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CODED LIGHT PATTERN HAVING HERMITIAN SYMMETRY

[0001]

FIELD
[0002] The present disclosure is generally related to generation of a coded light pattern

having hermitian symmetry.

DESCRIPTION OF RELATED ART

[0003] Advances in technology have resulted in smaller and more powerful electronic
devices. For example, there currently exist a variety of mobile devices, such as wireless
telephones, personal digital assistants (PDAs), and paging devices. A wireless device
may be small, lightweight, and easily carried by users. Wireless telephones, such as
cellular telephones and Internet Protocol (IP) telephones, can communicate voice and
data packets over wireless networks. Also, wireless telephones can process executable
instructions, including software applications, such as a web browser application, that
can be used to access the Internet. Further, many wireless telephones include other
types of devices that are incorporated therein. For example, a wireless telephone can
also include a digital still camera, a digital video camera, a digital recorder, and an audio
file player. As such, wireless telephones and other mobile devices can include

significant computing capabilities.

[0004] Active sensing, also referred to as structured light depth sensing, is an
application associated with electronic and mobile devices. In active sensing, a known
optical pattern is illuminated or projected onto a scene. A receiver sensor may capture
an image of the scene. The optical pattern in the captured image may differ from (e.g.,
be displaced relative to) the originally projected optical pattern. A difference between
the optical pattern in the captured image and the originally projected optical pattern may
be used to ascertain a depth of the objects in the scene. The depth information may be
used, for instance, to reconstruct a three-dimensional (3D) representation of the scene

and the objects therein.
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[0005] Various characteristics of the optical pattern projected onto the scene may
impact an accuracy of the active depth sensing and the 3D reconstruction. For example,
certain patterns may cause “ghost images” that cause interference during the depth
sensing process. As another example, certain patterns may create a large zero-order
(i.e., un-diffracted) beam, which may cause eye safety issues, such as in cases of a
system that uses a laser as a light source. Further, complex patterns that provide
adequate depth estimation resolution may be expensive to manufacture. For example,
when a complex pattern is formed by an optical element within a structured light
transmitter, the optical element of the transmitter may need to be manufactured using an

expensive multi-stage, multi-mask photolithographic process.

SUMMARY

[0006] The present disclosure describes generating and using an optical (e.g., coded
light) pattern that has hermitian symmetry (alternately referred to as even symmetry).
The usc of a hermitian symmetric pattern may climinate ghost images and may provide
a smaller and lower-intensity zero-order beam as compared to an asymmetric pattern.
The optical pattern may include a tessellated codebook primitive. The codebook
primitive may be generated based on one or more codeword constraints, such as a size
constraint, a minimum and/or average duty cycle constraint, a phase map constraint, etc.
For example, an iterative method to generate the codebook primitive may include
puncturing a randomly initialized bit sequence to remove codeword(s) that do not
satisfy the codeword constraint(s). If a coded pattern generated from the punctured bit
sequence has hermitian symmetry and satisfies a uniqueness criterion, the coded pattern
may be used to generate the codebook primitive. If the coded pattern is not hermitian
symmetric or does not satisfy the uniqueness criterion, a new bit sequence may be

initialized and the method may be repeated.

[0007] The codebook primitive generated by the described techniques may be used to
manufacturc a diftractive optical clement (DOE) using a singlc-mask photolithographic
process. When used in a structured light system, the DOE may receive light from a
light source (e.g., a laser) and may produce a hermitian symmetric optical pattern that
includes tessellation of the codebook primitive. The hermitian symmetric optical
pattern may be projected onto a scene (or object therein) and used to perform depth

estimation.
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[0008] In a particular embodiment, a method includes identifying one or more
codewords of a bit sequence that fail to satisfy at least one codeword constraint and
removing the one or more codewords from the bit sequence to generate a punctured bit
sequence. The method further includes determining whether the punctured bit sequence
is symmetric. In response to determining that the punctured bit sequence is symmetric,
the method generates a hermitian symmetric codebook primitive based at least in part
on the punctured bit sequence, where the hermitian symmetric codebook primitive is
useable to form a diffractive optical element (DOE) of a structured light depth sensing

system.

[0009] In another particular embodiment, a non-transitory computer-readable medium
includes instructions that, when executed by a computer, cause the computer to perform
operations that include identifying one or more codewords of a bit sequence that fail to
satisfy at least one codeword constraint. The operations also include removing the one
or more codewords from the bit sequence to generate a punctured bit sequence. The
operations further include determining whether the punctured bit sequence is
symmetric. The operations include, in response to determining that the punctured bit
sequence is symmetric, generating a hermitian symmetric codebook primitive based at
least in part on the punctured bit sequence, where the hermitian symmetric codebook
primitive is useable to form a diffractive optical element (DOE) of a structured light

depth sensing system.

[0010] In another particular embodiment, an apparatus includes a diffractive optical
clement (DOE) configured to generate an optical pattern. The optical pattern has
hermitian symmetry and includes a tessellated codebook primitive generated to satisfy

at least one codeword constraint.

[0011] In another particular embodiment, an apparatus includes means for emitting
light, means for focusing the light, and means for diffracting the light to produce an
optical pattern. The optical pattern has hermitian symmetry and includes a tessellated

codebook primitive generated to satisfy at least one codeword constraint.

[0012] One particular advantage provided by at least one of the disclosed embodiments
is an ability to generate a hermitian symmetric optical pattern that provides improved
performance in a structured light depth sensing system that generates a 3D depth map.

Another particular advantage provided by at least one of the disclosed embodiments is a
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DOE that is inexpensive to manufacture and that the DOE can be incorporated in the
structured light depth sensing system to generate and project the hermitian symmetric

optical pattern.

[0012a] According to an aspect of the present invention, there is provided an apparatus
comprising: a diffractive optical element (DOE) configured to generate an optical pattern,
wherein the optical pattern is hermitian symmetric, and wherein the optical pattern
comprises a tessellated codebook primitive generated to satisfy at least one codeword

constraint.

[0012b] According to another aspect of the present invention, there is provided an
apparatus comprising: means for emitting light; means for focusing the light; and means
for diffracting the light to produce an optical pattern, wherein the optical pattern is
hermitian symmetric, and wherein the optical pattern comprises a tessellated codebook

primitive generated to satisfy at least one codeword constraint.

[0012¢] According to still another aspect of the present invention, there is provided a
structured light depth sensing system comprising: a transmitter configured to project an
optical pattern onto a surface, wherein the optical pattern is hermitian symmetric, and
wherein the optical pattern comprises a tessellated codebook primitive generated to satisfy
at least one codeword constraint; and a receiver configured to capture the optical pattern

from the surface and to identify the at least one codeword constraint.

[0012d] According to yet another aspect of the present invention, there is provided a
diffractive optical element (DOE) comprising: a first surface of a light diffracting material,
the first surface comprising a pattern etched into the first surface; and a second surface of
the light diffracting material, the second surface comprising a substantially flat surface,
and wherein the light diffracting material is configured to generate an optical pattern onto
a surface, wherein the optical pattern corresponds to the pattern ctched into the first
surface, wherein the optical pattern is hermitian symmetric, and wherein the optical pattern
comprises a tessellated codebook primitive generated to satisfy at least one codeword

constraint.

[0012e] According to a further aspect of the present invention, there is provided a method

comprising: identifying, at a computing device comprising a processor, one or more

Date Regue/Date Received 2021-09-27
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codewords of a bit sequence that fail to satisfy at least one codeword constraint; removing
the one or more codewords from the bit sequence to generate a punctured bit sequence;
and in response to determining that the punctured bit sequence is symmetric, generating a
hermitian symmetric codebook primitive based at Ieast in part on the punctured bit
sequence, wherein the hermitian symmetric codebook primitive is useable to form a

diffractive optical element (DOE) of a structured light depth sensing system.

[0012f] According to yet a further aspect of the present invention, there is provided a non-
transitory computer-readable medium comprising instructions that, when executed by a
computer, cause the computer to perform operations comprising: identifying one or more
codewords of a bit sequence that fail to satisfy at least one codeword constraint; removing
the one or more codewords from the bit sequence to generate a punctured bit sequence;
and in response to determining that the punctured bit sequence is symmetric, generating a
hermitian symmetric codebook primitive based at Ieast in part on the punctured bit
sequence, wherein the hermitian symmetric codebook primitive is useable to form a

diffractive optical element (DOE) of a structured light depth sensing system.

[0012g] According to still a further aspect of the present invention, there is provided an
apparatus comprising: a checking module configured to identify one or more codewords of
a bit sequence that fail to satisfy at least one codeword constraint; a puncturing module
configured to remove the one or more codewords from the bit sequence to generate a
punctured bit sequence; and a generation module configured to generate a hermitian
symmetric codebook primitive based at least in part on the punctured bit sequence,
wherein the hermitian symmetric codebook primitive is useable to form a diffractive

optical element.

[0013] Other aspects, advantages, and features of the present disclosure will become
apparent after review of the entire application, including the following sections: Brief

Description of the Drawings, Detailed Description, and the Claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a diagram of a structured light depth sensing system including a
diffractive optical element (DOE) that is configured to project a hermitian symmetric
optical pattern including a tessellated codebook primitive that satisfies at least one

codeword constraint;

Date Regue/Date Received 2021-09-27
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[0015] FIG. 2 is a diagram of a structured light depth sensing system including a
transmitter device having the DOE of FIG. 1 ;

[0016] FIG. 3 is a diagram of a particular embodiment of determining depth information of
an object based on a projected version of an optical pattern and a captured version of the

optical pattern;

[0017] FIG. 4 is a diagram of a particular embodiment of a transmitter that includes the
DOE of FIG. 1 ;

[0018] FIG. 5 is a diagram to illustrate a particular embodiment of a device configured to
generate a hermitian symmetric codebook primitive that satisfies one or more codeword

constraints;

[0019] FIG. 6 is a diagram to illustrate a particular embodiment of a codebook primitive

that is hermitian symmetric;

[0020] FIG. 7 is a diagram to illustrate a particular embodiment of an optical pattern

including a tessellated codebook primitive;

[0021] FIG. 8 is a diagram to illustrate an ability of a hermitian symmetric optical pattern

to eliminate ghost images and reduce a size of a zero-order beam;

[0022] FIG. 9 is a diagram of an exemplary code power distribution associated with a

hermitian symmetric codebook primitive;

Date Regue/Date Received 2021-09-27
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[0023] FIG. 10 is a diagram to illustrate a particular embodiment of a method of

determining whether a codeword satisfies a codeword constraint;

[0024] FIG. 11 is a diagram of a particular embodiment of a method of manufacturing
the DOE of FIG. 1;

[0025] FIG. 12 is a flowchart of a particular embodiment of a method of operation at the
device of FIG. 5;

[0026] FIG. 13 is a diagram to illustrate an alternate embodiment of a method of
generating a codebook primitive that has hermitian symmetry and that satisfies one or

more codeword constraints; and

[0027] FIG. 14 is a diagram to illustrate a particular embodiment of an electronic device
configured to support one or more systems or methods described with reference to FIGs.

1-13.

DETAILED DESCRIPTION

[0028] FIG. 1 illustrates a particular embodiment of a structured light depth sensing
system (alternately referred to herein as an active sensing system) in which a known
pattern is used to illuminate a scene or object. The system may obtain depth
information from the illuminated scene and may use the depth information to generate
three-dimensional (3D) information from two-dimensional (2D) images and/or
information. One or more aspects and/or features described herein may be implemented

within such a system.

[0029] In the system of FIG. 1, a transmitter 101 projects an optical pattern 104 that
includes one or more codewords onto a scene or object 106. Each codeword may
correspond to a uniquely detectable part of the optical pattern. For example, each
codeword may correspond to an arrangement of one or more dots, an arrangement of
one or more lines, a grid arrangement, etc. The optical pattern 104 may correspond to
an optical pattern generated by passing a light field through a diffractive optical element
(DOE) 190. The DOE 190 may thus represent a “code mask” through which the light
ficld is passed to gencrate the optical pattern 104. As further described hercin, the
optical pattern 104 generated by the DOE 190 may have hermitian symmetry and may

include a tessellated codebook primitive that is generated (e.g., designed) to satisfy at
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least one codeword constraint. Hermitian symmetric optical patterns and DOEs

configured to generate such patterns are further described with reference to FIGs. 5-13.

[0030] A receiver 108 captures a reflected optical pattern 110 and codewords therein.
In the example of FIG. 1, a section/portion/window 112 of the optical pattern 104 is
projected (as section/portion/window 114) onto a surface (e.g., projected
section/portion/window 116) of a scene or object 106. The projected
section/portion/window 116 may be captured by the receiver 108 as a captured segment
118. The section/portion/window 112 may be used as a codeword that can be uniquely
identified. The reflected optical pattern 110 may differ from the initially projected
optical pattern 104 based on characteristics (e.g., shape, depth, etc.) of the scene or
object 106. Thus, by covering the scene or object 106 with unique codewords,
sections/portions of the scene or object 106 may be identified/tagged, and such

information may be used for depth sensing, as further described herein.

[0031] From the image captured by the receiver 108, multiple segments may be
identified over the scene or object 106. Each segment, such as the segment 118, may be
uniquely identifiable at the receiver 108, and the location of the segment 118 location
relative to other segments may be ascertained from the optical pattern 104. The
identification of a code (e.g., codeword) from each segment/portion/window may
involve pattern segmentation (e.g., to address distortion) and decoding of the perceived
segment/portion/window into a corresponding code(s). Additionally, triangulation may
be applied over each captured segment/portion/window to ascertain an orientation
and/or depth. As an illustrative non-limiting example, a difference in the location of a
particular codeword in the projected optical pattern 104 as compared to the captured
optical pattern 110 may be used to determine depth information of the object 106, as
further described with reference to FIGs. 2-3. Multiple such
segments/portions/windows may be combined to stitch together a captured image
pattern. In this manner, 3D point cloud data and/or a depth map 107 may be generated
for the scene or object 106. In the depth map 107, objects (or portions/surfaces thereof)
determined to be the same distance away from the receiver 108 may be represented
using the same color. The depth map 107 may be used for various applications,
including but not limited to gaming, gesture control, room/space mapping, 3D printing,

etc.



CA 02952420 2016-12-14

WO 2015/195309 PCT/US2015/033531

-7-

[0032] FIG. 2 illustrates another particular embodiment of a structured light depth
sensing system. A transmitter device 202 may project a hermitian symmetric optical
pattern 220 (e.g., based on projecting light through the DOE 190 of FIG. 1) over a
transmission channel 204. For example, the hermitian symmetric optical pattern 220
may include or correspond to the hermitian symmetric optical pattern 104 of FIG. 1.
The optical pattern may be projected onto a target (e.g., a scene or object) and the
reflected light may be captured by a receiver sensor 205 as an image. At the receiver
sensor 205 (e.g., the receiver 108 of FIG. 1), the target (e.g., the scene or object) may be
captured and the shape/depth of the target may be encoded. Shape/depth encoding may
be performed, for example, using a projected optical pattern to ascertain depth
information. For example, the captured image of the scene or object, which includes
(e.g., a displaced/modified version of) the projected optical pattern, may be segmented
and/or decoded by a segmentation/decoder 206 to obtain depth data, such as a depth
map 208. The depth map 208 may be used to present, generate, and/or provide a 3D
version 210a, 210b, 210¢, 210d, 210¢ of the target. One or more aspects or features
described herein may be implemented within the exemplary environments of FIGs. 1
and 2.

[0033] FIG. 3 illustrates a particular embodiment of a method of operation at a
structured light depth sensing system, such as the system of FIG. 1 or the system of FIG.
2. As shown in FIG. 3, a transmitter device 302 may be on the same baseline reference
plane (e.g., a lens plane 305) as a receiver device 304. For example, the transmitter
device 302 may be the transmitter 101 that includes the DOE 190 of FIG. 1 or the
transmitter device 202 of FIG. 2. Thus, the transmitter device 302 may project an
optical pattern 310 onto a scene or object through an aperture or lens, where the optical
pattern 310 is hermitian symmetric and includes a tessellated codebook primitive that
satisfies at least one codeword constraint, as further described with reference to FIGs. 5-
13.

[0034] For purposes of illustration, a segment/portion/window 312 (representing a
codeword) is shown as part of the transmitted optical pattern 310. The
segment/portion/window 312 may be projected onto a scenc or object 306 at a first
distance or onto another scene or object 308 at a second distance. The receiver device

304 may capture the projected optical pattern 310 (as a received optical pattern 311)
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through a receiver aperture, as shown. In the embodiment of FIG. 3, the transmitted
optical pattern 310 is shown on the same sensor plane 307 as the received optical

pattern 311.

[0035] When a scene or object 306 is located close to the transmitter device 302 (e.g., a
first distance from the transmitter device) the projected segment 312 may appear at a
distance d1 from its initial location. When the scene or object 308 is located further
away (¢.g., a second distance from the transmitter device), the projected
segment/portion/window 312 may appear at a distance d2 from its initial location
(where d2 < d1). That is, the farther away an object is from the transmitter/receiver, the
closer the received projected segment/portion/window is from its original position at the
receiver device 304 (e.g., the outgoing projection and incoming projection are more
parallel). Conversely, the closer an object is from the transmitter/receiver, the further
the received projected segment/portion/window is from its original position at the

receiver device 304.

[0036] Thus, a difference between received and transmitted codeword position may be
used to determine a depth of a scene or object. In one example, such depth (e.g.,
relative depth) may provide a depth for each pixel or subset of grouped pixels (e.g.,

regions of two or more pixels).

[0037] Various types of modulation and coding schemes may be used to gencrate an
optical pattern. For example, such modulation and coding schemes may include, but are
not limited to, temporal coding, spatial coding, and direct codification. In temporal
coding, patterns may be successively projected onto a measuring surface (e.g., over
time). In spatial coding, information may be cncoded in a local ncighborhood based on
shapes and patterns. Pscudorandom codes may be based on De Bruijn sequences.
Alternatively, M-arrays may define a codebook (e.g., m-ary intensity or color
modulation). In direct codification, both horizontal and vertical pixel coordinates may
be encoded, and monotonic phase modulation or intensity waveform modulation may be

used to generate the optical pattern.

[0038] FIG. 4 illustrates a particular cmbodiment of the transmitter 101. As shown in
FIG. 4, the transmitter 101 is a device configured to emit light, such as an illustrative
laser 430 (e.g., a laser projector). The transmitter 101 may also include a device

configured to focus the light, such as an illustrative lens 432 (e.g., a monochromatic
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filter). In a particular implementation, the lens 432 is a collimation lens. The
transmitter 101 also includes the DOE 190 of FIG. 1. Although not shown in FIG. 4, the
transmitter 101 may also include additional components, such as a power source, a base
and/or heat sink for the laser 430, a lens mount for the lens 432, a field-programmable
gate array (FPGA) configured to enable a user interface, a processor, a memory, a
controller, etc. The transmitter 101 may be incorporated into a computing device or
portion thereof, such as a standalone projector or projection system, as part of a mobile

phone or tablet computer, etc.

[0039] In some implementations, the transmitter 101 may include multiple DOEs, such
as a first DOE (e.g., the DOE 190) and a second DOE. The first DOE may be
configured to generate a first optical pattern and the second DOE may be configured to
generate a second optical pattern. The first optical pattern may be hermitian symmetric
and/or may include a first tessellated codebook primitive generated to satisfy one or
more first codeword constraints. Additionally or alternatively, the second optical pattern
may be hermitian symmetric and/or may include a second tessellated codebook
primitive generated to satisfy one or more second codeword constraints. The first

optical pattern may be distinct from the second optical pattern.

[0040] A controller of the transmitter 101 may be configured to determine one or more
parameters associated with one or more environmental and/or application conditions,
such as a distance to an object, an amount of light, a resolution, a frame rate, an amount
of available power, ctc. Based on the one or more parameters, the controller may sclect
one of the multiple DOEs to be used by the transmitter 101. In some implementations,
the transmitter 101 may include components and/or circuitry to physically change a
position of one or more DOESs such that a selected DOE is positioned to generate a
corresponding optical pattern. In some implementations, the controller may be
configured to receive an input, such as a user input via a uscr interface of the transmitter
101, that indicates a selection of a particular DOE of the multiple DOEs. Accordingly,

the controller may select the particular DOE responsive to the input.

[0041] In a particular implementation, the controller includes a processor and a
memory. The memory may include executable instructions that, when executed by the
processor, cause the processor to determine one or more parameters associated with one

or more environmental and/or application conditions. The instructions may further



CA 02952420 2016-12-14

WO 2015/195309 PCT/US2015/033531

-10 -

cause the processor to select one of the multiple DOEs based on the one or more
parameters and to initiate the laser 430 to pass light through the selected DOE.
Although the multiple DOEs are described as including two DOEs, in other
implementations the multiple DOEs may include more than two DOEs, where each

DOE of the multiple DOEs is associated with a different corresponding optical pattern.

[0042] During operation, the laser 430 may emit light that is focused by the lens 432
onto the DOE 190. The DOE 190 may be manufactured (e.g., via photolithographic
etching) such that when the light passes through the DOE 190, the hermitian symmetric
optical pattern 104 (or the hermitian symmetric optical pattern 220 of FIG. 2) is formed
and projected onto the scene or object 106. When a receiver captures the scene or
object 106 and the optical pattern projected thereon, the captured scene or object may be
free of ghost images due to the hermitian symmetry of the optical pattern. Further,
because the optical pattern is hermitian symmetric, a zero-order beam (e.g., laser light
that passes through the DOE 190 un-diffracted) may be smaller and may have lower
intensity as compared to a zero-order beam generated by a non-hermitian symmetric
pattern, which may improve eye safety when the scene or object 106 corresponds to a

person.

[0043] FIG. § illustrates a particular embodiment of a device 500 configured to generate
a hermitian symmetric codebook primitive that satisfies one or more codeword
constraints. In a particular implementation, the device 500 corresponds to a fixed or
portable computing device, such as a mobile phone, a tablet computer, a server, a

desktop computer, a laptop computer, etc.

[0044] The device 500 includes a memory 510 and one or more processors 520. The
memory 510 may store instructions 511 that are executable by the processor(s) 520 to
generate a codebook primitive. The codebook primitive may be a 2D coded pattern that
has hermitian symmetry. For example, FIG. 6 illustrates a particular embodiment of a
codebook primitive 602 that is hermitian symmetric. A codebook primitive may have
hermitian symmetry if and only if each point (x,y) of the codebook primitive is reflected
about an origin (e.g., a point (0,0)) to a point (-x,-y) that is also in the codebook
primitive. For purposes of illustration, three points A, B, and C of the codebook

primitive 602 are shown in FIG. 6, along with X and Y axes that intersect at the origin.
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Corresponding reflected points A’, B’, and C’ are also shown to illustrate hermitian

symmetry.

[0045] A hermitian symmetric codebook primitive, such as the codebook primitive 602,
may be automatically generated by the device 500 to satisfy one or more codeword
constraints 512 stored in the memory 510. The one or more codeword constraints 512
may be pre-programmed and/or received or selected via user input. The one or more
codeword constraints 512 may also be modified in response to user input or
programmatically during operation of the device 500. The one or more codeword
constraints 512 may be iteratively applied during generation and processing of a one-
dimensional (1D) bit sequence. When a particular symmetric and unique bit sequence
satisfying each of the one or more codeword constraints 512 is identified, the bit
sequence may be used to gencrate a codebook primitive. Because the bit sequence is
symmetric, the codebook primitive may be hermitian symmetric. In a particular
implementation, the codebook primitive may be tessellated to form a larger 2D optical
pattern, such as the optical pattern 104 of FIG. 1 or the optical pattern 220 of FIG. 2.
FIG. 7 illustrates an example of such an optical pattern 700 that includes a tessellated
codebook primitive 702, where the codebook primitive 702 is hermitian symmetric and
satisfies codeword constraints. The optical pattern 700 may be generated by passing
light through a DOE, such as the DOE 190 of FIG 1. For example, the DOE may be
manufactured such that when light passes through the DOE, the optical pattern 700 is
generated by the DOE and projected onto a scene. To illustrate, different parts of the
DOE may have different thickness. A focused light beam entering the DOE may be
scattered by the DOE, and different parts of the light field output by the DOE may have
diffcrent phascs, which may be detected by a structured light receiver and demodulated
to determine codewords, as described with reference to FIGs. 1-3. An illustrative
embodiment of a method of manufacturing a DOE is further described with reference to

FIG 11

[0046] When an optical pattern includes a tessellation of a codebook primitive, the

optical pattern may be associated with a tessellation factor. The tessellation factor may
correspond to the number of times the codebook primitive is tessellated (e.g., repeated)
in the optical pattern. For example, the tessellation factor for the optical pattern 700 of

FIG. 7 i$ nine.
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[0047] Using a hermitian symmetric codebook primitive (which is used to form a
hermitian symmetric optical pattern) may provide several benefits as compared to using
non-hermitian symmetric codebook primitives or patterns. FIG. 8 is a diagram that
illustrates particular benefits of using a hermitian symmetric codebook
primitive/pattern. As shown at 802, because a pattern has hermitian symmetry and is
“flipped” along both X and Y axes, an interference-creating ghost image may be
climinated (e.g., may not be received by a receiver). In contrast, a non-hermitian
symmetric pattern may cause ghost images, shown in gray at 804. Eliminating ghost
images may simplify receiver-side signal processing. When an optical pattern used for
depth sensing is hermitian symmetric, codeword recognition and demodulation accuracy
may be increased, tolerance to moving objects (e.g., objects in motion) may be
increased, tolerance to noise may be increased, tolerance to illumination changes in a

scene may be increased, etc.

[0048] When light (e.g., laser light) is passed through a DOE, a portion of the light may
pass through the center of the DOE un-diffracted, generating a zero-order beam.
Because the zero-order beam is un-diffracted, the zero-order beam may have higher
intensity than diffracted beams. The zero-order beam may result in a “blind spot” in the
center of the optical pattern, because it may be difficult for a receiver to correctly
recognize and demodulate codewords that are saturated by a higher-intensity zero-order
beam. As shown at 806, a zero-order beam associated with the hermitian symmetric
pattern may have reduced size as compared to a zero-order beam associated with a non-
hermitian symmetric pattern, shown at 808. Thus, the hermitian symmetric pattern may
provide a smaller “blind spot.” The zero-order beam at 806 may also have lower
intensity than the zero-order beam at 808. The smaller size and lower intensity of the
zero-order beam at 806 may improve eye safety in a structured light depth sensing
system, such as in cases where the light being used is laser light or another type of light

that can harm an eye, such as a human eye.

[0049] FIG. 8 also illustrates an example of a hermitian symmetric codebook primitive
810. Notably, codebook primitives that are hermitian symmetric may be binary in
nature. That is, the codewords in the codebook primitives may have binary values.
When a codebook primitive is binary, an optical pattern generated by tessellating the

codebook primitive is also binary. Further, a DOE manufactured to generate the optical
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pattern may be formed using a single-mask process, as further described with reference
to FIG. 10. The single-mask process may be less expensive than a multi-mask process
used to manufacture a DOE for a non-binary pattern. A phase space (e.g., Fourier
domain) example of a non-binary pattern is shown at 820. In particular, the pattern 820
is a 4-phase pattern, where each shading color corresponds to a different phase. The
four phases may correspond to the four different amounts that light passing through the
pattern 820. Thus, in contrast to the 4-phase pattern 820, the hermitian symmetric

codebook primitive 810 may be a 2-phase pattern.

[0050] Although hermitian symmetric codebook primitives may provide certain
benefits, not all hermitian symmetric codebook primitives may be suitable for use in a
structured light depth sensing system. For example, even though a codebook primitive
is hermitian symmetric, the codebook primitive may be unsuitable if the codebook
primitive has low energy, includes repeated codewords, etc. In accordance with the
present disclosure, by application of the one or more codeword constraints 512 (e.g., by
removing codewords that fail to satisfy the one or more codeword constraints 512)
during generation of a hermitian symmetric codebook primitive, the generated
codebook primitive may be well-suited for use in a structured light depth sensing

system.

[0051] In some implementations, the one or more codeword constraints 512 may
include a size constraint, alternatively referred to as a resolution constraint. To
illustrate, the smaller a codeword, the smaller an object that can be detected by a
structured light depth sensing system. For example, for the structured light depth
sensing system to be able to detect and determine a depth difference between a button
on a shirt and the shirt fabric, the codeword should be no larger than the size of the
button. The one or more codeword constraints 512 may also include a codebook
cardinality constraint corresponding to a number of unique codewords in a codebook
primitive. For example, the number of unique codewords may be based on a camera
resolution of a camera that is incorporated into a receiver device of the structured light

depth sensing system.

[0052] In other implementations, the one or more codeword constraints 512 may
include a spatial representation constraint. For example, the spatial representation

constraint may indicate whether codewords in the codebook primitive should be
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represented using one or more dots, one or more lines, one or more grids, some other

shape, or any combination thereof.

[0053] The one or more codeword constraints 512 may also include one or more duty
cycle constraints. The “duty cycle” of a codeword may correspond to a ratio of a
number of asserted bits or portions (e.g., “17s) to a number of un-asserted bits/portions
(e.g., “0”s) in the codeword. When a coded light pattern including the codeword is
projected onto a scene, cach bit that has a value of *“1” may have energy (e.g., light
energy), whereas each bit having a value of “0” may be devoid of energy. The duty
cycle of a codeword may thus represent an energy level of the codeword. Fora
codeword to be easily detectable, the codeword should have sufficient energy. Low
energy codewords may be more difficult to detect and may be more susceptible to noise.
For example, if a low-energy codeword includes one “1” and fifteen “0”’s, a camera may
not receive the light energy associated with the single “1” value and may thus fail to
detect the codeword. Further, one or more of the fifteen “0” values may be erroneously
interpreted as a “1” value due to noise. Thus, the one or more codeword constraints 512
may have a minimum duty cycle constraint corresponding to a minimum ratio of a
number of bits in each of the plurality of codewords having a value of 1 to a number of
bits in each of the plurality of codewords having a value of 0. Alternatively, or in
addition, the one or more codeword constraints 512 may have an average duty cycle
constraint corresponding to an average ratio of a number of bits in each of the plurality
of codewords having a value of 1 to a number of bits in each of the plurality of
codewords having a value of 0. An illustrative, non-limiting example of codeword
power (e.g., energy) distribution is shown in FIG 9. The distribution of FIG. 9 may
correspond to a codebook primitive generated in accordance with particular minimum
(or maximum) and/or average duty cycle constraints. In the example of FIG. 9, all
codewords have a duty cycle of at least 50%, and nearly half of the codewords have a

duty cycle of between 60%-65%.

[0054] In other implementations, the one or more codeword constraints 512 may
include a contour resolution constraint that indicates that when a codeword is shifted by
a small amount (e.g., a one-bit rotation), the resulting data represents another codeword.
An amount that the codeword is shifted may be referred to as a shift amount. High

contour resolution may enable the structured light depth sensing system to recognize
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relatively small object boundaries and provide recognition continuity for different
objects (e.g., an ability to recognize and distinguish the button of a shirt from the shirt
fabric).

[0055] In other implementations, the one or more codeword constraints 512 may
include an aliasing distance constraint. The aliasing distant constraint may correspond
to a distance between two codewords that are the same. When an optical pattern
includes a tessellated codebook primitive and when each codeword in the codebook
primitive is unique, the aliasing distance may be based on the size of the codebook
primitive. The aliasing distance may thus represent a uniqueness criterion indicating
that each codeword of the codebook primitive is to be different from each other
codeword of the codebook primitive and that the codebook primitive is unique as a
whole. Further, because the aliasing distance may be known to a receiver device, the

receiver device may be able to prevent aliasing during codeword demodulation.

[0056] The one or more codeword constraints 512 may also include a spatial basis
function constraint, alternately referred to as a phase shuffling constraint. To illustrate,
when codewords are mapped to spatial symbols, the symbols may be randomly shifted.
This added randomness may make it easier to demodulate a codeword that occurs on an

object boundary, thereby improving depth map accuracy near the object boundary.

[0057] In another implementation, the one or more codeword constraints 512 may
include a boundary constraint. For example, the boundary constraint may be satisfied
when boundary regions of a codebook primitive include recognizable codewords, even
when the codebook primitive is tessellated to form a larger optical pattern, such as the

optical pattern 700 of FIG. 7.

[0058] During operation, the device 500 may generate a hermitian symmetric codebook
primitive based on the one or more codeword constraints 512. In FIG. 5, the
processor(s) 520 are illustrated as including a bit sequence initialization module 521, a
codeword constraint(s) checking module 522, a bit sequence puncturing module 523, a
symmetry verification module 524, a uniqueness verification module 525, and a
codebook primitive gencration module 526. Each of the modules 521-526 may
correspond to hardware within the processor(s) 520 (e.g., a field programmable gate
array (FPGA) device, an application-specific integrated circuit (ASIC), a controller,

logic gates, etc.), software (e.g., the instructions 511) executed by the processor(s) 520,
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or a combination thereof. One or more of the modules 521-526 may be executed in any

order and/or iteratively, as further described herein.

[0059] The bit sequence initialization module 521 may be configured to initialize a bit
sequence from which the codebook primitive may be generated. For example, the bit
sequence may be initialized based on a randomly seeded De Bruijn sequence.
Alternatively, the bit sequence may be generated based on another mechanism. In a
particular implementation, the bit sequence initialization module 521 may initialize the
bit sequence such that the bit sequence satisfies at least some of the one or more

codeword constraints 512.

[0060] The codeword constraints checking module 522 may be configured to identify
one or more codewords of a bit sequence (e.g., the bit sequence initialized by the bit
sequence initialization module 521) that fail to satisfy at least one of the one or more
codeword constraints 512. The bit sequence puncturing module 523 may be configured
to remove (e.g., “puncture”) the one or more codewords identified by the constraints
checking module 522 as failing to satisfy at least one of the one or more codeword
constraints 512. As an example, FIG. 10 illustrates checking whether a “minimum duty
cycle >= 50%” constraint is satisfied. The “minimum duty cycle >= 50% constraint is
the Kth constraint being tested (where K is an integer greater than or equal to 1). At
1002, testing of a first codeword of a first pattern associated with a first sequence
“12314241321” is shown. The codeword is a 4x4 grid in which 8 of 16 bits (i.e., >=
50% of the bits) are asserted, generating a “PASS” result for the minimum duty cycle
constraint check. At 1004, testing of a second codeword of a second pattern associated
with a second sequence “12514241521” is shown. The codeword is a 4x4 grid in which
6 of 16 bits (i.e., < 50% of the bits) are asserted, generating a “FAIL” result for the

minimum duty cycle constraint check.

[0061] The symmetry verification module 524 may be configured to determine whether
a bit sequence (e.g., the punctured bit sequence generated by the bit sequence
puncturing module 523) is symmetric. When a one-dimensional bit sequence is
symmetric, a two-dimensional codebook primitive generated from the bit sequence may
have hermitian symmetric. For example, the symmetry verification module 524 may

“mirror” the bit sequence to generate a mirrored bit sequence and may determine that
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the bit sequence is symmetric when the bit sequence and the mirrored bit sequence are

identical.

[0062] The uniqueness verification module 525 may be configured to determine
whether a bit sequence (e.g., a bit sequence determined to be symmetric by the
symmetry verification module 524) satisfies a uniqueness criterion. For example,
uniqueness verification module 525 may determine whether each of the codewords
included in the bit sequence is different from cach other codeword included in the bit
sequence, whether the bit sequence is unique as a whole, or a combination thereof. Ina
particular implementation, the uniqueness verification module 525 may also perform
phase shuffling operations. However, because the phase shuffling operations may
introduce or reintroduce codeword(s) that fail to satisfy one of the one or more
codeword constraints 512, the phase shuffling operation may be followed by rechecking

the bit sequence at the codeword constraints checking module 522.

[0063] The codebook primitive generation module 526 may generate a codebook
primitive (e.g., the codebook primitive 602 of FIG. 6 or the codebook primitive 702 of
FIG. 7) based on a particular bit sequence. For example, one or more of the modules
521-525 may be iteratively executed until a particular bit sequence is identified that is
symmetric, satisfies each of the one or more codeword constraints 512, and satisfies the
uniqueness criterion. In a particular implementation, the codebook primitive generation
module 526 may generate a codebook primitive from the particular bit sequence by
performing symbol mapping (¢.g., to map cach of the codewords in the bit sequence to a
particular symbol) and/or spatial modulation (e.g., to map each of the symbols to a

particular 2D pattern, such as a dot, a line, a grid, etc.).

[0064] The device 500 of FIG. 5 may thus be operable to automatically generate a
hermitian symmetric codebook primitive that can be tessellated to form an optical
pattern, such as an optical pattern to be produced by passing light through a DOE of a
structured light depth sensing system. The optical pattern may be devoid of ghost
images and may have a smaller and lower-intensity zero-order beam. Further, because
the codebook primitive is generated to comply with one or more various codeword
constraints, the optical pattern including the codebook primitive may enable simplified
signal processing and improved performance at the structured light depth sensing

system.
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[0065] Use of the device 500 of FIG. 5 to generate a hermitian symmetric codebook
primitive that satisfies one or more codeword constraints may also enable less expensive
manufacturing of a DOE. For example, FIG. 11 is a diagram of an illustrative
embodiment of a method of manufacturing a DOE, such as the DOE 190 of FIG. 1. As
described herein, the DOE 190 is manufactured to generate an optical pattern that has
hermitian symmetry, such as an optical pattern that includes a tessellated codebook

primitive generated by the device 500 of FIG. 5.

[0066] The DOE 190 may be manufactured by a single-mask photolithographic process
1100. For comparative purposes, a multi-mask photolithographic process 1150 is also
shown. The single-mask photolithographic process 1100 may include a photoresist
deposition stage 1104, during which a light-sensitive material may be deposited onto a
base layer corresponding to the DOE. For the multi-mask photolithographic process,
the DOE may be formed of glass. In contrast, because the optical pattern is a binary
pattern that involves a single etching stage, the DOE in the single-mask
photolithographic process 1100 may be formed of glass or a material other than glass,

such as a polymer or other light diffracting material that is less expensive than glass.

[0067] The single-mask photolithographic process 1100 may also include an alignment
and exposure stage 1106. During the alignment and exposure stage 1106, a mask 1102
may be aligned with and placed (e.g., deposited) on the photoresist material. The mask
and photoresist material may then be exposed to light (e.g., ultraviolet light). The mask
1102 may correspond to or may be generated based on the optical pattern to be
produced by the DOE (e.g., the optical pattern that includes the hermitian symmetric
codebook primitive that is generated by the device 500 of FIG. 5 and that satisfies the

one or more codeword constraints 512).

[0068] The single-mask photolithographic process 1100 may further include a
development stage 1108. During the development stage 1108, unmasked portions of the
photoresist material may be removed, as shown. The single-mask photolithographic
process 1100 may further include an etching stage 1110. During the etching stage 1110,
exposed portions of the base may be removed (e.g., via electron beam (e-beam)
etching). By etching different parts of the DOE to have different thickness (e.g., as
determined by phase mapping), the index of refraction in the DOE may be varied to

produce the optical pattern when light is passed through the DOE.



CA 02952420 2016-12-14

WO 2015/195309 PCT/US2015/033531

- 19 -

[0069] In contrast to the single-mask photolithographic process 1100, the multi-mask
photolithographic process 1150 may iterate through the stages 1104-1110 multiple
times, using a different mask 1102 for each stage. For example, to manufacture a DOE
that can generate the 4-phase pattern 820 of FIG. 8, the stages 1104-1110 may be
performed three or four times, with a different mask used for each iteration. Each
additional mask may add manufacturing complexity and cost. For example, when
multiple masks are used, each mask is aligned with high accuracy (e.g., on the order of a
few nanometers (nm)), which may increase manufacturing cost and limit the types of

materials that can be used to manufacture the DOE.

[0070] Thus, a DOE formed by the single-mask photolithographic process 1100, such as
the DOE 190 of FIG. 1, may be less expensive to manufacture than a DOE formed by
the multi-mask photolithographic process 1150.

[0071] Further, because the DOE 190 may be a relatively simple single-mask DOE
corresponding to a binary optical pattern, performance of the DOE 190 may be
accurately simulated by a computer. Thus, the DOE 190 may be simulated, tested,
and/or verified prior to being manufactured. Computer-based testing and verification
may be faster and less expensive than having to manufacture a new DOE after cach
testing iteration, such as may be required for a more complex DOE. When DOE testing
is complete, data corresponding to the codebook primitive, the optical pattern that
includes the codebook primitive, and/or the mask 1102 may be provided to a fabrication
system, which may rapidly “stamp out” polymer DOEs using the single-mask

photolithographic process 1100.

[0072] To illustrate, in some embodiments, a computer system, such as the device 500
of FI1G. 5, may be configured to test and/or verify a new DOE. The computer system
may include a processor and a memory coupled to the processor. For example, the
processor and the memory may include or correspond to the one or more processors 520
and the memory 510 of FIG. 5, respectively. The memory may include executable
instructions that, when executed by the processor, cause the processor to perform one or

more operations.

[0073] When the computer system includes or corresponds to the device 500 of FIG. 5,
the instructions may cause the processor to generate a data file that defines the hermitian

symmetric codebook primitive and to store the data file at a particular memory
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associated with the computing device. The particular memory may be the same
memory that stores the instructions or a different memory. In other implementations,
the computer system may be distinct from the device 500 of FIG. 5 and the instructions
may cause the processor to access the data file that defines the hermitian symmetric
codebook primitive and to perform a simulation using the data file that defines the
hermitian symmetric codebook primitive. For example, the computer system may
access the data file from a memory associated with the device 500 of FIG. 5.
Additionally, regardless of whether the computer system corresponds to the device 500
or is distinct from the device 500, the instructions may further cause the processor to
validate the hermitian symmetric codebook primitive based on a result of the
simulation. For example, the processor may initiate presentation of an indication, such
as a message via a user interface, that indicates whether the hermitian symmetric

codebook primitive passed the simulation.

[0074] In addition, because the DOE 190 may be power efficient (e.g., due to a smaller
zero-order beam) and inexpensive to manufacture, the DOE 190 may be well-suited for
incorporation into a mobile device, such as a wireless phone or tablet computer. The
ability to quickly and inexpensively manufacture DOEs may also provide additional
benefits. For example, a structured light depth sensing system may be configured to
dynamically select one of multiple available DOEs based on environmental and/or
application conditions. Different DOEs may be selected and used at different times.
For example, a DOE producing a higher-resolution pattern may be used for close-range
depth sensing and a DOE producing a lower-resolution pattern may be used for depth
sensing of objects farther away. To illustrate, as described with reference to FIG. 4, the
transmitter 101 may include multiple DOEs and circuitry configured to sclect a

particular DOE of the multiple DOEs.

[0075] It should be noted that although various embodiments may be described herein
as gencrating a visible optical pattern, this is not to be considered limiting. In alternate
embodiments, optical patterns that are invisible to the human eye may be used for

structured light applications. For example, an infrared optical pattern may be used.

[0076] FIG. 12 is a flowchart of a particular embodiment of a method 1200 of operation
at the device 500 of FIG. 5. The method 1200 includes receiving at least one codeword

constraint, at 1202. For example, in FIG. 5, the device 500 may receive the one or more
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codeword constraints 512. The method 1200 also includes initializing a bit sequence, at
1204. The bit sequence may be initialized based on a randomly seeded De Bruijn
sequence. For example, in FIG. 5, the bit sequence initialization module 521 may

initialize a bit sequence.

[0077] The method 1200 further includes identifying one or more codewords of the bit
sequence that fail to satisfy the at least one codeword constraint, at 1206. For example,
in FIG. 5, the codeword constraints checking module 522 may identify one or more
codewords that fail to satisfy at least one of the one or more codeword constraints 512.
The method 1200 includes removing the one or more codewords from the bit sequence
to generate a punctured bit sequence, at 1208. For example, in FIG 5, the bit sequence
puncturing module 523 may remove the one or more codewords from the bit sequence

to generate the punctured bit sequence.

[0078] The method 1200 also includes determining whether the punctured bit sequence
is symmetric, at 1210. For example, in FIG. 5, the symmetry verification module 524
may verify whether the punctured bit sequence is symmetric. When the punctured bit
sequence is not symmetric, the method 1200 may return to 1204 and a new bit sequence
may be initialized. When the punctured bit sequence is symmetric, the method 1210
includes determining whether the punctured bit sequence satisfies a uniqueness
criterion, at 1212. For example, in FIG. 5, the uniqueness verification module 525 may
verify uniqueness of the punctured bit sequence and/or codewords included therein.

The uniqueness verification module 525 may also perform phase shuftling operations,

as described with reference to FIG. 5.

[0079] When the puncturced bit scquence does not satisty the uniqueness criterion, the
method 1200 may return to 1204 and a new bit sequence may be initialized. When the
punctured bit sequence satisfies the uniqueness criterion, the method 1200 includes
generating a codebook primitive based on the punctured bit sequence, at 1214. For
example, in FIG 5, the codebook primitive generation module 526 may generate the
codebook primitive via symbol mapping and/or spatial modulation. Tessellation of the
codebook primitive forms an optical pattern to be generated by a DOE of a structured
light depth sensing system. In an illustrative implementation, the DOE is the DOE 190
of FIG. 1 and is manufactured in accordance with the single-mask photolithographic

process 1100 of FIG. 11.
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[0080] It should be noted that in alternate implementations, one or more of the steps of
the method 1200 may be performed in a different order and/or may be performed
multiple times. As an illustrative non-limiting example, codeword constraint checking
may be performed multiple times, such as after bit sequence initialization and after
verifying uniqueness. Alternate methods of generating a codebook primitive may also
be used. For example, FIG. 13 illustrates an alternate embodiment of a method of
generating a coded pattern (e.g., codebook primitive) that has hermitian symmetry and

that satisfies one or more codeword constraints, as is generally designated 1300.

[0081] As shown in FIG. 13, a sequence generator 1310 may receive an initialization
seed 1301 and one or more code parameters 1302. In some implementations, the one or
more code parameters may correspond to a subset of the codeword constraints 512 that
can be used during bit sequence generation. For example, codeword size may be a
parameter that is used to determine how long of a bit sequence to generate. The
generated bit sequence may be space modulated, at 1320, and phase shifted, at 1330.
The space modulated and phase shifted bit sequence may be examined, at 1340, to
verify whether one or more codeword constraints 1303 are satisfied. For example, the
one or more codeword constraints 1303 may correspond to the one or more codeword
constraints 512 that are not included in the one or more code parameters 1302. At 1350,
symmetry of the bit sequence (or a 2D pattern generated therefrom) may be verified. If
the codeword constraints 1303 and the symmetry requirement are satisfied, an output
pattern 1304 may be generated. If at least one of the codeword constraints 1303 or the
symmetry requirement is unsatisfied, a new seed value may be generated, at 1360, and

used to generate a new bit sequence.

[0082] Various methods described herein, including but not limited to the methods of
FIGs. 10-13, may be implemented by a field-programmable gate array (FPGA) device,
an application-specific integrated circuit (ASIC), a processing unit such as a graphical
processing unit (GPU), a central processing unit (CPU), a digital signal processor
(DSP), a controller, another hardware device, firmware device, or any combination
thereof. As an example, such methods can be performed by one or more processors that
¢xecute instructions to automatically generate a hermitian symmetric codebook

primitive that satisfies codeword constraints, manufacture a DOE that is configured to
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diffract light to produce an optical pattern that includes the hermitian symmetric

codebook primitive, etc.

[0083] Referring to FIG. 14, a block diagram of a particular illustrative embodiment of a
wireless communication device 1400 is depicted. The device 1400 may include one or
more components of the structured light system of FIG. 1, the structured light system of
FIG. 2, the structured light system of FIG. 3, the device 500 of FIG. 5, or any

combination thercof.

[0084] The device 1400 includes one or more processors 1410 (e.g., one or more
processing cores), such as a digital signal processor (DSP), a graphical processor unit
(GPU), and/or a central processing unit (CPU). For example, the one or more
processors 1410 may include or correspond to the one or more processors 520 of FIG. 5.
The one or more processors 1410 may be coupled to a memory 1432. For example, the
memory 1432 may include or correspond to the memory 510 of FIG 5. The memory
1432 includes instructions 1468 (e.g., ¢xecutable instructions), such as computer-
readable instructions or processor-readable instructions. The instructions 1468 may
include one or more instructions that are executable by a computer, such as by each of
the one or more processors 1410. It should be noted that the memory 1432 includes a

physical device and is not a signal.

[0085] For example, the one or more instructions may be executable by the one or more
processors 1410 to cause the one or more processors 1410 to perform all or a portion of
the method of FIG. 12, the method of FIG. 13, or a combination thereof. For example,
the memory 1432 may include instructions that, when executed by the processor(s)
1410, causc the processor to perform operations including identifying onc or more
codewords of a bit sequence that fail to satisfy at least one codeword constraint. The
operations may further include removing the one or more codewords from the bit
sequence to generate a punctured bit sequence and determining whether the punctured
bit sequence is symmetric. In response to determining that the punctured bit sequence is
symmetric, the operations may also include generating a hermitian symmetric codebook
primitive based at least in part on the punctured bit sequence. The hermitian symmetric
codebook primitive may be useable to form a diffractive optical element (DOE) of a

structured light depth sensing system.
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[0086] The memory 1432 may also store codeword constraints 1472 (e.g., the one or
more codeword constraints 512 of FIG. 5, the one or more code parameters 1302, and/or
the one or more codeword constraints 1303 of FIG. 13). In FIG. 14, the processor(s)
1410 include a pattern generation module 1470. The pattern generation module 1470
may be configured to automatically generate a hermitian symmetric codebook primitive
that satisfies the codeword constraints 1472. For example, the pattern generation
module 1470 may include or correspond to the bit sequence initialization module 521,
the codeword constraint(s) checking module 522, the bit sequence puncturing module
523, the symmetry verification module 524, the uniqueness verification module 525, the
codebook primitive generation module 526, or a combination thereof, as illustrative,

non-limiting examples.

[0087] FIG. 14 also shows a display controller 1426 that is coupled to the one or more
processors 1410 and to a display 1428. A coder/decoder (CODEC) 1434 can also be
coupled to the one or more processors 1410. A speaker 1436 and a microphone 1438
can be coupled to the CODEC 1434. The one or more processors 1410 may also be
coupled to a structured light transmitter 1480 (e.g., a projector) and a structured light
receiver 1482 (e.g., a camera). For example, the structured light transmitter 1430 may
include or correspond to the transmitter 1010 of FIG. 1 or the transmitter 202 of FIG. 2.
The receiver 1482 may include or correspond to the receiver 108 of FIG. 1. The
structured light transmitter 1480 may include the DOD 190 of FIG. 1. Thus, ina
particular implementation, both transmitter-side and receiver-side operations of a

structured light depth sensing systems may be incorporated into a single device.

[0088] FIG. 14 also indicates that a wireless interface 1440, such as a wireless
controller, can be coupled to the one or more processors 1410 and to an antenna 1442.
In a particular implementation, the one or more processors 1410, the display controller
1426, the memory 1432, the CODEC 1434, and the wireless interface 1440 are included
in a system-in-package or system-on-chip device 1422. In a particular implementation,
an input device 1430 and a power supply 1444 are coupled to the system-on-chip device
1422. Moreover, in some implementations, the display 1428, the input device 1430, the
speaker 1436, the microphonc 1438, the antenna 1442, the structured light transmitter
1480, the structured light receiver 1482, and/or the power supply 1444 can be external
to the system-on-chip device 1422. However, each of the display 1428, the input device
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1430, the speaker 1436, the microphone 1438, the antenna 1442, the structured light
transmitter 1480, the structured light receiver 1482, and/or the power supply 1444 can
be coupled to a component of the system-on-chip device 1422, such as an interface, a
controller, a transmitter (e.g., transmitter circuitry), a receiver (e.g., receiver circuitry),

etc.

[0089] One or more of the disclosed embodiments may be implemented in a system or
an apparatus, such as the device 1400, that may include a communications device, a
fixed location data unit, a mobile location data unit, a mobile phone, a cellular phone, a
satellite phone, a computer, a tablet, a portable computer, or a desktop computer.
Alternatively or additionally, the device 1400 may include a set top box, an
entertainment unit, a navigation device, a personal digital assistant (PDA), a monitor, a
computer monitor, a television, a tuner, a radio, a satellite radio, a music player, a digital
music player, a portable music player, a video player, a digital video player, a digital
video disc (DVD) player, a portable digital video player, any other device that stores or
retrieves data or computer instructions, or a combination thereof. As another
illustrative, non-limiting example, the system or the apparatus may include remote units,
such as mobile phones, hand-held personal communication systems (PCS) units,
portable data units such as personal data assistants, global positioning system (GPS)
enabled devices, navigation devices, fixed location data units such as meter reading
equipment, or any other device that stores or retrieves data or computer instructions, or

any combination thereof.

[0090] Embodiments of the disclosure may be suitably employed in any device that
includes integrated circuitry including memory, a processor, and on-chip circuitry.
Although one or more of FIGs. 1-14 may illustrate systems, apparatuses, and/or
methods according to the teachings of the disclosure, the disclosure is not limited to
these illustrated systems, apparatuses, and/or methods. One or more functions or
components of any of FIGs. 1-14 as illustrated or described herein may be combined
with one or more other portions of another of FIGs. 1-14. Accordingly, no single
embodiment described herein should be construed as limiting and embodiments of the
disclosure may be suitably combined without departing form the teachings of the

disclosure.
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[0091] In conjunction with the described embodiments, an apparatus is disclosed that
includes means for emitting light. For example, the means for emitting may include a
light source included in or coupled to the transmitter 101, a light source included in or
coupled to the transmitter 202, a light source included in or coupled to the transmitter
device 302, the laser 430, an infrared light source, one or more other structures, devices,

or circuits configured to emit light, or any combination thereof.

[0092] The apparatus may also include means for focusing the light. For example, the

means for focusing the light may include a lens included in or coupled to the transmitter
101, a lens included in or coupled to the transmitter 202, a lens included in or coupled to
the transmitter device 302, the lens 432, a collimation lens, one or more other structures,

devices, or circuits configured to focus light, or any combination thereof.

[0093] The apparatus may further include means for diffracting the light to produce an
optical pattern. The optical pattern has hermitian symmetry and includes a tessellated
codebook primitive generated to satisfy at least one codeword constraint. For example,
the means for diffracting may include an optical element included in or coupled to the
transmitter 101, an optical element included in or coupled to the transmitter 202, an
optical element included in or coupled to the transmitter device 302, the DOE 190, one
or more other structures, devices, or circuits configured to diffract light to produce a
hermitian symmetric optical pattern including a tessellated codebook primitive

generated to satisfy at least one codeword constraint, or any combination thereof.

[0094] Those of skill would further appreciate that the various illustrative logical
blocks, configurations, modules, circuits, and algorithm steps described in connection
with the embodiments discloscd herein may be implemented as clectronic hardware,
computer software executed by a processor, or combinations of both. Various
illustrative components, blocks, configurations, modules, circuits, and steps have been
described above generally in terms of their functionality. Whether such functionality is
implemented as hardware or processor executable instructions depends upon the
particular application and design constraints imposed on the overall system. Skilled
artisans may implement the described functionality in varying ways for each particular
application, but such implementation decisions should not be interpreted as causing a

departure from the scope of the present disclosure.
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[0095] The steps of a method or algorithm described in connection with the
embodiments disclosed herein may be embodied directly in hardware, in a software
module executed by a processot, or in a combination of the two. A software module
may reside in random access memory (RAM), flash memory, read-only memory
(ROM), programmable read-only memory (PROM), erasable programmable read-only
memory (EPROM), electrically erasable programmable read-only memory (EEPROM),
registers, hard disk, a removable disk, a compact disc read-only memory (CD-ROM), or
any other form of non-transient storage medium known in the art. An exemplary
storage medium is coupled to the processor such that the processor can read information
from, and write information to, the storage medium. In the alternative, the storage
medium may be integral to the processor. The processor and the storage medium may
reside in an application-specific integrated circuit (ASIC). The ASIC may reside in a
computing device or a user terminal. In the alternative, the processor and the storage

medium may reside as discrete components in a computing device or uscr terminal.

[0096] The previous description of the disclosed embodiments is provided to enable a
person skilled in the art to make or use the disclosed embodiments. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the principles defined herein may be applied to other embodiments without
departing from the scope of the disclosure. Thus, the present disclosure is not intended
to be limited to the embodiments shown herein but is to be accorded the widest scope
possible consistent with the principles and novel features as defined by the following

claims.
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CLAIMS:

1. An apparatus comprising:
a diffractive optical element (DOE) configured to generate an optical pattern,
wherein the optical pattern is hermitian symmetric, and
wherein the optical pattern comprises a tessellated codebook primitive generated to

satisfy at least one codeword constraint.

2. The apparatus of claim 1, wherein the DOE is manufactured based on the optical

pattern using a single-mask photolithographic process.

3. The apparatus of claim 1, further comprising a laser and a lens, wherein the laser is
configured to emit light through the Iens and the DOE to project the optical pattern onto a

scenc.

4. The apparatus of claim 1, further comprising:
a second DOE configured to generate a second optical pattern; and
a controller configured to select the DOE or the second DOE based on one or more

parameters.

5. An apparatus comprising:
means for emitting light; means for focusing the light; and
means for diffracting the light to produce an optical pattern,
wherein the optical pattern is hermitian symmetric, and
wherein the optical pattern comprises a tessellated codebook primitive generated to

satisfy at least one codeword constraint.

6. The apparatus of claim 5, wherein the means for emitting, the means for focusing,
and the means for diffracting are included in a transmitter device of a structured light

depth sensing system.

7. The apparatus of claim 5, wherein the means for emitting light comprises a laser,
wherein the means for focusing the light comprises a lens, and wherein the means for

diffracting the light comprises a diffractive optical element (DOE).
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8. The apparatus of claim 1, wherein the tessellated codebook primitive comprises a
two-dimensional (2D) coded pattern.

9. The apparatus of claim 8, wherein each point (x,y) of the 2D coded pattern

corresponds to a point (-x,-y) of the 2D coded pattern, and wherein each point (-x,y) of the
2D coded pattern corresponds to a point (x,-y) of the 2D coded pattern.

10.  The apparatus of claim 8, wherein a plurality of codewords are encoded in the 2D

coded pattern.

11.  The apparatus of claim 10, wherein the at least one codeword constraint comprises
an average duty cycle constraint corresponding to an average ratio of a number of bits in
each of the plurality of codewords having a value of 1 to a number of bits in each of the

plurality of codewords having a value of 0.

12.  The apparatus of claim 10, wherein the at least one codeword constraint comprises
a minimum duty cycle constraint corresponding to a lower limit ratio of a number of bits
in each of the plurality of codewords having a value of 1 to a number of bits in each of the

plurality of codewords having a value of 0.

13.  The apparatus of claim 1, wherein the at least one codeword constraint comprises a
size constraint, an average duty cycle constraint, a minimum duty cycle constraint, a
codebook cardinality constraint, a spatial representation constraint, a contour resolution
constraint, an aliasing distance constraint, a phase shuffling constraint, a boundary

constraint, or any combination thereof.

14.  The apparatus of claim 1, wherein the at least one codeword constraint comprises
one or more duty cycle constraints, wherein the one or more duty cycle constraints
comprise an average duty cycle constraint, a minimum duty cycle constraint, a maximum

duty cycle constraint, or a combination thereof.

15.  The apparatus of claim 1, wherein the at least one codeword constraint comprises a
codebook cardinality constraint, wherein the codebook cardinality constraint corresponds

to a number of unique codewords in the tessellated codebook primitive.
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16.  The apparatus of claim 1, wherein the at least one codeword constraint comprises a
spatial representation constraint, wherein the spatial representation constraint indicates that
the tessellated codebook primitive is to be represented using one or more dots, one or more

lines, one or more grids, or a combination thereof.

17.  The apparatus of claim 1, wherein the at least one codeword constraint comprises a
contour resolution constraint, wherein the contour resolution constraint indicates a shift
amount associated with a codeword of the tessellated symmetric codebook primitive, and
wherein, when the codeword is shifted by the shift amount, the codeword represents

another codeword of the tessellated symmetric codebook primitive.

18.  The apparatus of claim 1, wherein the at least one codeword constraint comprises
an aliasing distance constraint, wherein the aliasing distance constraint is associated with a
distance between two codewords of the tessellated symmetric codebook primitive, and

wherein that two codewords are the same.

19.  The apparatus of claim 1, wherein the at least one codeword constraint comprises a
phase shuffling constraint, and wherein the phase shuffling constraint is associated with
mapping one or more codewords of the tessellated symmetric codebook primitive to

spatial symbols.

20.  The apparatus of claim 1, wherein the at least one codeword constraint comprises a
boundary constraint, wherein the boundary constraint is associated with one or more
codewords of the tessellated symmetric codebook primitive being recognizable at a

boundary region of the tessellated codebook primitive.

21. A structured light depth sensing system comprising:
a transmitter configured to project an optical pattern onto a surface, wherein the
optical pattern is hermitian symmetric, and wherein the optical pattern comprises a
tessellated codebook primitive generated to satisfy at least one codeword constraint; and
areceiver configured to capture the optical pattern from the surface and to identify

the at least one codeword constraint.
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22.  The structured light depth sensing system of claim 21, wherein the transmitter
comprises a projector and the receiver comprises a camera, and wherein the surface

corresponds to a surface of an object or a scene.

23.  The structured light depth sensing system of claim 21, wherein the transmitter is
located at a first point on a reference plane and the receiver is located at a second point on

the reference plane, wherein the reference plane is substantially parallel to the surface.

24.  The structured light depth sensing system of claim 21, wherein the transmitter and

the receiver are incorporated into a single device.

25. A diffractive optical element (DOE) comprising:

a first surface of a light diffracting material, the first surface comprising a pattern
etched into the first surface; and

a second surface of the light diffracting material, the second surface comprising a
substantially flat surface, and

wherein the light diffracting material is configured to gencrate an optical pattern
onto a surface, wherein the optical pattern corresponds to the pattern etched into the first
surface, wherein the optical pattern is hermitian symmetric, and wherein the optical pattern
comprises a tessellated codebook primitive generated to satisfy at least one codeword

constraint.

26.  The DOE of claim 25, wherein the light diffracting material includes glass or a

polymer.

27.  The DOE of claim 25, wherein the pattern etched into the first surface comprises
multiple channels recessed into the first surface, and wherein the light diffracting material

is manufactured using a single-mask photolithographic process.

28.  The DOE of claim 25, wherein the light diffracting material is included in a
transmitter device of a structured light depth sensing system.

29.  The apparatus of claim 10, wherein the at least one codeword constraint comprises

a duty cycle constraint based on a first number of bits in each of the plurality of codewords
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having a value of 1 and a second number of bits in each of the plurality of codewords

having a value of 0.

30.  The apparatus of claim 29, wherein the duty cycle constraint corresponds to a ratio

of the first number of bits to the second number of bits.

31. A method comprising:

identifying, at a computing device comprising a processor, one or more codewords
of a bit sequence that fail to satisfy at least one codeword constraint;

removing the one or more codewords from the bit sequence to generate a punctured
bit sequence; and

in response to determining that the punctured bit sequence is symmetric, generating
a hermitian symmetric codebook primitive based at least in part on the punctured bit
sequence, wherein the hermitian symmetric codebook primitive is useable to form a

diffractive optical element (DOE) of a structured light depth sensing system.

32.  The method of claim 31, wherein the hermitian symmetric codebook primitive

comprises a two-dimensional (2D) coded pattern.

33.  The method of claim 32, wherein each point (x,y) of the 2D coded pattern is
reflected about an origin of the 2D coded pattern to a point (-x,-y) of the 2D coded pattern.

34,  The method of claim 32, wherein the 2D coded pattern comprises a plurality of

codewords.

35.  The method of claim 34, wherein the at least one codeword constraint comprises an
average duty cycle constraint corresponding to an average ratio of a number of bits in each
of the plurality of codewords having a value of 1 to a number of bits in each of the

plurality of codewords having a value of 0.

36.  The method of claim 34, wherein the at least one codeword constraint comprises a
minimum duty cycle constraint corresponding to a minimum ratio of a number of bits in
each of the plurality of codewords having a value of 1 to a number of bits in each of the

plurality of codewords having a value of 0.
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37.  The method of claim 31, wherein the at least one codeword constraint comprises a

size constraint.

38.  The method of claim 31, wherein the at least one codeword constraint comprises a
codebook cardinality constraint, a spatial representation constraint, a contour resolution
constraint, an aliasing distance constraint, a phase shuffling constraint, a boundary

constraint, or any combination thereof.

39.  The method of claim 31, further comprising iteratively initializing bit sequences,
puncturing the bit sequences, and verifying symmetry until a particular bit sequence is
identified that is symmetric and that satisfies the at least one codeword constraint and a

uniqueness criterion.

40.  The method of claim 39, further comprising generating the hermitian symmetric

codebook primitive based on the particular bit sequence.

41.  The method of claim 31, wherein tessellation of the hermitian symmetric codebook
primitive forms an optical pattern to be generated by the DOE of the structured light depth

sensing system.
42.  The method of claim 41, wherein the optical pattern is hermitian symmetric.

43.  The method of claim 31, wherein the DOE is manufactured using a single-mask

photolithographic process.

44,  The method of claim 31, further comprising: generating a data file that defines the
hermitian symmetric codebook primitive; and storing the data file at a memory associated

with the computing device.

45.  The method of claim 44, further comprising: performing a simulation using the
data file that defines the hermitian symmetric codebook primitive; and validating the

hermitian symmetric codebook primitive based on a result of the simulation.

46. A non-transitory computer-readable medium comprising instructions that, when

executed by a computer, cause the computer to perform operations comprising:
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identifying one or more codewords of a bit sequence that fail to satisfy at least one
codeword constraint;

removing the one or more codewords from the bit sequence to generate a punctured
bit sequence; and

in response to determining that the punctured bit sequence is symmetric, generating
a hermitian symmetric codebook primitive based at least in part on the punctured bit
sequence, wherein the hermitian symmetric codebook primitive is useable to form a

diffractive optical element (DOE) of a structured light depth sensing system.

47.  The non-transitory computer-readable medium of claim 46, wherein the at least one
codeword constraint comprises a size constraint, an average duty cycle constraint, a
minimum duty cycle constraint, a codebook cardinality constraint, a spatial representation
constraint, a contour resolution constraint, an aliasing distance constraint, a phase

shuffling constraint, a boundary constraint, or any combination thereof.

48.  The non-transitory computer-readable medium of claim 46, wherein the at least one
codeword constraint comprises one or more duty cycle constraints, wherein the one or
more duty cycle constraints comprise an average duty cycle constraint, a minimum duty

cycle constraint, a maximum duty cycle constraint, or a combination thercof.

49.  The non-transitory computer-readable medium of claim 46, wherein the at least one
codeword constraint comprises a codebook cardinality constraint, wherein the codebook
cardinality constraint corresponds to a number of unique codewords in the hermitian

symmetric codebook primitive.

50.  The non-transitory computer-readable medium of claim 46, wherein the at least one
codeword constraint comprises a spatial representation constraint, wherein the spatial
representation constraint indicates that the hermitian symmetric codebook primitive is to
be represented using one or more dots, one or more lines, one or more grids, or a

combination thereof.

51.  The non-transitory computer-readable medium of claim 46, wherein the at least one
codeword constraint comprises a contour resolution constraint, wherein the contour
resolution constraint indicates a shift amount associated with a codeword of the hermitian

symmetric codebook primitive, wherein, when the codeword is shifted by the shift amount,
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the codeword represents another codeword of the hermitian symmetric codebook

primitive.

52.  The non-transitory computer-readable medium of claim 46, wherein the at least one
codeword constraint comprises an aliasing distance constraint, wherein the aliasing
distance constraint is associated with a distance between two codewords of the hermitian

symmetric codebook primitive, and wherein the two codewords are the same.

53.  The non-transitory computer-readable medium of claim 46, wherein the at least one
codeword constraint comprises a phase shuffling constraint, wherein the phase shuffling
constraint is associated with mapping one or more codewords of the hermitian symmetric

codebook primitive to spatial symbols.

54.  The non-transitory computer-readable medium of claim 46, wherein the at least one
codeword constraint comprises a boundary constraint, wherein the boundary constraint is
associated with one or more codewords of the hermitian symmetric codebook primitive

being recognizable at a boundary region of the hermitian symmetric codebook primitive.

55.  An apparatus comprising:

a checking module configured to identify one or more codewords of a bit sequence
that fail to satisfy at least one codeword constraint;

a puncturing module configured to remove the one or more codewords from the bit
sequence to generate a punctured bit sequence; and

a generation module configured to generate a hermitian symmetric codebook
primitive based at least in part on the punctured bit sequence, wherein the hermitian

symmetric codebook primitive is useable to form a diffractive optical element.

56.  The apparatus of claim 55, wherein the diffractive optical element is manufactured

based on an optical pattern using a single-mask photolithographic process.

57.  The apparatus of claim 55, wherein hermitian symmetric codebook primitive is
configured to form an optical pattern to be generated by the diffractive optical element of a

structured light depth sensing system.
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58.  The apparatus of claim 55, wherein the at least one codeword constraint includes
one of a resolution constraint, a spatial representation constraint, a duty cycle of a code
word, a contour resolution constraint, an aliasing distance constraint, a spatial basis

function constraint, or a code word boundary constraint.

59.  An apparatus comprising:

means for identifying one or more codewords of a bit sequence that fail to satisfy at
Ieast one codeword constraint;

means for removing the one or more codewords from the bit sequence to gencrate a
punctured bit sequence; and

means for generating a hermitian symmetric codebook primitive based at least in
part on the punctured bit sequence, wherein the hermitian symmetric codebook primitive is

useable to form a diffractive optical element of a structured light depth sensing system.

60.  The apparatus of claim 59, wherein the at least one codeword constraint includes
one of a resolution constraint, a spatial representation constraint, a duty cycle of a code
word, a contour resolution constraint, an aliasing distance constraint, a spatial basis

function constraint or a code word boundary constraint means.

Date Regue/Date Received 2021-09-27



CA 02952420 2016-12-14

PCT/US2015/033531

WO 2015/195309

1/14

L OId

801

JOAI00Y

P

e
01~=_ /.,
IOY) WS URI W

aurjeseq

dey pdeQg

JUTRIISUOD
PIOMIPOD dUO
1SBI[ 1B SAIJSnes Jey)
aanund jy00qapod
PaR[[asSa) Surpnjour
uaned eondo
JLIJOWWAS UBTIIULIOH

oZew parddY



CA 02952420 2016-12-14

PCT/US2015/033531

WO 2015/195309

2/14

oNN/
waed eondo
JLIJOWWAS
URIULIO
061 H0d
19p0od:(J h@. JOSUS§ Ahowﬁh. [euueryD Surpnpour
/UOTJRIUSWTIS JOAIIY UOISSTWISURL], 901A3(]
JopIwIsueL],
90¢ S0¢ 07 707




CA 02952420 2016-12-14

WO 2015/195309 PCT/US2015/033531
3/14

308

306

Receiver Transmitter
Aperture \  perture
/ Lens Plane \
K =
\
Cod d / \l \
odewor / \
307 Codeword
Reflection ;| 3 10 \\ Projection
R N
Senso_r Plane _ _ [T T T llw{_ -
dl l I 312
Transmitter
304 \Recewer Device _z- 302
Device Including
DOE 190

FIG. 3



PCT/US2015/033531

WO 2015

4/14

=
L O
on

06T
H10d

v "Old

\> voﬁ/

waed
[eondo

JLIQWIWAS
UEDTULISH




CA 02952420 2016-12-14

WO 2015/195309 PCT/US2015/033531
5/14
= 500
Optical Pattern Generation Device
Memory <>/ 510
// 511
Instructions —1

Codeword Constraint(s)
(e.g., size, duty cycle, phase map, etc.)

Processor(s)

Bit Sequence Initialization
(e.g., based on De Bruijn sequence)

Codewords Constraint(s) Checking

Bit Sequence Puncturing

Symmetry Verification

Uniqueness Verification

Codebook Primitive Generation
(e.g., symbol mapping/spatial modulation)

o]

\

I

Il

I

I

I

I

_— 512

520

_— 521

|_— 522

_— 523

_— 525

_— 526

FIG. 5



CA 02952420 2016-12-14

WO 2015/195309 PCT/US2015/033531

6/14

(o)
-
O




CA 02952420 2016-12-14

PCT/US2015/033531

WO 2015/195309

7/14

L "9Old

0L
QAIIIWILI] YOOqapo))

0L
QAIIWILL] Y00qapo))

0L
QAIIIWILI] YOOqapo))

0L
QAIIIWILI] YOOqapo))

91BUIPIOO)) UISLI)
[

0L ((SNurensuo) promopoy)
SurAJsnes 29 JLPWWAS UBTIULIOH)
QANIWLL JO0qapo))

0L
QAIIIWILI] YOOqapo))

0L
QAIIIWILI] YOOqapo))

0L
QAIIWILL] Y00qapo))

0L
QAIIIWILI] YOOqapo))

00L



CA 02952420 2016-12-14

WO 2015/195309 PCT/US2015/033531
8/14

O o0
- -
o0 o0

ek

820

2

8
=

£

k=2

i

810

r

Lt

LL

F
4

-

o




PCT/US2015/033531
9/14

CA 02952420 2016-12-14

WO 2015/195309

6 Old

oj2ka np
280 B0 &840 J0 mmm H0 =90 mm

. X ] x
[ 1 n 3
5 B 4 ]
3 ] [ ]
n u " " a
SEERESE AR B ER R am (RIS SN} [
1 ] | | - 1
2 [} Ll Ll
L ] u [ ]
[ . . 4
r 2 - 5
[ - [ 1
n 2 1 1 g
LR R R RS R R R [ SREEE-ESSREER] | (R TR RRES | -“-
. . “ " B ¥
L] 1 2 [ [
' 2 n ]
L} i “ " 3
L] i 2 [ B
. M [ . n 1 [
”.l_...-.-..nﬁ--.-_.u-l-.-—._-n -.-_.._-._n u. an
'
5 - “ " 1
L 1 n [
L] T e n ]
[ 1 “ " .
L 1 L] 5
] a - [
..Im:_-l-u-_--_m-_--an-_--_l- B IERAAR
: : :
' 1
4 H L]
2 " u
1 ¥
0 H 1

2 [ ]
R R R R I RN IR RN R RN RN | IRFRERREERSRERRE ﬁa
H ! ' -
]
: : ' :
H H ® .
P H H +
. L M ] 1 E
R R R R L R T R R N o et (SRR LEER L mg
;
'
a1
¥
1

T e mwy -;-s-.-“-u-._-.- LA RIS ES N BN

3 2
]
.-_.u--“-_-rnnul En

EEEECCE R RN RO
-
L N

" v A
IS NERGE] (R REX NP NN R -_a.-.-ﬂ-.w-_- THREN "HEE KBS AR EXx ma i nimg s e o ‘.n

it il etk itk il il h e
-

fa e EEEEEENEEEE
L PR PR
-

o -

e e
e m

oD
UoliNGuIRIG Jesud 8P



WO 2015/195309

CA 02952420 2016-12-14

10/14

>=50%

%4 Check duty cycle
#{ (Kth constraint) [~

PCT/US2015/033531

Tawwn e v

e

[\
o
()
—

RARRL ARRRL ARRR WRREL aRRR R AR AR AR e

FIG. 10



CA 02952420 2016-12-14

PCT/US2015/033531

WO 2015/195309

11/14

Ll "OId

UuorneId|
qoeg
10
Ase]N
- JuaIId
3ursn
S[RAd]
ardnny
10
91eIdl]

-

0S11 ssa001g drydeiSoyioroyd YSeN-BINA

gz

gz,

)

gz

iz,

0011 SS9201{ drydei3oy ooy JSLN-9[3UIS

surgag
=111

dojaas(g
T=-3011

amnsodxy 2
WUy

T=.9011

uonsoda(g
1S1S21030Y

=011

JSeIN
T=_7011



CA 02952420 2016-12-14

WO 2015/195309 PCT/US2015/033531

12/14
1200 \{

;1202

Receive at least one codeword constraint

l ;1204

Initialize a bit sequence (e.g., based on a randomly seeded De Bruijn
sequence)

l }1206

Identify one or more codewords of the bit sequence that fail to satisfy the
at least one codeword constraint

l }1208

Remove the one or more codewords from the bit sequence to generate a
punctured bit sequence

Punctured 1210
No .
i bit sequence
symmetric?
No Punctured bit 1212

sequence satisfies uniqueness
criterion?

}1214

Generate a codebook primitive based on the punctured bit sequence,
where tessellation of the codebook primitive forms an optical pattern to
be generated by a DOE of a structured light depth sensing system

FIG. 12



CA 02952420 2016-12-14

PCT/US2015/033531

WO 2015/195309

13/14

ueyned

v0€} S

€L "OId

-

|  P98S-9Y
09s) —/
Y
pess
AjpwwAg SjuIBSu0) uonenpo lojelsusg uonezifenu|
¥o8yD y ¥o8y) ‘ HUS 958ld 1 a0edg < aousnbag < |\
L0E1

osel —/ ovel —/ ogel —/ ozel —/ el

SJUIRIISUOD) PIOMEPOD

€0¢} S

sisjalieled 8po)

cogl l\

00€}



CA 02952420 2016-12-14

WO 2015/195309 PCT/US2015/033531
14/14
1400 “‘
1430
1428 =\ \
Input
Display Device
14227 1442 —~
1426 =\ Display :
1482 ﬂ Controller Memory ] 1432
Structured Light Processor(s) 1 1468
Receiver (e.g.,
Camera) Codeword [}~ 1472
Constraints
1480 j
Structured Light y— 1410
Transmitter
(e.g., projector) GePr?:rZrtri]on Lr— 1470
DOE 190
1434 ™
1436 j
CODEC
Speaker Wireless
Controller
Microphone \
_/ ~— 1440
1438
1444 \ Power
Supply

FIG. 14



101

b3

Transmitter
Hermitian
106 Symmetric DOE | Lens Laser
Optical 195 [T 432 430
Pattern

104




	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - DESCRIPTION
	Page 30 - DESCRIPTION
	Page 31 - DESCRIPTION
	Page 32 - CLAIMS
	Page 33 - CLAIMS
	Page 34 - CLAIMS
	Page 35 - CLAIMS
	Page 36 - CLAIMS
	Page 37 - CLAIMS
	Page 38 - CLAIMS
	Page 39 - CLAIMS
	Page 40 - CLAIMS
	Page 41 - DRAWINGS
	Page 42 - DRAWINGS
	Page 43 - DRAWINGS
	Page 44 - DRAWINGS
	Page 45 - DRAWINGS
	Page 46 - DRAWINGS
	Page 47 - DRAWINGS
	Page 48 - DRAWINGS
	Page 49 - DRAWINGS
	Page 50 - DRAWINGS
	Page 51 - DRAWINGS
	Page 52 - DRAWINGS
	Page 53 - DRAWINGS
	Page 54 - DRAWINGS
	Page 55 - REPRESENTATIVE_DRAWING

