. 15C
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tilustrate examples of a kernel determined based on the contour/shape of a target object. As
shown in FIG. 18A, a kernel can include five pixel cells based on a shape that reflects the
radiation of light from a pointed light source 1500, with one pixel cell in the center and four
pixel cells on four sides (e.g., north, south, left, and right). In FIG. 18A four kernels of pixel
cells are shown including 1502, 1504, 1506 and 1508. Kernel 1502 includes a pixel cell 1502a
which includes a master photodiode of kernel 1502, as well as pixel cells 1502b, 1502¢, and
1502d. Kernel 1504 includes a pixel] cell 1504a which includes a master photodiode of kernel
1504, as well as pixel cells 1504b, 1504c, and 1504d. Kernel 1506 includes a pixel cell 1502a
which inclodes the master photodiode of kernel 1506, as well as pixel cells 1506b, 1506¢, and
1506d. Moreover, kernel 1508 includes a pixel cell 1508a which includes the master photodiode

of kernel 1508, as well as pixel cells 1508b, 1508c¢, and 1508d.

{01721  In the kernels shown in FIG, 15A, the pixel cell in the center of the kernel can inclode
a master photodiode for which the TTS operation can be performed and, if saturation is detected ,
the exposure period of all the photodiodes of the kernel can be reduced, as described above. For
example, in a case where the pixel cell array is used to image pointed light source 1500, the pixel
cell in the center of the kernel can receive light from the brightest portion of the pointed light
source and saturates the charge storage device. The exposure period for all the photodiodes
within the kernel can be stopped upon the detection of saturation, so that other pixel cells within
the kernel, which may receive the radiated light as well as light {rom other parts of a scene, can
generate digital outputs that are linearly related to the incident light instead of the saturated

outputs.

{01731 The photodiodes in the center pixel of the kernel can be configured as master
photodiodes for different light components. Each master photodiode can share an ADC with
other photodiodes (within the kernel} that detect the same light component and can countrol the
exposure period of the other photodiodes. For example, as shown in FIG. 15B and FIG. 15C,
each pixel cell (e.g., pixel cell 1502¢) includes two photodiodes {or detecting visible
monochrome light (M), a photodiode for detecting near infra-red light (NIR), and a photodiode
for detecting green light (G). Each set of M photodiodes, NIR photodiodes, and G photodiodes
share an ADC, such that four ADCs are provided for each kernel, and each kernel can have two
master M photodiodes, a master NIR photodiode. and a master G photodiode in the center pixel
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cell (e.g.. pixel cell 1504a). In FIG. 158, a master M photodiode (denoted by a circle) can
control the exposure period of other M photodiodes in the same kernel, whereas in FIG, 15C. a
master NIR photodicde (denoted by a circle) can conirol the exposure period of other NIR

photodiodes in the same kernel.

{0174] As another example, pixel cells that are likely to receive light components of similar
intensity can form a kernel. The spatial distribution of the photodiodes of the kernel within a
pixel cel array can be based on the application of the image sensor. FIG. 16A and FIG. 168
tllustrate examples of kernels having different spatial distribution of the photodiodes within a
pixel cell array. As shown in FIG. §6A, an image sensor 1600 may be confligured to receive
structured NIR light of a pattern 1602 (which includes dot 1602a, dot 1602b, etc.) from a scene.
In this application, a kernel 1604 can include pixel cells {e.g., 1604a, 1604b, 1604c, and 1604d)
that are spaced apart based on the pattern 1602, with the master pixel cell {e.g., 1604a) of the
kernel including a NIR photodiode to control the exposure period of the NIR photodiode of other

pixel cells within the kemel.

{0175] In some examples, a kernel can also include photodiodes of the same pixel cell, as
described above. Such arrangements can be provided when, for example, the image sensor is
used to image a small part of a scene, and/or when image sensor operates in an environment with
strong ambient light and where each photodiode of a pixel cell can receive a high-intensity light
component, and the charge sensing unit of each photodiode within the pixel cell is likely to
satorate. As shown in FIG. 16B, each pixel cell can include a master photodiode for detecting a
light component {(e.g., monochrome as circled) which can control the exposure period of other

photodiodes that detect other or the same hight components (e.g., NIR, B, M. etc.).

{01761 FIG., 17 illustrates a method 1700 for performing a light intensity measurement by
multiple photodiodes comprising a first photodiode and a second photodiode, such as PDO and
PD1 of FIG. 14A. The first photodiode and the second photodiode can be part of the same pixel
cell 602a, as shown in FIG, 14A, or can be in different pixel cells, as shown in FIG, 13A - FIG.
16B. The [irst photodiode and the second photodiode can be configured to detect incident light
components of the same wavelength range or different wavelength ranges. The {irst photodiode
may be coupled with a [irst charge sensing unit {¢.g.. charge sensing unit 614a) comprising a {irst

charge storage device (e.g., charge storage device 902a) and a first switchable buffer {e.g., buffer
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804a), whereas the second photodiode may be coupled with a second charge sensing unit {e.g.,
charge sensing unit 614b) comprising a second charge storage device {(e.g., charge storage device
902b} and a second switchable buffer (e.g., buffer 904b). The outputs of first charge sensing unit
and second charge sensing unit is coupled with a single ADC (e.g., ADC 616) which can
quantize a first voltage at the {irst charge storage device when the {irst switchable buffer is
switched on. and can quantize a second voltage at the second charge storage device when the
second switchable buffer is switched on. Both the first charge storage device and the second

charge device can include a primary capacitor and an auxiliary capacitor.

{01771 Method 1700 starts with step 1702, in which the {irst photodiode is exposed to incident
light to generate first charge. In some examples, a first shutter switch is coupled between the first
photodicde and a charge sink, and the first shutter switch can be switched off to expose the first
photodiode to the incident light to generate the first charge, and the switching off of the first

shutter switch can being an exposure period.

{01781 Instep 1704, the second photodiode is exposed to incident light to generate second
charge. In some examples, a second shutter switch is coupled between the second photodiode
and the charge sink, and the second shutter switch can be switched off to expose the second
photodiode to the incident light to generate the second charge. In some examples, the first shutter
switch and the second shutter switch can be switched off at the same time so that the exposure

period starts at the same time for both the first photodiode and the second photodiode.

{0179]  In step 1706, the first charge sensing unit can convert the first charge to the first
voltage. In some examples, the {irst charge sensing unit is coupled with the first photediode via a
first transfer switch, which can be biased to allow the first photodiode to store a quantity of first
residual charge as part of the first charge, and to transfer the rest of the first charge as first
overflow charge to the first charge storage device of the first charge sensing unit. The first
overflow charge can be stored in both the primary and auxiliary capacitors of the first charge
storage device. In step 1706, the first voltage can be developed based on the accumulation of the
first overflow charge in the first charge storage device during the exposure period. Moreover, the
first switchable buffer is turned on to connect the first charge storage device to the ADC 1o

perform TTS operation.
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{01861 In step 1708, the second charge sensing unit can convert the second charge to the first
voltage. In some examples, the second charge sensing unit is coupled with the second photodiode
via a second transfer switch, which can be biased to allow the second photodicde to store a
quantity of second residual charge as part of the second charge, and to transfer the rest of the
second charge as second overflow charge to the second charge storage device of the second
charge sensing unit. The second overflow charge can be stored in both the primary and auxiliary
capacttors of the second charge storage device. In step 1708, the second voltage can be
developed based on the accumulation of the second overflow charge in the sccond charge storage
device during the exposure period. Moreover, the second switchable buffer 1s turned off to

disconnect the second charge storage device from the ADC.

{01811 Instep 1710, as part of the TTS operation, the ADC is controlled to detect, based on the
first voliage, that a quantity of the first charge reaches the saturation threshold, and to measure
the saturation time when the quantity of the first charge reaches the saturation threshold.
Specifically, in step 1710, the ADC can coropare the {irst voltage against a static threshold
voltage representing a saturation limit of the first charge storage device. If the {irst voltage
crosses the static threshold, the ADC can output an indication of saturation that a quantity of the
first charge (represented by the first overflow charge) stored in the first charge storage device
reaches the saturation limit. The indication (e.g.. VOUT signal of FIG. 14A) can control a
memory {e.g., memory 912) to store a count value from a free-running counter (e.g., counter
©14), and the count value can represent the intensity of the incident light component received by

the first photodiode.

{0182]  Insiep 1712, the exposure of the first photodiode and the second photodiode are
stopped based on detecting that the guantity of the first charge reaches the saturation threshold.
Specifically, the indication of saturation from step 1710 {and from the TTS operation of the first
photodicde) can overrule the control signals of the first and second shutter switches to enable
those switches to stop the exposure period for both the first photodiode and the second

photodiode.

{0183} In some examples, after the exposure ends, the ADC can be controlled to perform PD
ADC and FD ADC measurements. Specilically, after the exposure ends, the primary capacitor

can be disconnected from the auxiliary capacitor of both the first and second charge storage
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devices to preserve a part of the first overflow charge and a part of the second overflow charge
in, respectively, the auxiliary capacitor of the first and second charge storage devices. As part of
the PD ADC operation, the primary capacitor of the {irst charge sensing unit can be reset, and
then the first transfer switch can be controlled to transfer the first residual charge from the first
photodiode to the primary capacitor. The ADC can compare the {irst voltage at the primary
capacitor of the first charge sensing unit with a first ramping voltage to quantize the first residual
charge, as described above. A determination of whether the first photodiode is saturated by the
first residual charge is made during the PD ADC operation. In the FD ADC operation, the
primary and auxiliary capacitors can be connected together again (o redistribute the portion of
the first overflow charge and the {irst residual charge between the primary and auxiliary
capacttors. The ADC can compare the {irst voliage at the primary and auxibiary capacifors with a
second voltage ramp to quantize the combination of the first overflow charge and the first
residual charge, and the guantization result can be post-processed to measure the guantity of the
first overflow charge. The result of one of the TTS, PD ADC, or FD ADC operations can be
provided to represent the intensity of the incident light component received by the first
photodiode based on whether the first charge storage device is saturated by the first overfiow

charge and whether the first photodiode is saturated by the {irst residual charge.

{0184] Instep 1714, the ADC can be controlled to measure, based on the second voltage, a
quantity of the second charge generated by the second photodiode before the exposure period
ends. After the TTS, PD ADC and FD ADC operations for the first photodiode are complete, the
first switchable buffer can be disabled while the second switchable buffer can be ¢nabled, (o
connect the ADC to the output of the second charge storage device. A PD ADC operation
followed by a FD ADC operation can be performed on the second charge storage device similar
to as described in step 1712. The result of one of PD ADC or FD ADC operations can be
provided to represent the intensity of the incident light component received by the second

photodiode based on whether the second photodiode is saturated by the second residual charge.

{01851 Some portions of this description describe the examples of the disclosure in terms of
algorithms and symbolic representations of operations on information. These algorithmic
descriptions and representations are commonly used by those skilled in the data processing arts

to convey the substance of their work effectively to others skilled in the art. These operations,
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while described functionally, computationally, or logically, are understood to be implemented by
computer programs or equivalent electrical circuits, microcode, or the like. Furthermore, it has
also proven convenient at times, to refer to these arrangements of operations as modules, without
loss of generality. The described operations and their associated modules may be embodied in

software, firmware, and/or hardware.

{01861 Steps, operations, or processes described may be performed or implemented with one
or more hardware or software modules, alone or in combination with other devices. In some
examples, a software module 1s implemented with a computer program product comprising a
computer-readable medium containing computer program code, which can be executed by a

computer processor for performing any or all of the steps, operations, or processes described.

{0187] Examples of the disclosure may also relate to an apparatus for performing the
operations described. The apparatus may be specially constructed for the required purposes,
and/or it may comprise a general-purpose computing device selectively activated or reconfigured
by a computer program stored in the computer. Such a computer program may be stored in a
non-transitory, tangible computer readable storage medium, or any type of media suitable for
storing electronic instructions, which may be coupled to a computer system bus. Furthermore,
any computing systerns referred to in the specification may include a single processor or may be

architectures employing multiple processor designs for increased computing capability.

{01881 Examples of the disclosure may also relate to a product that is produced by a
computing process described herein. Such a product moay comprise informoation resulting from a
computing process, where the information is stored on a non-transitory, tangible computer
readable storage medivm and may inclode any example of a computer program product or other

data combination described herein.

{01891 'The language used in the specification has been principally selected for readability and
instractional purposes, and it muay not have been selected to delineate or circumscribe the
inventive subject matter. It is therefore intended that the scope of the disclosure be limited not by
this detailed description, but rather by any claims that issuc on an application based hercon.
Accordingly, the disclosure of the examples is intended to be illustrative, but not limiting, of the

scope of the disclosure, which is set {orth in the following claims.
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WHAT IS CLAIMED IS:

I An apparatus comprising:
a first photodiode to generate first charge;
a second photodiode to generate second charge;
a first charge sensing unit to convert the {irst charge to a first voliage;
a second charge sensing unit to convert the second charge to a second voltage;
an ADC capable of measuring a saturation time and a quantity of charge; and
a controller configured to:
expose the first photodiode and the second photodiode to incident light to
generate, respectively, the {irst charge and the second charge;
connect the ADC to the first charge sensing unit to detect, based on the
first voltage, that a quantity of the first charge reaches a saturation threshold, and to
measure the saturation time when the quantity of the first charge reaches the saturation
threshold;
stop the exposure of the first photodiode and the second photodiode to the
incident light based on detecting that the guantity of the first charge reaches the saturation
threshold; and
connect the ADC to the second charge sensing unit to measure, based on
the second voltage, a quantity of the second charge generated by the second photodiode

before the exposure ends,

2. The apparatus of claim 1, further comprising:

a first shutter switch coupled between the first photodiode and a first charge sink;
and

a second shutter switch coupled between the second photodiode and a second
charge sink;

wherein the controller is configured to:
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exposure the first photodiode and the second photodiode to the incident
light based on disabling the first shutter swilch and the secound shutter switch; and
stop the exposure of the first photodiode and the second photodiode to the

incident light based on enabling the first shutter swiich and the second shutter switch.

3. The apparatus of claim 2, wherein the controlier is configured to disable the first

shutter switch and the second shutter switch together at a {irst time and to enable the first
shutter switch and the second shutter switch together at a second time, such that a global
shutier switch for the first photodiode and the second photodiode starts at the first time

and ends at the second time.

4. 'The apparatus of claim 1, wherein each of the first charge sensing unif and the
second charge sensing unit includes, respectively, a first capacitor and a second capacitor;
wherein the apparatus further comprises:
a first transfer switch coupled between the first photodiode and the first
charge sensing unit; and
a second transfer switch coupled between the second photodiode and the
second charge sensing unit; and
wherein the controller is configured to:
countrol the {irst transfer switch (o transfer the first charge to the first
capacitor of the {irst charge sensing unit;
control the second transfer switch to transfer the first charge to the second
capacitor of the first charge sensing unit; and
stop the exposure of the first photodiode and the second photodiode to the
incident light after the transfer of the first charge and the second charge

completes.

5. The apparatus of claim 4, wherein the controller is configured to:
at a {irst time, bias the first transfer swilch at a first bias voltage to transfer first
overflow charge of the {irst charge {rom the first photodiode to the first charge sensing

unit for storage;
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at the first time, bias the second transfer switch at the first bias voltage to transfer
second overflow charge of the second charge from the second photodiode to the second
charge sensing unit for storage;

at a second tume, bias the fivst transfer switch at a second bias voltage to transfer
first residual charge of the first charge from the first photodiode to the first charge
sensing unit for storage; and

at the second time, bias the second transfer switch at the second bias voltage to
transfer second residual charge of the second charge from the second photodiode to the
second charge sensing unit for storage; and

wherein the exposure of the {irst photodiode and the second photodiode to the
incident light is stopped alter the transfer of the first residual charge and the transfer of
the second residual charge completes.
6. The apparatus of claim 5, wherein:

the first charge sensing unit includes a first switchable buffer coupled between the

first capacitor and the ADC; and
the second charge sensing unit includes a second switchable buffer coupled
hetween the first capacitor and the ADC;
the controller is configured to:
when the first transfer swilch is biased at the {irst bias voltage, enable the
{irst switch buffer to control the ADC to detect whether the quantity of the first overflow
charge cxceeds the saturation threshold, and to measure the saturation time when the
quantity of the first overflow charge reaches the saturation threshold; and
after the exposure of the first photodiode and the second photodiode to the
incident light stops:
control the ADC to measure a quantity of the sccond residual

charge stored 1n the second capacitor,

7. The apparatus of claim 6, wherein:
the first capacitor develops the first voltage when the first overflow charge is

transferred to the first capacitor; and
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the ADC is configured to measure the saturation time based on comparing the

tirst voltage against a first static threshold voltage representing the saturation threshold.

3. The apparatus of claim 7, wherein:
the first capacitor inclades a {irst main capacitor and a first auxiliary capacitor;
prior to the transfer of the first residual charge, the controller is configured to:
disconnect the first auxiliary capacitor from the first main capacitor; and
reset the first main capacitor;
the first residual charge 1s transferred to the first main capacitor after the first
main capacitor is reset to generate a third voltage; and
the ADC 1s contigured to measure a quantity of the first residoal charge stored in
the first main capacitor based on comparing the third voltage at the {irst main capacitor with a

first ramping threshold voltage.

9. The apparatus of claim 8, wherein the ADC is configured to, after measuring a
quantity of the {irst residual charge:
connect the first auxiliary capacitor that stores a portion of the first overflow
charge with the first main capacitor to generate a fourth voltage; and
measure a quantity of the first overflow charge based on comparing the fourth

voltage with a second ramping threshold voltage.

10. The apparatus of claim 9, wherein the controlier is configured select an output
generated by ADC based on one of the {irst voltage, the third voltage, or the fourth voltage;

wherein the selection is based on whether the first voltage crosscs the first static threshold
voltage and based on whether the third voltage crosses a second static threshold voltage
representing a storage capacity of the first photodiode; and

wherein the controller is configured to provide the selected output to represent an

intensity of the incident light received by the first photodiode.

11 'The apparatus of claim 6, wherein:
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the second capacitor inchudes a second main capacitor and a second auxiliary
capacilor;
prior to the transfer of the second residual charge, the controller is configured to:
disconnect the second auxiliary capacitor from the second main capacitor;
and
reset the second main capacitor;
the second residual charge is transferred to the second main capacitor after the
second main capacitor is reset {o generate the second voltage; and
the ADC is configured to measure the quantity of the second residual charge
stored in the second main capacitor based on comparing the second voltage at the second main

capacitor with a first ramping threshold voltage.

12. The apparatus of claim 11, wherein the ADC is configured to, after measuring a
quantity of the second residual charge:
connect the second auxiliary capacitor that stores a portion of the sccond overflow
charge with the second main capacitor to generate a third voltage; and
measure a quantity of the second overflow charge based on comparing the third

voltage with a second ramping threshold voltage.

13. The apparatus of claim 12, wherein the controller is configured select an output
generated by ADC based on one of the second voltage or the third voltage;

wherein the selection is based on whether the second voltage crosses a static threshold
voltage representing a storage capacity of the second photodiode; and

wherein the controller is configured to provide the selected output to represent an

intensity of the incident light received by the second photoediode.

14. The apparatus of claim 1, wherein the first photodiode 15 configured to detect a
first component of the incident light having a first wavelength range; and
wherein the second photodiode is configored to detect a second component of

incident light having a second wavelength range.
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15. The apparatus of claim 14, wherein the first wavelength range and the second

wavelength range are identical.

16. The apparatus of claim 15, wherein the first photodiode and the second

photodiode are part of a pixel cell.

17. The apparatus of claim 15, wherein the {irst photodiode and the second

photodiode are part of, respectively, a first pixel cell and a second pixel cell.

I8. The apparatus of claim 17, wherein the first pixel cell and the second pixel cell
are part of a pixel cell array; and
wherein the first pixel cell and the second pixel cell are separated by one or more pixel

cells.

19. A method comprising:

exposing a {irst photodiode to incident light to generate first charge;

exposing a second photodiode to the incident light to generate second charge;

converting, by a first charge sensing unit, the first charge to a first voltage;

converting, by a second charge sensing unit, the second charge to a second
voltage;

controlling an ADC to detect, based on the first voltage, that a quantity of the first
charge reaches a saturation threshold, and to measure a saturation time when the guantity
of the first charge reaches the saturation threshold;

stopping the exposure of the first photodiode and the second photodiode to the
incident light based on detecting that the guantity of the first charge reaches the saturation
threshold; and

controlling the ADC (o measure, based on the second voltage, a quantity of the

second charge generated by the second photodiode before the exposure ends.
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26. The method of claim 19, wherein the f{irst charge is generated by the first
photodiode based on detecting a first component of the incident hight having a first wavelength
range;

wherein the second charge 1s generated by the secound photodiode based on detecting a
second component of the incident light having a second wavelength range; and

wherein the {irst wavelength range and the second wavelength range are different.
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