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ABSTRACT

An optical system for collecting distance information within a field is provided.
The optical system may include lenses for collecting photons from a field and may include
lenses for distributing photons to a field. The optical svstem may include lenses that
collimate photons passed by an aperture, optical filters that reject normally incident light
outside of the operating wavelength, and pixels that detect incident photons. The optical
system may further include illumination sources that output photons at an operating

wavelength.
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CLAIMS

What is claimed is:

1. An optical imaging system comprising:

a bulk receiver optic having a focal plane;

an array of pixels; and

an aperture layer disposed between the bulk receiver optic and the array of pixels,
the aperture layer including a plurality of discrete apertures coincident with the focal plane,
wherein the aperture layer and pixel layer are arranged to form a plurality of sense channels
defining a plurality of discrete, non-overlapping fields of view beyond a threshold distance in a
field external to the optical imaging system, each sense channel in the plurality of sense channels
including a pixel from the array of pixels and an aperture from the plurality of apertures that
defines the field of view for its respective pixel, and wherein a sensing area of each pixel in the
plurality of sense channels is larger than an area of its corresponding aperture in the plurality of

apertures.

2, The optical imaging system of claim 1 wherein each pixel in the array of

pixels comprises a plurality of subpixels distributed across its sensing area.

3, The optical imaging system of claim 2 wherein the plurality of subpixels

in each pixel is a plurality of SPADs.

4. The optical imaging system of claim 1 further comprising, within each
channel in the plurality of sense channels, an optical filter disposed between the bulk receiving
optic and the array of pixels, the optical filter configured to receive light passed through the bulk

receiving optic and pass a narrow band of radiation while blocking radiation outside the band.

2 The optical imaging system of claim 1 further comprising:
a bulk transmitter optic; and
an illumination source comprising a plurality of lasers corresponding in number to

the plurality of sense channels, each laser in the plurality of lasers configured to project a
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discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the

bulk receiver optic and a corresponding aperture in the plurality of sense channels.

6. The optical imaging system of claim S wherein each laser in the plurality
of lasers is a VCSEL.

7. The optical imaging system of claim 5 wherein a diameter of each discrete
beam projected from the illumination source is substantially similar to a cross-section of the field

of view of its respective channel at various distances from the bulk imaging optic.

8. The optical imaging system of claim 5 further comprising, within each
channel in the plurality of sense channels, an optical filter disposed between the bulk receiving
optic and the array of pixels, the optical filter configured to receive light passed through the bulk
receiving optic and pass a narrow band of radiation that includes the operating wavelength of the

plurality of lasers to the plurality of pixels while blocking radiation outside the band.

9. The optical imaging system of claim 8 further comprising, within each
channel in the plurality of sense channels, a diffuser disposed within the channel between the

aperture and the pixel.

10.  The optical imaging system of claim 5 wherein each laser in the plurality
of lasers is a VCSEL, each pixel in the array of pixels comprises a plurality of SPADs and an
optical filter is disposed between the bulk receiving optic and the array of pixels, the optical filter
configured to receive light passed through the bulk receiving optic and pass a narrow band of
radiation that includes the operating wavelength of the plurality of VCSELSs to the array of pixels

while blocking radiation outside the band.

1. The optical imaging system of claim 1 further comprising a plurality of
lenses, wherein each channel in the plurality of channels includes a lens from the plurality of

lenses disposed between the aperture of the channel and its corresponding pixel.

12, The optical imaging system of claim 1 wherein adjacent apertures in the

aperture layer are offset by an aperture pitch distance greater than a diameter of each aperture.
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13. An optical imaging system comprising:

a bulk receiver optic having a focal plane;

an array of pixels of substantially uniform sensing area, each pixel in the array of
pixels including a plurality of subpixels distributed across its sensing area; and

an aperture layer disposed between the bulk receiver optic and the array of pixels,
the aperture layer including a plurality of discrete apertures of substantially uniform area formed
coincident with the focal plane and stop regions interposed between adjacent apertures in the
aperture layer, wherein the aperture layer and pixel layer are arranged to form a plurality of sense
channels defining a plurality of discrete, non-overlapping fields of view beyond a threshold
distance in a field external to the optical imaging system, each sense channel in the plurality of
sense channels including an aperture from the plurality of apertures and a pixel from the array of
pixels with the aperture of each channel defining the field of view for its respective pixel, and
wherein the area of the aperture in each channel is smaller than the sensing area of its respective

pixel.

14.  The optical imaging system of claim 13 wherein the plurality of subpixels

in each pixel is a plurality of SPADs.

15.  The optical imaging system of claim 13 further comprising:

a bulk transmitter optic; and

an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the

bulk receiver optic and a corresponding aperture in the plurality of sense channels.

16. The optical imaging system of claim 15 wherein each aperture in the
plurality of discrete apertures defines a field of view in the field coincident a discrete spot output

by a corresponding laser in the plurality of lasers.
17. An optical imaging system comprising:

a bulk receiver optic having a focal plane;
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an optical assembly having a plurality of sense channels defining a plurality of
discrete, non-overlapping fields of view beyond a threshold distance in a field external to the

bulk receiver optic, the optical assembly comprising:
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an array of pixels of substantially uniform sensing area, each pixel in the
array of pixels including a plurality of subpixels distributed across its sensing area;

an aperture layer disposed between the bulk receiver optic and the array of
pixels, the aperture layer including a plurality of discrete apertures of substantially
uniform area formed coincident with the focal plane and stop regions between adjacent
apertures;

a lens layer including a plurality of lenses arranged to receive light passed
through the aperture and pass the received light towards the array of pixels; and

an optical filter layer disposed between the bulk receiving optic and the
array of pixels, the optical filter layer configured to receive light passed through the bulk
receiving optic and pass a narrow band of radiation while blocking radiation outside that
band;

wherein each sense channel in the optical assembly includes a pixel from
the array of pixels, an aperture from the aperture layer that defines the field of view for its
respective pixel and has an area that is smaller than a sensing area of its respective pixel,

a lens from the lens layer and a filter from the optical filter layer.

18. The optical imaging system of claim 17 wherein adjacent apertures in the

aperture layer are offset by an aperture pitch distance greater than a diameter of each aperture

and substantially equal to a pitch between adjacent lenses in the lens layer.

19. The optical imaging system of claim 18 wherein the optical filter layer is
disposed between the lens layer and the array of pixels and wherein each lens is configured to
collimate light rays passed by its respective aperture so that light rays incident on the optical

filter meet the optical filter at an angle of incidence of approximately O degrees.

20.  The optical imaging system of claim 18 further comprising:

a bulk transmitter optic; and
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an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the

bulk receiver optic and a corresponding aperture in the plurality of sense channels.

21. The optical imaging system of claim 20 wherein the plurality of subpixels
in each pixel is a plurality of SPADs and where the plurality of lasers in the illumination source

is a plurality of VCSELs.

22, The optical imaging system of claim 21 wherein each aperture has a

diameter of 200 microns or less.

23.  The optical imaging system of claim 21 wherein each aperture has a
diameter approaching the diffraction-limited diameter for the wavelength of light output by the

plurality of lasers.

24, The optical imaging system of claim 21 wherein each aperture has a
diameter less than the diffraction-limited diameter for the wavelength of light output by the

plurality of lasers.

25, The optical imaging system of claim 21 wherein each aperture has a

diameter matched to a dynamic range of its corresponding pixel.

26. The optical imaging system of claim 21 wherein the stop region
surrounding each aperture blocks light rays reflected from a region of the surface outside the

field of view of its corresponding aperture.
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OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE
CHANNELS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation of U.S. Patent Application No. 15/880.491. filed
January 25, 2018, which is a continuation of U.S. Patent Application No. 15/276,532 (“the
532 application™). filed September 26, 2016: which claims the benefit of U.S. Provisional
Patent Application No. 62/232.222 (“the "222 application™) filed September 24, 2015. The
present application is also related to U.S. Patent Application No. 15/861.330, filed on
January 3, 2018, which is a continuation-in-part of the *532 application. The disclosures of

the “532 and "222 applications are each incorporated by reference herein in their entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] This invention relates generally to the field of optical sensors and more
specifically to a new and useful optical system for collecting distance information in the

field of optical sensors.
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[0003]

[0004]

system.

[0005]

system.
[0006]

system.

[0007]

system.

[0008]

system.

[0009]

system.

[0010]

system.

[0011]

system.

[0012]

system.

[0013]

system.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic representation of a system.

FIG. 2 is a schematic representation in accordance with one variation of the

FIG. 3 is a schematic representation in accordance with one variation of the

FIG. 4 is a schematic representation in accordance with one variation of the

FIG. 5 is a schematic representation in accordance with one variation of the

FIG. 6 is a schematic representation in accordance with one variation of the

FIG. 7 is a schematic representation in accordance with one variation of the

FIG. 8 is a schematic representation in accordance with one variation of the

FIG. 9 is a flowchart representation in accordance with one variation of the

FIG. 10 is a schematic representation in accordance with one variation of the

FIG. 11 is a schematic representation in accordance with one variation of the

372



10

20

25

30

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0014] The following description of embodiments of the invention is not intended to limit
the invention to these embodiments but rather to enable a person skilled in the art to make
and use this invention. Variations, configurations. implementations, example
implementations, and examples described herein are optional and are not exclusive to the
variations, configurations, implementations. example implementations. and examples they
describe. The invention described herein can include any and all permutations of these

variations, configurations, implementations. example implementations. and examples.

1. One-Dimensional Optical Svstem: Aperture Arrav

[0015] As shown in FIG. 1, a one-dimensional optical system 100 for collecting distance
information within a field includes: a set of illumination sources 110 arranged along a first
axis, each illumination source in the set of illumination sources 110 configured to output an
illuminating beam of an operating wavelength toward a discrete spot in the field ahead of
the illumination source; a bulk imaging optic 130 characterized by a focal plane opposite
the field: an aperture layer 140 coincident the focal plane. defining a set of apertures 144 in
a line array parallel to the first axis, and defining a stop region 146 around the set of
apertures 144, each aperture in the set of apertures 144 defining a field of view in the field
coincident a discrete spot output by a corresponding illumination source in the set of
illumination sources 110, the stop region 146 absorbing light rays reflected from surfaces in
the field outside of fields of view defined by the set of apertures 144 and passing through
the bulk imaging optic 130 ; a set of lenses 150, each lens in the set of lenses 150
characterized by a second focal length, offset from the focal plane opposite the bulk
imaging optic 130 by the second focal length, aligned with an aperture in the set of
apertures 144, and configured to collimate light rays passed by the aperture; an optical filter
160 adjacent the set of lenses 150 opposite the aperture layer 140 and configured to pass
light rays at the operating wavelength: a set of pixels 170 adjacent the optical filter 160
opposite the set of lenses 150, each pixel in the set of pixels 170 corresponding to a lens in
the set of lenses 150 and including a set of subpixels arranged along a second axis non-
parallel to the first axis; and a diffuser 180 interposed between the optical filter 160 and the
set of pixels 170 and configured to spread collimated light output from each lens in the set

of lenses 150 across a set of subpixels of a corresponding pixel in the set of pixels 170.
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1.1 Applications

[0016] Generally. the one-dimensional optical system 100 (the “system”) functions as an
image sensor that, when rotated about an axis parallel to a column of apertures, collects
three-dimensional distance data of a volume occupied by the system. Specifically. the one-
dimensional optical system 100 can scan a volume to collect three-dimensional distance
data that can then be reconstructed into a virtual three-dimensional representation of the
volume. such as based on recorded times between transmission of illuminating beams from
the illumination sources and detection of photons — likely originating from the illumination
sources — incident on the set of pixels 170, based on phase-based measurements techniques,
or based on any other suitable distance measurement technique. The system 100 includes: a
column of offset apertures arranged behind a bulk imaging optic 130 and defining discrete
fields of view in a field ahead of the bulk imaging optic 130 (that is non-overlapping fields
of view bevond a threshold distance from the svstem); a set of illumination sources 110 that
project discrete illuminating beams at an operating wavelength into (and substantially only
into) the fields of view defined by the apertures; a column of lenses that collimate light rays
passed by corresponding apertures: and an optical filter 160 that selectively passes a narrow
band of wavelengths of light (i.e., electromagnetic radiation) including the operating
wavelength: and a set of pixels 170 that detect incident photons (e.g., count incident
photons, tracks times between consecutive incident photons). The system can therefore
selectively project illuminating beams into a field ahead of the system according to an
illumination pattern that substantially matches — in size and geometry across a range of
distances from the system — the fields of view of the apertures. In particular. the
illumination sources are configured to illuminate substantially only surfaces in the field
ahead of the system that can be detected by pixels in the system such that minimal power
output by the system (via the illumination sources) is wasted by illuminating surfaces in the
field for which the pixels are blind. The system can therefore achieve a relatively high ratio
of output signal (i.e., illuminating beam power) to input signal (i.e., photons passed to an
incident on the pixel array). Furthermore, the set of lenses 150 can collimate light rays
passed by adjacent apertures such that light rays incident on the optical filter 160 meet the
optical filter 160 at an angle of incidence of approximately 0°, thereby maintaining a
relatively narrow band of wavelengths of light passed by the optical filter 160 and achieving

a relatively high signal-to-noise ratio (“SNR™) for light rays reaching the set of pixels 170.
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[0017] The system includes pixels arranged in a column and aligned with the apertures,
and each pixel can be non-square in geometry (e.g.. short and wide) to extend the sensing
area of the system for a fixed aperture pitch and pixel column height. The system also
includes a diffuser 180 that spreads light rays passed from an aperture through the optical
filter 160 across the area of a corresponding pixel such that the pixel can detect incident

photons across its full width and height thereby increasing the dynamic range of the system.

[0018] The system is described herein as projecting electromagnetic radiation into a field
and detecting electromagnetic radiation reflected from a surface in the field back to bulk
receiver optic. Terms “illumination beam.” “light,” “light rays.” and “photons™ recited
herein refer to such electromagnetic radiation. The term “channel” recited herein refers to
one aperture in the aperture layer 140, a corresponding lens in the set of lenses 150, and a

corresponding pixel in the set of pixels 170.

1.2 Bulk Imaging Optic

[0019] The system includes a bulk imaging optic 130 characterized by a focal plane
opposite the field. Generally, the bulk imaging optic 130 functions to project incident light
rays from outside the system toward the focal plane where light rays incident on a stop
region 146 of the aperture layer 140 are rejected (e.g.. mirrored or absorbed) and where
light rays incident on apertures in the aperture layer 140 are passed into a lens characterized

by a focal length and offset from the focal plane by the focal length.

[0020] In one implementation, the bulk imaging optic 130 includes a converging lens,
such as a bi-convex lens (shown in FIG. 2) or a plano-convex lens. characterized by a
particular focal length at the operating wavelength of the system. The bulk imaging optic
130 can also include multiple discrete lens that cooperate to project light rays toward the
aperture layer 140 and that are characterized by a composite focal plane opposite the field,
as shown in FIG. 11. However, the bulk imaging optic 130 can be any other suitable type of

lens or combination of lenses of any other type or geometry.

1.3 Aperture Laver

[0021] Asshown in FIGS. 1 and 2, the system includes an aperture layer 140 coincident
the focal plane, defining a set of apertures 144 in a line array parallel to the axes of the

illumination sources. and defining a stop region 146 around the set of apertures 144.
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wherein each aperture in the set of apertures 144 defines a field of view in the field
coincident a discrete spot output by a corresponding illumination source in the set of
illumination sources 110, and wherein the stop region 146 absorbs and/or reflects light rays
reflected from surfaces in the field outside of fields of view defined by the set of apertures
144 and passing through the bulk imaging optic 130. Generally, the aperture layer 140
defines an array of open regions (i.e.. apertures, including one aperture per lens) and closed
regions (“'stop regions”) between adjacent opens. Each aperture in the aperture layer 140
defines a “pinhole” that defines a field of view for its corresponding sense channel and
passes light rights reflected from an external surface within its field of the view into its
corresponding lens. and each stop region 146 can block light rays incident on select regions

of the focal plane from passing into the lens array. as shown in FIG. 6.

[0022] The aperture layer 140 includes a relatively thin opaque structure coinciding with
(e.g.. arranged along) the focal plane of the bulk imaging optic 130, as shown in FIGS. 1
and 2. For example, the aperture layer 140 can include a 10 micrometer-thick copper. silver,
or nickel film deposited (e.g.. plated) over a photocurable transparent polymer and then
selectively etched to form the array of apertures. In a similar example, a reflective metalized
layer or alight-absorbing photopolymer (e.g.. a photopolymer mixed with a light absorbing
dye) can be deposited onto a glass wafer and selectively cured with a photomask to form the
aperture layer 140 and the set of apertures 144. Alternatively, the aperture layer 140 can
include a discrete metallic film that is mechanically or chemically perforated to form the
array of apertures, bonded to the lens array, and then installed over the bulk imaging optic
130 along the focal plane. However, the aperture layer 140 can include any other reflective
(e.g.. mirrored) or light-absorbing material formed in any other way to define the array of

apertures along the focal plane of the bulk imaging optic 130.

[0023] In the one-dimensional optical system 100, the aperture laver 140 can define a
single column of multiple discrete circular apertures of substantially uniform diameter.
wherein each aperture defines an axis substantially parallel to and aligned with one lens in
the lens array. as shown in FIG. 3. Adjacent apertures are offset by an aperture pitch
distance greater than the aperture diameter and substantially similar to the lens pitch
distance, and the aperture layer 140 defines a stop region 146 (i.e.. an opaque or reflecting
region) between adjacent apertures such that the apertures define discrete, non-overlapping

fields of view for their corresponding sense channels. At increasingly smaller diameters up
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to a diffraction-limited diameter — which is a function of wavelength of incident light and
numeric aperture of the bulk imaging lens — an aperture defines a narrower field of view
(i.e.. a field of view of smaller diameter) and passes a sharper but lower-intensity
(attenuated) signal from the bulk imaging optic 130 into its corresponding lens. The
aperture layer 140 can therefore define apertures of diameter: greater than the diffraction-
limited diameter for the wavelength of light output by the illumination sources (e.g., 900
nm); substantially greater than the thickness of the aperture layer 140; and less than the
aperture pitch distance, which is substantially equivalent to the lens pitch distance and the
pixel pitch distance. In one example, aperture laver 140 can define apertures of diameters
approaching the diffraction-limited diameter to maximize geometrical selectivity of the field
of view of each sense channel. Alternatively, the apertures can be of diameter less that the
diffraction-limited diameter for the wavelength of light output by the illumination sources.
In one example. the aperture layer 140 can define apertures of diameters matched to a
power output of illumination sources in the system and to a number and photon detection
capacity of subpixel photodetectors in each pixel in the set of pixels 170 to achieve a target
number of photons incident on each pixel within each sampling period. In this example,
each aperture can define a particular diameter that achieves target attenuation range for
pixels originating from a corresponding illumination source and incident on the bulk
imaging optic 130 during a sampling period. In particular, because an aperture in the
aperture layer 140 attenuates a signal passed to its corresponding lens and on to its
corresponding pixel. the diameter of the aperture can be matched to the dvnamic range of its

corresponding pixel.

[0024] In one implementation, a first aperture 141 in the aperture layer 140 passes light
rays — reflected from a discrete region of a surface in the field (the field of view of the sense
channel) ahead of the bulk imaging optic 130 — into its corresponding lens: a stop region
146 interposed between the first aperture 141 and adjacent apertures in the aperture layer
140 blocks light rays — reflected from a region of the surface outside of the field of view of
the first aperture 141 — from passing into the lens corresponding to the first aperture 141. In
the one-dimensional optical system 100, the aperture layer 140 therefore defines a column
of apertures that define multiple discrete, non-overlapping fields of view of substantially

infinite depth of field, as shown in FIG. 2.
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[0025] In this implementation, a first aperture 141 in the aperture layer 140 defines a field
of view that is distinct and that does not intersect a field of view defined by another aperture
in the aperture layer 140, as shown in FIG. 2. The set of illumination sources 110 includes a
first illumination source 111 paired with the first aperture 141 and configured to project an
illuminating beam substantially aligned with (i.e.. overlapping) the field of view of the first
aperture 141 in the field ahead of the bulk imaging optic 130. Furthermore, the first
illumination source 111 and a bulk transmitting optic 120 can cooperate to project an
illuminating beam of a cross-section substantially similar to (and slightly larger than) the
cross section of the field of view of the first aperture 141 as various distances from the bulk
imaging optic 130. Therefore light output by the first illumination source 111 — paired with
the first aperture 141 — and projected into the field of view of the first aperture 141 can

remain substantially outside the fields of view of other apertures in the aperture layer 140.

[0026] Generally. photons projected into the field by the first illumination source 111
illuminate a particular region of a surface (or multiple surfaces) in the field within the field
of view of the first sense channel and are reflected (e.g.. scattered) by the surface(s); at least
some of these photons reflected by the particular region of a surface may reach the bulk
imaging optic 130, which directs these photons toward the focal plane. Because these
photons were reflected by a region of a surface within the field of view of the first aperture
141, the bulk imaging optic 130 may project these photons into the first aperture 141, and
the first aperture 141 may pass these photons into the first lens 151 (or a subset of these
photons incident at an angle relative to the axis of the first aperture 141 below a threshold
angle). However, because a second aperture 142 in the aperture layer 140 is offset from the
first aperture 141 and because the particular region of the surface in the field illuminated via
the first illumination source 111 does not (substantially) coincide with the field of view of
the second aperture 142, photons reflected by the particular region of the surface and
reaching the bulk imaging optic 130 are projected into the second aperture 142 and passed
to a second lens 152 behind the second aperture 142, and vice versa, as shown in FIG. 2.
Furthermore. a stop region 146 between the first and second apertures 142 can block
photons directed toward the focal plane between the first and second apertures 142 reflected
by the bulk imaging optic 130. thereby reducing crosstalk between the first and second

sense channels.
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[0027] For a first aperture 141 in the aperture layer 140 paired with a first illumination
source 111 in the set of illumination sources 110, the first aperture 141 in the aperture layer
140 defines a first field of view and passes — into the first lens 151 — incident light rays
originating at or reflected from a surface in the field coinciding with the first field of view.
Because the first illumination source 111 projects an illuminating beam that is substantially
coincident (and substantially the same size as or minimally larger than) the field of view
defined by the first aperture 141 (as shown in FIG. 4), a signal passed into the first lens 151
by the first aperture 141 in the aperture layer 140 can exhibit a relatively high ratio of light
rays originating from the first illumination source 111 to light rays originating from other
illumination sources in the system. Generally. because various illumination sources in the
syvstem may output illuminating beams at different frequencies, duty cycles. and/or power
levels. etc. at a particular time during operation, light rays passed from the bulk imaging
optic 130 into a first pixel 171 in the set of pixels 170 but originating from an illumination
source other than the first illumination source 111 paired with the first pixel 171 constitute
noise at the first pixel 171. Though the relatively small diameters of apertures in the
aperture layer 140 may attenuate a total light signal passed from the bulk imaging optic 130
into the set of lenses 150, each aperture in the aperture layer 140 may pass a relatively high
proportion of photons originating from its corresponding illumination source than from
other illumination sources in the system: that is, due to the geometry of a particular aperture
and its corresponding illumination source. a particular aperture may pass a signal exhibiting
a relatively high SNR to its corresponding lens and thus into its corresponding pixel.
Furthermore, at smaller aperture diameters in the aperture layer 140 — and therefore smaller
fields of view of corresponding channels — the system can pass less noise from solar

radiation or other ambient light sources to the set of pixels 170.

[0028] In one variation, the system includes a second aperture layer interposed between
the lens array and the optical filter 160, wherein the second aperture layer defines a second
set of apertures 144, each aligned with a corresponding lens in the set of lenses 150, as
described above. In this variation, an aperture in the second aperture layer 140 can absorb or
reflect errant light rays passed by a corresponding lens, as described above. to further
reduce crosstalk between channels, thereby improving SNR within the system. Similarly.
the system can additionally or alternatively include a third aperture layer interposed

between the optical filter 160 and the diffuser(s) 180, wherein the third aperture layer
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defines a third set of apertures 144, each aligned with a corresponding lens in the set of
lenses 150, as described above. In this variation, an aperture in the third aperture layer can
absorb or reflect errant light rays passed by the light filter. as described above, to again

reduce crosstalk between channels. thereby improving SNR within the system.

1.4 Lens Array

[0029] The system includes a set of lenses 150, wherein each lens in the set of lenses 150
1s characterized by a second focal length. is offset from the focal plane opposite the bulk
imaging optic 130 by the second focal length, is aligned with a corresponding aperture in
the set of apertures 144, and is configured to collimate light rays passed by the
corresponding aperture. Generally. a lens in the set of lenses 150 functions to collimate
lights ravs passed by its corresponding aperture and to pass these collimated light rays into

the optical filter 160.

[0030] In the one-dimensional optical system 100, the lenses are arranged in a single
column. and adjacent lenses are offset by a uniform lens pitch distance (i.e.. a center-to-
center-distance between adjacent pixels), as shown in FIG. 3. The set of lenses 150 is
interposed between the aperture layer and the optical filter 160. In particular, each lens can
include a converging lens characterized by a second focal length and can be offset from the
focal plane of the bulk imaging optic 130 — opposite the bulk imaging optic 130 — by the
second focal length to preserve the aperture of the bulk imaging optic 130 and to collimate
light incident on the bulk imaging optic 130 and passed by a corresponding aperture. Each
lens in the set of lens can be characterized by a relatively short focal length (i.e.. less than a
focal length of the bulk imaging optic 130) and a relatively large marginal rav angle (e.g.. a
relatively high numeric aperture lens) such that the lens can capture highly-angled light rays
projected toward the lens by the extent of the bulk imaging optic 130. That is, each lens in
the set of lens can be characterized by a ray cone substantially matched to a ray cone of the

bulk imaging optic 130.

[0031] Lenses in the set of lenses 150 can be substantially similar. A lens in the set of
lenses 150 1s configured to collimate light rays focused into its corresponding aperture by
the bulk imaging optic 130. For example, a lens in the set of lenses 150 can include a bi-
convex or plano-convex lens characterized by a focal length selected based on the size (e.g.,

diameter) of its corresponding aperture and the operating wavelength of the system. In this
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example. the focal length (f) of a lens in the set of lenses 150 can be calculated according to
the formula:
d2

F=%
where d 1s the diameter of the corresponding aperture in the aperture layer and A is the
operating wavelength of light output by the illumination source (e.g.. 900 nm). The
geometry of a lens in the set of lenses 150 can therefore be matched to the geometry of a
corresponding aperture in the aperture laver such that the lens passes a substantially sharp

image of light rays — at or near the operating wavelength — into the optical filter 160 and

thus on to the pixel array.

[0032] However. the set of lenses 150 can include lenses of any other geometry and

arranged in any other way adjacent the aperture layer.

1.5 Optical Filter

[0033] Asshown in FIG. 3. the system includes an optical filter 160 adjacent the set of
lenses 150 opposite the aperture layer and configured to pass light rays at the operating
wavelength. Generally, the optical filter 160 receives electromagnetic radiation across a
spectrum from the set of lenses 150, passes a relatively narrow band of electromagnetic
radiation — including radiation at the operating wavelength — to the pixel array. and blocks
electromagnetic radiation outside of the band. In particular, electromagnetic radiation other
than electromagnetic radiation output by the illumination source — such as ambient light —
incident on a pixel in the set of pixels 170 constitutes noise in the system. The optical filter
160 therefore functions to reject electromagnetic radiation outside of the operating
wavelength or, more pragmatically, outside of a narrow wavelength band, thereby reducing

noise in the system and increasing SNR.

[0034] In one implementation, the optical filter 160 includes an optical bandpass filter
that passes a narrow band of electromagnetic radiation substantially centered at the
operating wavelength of the system. In one example, the illumination sources output light
(predominantly) at an operating wavelength of 900 nm, and the optical filter 160 is
configured to pass light between 899.95 nm and 900.05 nm and to block light outside of this
band.

12
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[0035] The optical filter 160 may selectively pass and reject wavelengths of light as a
function of angle of incidence on the optical filter 160. Generally. optical bandpass filters
may pass wavelengths of light inversely proportional to their angle of incidence on the light
optical bandpass filter. For example, for an optical filter 160 including a 0.5 nm-wide
optical bandpass filter. the optical filter 160 may pass over 95% of electromagnetic
radiation over a sharp band from 899.75 nm to 900.25 nm and reject approximately 100% of
electromagnetic radiation below 899.70 nm and above 900.30 nm for light rays incident on
the optical filter 160 at an angle of incidence of approximately 0°. However, in this
example, the optical filter 160 mayv pass over 95% of electromagnetic radiation over a
narrow band from 899.5 nm to 900.00 nm and reject approximately 100% of
electromagnetic radiation over a much wider band below 899.50 nm and above 900.30 nm
for light rays incident on the optical filter 160 at an angle of incidence of approximately

15°, Therefore, the incidence plane of the optical filter 160 can be substantially normal to
the axes of the lenses, and the set of lenses 150 can collimate light rays received through a
corresponding aperture and output these light rays substantially normal to the incidence
plane of the optical filter 160 (i.e.. at an angle of incidence of approximately 0° on the
optical filter). Specifically. the set of lenses 150 can output light rays toward the optical
filter 160 at angles of incidence approximating 0° such that substantially all electromagnetic
radiation passed by the optical filter 160 is at or very near the operating wavelength of the

system.

[0036] In the one-dimensional optical system 100, the system can include a single optical
filter 160 that spans the column of lens in the set of lenses 150. Alternatively, the system
can include multiple optical filters 160, each adjacent a single lens or a subset of lenses in
the set of lenses 150. However, the optical filter 160 can define any other geometry and can

function in any other way to pass only a limited band of wavelengths of light.

1.6 Pixel Arrav and Diffuser

[0037] The system includes a set of pixels 170 adjacent the optical filter 160 opposite the
set of lenses 150, each pixel in the set of pixels 170 corresponding to a lens in the set of
lenses 150 and including a set of subpixels arranged along a second axis non-parallel to the
first axis. Generally, the set of pixels 170 are offset from the optical filter 160 opposite the
set of lenses 150, and each pixel in the set of pixels 170 functions to output a single signal

or stream of signals corresponding to the count of photons incident on the pixel within one
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or more sampling periods. wherein each sampling period may be picoseconds. nanoseconds.

microseconds. or milliseconds in duration.

[0038] The system also includes a diffuser 180 interposed between the optical filter 160
and the set of pixels 170 and configured to spread collimated light output from each lens in
the set of lenses 150 across a set of subpixels of a single corresponding pixel in the set of
pixels 170. Generally, for each lens in the set of lenses 150, the diffuser 180 functions to
spread light rays — previously collimated by the lens and passed by the optical filter 160 —
across the width and height of a sensing area within a corresponding pixel. The diffuser 180
can define a single optic element spanning the set of lenses 150, or the diffuser 180 can
include multiple discrete optical elements. such as including one optical diffuser element

aligned with each channel in the system.

[0039] In one implementation, a first pixel 171 in the set of pixels 170 includes an array
of single-photon avalanche diode detectors (hereinafter “SPADs™), and the diffuser 180
spreads lights rays — previously passed by a corresponding first aperture 141, collimated by
a corresponding first lens 151, and passed by the optical filter 160 — across the area of the
first pixel 171, as shown in FIGS. 3. 5. and 6. Generally. adjacent apertures can be aligned
and offset vertically by an aperture pitch distance. adjacent lenses can be aligned and offset
vertically by a lens pitch distance substantially identical to the aperture pitch distance, and
adjacent pixels can be aligned and offset vertically by a pixel pitch distance substantially
identical to the lens and aperture pitch distances. However, the pixel pitch distance may
accommodate only a relatively small number of (e.g.. two) vertically-stacked SPADs. Each
pixel in the set of pixels 170 can therefore define an aspect ratio greater than 1:1. and the
diffuser 180 can spread light rays passed by the optical filter 160 according to the geometry

of a corresponding pixel in order to accommodate a larger sensing area per pixel.

[0040] In one example, each pixel in the set of pixels 170 is arranged on an image sensor,
and a first pixel 171 in the set of pixels 170 includes a single row of 16 SPADs spaced
along a lateral axis perpendicular to a vertical axis bisecting the column of apertures and
lenses. In this example, the height of a single SPAD in the first pixel 171 can be less than
the height (e.g.. diameter) of the first lens 151, but the total length of the 16 SPADs can be
greater than the width (e.g., diameter) of the first lens 151: the diffuser 180 can therefore
converge light rays output from the first lens 151 to a height corresponding to the height of

a SPAD at the plane of the first pixel 171 and can diverge light rays output from the first
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lens 151 to a width corresponding to the width of the 16 SPADs at the plane of the first
pixel 171, In this example, the remaining pixels in the set of pixels 170 can include similar
rows of SPADs. and the diffuser 180 can similarly converge and diverge light rays passed

by corresponding apertures onto corresponding pixels.

[0041] In the foregoing example. the aperture layer can include a column of 16 like
apertures, the set of lenses 150 can include a column of 16 like lenses arranged behind the
aperture layer. and the set of pixels 170 can include a set of 16 like pixels — each including a
similar arrav of SPADs — arranged behind the set of lenses 150. For a 6.4 mm-wide, 6.4
mm-tall image sensor, each pixel can include a single row of 16 SPADs, wherein each
SPAD is electrically coupled to a remote analog front-end processing electronics/digital
processing electronics circuit 240. Each SPAD can be arranged in a 400 pm-wide. 400 pum-
tall SPAD area and can define an active sensing area approaching 400 pm in diameter.
Adjacent SPADs can be offset by a SPAD pitch distance of 400 um. In this example, the
aperture pitch distance along the vertical column of apertures, the lens pitch distance along
the vertical column of lenses. and the pixel pitch distance along the vertical column of
pixels can each be approximately 400 um accordingly. For the first sense channel in the
system (i.e.. the first aperture 141, the first lens 151, and the first pixel 171, etc.), a first
diffuser 180 can diverge a cvlindrical column of light rays passed from the first lens 151
through the optical filter 160 — such as a column of light approximately 100 um in diameter
for an aperture layer aspect ratio of 1:4 — to a height of approximately 400 pm aligned
vertically with the row of SPADs in the first pixel 171. The first diffuser can similarly
diverge the cylindrical column of light rays passed from the first lens 151 through the
optical filter 160 to a width of approximately 6.4 um centered horizontally across the row of
SPADs in the first pixel 171. Other diffusers 180 in the system can similarly diverge (or
converge) collimated light passed by corresponding lenses across corresponding pixels in
the set of pixels 170. Therefore. in this example, by connecting each SPAD (or each pixel)
to a remote analog front-end processing electronics/digital processing electronics circuit 240
and by incorporating diffusers 180 that spread light passed by the optical filter 160 across
the breadths and heights of corresponding pixels, the system can achieve a relatively high

sensing area fill factor across the imaging sensor.

[0042] Therefore. in the one-dimensional optical system 100, pixels in the set of pixels

170 can include an array of multiple SPADS arranged in aspect ratio exceeding 1:1, and the
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diffuser 180 can spread light rays across corresponding non-square pixels that enables a
relatively large numbers of SPADs to be tiled across a single pixel to achieve a greater
dynamic range across the image sensor than an image sensor with a single SPAD per pixel,
as shown in FIG. 3. In particular, by incorporating multiple SPADs per pixel (i.e.. per sense
channel), a first sense channel in the system can detect multiple incident photons —
originating from a surface in the field bound by a field of view defined by the first aperture
141 — within the span of the dead time characteristic of the SPADs. The first sense channel
can therefore detect a “brighter” surface in its field of view. Additionally or alternatively,
the first pixel 171 in the first sense channel can be sampled (aster than the dead time
characteristic of SPADs in the first pixel 171 because, though a first subset of SPADs in the
first pixel 171 may be down (or “dead™) during a first sampling period due to collection of
incident photons during the first sampling period, other SPADs in the first pixel 171 remain
on (or “alive™) and can therefore collect incident photons during a subsequent sampling
period. Furthermore, by incorporating pixels characterized by relatively high aspect ratios of
photodetectors, the image sensor can include pixels offset by a relatively small pixel pitch,

but the system 100 can still achieve a relatively high dynamic range pixel.

[0043] However, pixels in the set of pixels 170 can include any other number of SPADs
arranged in any other arrays, such as in a 64-by-1 grid array (as described above), in a 32-
by-2 grid array, or in a 16-by-4 grid array. and the diffuser 180 can converge and/or diverge
collimated light rays onto corresponding pixels accordingly in any other suitable way.
Furthermore, rather than (or in addition to) SPADs. each pixel in the set of pixels 170 can
include one or more linear avalanche photodiodes, Geiger mode avalanche photodiodes.
photomultipliers, resonant cavity photodiodes, QUANTUM DOT detectors, or other tvpes
of photodetectors arranged as described above, and the diffuser(s) 180 can similarly
converge and diverge signals passed by the optical filter(s) 160 across corresponding pixels.

as described herein.

1.7 Illumination Sources

[0044] The system includes a set of illumination sources 110 arranged along a first axis.
each illumination source in the set of illumination sources 110 configured to output an
illuminating beam of an operating wavelength toward a discrete spot in a field ahead of the

illumination source. Generally. each illumination source functions to output an illuminating
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beam coincident a field of view defined by a corresponding aperture in the set of apertures
144, as shown in FIGS. 1 and 2.

[0045] In one implementation, the set of illumination sources 110 includes a bulk
transmitter optic and one discrete emitter per sense channel. For example, the set of
illumination sources 110 can include a monolithic VCSEL arrays including a set of discrete
emitters. In this implementation, the bulk transmitter optic can be substantially identical to
the bulk imaging optic 130 in material. geometry (e.g.. focal length), thermal isolation, etc..
and the bulk transmitter optic is adjacent and offset laterally and/or vertically from the bulk
imaging optic 130. In a first example, set of illumination sources 110 includes a laser array
including discrete emitters arranged in a column with adjacent emitters offset by an emitter
pitch distance substantially identical to the aperture pitch distance. In this first example,
each emitter outputs an illuminating beam of diameter substantially identical to or slightly
greater than the diameter of a corresponding aperture in the apertures layer, and the column
of emitters is arranged along the focal plane of the bulk transmitter optic such that each
illuminating beam projected from the bulk transmitter optic into the field intersects and is of
substantially the same size and geometry as the field of view of the corresponding sense
channel. as shown in FIG. 4. Therefore. substantially all power output by each emitter in the
set of illumination sources 110 can be projected into the field of view of its corresponding
sense channel with relatively minimal power wasted illuminating surfaces in the field

outside of the fields of view of the sense channels.

[0046] In asecond example, the discrete emitters are similarly arranged in a column with
adjacent emitters offset by an emitter pitch distance twice the aperture pitch distance. as
shown in FIG. 2. In this second example, each emitter is characterized by an illuminating
active area (or aperture) of diameter approximately (or slightly greater than) twice the
diameter of a corresponding aperture in the apertures layer, and the column of emitters is
offset behind the bulk transmitter optic by twice the focal length of the bulk transmitter
optic such that each illuminating beam projected from the bulk transmitter optic into the
field intersects and is of substantially the same size and geometry as the field of view of the
corresponding sense channel, as described above. Furthermore, for the same illumination
beam power density, an illuminating beam output by an emitter in this second example may
contain four times the power of an illuminating beam output by an emitter in the first

example described above. The system can therefore include a set of emitter arranged
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according to an emitter pitch distance, configured to output illuminating beams of diameter.
and offset behind the bulk transmitter optic by an offset distance as a function of a scale
factor (e.g., 2.0 or 3.0) and 1) the aperture pitch distance in the aperture layer, 2) the
diameter of apertures in the aperture layer, and 3) the focal length of bulk transmitter optic,
respectively. The system can therefore include an illuminating subsystem that is
proportionally larger than a corresponding receiver subsystem to achieve greater total output
illumination power within the same beam angles and fields of view of corresponding

channels in the receiver subsystem.

[0047] The system can also include multiple discrete sets of illumination sources, each set
of illumination sources 110 paired with a discrete bulk transmitter optic adjacent the bulk
imaging optic 130. For example, the system can include a first bulk transmitter optic. a
second bulk transmitter optic. and a third bulk transmitter optic patterned radially about the
bulk imaging optic 130 at a uniform radial distance from the center of the bulk imaging
optic 130 and spaced apart by an angular distance of 120°. In this example, the system can
include a laser array with one emitter — as described above — behind each of the first,
second, and third bulk transmitter optics. Each discrete laser array and its corresponding
bulk transmitter optic can thus project a set of illuminating beams into the fields of view of
defined by corresponding in the apertures in the aperture layer. Therefore, in this example.
the three discrete laser arravs and the three corresponding bulk transmitter optics can
cooperate to project three times the power onto the fields of view of the sense channels in
the system. as compared to a single laser array and one bulk transmitter optic. Additionally
or alternatively, the system can include multiple discrete layer arrays and bulk transmitter
optics to both: 1) achieve a target illumination power output into the field of view of each
sensing channel in the receiver subsystem with multiple lower-power emitters per sensing
channel: and 2) distribute optical energy over a larger area in the near-field to achieve an
optical energy density less than a threshold allowable optical energy density for the human

eye.

|0048] However, the system can include any other number and configuration of
illumination source sets and bulk transmitter optics configured to illuminate fields of view
defined by the sense channels. The set of illumination sources 110 can also include any

other suitable type of optical transmitter, such as a 1x16 optical splitter powered by a single
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laser diode. a side-emitting laser diode array, an LED array. or a quantum dot LED array,

elc.

1.8 Fabrication

[0049] In one implementation, the bulk receiver lens, the aperture layer, the set of lenses
150, the optical filter 160, and the diffuser 180 are fabricated and then aligned with and
mounted onto an image sensor. For example. the optical filter 160 can be fabricated by
coating a fused silica substrate. Photoactive optical polymer can then be deposited over the
optical filter 160, and a lens mold can be placed over the photoactive optical polvmer and a
UV light source activated to cure the photoactive optical polymer in the form of lenses
patterned across the optical filter 160. Standoffs can be similarly molded or formed across
the optical filter 160 via photolithography techniques. and an aperture layer defined by a
selectively-cured, metallized glass wafer can then be bonded or otherwise mounted to the
standoffs to form the aperture layer. The assembly can then be inverted, and a set of discrete
diffusers and standoffs can be similarly fabricated across the opposite side of the optical
filter 160. A discrete image sensor can then be aligned with and bonded to the standofTs,

and a bulk imaging optic 130 can be similarly mounted over the aperture layer.

[0050] Alternatively. photolithography and wafer level bonding techniques can be
implemented to fabricate the bulk imaging optics. the aperture layer. the set of lenses 150,
the optical filter 160, and the diffuser 180 directly on to the un-diced semiconductor wafer
containing the detector chips in order to simplify manufacturing, reduce cost. and reduce

optical stack height for decreased pixel crosstalk.

2. One-Dimensional Optical Svstem: Lens Tube

[0051] One variation of the system includes: a set of illumination sources 110 arranged
along a first axis, each illumination source in the set of illumination sources 110 configured
to output an illuminating beam of an operating wavelength toward a discrete spot in a field
ahead of the illumination source; a bulk imaging optic 130 characterized by a focal plane
opposite the field: a set of lens tubes 210 arranged in a line array parallel to the first axis,
each lens tube in the set of lens tubes 210 including: a lens characterized by a focal length.
offset from the focal plane by the focal length. and configured to collimate light rays
reflected into the bulk imaging optic 130 from a discrete spot in the field illuminated by a

corresponding illumination source in the set of optics into the bulk imaging optic 130; and a
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cylindrical wall 218 extending from the lens opposite the focal plane, defining a long axis
substantially perpendicular to the first axis. and configured to absorb incident light rays
reflected into the bulk imaging optic 130 from a region in the field outside the discrete spot
illuminated by the corresponding illumination source. In this variation, the system also
includes: an optical filter 160 adjacent the set of lens tubes 210 opposite the focal plane and
configured to pass light rays at the operating wavelength: a set of pixels 170 adjacent the
optical filter 160 opposite the set of lenses 150. each pixel in the set of pixels 170
corresponding to a lens in the set of lenses 150 and including a set of subpixels aligned
along a third axis perpendicular to the first axis; and a diffuser 180 interposed between the
optical filter 160 and the set of pixels 170 and configured to spread collimated light output
from each lens in the set of lenses 150 across a set of subpixels of a corresponding pixel in

the set of pixels 170.

[0052]  Generally. in this variation. the system includes a lens tube in replacement of (or
in addition to) each aperture and lens pair described above. In this variation, each lens tube
can be characterized by a second (short) focal length and can be offset from the focal plane
of the bulk imaging optic 130 by the second focal length to preserve the aperture of the bulk
imaging optic 130 and to collimate incident light received from the bulk imaging optic 130,

as described above and as shown in FIGS. 5 and 7.

|0053] Each lens tube also defines an opaque cylindrical wall 218 defining an axis normal
to the incidence plane of the adjacent optical filter 160 and configured to absorb incident
light rays, as shown in FIG. 5. Generally, at greater axial lengths. the cylindrical wall 218 of
a lens tube may absorb light rays passing through the lens tube at shallower angles to the
axis of the lens tube, thereby reducing the field of view of the lens tube (which may be
similar to decreasing the diameter of an aperture in the aperture laver up to the diffraction-
limited diameter. as described above) and yielding an output signal of collimated light rays
nearer to perpendicular to the incidence plane of the optical filter 160. Each lens tube can
therefore define an elongated cylindrical wall 218 of length sufficient to achieve a target
field of view and to pass collimated light rays at maximum angles to the axis of the lens
tube less than a threshold angle. In this variation. a lens tube can thus function as an
aperture-sense pair described above to define a narrow field of view and to output

substantially collimated light to the adjacent optical filter 160.
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[0054] The cylindrical wall 218 of a lens tube can define a coarse or pattemed opaque
interface about a transparent (or translucent) lens material, as shown in FIG. 5. to increase
absorption and decrease reflection of light rays incident on the cylindrical wall 218. Each

lens tube (and each lens described above) can also be coated with an anti-reflective coating.

[0055] As shown in FIG. 9. in this variation, the set of lens tubes 210 can be fabricated by
implementing photolithography techniques to pattern a photoactive optical polymer (e.g.,
SUB8) onto the optical filter 160 (e.g.. on a silicon wafer defining the optical filter). A light-
absorbing polvmer can then be poured between the lens tubes and cured. A set of lenses 150
can then be fabricated (e.g.. molded) separately and then bonded over the lens tubes.
Alternatively. lenses can be fabricated directly onto the lens tubes by photolithography
techniques. Yet alternatively, a mold for lenses can be cast directly onto the lens tubes by
injecting polymer into a mold arranged over the lens tubes. A singular diffuser 180 or
multiple discrete diffusers 180 can be similarly fabricated and/or assembled on the optical
filter 160 opposite the lens tubes. Standoffs extending from the optical filter 160 can be
similarly fabricated or installed around the diffuser(s) 180, and the image sensor can be
aligned with and bonded to the standoffs opposite the optical filter 160. Other optical
elements within the system (e.g.. the bulk imaging lens, the bulk transmitting lens, etc.) can

be fabricated according to similar techniques and with similar materials.

3. Two-Dimensional Optical System

[0056] Another variation of the system includes: a set of illumination sources 110
arranged in a first rectilinear grid array, each illumination source in the set of illumination
sources 110 configured to output an illuminating beam of an operating wavelength toward a
discrete spot in a field ahead of the illumination source: a bulk imaging optic 130
characterized by a focal plane opposite the field: an aperture layer coincident the focal
plane. defining a set of apertures 144 in a second rectilinear grid array proportional to the
first rectilinear grid array. and defining a stop region 146 around the set of apertures 144,
each aperture in the set of apertures 144 defining a field of view in the field coincident a
discrete spot output by a corresponding illumination source in the set of illumination
sources 110, the stop region 146 absorbing light rays reflected from surfaces in the field
outside of fields of view defined by the set of apertures 144 and passing through the bulk
imaging optic 130: a set of lenses 150, each lens in the set of lenses 150 characterized by a

second focal length, offset from the focal plane opposite the bulk imaging optic 130 by the
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second focal length, aligned with an aperture in the set of apertures 144. and configured to
collimate light rays passed by the aperture: an optical filter 160 adjacent the set of lenses
150 opposite the aperture layer and configured to pass light rays at the operating
wavelength: a set of pixels 170 adjacent the optical filter 160 opposite the set of lenses 150,
each pixel in the set of pixels 170 aligned with a subset of lenses in the set of lenses 150;
and a diffuser 180 interposed between the optical filter 160 and the set of pixels 170 and
configured to spread collimated light output from each lens in the set of lenses 150 across a

corresponding pixel in the set of pixels 170.

[0057] Generally, in this variation. the system includes a two-dimensional grid array of
channels (i.e.. aperture. lens. and pixel sets or lens tube and pixel sets) and is configured to
image a volume occupied by the system in two dimensions. The system can collect one-
dimensional distance data — such as counts of incident photons within a sampling period
and/or times between consecutive photons incident on pixels of known position
corresponding to known fields of view in the field — across a two-dimensional field. The
one-dimensional distance data can then be merged with known positions of the fields of
view for each channel in the system to reconstruct a virtual three-dimensional representation
of the field ahead of the system.

[0058] In this variation, the aperture layer can define a grid array of apertures, the set of
lenses 150 can be arranged in a similar grid array with one lens aligned with one aperture in
the aperture laver, and the set of pixels 170 can include one pixel per aperture and lens pair.
as described above. For example, the aperture layer can define a 24-by-24 grid array of 200-
pm-diameter apertures offset vertically and laterally by an aperture pitch distance of 300
um, and the set of lenses 150 can similarly define a 24-by-24 grid array of lenses offset
vertically and laterally by a lens pitch distance of 300 pm. In this example, the set of pixels
170 can include a 24-by-24 grid array of 300-um-square pixels. wherein each pixel includes

a 3x3 square array of nine 100-um-square SPADs.

[0059] Alternatively. in this variation, the set of pixels 170 can include one pixel per
group of multiple aperture and lens pairs. In the foregoing example, the set of pixels 170
can alternatively include a 12-by-12 grid array of 600-pum-square pixels. wherein each pixel
includes a 6x6 square array of 36 100-um-square SPADs and wherein each pixel is aligned
with a group of four adjacent lenses in a square grid. In this example, for each group of four

adjacent lenses. the diffuser 180: can bias collimated light rays output from a lens in the
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(1,1) position in the square grid upward and to the right to spread light rays passing through
the (1.1) lens across the full breadth and width of the corresponding pixel; can bias
collimated light rays output from a lens in the (2.1) position in the square grid upward and
to the left to spread light rays passing through the (2.1) lens across the full breadth and
width of the corresponding pixel: can bias collimated light rays output from a lens in the
(1.2) position in the square grid downward and to the right to spread light rays passing
through the (1.2) lens across the full breadth and width of the corresponding pixel; and can
bias collimated light rays output from a lens in the (2.2) position in the square grid
downward and to the lefl to spread light rays passing through the (2.2) lens across the full

breadth and width of the corresponding pixel, as shown in FIG. 8.

[0060] In the foregoing example, for each group of four illumination sources in a square
grid and corresponding to one group of four lenses in a square grid. the system can actuate
one illumination source in the group of four illumination sources at any given instance in
time. In particular, for each group of four illumination sources in a square grid
corresponding to one pixel in the set of pixels 170. the system can actuate a first
illumination source 111 ina (1,1) position during a first sampling period to illuminate a
field of view defined by a first aperture 141 corresponding to a lens in the (1.1) position in
the corresponding group of four lenses, and the system can sample all 36 SPADs in the
corresponding pixel during the first sampling period. The system can then shut down the
first illumination source 111 and actuate a second illumination source 112 in a (1.2) position
during a subsequent second sampling period to illuminate a field of view defined by a
second aperture 142 corresponding to a lens in the (1,2) position in the corresponding group
of four lenses, and the system can sample all 36 SPADs in the corresponding pixel during
the second sampling period. Subsequently, the svstem can then shut down the first and
second illumination sources 112 and actuate a third illumination source in a (2,1) position
during a subsequent third sampling period to illuminate a field of view defined by a third
aperture corresponding to a lens in the (2.1) position in the corresponding group of four
lenses. and the system can sample all 36 SPADs in the corresponding pixel during the third
sampling period. Finally. the system can shut down the first. second. and third illumination
sources and actuate a fourth illumination source in a (2.2) position during a fourth sampling
period to illuminate a field of view defined by a fourth aperture corresponding to a lens in

the (2.2) position in the corresponding group of four lenses, and the system can sample all
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36 SPADs in the corresponding pixel during the fourth sampling period. The system can

repeat this process throughout its operation.

[0061] Therefore, in the foregoing example, the system can include a set of pixels 170
arranged across an image sensor 7.2 mm in width and 7.2 mm in length and can implement
a scanning schema such that each channel in the system can access (can project light rays
onto) a number of SPADs otherwise necessitating a substantially larger image sensor (e.g.. a
14.4 mm by 14.4 mm image sensor). In particular, the system can implement a serial
scanning schema per group of illumination sources to achieve an exponential increase in the
dynamic range of each channel in the system. In particular, in this variation, the system can

implement the foregoing imaging techniques to increase imaging resolution of the system.

[0062] In the foregoing implementation, the system can also include a shutter 182
between each channel and the image sensor. and the system can selectively open and close
each shutter 182 when the illumination source for the corresponding channel is actuated and
deactivated. respectively. For example, the system can include one independently-operable
electrochromic shutter 182 interposed between each lens. and the system can open the
electrochromic shutter 182 over the (1,1) lens in the square-gridded group of four lenses and
close electrochromic shutters 182 over the (1.2). (2.1). and (2.2) lens when the (1.1)
illumination source is activated, thereby rejecting noise passing through the (1.2), (2.1). and
(2.,2) lens from reaching the corresponding pixel on the image sensor. The system can
therefore selectively open and close shutters 182 between each channel and the image
sensor to increase SNR per channel during operation. Alternatively, the system can include
one independently-operable electrochromic shutter 182 arranged over select regions of each
pixel. as shown in FIG. 8. wherein each electrochromic shutter 182 is aligned with a single
channel (i.e.. with a single lens in the set of lenses). The system can alternatively include
MEMS mechanical shutters or any other suitable type of shutter interposed between the set

of lenses 150 and the image sensor.

[0063] In this variation. the system can define two-dimension grid arrays of apertures.
lenses, diffusers, and/or pixels characterized by a first pitch distance along a first (e.g., X)
axis and a second pitch distance — different from the first pitch distance — along a second
(e.g.. Y) axis. For example, the image sensor can include pixels offset by a 25um horizontal
pitch and a 300um vertical pitch, wherein each pixel includes a single row of twelve

subpixels.
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[0064] However, in this variation, the two-dimensional optical system can include an
array of any other number and pattern of channels (e.g., apertures, lenses (or lens tubes),
and diffusers) and pixels and can execute any other suitable scanning schema to achieve
higher spatial resolutions per channel than the raw pixel resolution of the image sensor. The
system can additionally or alternatively include a converging optic, a diverging optic, and/or
any other suitable type of optical element to spread light rights passed from a channel across

the breadth of a corresponding pixel.

|0065] As a person skilled in the art will recognize from the previous detailed description
and from the figures and claims, modifications and changes can be made to the
embodiments of the invention without departing from the scope of this invention as defined

in the following claims.
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Amendments to the Claims

This listing of claims will replace all prior versions, and listings of claims in the application.

Listing of Claims:

1. (Currently Amended) An optical imaging system comprising:

a bulk receiver optic having a focal plane;

an array of pixels; and

an aperture layer disposed between the bulk receiver optic and the array of pixels,
the aperture layer including a plurality of discrete apertures coincident with the focal plane,
wherein the aperture layer and pixel layer are arranged to form a plurality of sense channels
defining a plurality of discrete, non-overlapping fields of view beyond a threshold distance in a
field external to the optical imaging system, each sense channel in the plurality of sense channels
including a pixel from the array of pixels and an aperture from the plurality of apertures that
defines the field of view for its respective pixel, and wherein a sensing pixel area of each pixel in
the plurality of sense channels is larger than an area of its corresponding aperture in the plurality

of apertures.

2 (Currently Amended) The optical imaging system of claim 1 wherein

each pixel in the array of pixels comprises a plurality of subpixels distributed across its sensing

pixel area.

3 (Original) The optical imaging system of claim 2 wherein the plurality of

subpixels in each pixel is a plurality of SPADs.

4. (Original) The optical imaging system of claim 1 further comprising,
within each channel in the plurality of sense channels, an optical filter disposed between the bulk
receiving optic and the array of pixels, the optical filter configured to receive light passed
through the bulk receiving optic and pass a narrow band of radiation while blocking radiation

outside the band.
3 (Original) The optical imaging system of claim 1 further comprising:
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Amdt. dated August 8. 2018 PATENT
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a bulk transmitter optic; and

an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the

bulk receiver optic and a corresponding aperture in the plurality of sense channels.

6. (Original) The optical imaging system of claim 5 wherein each laser in

the plurality of lasers is a VCSEL.

7. (Original) The optical imaging system of claim 5 wherein a diameter of
each discrete beam projected from the illumination source is substantially similar to a cross-
section of the field of view of its respective channel at various distances from the bulk imaging

optic.

8. (Original) The optical imaging system of claim 5 further comprising,
within each channel in the plurality of sense channels, an optical filter disposed between the bulk
receiving optic and the array of pixels, the optical filter configured to receive light passed
through the bulk receiving optic and pass a narrow band of radiation that includes the operating
wavelength of the plurality of lasers to the plurality of pixels while blocking radiation outside the
band.

9. (Original) The optical imaging system of claim 8 further comprising,
within each channel in the plurality of sense channels, a diffuser disposed within the channel

between the aperture and the pixel.

10. (Original) The optical imaging system of claim 5 wherein each laser in
the plurality of lasers is a VCSEL, each pixel in the array of pixels comprises a plurality of
SPADs and an optical filter is disposed between the bulk receiving optic and the array of pixels,
the optical filter configured to receive light passed through the bulk receiving optic and pass a
narrow band of radiation that includes the operating wavelength of the plurality of VCSELs to

the array of pixels while blocking radiation outside the band.
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Amdt. dated August 8. 2018 PATENT
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11.  (Original) The optical imaging system of claim 1 further comprising a
plurality of lenses, wherein each channel in the plurality of channels includes a lens from the

plurality of lenses disposed between the aperture of the channel and its corresponding pixel.

12, (Original) The optical imaging system of claim 1 wherein adjacent
apertures in the aperture layer are offset by an aperture pitch distance greater than a diameter of

each aperture.

13, (Currently Amended) An optical imaging system comprising:

a bulk receiver optic having a focal plane;

an array of pixels of substantially uniform sensing pixel area, each pixel in the
array of pixels including a plurality of subpixels distributed across its sensing pixel area; and

an aperture layer disposed between the bulk receiver optic and the array of pixels,
the aperture layer including a plurality of discrete apertures of substantially uniform area formed
coincident with the focal plane and stop regions interposed between adjacent apertures in the
aperture layer, wherein the aperture layer and pixel layer are arranged to form a plurality of sense
channels defining a plurality of discrete, non-overlapping fields of view beyond a threshold
distance in a field external to the optical imaging system, each sense channel in the plurality of
sense channels including an aperture from the plurality of apertures and a pixel from the array of
pixels with the aperture of each channel defining the field of view for its respective pixel, and
wherein the area of the aperture in each channel is smaller than the sensing pixel area of its

respective pixel.

14.  (Original) The optical imaging system of claim 13 wherein the plurality

of subpixels in each pixel is a plurality of SPADs.

15.  (Original) The optical imaging system of claim 13 further comprising;

a bulk transmitter optic; and

an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a

discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
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Amdt. dated August 8. 2018 PATENT
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field of view that is substantially the same size and geometry as a field of view defined by the

bulk receiver optic and a corresponding aperture in the plurality of sense channels.

16. (Original) The optical imaging system of claim 15 wherein each aperture
in the plurality of discrete apertures defines a field of view in the field coincident a discrete spot

output by a corresponding laser in the plurality of lasers.

17. (Currently Amended) An optical imaging system comprising:

a bulk receiver optic having a focal plane;

an optical assembly having a plurality of sense channels defining a plurality of
discrete, non-overlapping fields of view beyond a threshold distance in a field external to the
bulk receiver optic, the optical assembly comprising:

an array of pixels of substantially uniform sensing pixel area, each pixel in the
array of pixels including a plurality of subpixels distributed across its sensing pixel area;

an aperture layer disposed between the bulk receiver optic and the array of pixels,
the aperture layer including a plurality of discrete apertures of substantially uniform area formed
coincident with the focal plane and stop regions between adjacent apertures;

a lens layer including a plurality of lenses arranged to receive light passed through
the aperture and pass the received light towards the array of pixels; and

an optical filter layer disposed between the bulk receiving optic and the array of
pixels, the optical filter layer configured to receive light passed through the bulk receiving optic
and pass a narrow band of radiation while blocking radiation outside that band,;

wherein each sense channel in the optical assembly includes a pixel from the
array of pixels, an aperture from the aperture layer that defines the field of view for its respective
pixel and has an area that is smaller than a sensing area of its respective pixel, a lens from the

lens layer and a filter from the optical filter layer.

18. (Original) The optical imaging system of claim 17 wherein adjacent
apertures in the aperture layer are offset by an aperture pitch distance greater than a diameter of

each aperture and substantially equal to a pitch between adjacent lenses in the lens layer.
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19.  (Original) The optical imaging system of claim 18 wherein the optical
filter layer is disposed between the lens layer and the array of pixels and wherein each lens is
configured to collimate light rays passed by its respective aperture so that light rays incident on

the optical filter meet the optical filter at an angle of incidence of approximately 0 degrees.

20. (Original) The optical imaging system of claim 18 further comprising:

a bulk transmitter optic; and

an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the

bulk receiver optic and a corresponding aperture in the plurality of sense channels.

21. (Original) The optical imaging system of claim 20 wherein the plurality
of subpixels in each pixel is a plurality of SPADs and where the plurality of lasers in the

illumination source is a plurality of VCSELs.

22, (Original) The optical imaging system of claim 21 wherein each aperture

has a diameter of 200 microns or less.

23. (Original) The optical imaging system of claim 21 wherein each aperture
has a diameter approaching the diffraction-limited diameter for the wavelength of light output by

the plurality of lasers.

24. (Original) The optical imaging system of claim 21 wherein each aperture
has a diameter less than the diffraction-limited diameter for the wavelength of light output by the

plurality of lasers.

25. (Original) The optical imaging system of claim 21 wherein each aperture

has a diameter matched to a dynamic range of its corresponding pixel.
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26.  (Original) The optical imaging system of claim 21 wherein the stop
region surrounding each aperture blocks light rays reflected from a region of the surface outside
the field of view of its corresponding aperture.

Per Angus, draft claim where the “pixel pitch is greater than the aperture diameter
in the case of circular apertures, or the maximum linear dimension in the case of non-circular

apertures”

27. (New) An optical imaging system comprising:

a bulk receiver optic having a focal plane;

a plurality of pixels arranged in a pixel array in which adjacent pixels in the array
are spaced apart from each other in a first dimension by a pixel pitch; and

an aperture layer disposed between the bulk receiver optic and the plurality of
pixels arranged in the pixel array, the aperture layer including a plurality of discrete apertures of
substantially uniform size coincident with the focal plane and stop regions between adjacent
apertures, wherein the plurality of discrete apertures are arranged in an aperture array in which
adjacent apertures in the aperture array are spaced apart from each other in the first dimension by
an aperture pitch and wherein the aperture array is aligned with the pixel array and a maximum
linear dimension of each aperture in the aperture array is less than the pixel pitch; and

wherein the aperture layer and pixel layer are arranged to form a plurality of sense
channels defining a plurality of discrete, non-overlapping fields of view beyond a threshold
distance in a field external to the optical imaging system, each sense channel in the plurality of
sense channels including a pixel from the array of pixels and an aperture from the plurality of

apertures that defines the field of view for its respective pixel.

28. (New) The optical imaging system of claim 27 wherein each aperture in

the plurality of discrete apertures is a circular aperture of substantially uniform diameter.

29.  (New) The optical imaging system of claim 27 wherein the aperture pitch
is substantially equal to the pixel pitch.

Page 7 of 9

412



L0, T - T R S

—_—

N R =) LY, T - N VS R (8

Amdt. dated August 8. 2018 PATENT
Preliminary Amendment

30. (New) The optical imaging system of claim 27 wherein each pixel in the

plurality of pixels comprises a plurality of subpixels distributed across a pixel area.

31.  (New) The optical imaging system of claim 29 wherein the plurality of

subpixels in each pixel is a plurality of SPADs.

32.  (New) The optical imaging system of claim 27 further comprising, within
each channel in the plurality of sense channels, an optical filter disposed between the bulk
receiving optic and the pixel within the channel, the optical filter configured to receive light
passed through the bulk receiving optic and pass a narrow band of radiation while blocking

radiation outside the band.

33.  (New) The optical imaging system of claim 32 further comprising:

a bulk transmitter optic; and

an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the
bulk receiver optic and a corresponding aperture in the plurality of sense channels; and

wherein the narrow band of radiation passed by the optical filter includes the

operating wavelength.

34. (New) The optical imaging system of claim 33 wherein each laser in the

plurality of lasers is a VCSEL.

Page 8 of 9
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Preliminary Amendment

REMARKS/ARGUMENTS

Upon entry of the present amendment, claims 1-34 will be pending in this
application. Claims 1, 2, 13, and 17 have been amended, and new claims 27-34 have been
added.

Applicants respectfully assert that the claims are all supported by the application

as originally filed and that no new matter is added.

CONCLUSION

In view of the foregoing, Applicant believes all claims now pending in this
Application are in condition for examination.

Except for the issue fees payable under 37 C.F.R. § 1.18, the Director is
authorized to charge any additional fees during pendency of this application, including any
required extension of time fees, or credit any overpayment to Deposit Account Number 20-1430.
This paragraph is intended to be a constructive petition for extension of time in accordance with
37 CF.R. §1.136(a)(3).

If the Examiner believes a telephone conference would expedite prosecution of
this application, please contact the undersigned at 858-350-6104 or
W Shaffer@kilpatricktownsend.com.

Respectfully submitted,

/ William L. Shaffer /

William L. Shaffer
Registration No. 37,234

KILPATRICK TOWNSEND & STOCKTON LLP
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X United States Application Number or PCT International Application Number 15/276,532
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Authorization To Permit Access to Application by Participating Offices

X

If checked, the undersigned hereby grants the USPTO authority to provide the European Patent Office (EPO), the Japan Patent
Office (JPO), the Korean Intellectual Property Office (KIPO), the World Intellectual Property Office (WIPO), and any other intellectual
property offices in which a foreign application claiming priority to the above-identified patent application is filed access to the above-
identified patent application. See 37 CFR 1.14(c) and (h). This box should not be checked if the applicant does not wish the EPO, JPO,
KIPO, WIPO, or other intellectual property office in which a foreign application claiming priority to the above-identified patent application is
filed to have access to the above-identified patent application.

In accordance with 37 CFR 1.14(h)(3), access will be provided to a copy of the above-identified patent application with respect to: 1) the
above-identified patent application-as-filed; 2) any foreign application to which the above-identified patent application claims priority under
35 U.S.C. 119(a)-(d) if a copy of the foreign application that satisfies the certified copy requirement of 37 CFR 1.55 has been filed in the
above-identified patent application; and 3) any U.S. application-as-filed from which benefit is sought in the above-identified patent
application.

In accordance with 37 CFR 1.14(c), access may be provided to information concerning the date of filing the Authorization to Permit Access
to Application by Participating Offices.
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Non-Publication Request: No
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Title
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Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents" (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).
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LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
technology, manufacture products, deliver services, and grow your business, visit http:/www.SelectUSA.gov or call
+1-202-482-6800.
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PATENT APPLICATION FEE DETERMINATION RECORD

Application or Docket Number

Substitute for Form PTO-875 16/046,643
APPLICATION AS FILED - PART | OTHER THAN
{Column 1) {Column 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE(S) FEE($) RATE($) FEE($)
BASIC FEE
(37 CFR 1.16(a), (b}, of (¢}) N/A N/A N/A 75 N/A
SEARCH FEE
(37 CFR 1.161K), {i), o1 (m}) N/A N/A N/A 330 N/A
EXAMINATION FEE
(537 GFR 1.16(0). 6), 6 ta) N/A N/A N/A 380 N/A
TOTAL CLAIMS -
(37 CFR 1.16(i)) 34 minus 20= 14 50 700 OR
INDEPENDENT CLAIMS ;
(37 CFR 1.16(h}) 4 minus 3 = 1 230 230
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small entity) for each additional 0.00
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j}) 0.00
* If the difference in column 1 is less than zero, enter “0" in column 2. TOTAL 1715 TOTAL
APPLICATION AS AMENDED - PART I
OTHER THAN
{Golumn 1) {Column 2) (Golumn 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL L ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATELS) FEE(S) RATES) FEE($)
E AMENDMENT PAID FOR
L Total . s =
= (37 CF?H 160} - OR o
O z -
E (;?%erﬁeT?S(T!tH i OH =
3 Application Size Fee {37 CFR 1.16(g))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
{Column 1) {Golumn 2) (Column 3)
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL . ADDITIONAL
£ AFTER PREVIOUSLY EXTRA RATE(S) FEE(S) RATE(S) FEE(S)
E AMENDMENT PAID FOR
LLJ Total . Minus -
g (a7 CF:t?As{in OR -
Ind dent Minus =
E (a7 CEF%ETJ:(:H OR =
3 Application Size Fee (37 CFR 1.18(s))
OCR
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j))
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE

* If the entry in column 1 is less than the entry in column 2, write "0 in column 3.
** If the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter “20".
** If the "Highest Number Previously Paid For® IN THIS SPACE is less than 3, enter "3".

The “Highest Number Previcusly Paid For* (Total or Independent) is the highest found in the appropriate box in column 1
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Doc Code: PA..
Document Description: Power of Attorney

PTO/AIA/B2A (07-13)

Approved for use through 01/31/2018. OMB 0651-0035
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

TRANSMITTAL FOR POWER OF ATTORNEY TO ONE OR MORE

REGISTERED PRACTITIONERS

NOTE: This form is to be submitted with the Power of Attorney by Applicant form (PTO/AIA/82B) to identify the application to which the
Power of Attorney is directed, in accordance with 37 CFR 1.5, unless the application number and filing date are identified in the Power of
Attorney by Applicant form. If neither form PTO/AIA/82A nor form PTO/AIA82B identifies the application to which the Power of Attorney is

directed, the Power of Attorney will not be recognized in the application.

Application Number 16/046,643

Filing Date July 26, 2018

First Named Inventor Angus Pacala

Title OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE CHANNELS

Art Unit 2414

Examiner Name Not yet assigned

Attorney Docket Number |103033-P001USC2-1096583

SIGNATURE of Applicant or Patent Practitioner

Signature /W"“am L Shaffer/

Date (Optional)

Name William L. Shaffer

Registration
Number

37234

Title (if Applicant is a
juristic entity)

Applicant Name (if Applicant is a juristic entity)

more than one applicant, use multiple forms.

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d) for signature requirements and certifications. If

*Total of 1 forms are submitted.

This collection of information is required by 37 CFR 1.131, 1.32, and 1.33. The information is required to obtain or retain a benefit by
the public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.11 and 1.14. This collection is estimated to take 3 minutes to complete, including gathering, preparing, and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require
to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PT0O-9199 and select option 2.
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Electronic Acknowledgement Receipt

EFS ID: 33826242
Application Number: 16046643
International Application Number:
Confirmation Number: 1720

Title of Invention:

OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE CHANNELS

First Named Inventor/Applicant Name:

Angus Pacala

Customer Number:

20350

Filer:

William Leland Shaffer/La Renda Meyer

Filer Authorized By:

William Leland Shaffer

Attorney Docket Number: 103033-P001USC2-1096583
Receipt Date: 25-SEP-2018
Filing Date: 26-JUL-2018
Time Stamp: 18:49:02

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment no
File Listing:
Document o : File Size(Bytes)/ Multi Pages
Niiibes Document Description File Name Message Digest | Part/.zip| (ifappl)
236271
Transmittal_PowerofAttorney
1 Power of Attorney g = no
PGO 1 Usczpdf c90e5aeef 1066744214 28405c 2792651509
1337c
Warnings:
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Information:

Total Files Size (in bytes}:{ 236271

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similarto a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR

1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/R0O/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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Doc Code: PA..
Document Description: Power of Attorney

PTO/AIA/B2A (07-13)

Approved for use through 01/31/2018. OMB 0651-0035
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

TRANSMITTAL FOR POWER OF ATTORNEY TO ONE OR MORE

REGISTERED PRACTITIONERS

NOTE: This form is to be submitted with the Power of Attorney by Applicant form (PTO/AIA/82B) to identify the application to which the
Power of Attorney is directed, in accordance with 37 CFR 1.5, unless the application number and filing date are identified in the Power of
Attorney by Applicant form. If neither form PTO/AIA/82A nor form PTO/AIA82B identifies the application to which the Power of Attorney is

directed, the Power of Attorney will not be recognized in the application.

Application Number 16/046,643

Filing Date July 26, 2018

First Named Inventor Angus Pacala

Title OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE CHANNELS

Art Unit 2414

Examiner Name Not yet assigned

Attorney Docket Number |103033-P001USC2-1096583

SIGNATURE of Applicant or Patent Practitioner

Signature /W"“am L Shaffer/

Date (Optional)

Name William L. Shaffer

Registration
Number

37234

Title (if Applicant is a
juristic entity)

Applicant Name (if Applicant is a juristic entity)

more than one applicant, use multiple forms.

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d) for signature requirements and certifications. If

*Total of 1 forms are submitted.

This collection of information is required by 37 CFR 1.131, 1.32, and 1.33. The information is required to obtain or retain a benefit by
the public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.11 and 1.14. This collection is estimated to take 3 minutes to complete, including gathering, preparing, and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require
to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PT0O-9199 and select option 2.
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Electronic Acknowledgement Receipt

EFS ID: 33826286
Application Number: 16046643
International Application Number:
Confirmation Number: 1720

Title of Invention:

OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE CHANNELS

First Named Inventor/Applicant Name:

Angus Pacala

Customer Number:

20350

Filer:

William Leland Shaffer

Filer Authorized By:

Attorney Docket Number: 103033-P001USC2-1096583
Receipt Date: 25-SEP-2018
Filing Date: 26-JUL-2018
Time Stamp: 18:52:55

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment no
File Listing:
Document o : File Size(Bytes)/ Multi Pages
Niiibes Document Description File Name Message Digest | Part/.zip| (ifappl)
236271
Transmittal_PowerofAttorney
1 Power of Attorney g = no 2
PGO 1 Usczpdf c90e5aeef 1066744214 28405c 2792651509
1337c
Warnings:
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Information:

Total Files Size (in bytes}:{ 236271

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similarto a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR

1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/R0O/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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Doc Code: PA..

Document Description: Power of Altorney

PTO/AIAB2A (07-13)

Approved for use through 01/31/2018. OME 0651-0035
U.8. Patent and Trademark Office; LS. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Acl of 1885, no persons are required (o respond to a collection of information unless it displays a valid OMB contre! number.

TRANSMITTAL FOR POWER OF ATTORNEY TO ONE OR MORE
REGISTERED PRACTITIONERS

NOTE: This form is to be submitted with the Power of Attorney by Appticant form (PTCO/AIA/S2E) to identify the application to which the
Power of Attorney is directed, in accordance with 37 CFR 1.5, unless the application number and filing date are identified in the Power of
Attorney by Applicant form. If neither form PTO/AIA/S2A nor form PTO/AIABZB identifies the application to which the Power of Attorney is
directed, the Power of Attorney will not be recognized in the application.

Application Number 16/046,643

Filing Date

July 26, 2018

First Named Inventor

Angus Pacala

Title

OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE CHANNELS

Art Unit

2414

Examiner Name

Not yet assigned

Attorney Docket Number }103033-P001USC2-1096583

SIGNATURE of Applicant or Patent Practitioner

Signature /\Ni”lam L Shaffer/ Date {Optional)
Piame William L. Shaffer zﬁgisbt;?téon 37234

Title (if Applicant is a
juristic entity)

Applicant Name (if Applicant is a juristic entity)

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d) for signature requirements and certifications. If
more than one applicani, use muitiple forms.

“Total of 1 forms are submitted.

This collection of information is required by 37 CFR 1.131, 1.32, and 1.33. The information is required to obtain or retain a benefit by
the public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.11 and 1.14. This coliection is estimated {o take 3 minutes to complete, including gathering, preparing, and submitling the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require
to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S, Department of Commerce, PO, Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.Q. Box 1450, Alexandria, VA 22313-1450.

if you need assistance in completing the forin, call 1-800-PT0-9199 and select option 2.
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Doc Code: PA.

o PTO/AIA/B2B (0713
Document Description: Power of Attorney Approved for use through 11/30/2014. OMB 06510051
U.S, Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Papenwork Reduction Act of 1935, no persons are required o respond 10 3 caliection of Information unless it displays a valid OME contrel number

POWER OF ATTORNEY BY APPLICANT

f hereby revoke all previous powers of attorney given in the application identified in elther the attached transmittal letier or
the boxes below.

Application Number Filing Date

16/046,643 July 26, 2018
{Noie: The boxes above may be left blank if information is provided on form PTO/AIA/B2A )

{ hereby appoint the Patent Practitioner{s) associated with the following Cusibmer Number as my/our attorney(s) or agent(s), and
to transact all business in the United States Patent and Tradeimark Office connected therewith for the application referenced in
the atiached transmitial letter (form PTO/AIA/BZA) or identified above: |7

b - 20350

D | hereby appoint Practifioner(s) named in the attached list {form PTO/AIAIBZC) as my/our attorney(s) or agent(s), and to transact
all business in the United States Patent and Trademark Office connecied therewith for the patent application referenced in the
affached transmitial lefter (form PTO/AIA/B2A) or identified above. (Note: Complete form PTO/AIAGZC )

Please recognize or change the correspondence address for the application identifled in the attached transmittal
letter or the boxes above to:

. The address associated with the above-mentioned Custorner Number
OR _
D The address associated with Customer Numbern

OR

Firm or
individual Name

Address
City

Country
Telephone | Email | |

[Stae | [Zp ]

I am the Applicant (if the Applicant is a juristic entity, list the Applicant name in the box):

Ouster Inc

D Inventor or Joint inventor (title not reguired below)

Legal Representative of a Deceased or Legally incapacitated Inventor (title not required below)
Assignee or Person fo Whom the Inventor is Under an Obligation to Assign (provide signer's title if applicani is a juristic entity)

i:] Person Who Otherwise Shows Sufficient Propristary Interest (e.g., 2 petition under 37 CFR 1.46(b)(2) was granted in the
application or is concurrently being filed with this document} {provide signer’s title if applicant is a juristic entity)
SIGNATURE of Applicant for Patent
The undersigned (whose title is supplied below) is authorized to act on behalf of

e applicant (e.g., where the applicant is a juristic entity).
Signature 24k Crae | Date (Optional) | 227 -lg. o4
Name Mot Feehil
Title CTO

NOTE: Signature - This forrn raust be signed by the applicant in accordance withi 37 CFR 1.33. See 37 CFR 1.4 for signature requirerments
and certifications. If more than one apglicant, use multiple forms.

Total of forms are submitted,

i it
This coliection of information is required by 37 OFR 1,131, 1.32, and 1.33. The Information s requirsd to obtain or relain a benefit by the public which is to file (and by the
USFTO o process) an application. Confidentiality is governad by 85 U.8.C. 122 and 37 CFR 1.11 and{1.14. This coliection is esiimated to take S minutes o complete,
including gathering, preparing, and submitting the completed application form {0 the USPTC, Time will vary depending upon the individual case. Any comments on the amaount
of time you requira 1o complete this form andlor suggestions for reducing this burden, should be sent tothe Chief Information Officer, U.S. Patent and Trademark Office, 11.5.
Department of Commerce, P.O, Box 1450, Alexandiia, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner
for Patents, P.O. Box 1480, Alexandria, VA 22313 1450

if you need assistance in completing the form, call - m&PTG—Q?QG and select option 2.
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Electronic Acknowledgement Receipt

EFS ID: 33826308
Application Number: 16046643
International Application Number:
Confirmation Number: 1720

Title of Invention:

OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE CHANNELS

First Named Inventor/Applicant Name:

Angus Pacala

Customer Number:

20350

Filer:

William Leland Shaffer

Filer Authorized By:

Attorney Docket Number: 103033-P001USC2-1096583
Receipt Date: 25-SEP-2018
Filing Date: 26-JUL-2018
Time Stamp: 18:55:59

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment no
File Listing:
Document o : File Size(Bytes)/ Multi Pages
Niiibes Document Description File Name Message Digest | Part/.zip| (ifappl)
240879
] Power of Attorney Transm Lttal_\év;tha?OA_Pom US| o 5
p bb5d51 3c3Tb1B6bET I 32121 0c690890a

bldag

Warnings:
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Information:

Total Files Size (in bytes}:{ 240879

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similarto a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR

1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/R0O/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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UNITED STATES PATENT AND TRADEMARK OFFIGE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address; COMMISSIONER FOR PATENTS

PO Be 450

Alexandria, Viggnia 22313-1450

WWW.LEpHO g0V

[ APPLICATIONNUMBER | FILING OR 371(C) DATE [  FIRSTNAMED APPLICANT |  ATTY.DOCKETNO/ITILE |
16/046,643 07/26/2018 Angus Pacala 103033-PO01USC2-1096583
CONFIRMATION NO. 1720
20350 POA ACCEPTANCE LETTER

Viitop: 1P Docketng 22 AN

1100 Peachtree Street
Suite 2800

Atlanta, GA 30309
Date Mailed: 09/28/2018

NOTICE OF ACCEPTANCE OF POWER OF ATTORNEY

This is in response to the Power of Attorney filed 09/25/2018.

The Power of Attorney in this application is accepted. Correspondence in this application will be mailed to the
above address as provided by 37 CFR 1.33.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

[hsarwari/

page 1 of 1
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UNITED STATES PATENT AND TRADEMARK OFFIGE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Addiess; COMMISSIONER FOR PATENTS

PO Be 450

Alexandria, Viggnia 22313-1450
W iSpto gov
[ APPLICATIONNUMBER | FILING OR 371(C) DATE | FIRSTNAMED APPLICANT | ATTY.DOCKETNOJ/ITILE |
16/046,643 07/26/2018 Angus Pacala 103033-PO01USC2-1096583
CONFIRMATION NO. 1720
20350 PUBLICATION NOTICE

KILPATRICK TOWNSEND & STOCKTON LLP

Mailstop: IP Docketing - 22 0000 A
1100 Peachtree Street ]M‘lum\ﬂ‘l‘u‘mﬂlm

Suite 2800

Atlanta, GA 30309

Title:OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE CHANNELS

Publication No.US-2018-0359460-A1
Publication Date:12/13/2018

NOTICE OF PUBLICATION OF APPLICATION

The above-identified application will be electronically published as a patent application publication pursuant to 37
CFR 1.211, et seq. The patent application publication number and publication date are set forth above.

The publication may be accessed through the USPTO's publically available Searchable Databases via the
Internet at www.uspto.gov. The direct link to access the publication is currently http://www.uspto.gov/patft/.

The publication process established by the Office does not provide for mailing a copy of the publication to
applicant. A copy of the publication may be obtained from the Office upon payment of the appropriate fee set
forth in 37 CFR 1.19(a)(1). Orders for copies of patent application publications are handled by the USPTO's
Public Records Division. The Public Records Division can be reached by telephone at (571) 272-3150 or (800)
972-6382, by facsimile at (571) 273-3250, by mail addressed to the United States Patent and Trademark Office,
Public Records Division, Alexandria, VA 22313-1450 or via the Internet.

In addition, information on the status of the application, including the mailing date of Office actions and

the dates of receipt of correspondence filed in the Office, may also be accessed via the Internet through

the Patent Electronic Business Center at www.uspto.gov using the public side of the Patent Application
Information and Retrieval (PAIR) system. The direct link to access this status information is currently
https://portal.uspto.gov/pair/PublicPair. Prior to publication, such status information is confidential and may only
be obtained by applicant using the private side of PAIR.

Further assistance in electronically accessing the publication, or about PAIR, is available by calling the Patent
Electronic Business Center at 1-866-217-9197.

Office of Data Managment, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101
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Doc code: IDS PTOISB/08a (01-10)
Doc description: Information Disclosure Statement (IDS) Field Approved for use through 07/31/2012. OMB 0851-0031
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Application Number 16/046,643
INFORMATION DISCLOSURE | Filing Date July 26, 2018
STATEMENT BY APPLICANT -
(Not for submission under 37 CFR 1.99) First Named Inventor | Angus Pacala
Art Unit \ 2414
Examiner Name | Not yet assigned
Attorney Docket Number | 103033-P001USC2-1096583
U.S. PATENTS
. . Kind Pages, Columns, Lines, Where
Examiner | Cite Name of Patentee or
rn Patent Numb Cod | Dat : n Rel tP Rel t
Initial No atent umber il e Applicant of cited Document %3&%322?935 o elcyar)
1. | 10183541 B2 01-22-2019 Van Den Bossche, et al.
2. | 9551791 B2 01-24-2017 Van Den Bossche, et al.
U.S. PATENT APPLICATION PUBLICATIONS
: " T Kind Pages, Columns, Lines, Where
Examiner | Cite Publication oo Name of Patentee or
Initial* No ibe: tl.’:nde Publication Date Applicant of cited Document ?_elevant Passages or Relevant
igures Appear
3. 20180299554 A1 10-18-2018 Dirk van Dyck
FOREIGN PATENT DOCUMENTS
Pages, Columns, 1
Name of Patentee or Lines where
Examiner | Cite Foreign Document | Country | Kind Publication Date Applicant of cited Relevant Passages
Initial* No Number® Code? Code* Document or Relevant Figures
Appear
4. | 3045935 EP Al 07-20-2016 XenomatiX BVBA
5. 3316000 EP A1l 05-02-2018 Xenomatix Nv
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A pixzel structure

Field of the Invention

8
w

The present invention pertains to (i field of pixels, in
particular pizels for use in imaging systems for determining a
distance to an object on the basis of time-of-flight information

obtained by range gating .

Background

United States patent no. 5,792, 087 B2 to Andreas Spickerman et al.
discloses a device in which at least two different transfer gates
which couple a photoactive region to at least two different
evaluating capacities are driven during different drive intervals
so that charge carriers generated during the drive intervals by a
radiation pulse reflected from the cbject of measurement and/or by
ambient radiation can be transported from the photcactive region
to the evaluating capacities each coupled to the at least twoe
transfer gates. Another transfer gate is driven during a time
outside the drive intervals of the at least two transfer gates to
connect the photoactive region to a reference potential terminal
acting as a charge carrier sink during the time outside the drive

intervals of the at least two transfer gates.

It is a disadvantage of the system known £from US 8,702,087 B2 that

4

the pixels get saturated by reflections from objects at short

distances from the sansor.

United States patent application publicaticn no. US 2007/158770 Al
to Shoji Kawahito, discleses a range-finding image sensor based

upon measurement of reflection time of with reduced

fabrication processes compared to standard CMCOS manufacturing
procedures. An oxide £ilm is formed on a silicon substrate, and
two photo-gate electrodes for charge-transfer are provided on the
oxide film. Floating diffusion layers are used to convert charges

to electronic potential, a mechanism traditicnall inherited from
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the legacy technolegy of Charged Coupled Devices (ccp) . Extra
transistors are provided £for resetting and a diffusion layer to

provide a given resat voltage.

5 It is a disadvantage of the pixel disclosed in US 2007/158770 Al
that it uses non-standard technolegy and that the pixel design
does net allow the addition of additional wells without
sacrificing active surface area of the pixel. This is suboptimal
for usage in sensor systems with ultra low powar lasers requiring

10 large operaticnal range. The used process is not commonly
available in standard CMOS processes, which reduces this concept's
applicability and its ability to be produced at an affordable cost

in large wvolumes.

1.5 The range of a gensor based on such a design is alsc limited at
the near end by szaturation of the pixels by the strong reflections

of projected light.

The =aturaticn of pixels when sensing short-range reflections, or

20 highly reflective objects such as traffic signs, 1license plates,
etc., is especially problematic when the pixels are used in
sensors for automotive applications, as is the purpose of the
pixel according to the present invention, because Advanced Driver
Assistance Systems (ADAS) and self-driving cars reguire high

25 accuracy at short range. Moreover, in this applicaticn domain,
accuracy at longer ranges, the ability to operate in bright
ambient light conditions, and the reguirement of compactness
{requiring the use of solid-state semiconductor components) must

not ke sacrificed for the regquirement of short-range accuracy.

30
It is therafore an objesct of embodiments of the present invention
to cvercome the short-range saturation problem for pixels used ino
range-gating based imaging systems by proposing a different pixel
architecture .

35

Unpublished European patent application no. EP151%1288 .s, dated 23

October 2015, in the name of the present applicant, describes a
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system for determining a distance to an object comprising: a
solid-state light source arranged for projecting a pattern of
spots of laser light towards the cbiect in a sequence of pulses; a
detector comprising a plurality of picture elements, the detector
§ being configured for detecting light representing the pattern of
spots as reflected by the object in synchronization with said
sequence of pulses; and processing means configured to calculate
the distance te the object as a function of exposure wvalues
generated by said picture elements in response to said detected
10 light; wherein the picture elements are configured to generate
said exposure walues by accumulating, for each pulse of said
sequence, a first amount of electrical charge representative of a
first amount of light reflected by said object during a first
predetermined time window and a second electrical charge
15 representative of a second amount of light reflected by said
cbject during a second predetermined time window, said second
predetermined time window occurring after said first predetermined
time window. FTach of the plurality of picture elements may
comprise at least two charge storvage wells, and the detecting of
20 the first amount of light and said detecting of said second amount
of light occurs at respective ones of said at least twe charge
storage wells. EP15191288.8 does not dsscribe a solution to the

short-range saturation problem.

25 In a similar gsystem, unpublished European patent application no.
BEP16192105 .1, dated 3 October 2016, in the name of the present
applicant, describes that for given total pixel space, the
saturation problem can be mitigated by using an asymmetric well
arrangement, in which the photon capacity represented by the first

30 well ig increased, and the photon capacity represented by the
second well is decreased. If the increass and decrease are
balanced, an increase of the dynamic range can be obtained at no
additional pixel surface cost, thus maintaining the same
resolution. FEP16192105.1 does not describe any specific ratios

35 between the photon capacity represented by the first well and the

photon capacity represented by the second well.
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Summary of the Invention

aspact of the present invention, there is provided
a pixel for use in a system for determining a distance to an

5 obiject by range gating, said pixel comprising a first charge
storage well and a second charge storage well for accumulating
electrical charges representative of amcunts of light reflected by
said cpbject and impinging on said pixel during respective sets of
exposure intervals, and a third charge storage well, wherein said

10 first charge storage well has a charge capacity that is at least
50% greater than a charge capacity of said second charge storage

well, and wherein said third charge storage well has a smaller

ik

charge storage capacity than said first charge storage well and

said second charge storage well .

15
The invention is based on the insight of the inventors that in
certain systems, such as the range-gating based imaging system
described in more dstail below, it is advantageous to have a dual-
well pixel (the presence of additicnal wells is not excluded)

20 whereby one of the charge storage wells has a substantially larger

charge capacity than the other charge storage well. The term
"well" may designate a single capacitance (electron capacity)
produced in a semiconductor circuit by appropriate techniques, or
a multitude of interconnected capacities acting jointily as a

25 =

nglie storage unit, arranged for example as a cascade. A pixel of
this type is particularly wuseful where the physics of the
situation in which the pizel is deployed lead to a predictable

asymmetry in the amount of charge to be stored in the different
wells, as is the case in a time-of-f licht based measuring system

30 requiring high accuracy and a large distance range, resulting in a
large photon span.

the present invention resolves the

b

Te the extent that the pixel o
short-range saturation problem, it removes the need for cother

range at the short end. For

35 work-arounds that extend the operatin
example, in systems relying on multiple consecutive measurements

for multiple sub-ranges of the desired range {multi-frame systems,
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where the pulse width varies in function of the distance range to

be covered by each frame) , the pixel according to ths present

invention allows for a reduction of the number of measurements
(individual frames required to cover the full intended operating

5 rang=), thus improving the temporal resclution of the sensor.

The pixel according to the present invention preferably comprises
a photosensitive element compatible with standard solid-state
(semiconductor) circuit production processes.

10
A third well is provided to perform a wvariety of functions,
provided that it is operated according te a timing scheme that
takes into account the timing of the operation of the other wells.
in a distance sensing system in which the first well and the

15 second well perform the basic range gating, as described in more
detail below, the functions of the third well may include
receiving the additional charges that are generated in response to
photons arriving from a long-range highly reflective obijects (sauch
as a traffic sign or a license plate, outside the time =slots in

20 which the first well and the second well are active} , producing a
regular 2-dimensional image of the scenery ({outside the time slots
in which the reflections of the projected light arrive, optionally
in synchronization with a wide-angle flash light for illuminating
the scenery which may consist of a VCSEL array with a diffuser) ,

25 or performing background light subtraction (by subtracting from
the charge levels accumulated in the first well and the second
well, an amount of charge accumulated in the third well outside
the time slots in which the reflections of the projected light
arrive} .

30
The third charge storage well may have a significantly smaller
charge storage capacity than the first charge storage well and the

it is only used for capturing

second charge storage well, i

background light, as the background light arriving at the pixel
35 array will typically have been strongly attenuated by the ambient

light reduction £filters that are preferably provided in a distance

gsensing system. If the third charge storage well is intended to be
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used for acquiring

POT/EPZUIB/O6U391
o
2D images with additicnal lighting ocf the
scenery (e.g., by means of a flash light} or for capturing
reflections £rom out-of-range highly reflective obiects, it may be
dimensioned teo a similay storage capacity as the first or second
5 charge storage well .
In an embodiment, said pixel further comprises circuitry allowing
said pixel to switch between a charging mode, in which light
impinging on said pixel causes said first charge storage well or
10 salid second charge storage well teo increase a stored amount of
charge, and a discharging mode, 1in which light impinging on said
pixel causes said first charge storage well or said second chargs
storage well to decrease a stored amount of charge.
15 This embodiment is based en the insight of the inventors that
pulsed system, the "pulse on" intervals are
presence of projected light and background
of the "pulse off" intervals
pulse reflection
20 light only.

in
haracterized by the
light,

occurring after
re characterized by the presence

The inventors developed a method
the pixel into a "discharging®
corresponds

while the part
with a

of the
of background
in which by switching
mode after each exposure that
"pulse on" interval, for a period
to the exposure period, the remaining charge
will be equal to the captured
25  without
It

that
in each
the background light component
is an advantage

the present

is egual
reflection of the projected

value of a first
receiving

method comprising:

proportion

a

reflection
pulsed

storage well
light
of this embodiment of the pixel according to
invention that it can be used in a method for
subtracting background light from pixels in a pixel array, e.g. as
30 used in a range gating senscr. In particular, it enasbles a method
of subtracting background light from an exposure v
pixel in an imaging array, said first pixel
of a spot from a scenery illuminated by a periodically pulsed
pattern of spots, said periodicall
5 alternation an

accumulating

pattern
illuminated phase and a non-

in
illuminated phase,

comprising
the
te a first quantity of incident light,

in said first pixel a charge in
received in said
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first pixel while detecting said spot during a predetermined
amount of time; and decreasing said charge in proportion to a

second cuantity of incident received during said

predetermined amount of time in absence of said spot.
=
In an embodiment, sald pixel further comprises circuitry allowing

photocharges that are generated when an active one of said first

charge storage well and said second charge storage well is

£

illed

Fh

to capacity, to be to deviated to a charge sink without entering a

10 storage well of an adjacent pixel.

It is an advantage of this embodiment that bloowming can be
avoided, such that high spatial accuracy of spot detection in an
array of pixels can be maintained even when individual pixels get

15 saturated, by avoiding spill-over effects to neighboring pixels
that can still be used for background measurements or for

acquiring a regular 2D image.

In an embodiment, the pixel according to the present invention

20 further comprises a fourth charge storage well.

According to an aspect of the present invention, there is provided
an imaging array comprising a plurality of pixels as described
above .

25
According to an aspect of the present invention, there is provided
a system for determining a distance to an object comprising: a
solid-state light source arranged for projecting a pattern of
spots, prefesrably discrete spots, of light towards the obiject in a

30 sequence of pulses, preferably a periodically repeated sequence of
pulses; a detector comprising an imaging array as described above,
the detector being configured for detecting light representing the
pattern of spots as reflected by the object in synchronization
with said sequence of pulses; and processing wueans configured to

35 calculate the distance to the object as a function of exposure
values generated by said pixels in response to said detected

ilight; wherein the pixels of the imaging array are configured teo
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generate said exposure wvalues by accumulating, £for all pulses of
said sequence, a first amount of electrical charge representative
of a first amount cof light reflected by said object during a first
predetermined ime window and a second electrical charge
repregsentative of a second amount of light reflected by said
object during a second predetermined time window, said second
predetermined time window occurring after said first predetermined
time windcw, wherein the detecting of the first amcunt of light
and the detecting of said second amount of light occurs at said
first charge storage well and at said second charge storage well,

respectively

The s=solid-state light source is preferably a semiconductor light
gsource. The projected discrete spots are preferably spots of laser

light .

The sgystem according to the present invention relies on the same
physical principles as direct time-of -flight based ranging
systems, wviz. the fact that light always takes a certain amount of
time to travel a given distance. However, the present invention
uses range gating to determine the distance travelled by a light
pulse that has been transmitted and subsequently reflected hy a
target object. The present invention 1is inter alia based on the

insight of the inventors that by combining range gating, an at

least partially simultaneous spot pattern projection (based on a
novel illumination scheme; and a low-power semiconductor light
source, a substantially miniaturized, £full solid state and energy-
efficient long-rangs distance detecticn methed can be obtainsd.
The term "pattern" as used herein refers to a spatial distribution
of simultansocusly projected spots, preferably discrete (non-
overlapping) spots. In order to determine the positiocn of the
detected spot reflection in three-dimensional space, it is
necessary to combine the distance informaticen obtained from the
ranging step with angular information to fix the remaining two
spatial coordinates. A camera comprising a pixel array and

suitably arranged optics can be used to provide the additional
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Embodiments of the present invention are based on the further
insight of the inventors that in order to be able to use spot
patterns genarated by solid-state semiconductor light sources in
LIDAR system at the desired ranges, a way to circumvent the
coptical power limitations is needed. The inventors have found that
by prolonging the pulse duration and by integrating the reflected
enargy of multiple VCSEL-generated light pulses within at least
two semiconductor sensor wells or within at least two pixels,
followed by a single read-out of the integrated charge, a solid-

state LIDAR system can be obtained with a significantly greater

cperating range than is currently pocssible with solid-state
implementations. In addition, wmultiple sequences of light pulses,
using a different pulse duration in each sequence, may be combined

to cover a larger distance range than would be possible with a

gingle seguencea. Hereinafter, the term "storage" wil be used to

designate the well or the pixel in which charge is accumulated in

response to the detection of photons.

It is an advantage of the system according tc the present
invention that the solid-state light source and the solid-state
sensor (such as a (CMOS sensor, a CCD senscr or the like} may be
integrated on the same semiconductor substrate. The solid-state
light source way comprise a VCSEL array or a laser with a grating

adapted to produce the desired pattern.

Moreover, Dby assessing the reflectaed light energy detected in two
consecutive time windows, and normalizing for the tetal
accumulated charge in the two consscutive windows, the impact of
varying reflectivity of the object under study and the
centribution of ambient light can adequately be accounted for in

the distance calculation algorithm.

Finally, by using the pixel as described above, the system

according the present invention is less susceptible to saturation
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of the charge storage wells due to intense reflections received

from objects at short range.

In an embodiment, the system is configured to perform the
proiecting and the detecting for at least two consecutive
sequences of pulses, each of the sequences being operated with a

different duration of the first predetermined time window and the

second predetermined time window.

This embodiment ig further based on the insight of the inventors
that the range of the system can be improved by splitting up the
sensing of the full range over multiples £frames (i.e., multiple
sequences of pulses), each of which allows computation of the
distance for a different range by virtue of operating with
different tiwming parameters (the first predetermined time window

and the second predetermined time window)

A judicicus choice of thase operating parameters can ensure that
in each frame, the number of reflected photons expected to be
detected for the maximal distance of the desired range corresponds
teo an amount of charge that can be reliably read out from the
charge storage well. On the other hand, the nearest point at which

accurate measurements can be carried out is determined by the

number of photons that will saturate the capacity of the pixels.
The ratio between the minimal detectable number of photons and the
maximal number of photens that can be received without saturaticn
determines the distance range that can be spanned in a single

frame .

In an embodiment of the system according to the present invention,

the imaging array is further adapted te perform 2D video image

acgui sition .

The 2D wvideo image acguisition may be performed in the same franes
in which the range gating takes place, by employing the third
charge storage well and/or a fourth charge storage well or by

employing pixels of the pixel array that are not being illuminated
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bv reflections of the projected light spots. Additicnally or
alternatively, the ZD video image acquisition may be performed in
the other frames that the frames in which the range gating takes
place, optionally in synchronization with a global illumination of

5 the scenery.

Brief Description of the Figures

These and other aspects and advantages of the present invention
10 will now be described in more detail with reference to the

accompanying drawings , in which:

Figure 1 represents a flow chart of the range gating process

applied by an embodiment of the system according to the present
15 invention, in which the pixel according to the present invention

may be used;

Figure 2 schematically represents an ewxbodiment of the system

according to the present invention, in which the pixel according

20 to the present invention way be used;

Figures 3a-¢ present timing schemes of the range gating process
applied by an embodiment of the system according te the present
invention, te¢ illustrate the operation of the two wells involved

25 in range gating;

Figure 4 schematically represents an embodiment of the pixel

sccording to the present invention;

30 Figure 5 schematically represents an embodiment of the pixel
according to the present invention, showing a first way of

obtaining the asymmetry of the wells;
Figure & schematically represents an embodiment cof the pixel

35 according to the present invention, showing a second way of

obtaining the asymmetry of the wells; and
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Figures 7a-7g represent timing diagrams for light projection and
detecticon in embodiments of the present invention, to illustrate

the oparation of additional wells.

fast
e
e
©

o) Throughout the figures, like numerals are used to refer to

elements

Detailed Description of Embodiments

10 The inventeors have found that the pixel array according te the
present invention can advantageously be applied in a novel type cof
ranging system which aims to achieve the same power /per formance
characteristics with a compact, semiconductor based time-of -f£flight
based svstem. Accordingly, an aspect of the present invention

i5 Cconcerns A ranging system comprising a plurality of pixels as will

be described below, arranged in a pixel array.

In this aspect of the invention, the limitations of the existing
LIDAR-based systems are overcome by changing the way the time-of-

20 flight based system operates. The total amount of light energy
emitted for each time-cf-f light measurement (and thus, the number
of photons available for detection at the detector for each time-
of-flight measurament) may be increased by increasing the duraticn
of individual pulses and by producing a virtual "composite pulse',

25 consisting of a sequence of a large numper cof individual pulses.
This bundling of extended pulses allowed the inventors to obtain
the regquired amcunt of light energy ({photons} for the desired
operaticnal range with low-power solid-state lasers, such as
VCSELs .

30
Where an individual pulse cf pre-existing LIDAR systems may have a
duration of 1 ns, the presently described systems benefit £rom a
substantially longer pulse duration to partially compensate for
the relatively low power level of semiconductor lasers such as

35 VCSELs; in embodiments of the present invention, individual pulses
within a sequence may have an exemplary duration of 1 ps ({(this is

one possible wvalue, chosen here to keep the description clear and

RECTIFIED SHEET (RULE 91) ISA/EP
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simple; more generally, in

the pulse duration may for

750 ns or more, most

system according to the present invention,

preferably
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embodiments of the present invention,

example be 500 ns or more, preferably

940 ns or more) In an exemplary

a sedquence may consist

of 1000 pulse cycles, thus adding up te a duration of 1 ms. Given
the fact that light would need approximately ©0.66 us to travel to
a target at a distance of 100 m and pack to the detector, it is

possible to use composite

distance £ this ocrder of

fe}
able to adiust the

pulses cof this duration

magnitude;

for ranging at

the skilled person will be

required number of pulse cycles in function cof
the selected pulse width and the desired range. The detection of
the sequence preferably comprises detecting the individual pulses
in synchronization with the VCSEL-based 1light source, and
accumulating the charges generated in respense to the incoming

photons at the pixel well
read-out. The term
dagignate the valus
amount of
sequence.

pericdically .

The ranging system of the present

range gating.
reflection
the arrival of the
of the light pulse,
Thus, the

pulse. integrated

travelled by the pulse. The
of range gating, as applied
hereinabove. In the
individual pulses
measurement of

te obtain a

understood.
Figure 1 represents a Fflow

Without loss of generality,

lavel
Texposure value'
representative
light received at the pixel)

The sequence emission and detection

Range gated i
of the emitted
amount of temporal overlap between the pulse emission
reflected pulse depends on the

and thus

following description,

cf a sequence at the

for the entire seguence prior to
is used hereinafter to

of the charge {and thus of the

integrated over the

may be repsated

invention operates Dby using

magers integrate the detected power cof

pulse for the duration of the pulse.,

window

return time

istance travelled by the

£

on the

power is correlated to the distance

e

present invention wuses the principle

to the sequences of pulses described

the integration of

level of a picture element

the entire sequence is implicitly
chart of an applicable ranging method.
the ranging method is described with
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reference to a range gating algorithm. In a first time window 10,
the method comprises projecting 110 a pattern of spots of laser
light (e.g. a regular or an irregular spatial pattern of spots)
from a light source comprising a solid-state light scurce 210 onto
any objects in the targeted area o©f the scenery. The spatial

pattern is repeatedly projected in a seguence of pulses.

As indicated above, the solid-state light scurce may comprise a
VCSEL array or a laser with a grating adapted to produce the
degired pattern. In order for the system tc operate optimally,
even at long ranges and with high levels of ambient light (e.q.,
in daylight) , a VCSEL for use in embodiments of the present
invention is preferably arranged to emit a maximum optical power
per spetb per unit cf area. Thus, Iasers with a good beam guality

{low M2-factor) are preferred. More preferably, the lasers should

g

e

ave a minimal wavelength spread; a particularly low wavelength
spread can be achieved with monomode lasers. Thus, substantially
identical pulses can reproducibly be generated, with the necessary

spatial and temporal accuracy.

During the same time window in which a pulse is emitted, or in a
substantially overlapping time window, a first amcunt of light
representing the pattern of spots as reflected by the object of
interest 1is detected 120 at a detector, which is preferably
arranged as near as possible to the light source. The
synchronicity or near synchronicity betwsen the projection 110 of
the spot pattern and the first detection 120 of its reflection, is
iliuvstrated in the flow chart by the side-by-side arrangement of
these sateps. In a subsequent seccend predetermined time window 20,
a second amount of light representing the reflected 1ight spot is
detected 130 at the detector. During this second window 20, the
solid-state light source is inactive. The distance to the object
can then be calculated 140 as a function of the first amount of

reflected light and the second amount of reflected light.

The first predetermined time window 10 and the second

predetermined time window 20 are preferably back-to-back windows
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5

ot

of substantially equal duration, to facilitate noise and ambient

a1
ight cancellation by subtracting one of the detected amounts from

ot

the other one. An exemplary timing schems will be described in

more detail below in conjunction with Figure 3 .

The detector comprises a pixel array as described above with
adequate optics arranged to project an image of the scenery

(including the illuminated spots! onte the picture element.

The term "picture element" as used herein may refer to an
individual Iight-sensitive area or well of a pixel, or to an
entire pixel (which may comprise multiple wells, see balow) . For
every given projected spot, the detecting 120 cf the first amount
of light and the detecting 130 of the second amount of light
ccurs at the same one or the same group of the plurality of

picture elements.

Without loss of generality, each of the picture =alements may be a
pixel comprising at least two charge storage wells 221, 222, such
that the detecting 120 of the first amount of light and the
detecting 130 of the second amount of light can occur at the
respective charge storags wells 221, 222 of the same pixel or
pixel group. The third well may perform a wvariety of functions,
provided that it is operated according to a timing scheme that

into account the timing of the projector and/or the other

Figure 2 schematically represents an embodiment of the system
according to the present invention, in relation to an ocbject 99 in
the scenery of interest. The system 200 comprises a solid-state
light socurce 210 for projecting & pattern of a seguence of spots,
which may be repeated periodically, onto the object 95. A detector

220 is arranged near the light source and configured to detect

light reflected by the object.

The light beam bouncing off the object 9% is illustrated as an

arrow in dashed lines, travelling from the light source 210 to the
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object 99

this representation is strictly

indicative of any

A synchronization means 230,

clock circuit osciliator, is

L7k 5

state light source 210

the cobject during

operate the detector 220

representing the light spot(s)

substantially the same time. It

to detect a

==

reflected by the object 99,

predetermined time windows 20.
are configured to calculate the
of

function of the first amount

amount of reflected 1light.

Figure 3 (consisting of Figures

present invention.

the

pulse sequence which

is illustrated, which consists

second time window 20.

As can be seen in Figure 3a,

solid-state light source 210 is

pattern of light spots onto the

window 20, the s=olid-state

The arrival of the reflected light at the detector

relative to the

is proportional to the distance

in free spacsa) Due to this

light will be detected
which is only activated

charge accumulated in this
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during respective
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For clarity reasons,
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during

light

start of the projection by an amount

delay,
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during the first time window 10.

first well during
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1t should be noted that

schematic, and not intended to be

or angles.

may include & conventional
configured to operate the solid-
the pattern of spots onto

time windows 10 and to

so as to detect a first amount of light

by the object 99 at
further operates the detector 220
tha light spots

subsequent second

Appropriate processing means 240

distance to the object as a

reflected light and the second
3a, 3b, and 3¢} represents a
and detection in embodiments

only a single pulse

ig repeated periodically of Figure 3

a first time window 10 and a

the first time window 10, the

in its "ON¥ state, emitting the

scanery. During the second time

source 210 in its "“"OFF" state.

18

220 is delayed

of time that
travelled (approximately 3.3 ns/m
only a part of the reflected

221 of the detector 220,

Thus, the

its period of
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activation (the first time window 10) consists of a part
representing only the noise and the ambient light impinging on the
pixel prior to the arrival of the reflected pulse, and a part
representing the noise, the ambient light, and the leading edge of

5 the reflected pulse.

The latter part of the reflected pulse will be detected at the
second well 222 of the detector 220, which is only activated
during the second time windew 20, which preferably immediastely

10 follows the first time windcw 10. Thus, the charge accumulated in
this second well during its period of activation (the second time
window 20) consists of a part representing the noise, the ambient

light, and the trailing edge of the reflected pulse, and a part

b

representing only the noise and the ambient light impinging on the

15 pixel after the arrival of the reflected pulse.

The greater the distance between the reflecting object 99 and the
system 200, the smaller the proportion of the pulse that will be
detected in the first well 221 and the larger the proportion of

290 the pulse that will be detected in the second well 222.

If the leading edge of the reflected pulse arrives after the
clesing of the first well 221 (i.e., after the end of the first

time window 10) , the prepertion of the reflected pulse that can be

3]
95

detected in the second wall 222 w: decrease again with

increasing time of flight delay.

The resulting amounts cof charge A, B in each of the respective
wells 221, 222 for varying distances of the object 9% are shown in

30 Figure 3b. Te simplify the representation, the effect of the
attenuation of light with distance, according to the inverse
square law, has nct been taken into account in the diagram. It is
clear that for time of flight delays up to the combined duraticn
of the first time window 10 and the second time window 20, the

35 time of flight delay can in principle unambiguously be derived

from the values of A and B :

465



n

"

o

(4]

WO Z018/197441 PCT/EP2U1I8/060391
18

- For time of flight delays up to the duration of the first

time window 106, B is propertional to the distance of the

)

ly arrive at a determination of the

s

cbject 93. To eas
absolute distance, the normalized wvalue B/ (BtA) may be used,
removing any impact of non-perfect reflectivity of the

detected object and of the inverse square law.

o
o
=
i
1o
H
i
t

- For time cof flight delays excseding the duration o
time window 16, A consists of daylight and noise
contributions only (not illustrated) , and ¢-B is
substantially proportional {after correcting for the inverse
sguare law) to the distance of the object 53, where € is an
cffget value.

While Figures 3a and 3b

=

llustrate the principle of the system
according to the present invention in relation to a single pulse
emitted in the time window 10, it shall be understood that the
illustrated pulse is part of a sequence of pulses as defined
above. Figure 3¢ schematically illustrates exemplary timing
characteristics of such a sequence. As illustrated, the
illumination scheme 40 consists of a repeated emission of a
seguence 38 of individual pulses 18. The width of the individual
pulses 10 is determined Dby the maximal ocperating range. The entire

sagquenca may ba repeated at a fraguency of, for axample, 60 Hz.

The inventors have found that in systems such as described herein,

reflections of ght by objects at a short distances are more
likely to cause pixel saturation, bpecause the attenuation of such
a reflection will be much less than that of a reflaction
originating from a morse distant object (due to the inverse-sguare
law of light attenuation over distance} . As certain applications,
such as automotive applications, reguire accurate system operation
up teo relatively long distances, a large photon span must be
covered between the nearest distances of operation and the
farthest distances of operation. With these constraints, pixel
saturation at short range is a very real risk, in particular at
the firat well ({which receives the bulk of the reflection at short

range) . The inventors have found that for given total pixel space,
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the saturation problem can be mitigated by using an asymmetric
well arrangement, in which the pheoton capacity represented by the
first well is increased, and the photon capacity represented by
the second well ig decreased. If the increase and decrease are
balanced, an increase of the dyvnamic range can be cobtained at neo

additional pixel surface cost.

The inventors have further found that to obtain a useful operating
range (between the lowest detectable light level and the light
level at which saturation occurs) , the first charge storage should

have a charge capacity that is at least 50% greater than the

charge capacity o©f the second charge storage well. Preferably, the
first charge storage should have a charge capacity that is at
least 75% greater than the charge capacity of the second charge
storage waell, and most preferaply the first charge storags should
have a charge capacity that is at least 100% greater than the

charge capacity c©of the second charge storage well.

An exemplary asymmetric dual-well pixel according to the present

invention, including anti-blooming circuitry, is schematically
presented in Figure 4. The charge storage wells 221, 222 (3N &, B8N
3} are connected to a photactive region ({(pH) by means of transfer
gates (T¢ A, TG B), which are contrclled to synchronize the active
states of the two charge storage wells with the transmission of

the projection pulses as described above.

Figure 5 schematically represents an embodiment of the pixel
according to the present invention, showing a first way cof
obtaining the asymmetry of the wells. As shown in Figure s, the
first well 221 ({the depletion zone on the A-signal side} has been
made at least 50% larger than the second well 222 (the depletion
zone on the B-signal side} during the semiconductor fabrication

process .
Figure & schematically represents an ambodiment o¢f the pixel

according to the present invention, showing a second way of

obtaining the asymmetry of the wells. In this case, both
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semiconducter wells 221, 222 are of identical side, but an

additicnal capacitor is provided on the A-signal side tc increase

the effective capacity of the first well 221.

Blooming i= a phenomenon that happens when the charge in a pixel
exceeds the saturation level of that specific pixel. Conseguently,

the charge starts to overflow and causes nuisance in adjacent

pixels. This creates inaccurate data in the neighboring pixels, or

ne

rt

in other wells of the same pixel. Preferably, the pixels of

system according to the present invention are provided with anti-

w

blooming electronics, to bleed off the excess charge before it
saturates the relevant wall and spills over to the wells cof
adjacent pixels. In particular when the informaticn from
neighboring spots is used for the elimination of kackground light,
it is of great importance to have an accurate s=stimation of the
background light which is cbtained independently ({(and without

contamination from) neighboring pixels.

The pixel may further comprise circuitry allowing the pixel to
switch between a charging wode and a discharging mode. In the
charging mode, light impinging on said pixel causes the first

charge storage well or the second charge storage well (according

to the present stage of the illumination scheme} teo increase a
stored amcunt of charge. In the discharging mode, preferably
activated after the charging mode £for an equal amount of time,
light impinging on said pixel causes said first charge storage
well or said second charge storage well to decrease the stored
ameount of charge. This switching scheme allows an amount of charge
corresponding to the background light to be removed from the

charge storage wells.

Bmbodiments of the present invention wmay employ corrslated double
sampling te correct the samples for the thermal ncise related to
the capacity of thes wells {also designated as "kTC noise"} . To
this end, the electronics o¢f the pixel may be designed to carry

out a differential measurement between the reset voltage }

Vieser

and the signal wvoltage (Vgig,i),. for example by measuring V cet at
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the beginning of the £frame and measuring V.i..:. at the end of the
frame. As an alternabive to an electronic {in-pixel}
implementation, correlated double sampling may alse be implemented
by digitally subtracting the read-out signals W, gt - Visen in a
Processor.

Tc increase the amount of light that reaches the photosensitive
elements {in particular diodes} in the pixel structure,
embodiments of the present invention may use backside

llumination; in that case, the pixel circuitry is behind the
photosensitive layer, thus reducing the number of layers that must
be traversed by the impinging photons to read the photosensitive

elements .

In addition to being applicable in the system deascribed above, the
pixel and the pixel array according to the present invention may
also be integrated with & trianguiaticn-based system in accordance
with WO 2015/004213 Al. If miniaturization is aimed for, the
riangulation-based system will end up having a relatively small
distance between its projector and its detector, thus leaving it
with a reduced operating range. However, it is precisely at shert
range that the combination presents its benefit, Dbecause the
triangulation-based system can cover the distances at which the
time-of -flight based system cannct operate sufficiently

accurately.

The entire ranging process may be repeated 1iteratively, preferably
periodically, so as to meniter the distance to the detected object
or obiects over time. Thus, the result of this method can be used
in processes that require information about the distance to
detascted objsckts on a continuous basis, such as advanced driver
assistance systems, vehicles with an active suspensicn, or

auteneomeous vehicles.
The entire ranging process may be repeated itervatively, so as to

monitor the distance to the detected cobject or objects over time.

Thus, the result of this methed can be used in processes that
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require information about the distance to detected objects on a
continuous basis, such as detection and tracking of objects in the
surroundings of a wvehicle, advanced driver assistance systems,
vehicles with an active suspension, autonomous driving or
autonomous wvehicles. An iteratively repeated range gating seguence
is schematically represented in the timing diagram of Figure 7a,
in which each frame corresponds of a seguence of pulses of the
proiector (2 (the timing of the pulses is indicated by the
lowercase ‘p '), which is synchronized to activations of the imager
(1} (the accumulation of charges in the first well is indicated by
the lowercase ‘a', while the accumulation of charges in the second
well is indicated by the lowercase ‘b)) . Without loss of

only two consecutive frames are illustrated.

Figure 7b represents a medified timing scheme, containing two
additicnal time slots for every projection pulse. These additicnal
time slots are used to discharge the resgpective wells at a rate
proportional to the intensity of the light impinging on the pizxel
when no reflection of the projected light is received. As the
light received in the absence of a pulse represents the background
light, with only a tiny time offset relative to the point in btime
at which the pulse reflection is received, this scheme effectively
removes the background 1light component from the charge accumulated

in the first well and the second well, for each projector pulse.

In corder tco implement the above mentioned discharging phase, the
pixel may comprise a capaciteor for storing the charge, coupled to
the photodiode by appropriate transfer gates. The accumulating
phase then comprises transferring charges to a first side of the
capacitor, and the decreasing comprises transferring charges to

the sscond side of the capacitor.
The following timing disgrams illustrate how additional wells

{e.g. the aforementioned third charge storage well and fourth

charge storage well) may be used.
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Figure 7c¢ represents a modified timing scheme, containing one
additional time slot for every projection pulse. This additional
time slot is used to accumulate photocharges in a third well (the
accumulation of charges in the third well is indicated by the
lowercagse “¢' ). Ag the light received in the third well arrives in
the absence of a pulse, it represents the background 1light, with
only a tiny time offset relative to the point in time at which the
pulse reflection is received. The charge accumulated in the third
well may therefore be subtracted from the charges in the first
well and the second well to effectively remove the background
light component from the latter charges . The light received in the
third wall may alsc include reflectiocns of projected spots
arriving from highly reflective objects outside the range covered
by the operaticon of the first well and the second well, and the
acoumulated charges may accordingly be used to detect such
cbjects. The light received in the third well may also be used to
generate a 2D image cof the scenery, which may opticnally be
combined with the ranging information obtianed £rom the operation

of the first well and the second well to create a 3D image.

Figure 74 represents a variant of the timing scheme of Figure 7c,
in which the third well is activated during a number of time slots
after the completion of the same number of projector pulses. As
tha light thus received in the third well arrives in the absence
of a pulse, it represents the background light, with only a
slightly larger time offset relative to the points in time at
which the pulse reflection iz received. The charge accumulated in
the third well may therefore be subtractsd from the charges in the
first well and the second well to effectively remove the
background light component from the latter charges. The charge
accumnlated in the third well in the separate time slots may also
be used to generate a 2D image of the scenery, in which case the

scenery may optionally pe i1illuminated by a fiash light.

Figure 7e represents vyet another wvariant of the timing scheme of
Figure 7¢, in which the first well is activated in a separate

frame, after the completicon o©f a range-gating frame in which the
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projector and the first and second well are active. As the light
thus received in the first well arrives in the absence of a pulss,
it represents the background 1light, with again a slightly larger
time offset relative to the points in time at which the pulse

5 reflection is received. The charge accumulated in the first well
in the separate frame may therefore be subtracted from the charges
previcusly accumulated in the first well and the second well to
effectively remove the background light component from the latter
charges. The charge accumuilated in the first well in the separate

10 frame mway also be used to generate a 2D image of the scenery, in
which case the scenery may optionally be illuminated by a flash

light .

The combination of the large desired operaticnal range (in the
15 order of 200 wm) and the high desired accuracy (correctly detect as
few as 1000 photons at the furthest peint) results in a huge span
between the largest number of photons that may be received in one
well in one frame (in the case of reflections at short range} , and
the lowsst number that may be received in one well in cne frame.
20
Figure If represents a modified timing scheme, which differs from
the scheme of Figure 7a in that the duration of a single time slot
varies from one slot to the mnext. In this way, the detection
threshold and the saturation peoint for different frames will occur
25 at different distances, and the information obtained from a number
of consecutive frames may be combined to obtain accurate distance
measurements for both nearby objects and far-away objects.
Figure 7g schematically illustrates how the individual £frames in
30 the sequence of Figure 3c, which may fail to cover the entire
targeted range of distances [Zj,, Z,..] as a result of the
constraints imposed by N .. (maximal number of electrons that can

be stored without saturatin the pixel} and N (minimum number of
g D

'Illl'ﬂ
pixels required for accurate read-cut) , can be broken down inte
35 sequences with different timing parameters, each covering a

portion of the targeted range [z, {i}, 2, (1)] that can more
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easily be covered within the same constraints on the number of

photons .

with reference to the symbols introduced shove and used in Figure
7g, the corresponding electron amounts mn.s. i; and n,, (1 of the
subranges are defined by:
- The maximum allowable number of electrons ({(using "FBC" for
the full pixel capacity, which corresponds to full well

capacity in case there are no additional capacities) :

z(i) s
thax =N x( - )g_ FPC, with =z = Z_
min z(i+1) ¥ Z.\.n.-‘x
- The minimum reguired accuracy level : Il .. =Nm,-n

= Zman fd) = Zpin (1-1)

Additionally, the pulse characteristics can be determined as

follows :

the pulsewidth 1) = m:é..ln

= 2 i . Ny
- the total "on" time is reduced proportionally to 22 o

Nindn

respect the limits imposed by the full pizel capacity and tha

The above principles way be further clarified by the following

non-limiting numerical example.

A Lambertian reflecting surface with 10% reflectivity at a
distance of 150m must provide 1000 electrons te obtain an accuracy
of 1,6%. At the same distance, a 100% reflecting surface will

generate 10000 electrons. With a full well capacity of 200000

electrons, the following multi-frame solution is proposed:

Sub-range Pulse Width Total "on®
time
Frame 1 150m - 32m 1 s 1 ms
Frame 2 7 .4m - 33m 22 ns 50 us
Frame 3 1.65m - 7 .4m 4.9 ns 2.5 ps
Frame 4 0.37m - 1.65m 1.1 ns 0.125 us
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It should be noted that for robustness reasons, it may be

advantageous to provide an overlap in the subranges .

For assuring the same 3D resclution, it may be advantagecus to use
§ a faster camera: e.g., & camera operating at 180Hz with 3-frame
interieaving gives the same data speed as a 60Hz with single frame

operation .

Depending on the mode in which a system according to the present
10 invention is used (zz exemplified in Figures 7a-7g) , the duty
cycle will wvary. It can easily be seen that when some frames are
used for capturing out-of-range reflections or acquiring a 2D
image, a zmaller fraction of time is available for the actual
ranging. It is an advantage of the use o©f three-well or four-well
15 pixel according to the present invention that several functions

can be performed simultaneously.

Blooming 1is a phenomenon that happens when the charge in a pixel
20 exceeds the saturation level of that specific pixel {as in the
case of short-range reflections or reflections £rom highly
reflective surfaces such as traffic signs or license plates)
Consequently, the charge starts to overflow and causes nuisance in
adjacent pixels. This creates inaccurate data in the neighboring
25 pixels. Preferably, the pixels of the system according to the
present invention are provided with anti-blooming electronics,
which may in particular include a fourth well, tec bleed off the
excess charge befeore it saturates the relevant well and spills
over to the wells of adjacent pixsls. In particular when the
30 information £rom neighboring spots is used for the elimination of
background light, it is cf great importance to have an accurate
estimation of the background light which is obtained independently
{and without ceontamination from} neighboring pixels. Likewise,
when the pixels that do not recsive spot raflections are used to
35 simultanecusly generate a regular 2D image, it is highly desirable
that pixels adjacent to pixels receiving a spot refliection are not

affected by charge spills from the latter pixels.
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in crder for all elements of the system as described to operate
optimally, ths system has to be thermally stable. Thermal
stability avoids, among other things, undesired wavelength shifts
5 of the optical elements (thermal drift) , which would otherwise
impair the proper functioning of the optical filters and other
elements of the optical chain. Embodiments of the system according
to the present invention achieves thermal stability by their
design, or by active regulation by means of a temperature control

10 loop with a PID-type controller.

WO 2015/004213 Al discloses wvarious technigques to minimize the
amount of ambient light that reaches the pixels during the
detection intervals, thus improving the accuracy of the detection

15 of the patterned laser spots. While these techniques have not been
disclosed in the context of a LIDAR system, the inventors of the
present invention have found that several such technigues vield
axcellent results when combined with embodiments of ths present
invention. This is particularly true for the use of narrow

20 bandpass filters at the detector, and the use of adequate optical
arrangements to ensure nearly perpendicular incidence of the
reflectad light onto the filtevs. The details of thess
arrangements as they appear in WO 2015/004213 Al are hereby
incorporated by reference. Further features and details are

25 provided hersinafter.

Eurcopean patent application publication nos . EP 3045935 B1 and
EP 3045936 Bl, both in the name of the present applicant, disclose
ptical arrangements that may be used in conjunction with the

30 system disclosed in the present application to further minimize
the amount of ambient light that reachss the pixels during the
detection intervals. The details of these arrangements as they
appear in EP 3045335 Bl and EP 3045936 Bl are hereby incorporated
by reference. Accordingly, a pixel according to the present

35 invention may be provided with a microlens in order to guide the
impinging light, after optiocnal filtration, to the photosensitive

region .
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While these various technigues mav be applied to embodiments of
the present invention to minimize the amount of ambient light that
reaches the pixels during the detection intervals, a certain

5 amount of ambient light cannot be avoided. In a multi-pixel

system, only some of the pixels will be illuminated by reflected

o
e}

spots, while cothers will be illuminated by residual ambient light
only. The signal levels of the latter group of pixels can be used
to estimate the contribution of the ambient light to the signals
10 in the pixels of interest, and to subtract that contribution

accordingly

In some embodiments, the detector may be a high dynamic range
detector, i.e. a detector having a dvnamic range of at least %o
15 dr, preferably at least 120 dB. The presence of a high dynamic
range sensor, i.e. a sensor capable of acguiring a large amount of
photons without saturation while maintaining sufficient
dizcrimination of intensity levels in the darkest part of the
scene, is an advantage of the use of such a sensor; it allows for
20 a sensor that has a very long range and yet remains capable of
detection objects at short distance (where the reflected light is
relatively intense) without undergoing saturation. The inventors
have found that the use of a high dynamic range sensor not based
on tone mapping is more advantageous than the use of a sensor that
25 applies tone wapping. In tone mapping, the sensor linear range is
compressed towards the higher resolution. In literature, several
compression methods are documented, such as logarithmic
compression or multilinear compression. However, this non-linear
compression necessitates relinearization of the signals before
30 performing logical or arithmetic operations on the captured scene
to extract the relief informstion. The solution according te the
invention therefore increases detection accuracy without
increasing the computational requirements. It is a further
advantage of some embodiments to use a fully linear high dynamic
35 range sensor. A pixel architecture and an optical detector that
are capable of providing the desired dynamic range characteristics

are disclosed in US patent application publication no. US
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o

2014/353472 AL, in particular paragraphs 65-73 and 88, the content
of which is incorporated by reference for the purpose of allowing
the skilled person to practice this aspect of the present

invention

Embodiments of the present invention wuse a high dynamic range
pixel. This can be obtained by a sizeable full-well capacity of
the charge reservoirs or by designs limiting the electronic noise
per pixel or by usage of CCD gates that do not add noise at charge
transfer, or through a design with a large detection guantum
efficiency {DOE) {e.g., in the range of 50% for front illuminaticn
or 80% in case of back illumination, alsoc known as back thinning) ,
or by a special design, or by any combination of the listed
improvements. Furthermore, the dynamic range can pe further
enlarged bv adding an overflow capacity to the pixel in overlay at
its front side (this implementation reguires back thinning} .
Preferably, the pixel design implements an anti-blcocoming

mechanism.

A system according to the invention may include an implementation
of steps of the methods described above in dedicated hardware
{e.g., ASIC), configurable hardware (e.g., FPGA) , programmable
components {e.g., a DSP or general purpose processor with

appropriate software), or any combinaticon therecf. The same

component (s; may also include other £functions. The present

invention also pertains to a computer program product comprising
cede means implementing the steps of the methods described above,
which preduct may be provided on a computer-readable wmedium such

as an optical, magnetic, or solid-state carrier.

The present invention also pertains to a vehicle comprising the

aystem descriked above.

Embodiments of the present inventicn may be used advantagecusly in
a wide wariety of applications, including without limitation

automotive applicaticns, industrial applicaticns, gaming

applications, and the like, and this both indccor and outdoor, at
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short or long range. In some applications, different sensors
according to embodiments of the present invention wmay be combined
{e.g., daisy-chained) to produce panoramic coverage, preferably

over a full circle (360° field of view} .

It should be noted that the method, the pixel, and the pixel array
according to the present invention may alsc be used in

triangulation-pased gystems such as the system of WO 2015/004213
Al, and in existing LIDAR systems, to improve the cquality of the

measurements in the presence of ambient light.

While the invention has been described hereinabove with refereancas
to separate embodiments, this was done for clarifying purposes
only. The skilled person will appreciate that features described
in connection with one embodiment, ¢an alsc be applied to otherx
empodiments, with the same technical effects and advantages.
Furthermore, the scope of the invention is not limited to these

smbodiments, but is defined by the accompanying claims.

478



W

WO Z018/197441 PCT/EP2U1I8/060391

Claims

1. A pixel for use in a system for determining a distance teo an
obiject by range gating,

said pixel comprising:

a first charge storage well (221) and a second charge storage well
{222) for accumulating electrical charges representative of
amounts of light reflected by said object and impinging on said
pixel during respective sefts of exposure intervals, and a third
charge storage well {223) ;

wherein said first charge storage well (221) has a charge capacity
that is at least 50% greater than a charge capacity of =said =zecond
charge storage well (222); and

wherein said third charge storage well (223) has a smaller charge
astorage capacity than said first charge storage well (2210 and

zaid second charge storage well (222) .

2. The pixel according to claim 1, further comprising circuitry
allowing said pizel to switch between:
~ & charging mode, in which light impinging on said pixel
causes saild first charge storags well (2210 or said second
charge storage well (222) to increase a stored amount of
charge, and
- a discharging mode, in which 1light impinging on said pixel
causes said first charge storage well (221) or said second
charge storage well (222) to decrease a stored amount of

charge .

2. The pixel according to any of the preceding claims, £further
comprising circuitry allowing photocharges that are generated when
an active one of =2aid first chargs storage well (221) and said
second charge storage well (222) is filled tec capacity, to be to
deviated to a charge sink without entering & storage well of an

adjacent pixel.

4 . The pixel according to any of the preceding claims, £urther

comprising a fourth charge storage well (224} .
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5. An imaging array comprising a plurality of pixels according to

any of the preceding claims.

o
]

system for determining a distance to an cbject comprising:

- a solid-state light source arranged for projecting a pattern
of spots, preferably discrete spots, of light towards the
cbject in a sequence of pulses, preferably a periocdically
repeated seguence of pulses;

- a detector comprising an imaging array according to claim s,
the detector being configqured for detecting light
representing the pattern of spots as reflected by the object
in synchronization with said sequence of pulses; and

- processing means ceonfigured to caleculate the distance to the
cbject as a function of exposure values generated by said
pixels in response to said detected light;

wherain the pixels of the imaging avvay are configured to generate

said exposure values by accumulating, for all pulses of said

sequence, a first amount of electrical charge representative of a

firat amount of light reflected by s=aid cbject during a first

predetermined time window and a second electrical charge
representative of a second amount of light reflected by said
chject during a second predetermined time window, said second
predetermined time window occurring after sald first predetermined
time window, and

wherein the detecting of the first amount of light and the

detecting of said second amount of light occurs at said first

charge storage well (221) and at said second charge storage well

{222), respectively.

7. The system according teo claim s. further configured to perform
the projecting and the detecting for at least two consecutive

sequances of pulses, each of the seguences being operated with a
different duration of the first predetermined time window and the

second predetermined time window.
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8. The system according to claim 6 or claim 7, wherein the imaging

array iz further adapted to perform 2D videc image acquisition.
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(57) Abstract: The invention pertains (0 a svstem for characterizing
surtoundings of a velucle. the system comprising: projection means
(210} arranged for projecting a pattern of laser light fowards said
surroundings m a sequence of pulses: a detector (220) comprising a
plurality of pixels, said detector (220) being configured for detect-
ing light representing sard pattern of laser light as reflected by said
surroundings i synchronization with said sequence of pulses; and
processing means (240% configured to caleulate distances to objects
(99} in said surroundings as a function of exposure values generat-
ed by said pixels in response to said detected light; wherein said de-
tector (2209 is further configured for detecting light forming a two-
dimensional image of said surroundings at poimts i time that do not
coimcide with said sequence of pulses o af pixels that do not receive
said light representing said pattern of laser light as reflected by said
srroundings,
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System for characterizing surroundings of a vehicle

Field of the Invention

5 The present invention pertains to the field of gystems for
determining a distance to an object, in particular to sensing
systems to be used for the characterization of a scene or a part
therecf, as may be used to detect obstacles in the wvicinity of a

vehiclie

10
Background
In the field of remote sensing technelogy, in particular with
regard to the generation of high-resolution maps of a scenery

15 which can be used in contrel and navigation applicaticns including
automotive and industrial applicatiens, gaming applications, and
mapping applications, it is known to use triangulation-based and
time-of -flight based =ensing to determine the distance of objects
from a sensor.

20

A high-accuracy medium-range surrcound sensing system for vehicles
that makes wuse of triangulation, i1s known £from international
patent application publication WO 2015/004213 Al in the name of
the present applicant. In that patent application, the

25 localization of cobjects is based on the projection of pulsed
radiation spots and the analysis of the displacement of detected
spots with reference to predetermined reference spot positicons.
More in particular, the system of the cited patent application
uses triangulation. However, the accuracy that can be achieved

30 correlates with the triangulsticn base, which limits the
miniaturization that can ke achieved.
Time-cof -flight based technigues include the use cf RF modulated
sources, range gated imagers, and direct time-of-f light (DToF)

35 imagers. For the use of RF modulated sources and range gated
imagers, it is necessary to illuminate the entire scene of

interest with a modulated or pulsed scurce. Direct time-of-f light
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systems, such as most LIDARs, mechanically scan the area of
interest with a pulsed beam, the reflection of which is sensed
with a pulse detector. The optical power emitted by present
semiconductor lasers cannot meet the power requirements necessary

5 for operations in the known LIDAR systems to be of practical use
in automotive applications (e.g. for ranges up to 250 a)
Unpublished Eurcpean patent application no. EP 15 191 288.8, in
the name cof the present applicant, describes a system for
determining a distance to an object that overcomes such

190 limitations. It comprises: a sclid-state light source arranged for
projecting a pattern of discrete spots of laser light towards the
objact in a sequence of pulses; a detector comprising a plurality
of pixels, the detector bkeing configured for detecting light
representing the pattern of discrete spots as reflected by the

15 object in synchronization with said ssguence of pulses; and
processing means configured to calculate the distance to the
object as a functicn of exposure wvalues generated by said pixels
in response to said detected light. The pixals are configured to
generate said exposure values by accumulating, for each pulse of

20 said sequence;, a first amount of electrical charge representative
of a first amount cf light reflected by said object during a first
predetermined time window and a second electrical charge
representative of a second amount of light reflected by said
object during a second predetermined time window, said second

25 predetermined time window occurring after said first predetermined

time window.

As remote sensing technology is incresasingly being relied on to
provide wveshicle-safety features, advanced driver assistance

30 gsystems (ADAS), and even auntonomous (or "self-driving®)} cars,
thares is a need for a system that more accurately characterize the

surroundings of the wvehicle in which the system is mounted.
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Summary of the Invention

According to an aspect of the present invention, there is provided
a system for characterizing surroundings of a vehicle, the system
comprising:

- a projection means arranged for projecting a pattern of laser
light towards said surroundings in a sequence of pulses, said
pattern of laser light comprising a pattern of discrete
Spots ;

- a detector comprising a plurality cof pixels, said detector
being configured for detecting light representing said
pattern of laser light as reflected by said surroundings in
synchronization with said sequence of pulses; and

- processing means configured to calculate distances to obiects
in said surroundings as a function of exposure wvalues
generated by said pixels in response to said detected light;

wherein said detector is further configured for detecting light
forming a two-dimensional image of said surroundings at points in
time that do not coincide with said sequence of pulses or at
pixels that do not receive said light representing said pattern of

laser light as reflected by said surroundings.

It is an advantage of the invention that the characterization of
the surroundings can be improved by combining 2D information and
3D information cbtained from the same sensor at interleaved points
in time. The 3D information is obtained from the system when used
as a range sensor, by capturing the reflected light patterns in
synchronization with their projection; and the 2D information is
cbtained from the system when used as a digital camera between the

range sensing pulses.

The projection means preferably comprises a sclid-state laser; it
could in particular be a VCSEL array or a solid-state laser

provided with an adequate grating. The pattern of laser light is
preferably a pattern of spots, in particular discrete spots. The

seguance of pulses may be pericdically repeated to allow far a
- ’

continuous updating of the characterization of the surroundings.
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in an embodiment of the system according to the present invention,
the pixels ars configured to generate said exposure values by
accumulating, for all of the pulses of said sequence, a first

5 amount of electrical charge representative of a first amount of
light reflected by said cbjects during a first predetermined time
window and a second electrical charge representative of a second
amount of light reflected by said objects during a second
predetermined time window, said second predetermined time window

10 occurring after said first predetermined time window.

It is an advantage of this embodiment that it uses range-gated
LIDAR technigues to obtain accurate distance information in a

small form factor.

15
in an embodiment of the system according teo the present invention,
said processing means are adapted to determine said distances by
determining a displacement of features of said detscted light
representing said pattern of laser light as reflected by said

20 surroundings with reference to predetermined feature positions.

In this embodiment, the respective exposure wvalues of the
different pixels of the detector are analyzed to determine in
which pixels reflections of the projected pattern {e.g. spots) are
25 detectable, and in which they are not. In this manner, the
displacement of parts of the reflected pattern relative to
predetermined positions {e.g. spot positions) can be determined,
which yields information about the distance of the objects that
have reflected the respective parts of the projected pattern. It
30 ig an advantage of this emwbodiment that it uses familiar
triangulation-based technigues to obtain accurate distance

information

In an embodiment, the system according te the present invention
35 comprises illumination wmeans configured to project a bundle of
light onte said surroundings at said points in time that do not

coincide with said seguence of pulses.
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The bundie of light is intended for a homogeneous illumination of

the relevant part of the surrcoundings, preferably coinciding with

th

the field of view of the detector, esc, unlike the projected
pattern used for ranging, it must be substantially homogeneous. It
is an advantage of this embodiment, that the scenery to be
captured in the 2D image can be adequately 1lit, even when the

ambient light conditions are unfavorable {e.g., at night) .

In a particular embodiment, the projection means and the
illumination means share a commen light source.

It is an advantage of this particular embodiment, that the system
can be kept compact by avoiding the need for multiple Iight

sources .

In a more particular embodiment, the common 1ight source comprises
a VCSEL array, and the illuminatiocn me=ans further couprises an
actively steered diffuser, configured to be activated at said
points in time that do not coincide with said seguence of pulses,

so as to diffuse light originating from the VCSEL array to form

the bundle.

Tt is an advantage of this more particular embodiment, that a
VCSEL array, which is well suited for projection of structured

o =

ight, can also be used to provide the illumination regquired for

[}

2D image capturing.

Iin an embodiment of the system according to the present invention,
the plurality of pixels of the detector are provided with a time-
dependent filter allowing light in different wavelength bands to
reach the plurality of pixels at different ones of said points in

time .
It is an advantage of this embodiment that an RGE image can be

produced by combining three different 2D exposures that are

slightly offset in time. An RGB image yields more accurate
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automated feature recognition and is generally more suited for

visual reproduction to a human user than a monochrome image.

In an embodiment of the system according to the present invention,
5 the different pixels of the plurality of pixels of the detector

are provided with different f£filters allowing light in different

wavelength bands te reach the different pixels at said points in

time .

an RGE image can pe

cr

10 It is an advantage of this embodiment tha

are cbtained at pixels

r

produced by combining exposure values tha
that arsa slightly offset in space . An RGB image yislds more
accurate automated feature recognition and is generally wmore
suited for wisual reproduction to a human user than a monochrome

15 image .

According to an aspect of the present invention, there isz provided

a vehicle comprising the system according to any of the preceding

oL

claims arranged so as to characterize an area surrounding sai

20 vehicle

The present invention is well suited for use in wvehicles, in
particular zrcad vehicles such as automobiles. The system may thus
advantageously ceontribute to vehicle-safety features, advanced
25 driver assistance systems (RDAS), and even autonomous f{or "self-
driving®) cars. As sensors in automotive applications are
competing for space, it is an additicnal advantage of the present
invention that it combines multiple functions in the sams sensor,

thus providing 2D and 3D senscor fusion withcout requiring an

30 additional external 2D sensor.

Brief Description of the Figures

These and other aspects and advantages of the present invention

35 will now be described in more detail with reference to the

accompanying drawings, in which:
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Figure 1 schematically illustrates an embodiment of the system

according to the present invention;

Figures 2-4 illustrate the operating principles of a LIDAR-based

embodiment of the system according to the present invention;

Figure 5 presents several timing diagrams that can be used in

embodiments of the present invention;

Figure 6 schematically illustrate a pixel arrangement for use in
an embodiment of the system according to the present invention;
and

s 1

Figure 7 schematically illustrate timing diagrams that can be used

in embodiments of the present invention.

Detailed Description of Embodiments
Figure 1 schematically illustrates an embodiment of the system

according to the present invention.

The system iz intended and adapted for characterizing surroundings
of a vehicle. The surroundings may include the area in front of
the wehicle, including the road surface ahead of the wvehicle;
likewise, it may inciude the area behind the vehicle (in
particular, when the wvehicle is reversing) ; it way include any
space in the wvicinity of the vehicle where obstacles or other road
users may be present. The surroundings of the vehicle may extend
to a distance of meters, tens of meters, or even hundreds of
meters. The characterization is performed by determining distances
to objects in the surroundings. While distance is a fundamental
measurement parameter, estimates of derived wvariables such as
velocity (including direction of motion) and acceleration of the
detected objects may be determined on the basis cof wmultiple
distance measurements at different points in time. For complex
ects, which way be recognized by comwbining information f£rom

3
multiple spatially diverse measurement points, additional
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parameters such as orientation and rotation may alsec be derived.
As all measurements are relative to the sensor, measurements of
“fixed" objects may also provide information about the valocity,
acceleration, orientation {(pitch, vaw, roll), and rotation of the
sensor, and thus of the wvehicle onto which it is mounted.

The system comprises projection means 210 arranged for projecting
a pattern of laser light towards the surroundings in a sequence of
pulses; a detector 220 comprising a plurality of pixels, the

detector 220 being configured £for detecting light representing the

pattern of laser light as reflected Dby the surroundings in
synchronization with the sequence of pulses; and processing means
240 configured to calculate distances to cobjeckts 99 in the
surroundings as a function of expeosure values generated by the

pixels in response to the detected light.

If the system works according to the time-of-f light (LIDAR)
principle, the pixels 220 may ke confiqured to generate the
exposure values by accumulating, for all of the pulses of the
sequence, a first amount of electrical charge representative of a
first amount of light reflected by the objects 899 during a first
predetermined time window 10 and a second electrical charge
representative of a second amount of light reflected by the
objects during a second predetermined time window 20, the second
predetermined time window 20 occurring after the first

predetermined time window 0.

The operating principle of such a LIDAR-based system is
illustrated by the timing diagrams in Figures 2-4 . For clarity
reasons, only a single pulse of the pulse sequence which is
repeated periodically is illustrated, which consists of a first
time window 10 and a second btime window 20. The principle is
described, by way of example, with reference to a projection means

comprising a solid-state light source.

As can be seen in Figure 2, during the first time window 10, the

solid-state light source 210 is in its "ON" state, emitting the
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pattern of light spets onto the scenery. During the second time

window 20, the solid-state light source 210 1is in its "OFF" state.

The arrival of the reflected light at the detector 220 is delayed
raelative t¢ the start of the projection by an amcunt of time that
is proportional to the distance travelled (approximately 3.3 ns/m
in free space) . Due to this delay, only a part of the reflected
light will be detected at the first well 221 of the detector 220,
which is conly activated during the first time window 10. Thus, the
charge accumulated in this first well during its periocd of
activation {the first time window 10) consists of a part
representing only the noise and the ambient Iight impinging on the

ixel prior to the arrival of the reflected pulse, and a part

o

representing the noise, the ambient light, and the leading edge of

the reflected pulse.

The latter part of the reflected pulse will be detected at the
second well 222 of the detector 220, which is only activated
during the second tims window 20, which preferably immediately
follows the first time window 10. Thus, the charge accumulated in
this second well during its period of activation (the second time
window 20) consists of a part representing the noise, the ambient
iight, and the trailing edge of the reflected pulse, and a part
representing only the noise and the ambient 1ight impinging on the

pixel after the arrival o©f the reflected pulse.

The greater the distance between the reflecting object 89 and the
system 200, the smaller the proportion of the pulse that will be
detected in the first well 221 and the larger the proportion of

the pulse that will be detected 1in the second well 222.

If the leading edge of the reflected pulse arrives after the
closing of the first well 221 (i.e., after the end of the first
time window 10) , the proportion of the reflected pulse that can be
detected in the second well 222 will decrease again with

increasing time of flight delay.
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The resulting amounts of charge A, B in each of the respective
wells 221, 222 for varying distances of the object 9% is shown in
Figure 32b. To simplify the representation, the effect of the
attenuation of light with distance, according to the inverse
sguare law, has not been taken into account in the diagram. It is
clear that for time of flight delays up to the combined duration
of the first time window 10 and the second time window 20, the
time of flight delay can in principle unambiguously be derived
from the values of A and B:

- For time of flight delays up to the duration of the Efirst
time window 10, B is proportional to the distance of the
chject 989. To easily arrive at a determination of the
abzsolute distance, the normalized wvalue B/ (B+a) may be used,
removing any impact of non-perfect reflectivity of the
detected object and of the inverse sqguare law.

- Por time of £light delays exceeding the duration of the first
time window 10, A consists of daylight and nocise

contributicns only (not illustrated) , and C-B is
substantially proportiocnal {after correcting for the inverse
sguare law) to the distance cf the object 99, where € is an

cifset wvalue.

While Figures 2 and 3 ustrate the principle of the invention in

relation teo a single pulse emitted in the time window 10, it shall

n

be understood that the illustrated pulse is part of a seguence of
pulses as defined above. Figure 4 schematically illustrates
exemplary timing characteristice of such a seguence. As
illustrated, the illumination scheme 40 consists of a repeated
emission of a seguence 30 of individual pulses 10. The width of
the individual pulses 10 is determined by the maximal operating

range. The entire segquence may be repeated at a freguency of, fo

H

example, 60 Hz.

Various optional features of a time-cf-f light based sensing system
are described in unpublished Eurcpean patent application no. EP 15

181 2388.8, in the name of the present applicant, the contents of

which are incorporated by this reference for the purpose of
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enabling the skilled person to include these features in

embodiments of the present invention.

If the system works according to the triangulation principle, the

N

processing means 240 may pbe adapted to determine the distances by
determining a displacement of features of the detected light
representing the pattern of laser light as reflected by the
surroundings with reference to predetermined feature positions.
Preferably, the projected pattern is a pattern of spots of laser
10 light, and the distances are determined by determining a
displacement of detected spcts that represent the projected spots
as reflacted by objects in the surroundings, with refersnce to

predetermined spot positions.

15 Various optional features of a triangulation based sensing system
are disclosed in international patent application publication
WO 2015/004213 Al in the name of the present applicant, the
contents of which ars incorporated by this reference for the
purpose of enabling the skilled person to include these features

20 in embodiments of the present invention.

According to the invention, the detector 220 is further configured
for detecting light forming a two-dimensional image of the
surroundings at points in time that do not coincide with the

25 sequence of pulses or at pixels that do not receive said light
representing said pattern of laser light as reflected by said

surroundings .

In view of the accuracy requirements of vehicular ranging systems,
30 CMOS sensor arrays having a total array size in the order of 1

megapixel are typically selected. The inventors have found that

despite the relatively coarse size of the pixels used in such

sensors, in the order of 10 um, the combined sensor is capable of

vielding a surprisingly acceptable 2D image quality when used in
35 combination with adeguate optics to form a rudimentary digital

camera .
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The invention, and in particular the concept of detecting light
forming a two-dimensional image of the surroundings at points in
time that do not coincide with the sequence of pulses, is based
inter alia on the insight of the inventors that in the time

5 intervals between the ranging pulses, or between seguences of
ranging pulses, the pixel array may be used to capture digital 2D
images cof the surroundings. In this way, two different functions,
which provide complementary information, may be combined in a
single senszor.

10
The invention, and in particular the concept of detecting light
forming a two-dimensional image of the surroundings at pixels that
do not receivae said light representing said pattern of lassr light
as reflected by said surroundings, is further based on the insight

15 of the inventors that as ranging systems rely on the detection of

(=2

reflections of specific light patterns, such as line patterns or
spot patterns, only a small subset of the total number of pixels
ig actually being usad at any given time. This specific concept
may be used when sufficient ambient light reachss the detector

20 when the ranging function (projection and detection of a light

pattern} is operational, such that the pixels which do not receive

part of the projected pattern can form an image from the received

25 While the pattern-reflection based range sensing provides a depth
map containing 3-dimensional information only at the points
illuminated by the projected pattern of laser light, the 2D images
captured in-between provide a visual snapshot of the entire
scenery. The depth map can be registered to the 2D images, and

30 depth information can be obtained £for every pixel in the 2D images
by interpolating the depth map values. As the 2D images and the 3D
information are obtained from the sams sensor, there is no
paraliax between the different images, which facilitates the
registration .

Preferably, the interpolation of the depth map wvalues is assisted

by the pizel walues in the 2D images. Thus, for example, an area
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between different depth map wvalues which corresponds to a regular
luninance or coler gradient in the 2D image, may be interpolated
in the dspth dimension by linear interpolation. An area between
different depth map values which includes an abrupt step in the

5 luminance or color values, may be interpolated by a stepwise
constant depth wvalue, with the step in the depth value is made to

coincide with the step in the luminance or color value.

The combined 21/3D image combines wmore information about the

10 surroundings than either of the sources taken separately. A
machine wvision system may be supplied with the combined 2D/3D
image to datecgt relevant features in the envirvenment, such as
pedestrians, vehicles, fixed objects, debris, any unevenness in
the road surface, and the like.

15
The 2D images are preferably captured in timeslots occurring
between frames, e.g. between sequences of pulses. Exemplary timing
diagrams aryre shown in Figura 5. In diagram a ({(not accerding toe the
invention) , 5 consecutive frames (each representing a seguence of

20 pulses, for example a sequence 30 of Figure 23 are all used for 3D

range sensing. In diagram d, one frame of the first four frames is

replaced by a 2D image capturing imeslot, of the exact same
duration asg the remaining frames; hence, the overall cadence of
the frames remains the same, but only 75% of the frame time slots

25 re used for range sensing (the skilled person will appreciate
that this figure may be wvaried according to the requirements of
the application; the relative time reserved for range sensing way
for example be 10%, 20%, 25%, 33%, 40%, 50%, 60%, &7%, 75%, B80%,
etc.) . In diagrams b and ¢, the time used for 2D image capturing

30 is made longer and sherter than the range sensing frames,

respectively

Generally, the time used for 2D image capturing may be selected in
function of the dssired exposure time, which must be sufficiently

anda

i

35 long to accumulate a sufficient amount of light in the pixel
sufficiently short to aveoid motion blur (when the sensor and/or

objects in the surroundings are in motion} . The time slot used for
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2D image capturing may also be extended to allow consecutive
capturing of light in different wavelength bands (e.g., red,
green, and blue light, to generate an RGR image) , as explained

below with reference to Figure 7, diagram b .

As explained in great detail in the aforementioned patent
applications WO 2015/004213 21 and EP 15 191 288.8, several
measures must pe taken to filter out ambient light (in particular,
sunlight) from the signal that reaches the senscr, such that the
light that reaches the sensor is substantially limited to the
desired reflection of the proje cted. light pattern, in order to
ansurse accurate and long-range distance sensing. These measures
inciude the use of a narrow bandpass filter, and optics that guide
the incoming reflected light on a path that is substantially

perpendicular to the narrow bandpass filter.

The measures required Lo optimize the range-sensing capabilities
limit the usefulness of the pixel array as a 2D image camera. As
the sensors is mounted on a vehicle, which, when in use, 1is
normally mowving, any increase of the exposure time to increase the
total amount of light captured in a single exposure is limited by

the acceptable amount of motion blur - in practice, this is a

severe limitation.

In view of these negative effects, the inventors have found that

the following optional features lead to better performance in the

3]

D image capturing.

A first sclution coeonsists of using a bandpass filter at the sensor
side which can be electronically or electromechanically controlled
to ke active in synchronization with the pulse sequence and

inactive at the points in time when the 20 images are captured.

A second solution consists of providing the system with
iliumination means configured to project a bundle of light onto

the surroundings at the points in time that do not coincide with

the sequence of pulses. Such illumination means may provide a
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flash of illumination, as is often done in conventional
photography in low light conditions. The projection means 210 and
the illumination means may share a coumon light source, in
particular a VCSEL array. This ensures that a "flash® can be

5 emitted in the same wavelength band for which the narrow bandpass

bt

filter is optimized, thus maximizing the amount of light that wil

reach the pixel array. If the common light source is VCSEL array,
the illumination means may further comprise an actively steered
diffuser, configured to be activated at the points in time at

10 which the 20D images are taken (which de not coincide with the
seguence of pulses) , so as to diffuse light originating from the
VCSEL array to form the desired bundle of light (instead of a

series of speots) . The illumination means may also be integrated
with the headlight assembly, whereby the light source must be

15 chosen such that it provides sufficient light powar in the part of
the spectyrum that can pass through the narrow bandpass filter at

the sensor side.

In view of the above considerations, one particularly advantageous
20 embodiment of the system according to the present invention
operates according to the time-of -flight based principle described
above, whereby a VCSEL array is provided to project a pulsed
pattern of discrete spots onto the scenery to be characterized,
the reflections of which are detected by a CMOS-based sensor array
25 equipped with a narrow bandpass filter configured to permit
substantially only the wavelength emitted by the VCSEL array to
pass. A separate flash light emitting a bundle of light of the
same wavelength (typically in a narrow wavelength range around 880
am) is provided to illuminate the scenery at the moments when the
30 2D images are to be captured - by design, the light emitted by the
flash light will also be able to pass through the mnarrow passband
filter at the detector. Preferably, four cut of every five time
slots are used to project/detect ranging frames, and the remaining

one out of every five time slots is used to capturs 2D images.

In embodiments of the present invention, dJdifferent pixels of the

plurality of pixels of the detector 220 are provided with
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different £filters allowing light in different wavelength bands to
reach the different pixels at the points in time. This is
schematically illustrated in Figure 5, whers a pixel array is
shown with different pixels (or different wells of a pixel} ,
provided with respective filters for near infrared (wIrR) light,

red light, green light, and biue light.

in other embodiments of the present invention, the pluralicty of
pixels of the detector 220 are provided with a time-dependent
filter allowing light in different wavelength bands to reach the
plurality of pixels at different ones of the points in time. This
is schematically shown in Figure 7, diagram a, where separate time
slots are provided to capture red, green, and blue light; and in
Figure 7, diagram b, where the time slot isg extended to allow for
consecutive capturing of red, green, and blue light in consecutive

parts of the same time slot.

These sets of embodiments allow an RGE 2D image to be captured,

which is suitable for randering on a color display.

The present invention also pertains to a vehicle (in particular a
road vehicle or a railway wvehicle}l comprising the system according
to any of the preceding claims arranged so ag to characterize an

area surrounding the wvehicle.

While the invention has been described hereinabove with reference
to separate system and method embodiments, this was done for
clarifying purposes only. The skilled person will appreciate that
features described in comnection with the system or the method
alone, can also be appiied to the method or the system,
raspectively, with the same technical effects and advantagas.
Furthermore, the scope of the invention idis not limited to thesze

embodiments, but is defined by the accompanying claims.

511



L]

[

(]
w

WO Z018/122415

bt
= |

Claims

1. A sgystem for characterizing surroundings of a wvehicle, the
system comprising:

- projection means (z210) arranged for prejecting a pattern of
laser light towards said surroundings in a seguence of
pulses, said pattern of laser light comprising a pattern of
discrete spots;

- a detector (220} comprising a plurality of pixels, said
detector (226} being configured for detecting light
representing =said pattern of laser light as reflected by said

surrcundings in synchronization
and

- processing means (240) configuraed
opjects (997 in said surroundings

values generated by said pixels
light ;

wherein said detector {220) isg further

light forming a two-dimensional image of

points in time that do not coincide with

or at pixels that do not receive said light

pattern of laser light

2 . The system according to claim 1, wherein

configured to generate said exposure values

all of the pulses of said sequence,

charge representative of a first amount

objects (99) during a first pradetermined

second electrical charge representative

light reflected by said objects

window (20}, said second predetermined time

after said first pradetermined time window

2. The system according to claim 1, wherein

(240} are adapted to determine

displacement of features

512

with said sequence

toe calculate

in response

configured
gaid

said sequence

ag reflected by said

a first
of light

time window
of a second amount

during a seccond predetermined

said distances

of said detected 1light representing

PCT/EP2UIS/050080

of pulses;

distances to

as a function of exposure

Lo said detected

for detecting
surroundings at
of pulses
representing said
surroundings.
gaid pixels

(220) are

by accumulating, for

amount of electrical

reflected by said
{10} and a
of

time
window

{20} occurring

{103 <

said processing means
by determining a
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pattern of laser light as reflected by said surrcounding

1]
£
(™5
r
s

reference to pradetermined feature positions.

4. The system according to any of the preceding claims, comprising
illumination means configured to project a bundle of light onto
said surrcundings at said points in time that do not coincide with

gsaid sequence of pulses.

s . The system according to claim 4, wherein said projection means

{220} and said illumination mweans share a common light source.

6. The system according to claim s, wherein said common light
source comprises a VCSEL array, and wherein said illumination
means further comprises an actively steered diffuser, configured
to be activated at said points in time that do not coincide with
said sequence of pulses, so as to diffuse light originating £from

said VCSEL array to form =said pundle.

7. The system according to any of the preceding claims, wherein
said pluraiity of pixels of salid detector (220} are provided with
a time-dependent filter allowing 1light in different wavelength
bands to reach s=said plurality of pixels at different ones of said

points in time.

3 . The system according to any of the preceding claims, wherein
different pixels of said plurality of pixels of said detector
{220} are provided with different filters allowing light in
differant wavelength bands to reach said different pixels at said

points in time.
3. A vehicle comprising the system according toc any of the

preceding claims arranged so as to characterize an area

surrounding said wvehicle.
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Method £

a pixel in an imaging array, and pixel for use in same

Field of the Invention

The prasant invention pertains to the field cof imaging syste

stem
and in particular to a method for subtracting background light
from an exposure value of a pixel in an imaging array, and to a
pixel for use in such & method. The present invention may be used
inter alia in systems for determining a distance tc an object, in
particular to time-of -flight based sensing systems to be used for

the characterization of a scene or a part thereof.
Background

In the field of remote sensing technology, mainly in the usage of
making high-resolution maps of the surroundings, to be used in
many conktrol and navigation applications such as but not limited
to the automotive and industrial environment, gaming applications,
and mapping applications, it is known to use time-of-f light based
senging to determine the distance of cobjects from a sensor. Time-
of-flight based techniques include the use of RF modulated
sources, range gated imagers, and direct time-cof-£ light (DToF)

imagers. Fcr the use of RF mecdulated sources and range gated

imagers, it is necessary to luminate the entire scens of
interest with a modulated or pulsed source. Direct time-of-f light
systems, such as most LIDARs, mechanically scan the area of
interest with a pulsed beam, the reflection of which is sensed

with a pulse detector.

In order to be able to correlate an emitted RF modulated signal
with the detected reflected signal, the emitted signal must meest a
number of constraints. In practice, these constraints turn out to
make thes RF medulated systems highly impractical £or use in
vehicular systems: the attainable range of detection is very
limited for signal intensities that are within conventional safety

limits and within the power budget of regular wvehicles.
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A direct TOF (DToF) imager, as used in most LIDAR systems,
comprises a powerful pulsed laser (operating in a nanosecond pulse
regime) , a mechanical scanning system to acguire £rom the ID point
5 measurement a 3D map, and a pulse detector. Systems of this type
are presently available from vendors including Velodyne Lidar of
Morgan Hill, California. The Velodyne HDL-64E, as an example of
state-cf-the-art systems, uses 52 high-power lasers and &4
detectors {(avalanche diodes} in a mechanically rotating structure
19 at 5 to 15 retations per second. The coptical power required by
these DToF LIDAR systems is too high tc be cobtained with
semiconductor lasers, whose powar ig in the range of five to six
orders of magnitude lower. In additiom, the use of mechanically
rotating elements for scanning purposes limits the prospects for
15 miniaturization, reliability, and cost reduction of this type of

system.

United States Patent application publication no. 2015/0063387 in

5

Trilumina discloses a VUSEL delivering a total energy

th

the name o

pae

20 of 50 mW in a pulse having a pulse width of 20 ns. The

commercially available Optek OPV310 VCSEL delivers a total energy

L)l

of 60 mW in a pulse having a duration of 10 ms and it can be
estimated by extrapolation to have a maximum optical output power
of 100 mW. This value is only realized under very stringent

25 operating conditions, meaning optimal duty cycle and shert pulse
width =o as to avoid instability due to thermal problems. Both the
Trilumina disclesure and the Optek system iliustrate that
continucus-wave VCOSEL systems are reaching their physical limits
with respect to optical peak power ocutput, due to thermal

30 constraints inherently linked to the VCSEL design. At these pulse
energy levels, and usging ns pulses as presently used in DToF
applications, the mere number of photons that can be expsctad to

be usefully reflected by an object at a distance of 120 m is so

o

low that it defsats detection by means of conventional

(V]
i

gemiconductor sensors such as CMOS or CCD or SPAD array. Thus,

increasing the VCSEL power outputs by 5 or 6 orders of magnitude,
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as would be reguired to extend the range of the known DTo

systems, 1is physically impossible.

Even the use of avalanche dicdes (AD or SPAD} , which are
theoretically sufficiently sensitive te capture the few returning
photons, camnot be usefully deploved in the known LIDAR system
architectures. A solid state implementation of an array of SPADs
must be read cub serially. A high number of SPADs is required to
achieve the desired accuracy. The serial read-out constraints of
the solid state implementation limit the bandwidth of the system
turning it inappropriate for the desired accuracy. For accuracies
such as that of the Velodyne system (0.2 m to 0.04 m, independent
of distance) , the required read-cut data rate exceeds the
practically achievable pandwidth in case of teday' s iIC
implementation. For operation at 120 m, a SPAD array of 500x500
pixels is reguired, which, in an IC-based implementation, must be
read-out serially. For the same precision as the aforementicned
Velodyne sgystem, it would reaguire 1000 pulses per millisecond and
hence 1000 frames per millisecond, transliating into a readout rate
of 250 Gigapixels per second. This is believed to be technically

unfeasiple in the context c¢f current SPAD IC technology.

The paper by Neil E . Newman et al ., "High Peak Power VCSELs in
Short Range LIDAR Applications", Journal of Undergraduate Research
in Physics, 2013, http://www.jurp.org/2 013712 C17EXR.pdf, describes
a VCSEL-based LIDAR application. The paper states that the maximum
output power of the described prototype system was not great
encugh to do wide-field LIDAR at a range greater than 0.75 m. With
a relatively focused beam (0.02 m spot size at 1 m distance), the
anthors were able to range a target object at a distance of up to

1 m.

The above exauples clearly indicate that the optical power emitted
by present semiconducter lasers cannot meet the power raquirements
necessary for operations in the known LIDABR systems to be of
practical use in automotive applications ({e.g. for ranges up to

120 m} .
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United States patent no. 7,544,845 in the name of Avago
Technoleogiss General 1P (Singapore} Pte . Ltd., discloses vehicle-
based LIDAR systems and methods using multiple lasers teo provide

5 more compact and cost-effective LIDAR functionality. Each laser in
an array of lasers can be sequentially activated so that a
corresponding optical element mounted with respect to the array of
lasers produces respective interrogation beams in substantially
different directions. Light from these beams is reflected by

10 objects in a wvehicle's environment, and detected so as to provide
information about the objects to wvehicle operators and/or
passengers. The patent provides a solid state projector in which
the individual lasers are consecutively activated in order to
replace the known mechanical scanning in the known DToF LIDAR

15 systems.

A high-accuracy medium-range surround sensing system for vehicles
that does not use time-of -flight detection, is known from
international patent application publication WG 2015/004213 A1 in

20 the name of the present applicant. In that publication, the
localization of objects is based on the projection of pulsed
radiation spots and the analysis of the displacement of detected
spots with reference to predetermined reference spot positions.
More in particular, the system of the cited publication uses

-

25 triangulation . However, the accuracy that can be achieved

correlates with the triangulation base, which limits the further

miniaturization that can be achieved.

US patent application publication no. U8 2012/0038%03 Al discloses
30 methods and systems for adaptively contreolling the illumination of
a scene. In particular, & scene is illuminated, and light
reflected from the scene is detected. Information regarding levels
of light intensity received by different pixels cf a multiple
pixel detector, corresponding to different areas within a scene,
35 and/or information regarding a rangs to an area within a scene, is
received. That information is then used as a feedback signal to

contrel levels of illumination within the scene. More
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particularly, different areas of the scene can be provided with
different levels of illumination in response to the feedback

signal .

Buropean patent application publication no. EP 2 322 953 21l
discloses a distance image sensor capable of enlarging the
distance measurement range without reducing the distance
resolution. A radiation source provides first to fifth pulse
trains which are irradiated to the object as radiation pulses in
the first to fifth frames arrvanged in order on a time axis. In
each of the frames, imaging times are prescribed at points of
predetermined time from the start point of each frame, also the

pulsas are shifted respectively by shift amounts different from

i

each other from the start point of the first to fifth frames. A
pixel array generates element image signals each of which has
distance information of an object in distance ranges different
from each other using imaging windows A and B in each of five
frames. A processing unit generates an image signal by combining
the element imags signals. Since five times-of-f light measurement
are used, the width of the radiation pulse doess not have to be
increased to obtain distance information of the object in a wide

distance range, and the distance resolution is noct reduced.

BEuropean patent application publication ne. EP 2 2%0 402 Al
dizscloses a rangs image sensor which is provided on a
semiconductor substrate with an imaging region composed of a
plurality of two-dimensionally arranged units, thereby obtaining
range image on the basis of charge quantities output from the
units. OCne of the units ig provided with a charge generating
region (region outside a transfer electrode) where charges are

generated in response to incident light, at least twe

semiconductor regions which are arrvanged spatially apart to
collect charges from the charge generating region, and a transfer
electrode which is installed at each periphery of the
semiconductor region, given a charge transfer signal different in

phase, and surrounding the seamiconductor region.
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The article by Shoji Kawahito et al., "A CMOS Time-of -Flight Range
Image Sensor With Gates-on-Field-Oxide Structure", IEEE Sensors
Journal, Vel. 7, no. 12, p. 1578-1586, discloses a type of CMCS
time-of -flight (T08) range image sensor using single-layer gates
on field coxide structure for photo conversion and charge transfer.

This structure allows the realization of a dense TOF range imagin

array with 15 , 15 um? pixels in a standard CMOS process. Only an
additional process step te create an n-type buried layer which is
necessary for high-speed charge transfer is added to the
fabrication process. The sensor operates based on time-delay
dependent modulation of photocharge induced by back reflected
infrared light pulses from an active illumination light source. To
reduce the influence of background 1light, a small duty cycle light
pulse ig used and charge draining structures are included in the
pixel. The TOF =ensor chip fabricated measures a range resolution
of 2.35 cm at 30 frames per second an improvement to 0.74 cm at

three Eframes per sacond with a pulse width of 100 ne.

A1l systems that rely on the detection of structured light emitted
onto the scenery to be sensed, require a way to distinguish
illuminated portions of the scenery from non-illuminated portions,
despite the presence of ambient 1light . Hence, there is a
continuing need to obtain methods and pixels that allow reliable
removal of the background i1llumin atiom component £rom an exposure

value .

Summary of the Invention

Accecrding to an aspect of the present inventicn, there is provided
a mathod for subtracting background light from an exposure value
of a first pixel in an imaging arvay, said first pixel receiving a
reflection of a spot from a scenery illuminated by a periodically
pulsad pattern of spots, said paricdically pulsed pattern
comprising in alternation an illuminated phase and a non-
illuminated phase, the method comprising: accumulating in said
first pixel a charge in proportion to a first quantity of incident

light, received in said first pixel while detecting a=aid spot
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during a predetermined amount of time; and decreasing said charge
in proportion to a second quantity of incident light received

during said predetermined amount of time in absence of said spot.

5 It is an advantage of the present invention that the background
ililumination is detected with components that are virtually
identical to the components that detect the useful signal, and
that both the background illumination and the useful signal are
integrated over the same amount of time. In this way, an optimal

10 pair of signals ig obtained for subtraction.

In an embodiment of the method according te the present invention,
the =second quantity of incident light comprises light received in
said first pixel during said predetermined amount of time in the

15 mnon-illuminatad phase.

It is an advantage of this embodiment that the background
ililumination is detected with components that are exactly the same
as the components that detect the useful signal, which detect

20 light originating from a single location in the scener {apart
from possibly a slight shift due to movement of the sensor} , such
that the cowparison between the illuminated phase and the non-

iliuminated phase provides a subtraction of the background

iliumination at that wvery location.

L

In another embodiment of the method according to the present
invention, the second quantity of incident light comprises light
received, during said accumulating, in a second pizel of the pizxel
array, the second pixel being at a sufficient distance from the

30 first pixel so as not to pe illuminated by said spot.

[

It is an advantage of this embodiment that the background
iliumination is detected at the same time as the useful signal,

such that the subtraction of the background illumination is not

L
(4]
]

ensitive to changes in the level of background illumination over

time .
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According to an aspect of the present invention, there is provided

a pixel adapted for use as said first pixel in the method

described above.

5 In an embodiment, the pixel comprises a capacitor for storing said
charge, said capacitor having a first side and a second side,
wherein said accumulating comprises transferring charges to said
first side, and wherein said decreasing comprises transferring
charges to said second side.

10
It is an advantage of this embodiment of the pixel according to
the invention that it implements the inventive wmethod of
background subtraction in a very compact and reliable way, and

without relying on additional digital computations.

Aocording to an aspect of the present invention, there is provided
an imaging array comprising a plurality of pixels as described

above |

20 According to an aspect of the present invention, there is provided
a system for determining a distance to an object comprising: a
solid-state light source arranged for projecting a pattern of
spots of laser light towards the object in a sequence of pulses; a
detector comprising the imaging srray as described above, the

25 detector being configured for detecting light representing the
pattern of spots as reflected by the object in synchronization
with the segquence of pulses; and processing means configured to
caleoulate the distance to the object as a function of exposure
values generated by the pixels in response tec the detected light;

30 wherein the pixels are configured to generate the exposure wvalues
by accumulating, for each pulse of ths sequence, a first amount of
electrical charge representative of a first amount of light
reflected by the object during a first predetermined time window
and a second electrical charge repressntative of a second amount

35 of light reflected by the object during a second predetermined
time window, the second predetermined time window occurring after

the first predetermined time window.
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The inventors have found that the improved background subtraction

method of the present invention can contribute to achieving the

demanding power/performance requirements of automotive

(8]

applications with a compact, semiconductor based time-of-f light

based ranging system.

Brief Description of the Figures

10 These and other aspects and advantages of the present invention
will now be described in more detail with reference to the

accompanying drawings , in which:

Figure 1 represents a flow chart of an embodiment of the method

15 according to the present invention;

Figure 2 schematically represents an embodiment of the pixel
according to the present invention;
20 Figure 3 represents a flow chart of an embodiment of the method

according to the present invention;

Figure 4 schematically represents an embodiment of the system

according to the present invention;

L

Figure 5 represents a timing diagram for light projection and

detection in embodiments of the present invention.

Detailed Description of Embodiments

30
Figure 1 represents a flow chart of an ewbodiment of the method
for subtracting background light from an exposure value of a first
pixel in an imaging array according to the present invention. The
first pixel receives a reflection of a spot from a scenery

35 illuminated by a periocdically pulsed pattern of spots, the

periodically pulsed pattern comprising in alternation an

iliuminated phase and a non-illuminated phase.
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The method comprises accumulating 110 in the first pixel a charge

in propertion to a fir

it quantity of incident light, xecaived in
the first pixel while detecting the spot during a predetermined

5 amount of time. The term Yaccumulating" is used herein to

designate both an operation of an electronic circuit capable of
5

collecting cumulative amcounts of charge, and a mathematical

operation carried out by digital computation wmeans.

10 To remove the infuence of the ambient light from the exposure
value, the method further comrpises decreasing 120 the accumulated
charge in proportion to a szecond quantity of incident light
received during the same predetermined amount of time, but in

apsence of a spot.

The second gquantity of incident light may bhe obtained by receiving
light the same pixel during an egual amcunt of time in the non-
illuminated phase of the pulsed pattern. Alternatively, the second
quantity of incident light may he obtained by receiving light

20 simultaneocusly with the receiving of the spot, but in a different
pixel of the pixel array. This variant relies on the fact that the
projected pattern consists of distinct spots, and requires that
the second pixel be at a sufficient distance from the first pixel
so as npot to be illuminated by the same spot.
Figure 2 schematically represents an embodiment of the pixel
according to the present invention. The pixel is suitable for use
in the method described above, and may be part of an imaging

array .

The pixel comprises a capacitor 130 for steoring the charge, said
capacitor having a first side 130a and a second side 130b. The
accumulating 110 comprises transferring charges to the first side
130a, and the decreasing 120 comprises transferring charges to

a5 said second side 130b. Subsequently, the voltage over the capacity
130 is measured, which represents the difference between the laser

spot induced charges and the background charges.
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The reaons for the presence of a second capacitor and a second

s at the opposite side of the light sensitive elemsnt
(righthand side cof Figure 2, leading tec "B signal") will become
5 apparent from the following description of the range-gating

method.

The inventors have found that the pixel array according to the
present invention can advantageously be applied in a novel type of
10 ranging system which aims to achieve the same power/performance
characteristics with a compact, semiconductor based time-of -flight
based system. Accordingly, an aspect of the present invention

concerns a ranging system comprising the pixel array described

apove .

In this aspect of the invention, the limitaticns of the existing
LIDAR-bagsed systems are overcome py changing the way the time-cof-
fiight based system operates. The total amount of light energy
emitted for each time-of-f light measurement (and thus, the number
20 of photons available £for detection at the detector for each time-
of-flight measurement} may be increased by increasing the duration
of individual pulses and by producing a virtual ‘“composite pulse®,
consisting of a sequence of a large number of individual pulses.
Thig bundling of extended pulses allowed the inventors to obtain
25 the required amount of light energy (photons} for the desired

operational range with low-power VCSELs

Where an individual pulse of pre-sxisting LIDAR systems may have a
duration of 1 ns, the presently described systems benefit from a

30 substantially Ionger pulse duraticn to partially compensate for

the relatively low power level of ssmiconductor lasers such as
VCSELs; in embodiments of the present invention, individual pulses
within a segqguence may have an exemplary duration of 1 us (this is

cne possible wvalus, chosen here to keep the description clear and

w
w

simple; more generally, in embodiments of the present invention,
the pulse duration may for example be 500 ns or more, preferably

750 ns or more, most preferably 900 ns or more) . In an exemplary
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system according to the present invention, & seguence may consist
of 1000 pulse cycles, thus adding up to a duration of 1 ms. Given
the fact that light would need approximatsly ©.66 ps to travel to
a target at a distance of 100 m and back te the detector, it is
possible to use composite pulses of this duration for ranging at
distance of this order of magnitude; the skilled person will be
aple to adiust the required number of pulse cycles in function of
the selected pulse width and the desired range. The detection of
the sequence preferably comprises detecting the individual pulses
in synchronization with the VCSEL-based 1light source, and

accumulating the charges generated in response to the incoming

=

photons aft the pixel well level for the entire sequence prior to
read-out. The term "exposure wvalus" ig used hereinafter to

designate ithe wvalue representative of the charge {and thuzs of the
amount of light received at the pixel) integrated over the
seguence. The sequence emissicn and detection may be repeated

periodical

The ranging system of the present invention operates by using

range gating. Range gated imagers integrate the detected power of

the reflection of the emitted pulse for the duration of the pulse.
The amount of temporal overlap between the pulse emission window
and the arrival cof the reflected pulse depends on the return time
of the light pulse, and thus on the distance travelled by the
pulse. Thus, the integrated power is correlated to the distance

travelled by the pulse. The present invention uses the principle

of range gating, as applied teo the sequences of pulses described
hereinabove. 1In the following description, the integration of
individual pulses of a sequence at the level of a picture element
to cbtain a measurement cof the sntire sequence is implicitly
understood.

Figure 3 represents a flow chart of an applicable ranging method.

1%}

Without loss of generality, the ranging method is described with
reference to a range gating algorithm. In a first time window 10,
the method comprises projecting 110 & pattern cof spots cof laser

light ({e.g. a regular or an irregular spatial pattern of spots}
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from a light source comprising a solid-state light source 210 onto

any objects in the targeted area of the scensry. The spatial

k

pattern is repeatedly projected in a sequence of pulses.

5 As indicated above, the solid-state light source may comprise a
VCSEL array or a laser with a grating adapted to produce the
desired pattern. In order for the system to operate optimally,
even at long ranges and with high levels of ambient light {e.g..
in daylight) , a VCSEL for use in embodiments of the present

10 invention is preferably arranged to emit a maximum optical power
per spot per unit of area. Thus, lasers with a gocd beam guality
{low M2-factox) are preferred. More praferably, thes lasers should
have a minimal wavelength spread; a particularly low wavelength
spread can be achieved with monomode lasers. Thus, substantially

15 identical pulses can reprcducibly be gsnerated, with the necessary

spatial and temporal accuracy.

During the same time window in which a pulse is emitted, or in a
substantially overlapping time window, a first amount of light

20 representing the pattern of spots as reflected by the ocbject of
interest is detected 120 at a detector, which is preferably
arranged as near as possible to the light socurce. The
synchronicity or near synchronicity bpetween the projection 110 of
the spot pattern and the first detection 120 of its reflection, is

25 illustrated in the flow chart by the side-by-side arrangement of
these steps. In a subsequent second pradetermined time windew 20,
a second amount of light representing the reflected light spot is
detected 130 at the detector. During this secend window 20, the

solid-state light source is inactive. The distance to the object

30 can then be calculated 140 as a function of the first amount of
reflected light and the second amount of reflected light.
The first predetermined time window 10 and the second
predetermined time window 20 are preferably back-to-kack windows
35 of substantially equal duration, to facilitate noise and ambient

light cancellation by subtracting one of the detected amounts £from
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the other one. An exemplary timing scheme will be described in

more detail below in conjunction with Figure s5.

The detector comprises a pixel array as described above, which is
configured to perform background light subtraction as described in
connection with Figures 1 and 2, with adeguate optics arranged to

project an image of the scenery (including the illuminated spots)

onto the picture element.

The term "picture element" as used herein may refer to an
individual Iight-sensitive area or well of a pixel, or to an
entire pixel (which may comprise multiple wells, see balow) . For
every given projected spot, the detecting 120 cf the first amount
of light and the detecting 130 of the second amount of light
ogcurs at the same one or the same group of the plurality of

picture elements.

Without loss of generality, each of the picture =alements may be a
pixel comprising at least two charge storage wells 221, 222, such
that the detecting 120 of the first amount of light and the
detecting 130 of the second amount of light can occur at the
respective charge storags wells 221, 222 of the same pixel or

pixel group.

Figure 4 schematically represents an embodiment of the system
according to the present invention, in relation to an object 99 in
the scenery of interest. The system 200 comprises a solid-state
light source 210 feor projecting a pattern of a seguence of spots,
which may be repeated periodically, onto the objsct 93. A detsctor
220 is arranged near the light source and configured to detect

light reflected by the object.

The light beam bouncing off the object 9% is illustrated as an
arrow in dashed lines, travelling from the light source 210 teo the
object 9% and back to the detector 220. 1t should be noted that
this representation is strictly schematic, and not intended to be

indicative of any actual relative distances or angles.
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A synchronization means 230, which may include a conventional
clock circuit or oscillater, is configured tc opesrate the solid-
state light source 210 so as to project the patterm of spots onto
the object during first predetermined time windows 10 and to
operate the detector 220 so as to detect a first amount of light
representing the light spot(s} reflected by the object 89 at
substantially the same time. It further operates the detector 220
to detect a second amount of light representing the light spots
reflected by the object 93, during respective subsequent second
predetermined time windows 20. Appropriate processing wmeans 240
are configured to calculate the distance to thes objsct as a
function of the first amount of reflected light and the second

amount of reflected Iight.

Figure 5 represents a timing diagram for light projection and
detection in embodiments of the present invention. For clarity
reasons, only a single pulsze of the pulse sequence which is
repeated periodically of Figure 3 is illustrated, which consists
of a first time window 10 and a second time window 20.

As can be seen in Figure 5a, during the first time window 10, the
solid-state light source 210 is in its "ON" state, emitting the
pattern of light spots onto the scenery. During the second time

window 20, the solid-state light source 210 is in its “CQFF" state.

The arrival of the reflected 1light at the detector 220 is delayed
relative te the start of the projection by an amount of time that
is proportional to the distance travelled (approximately 3.3 ns/m
in free space) . Due to this delay, only a part of the reflected
light will be detected at the first well 221 of the detector 220,
which is only activated during the first time window 110. Thus, the
charge accumulated in this first well during its periecd of
activation ({the first time window 10) consists of a part
representing only the ncoise and the ambient light impinging on the
1

pixel prior to the arrival of the reflected pulse, and a part
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representing the noise,

the reflected pulse.

The latter part of the

second well 222 of the

during the second time

follows the first time

this second well during
window 20) consists of

light, and the trailing

representing only the nocise and the ambient

pixel after the arrival

The greater

the distance betwesen
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the ambient light, and the leading edge of

the

reflected pulse will be detected at

detector 220, which is only activated

window 20, which preferably immediately

window 10. Thus, the charge accumulated in
its period of activation {the second time
a part representing the noise, the ambient

edge of the reflected pulse, and a part

light impinging on the
cf the reflected pulse.

the reflecting object 99 and the

system 200, the smaller the proportion of the pulse that will be
detected in the first well 221 and the larger the proportion of
the pulse that will be detected in the second well 222.

If the leading edge of the reflected pulse arrives after the
c¢losing of the first well 221 ({i.e., after the end of the first
time window 10} , the proportion of the reflected pulse that can be
detected in the second well 222 will dscrease again with

increasing time of flight delay.

The resulting amounts

wells 221,

Figure 6Sb. To simplify

attenuation

square law, has

clear that for time of

of the first

time of flight delay can in principle

from the walues
- Fer time of

time windew 10, B

object 935.

absolute distance,

of charge &,

222 for varying distances

of light with distance,

not been

time window

flight delays

To easily

B ipn sach of thes resspsctive

of the object 99 are shown in

the representation, the effect of the

according to the inverse

taken into account in the diagram. It is

flight delays up to the combined duration

10 and the seccond time window 20, the

unambigucusly be derived

of A and B:

up to the duration of the first

is proportional to the distance of the

arrive at a determination of the

he normalized wvalue B/ (B+R) may be used,
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removing any impact of non-perfect reflectivity of the
detected object and of the inverse square law.

- For time of flight delays exceeding the duration of the first
time window 10, A consists of daylight and noise
contributions only (not illustrated) , and C-B is
substantially proportional {after correcting for the inverse
square law] to the distance of the object 99, where C is an

cffset value.

While Figures 5a and 5b illustrate the principle of the inventicn
in relation to a single pulse emitted in the time window 10, it
shall be understood that the illustrated pulse is part of a
seguence of pulses as defined above. Figure 5¢ schematically

illustrates exemplary timing characteristics of such a seqguence.

s

vs illustrated, the illumination scheme 40 consists of a repeated

mizsion of a sequence 30 of individual pulses 10. The width of

113

the indiwvidual pulses 10 is determined by the maximal operating
range. The entire seguence may be repeated at a freguency of, for

example, 60 Hz.

Reflections of light by ocbjects at a short distances are more
likely to cause pixel saturation, because the attenuaticon of such
flection will be much less than that of a reflection
originating from a mcre distant object {(due to the inverse-sguare
law of light attenuation over distance) . As certain applications,
such as automotive applications, reguire accurate system operation
up to relatively long distances, a large photon span must be
covered between the nearest distances of cperation and the
farthest distances of operation. With these constraints, pixel
saturation at short range is a very real risk, in particular at
the first well (which receives the bulk of the reflection at short
range) . The inventors have found that for given total pixel space,

the saturation problem can be mitigated by using an asymmetric
well arrangement, in which the photon capacity represented by the
first well is increased, and the photon capacity represented by

the second well is decreased. If the increase and decrease are
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balanced, an increase of the dynamic range can be obtained at no

additicnal pixel surface cost .

Blooming is a phenomenon that happens when the charge in a pixel
5 exceeds the saturation level of that specific pixel. Consequently,
the charge starts to overflow and causes nuisance in adijacent
pixels. This creates inaccurate data in the neighboring pixels.
FPreferably, the pixels of the system according to the present
invention are provided with anti-bleoming electronics, to bleed
10 off the excess charge before it saturates the relevant well and
spills over to the wells of adjascent pixels. In particular when
the information from neighboring spots is used for the elimination

ight, it is of great importance to have an accurate

o]

ot background
estimation of the background light which isg obtained independently

15 {and without contamination from) neighboring pixels.

Embodiments of the present inventicn may employ correlated double
gsampling to correct the samples £or the thermal noise related to
the capacity of the wells (alsc designated az "kTC noise"} . To
20 this end, the electronics of the pixel may be designed to carry
ocut a differential wmeasurement between the reset voltage (V g, )
and the signal voltage (Vsig,ai) , for example by measuring V et at

the beginning of the frame and measuring Vi ai o at the end of the

frame. As an alternative to an electronic {in-pixel}

25 implementation, correlated double sampling may also be implemented
by digitally subtracting the read-out signals (Vsignai - Veset) in a
processor .

To increase the amount of light that reaches the photosensitive

30 elements (in particular dicdes} in the pixel structure,
embodiments of the present invention may use backside
illumination; in that case, the pixel ecircuitry is behind the
photosensitive layer, thus reducing the number of layers that must
be traversed by the impinging photons to rsad the photosensitive

35 elements .
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The ranging system according to the present invention may be
integrated with a triangulation-based system in accordance with
WG 2015/0€4213 Al. If miniaturization is aimed for, the
triangulation-based system will end up having a relatively small
5 distance between 1ts projector and its detector, thus leaving it
with a reduced operating range. However, it is precisely at short
range that the combination presents its benefit, bpecause the
triangulaticn-based gystem can cover the distances at which the
time-of -flight based system cannot operate sufficiently
10 accurately.
The entire ranging procass may be repeated iteratively

¥, S0 as to
=

monitor the distance to the detected ocbject or objects over time.
Thusg, the result of this method can pbe used in processes that

15 require information about the distance to detected objects on a
continucus basis, such as advanced driver assistance systems,

vehicles with an active suspension, or autonomous vehicles.

In crder for all elements of the system as described to operate
20 optimally, the system has to be thermally stable. Thermal
stability avoids, amcng other things, undesired wavelength shifts
of the optical elements (thermal drift) , which would otherwise
impair the proper functioning of the optical filters and other
elements of the optical chain. Embodiments of the system according
25 to the present invention achieves thermal stability by their
design, or by active regulation by means of a temperature control

leop with a PID-type controller.

WO 2015/004213 Al discloses various technigues teo minimize the

30 amount of ambient light that reaches the pixels during the
detection intervals, thus improving the accuracy of the detection
of the patterned laser spots. While these technigues have not been
disclecsed in the context of a LIDAR system, the inventors of the
prasent invention have found that several such techniques yield

55 excellent results when combined with embodiments of the present

invention. This is particularly true for the use of narrow

bandpass filters at the detector, and the use cof adeguate ocptical
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arrangements to ensure nearly perpendicular incidence of the
reflected light onto the £filters. The details of these
arrangements as they appear in WO 2015/004213 Al are hereby

b

incorporated by reference. urther features and details are

5 provided hereinafter.

While wvarious techniques known from WO 2015/004212 Al may be
applied to embodiments of the present invention to minimize the
amount of ambient light that reaches the pixels during the

19 detection intervals, a certain amount of ambient 1light cannct be

avoided. In a multi-pixel system, only some of the pixels will be

illuminated by reflected spots, while others will be illuminated
by residual ambient light omly. The signal levels of the latter
group of pixels can be used to estimate the contribution of the

15 ampient light to the signals in the pizels of interest, and to
subtract that contribution accordingly. Additicnally or
alternatively, background light or ambient Ilight may be subtracted
from the dstected signal at pixel level. This reguires two

exposures, one during the arrival of the laser pulse and one in

20 the absence of a pulse.

In some embodiments, the detector may be a high dymamic range
detector, i.e. a detector having a dynamic range of at least 3o
dB, preferaply at least 120 dB. The presence of a high dynamic

25 range sensor, i.e. a sensor capable of acquiring a large amount of
photons without saturation while maintaining sufficient
discriminaticon of intensity levels in the darkest part of the
scena, isg an advantage of the use of such a sensor; it allows for
a sensor that has a very long range and yet remains capable of

30 detection objects at short distance (where the reflected light is
relatively intense) without undergoing saturation. The inventors
have found that the use ©f a true high dynamic rangs senscr is
more advantageous than the use of a sensor that applies tone
mapping. In tone mapping, the senser linear range is compressed

35 towards the higher resolution. In literature, several comprassion
methods are documented, such as logarithmic compression or

multilinear compression (see Figure 4, . However, this non-linear
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compression necessitates relinearisation of the signals before
performing logical or arithmetic operations on the captured scene
to aextract the relief information. The soluticon accerding teo the
invention therefore increases detectieon accuracy without

5 increasing the computational requirements. It is a further
advantage of some embodiments to use a fully linear high dynamic
range sensor. A pixel architecture and an optical detector that
are capable of providing the desired dynamic range characteristics
are disclosed in US patent application pubklication no. US

10 2014/353472 al, in particular paragraphs 635-73 and e8, the content
of which is incorporated by reference for the purpose of allowing
the =killed person to practice this aspect of the present

invention .

1.5 Embodiments of the present invention use a high dynamic range
pixel. This can be obtained by a sizeable £full-well capacity of
the charge reservoir or by designs limiting the electronic noise
per pixel or by usage of CCD gates that do not add noise at charge
transfer, or through a design with a large detecticn gquantum

20 efficiency (DQE) {e.g., in the range of 50% for front illuminaticn
or 850% in case of back illumination, alsoc known as back thinning) ,
or by a special dasign, or by any combination of the listed
improvements. Furthermore, the dynamic range can be further
enlarged by adding an overflow capacity to the pixel in overiay at

25 its front side ({(this implementation reguires back thinning) .
Preferably, the pixel design implements an anti-blcoming

mechanism.

Buropean patent application mno. EPL5191288.8 in the name o
30 present applicant, which has not peen published at the £iling date

of the presant application, describas further aspects of a system

and method for determining a distance to an object, which may ke

combined with the present disclosure.

35 In embodiments of the present invention, e.g. where active

suspension vehicle applications are envisaged, the projection of
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the spot pattern is advantagsously directed downwards, i.e.

towards the rocad.

A system according te the invention may include an implementatior

5 of steps of the methods described above in dedicated hardware
{e.g., ASIC), configurable hardware {e.g., FPGA) , programmable
components {e.g., a DSP or general purpose processor with
appropriate scftware), or any combinaticn thereof. The same
component (s; may alsc include other functions. The present

10 inventien also pertains to a computer program product comprising
code means implementing the steps of the methods described above,
which product may be provided on a computer-readable meadium such
as an optical, magnetic, or solid-state carrier.

15 The prasent invention also pertains to a vehicle comprising the

system described above.

Embodiments of the present invention may be used advantagecusly in
a wide variety of applications, including without limitation

20 automotive applicaticns, industrial applications, gaming
applications, and the like, and this both indoor and outdoor, at
short or long range. In some applications, different sensors
according to embodiments of the present invention may be combined
{e.g., daisy-chained} to produce panoramic coverage, preferably

-

25 over a full circle ({(380° field of view)
it should be ncoted that the method, the pixzel, and the pixel array
according to the present inventicn wmay alsc e used in
triangulaticn-based systems such as the system of WO 2015/004213
30 Al, and in existing LIDAR systems, to improve the quality of the

measurements in the presence of ambient Light.

wWh

cr

fa=

ie the invention has been described hereinsbove with reference
to separate system and methed embodiments, this was done for

35 clarifying purposes only. The skilled person will appreciate  that
features described in connection with the system or the method

alone, can alsc be applied to the methed or the system,
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respectively, with the same technical effects and advantages.

Furthermore, the scope of the inventicn is not limited to these

embodiments, but is defined by the accompanving claims.
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Claims

1. A method for subtracting background light from an exzposure
value of a first pixel in an imaging array, said first pixel
receiving a reflection of a spot from a scenery illuminated by a
periodically pulsed pattern of spots, said periodically pulsed
pattern comprising im alternation an illuminated phase and a non-
illuminated phase, the method comprising:

- accumulating {110} in said first pixel a charge in propoxtion
to a first quantity of incident light, received in said first
pixel while detecting said spot during a predetermined amount
of time; and

- decreasing {120} said charge in proportion to a second
guantity of incident light receivaed during said predetermined

n absence of said spot.

Pt

amount of time

2. The method according to claim 1, wherein said second guantity
of incident light comprises light received in said first pizel
during said predetermined amount of time in said non-illuminated
phase.

3. The method according to claim 1, wherein said second quantity
of incident 1light comprises light received, during said

accumulating, in a second pixel of =said pizel array, said second
pixel being at a sufficient distance from said first pixel so as

not to be illuminated by said spot.

4., A pixel adapted for use as said first pixel 1in the method

according to any of the preceding claims.

5. The pixel according to claim 4, comprising a capacitor (130}
for storing said charge, said capacitor (120} having a first side
{120a) and a second side (120¢b}, wherein said accumulating {110}
comprises transferring charges to said first =side (130a), and
wherein =zid decreasing {120} comprises transferring charges to

said second s=ide (130b) .
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6. An imaging array comprising a plurality of pixels accerding to

claim 4 or ciaim s.

7. A system (200) for determining a distance to an object
comprising:

d-state light source (210) arranged for projecting a

ot
(e

- a so
pattern of spots of laser light towards =said object in &
sequence of pulses;

- a detector (220) comprising the imaging array according to
claim &, said detector (220) being configured for detecting
light representing =aid pattern of spots as reflected by said
object in synchronization with said sequence of pulses; and

-  processing means {(240) configured to calculate said distance
to said object as a function of exposure values generated by
said pixels in response to said detected light;

wherein said pixels {(220) are configured to generate =s3aid exposure

values by accumulating, for each pulse of said sequence, a first

amount of electrical charge representative of a first amount of
light reflected by said object during a first predetermined time

yindow (10} and a second electrical charge representative of a

second amount of light reflected by said object during a second

predstermined time window (20), said second predetermined time

window {2c) occurring after said first predetermined time window

{1e) .

550



WO 2018/065426 PCT/EPIOLT/6TS093

17

accumulate charge in proportion to N\
a first amount of light while 110
detecting a spot

¥

decrease the charge in proportion to
a second amount of light detected in
absence of a spot forthe same |/ \L 120
amount of time

Fig. 1
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Fig. 3
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{57) Abstract: The invention pertains to a svstem for determining a distance, comprising' a light source for projecting a pattern of
discrete spots of laser light towards the object in a sequence of pulses: a detector comprising picture elements, for detecting light
representing the pattern as reflected by the object in syvnchronization with the sequence of pulses, and processing means to calculate
the distance to the object as a function of exposure values generated by said picture elements. The picture elemeunts generale exposure
values by accumulating a first amount of electrical charge representing a first amount of light refiected during a first time window and
a second electrical charge represeniating a second amount of light reflected during a second time window. The system projects and
detects for at least two consceutive sequences of pulses, cach being operated with a different duration of said first time window and
satd second ttme window,

[Continued on nexipage]

560



WO 2018/065429 AT [{uufpfed 1 F ool [ ool Mo fuaaf oo o T

(84) Designated States (unless otherwise indicaied, for every
kind ¢ regional protection available): ARIPO  (BW, GH,
GM, KE, LR, L5, MW, MZ, NA, RW, 8D, 3L, 8T, 8Z, TZ.
UG, ZM, ZW), Eumsian (AM, AZ BY, KG, RZ. RU. TJ,
™). Ewopean (al, AT, BE, BG CH, CY, CZ, DE, DK,
EE, ES. FI, FR, GB, GR, HR, H, [IE, I§ IT, LT LU, LV,
MC, MK, MI, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR), OAPI (BF. Bl CF, CG, CI, CM, GA, GN. GO, GW,
KM, ML, MR, NE, SM. TD, TG)

Declarations under Rule 4.17:
o inventorship (Rufe 4.1 7¢ivli

Published:
—  with international search veport (Art. 21(3))

561



Le]

3%

n

Lt
(9z]

WO 2618/665429

PCT/EP2017/675096

System and Method for determining a distance to an object

Field of the Invention

The present

determining a distance

invention pertains

to an object,

to the field cf systems for

in particular to time-of-

flight based eensing systems to be used for the characterizaticn
of a scene or a part thereof.

Background

In the field of remote sensing techneclegy, mainiy in the usage of
making high-resolution maps of the surroundings, to be used in
many contrcl and navigation applications such as but not limited

to the autometive and

and mapping applications, it is known to use time-of-f light based
sensing to determine the distance of objects from a sensor. Time-
of-flight based tachnigques include the use of RF medulated

sources, range gated imagers, and direct time-of-f light (DToF)
imagers. For the use of RF modulated sources and range gated
imagers, it is necessary to illuminate the entire scene of
interest with a modulated or pulsed scurce. Direct time-of-f light
systems, such as most LIDARs, mechanically scan the area of
interest with a pulsed bkeam, the reflection of which is sensed
with a pulse detector.

In crxder to be able to correlate an emitted RF modulated signal
with tha detected reflectad signal, the emittad signal mnust meet a
number of constraints. In practice, these constraints turn out to
make the RF modulated systems highly impractical for use in
vaehicular systems: the attainable range of detection is very
limited for signal intensities that are within conventional safety

limits and within the power

industrial

envircoment, gaming applications,

budget of regular vehicles.

2 direct TOF (DTeF) imager, as used in most LIDAR systems,
comprises a powerful pulsed laser {(operating in a nanosecond pulse
regime) , a mechanical scanning system to acguire from the ID point
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measurement a 3D map, &and & pulse detector. Systems of this type
are presently available from vendors including Velodyne Lidar of
Morgan Hill, California. The Velodyns HDL-64E, as an example of
state-of-the-art systems, uses &4 high-power lasers and 64

5 detectors (avalanche diodes}! in a mechanically rotating structure
at 5 to 15 rotations per second. The optical power reguired by
these DToF LIDAR systems is tooc high to be cobtained with
semiconductor lasers, whose power is in the range of five to six
orders of magnitude lower. In addition, the use of mechanically

10 rotating elements for scanning purposes limits the prospects for
miniaturization, <reliability, and cost reduction of this type of

gystem.

United States Patent application publication ne. 2015/0063387 in
15 the name of Trilumina discloses a VCSEL delivering a total energy
of 50 mW in a pulse having a pulse width of 20 ns. The
commercially available Optek CPV310 VCSEL delivers a total energy
of s0 mW in a pulse having a duration of 19 ns and it can be
estimated by extrapolation to have a maximum optical output power
20 of 100 mw. This walue is only realized under very stringent
cperating conditions, meaning optimal duty cycle and short pulse
width so as to avoid instability due teo thermal problems. Both the
Trilumina disclosure and the Optek system illustrate that
continuous-wave VCSEL systems are reaching their physical limits
25 with respect to optical peak power output, due te thermal
constraints inherently linked to the VCSEL design. At these pulse
energy levels, and using ns pulses as presently used in DTeF
applications, the mere number of photons that can be expescted to
be usefully reflected by an object at a distance of 120 m is so
30 iow that it defeats detection by means of conventiocnal
semiconducter senscrs such as CMOS or CCD or SPAD array. Thus,
increasing the VCOSEL power outputs by 5 or 6 orders of magnitude,

as would be reguired to extend the range of the known DToF

w

SLems, is hysically im szible.
stems h call mpossible

Bven the use of avalanche dicdes (AD or SPAD) , which are

theoretically sufficientl sensitive to capture the few returning
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photons, cannot be usefully deployed in the known LIDAR system
architectures. A solid state implementation of an array of SPADs
must be read out serially. A high number of SPADs is xequirsd to
achieve the desired accuracy. The serial read-out constraints of
the solid state implementation limit the bandwidth of the system
turning it inappropriate for the desired accuracy. For accuracies
such as that of the Velodyne system (0.02 m to 0.04 w, independent
of distance) , the reguired read-out data rate exceeds the
practically achievable bandwidth in case of teday' s IC
implementation. For operation at 120 w, a SPAD array of 500x500
pixels 1igs reguired, which, in an IC-based implementation, must be
read-out serially. For the same precision as the aforementicned
Velodyne system, it would regquire 1000 pulses per millisecond and
hence 1000 frames per milliseceond, translating intc a readout rate

of 250 Gigapixels per second. This is beali

i

vad to be technically

unfeasible in the context of current SPAD IC technology.

Tha paper by Neil E . Newman et al., "High Peak Power VCSELs in
Short Range LIDAR Applications®, Journal of Undergraduate Research
in Physies, 2013, http://www.jurp.org/2 013/12 017EXR.pdf, describes
a VCSEL-bhased LIDAR application. The paper states that the maximum
output power of the described prototype system was not great
encugh te do wide-field LIDAR at a range greater than 0.75 m. With
a relatively focused beam (0.02 m spot size at 1 m distance), the
authors were able to range a target object at a distance of up to
1 m.

The above examples clsarly indicate that ths optical power emitted
by present semiconductor lasers cannot meet the power ragquirements
necessary for operations in the known LIDAR systems to pbe of
practical use in automotive applications {e.g. for rangss up to

120 m) .

United States patent no. 7,544,945 in the name of Avago
Technologies General IP (Singapore) Pte . Ltd., discloses wvehicle-
based LIDAR systems and methods using multiple lasers to provide

more compact and cost-effective LIDAR functionality. Each laser in
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an array of lasers can pe segquentially activated so that a
corvesponding optical element wmounted with respect to the array of
lasers produces respective interrogation beams in substantially
different directions. Light £from these beams is reflected by

5 objects in a wvehicle's environment, nd detected so as to provide
information about the objects to vehicle operators and/or
passengers. The patent provides a solid state projector in which
the individual lasers are consecutively activated in order to
replace the known mechanical scanning in the known DToF LIDAR

10 systems.

A high-accuracy medium-rangs surround sensing system for wvehicles
that doess not use time-of -flight detection, is known from
international patent application publication WO 2015/004213 Al in

15 the name of the present applicant. In that publication, the
localization of objects is based on the projection of pulsed
radiation spots and the analvsis o©f the displacement of detected
spots with reference to predetermined refarence spot positions.
More in particular, the system of the cited publication uses

20 triangulation . However, the accuracy that can be achieved
correlates with the triangulation base, which limits the further

miniaturization that can be achieved.

US patent application publication no. US 2012/0038%03 21 discloses
25 methods and systems for adaptively controlling the illumination of
a scene. In particular, a scene iz illuminated, and light

reflected from the scene is detected. Information regarding levels

1t

of light intensity vreceived by different pixels cof a multiple
pixel detector, corresponding to different areas within a scens,

30 and/or information regarding a range to an area within a scene, is
received. That information is then used as a feedback signal to
control levels of illumination within the scene. More
particularly, different areas of the scene can be provided with
different levels of illumination in response to the feedback

35 signal.
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Burcpean patent application publication no. EP 2 3222 953 Al
discloses a distance image sensor capable of enlarging the
distance measurement range wibthout reducing the distance
resolution. A radiation source provides first to £ifth pulse

5 trains which are irradiated to the object as radiation pulses in
the first to fifth frames arranged Iin order on a time axiz. In
each of the frames, imaging times are prescribed at points of
predetermined time from the start point of each frame, also the
pulses are shifted respectively by shift amounts different from

10 each other from the start point of the first to fifth frames. A
pixel array generates element image signals each of which has
distance informaticn of an object in distance ranges different

from sach other using A and B in each cof five

frames. A processing unit generates an image signal by combining
15 the element image signals. Since five times-cf-f light wmeasuresmeant

are used, the width of the radiation pulse does not have to be

increased to obtain distance information of the object in a wide

distance range, and the distance resolution is not reduced.

20 European patent application publicaticn no. EP 2 290 402 Al
discloses a range image sensor which is provided on a
semiconductor substrate with an imaging region composed of a
plurality of two-dimensionally arranged units, thereby obtaining a
range image on the basis of charge quantities ocutput from the

25 units. Cne of the units is provided with a charge generating
region (region outside a transfer electrode} where charges are
generated in response to incident light, at least two
semiconductor regions which are arrangsd spatially apart to
collect charges from the charge generating region, and a transfer

30 electrode which is installed at each periphery of the
semiconductor region, given & charge transfer signal different in

phase, and surrounding the semiconductor region.

The article by Shoji Kawahito et al., "A CMOS Time-of-Flight Range
35 Image Sensor With Gates-on- Field- Oxide Structure”, IEEE Sensors
Journal, Vol. 7, no. 12, p. 1578-1586, discloses a type of CMCS

time-of-flight (TOS) range image sensor using single-layer gates
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on field oxide structure for photo conversion and charge transfer.
This structure allows the realization of a dense TOF range imaging
array with 15 , 15 am? pixels in a standard CMOS process. Only an
additional process step to create an n-type buried layer which is
necessary for high-speed charge transfer is added to the
fabrication process. The sensor operates based on time-delay
dependent modulation of photocharge induced by back reflected
infrared light pulses from an active illumination light source. To
reduce the influence of background 1light, a small duty cycle light
pulse is used and charge draining structures are inciuded in the
pixel. The TOF sensor chip fabricated measures a rvange resolution
of 2.35 cm at 30 frames per second an improvement to 0.74 om at

three frames per second with a pulse width of 100 ns.

European patent application ng. EP15191288.8 in the name of the
present applicant, which has not been published at the filing date
of the present application, describes some aspects of a system and

method for determining a distance to an object.

There is a continuing need to obtain extreme miniaturization
and/or longer-range in complex vehicular surround sensing
applications, such as ADAS ({autonomous driving assistance system)
applications and autonomous driving applications, and this at a
reasonable cost and in a compact, semiconductor-integrated form

factor .
Summary of the Invention

It is an objective of embodiments of the present invention to
provide a further miniaturized and longer-range alternative for
displacement-based wvehicular surround sensing systems.
Furthermore, it is an objective of embodiments of the present
invention to provide a full solid-state alternative for the known

LIDAR systems.

According to an aspect of the present invention, there iz provided

a system for determining a distance to an object comprising: a
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solid-state light source arranged for projecting a pattern of
discrete spots of laser light towards the object in a seguence of
pulses; a detector comprisging a plurality of picture elements, the
detector being configured for detecting light representing the
5 pattern of discrete sgpots as reflected by the opject in
gsynchronization with the sagquence of pulses; and processing means
configured to calculate the distance to the object as a function
of exposure vwvalues generated by the picture elements in response
to the detected light; wherein the picture elements are configured
10 to generate the exposure wvalues by accumulating, £or all of the
pulses of the sequence, a first amount of electrical charge
representative of a first amount of light reflected by the object
during a first predetermined time window and a second electrical
charge representative of a second amount of light reflected by the
15 cbject during a second predetermined time window, the second
predetermined time window occcurring after the first predetermined
time window; wherein the system is configured to perform the
projecting and the detecting for at least two consecutive
sequences of pulses, each of the sequences being operated with a
20 different duration of the first predetermined time window and the

second predetermined time window.

The present invention relies on the same physical principles as

direct time-of-f light based ranging systems, viz. the fact that

25 light always takes a certain awmount of time to travel a given
distance. However, the present invention wuses range gating to
determine the distance travelled by a light pulse that has been
transmitted and subsequently reflected by a target object. The
present inventicon is inter alia based on the insight of the

30 inventors that by combining range gating, an at least partially
simultaneous spot pattern projection (based on a novel
illumination scheme} and a low-power semiconductor light source, a
substantially miniaturized, £full sclid state and energy-efficient
leong-range distance destection method can be cbtained. The term

35 "pattern' as used herein refers to a spatial distribution of
simultaneously projected spots. In order to determine the position

of the detected spot reflection in three-dimensicnal space, it is
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