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TIME-OF-FLIGHT APPARATUS

TECHNICAL FIELD
[0001] This disclosure relates to the field of optical sensing, and in particular to time-of-
flight systems.

BACKGROUND

[0002] Lidar systems generate a pulse, typically from a laser, and utilize reflected light
for imaging, detection and ranging. Lidar systems have many applications, including use
in sensors for automated automotive applications. Lidar is sometimes also spelled
LIDAR as an acronym for either Light Detection and Ranging or Laser Radar.

[0003] Autonomous vehicles require a multitude of sensors, and lidar based sensors can
provide good range, accuracy, and resolution.

[0004] Solid-state lidar is an emerging technology, which uses optical phased arrays as
an emitter. Phased arrays are well known in the context of radar and microwave
transmission. In the optical domain, the design and fabrication of efficient 2D arrays
remains a considerable technical challenge. For example, the required emitter spacing for
phased arrays emitting a single diffracted beam is smaller than can be comfortably
designed and fabricated, due to the wavelengths involved (e.g., 0.4 to 1.6 micrometers).
One solution is to use so-called thinned phased arrays operating in higher diffraction
orders. Thinned phased arrays have larger spacing between emitters. A disadvantage of
thinned phased arrays is that they emit multiple beams, which reduces the power
efficiency of the central beam. Further, the multiple beams create multiple reflections
from an object to be ranged by a lidar scanner, which interferes with a receiver’s ability
to accurately range the object.

[0005] Accordingly, there is a need for a system and method that at least partially
addresses one or more limitations of the prior art. In particular, there is a need for a lidar
system which is inexpensive, is not excessive in size, and can accurately range objects.
[0006] This background information is provided to reveal information believed by the

applicant to be of possible relevance to the present invention. No admission is
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necessarily intended, nor should be construed, that any of the preceding information

constitutes prior art against the present invention.

SUMMARY

[0007] Time-of-flight lidar systems can be used to detect and range external objects.
The “time of flight” between the transmission of a pulse and detection of the
corresponding scattered light is indicative of a distance to the point from which the light
was scattered, while the direction of the transmitter beam (as determined by the steering
device) can be used to determine a direction to the point from which the light was
scattered.

[0008] Aspects of the disclosure provide a system and method used for time-of-flight
lidar applications, in which a plurality of photodetectors is provided to receive scattered
light from a plurality of beams.

[0009] An aspect of the disclosure is directed to a time-of-flight apparatus including a
transmitter and a receiver. The transmitter includes a laser for providing a laser pulse
and an optical phased array coupled to the laser for receiving the laser pulse and
providing a plurality of beams which fan out from the optical phased array. The receiver
includes an optical receiving unit for receiving scattered light from the plurality of beams
and a photodetector array coupled to the optical receiving unit. The photodetector array
includes a plurality of photodetectors such that at least one particular photodetector of the
photodetector array is disposed for receiving scattered light from each particular beam of
the plurality of beams. In some embodiments, the optical phased array is configured for
steering the plurality of beams. It is noted that the plurality of beams are steered to scan a
field of view of the time-of-flight apparatus. In some embodiments, the plurality of
beams is shaped as a fan of beams extending from the optical phased array. In some
embodiments, the optical phase array is configured for steering the fan of beams. In some
embodiments, at least one particular photodetector of the photodetector array is disposed
for receiving scattered light from each particular beam of the fan of beams while the fan
of beams is steered by the optical phased array. In some embodiments, the fan of beams
is one-dimensional and the photodetector array is one one-dimensional. In some
embodiments, the fan of beams is two-dimensional and wherein the photodetector array

is one two-dimensional. In some embodiments, the photodetector array has a varying
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pitch of photodetectors corresponding to the fan of beams, such that the photodetectors
form a pincushion pattern. In some embodiments, the optical phased array is configured
for varying a pointing angle of the fan of beams in a single plane. In some embodiments,
the optical phased array is configured for varying a pointing angle of the fan of beams in
two mutually perpendicular planes. In some embodiments, the optical receiving unit
comprises a lens. In some embodiments, the optical receiving unit comprises a plurality
of lenses optically coupled to the photodetector array. In some embodiments, the
photodetector array has a varying pitch of the photodetectors to match the fan of beams.
In some embodiments, the optical phased array comprises a thinned optical phase array.
In some embodiments, the optical phased array comprises an integrated photonic chip
including an array of emitters and an array of tunable phase elements, wherein each
tunable phase element is coupled to a particular one of the emitters. In some
embodiments, the time-of-flight apparatus includes a controller coupled to the transmitter
and configured to cause the laser to transmit the laser pulse and to cause the optical
phased array to steer the fan of beams through a predetermined pointing angle range. In
some embodiments, the controller is configured to receive signals from individual
photodetectors of the photodetector array, wherein the signals correspond to the scattered
light from each particular beam of the fan of beams. In some embodiments, the controller
is further configured to determine, from the corresponding signals, arrival times of the
scattered light from each particular one of the beams.

[0010] Another aspect of the disclosure is directed to a method of time-of-flight ranging.
The method includes providing a laser pulse to an optical phased array to provide a
plurality of beams which fan out from the optical phased array. The method further
includes receiving scattered light from the plurality of beams by a photodetector array
comprising a plurality of photodetectors, wherein at least one particular photodetector of
the photodetector array is disposed for receiving scattered light from each particular
beam of the plurality of beams. In some embodiments, the method further includes for
each photodetector, receiving a detector signal in response to the photodetector receiving
the scattered light, and then converting arrival times of each detector signal to distance.
In some embodiments the plurality of beams is shaped as a fan of beams. In some

embodiments the method further includes steering the fan of beams.
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[0011] The foregoing and other objects, features, aspects and advantages of the present
invention will become more apparent from the following detailed description, taken in
conjunction with the accompanying drawingswhich description is by way of example

only.

BRIEF DESCRIPTION OF DRAWINGS

[0012] For a more complete understanding of this disclosure, reference is now made to
the following brief description, taken in connection with the accompanying drawings and
detailed description, wherein like reference numerals represent like parts.

[0013] Figure 1 is a block diagram of a lidar system according to an embodiment.

[0014] Figure 2 illustrates a simplified view of the system of Figure 1 imaging an
external object according to an embodiment.

[0015] Figure 3 illustrates a scanning operation, according to an embodiment.

[0016] Figure 4 is a 3D schematic view of a thinned optical phase array and a
photodetector array, according to an embodiment.

[0017] Figure 5 illustrates a photodetector array detecting scattered light from multiple
beams emitted by a thinned optical phase array, according to an embodiment.

[0018] Figure 6 is a block diagram of another lidar system according to another
embodiment

[0019] Figure 7 illustrates one example of a non-uniform detector array, according to an
embodiment.

[0020] Figure 8 illustrates another embodiment which utilizes a polar grid detector array,
according to an embodiment.

[0021] Figure 9 illustrates an apparatus including a one-dimensional optical phased
array, and a one-dimensional photodetector array, according to an embodiment.

[0022] Figure 10 illustrates a method for time-of-flight ranging executed by a controller,

according to an embodiment.

DESCRIPTION OF EMBODIMENTS
[0023] Embodiments will be discussed with reference to example “time-of-flight” lidar

systems, for example for automated vehicle applications such as self-driving cars or
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drones. Such systems utilize a lidar sensor which generates laser pulses, and senses the
environment by measuring and timing the reflected pulses.
[0024] Figure 1 illustrates a time-of-flight lidar apparatus, according to an embodiment.
An embodiment provides a lidar scanner having a transmitter and a receiver. The
transmitter includes a laser 10 and an optical phased array 20 which operates as an
emitter/scanner for imaging an external object (not shown). The receiver includes an
optical receiving unit 40 and a photodetector array 50 which includes a plurality of
photodetectors 51, 52, 53, 54. In some embodiments the optical phased array 20 is a
thinned optical phased array. In a thinned optical phased array, a pitch, defined as center-
to-center distance between neighboring emitters, is larger than half the wavelength of the
light impinging on the array, such that the light diffracted by the array produces a number
of beams depending on the pitch of the optical phased array 20. Accordingly, optical
phased array 20 receives a laser pulse from the laser 10 and provides a plurality of beams
which fan out from the optical phased array 20. In Figure 1, four such beams 1, 2, 3, 4
are illustrated, but it should be appreciated that more than 4 beams can be emitted,
depending on the configuration of the optical phased array 20.
[0025] In some embodiments, the optical receiving unit 40 includes imaging optics, such
as one or more lenses optically coupled to the photodetector array 50. The optical
receiving unit 40 directs scattered light reflected from the external object to produce an
image of the lidar scanner field-of-view 70 on the photodetector array 50. The field of
view 70 is bounded by dashed lines 71, 72, which depend on the optical receiving unit
40. It should be appreciated that the figure is not drawn to scale. In practice, an external
object to be scanned would be sufficiently far from the apparatus that the field of view 70
would include an object scanned by the beams 1, 2, 3, 4. Further, in some embodiments
the optical receiving unit 40 can steer/focus light scattered (i.e., reflected) from an
external object from all 4 beams 1, 2, 3, 4.
[0026] The apparatus further includes a controller 60 which controls the laser 10 via
signaling link 61 and the optical phased array 20 via a signaling link 62. Further, in some
embodiments the controller can control the optical receiving unit 40 via a signaling link
63. The controller also processes the imaging data received from the individual

photodetectors 51, 52, 53, 54 received via a signaling link 64.
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[0027] In some embodiments, the number of photodetectors in the photodetector array is
configured to be equal to the number of beams emitted by the thinned phased array and
corresponding to diffraction lobes as explained above. In other embodiments, at least one
particular photodetector of the photodetector array is disposed for receiving scattered
light from each particular one of the beams of the plurality of beams. In some
embodiments, the number of photodetectors is greater than the number of beams emitted
by the thinned phase array. It is noted that the beams considered herein are beams within
the field of view 70 of the optical receiving unit 40. Other beams, at larger angles, may
be present depending on implementation of a ranging apparatus; however, since these
beams are outside of the field of view 70 of the optical receiving unit 40, they do not
contribute to forming an image of an object being ranged, and therefore are omitted from
the following description.
[0028] In some embodiments the optical phased array is configured for steering the
plurality of beams, schematically represented by arrows 25A-25D. In some
embodiments, the plurality of beams is shaped as a fan of beams which originate from
the optical phase array and fan out (i.e, radiate) from the optical phased array, as
illustrated. This can be better seen with reference to figures 4 and 5, discussed below.
[0029] Figure 2 illustrates a simplified view of the system of Figure 1 imaging an
external object 100 according to an embodiment. To avoid cluttering the figure, the
optical receiving unit 40 and the signaling links to and from the controller 60 have been
omitted. In this example, the beams of the fan of beams are scattered by an external
object 100. In this figure a single beam of scattered light is shown to reflect from the
object from each of the beams 1, 2, 3 and 4. The scattered beams are shown as dashed
lines. More specifically, scattered beam 5 corresponds to beam 1, scattered beam 6
corresponds to beam 2, scattered beam 7 corresponds to beam 3, and scattered beam 8
corresponds to beam 4. Scattered light represented by beam 5 is detected by
photodetector 54, scattered light represented by beam 6 is detected by photodetector 53,
scattered light represented by beam 7 is detected by photodetector 52, and scattered light
represented by beam 8 is detected by photodetector 51.
[0030] Figure 3 illustrates a scanning operation, according to an embodiment. The
time-of-flight apparatus can image and range one or more objects in the entire field of

view 70 by scanning the beams. For example, beam 1, shown at a first instant of time as
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beam 1A can be rotated through pointing angle range 25A to form beam 1B at a second
instant of time. The pointing angle range represents the angle through which each beam
is steered (rotated). Accordingly, beam 2, shown at a first instant of time as beam 2A can
be rotated through pointing angle range 25B to form beam 2B at a second instant of time.
Similarly, beam 3, shown at a first instant of time as beam 3A can be rotated through
pointing angle range 25C to form beam 3B at a second instant of time. Similarly, beam
4, shown at a first instant of time as beam 4 A can be rotated through pointing angle range
25D to form beam 4B at a second instant of time. In the embodiment illustrated, the
optical phase array 20 is configured for steering the entire fan of beams, as each beam is
moved in unison, through the pointing angles 25A-25D. The pointing angle magnitudes
can be controlled by the controller 60. Accordingly, the optical phase array can be
configured for steering the entire fan of beams, thus steering pointing angles of
individual beams. In some embodiments at least one particular photodetector of the
photodetector array is disposed for receiving scattered light from each particular one of
the fan of beams as the pointing angle is scanned by the optical phase array.

[0031] Figures 1 to 3 are schematic, and only illustrate a one dimensional, i.e. a flat fan
of beams, and one dimensional photodetector array. However, it should be appreciated
that in some embodiments, the fan of beams is two-dimensional (2D) and the
photodetector array is two-dimensional. Furthermore, embodiments are envisioned
where a one-dimensional fan of beams is scanned in two perpendicular planes, and vice
versa, that is, a two-dimensional fan of beams is scanned in one plane only.

[0032] Figure 4 is a three dimensional view of a 2D thinned optical phase array 420 and
a 2D photodetector array 450, according to an embodiment. The thinned optical phased
array 420 can be an integrated photonic chip including an array of emitters 430 and an
array of tunable phase elements 440, wherein each tunable phase element 440 is coupled
to a particular one of the emitters 430. The thinned optical phased array 420 receives a
laser pulse through an interface 410, which couples a portion of the laser pulse to each
emitter 430 through a distribution network 415 and produces a fan of beams 405 which
fan or radiate outward from the plane of the thinned optical phased array 420. While
only 5 such beams are illustrated in Figure 4, it should be appreciated the thinned optical
phased array 420 can produce more beams, depending on its configuration, as illustrated

in Figure 5. In some embodiments the optical phased array 420 is configured for varying
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a pointing angle of each one of the fan of beams in a single plane in order to scan one or
more external objects. In some embodiments the optical phased array is configured for
varying a pointing angle of each one of the fan of beams in two mutually perpendicular
planes in order to scan one or more external objects. The photodetector array 450
includes an array of photodetectors 455.

[0033] In some embodiments, at least one particular photodetector 455 of the
photodetector array 450 is disposed for receiving scattered light from each particular
beam of the fan of beams as the pointing angle is scanned by the optical phase array. In
some embodiments, the number of photodetectors 455 is selected to correspond to the
number of beams emitted by the thinned optical phase array 420. However, in other
embodiments, the number of photodetectors 455 can exceed the number of produced
beams, to increase the likelihood that each beam is detected. This can be important when
the fan of beams is not equidistant, as accordingly scattered light from some beams may
not be detected by evenly spaced detectors. In some embodiments, rather than increasing
the number of detectors, the placement of the detectors can be altered from an evenly
spaced photodetector array. This will be discussed below with reference to figures 6 and
7.

[0034] Figure 5 illustrates a 2D photodetector array 550 detecting scattered light from
multiple beams emitted by a 2D thinned optical phase array 420, according to an
embodiment. In this figure, photodetector array 550 includes a 5x5 array of
photodetectors, and the 2D thinned optical phase array 420 produces a fan of beams 505
which includes 25 beams which radiate towards an external object 500. In this schematic
example, the external object 500 is a wall disposed in a field of view of photodetector
array 550 at some distance from the optical receiving unit 40. Accordingly, in Figure 5,
the wall 500 is subdivided into a 5x5 set of dashed squares, with each dashed square
representing a field of view of a corresponding photodetector of the photodetector array
550. For example, a dashed square 515 corresponds to a field of view of photodetector
560, schematically illustrated by dashed lines 545. As another example, a dashed square
510 corresponds to a field of view of photodetector 563. The black dots represent
particular beams of light striking the wall 500, and the corresponding scattered light from
each beam striking a photodetector. For example, a dot 511 represents one of the beams

of the fan of beams 505 striking the object 500. As dot 511 strikes the object within the
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dashed square 510, scattered light from this beam will be focused by the optical receiving
unit 40 onto the photodetector 563 at dot 566. As another example, dot 516 represents
another one of the beams of the fan of beams 505 striking the object 500. Similarly,
scattered light from this beam will be focused by the optical receiving unit 40 onto the
photodetector 560 at dot 561.

[0035] In this embodiment, the thinned optical phase array 520 has an angular emission
distribution including at least one main lobe and a plurality of side lobes. Herein, the
term “lobe” refers to a protruding feature of the angular emission distribution of the
thinned optical phase array 520. When illuminated by the laser 10, the thinned optical
phase array 520 produces the fan of beams 505. The fan of beams 505 includes at least
one main beam emitted in a corresponding at least one main lobe, and a number of side
beams emitted in corresponding side lobes. In some embodiments, the photodetector
array and or the optical receiving unit is configured such that each of the detectors has a
position centered on the image from one of the beams 505, when the angular emission
distribution is oriented along the axis normal to the plane of the thinned phase array. In
some embodiments, the detector array 550 is configured such that each detector can
receive scattered light from one of the beams 505. In other embodiments, the optical
receiving unit 40 can include one or more custom focusing elements (e.g., lenses) to
direct scattered light from each of the beams striking the wall 500 towards one of the
detectors at least when a center of the angular emission distribution is oriented at a
normal angle of incidence relative to the plane of the optical phased array. The lidar
scanner operates by steering the fan of beams such that each detector continues to receive
the scattered light originating from the corresponding beam as the beam is steered over
its portion of the overall field of view. In so doing, scattered light from each beam of the
fan of beams are detected by corresponding detectors of the detector array 550. For prior
art systems, the side lobes effectively cause interference in the form of ghost images.
However embodiments discussed herein utilize a receiver configured to enhance the
ranging of the device by utilizing these ghost images, as the light scattered by the side
lobe beams are imaged on their respective photodetectors.

[0036] Figures 4 and 5 illustrate embodiments in which the photodetector array 450 and
550 uniform has a uniform pitch and detector size. In this context, pitch refers to the

distance between the centers of two adjacent array elements. Such a uniform detector
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array can suffice for some applications, depending on such factors as the required field of
view and distance to be ranged.

[0037] However, as the field of view increases, the emission pattern deviates more and
more from a rectangular array of squares by curving outward with an increasing pitch,
following a pin-cushion shape. In other words, the emission pattern suffers from
pincushion distortion in which the distortion increases with the distance from the optical
axis. The distortion results from the direction of the lobes following a diffraction grating
equation:

Sin 6 = n*)\/d, wherein d is the phased array pitch, n is an integer, and % is the center
wavelength of the laser pulse.

[0038] An example distortion can be seen in Figure 6, which illustrates a 9x9
photodetector array, according to an embodiment. The axis labels the far field angles 0,
® in degrees. Each square represents a photodetector, and each dot represents a scattered
phased array lobe image received by the detector. As can be seen the dots in the center
for the array are received in the center of each detector. However as the distance from
center increases, the position of the dots shifts. For example, photodetector 610 is central
in the vertical direction, but at the periphery in the horizontal direction. The received
image from the corresponding phased array lobe, as illustrated by dot 611 is similarly
shifted in the horizontal direction. Photodetector 620 is at the periphery in the vertical
direction and off center in the horizontal direction. The received image from the
corresponding phased array lobe, as illustrated by dot 621 is shifted towards the top left
corner of the detector. Further, dots 631, 633 and 635 miss the detectors 651, 652 and
653 respectively. Dot 633, which in a uniform distribution would strike detector 652,
instead strikes detector 640, while dots 631 and 635 are not detected by any of the
photodetectors of the photodetector array.

[0039] Accordingly, some embodiments utilize a non-uniform photodetector array to
compensate for such distortion. Such a photodetector array can be non-uniform in size
and/or position of the photodetectors. In some embodiments, the detector array is
physically configured to follow the pattern of the emitted lobes. In some embodiments,
the photodetector array has a varying pitch of photodetectors corresponding to the fan of

beams, such that the photodetectors form a pincushion pattern.
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[0040] For example, in one embodiment the detector array in which the detectors
positioned away from the center are offset in a pin-cushion grid shape, so as to be
positioned to receive the reflected light from the emitted lobes. Figure 7 illustrates one
example of a non-uniform detector array, according to an embodiment. In this example,
all of the detectors are the same size, but the position of the detectors is varied with
distance from the center of the photodetector array. In this example, each detector
position is centered on the image grating lobe. Accordingly, by way of example,
detectors 710, 720, 730 and 740 each have different pitches, and thus offsets from each
other. It is noted that these offsets represent gaps between the photodetectors, which
could result in blind spot, in which scattered light is not detected. Accordingly, some
embodiments could utilize different sized detectors to reduce such blind spots.
[0041] Figure 8 illustrates another embodiment which utilizes a polar grid detector array.
In such a polar grid detector array, the individual detectors are not evenly sized, but are
stretched as the detectors are positioned away from the center. Accordingly the polar grid
detector array can be configured to match the pin cushion emission pattern of the phased
array, such that the reflected lobes are properly detected by the individual detectors. In
these embodiments, a single scanning range will cause all beams to fully scan their
respective fields of view and detector elements.
[0042] The optical receiving unit 40 can include a focusing element or plurality of
focusing elements such as a lens, a series of lenses, an array of lenses or the like. A
focusing element, such as a lens, translates a beam angle into a beam coordinate at the
focal plane (i.e, the plane of the photodetector array). The focusing element 40 can be
designed, e.g. using ray-tracing software, to deliberately introduce a pin-cushion type of
distortion to more closely match the angular distribution of the beams in the beam fan
resulting from the diffraction grating equation. In one embodiment, the focusing element
40 may include an array of microlenses with varying pitch.
[0043] This may allow the utilization of a regular shaped detector array, because the
focusing element 40 compensates for the distortion using a suitably configured optical
receiving unit 40, as described above.
[0044] In some embodiments the controller 60 utilizes a different scanning offset and
range for each beam/lobe in order for an external object to be accurately scanned. In

some such embodiments, the lidar scanner can scan over a larger range than required for
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the near-normal-axis detectors, and determine the position of each of the lobes on the
detector array for each of the scanning steps, either by using a mathematical relationship
or by calibration.
[0045] Tt is noted that the above examples assume a square photodetector array.
However, other embodiments can utilize an NxM photodetector array. Furthermore, M
can be one, in which case a one-dimensional array is utilized. Figure 9 illustrates an
apparatus, including a one-dimensional optical phased array 920 for producing a
one-dimensional fan of beams 905, that is a fan of beams propagating in a single plane,
and a receiver including an optical receiving unit 940 and a one dimensional
photodetector array 950.
[0046] The operation of controller 60 will now be discussed, according to an
embodiment, with further reference to Figure 1. The controller 60 can include a processor
and machine readable memory which stores machine readable instructions which, when
executed by the processor, cause the system to operate as described herein. The
controller 60 can cause the laser to transmit the laser pulse, for example via signaling link
61. The controller 60 can also cause the optical phase array 20 to steer the fan of beams
through a predetermined range of pointing angles. Further, the controller 60 can be
configured to receive signals from individual photodetectors of the photodetector array
via signaling 64. The signals correspond to the scattered light from each particular one
of the beams. The controller 60 is further configured to determine, from the
corresponding signals, arrival times of the scattered light from each particular one of the
beams.
[0047] A method executed by the controller 60 is illustrated in Figure 10, according to
an embodiment. At step 1010 the controller steers an emission angle of the thinned
optical phased array to (6, ®). The controller than causes the laser to pulse 1020. It is
noted that, the order of these two steps can be inverted. At step 1030 the controller
determines the emission angles (6;, ®; of all phased array lobes. At steps 1040 the
controller receives signals from each photodetector of an NxM photodetector array and
converts the arrival times of each detector signal to distance. In other words the
controller converts the time-of-flight to distance for each photodetector, because the
arrival time for each photodetector signal is representative of time-of-flight. Once this is

done for each received signal, the controller adds 6;, ®; distance (i, j) to cloud-point data
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fori=1 to N, j =1 to M. at step 1050. The controller than determines the next (6, ®) to
scan the field-of-view of the photodetector array imaging area scanned by the main lobe,
for the target resolution at step 1060.

[0048] Accordingly, embodiments utilize a multi-lobe optical phased array emitter
conjointly with a detector array configured to have the same number of elements as the
number of emission lobes. This depends on the spacing of the individual detectors of the
detector array. As opposed to the mechanical lidar, each of the beams/lobes is scanned
over the detector elements field-of-view instead of having a static relationship with it.
[0049] Although the present disclosure has been described with reference to specific
features and embodiments thereof, it is evident that various modifications and
combinations can be made thereto without departing from the disclosure. The
specification and drawings are, accordingly, to be regarded simply as an illustration of
the disclosure as defined by the appended claims, and are contemplated to cover any and
all modifications, variations, combinations or equivalents that fall within the scope of the

present disclosure.
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CLAIMS

L.

A time-of-flight apparatus comprising:

a transmitter including a laser for providing a laser pulse and an optical
phased array coupled to the laser for receiving the laser pulse and providing a
plurality of beams which fan out from the optical phased array;

a receiver including an optical receiving unit for receiving scattered light
from the plurality of beams and a photodetector array coupled to the optical
receiving unit and comprising a plurality of photodetectors, wherein at least one
particular photodetector of the photodetector array is disposed for receiving

scattered light from each particular beam of the plurality of beams.

The time-of-flight apparatus of claim 1, wherein the optical phased array is

configured for steering the plurality of beams.

The time-of-flight apparatus of claim 1, wherein the plurality of beams is shaped

as a fan of beams extending from the optical phased array.

The time-of-flight apparatus of claim 3, wherein the optical phase array is

configured for steering the fan of beams.

The time-of-flight apparatus of claim 4, wherein at least one particular
photodetector of the photodetector array is disposed for receiving scattered light
from each particular beam of the fan of beams while the fan of beams is steered

by the optical phased array.

The time-of-flight apparatus of any one of claim 3 to claim 5, wherein the fan of
beams is one-dimensional and wherein the photodetector array is one

one-dimensional.
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15
The time-of-flight apparatus of any one of claims 3 to claim 5, wherein the fan of
beams is two-dimensional and wherein the photodetector array is one

two-dimensional.

The time-of-flight apparatus of claim 7, wherein the photodetector array has a
varying pitch of photodetectors corresponding to the fan of beams, such that the

photodetectors form a pincushion pattern.

The time-of-flight apparatus of any one of claims 3 to claim 8, wherein the optical
phased array is configured for varying a pointing angle of the fan of beams in a

single plane.

The time-of-flight apparatus of any one of claims 3 to claim 8, wherein the optical
phased array is configured for varying a pointing angle of the fan of beams in two

mutually perpendicular planes.

The time-of-flight apparatus of any one of claims 1 to claim 10, wherein the

optical receiving unit comprises a lens.

The time-of-flight apparatus of any one of claims 1 to claim 10, wherein the
optical receiving unit comprises a plurality of lenses optically coupled to the

photodetector array.

The time-of-flight apparatus of any one of claims 6 or claim 7, wherein the
photodetector array has a varying pitch of the photodetectors to match the fan of

beams.

The time-of-flight apparatus of any one of claims 1 to claim 13, wherein the

optical phased array comprises a thinned optical phase array.

The time-of-flight apparatus of any one of claims 1 to claim 14, wherein the

optical phased array comprises an integrated photonic chip including an array of
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18.

19.

20.

16
emitters and an array of tunable phase elements, wherein each tunable phase

element is coupled to a particular one of the emitters.

The time-of-flight apparatus of any one of claims 1 to claim 15 further
comprising a controller coupled to the transmitter and configured to:

cause the laser to transmit the laser pulse; and

cause the optical phased array to steer the fan of beams through a

predetermined pointing angle range.

The time-of-flight apparatus of claim 16, wherein the controller is configured to
receive signals from individual photodetectors of the photodetector array, wherein
the signals correspond to the scattered light from each particular beam of the fan

of beams.

The time-of-flight apparatus of claim 17, wherein the controller is further
configured to determine, from the corresponding signals, arrival times of the

scattered light from each particular one of the beams.

A method for time-of-flight ranging comprising:
providing a laser pulse to an optical phased array to provide a plurality of
beams which fan out from the optical phased array; and
receiving scattered light from the plurality of beams by a
photodetector array comprising a plurality of photodetectors, wherein at least one
particular photodetector of the photodetector array is disposed for receiving

scattered light from each particular beam of the plurality of beams.

The method of claim 19 further comprising:
for each photodetector, receiving a detector signal in response to the
photodetector receiving the scattered light; and converting arrival times of each

detector signal to distance.
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21. The method of claim 20, wherein the plurality of beams is shaped as a fan of

beams, the method further comprising steering the fan of beams.
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