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(57) ABSTRACT

A depth camera assembly (DCA) determines distances
between the DCA and objects 1n a local area within a field
of view of the DCA. The DCA projects a series of sinusoidal
patterns into the local area DCA and captures images of the
sinusoidal patterns via a sensor. Each pixel of the augmented
sensor includes a plurality of charge bins, and charge accu-
mulated by a photodiode of a pixel during different time
intervals (e.g., times when different sinusoidal patterns are
emitted) 1s stored in a diflerent charge storage bin. Charge
may be retrieved from different charge storage bins to
determine depth from the DCA.
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TIMING OF MULTIPLEXED SENSOR PHASE
MEASUREMENTS IN A DEPTH CAMERA
ASSEMBLY FOR DEPTH DETERMINATION
USING FRINGE INTERFEROMETRY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 16/298,278, which claims the benefit of
U.S. Provisional Application No. 62/642,199, filed Mar. 13,

2018, which are incorporated by reference in its entirety.

BACKGROUND

[0002] The present disclosure generally relates to virtual
or augmented reality systems and more specifically relates to
headsets for virtual reality systems that obtain depth infor-
mation of a local area.

[0003] Providing virtual reality (VR) or augmented reality
(AR) content to users through a head mounted display
(HMD) often relies on localizing a user’s position in an
arbitrary environment and determining a three dimensional
mapping ol the surroundings within the arbitrary environ-
ment. The user’s surroundings within the arbitrary environ-
ment may then be represented 1n a virtual environment or the
user’s surroundings may be overlaid with additional content.
[0004] Conventional HMDs 1nclude one or more quanti-
tative depth cameras to determine surroundings of a user
within the user’s environment. Typically, conventional depth
cameras use structured light or time of flight to determine the
HMD’s location within an environment. Structured light
depth cameras use an active i1llumination source to project
known patterns into the environment surrounding the HMD.
However, structured light commonly requires a pattern that
1s projected to be configured so different portions of the
pattern include different characteristics that are later 1denti-
fied. Having different characteristics of different portions of
the pattern causes signification portions of a resulting image
of the projected pattern to not be illuminated. This 1neth-
ciently uses a sensor capturing the resulting image; for
example, projection of the pattern by a structured light depth
camera results 1n less than 10% of sensor pixels collecting
light from the projected pattern, while requiring multiple
sensor pixels to be i1lluminated to perform a single depth
measurement.

[0005] Time of flight depth cameras measure a round trip
travel time of light projected into the environment surround-
ing a depth camera and returning to pixels on a sensor array.
While time of flight depth cameras are capable of measure
depths of different objects in the environment independently
via each sensor pixel, light incident on a sensor pixel may be
a combination of light received from multiple optical paths
in the environment surrounding the depth camera. Existing
techniques to resolve the optical paths of light incident on a
sensor pixels are computationally complex and do not fully
disambiguate between optical paths in the environment.

SUMMARY

[0006] A headset in a virtual reality (VR) or augmented
reality (AR) system environment includes a depth camera
assembly (DCA) configured to determine distances between
a head mounted display (HMD) and one or more objects 1n
an area surrounding the HMD and within a field of view of
an 1maging device included in the headset (1.e., a “local
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area”’). The DCA 1includes the imaging device, such as a
camera, and an 1llumination source that 1s displaced by a
specific distance relative to the illumination source. The
1llumination source 1s configured to emit a series of periodic
illumination patterns (e.g., a sinusoid) into the local area.
Each periodic illumination pattern of the series 1s phase
shifted by a different amount. The periodicity of the 1llumi-
nation pattern 1s a spatial periodicity observed on an object
illuminated by the 1llumination pattern, and the phase shiits
are lateral spatial phase shifts along the direction of period-
icity. In various embodiments, the periodicity of the 1llumi-
nation pattern 1s in a direction that 1s parallel to a displace-
ment between the illumination source and a center of the
imaging device of the DCA.

[0007] The imaging device captures frames including the
periodic 1llumination patterns via a sensor including mul-
tiple pixels and coupled to a processor. For each pixel of the
sensor, the processor relates intensities captured by a pixel
in multiple images to a phase shift of a periodic 1llumination
pattern captured by the multiple 1mages. From the phase
shift of the periodic illumination pattern captured by the
pixel, the processor determines a depth of a location within
the local area from which the pixel captured the intensities
of the periodic i1llumination pattern from the HMD. Each
pixel of the sensor may independently determine a depth
based on captured intensities of the periodic 1llumination
pattern, optimally using the pixels of the sensor of the DCA.

[0008] In various embodiments, each pixel of the sensor
comprises a photodiode coupled to multiple charge storage
bins by transfer gates. For example, a pixel of the sensor
includes a photodiode coupled to three charge storage bins,
with a different transfer gate coupling the photodiode to
different charge storage bins. At different times, the pixel
receives a control signal opening a specific transfer gate,
while other transfer gates remain closed. Charge accumu-
lated by the photodiode of the pixel 1s accumulated in the
charge storage bin via the opened specific transier gate.
Subsequently, the specific transier gate 1s closed and charge
1s accumulated by the photodiode. A subsequent control
signal received by the pixel opens another transfer gate at a
different time, so charge accumulated by the photodiode 1s
accumulated 1n another charge storage bin through the other
transfer gate. In various embodiments, different transier
gates are opened at different times when the 1llumination
source emits the periodic illumination pattern. For example,
a first transier gate 1s opened, while other transier gates
remain closed, during a time 1nterval when the 1llumination
source emits the periodic illumination pattern. The first
transier gate 1s closed when the i1llumination source stops
emitting the periodic i1llumination pattern. Subsequently, a
different transier gate 1s opened when the 1llumination
source emits the periodic 1llumination pattern during another
time interval, while the first transier gate and other transier
gates are closed. Hence, different charge storage bins store
charge accumulated by the sensor at diflerent times. Charge
accumulated 1n diflerent charge storage bins 1s retrieved and
used to determine depth of a location 1n the local area from
which the pixel captured intensity of light.

[0009] In some embodiments a method 1s described. It 1s
determined that an illumination source i1s emitting a {first
periodic illumination pattern during a {first time interval.
During the first time interval, a first control sensor 1is
communicated to a sensor, the first control signal opening a
first transfer gate coupling a photodiode of a pixel to a first
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charge storage bin and other control signals closing other
transier gates coupling the photodiode of the pixel to other
charge storage bins apart from the first charge storage bin. It
1s determined that the i1llumination source i1s emitting a
second periodic 1llumination pattern having a different spa-
tial phase shift during a second time interval. During the
second time interval, a second control signal 1s communi-
cated to the sensor, the second control signal opening up a
second transfer gate coupling the photodiode of the pixel to
a second charge storage bin and other control signals closing
other transier gates coupling the photodiode of the pixel to
other charge storage bins apart from the second charge
storage bin.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 1s a block diagram of a system environment
for providing virtual reality or augmented reality content, 1n
accordance with an embodiment.

[0011] FIG. 2 1s a diagram of a head mounted display
(HMD), 1n accordance with an embodiment.

[0012] FIG. 3 1s a cross section of a front rigid body of a
head mounted display (HMD), in accordance with an
embodiment.

[0013] FIG. 4 1s an example of light emitted into a local
area and captured by a depth camera assembly, 1n accor-
dance with an embodiment.

[0014] FIG. 5 1s an example of using multiple frequencies
ol a continuous 1ntensity pattern of light emitted by a DCA
to identily a phase shift for a pixel of the sensor, in
accordance with an embodiment.

[0015] FIG. 6A1s an example pixel of a sensor included 1n
an 1maging device ol a depth camera assembly, 1 accor-
dance with an embodiment.

[0016] FIG. 6B 1s an example of control signals operating
the example pixel shown 1n FIG. 6A, in accordance with an
embodiment.

[0017] FIG. 7 1s another example of control signals oper-
ating the example pixel shown 1n FIG. 6A, 1n accordance
with an embodiment.

[0018] The figures depict embodiments of the present
disclosure for purposes of illustration only. One skilled 1n
the art will readily recognize from the following description
that alternative embodiments of the structures and methods
illustrated herein may be employed without departing from
the principles, or benefits touted, of the disclosure described
herein.

DETAILED DESCRIPTION

System Overview

[0019] FIG. 1 1s a block diagram of one embodiment of a
system environment 100 1n which a console 110 operates.
The system environment 100 shown 1n FIG. 1 may provide
augmented reality (AR) or virtual reality (VR) content to
users 1n various embodiments. Additionally or alternatively,
the system environment 100 generates one or more virtual
environments and presents a virtual environment with which
a user may interact to the user. The system environment 100
shown by FIG. 1 comprises a head mounted display (HMD)
105 and an input/output (I/0) interface 115 that 1s coupled
to a console 110. While FIG. 1 shows an example system
environment 100 including one HMD 105 and one /O
interface 1135, 1n other embodiments any number of these
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components may be included in the system environment
100. For example, there may be multiple HMDs 105 each
having an associated 1/O interface 115, with each HMD 1035
and I/0 terface 115 communicating with the console 110.
In alternative configurations, different and/or additional
components may be included in the system environment
100. Additionally, functionality described in conjunction
with one or more of the components shown in FIG. 1 may
be distributed among the components 1n a different manner
than described 1n conjunction with FIG. 1 1n some embodi-
ments. For example, some or all of the functionality of the

console 110 1s provided by the HMD 103.

[0020] The head mounted display (HMD) 105 presents
content to a user comprising augmented views of a physical,
real-world environment with computer-generated elements
(e.g., two dimensional (2D) or three dimensional (3D)
images, 2D or 3D wvideo, sound, etc.) or presents content
comprising a virtual environment. In some embodiments,
the presented content includes audio that 1s presented via an
external device (e.g., speakers and/or headphones) that
recetves audio information from the HMD 105, the console
110, or both, and presents audio data based on the audio
information. An embodiment of the HMD 105 1s further
described below 1in conjunction with FIGS. 2 and 3. The
HMD 105 may comprise one or more rigid bodies, which
may be rigidly or non-rigidly coupled to each other together.
A nigid coupling between rigid bodies causes the coupled
rigid bodies to act as a single rigid enfity. In contrast, a
non-rigid coupling between rigid bodies allows the rigid
bodies to move relative to each other.

[0021] The HMD 105 includes a depth camera assembly
(DCA) 120, an electronic display 125, an optics block 130,
one or more position sensors 133, and an inertial measure-
ment umt (IMU) 140. Some embodiments of The HMD 1035
have different components than those described in conjunc-
tion with FIG. 1. Additionally, the functionality provided by
various components described i conjunction with FIG. 1
may be differently distributed among the components of the

HMD 105 1in other embodiments.

[0022] The DCA 120 captures data describing depth infor-
mation of an area surrounding the HMD 105. Some embodi-
ments of the DCA 120 include one or more imaging devices
(e.g., a camera, a video camera) and an illumination source
configured to emit a series of periodic 1llumination patterns,
with each periodic illumination pattern phase shifted by a
different amount. As another example, the i1llumination
source emits a series ol sinusoids that each have a specific
spatial phase shift. The periodicity of the 1llumination pat-
tern 1s a spatial periodicity observed on an object illuminated
by the 1llumination pattern, and the phase shiits are lateral
spatial phase shifts along the direction of periodicity. In
vartous embodiments, the periodicity of the i1llumination
pattern 1s 1n a direction that 1s parallel to a displacement

between the 1llumination source and a center of the 1maging
device of the DCA 120

[0023] For example, the 1llumination source emits a series
of sinusoids that each have a different spatial phase shift into
an environment surrounding the HMD 105, In other
examples, the 1llumination source emits a sinusoidal pattern
multiplied by a low frequency envelope, such as a Gaussian,
which changes relative signal intensity over the field of view
of the imaging device. This change in relative signal inten-
sity over the imaging device’s field of view changes tem-
poral noise characteristics without aflecting the depth deter-
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mination, which 1s further described below 1n conjunction
with FIGS. 4 and 5 provided the higher frequency signal 1s
a simusoid. The imaging device of the DCA 120 includes a
sensor comprising multiple pixels that determine a phase
shift of a periodic illumination pattern included in multiple
images captured by the imaging device based on relative
intensities mcluded in the multiple captured 1mages. As the
phase shift 1s a function of depth, the DCA 120 determines
a depth of a location within the local area from which 1mages
of the periodic 1llumination from the determined phase shift,
as further described below 1n conjunction with FIGS. 4 and
5. In various embodiments, each pixel of the sensor of the
imaging device determines a depth of a location within the
local area from which a pixel captured intensities of the
periodic 1llumination pattern based on a phase shift deter-
mined for the periodic illumination pattern captured by the
pixel.

[0024] The imaging device captures and records particular
ranges ol wavelengths of light (1.e., “bands” of light).
Example bands of light captured by an imaging device
include: a visible band (~380 nm to 750 nm), an infrared
(IR) band (~750 nm to 2,200 nm), an ultraviolet band (100
nm to 380 nm), another portion of the electromagnetic
spectrum, or some combination thereof. In some embodi-
ments, an 1imaging device captures images including light in
the visible band and 1n the infrared band.

[0025] The electronic display 125 displays 2D or 3D
images to the user i accordance with data received from the
console 110. In various embodiments, the electronic display
125 comprises a single electronic display or multiple elec-
tronic displays (e.g., a display for each eye of a user).
Examples of the electronic display 1235 include: a liquid
crystal display (LCD), an organic light emitting diode
(OLED) display, an active-matrix organic light-emitting
diode display (AMOLED), some other display, or some
combination thereof.

[0026] The optics block 130 magnifies 1mage light
received from the electronic display 125, corrects optical
errors associated with the image light, and presents the
corrected 1mage light to a user of the HMD 105. In various
embodiments, the optics block 130 includes one or more
optical elements. Example optical elements included 1n the
optics block 130 include: an aperture, a Fresnel lens, a
convex lens, a concave lens, a filter, a retlecting surface, or
any other suitable optical element that affects 1image light.
Moreover, the optics block 130 may include combinations of
different optical elements. In some embodiments, one or
more of the optical elements 1n the optics block 130 may
have one or more coatings, such as anti-reflective coatings.

[0027] Magnification and focusing of the image light by
the optics block 130 allows the electronic display 125 to be
physically smaller, weigh less and consume less power than
larger displays. Additionally, magnification may increase the
fiecld of view of the content presented by the electronic
display 125. For example, the field of view of the displayed
content 1s such that the displayed content 1s presented using
almost all (e.g., approximately 110 degrees diagonal), and 1n
some cases all, of the user’s field of view. Additionally, 1n
some embodiments, the amount of magnification may be
adjusted by adding or removing optical elements.

[0028] In some embodiments, the optics block 130 may be
designed to correct one or more types of optical error.
Examples of optical error include barrel distortions, pin-
cushion distortions, longitudinal chromatic aberrations, or
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transverse chromatic aberrations. Other types of optical
errors may further include spherical aberrations, comatic
aberrations or errors due to the lens field curvature, astig-
matisms, or any other type of optical error. In some embodi-
ments, content provided to the electronic display 125 for
display 1s pre-distorted, and the optics block 130 corrects the
distortion when 1t receives image light from the electronic
display 125 generated based on the content.

[0029] The IMU 140 1s an electronic device that generates
data indicating a position of the HMD 105 based on mea-
surement signals received from one or more of the position
sensors 1335 and from depth information received from the
DCA 120. A position sensor 135 generates one or more
measurement signals 1n response to motion of the HMD 105,
Examples of position sensors 135 include: one or more
accelerometers, one or more gyroscopes, one or more mag-
netometers, another suitable type of sensor that detects
motion, a type of sensor used for error correction of the IMU
140, or some combination thereof. The position sensors 135
may be located external to the IMU 140, internal to the IMU
140, or some combination thereof.

[0030] Based on the one or more measurement signals
from one or more position sensors 135, the IMU 140
generates data indicating an estimated current position of the
HMD 105 relative to an 1mitial position of the HMD 105. For
example, the position sensors 135 include multiple acceler-
ometers to measure translational motion (forward/back,
up/down, left/right) and multiple gyroscopes to measure
rotational motion (e.g., pitch, yaw, roll). In some embodi-
ments, the IMU 140 rapidly samples the measurement
signals and calculates the estimated current position of the
HMD 105 from the sampled data. For example, the IMU 140
integrates the measurement signals received from the accel-
crometers over time to estimate a velocity vector and
integrates the velocity vector over time to determine an
estimated current position of a reference point on the HMD
105. Alternatively, the IMU 140 provides the sampled
measurement signals to the console 110, which interprets the
data to reduce error. The reference point 1s a point that may
be used to describe the position of the HMD 105. The
reference point may generally be defined as a point in space
or a position related to the HMD’s 105 orientation and
position.

[0031] The IMU 140 receives one or more parameters
from the console 110. As further discussed below, the one or
more parameters are used to maintain tracking of the HMD
105. Based on a received parameter, the IMU 140 may adjust
one or more IMU parameters (e.g., sample rate). In some
embodiments, certain parameters cause the IMU 140 to
update an 1nitial position of the reference point so 1t corre-
sponds to a next position of the reference point. Updating the
initial position of the reference point as the next calibrated
position of the reference point helps reduce accumulated
error associated with the current position estimated the IMU
140. The accumulated error, also referred to as drift error,
causes the estimated position of the reference point to “drift”
away from the actual position of the reference point over
time. In some embodiments of the HMD 105, the IMU 140
may be a dedicated hardware component. In other embodi-
ments, the IMU 140 may be a software component 1imple-
mented 1n one or more Processors.

[0032] The I/O interface 115 1s a device that allows a user
to send action requests and receive responses from the
console 110. An action request 1s a request to perform a
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particular action. For example, an action request may be an
instruction to start or end capture of 1image or video data or
an 1nstruction to perform a particular action within an
application. The I/0 interface 115 may include one or more
input devices. Example mput devices include: a keyboard, a
mouse, a game controller, or any other suitable device for
receiving action requests and communicating the action
requests to the console 110. An action request received by
the I/O interface 115 1s communicated to the console 110,
which performs an action corresponding to the action
request. In some embodiments, the I/O interface 115
includes an IMU 140, as further described above, that
captures calibration data indicating an estimated position of
the I/0 interface 1135 relative to an mitial position of the I/0O
interface 115. In some embodiments, the 1I/O terface 115
may provide haptic feedback to the user in accordance with
istructions recerved from the console 110. For example,
haptic feedback 1s provided when an action request i1s
received, or the console 110 communicates instructions to
the I/O interface 1135 causing the I/O interface 115 to
generate haptic feedback when the console 110 performs an
action.

[0033] The console 110 provides content to the HMD 105
for processing 1n accordance with information received from
one or more of: the DCA 120, the HMD 105, and the VR IO
interface 115. In the example shown 1n FIG. 1, the console
110 includes an application store 150, a tracking module 155
and a content engine 145. Some embodiments of the console
110 have different modules or components than those
described 1n conjunction with FIG. 1. Similarly, the func-
tions further described below may be distributed among
components of the console 110 in a different manner than
described 1n conjunction with FIG. 1.

[0034] The application store 150 stores one or more appli-
cations for execution by the console 110. An application 1s
a group of istructions, that when executed by a processor,
generates content for presentation to the user. Content gen-
crated by an application may be in response to inputs
received from the user via movement of the HMD 103 or the
I/O interface 115. Examples of applications include: gaming
applications, conferencing applications, video playback
applications, or other suitable applications.

[0035] The tracking module 155 calibrates the system
environment 100 using one or more calibration parameters
and may adjust one or more calibration parameters to reduce
error 1n determination of the position of the HMD 105 or of
the I/0 interface 115. For example, the tracking module 1355
communicates a calibration parameter to the DCA 120 to
adjust the focus of the DCA 120 to more accurately deter-
mine depths of locations within the local area surrounding
the HMD 105 from captured intensities. Calibration per-

formed by the tracking module 135 also accounts for infor-
mation received from the IMU 140 in the HMD 105 and/or

an IMU 140 included in the I/O interface 115. Additionally,
if tracking of the HMD 105 1s lost (e.g., the DCA 120 loses
line of sight of at least a threshold number of SL elements),
the tracking module 140 may re-calibrate some or all of the
system environment 100.

[0036] The tracking module 155 tracks movements of the
HMD 105 or of the I/O interface 115 using information from
the DCA 120, the one or more position sensors 135, the IMU
140 or some combination thereof. For example, the tracking
module 155 determines a position of a reference point of the
HMD 105 1n a mapping of a local area based on information
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from the HMD 105. The tracking module 155 may also
determine positions of the reference point of the HMD 105
or a relerence point of the I/O interface 115 using data
indicating a position of the HMD 103 from the IMU 140 or
using data indicating a position of the I/O mterface 1135 from
an IMU 140 included 1n the I/O interface 115, respectively.
Additionally, 1n some embodiments, the tracking module
155 may use portions of data indicating a position of the
HMD 105 from the IMU 140 as well as representations of
the local area from the DCA 120 to predict a future location
of the HMD 105. The tracking module 155 provides the
estimated or predicted future position of the HMD 105 or the
I/O 1nterface 115 to the content engine 145.

[0037] The content engine 145 generates a 3D mapping of
the area surrounding the HMD 105 (i.e., the “local area™)
based on information receirved from the DCA 120 included
in the HMD 105. In some embodiments, the content engine
145 determines depth information for the 3D mapping of the
local area based on depths determined by each pixel of the
sensor in the imaging device from a phase shift determined
from relative intensities captured by a pixel of the sensor 1n
multiple 1mages. In various embodiments, the content
engine 145 uses different types of information determined
by the DCA 120 or a combination of types of information
determined by the DCA 120 to generate the 3D mapping of
the local area.

[0038] The content engine 145 also executes applications
within the system environment 100 and receives position
information, acceleration information, velocity information,
predicted future positions, or some combination thereof, of
the HMD 105 from the tracking module 155. Based on the
received information, the content engine 145 determines
content to provide to the HMD 105 for presentation to the
user. For example, i1 the received imnformation indicates that
the user has looked to the left, the content engine 1435
generates content for the HMD 105 that mirrors the user’s
movement in a virtual environment or in an environment
augmenting the local area with additional content. Addition-
ally, the content engine 145 performs an action within an
application executing on the console 110 1n response to an
action request received from the I/O interface 115 and
provides feedback to the user that the action was performed.

The provided feedback may be visual or audible feedback
via the HMD 105 or haptic feedback via the I/O interface

115.

Head Mounted Display

[0039] FIG. 2 1s a wire diagram of one embodiment of a
head mounted display (HMD) 200. The HMD 200 1s an
embodiment of the HMD 105, and includes a front rigid
body 205, a band 210, a reference point 215, a left side
220A, a top side 220B, a rnight side 220C, a bottom side
220D, and a front side 220E. The HMD 200 shown 1n FIG.
2 also includes an embodiment of a depth camera assembly
(DCA) 120 including an imaging device 225 and an illumi-
nation source 230, which are further described below 1n
conjunction with FIGS. 3 and 4. The front rigid body 205
includes one or more electronic display elements of the
clectronic display 125 (not shown), the IMU 130, the one or
more position sensors 135, and the reference point 215.

[0040] In the embodiment shown by FI1G. 2, the HMD 200

includes a DCA 120 comprising an illumination source 225,
such as a camera, and an 1llumination source 230 configured
to emit a series of periodic illumination patterns, with each
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periodic illumination pattern phase shifted by a diflerent
amount mnto a local area surrounding the HMD 200. In
various embodiments, the 1llumination source 230 emits a
sinusoidal pattern, a near sinusoidal pattern, or any other
periodic pattern (e.g., a square wave). For example, the
illumination source 230 emits a series of sinusoids that each
have a different phase shift into an environment surrounding,
the HMD 200. In various embodiments, the illumination
source 230 includes an acousto-optic modulator configured
to generate two Gaussian beams of light that interfere with
cach other m the local area so a sinusoidal interference
pattern 1s generated. However, in other embodiments the
1llumination source 230 includes one or more of an acousto-
optic device, an electro-optic device, physical optics, optical
interference, a diffractive optical device, or any other suit-
able components configured to generate the periodic 1llumi-
nation pattern. In some embodiments, the i1llumination
source 230 1ncludes additional optical elements that modily
the generated sinusoidal interference pattern to be within an
intensity envelope (e.g., within a Gaussian intensity pattern);
alternatively, the HMD 200 includes the additional optical
clements and the Gaussian beams of light generated by the
1llumination source 230 are directed through the additional
optical elements before being emitted nto the environment
surrounding the HMD 200. The imaging device 225 captures
images of the local area, which are used to calculate depths
relative to the HMD 200 of various locations within the local
area, as fTurther described below 1n conjunction with FIGS.
3-5.

[0041] FIG. 3 1s a cross section of the front nngid body 205
of the HMD 200 depicted 1n FIG. 2. As shown in FIG. 3, the
front rigid body 205 includes an 1imaging device 225 and an
illumination source 230. The front rnigid body 205 also has
an optical axis corresponding to a path along which light
propagates through the front rigid body 205. In some
embodiments, the imaging device 225 1s positioned along
the optical axis and captures 1mages of a local area 303,
which 1s a portion of an environment surrounding the front
rigid body 205 within a field of view of the imaging device
225. Additionally, the front rigid body 205 includes the
clectronic display 125 and the optics block 130, which are
turther described above in conjunction with FIG. 1. The
front rigid body 203 also includes an exit pupil 335 where
the user’s eye 340 1s located. For purposes of illustration,
FIG. 3 shows a cross section of the front rigid body 205 1n
accordance with a single eye 340. The local area 305 reflects
incident ambient light as well as light projected by the
illumination source 230, which 1s subsequently captured by
the 1maging device 225.

[0042] As described above in conjunction with FIG. 1, the
clectronic display 125 emits light forming an 1mage toward
the optics block 130, which alters the light recerved from the
clectronic display 125. The optics block 130 directs the
altered 1mage light to the exit pupil 335, which 1s a location
of the front ngid body 205 where a user’s eye 340 1is
positioned. FIG. 3 shows a cross section of the front rigid
body 205 for a single eye 340 of the user, with another
clectronic display 125 and optics block 130, separate from
those shown 1 FIG. 3, included 1n the front rigid body 2035
to present content, such as an augmented representation of
the local area 305 or virtual content, to another eye of the
user.

[0043] As further described above in conjunction with
FIG. 2, the i1llumination source 230 of the depth camera
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assembly (DCA) emits a series of periodic i1llumination
patterns, with each periodic illumination pattern phase
shifted by a diflerent amount into the local area 3035, and the
imaging device 223 captures images of the periodic 1llumi-
nation patterns projected onto the local area 305 using a
sensor comprising multiple pixels. Fach pixel captures
intensity of light emitted by the illumination source 230
from the local area 305 1n various 1mages and communicates
the captured intensity to a controller or to the console 110,
which determines a phase shift for each image, as further
described below 1n conjunction with FIGS. 4-6B, and deter-
mines a depth of a location within the local area onto which
the light emitted by the 1llumination source 230 captured by
the 1 1mag1ng device 225 was captured, also further described
below 1n conjunction with FIGS. 4-6B.

Depth Camera Assembly

[0044] FIG. 4 example of light emitted nto a local area
and captured by a depth camera assembly included 1n a head
mounted display (HMD) 105. FIG. 4 shows an 1imaging
device 225 and an 1llumination source 230 of a depth camera
assembly (DCA) 120 included 1n the HMD. As shown 1n
FIG. 4, imaging device 2235 and the i1llumination source 230
are separated by a specific distance D (also referred to as a
“baseline”), which 1s specified when the DCA 120 1s
assembled. The distance D between the imaging device 223
and the 1llumination source 230 1s stored 1n a storage device
coupled to the imaging device 225, coupled to a controller
included 1n the DCA 120, or coupled to the console 110 1n
various embodiments.

[0045] In the example of FIG. 4, the i1llumination source
230 emits a smooth continuous 1ntensity pattern of light 405
onto a flat target 410 within a local area surrounding the
HMD 105 and within a field of view of the imaging device
225. The continuous intensity pattern of light 405 has a
period T known to the DCA 120. However, 1n other embodi-
ments, the 1llumination source 230 emits any suitable inten-
sity pattern having a period T known to the DCA 120.
Additionally, FIG. 4 1dentifies an angle 0, that 1s one half of
the period T of the continuous intensity pattern of light 405.
As the continuous intensity pattern of light 405 scales
laterally with the depth from the DCA 120, 0. defines a depth
independent periodicity of the 1llumination. Similarly, FIG.
4 depicts an angle 0_ and a line perpendicular to a plane
including the imaging device 223 and a location on the target
410 from which a particular pixel of a sensor included 1n the
imaging device 225 captures intensities of the continuous
intensity pattern of light 405 1n different images; hence, O _
specifies an angle between the line perpendicular to the
plane including the imaging device 225 and the location on
the target 410 from which the specific pixel captures inten-
sities of the continuous intensity pattern of light 405 ematted
by the illumination source 230.

[0046] Each pixel of the sensor of the imaging device 225
provides an intensity of light from the continuous intensity
pattern of light 405 captured 1n multiple 1mages to a con-
troller or to the console 110, which determines a phase shift,
¢, of the continuous intensity pattern of light 405 captured
by each pixel of the sensor. Each image captured by the
imaging device 225 1s a digital sampling of the continuous
intensity pattern of light 405, so the set of 1images captured
by the sensor represent a Fourier transform of the continuous
intensity pattern of light 405, and the Fourier components, a,
and b,, of the fundamental harmonic of the continuous
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intensity pattern 405 are directly related to the phase shift for
a pixel of the sensor. For images captured by a pixel of the
sensor, the Fourier components a; and b, are determined
using the following equations:

N (1)
] = ZS” cos(6, ) Al
n=1

N (2)
by = ZSnsin(Qn )AH
n=1

In the preceding, S denotes an 1ntensity of the pixel of the
sensor 1n a particular image, n, captured by the sensor, and
the set On of represents the phase shifts introduced into the
continuous 1ntensity pattern of light 405. For example, 1f
three phase shifts are used, the set of On 1includes 0 degrees,
120 degrees, and 240 degrees. As another example, if four
phase shifts are used the set of On includes 0 degrees, 90
degrees, 180 degrees, and 270 degrees. In some embodi-
ments, the set of On 1s determines so O degrees and 360
degrees are uniformly sampled by the captured images, but
the set of On may include any values 1n different implemen-
tations.

[0047] From the Fourier components a, and b; determined
as described above, the controller or the console determines
the phase shift ¢ of the continuous 1ntensity pattern of light
405 captured by a pixel of the sensor as follows:

(3)

R = +Ja? + b2 (%)

[0048] In the preceding, ¢ 1s the phase shift of the first
harmonic of the continuous 1ntensity pattern of light 405, R
1s the magnitude of the first harmonic of the continuous
intensity pattern of light 405, and 0, 1s a calibration offset.
For each spatial frequency of the continuous intensity pat-
tern of light 405, the DCA 120 determines phase shifts using
the intensity of the pixel of the sensor 1n at least three
1mages.

[0049] The phase shift of the first harmonic of the con-
finuous mntensity pattern 405 determined through equation
(3) above 1s used by a controller 430 coupled to the 1maging
device 225 and to the illumination source 230. In various
embodiments the controller 430 1s a processor that may be
included 1n 1n the 1imaging device 225, 1n the illumination
source 230, or 1 the console 110 to determine the depth of
the location of the target 410 from which the pixel of the

sensor captures intensities of the continuous intensity pattern
of light 405 as follows:

D (5)

Z =

J[E:I,I'l(fg}lr')

(‘;‘by — ‘;b{f,cm’) — tﬂﬂ(@c)

Where z 1s the depth of the location of the target 410 from
which the pixel of the sensor captures intensities of the
continuous intensity pattern of light 405; D 1s the distance
between the 1llumination source 230 and the imaging device
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225; 0. 1s one half of the period T of the continuous 1ntensity
pattern of light 405; and 9O . 1s an angle between and a line
perpendicular to a plane including the imaging device 225
and a the location on the target 410 from which a particular
pixel located at row 1 and column j of the sensor included 1n
the 1imaging device 225 captured intensities of the continu-
ous intensity pattern of light 405. Additionally, ¢,; 1s the
phase shift determined for the pixel at row 1 and column j of
the sensor, determined as further described above. Further,
0,; -; 18 a calibration offset for the pixel of the sensor at row
1 and column j of the sensor, which 1s determined as further

described below.

[0050] The DCA 120 determines phase shifts for each of
at least a set of pixels of the sensor of the imaging device
225, as described above. For each of at least the set of pixels,
the DCA 120 determines a depth from the DCA 120 to a
location within the local area surrounding the DCA 120 from
which a pixel of the set captured intensities of the continuous
intensity pattern of light 405 emitted into the local area. This
allows different pixels of the sensor of the imaging device
225 to determine depths of locations within the local area
from which different pixels captured intensities of the con-
tinuous 1mtensity pattern of light 405. In some embodiments,
each pixel of the sensor of the imaging device 225 deter-
mines a depth from the DCA 120 to a location within the
local area surrounding the DCA 120 from which a pixel
captured intensities of the confinuous intensity pattern of
light 405 1n various 1mages. The DCA 120 may generate a
depth map 1dentifying depths from the DCA 120 to different
locations within the local area from which different pixels
captured 1intensities of the continuous intensity pattern of
light 405. For example, the generated depth map 1dentifies
depths from the DCA 120 to different locations within the
local area based on intensities captured by each pixel of the
sensor, with a depth corresponding to a pixel of the sensor
that captured intensities used to determine the depth.

[0051] However, because the phase shift 1s within a range
of 0 and 27 radians, there may be ambiguties 1n resolving
phase shifts that are integer multiples of 21t when determin-
ing the phase shift as described above. To avoid these
potential ambiguities, in some embodiments, the continuous
intensity pattern of light 405 emitted by the 1llumination
source 230 as a single, relatively lower, spatial frequency;
however, use of a relatively lower spatial frequency may
decrease precision of the depth determination by the DCA
120. Alternatively, the continuous mntensity pattern of light
405 includes two or more spatial frequencies 1n sequence.
Using two or more spatial frequencies increases a range of
phases within which phase shifts may be unambiguously
identified. The range of phases 1s extended for a subset of
pixels within the sensor of the imaging device 225 based on
a maximum parallax expected during operation of the 1mag-
ing device 225, which may be determined based on a
difference between a maximum range and a minimum range
of the imaging device 225. Hence, the range of phases 1s
extended for the subset of pixels of the sensor most likely to
capture light from the continuous intensity pattern of light

405.

[0052] FIG. 5 shows an example of using two frequencies
of a continuous intensity pattern of light emitted by a DCA
120 to 1denfify a phase shift for a pixel of the sensor. In the
example of FIG. 5, phase shifts identified from frequency
505 repeat through the interval of 0 and 21 radians three
times 1n a time interval, while phase shifts identified from




US 2023/0328401 Al

frequency 510 repeat through the interval of 0 and 2T
radians twice in the time interval, as shown 1n plot 520.
Hence, emitting light patterns having frequency 505 and
frequency 510 allows the DCA 120 to 1identify a phase shift
1n the time 1nterval over a larger interval than between 0 and
27 (1.e., “‘unwraps” the phase shifts that may be unambigu-
ously 1dentified). FIG. 5 shows another example where,
phase shifts 1dentified from frequency 505 repeat through
the interval of O and 2% radians five times 1n a time interval,
while phase shifts 1dentified from frequency 515 repeat
through the interval of 0 and 2% radians twice 1n the time
interval, as shown 1n plot 530. This similarly allows the
DCA 120 to idenfify a phase shift in the time interval over
a larger interval than between O and 27 (1.e., “unwraps” the
phase shifts that may be unambiguously 1dentified). Addi-
tionally, FIG. 5 also shows an analogous three dimensional
plot 540 of frequency 505, frequency 510, and frequency
515, which may further extend the range of phases over
which phase shifts may be unambiguously identified. In
other embodiments, any number of frequencies of the con-
tinuous 1ntensity pattern of light may be used to identify the
phase shift for the pixel of the sensor using the process
further described above.

Depth Camera Assembly Calibration

[0053] Referring again to FIG. 4, a pixel of the sensor of
the imaging device 225 captures intensity of the continuous
intensity pattern of light 405 at a position of D+x, relative
to the 1llumination source 230, where X, 1s a distance from
a principal point of the 1imaging device 225 (e.g., an optical
center of a detector) along an axis separating the 1llumina-
tion source 230 and the sensor (e.g., along a horizontal axis
along which the illumination source 230 and the sensor are
positioned). As further described above 1n conjunction with
FIG. 4, the position of the pixel along the axis separating the
1llumination source 230 and the sensor 1s related to the phase
shift, ¢,;, determined for the pixel. Additionally, as further
described above O, defines the spatial periodicity of the
continuous 1ntensity pattern of light 405 1n the local area and
corresponds to half of the period T of the continuous
intensity pattern of light. As the continuous 1ntensity pattern
of light 405 expands angularly as depth z from the DCA 120
increases, the period T of the continuous intensity pattern of
light 405 corresponds to a specific depth z from the DCA
120, while the periodicity defined by 0, 1s independent of
depth z from the DCA 120. The dependence of the peniod T
of the continuous intensity pattern of light 405, 1n combi-
nation with the distance D between the 1maging device 225
and the 1llumination source 230 allows the DCA 120 to
determine the depth z of an object onto which the continuous
intensity pattern of light 405 1s emitted, as the lateral
distance at which the pixel captures a phase, D+x,, 1s equal
to a product of the period T of the continuous intensity
pattern of light 405 captured by the imaging device 225 and
a ratio of the phase shift, ¢,;, determined for the pixel to 2x
(1.e., D+xo=T(0,/2m)). This relationship between the depth-
dependent period T, the distance from a principal point of the
imaging device 223, and phase shift, 0,;, determined for the
pixel equates a an estimate of lateral extent at the camera
plane and the plane including the object onto which the
continuous 1ntensity pattern of light 405 was emitted, which
both measure a distance from a center of the continuous
intensity pattern of light 405 to a central ray of the pixel.
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[0054] The continuous intensity pattern of light 405 may
be calibrated or determined using any suitable method, and
scales with depth from the DCA 120. Accordingly, the
period T of the continuous intensity pattern of light 405 at
the depth z from the DCA 120 1s equal to double a product
of the depth z form the DCA 120 and a tangent of the angle,
0., which defines half of the period T of the continuous
intensity pattern of light (1.e., T=(2)(z)(tan(9.))). Similarly,
the location of the pixel relative to the i1llumination source
230 along an axis separating the 1llumination source 230 and
the sensor, x,, 1s a product of the depth from the DCA 120,
z. and a tangent of the angle, O_, between the line perpen-
dicular to the plane including the imaging device 225 and the
location on the target 410 from which the specific pixel
captures 1ntensities of the continuous intensity pattern of
light 405 emitted by the illumination source 230 (i.e.,
Xo=2z(tan(0 ))). Accordingly,

T

D+ Z(tﬂﬂgc) — 22(1:&1191)(@;—?) (6)

[0055] Solving equation 6 above for depth, z:

D (7)
tELI’le

= =

Qf’U — tﬂﬂgc
¥ii

[0056] However, equation 7 above 1s based on the phase
shift, 0., when the location. x,, of the pixel relative to the
1llumination source 230 along equals the inverse of the
specific distance D separating the imaging device 225 and
the i1llumination source 230 1is zero (i.e., 0,(x,=D)=0). To
satisfy this condition, a calibration offset, ¢ ., 1s deter-
mined for each pixel via a calibration process where the
sensor of the 1imaging device 225 captures intensities from
the continuous 1llumination pattern of light 405 emitted onto
a target at an accurately predetermined depth, z__,. In various
embodiments, the target 1s a LLambertian surface or other
surface that reflects at least a threshold amount of light
incident on the target. Accounting for the calibration offset
modifies equation (7) above 1nto equation (3J),

D

o =

tan(&; ’
an}:_ ) (‘;ﬁ’{; - ‘;ﬁ’:f;fﬁcm’) — tan(f}c)

which was previously described above 1n conjunction with
FIG. 4. With the predetermined depth, z__,, the calibration
offset for each pixel 1s determined as:

il

(3)

Qf’i{}'.,:‘;’ﬂf = ‘;"f’gj - + taﬂec]

Vs [ D
tané; | z.4;

[0057] The calibration offset 1s determined for each pixel
of the sensor and for each frequency of the confinuous
intensity pattern of light 405 based on the predetermined
depth z__, and 1s stored in the DCA 120 for use during
operation. A calibration offset for each pixel of the sensor 1s
determined for each period of continuous intensity pattern of
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light 405 emitted by the 1llumination source 230 and stored
during the calibration process. For example, the DCA 120
stores a calibration offset for a pixel of the sensor in
association with a location (e.g., a row and a column) of the
pixel within the sensor and 1n association with a frequency
of the continuous intensity pattern of light 405. In various
embodiments, the DCA 120 stores a parameterized function
for determining the calibration offset of different pixels of
the sensor based on location within the sensor and frequency
of the continuous intensity pattern of light 405 instead of
storing calibration offsets determined for individual pixels of
the sensor. The DCA 120 stores a parameterized function
corresponding to each period T of confinuous intensity
patterns of light 405 emitted by the 1llumination source 230
in various embodiments. In some embodiments, the param-
eterized function determining the calibration offset of dif-
ferent pixels 1s a linear function.

[0058] In embodiments where the 1llumination source 230
includes an acousto-optic modulator configured to generate
two Gaussian beams of light that interfere with each other 1n
the local area so a sinusoidal interference pattern 1s gener-
ated as the continuous intensity pattern of light 405 emuatted
into the local area, the period T of the continuous 1ntensity
pattern of light 405 1s determined as:

Z z (9)
2

[0059] Inequation 9, A is a wavelength of the illumination
source 230 and a 1s the separation of the (Gaussian beams
generated by the acousto-optic modulator to generate the
continuous 1ntensity pattern of light 405 emitted into the
local area surrounding the DCA 120. The determined period
T may then be used to determine the calibration offset for
various pixels of the detector, as further described above.

Imaging Device Sensor

[0060] FIG. 6A shows an example pixel 600 of a sensor
included 1 an mmaging device 225 of a depth camera
assembly (DCA) 120. In the example of FIG. 6, the pixel
600 includes a photodiode 605 coupled to multiple charge
storage bins 615, 625, 635. While FIG. 6A shows three
charge storage bins 615, 625, 635 coupled to the photodiode
605, 1n other embodiments, the pixel 600 1s coupled to more
than three charge storage bins 615, 625, 635. The photo-
diode 605 1s coupled to charge storage bin 615 via transfer
gate 610, coupled to charge storage bin 625 via transfer gate

620, and coupled to charge storage bin 635 via transfer gate
630.

[0061] A controller 1s coupled to the illumination source
230 of the DCA 120, which 1s further described above i1n
conjunction with FIG. 4, and also to the sensor of the
imaging device 225. The controller provides control signals
to transfer gate 610, transfer gate 620, and transfer 630 based
on times when the 1llumination source 230 emits a periodic
1llumination pattern. In various embodiments, the 1llumina-
tion source 230 1s activated to emit a periodic 1llumination
pattern, 1s deactivated, and 1s activated again to emit another
periodic 1llumination pattern. When the 1llumination source
230 1s deactivated, the controller communicates control
signals to transfer gate 610, transfer gate 620, and transfer
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gate 630. The control signals cause a single transfer gate
610, 620, 630 to open, while the other transfer gates 610,
620, 630 remain closed, so charge accumulated by the
photodiode 605 while the illumination source 230 was
activated 1s transferred to the charge storage bin 615, 625,
635 coupled to the photodiode via the open single transfer
gate 610, 620, 630. The open transfer gate 610, 620, 630 is
closed when the 1llumination source 230 1s again activated,
and control signals from the controller open another transfer
gate 610, 620, 630, so charge accumulated by the photo-
diode 605 while the 1llumination source 230 was active 1s

transferred to a charge storage bin 615, 625, 635 via the open
transfer gate 610, 620, 630.

[0062] FIG. 6B 1s one example of control signals regulat-
ing operation of the pixel 600 shown in FIG. 6A. For
purposes of 1illustration, FIG. 6B i1dentifies a signal 650
indicating times when the illumination source 230 emits a
periodic 1llumination pattern. When the signal 650 has a
maximum value in FIG. 6B, the illumination source 230
emits a periodic 1llumination pattern. FIG. 6B also shows
control signals provided to transfer gate 610, transfer gate
620, and transfer gate 630. In the example of FIG. 6B, when
a control signal provided to a transfer gate 610, 620, 630 has
a maximum value, the transfer gate 610, 620, 630 receiving
the control signal 1s open; when the control signal provided
to a transfer gate 610, 620, 630 has a minimum value, the

transfer gate 610, 620, 630 1s closed.

[0063] In the example of FIG. 6B, when the 1llumination
source 230 1s 1mitially activated and emits a periodic 1llu-
mination pattern, transfer gate 610, transfer gate 620, and
transfer gate 630 are closed. When the 1llumination source
230 1s deactivated and stops emitting the periodic 1llumina-
tion pattern, transfer gate 610 receives a control signal that
opens transfer gate 610, while transfer gate 620 and transfer
gate 630 remain closed. Charge accumulated by the photo-
diode 605 while the 1llumination source 230 was activated 1s
transferred into charge storage bin 615 via transfer gate 610.
The control signal closes transfer gate 610 before the
1llumination source 230 1s activated again, and the photo-
diode 605 accumulates charge from light captured while the
1llumination source 230 1s activated. When the 1llumination
source 230 1s deactivated, transfer gate 620 receives a
control signal that opens transfer gate 620, while transfer
gate 610 and transfer gate 630 remain closed; hence, charge
accumulated by the photodiode 605 1s transferred to charge
storage bin 625. The control signal closes transfer gate 620
before the i1llumination source 230 1s activated, and the
photodiode 605 accumulates charge from light captured
while the illumination source 230 1s activated. When the
1llumination source 230 1s again deactivated, transfer gate
630 receives a control signal that opens transfer gate 630,
while transfer gate 610 and transfer gate 620 remain closed.
Accordingly, charge accumulated by the photodiode 605 1s
transferred to charge storage bin 635. Transfer gate 630
closes before the i1llumination source 230 1s again activated,
and the control signals received by transfer gate 610, transfer
gate 620, and transfer gate 630 open and close the transfer
gates 610, 620, 630 as described above while the illumina-

tion source 230 1s activated and deactivated.

[0064] In some embodiments, the controller determines a
signal to noise ratio from the charge 1s accumulated 1n
charge storage bins 615, 625, 635 and compares the deter-
mined signal to noise ratio to a threshold. If the determined
signal to noise ratio 1s less than the threshold, the controller
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provides control signals to open and close transier gates 610,
620, 630, as further described above, until the signal to noise
ratio determined from the charge accumulated in charge
storage bins 615, 625, 635 equals or exceeds the threshold.
I1 the determined signal to noise ratio equals or exceeds the
threshold, the controller combines the charge stored 1n each
of charge storage bin 615, 6235, 635 to determine an 1ntensity
of light from the illumination source 230 captured by the
pixel 600 and determines a depth of a location within the
local area surrounding the DCA 120 from which the pixel
600 captured light form the illumination source 230, as
turther described above 1n conjunction with FIGS. 4 and 5.
Accumulating charge in a single charge storage bin 615,
625, 635 coupled to the photodiode 605 by an open transfer
gate 610, 620, 630 limits accumulation of background noise
caused by the photodiode 605 capturing light from sources
other than the i1llumination source 230, allowing the pixel
600 to have a higher signal to noise ratio than other
techniques. Additionally, accumulating charge from the pho-
todiode 605 1n different charge storage bins 615, 6235, 635
allows the pixel to multiplex phase shift determinations for
the periodic 1llumination pattern captured by the pixel 600,
which reduces the number of 1mages for the image capture
device 225 to capture to determine the phase shiit of the
periodic 1llumination pattern captured by the pixel 600 and
reduces an amount ol time the pixel 600 captures light
emitted from the 1llumination source.

[0065] Referring back to FIG. 6A, the pixel 600 also
includes a drain 645 coupled to the photodiode 605 via a
shutter 640. When the 1llumination source 230 1s deacti-
vated, the controller provides a control signal to the shutter
640 that causes the shutter 640 to open and couple the
photodiode 603 to the drain 645. Coupling the photodiode
605 to the drain 640 while the illumination source 1s
deactivated discharges charge produced by the photodiode
605 from ambient light in the local area surrounding the
DCA 120. When the 1llumination source 230 1s activated, the
controller provides an alternative control signal to the shut-
ter 640 that closes the shutter 640 to decouple the photo-
diode 605 from the drain 645. Additionally, the shutter 640
may be configured to open if a charge accumulated by the
photodiode 605 from captured light equals or exceeds a
threshold value, allowing charge accumulated by the pho-
todiode 603 to be removed via the drain 604, preventing the
photodiode 605 from saturating and preventing charge accu-
mulated by the photodiode 605 from being transferred into
adjacent pixels 600. The shutter 640 1s configured to couple
the photodiode 605 to the drain 645 until the charge accu-
mulated by the photodiode 603 1s less than the threshold or
1s at least a threshold amount below the threshold 1n some
embodiments.

[0066] However, m other embodiments, diflerent control
signals regulate operation of the pixel 600 shown in FIG.
6A. For example, the 1llumination source 230 1s activated
and remains activated, while different transfer gates 610,
620, 630 are activated at different times, so charge 1s
accumulated 1n difterent bins 615, 625, 635 at different
times. For example, during a time interval, the 1llumination
source 230 remains activated and emitting the periodic
illumination pattern, and control signals alternately activate
transier gates 610, 620, 630 during different time periods, so
charge accumulated by the photodiode 605 1s alternately
transierred into bins 615, 625, 635, respectively, during the
time nterval. As an example, during a first time period while
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the 1llumination source 230 is activated, transfer gate 610 1s
activated and transfer gates 620, 630 are closed, so charge
accumulated by the photodiode 603 is transferred into bin
615. During a second time period while the illumination
source 230 remains activated, transfer gate 620 1s activated
and transier gates 610, 630 are closed, so charge accumu-
lated by the photodiode 605 1s transierred into bin 625.
Similarly, During a third time period while the 1llumination
source 230 remains activated, transier gate 630 1s activated
and transier gates 610, 620 are closed, so charge accumu-
lated by the photodiode 605 1s transierred into bin 635. The
different transfer gates 610, 620, 630 may alternately be
activated as described above during a time 1nterval while the
illumination source 230 1s emitting the periodic 1llumination
pattern.

[0067] In other embodiments, relative timing between
control signals activating the illumination source 230 and
controls activating transfer gates 610, 620, 630 may difier.
For example, a control signal activates a transier gate 610,
620, 630 so the transfer gate 610, 620, 630 1s active for at
least a portion of a time while the 1llumination source 230 1s
active and emitting the periodic illumination pattern. As
another example, control signals activating a transfer gate
610, 620, 630 are received by a transter gate 610, 620, 630
after the i1llumination source 230 has been deactivated for a
specific amount of time, adding a delay between deactiva-
tion of the illumination source 230 and activation of a
transfer gate 610, 620, 630. However, the preceding are
merely examples, and the pixel 600 may be operated 1n any
suitable manner in different embodiments.

[0068] FIG. 7 1s another example of control signals regu-
lating operation of the pixel 600 shown 1n FIG. 6A. In the
example of FIG. 7, each transfer gate 610, 620, 630 is
activated 1n a sequence separated by a fixed drain time. For
purposes of illustration, FIG. 7 indicates times when the
1llumination source 230 emits light. As 1llustrated in FIG. 7
an 1llumination source 230, further described above in
conjunction with FIGS. 3 and 4, emits pulses of light during
a time interval when one of transfer gate 610, transier gate
620, or transier gate 630 1s open. In the example shown by
FIG. 7, the i1llumination source 230 emits pulses of light
synchronized with opening of each transier gate 610, 620,
630. As shown 1n FIG. 7, during a time interval when the
illumination source 230 emits pulse of light 710, transfer
gate 610 1s open and transier gate 620 and transfer gate 230
are closed; hence, charge accumulated when pulse of light
710 1s emitted 1s transferred into charge storage bin 615 via
transter gate 610. Similarly, during an additional time inter-
val when the 1llumination source 230 emits pulse of light
720, transier gate 620 1s open, while transier gate 610 and
transier gate 630 are closed; therefore, charge accumulated
during emission of pulse of light 720 1s transferred into
charge storage bin 625 via transfer gate 620. During a further
time interval, illumination source 230 emits pulse of light
730 and transier gate 630 1s open, while and transfer gate
610 and transfer gate 620 are closed; thus, charge accumu-
lated when pulse of light 730 1s emitted 1s transierred into
charge storage bin 635 via transfer gate 630. In various
embodiments, opening of transier gate 610, transfer gate
620, and transter gate 630 1s synchronized with emission of
pulse of light 710, pulse of light 720, and pulse of light 730,
respectively.

[0069] Inthe example of FIG. 7, the shutter 645 1s opened
during intervals when the illumination source 230 1s not
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emitting pulse of light 710, pulse of light 720, or pulse of
light 730. Opening the shutter 645 during intervals between
opening of different transfer gates 610, 620, 630 removes
ambient background light captured by the photodiode 6035
during times when the illumination source 230 1s not emut-
ting light by transferring the captured ambient background
light to the drain 640. In various embodiments, the shutter
645 1s opened within a threshold time interval from a time
when the illumination source 230 stops emitting pulse of
light 710, pulse of light 720, or pulse of light 730. For
example, the shutter 645 1s open from within a threshold
time interval from a time when the 1llumination source 230
stops emitting pulse of light 710 until a time when the
illumination source 230 starts emitting pulse of light 720 (or
until a time within the threshold time interval when the
illumination source 230 starts emitting pulse of light 720).
Similarly, shutter 645 may be open from a time within the
threshold time interval from a time when the 1llumination
source 230 stops emitting pulse of light 730 until a time
when the i1llumination source 230 starts emitting pulse of
light 730 or until a time within the threshold time interval
when the illumination source 230 starts emitting pulse of
light 730); the shutter 645 may further be open from a time
that 1s within the threshold time interval from a time when
the 1llumination source 230 stops emitting pulse of light 730
until a time when the illumination source 230 starts emitting
another pulse of light (or within a threshold time interval
from the time when the illumination source 230 starts

emitting another pulse of light). However, 1n other embodi-
ments, the pixel 600 does not include the shutter 640 and the
drain 645.

[0070] While FIG. 7 shows example timing of 1llumina-
tion of pulses of light, opening of transfer gate 610, transier
gate 620, transier gate 630, and the shutter 640, different
implementations may have different timings. For example,

the shutter 640 may be opened for a longer or a shorter time
interval than shown in FIG. 7; in an embodiment, the shutter
640 1s opened for a fraction of an amount of time between
emission of consecutive pulses of light by the illumination
source 230 (e.g., for 10% of a time between emission of
consecutive pulses of light by the 1llumination source 230,
for 50% of a time between emission of consecutive pulses of
light by the illumination source 230). Alternatively, the
shutter 1s opened for a specific amount of time between
emission ol consecutive pulses of light by the 1llumination
source 230. In some embodiments, the shutter 640 may not
be opened. Similarly, transfer gate 610, transier gate 630, or
transier gate 640 may be opened for a longer or a shorter
length of time than those shown in FIG. 7.

[0071] In some embodiments, the illumination source 230
emits a different pattern of light when diflerent transier gates
610, 620, 630 arc open. For example, when transier gate 610
1s open, the 1llumination source 230 emits a pulse of light
(e.g., pulse of light 710 1n FIG. 7) having a first 1llumination
pattern, emits a pulse of light (e.g., pulse of light 720 1n FIG.
7) having a second illumination pattern when transier gate
620 1s open, and emits a pulse of light (e.g., pulse of light
730 1n FIG. 7) having a third illumination pattern when
transier gate 630 1s open. In various embodiments, the first
illumination pattern, the second 1llumination pattern, and the
third 1llumination pattern are different from each other.
Accordingly, the illumination source 230 emits pulses of
light having different 1llumination patterns during time 1nter-
vals when diflerent transfer gates 610, 620, 630 are open.
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[0072] Additionally, 1n some embodiments, the 1llumina-
tion source 230 emits a variable number of pulses of light
that are synchronized with opening of one of transier gate
610, transier gate 620, and transfer gate 630; the number of
emitted pulses of light may be fixed or may dynamically
vary (e.g., based on an auto-exposure mechanism). A dif-
terent number of pulses of light may be synchronized with
opening ol different transfer gates 610, 620, 630 1n some
embodiments. For example, the illumination source 230
emits pulses of light synchronized with 1000 openings of
transier gate 610, emits pulses of light synchronized with
2000 openings of transier gate 620, and emaits pulses of light
synchronized with 3000 openings of transifer gate 630;

however, the 1llumination source 230 may emit any arbltrary
number of pulses of light differing for opening of diflerent
transier gates 610, 620, 630 and synchronized with opening
of diflerent transfer gates 610, 620, 630.

[0073] Alternatively, the 1llumination source 230 continu-
ously emits a pattern of light instead of discrete pulses of
light. The continuous pattern of light emitted by the 1llumi-
nation source slowly changes over time 1n various embodi-
ments (e.g. as a fringe pattern that 1s moving continuously in
time, as further described above in conjunction with FIGS.
3 and 4). When the illumination source 230 emits the
continuous pattern of light, the transfer gates 610, 620, 630
and shutter 640 are opened as described 1n conjunction with
FIG. 7, so the continuous pattern of light 1s integrated over
a fixed discrete time. In such a scenario, the emitted 1llu-
mination pattern 1s configured to return to a previously
emitted pattern over a specified time interval; hence, the
illumination pattern changes over time, but repeats with a
specific frequency or period. Opening of each transier gate
610, 620, 630 i1s also synchronized to repeat using the
specified time interval, causing different transfer gates 610,
620, 630 to be opened when the same portion of the
illumination pattern 1s emitted during diflerent periods. For
example, transier gate 610 1s synchronized to be opened
when a specific portion of the continuous illumination
pattern 1s emitted during each period of the continuous
illumination pattern, so transier gate 610 integrates the
specific portion of the continuous 1llumination pattern dur-
ing each period of the continuous illumination pattern.
Similarly, transfer gate 620 1s synchronized with the 1llumi-
nation source 230 so a different specific portion of the
continuous 1llumination pattern 1s emitted during each
period of the continuous illumination pattern, so transier
gate 620 integrates the different specific portion of the
continuous illumination pattern during each period of the
continuous illumination pattern.

[0074] The language used in the specification has been
principally selected for readability and instructional pur-
poses, and it may not have been selected to delineate or
circumscribe the iventive subject matter. It 1s therefore
intended that the scope of the patent rights be limited not by
this detailed description, but rather by any claims that 1ssue
on an application based hereon. Accordingly, the disclosure
of the embodiments i1s intended to be illustrative, but not
limiting, of the scope of the patent rights.

1. A method comprising:

determining an illumination source 1s emitting a first
periodic 1llumination pattern during a first time inter-
val;

during the first time 1nterval, communicating to a sensor
a first control signal opening a first transfer gate cou-
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pling a photodiode of a pixel to a first charge storage
bin and other control signals closing other transier
gates coupling the photodiode of the pixel to other
charge storage bins apart from the first charge storage
bin:

determining the illumination source 1s emitting a second
periodic i1llumination pattern having a different spatial
phase shift during a second time interval; and

during the second time interval, communicating to the
sensor a second control signal opening up a second
transier gate coupling the photodiode of the pixel to a
second charge storage bin and other control signals
closing other transfer gates coupling the photodiode of
the pixel to other charge storage bins apart from the
second charge storage bin.

2. The method of claim 1, further comprising;:

communicating an additional control signal to the sensor
that closes the first transier gate to decouple the pho-
todiode of the pixel to the first charge storage bin while
other transier gates coupled to the photodiode of the
pixel remain closed within a threshold time interval
from a time when the i1llumination source stopped
emitting the first periodic 1llumination pattern.

3. The method of claim 2, further comprising;:

determining an additional time interval when the 1llumi-
nation source 1s emitting the first periodic 1llumination
pattern; and

communicating an alternative control signal to the sensor
opening an additional transier gate to couple the pho-
todiode of the pixel to an additional charge storage bin
while the first transfer gate and other transier gates
coupled to the photodiode of the pixel remain closed 1n
response to determining the illumination source 1s
emitting the first periodic i1llumination pattern during
the additional time interval.

4. The method of claim 3, further comprising;:

communicating a further control signal to the sensor
closing the additional transfer gate to decouple the
photodiode of the pixel to the additional charge storage
bin while the first transfer gate and other transier gates
coupled to the photodiode of the pixel remain closed
within the threshold time interval from the time when
the 1llumination source stopped emitting the first peri-
odic i1llumination pattern.

5. The method of claim 3, further comprising;:

determining an alternative time interval when the 1llumi-
nation source 1s emitting the first periodic illumination
pattern; and

communicating a further control signal to the sensor
opening an alternative transier gate to couple the pho-
todiode of the pixel to an alternative charge storage bin
while the first transier gate, the additional transfer gate,
and other transfer gates coupled to the photodiode of
the pixel remain closed 1n response to determining the
illumination source 1s emitting the first periodic 1llu-
mination pattern during the alternative time 1nterval.

6. The method of claim 1, wherein each pixel further

comprises a drain coupled to the photodiode by a shutter.

7. The method of claim 6, further comprising;:

providing a signal to the sensor opening the shutter for
charge accumulated by the photodiode to be directed to
the drain within a threshold time interval from a time
when the 1llumination source stopped emitting the first
periodic i1llumination pattern.
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8. The method of claim 1, further comprising:

commumnicating control signals to the sensor opening
different transfer gates at diflerent times corresponding
to emission of the first periodic illumination pattern by
the 1llumination source.

9. The method of claim 1, further comprising;:

emitting different periodic 1llumination patterns at differ-
ent times; and

communicating control signals to the sensor that open
different transfer gates at times when the 1llumination
source emits diflerent periodic 1llumination patterns.

10. The method of claim 1, further comprising;:

combining charge accumulated in each of a plurality of
charge storage bins coupled to the photodiodes.

11. A non-transitory computer-readable storage medium

comprising stored instructions, the instructions when
executed by a processor of a device, cause the device to:

determine an 1llumination source 1s emitting a first peri-
odic 1llumination pattern during a first time interval;

during the first time 1nterval, communicate to a sensor a
first control signal opening a first transier gate coupling,
a photodiode of a pixel to a first charge storage bin and
other control signals closing other transier gates cou-
pling the photodiode of the pixel to other charge storage
bins apart from the first charge storage bin;

determine the illumination source i1s emitting a second
periodic 1llumination pattern having a different spatial
phase shiit during a second time interval; and

during the second time interval, communicate to the
sensor a second control signal opeming up a second
transier gate coupling the photodiode of the pixel to a
second charge storage bin and other control signals
closing other transfer gates coupling the photodiode of
the pixel to other charge storage bins apart from the
second charge storage bin.

12. The non-transitory computer-readable

storage

medium of claim 11, further comprising stored instructions
that when executed cause the device to:

communicate an additional control signal to the sensor
that closes the first transfer gate to decouple the pho-
todiode of the pixel to the first charge storage bin while
other transier gates coupled to the photodiode of the
pixel remain closed within a threshold time interval
from a time when the illumination source stopped
emitting the first periodic 1llumination pattern.

13. The non-transitory computer-readable storage

medium of claim 12, further comprising stored instructions
that when executed cause the device to:

determine an additional time interval when the 1llumina-
tion source 1s emitting the first periodic illumination
pattern; and

communicate an alternative control signal to the sensor
opening an additional transfer gate to couple the pho-
todiode of the pixel to an additional charge storage bin
while the first transfer gate and other transier gates
coupled to the photodiode of the pixel remain closed 1n
response to determining the illumination source 1is
emitting the first periodic illumination pattern during
the additional time interval.

14. The non-transitory computer-readable storage

medium of claim 13, further comprising stored instructions
that when executed cause the device to:

communicate a further control signal to the sensor closing
the additional transfer gate to decouple the photodiode
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of the pixel to the additional charge storage bin while
the first transfer gate and other transier gates coupled to
the photodiode of the pixel remain closed within the
threshold time interval from the time when the 1llumi-
nation source stopped emitting the first periodic illu-
mination pattern.

15. The non-transitory computer-readable storage
medium of claim 13, further comprising stored nstructions
that when executed cause the device to:

determine an alternative time interval when the 1llumina-

tion source 1s emitting the first periodic 1llumination
pattern; and

communicate a further control signal to the sensor open-
ing an alternative transier gate to couple the photodiode
of the pixel to an alternative charge storage bin while
the first transfer gate, the additional transfer gate, and
other transier gates coupled to the photodiode of the
pixel remain closed 1n response to determining the
illumination source 1s emitting the first periodic 1llu-
mination pattern during the alternative time 1nterval.

16. The non-transitory computer-readable storage
medium of claam 11, wherein each pixel further comprises
a drain coupled to the photodiode by a shutter.

17. The non-transitory computer-readable storage
medium of claim 16, further comprising stored mnstructions
that when executed cause the device to:
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provide a signal to the sensor opening the shutter for
charge accumulated by the photodiode to be directed to
the drain within a threshold time interval from a time
when the 1llumination source stopped emitting the first
periodic i1llumination pattern.

18. non-transitory computer-readable storage medium of
claim 11, further comprising stored instructions that when
executed cause the device to:

communicate control signals to the sensor opeming dif-

ferent transfer gates at diflerent times corresponding to
emission of the first periodic 1llumination pattern by the
illumination source.

19. non-transitory computer-readable storage medium of
claim 11, further comprising stored instructions that when
executed cause the device to:

emit different periodic 1llumination patterns at di

times; and

communicate control signals to the sensor that open

different transfer gates at times when the 1llumination
source emits different periodic 1llumination patterns.

20. non-transitory computer-readable storage medium of
claim 11, further comprising stored instructions that when
executed cause the device to:

combine charge accumulated 1n each of a plurality of

charge storage bins coupled to the photodiodes.
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