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(57) Abstract: The present disclosure relates to systems and methods that facilitate light detection and ranging operations. An example
transmit block includes at least one substrate with a plurality of angled facets. The plurality of angled facets provides a corresponding
plurality of elevation angles. A set of angle differences between adjacent elevation angles includes at least two different angle difference
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to adjusting shot power and a shot schedule based on the desired resolution and/or a respective elevation angle.
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Variable Beam Spacing, Thning, and Power for Vehicle Sensors

CROSS-REFERENCE TO RELATED APPLICATIONS
{0001 The present patent application claims priority to U.S. Patent Application No.
62/473 311 filed on March 17, 2017 and U.S. Patent Application No. 15/900,189 filed on
February 20, 2018, the contents of each of which are hereby incorporated by reference.
BACKGROUND
{66062} Unless otherwise indicated herein, the materials described in this section are not
prior art to the claims in this application and are not admitted to be prior art by inclusion in this
section.
[0003] Vehicles can be configured to operate in an autonomous mode in which the
vehicle navigates through an environment with little or no mput from a dover. Such
agtonomous vehicles can imclude one or more sensors that are configured to detect information
about the environment in which the vehicle operates.
[66064] (Oue such sensor is a light detection and ranging {(LIDAR) device. ALIDAR can
cstimate distance to environmental features while scanning through a scene to assemble a
“point cloud” indicative of reflective surfaces in the environment. Individual poiuts in the point
cloud can be determined by transmitting a laser pulse and detecting a returning pulse, if any,
reflected trom an object in the environment, and deternuning the distance to the object
according to the time delay between the transmitted pulse and the reception of the reflected
pulse. A laser, or set of lasers, can be rapidly and repeatedly scanned across a scene to provide
continuous real-time information on distances to reflective objects in the scene. Combining
the measured distances and the origntation of the laser(s) while measuring each distance allows
for agsooiating a three-dimensional position with cach returning pulse. In this way, a three-
dimenstonal map of points indicative of locations of retlective features 1n the environment can
be generated for the entire scanning zone.
SUMMARY
HEEIRY The present disclosure generally relates to light-emitting systems configured to
provide pulses of laser light. For example, the present disclosure may relate to light detection
and ranging (LIDAR) systems that may be implemented in vehicles, such as autonomous and
semi-autonomous avtomobies, trucks, motorcycles, and other types of vehicles that can move
within their respective environments.
(006} In a first aspect, a system is provided. The system includes at least one substrate.
The at least one substrate includes a plurality of angled facets along a front edge. The at least

one substrate further includes a die attach location corresponding to cach angled facet. The
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plurality of angled facets provides a corresponding plurality of elevation angles. A set of angle
differences between adjacent elevation angles includes at least two different angle difference
values. The system also includes a plurality of hight-cmitter devices. The respective light-
emitter devices are coupled to respective die attach locations according to a respective elevation
angle of the respective angled facet. The plurality of Hight-emitter devices is configured to enut
light nto an environment along the plurality of clevation angles toward respective target
locations.

{8607} In a second aspect, a method of manufacturing is provided. The method
mehudes providing at least one substrate. The at least one substrate meludes a plurality of
angled facets along a frout edge and a die attach location correspounding to each angled facet.
The plurality of angled facets provides a corresponding plurality of elevation angles. A set of
angle differences between adjacent elevation angles mehudes at least two different angle
difference values. The method also includes attaching a plurality of light-emitter devices to
respective die attach locations. The attaching is performed according to a respective elevation
angle of the respective angled facet. The method also includes electrically connecting each
respective Hght-emitter device of the plurality of light-emitter devices to a respective pulser
circuit. The method additionally includes optically coupling cach respective hight-emitter
device of the plurality of ight-enutter devices to a respective lens.

[3008] In a third aspect, a method is provided. The method meludes deternuning an
clevation angle of a given light-emitter device of a plurality of light-emitter devices.
Respective light-emitter devices are coupled to respective die attach locations corresponding
to respective angled facets of a phirality of angled facets disposed along a front edge of at least
one substrate. The method also includes determining a desired power output level of the given
light-cmitter device based on the determined elevation angle. The method alse mchudes
causing the given light-enutter device to emit at least one hight pulse into an environment
toward a target location according to the desired power output level.

{6009] In a fourth aspect, a method is provided. The method includes determining an
anticipated target range of a given light-emitter device of a plurality of light-cmitter devices.
Respective hight-emitter devices are coupled to respective die attach locations corresponding
to respective angled facets of a phirality of angled facets disposed along a front edge of at least
one substrate. The method also includes determining a desired power output level of the given
hight-emitter device based on the determined anticipated target range. The method vet further
mcludes causing the given light-emutter device to emit af least one light pulse into an

environment toward a target location according to the desired power output fevel
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EEIRL) In a fifth aspect, a method 1s provided. The method includes determining a
respective elevation angie for cach light-emitter device of a plurality of light-emitter devices.
The respective light-cmitier devices arc coupled to respective dic attach locations
corresponding to respective angled facets of a plurality of angled facets disposed along a front
edge of at least one substrate. The method also includes determining a desired shot achedule
of the plurality of light-emitter devices based on the determined clevation angles. The method
vet further includes causing the plurality of hight-emitter devices to emit light pulses into an
environment toward a target region according to the desired shot schedule.

{6611} In a sixth aspect, a method is provided. The method includes determining an
anticipated target range for cach light-emitter device of a plurality of light-cnutier devices.
Respective light-enutier devices are coupled to respective die attach locations corresponding
to respective angled facets of a plurality of angled facets disposed along a front edge of at least
one substrate. The method ncludes determining a desired shot schedule of the plurality of
light-emitter devices based on the respective anticipated target ranges. The method also
mehudes causing the plurality of hight-emitter devices to emit light pulses into an enviromment
toward a target region according to the desired shot schedule.

{0012} In a seventh aspect, a system is provided. The system includes a plurality of
hight-emitter devices of a light detection and ranging system of a vehicle. Each hight-emitter
device of the plurality of hght-emitter devices is configured to emit hight pulses along a
respective beam elevation angle. The plurality of light-emitter devices are arranged such that
a combination of the respective beam elevation angles includes a non-uniform beam clevation
angle distribution. At least one angle difference between respective beam elevation angles of
two adjacent light-emitter devices having elevation angles below a reference plane is larger
than at least one angle differonce betweoen respective beam elevation angles of two adjacent
hight-emitter devices having clevation angles above the reference plane. The reforence plane
ts based on an axis of motion of the vehicle.

1001 3] (Other aspects, embodiments, and implementations will become apparent to
those of ordinary skill in the art by reading the following detailed description, with reference

where appropriate o the accompanying drawings.
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[016]
embodiment.
{017]
embodiment.
{0018}
[0019]

BRIEF DESCRIPTION OF THE FIGURES
Figure 1A illustrates a sensing system, according to an exampic embodiment.
Figure 1B dlustrates a transmit block, according to an example embodiment.

Figure 2A illustrates a portion of a transmit block, according to an example

Figure 2B illustrates a portion of a transmit block, according to an example

Figure 2C illustrates a transmit block, according to an example embodiment.

Figure 2D llustrates several possible beam angle distributions, according to an

example emabodiment.

[0020]

Figure 2E illustrates several possible vertical resolution plots, according o an

example embodiment.

{0021}
6022}
embodiment.
[0023]
embodiment.
[0024]
embodiment.
{0025)
embodiment.

[0026]

Figure 3A illostrates a vehicle, according o an example embodiment,

Figure 3B illustrates a vehicle in a sensing scenario, according to an example

Figure 4A illustrates a portion of a transmit block, according to an example

Figure 4B illustrates a portion of a transmit block, according to an example

Figure 4C ilustrates a portion of a transmit block, according to an example

Figure 4D dlustrates a close up side view of a portion of a transmit block,

according to an example embodiment,

[0027]

0028]
0029]
0030
0031]
0032
0033

embodiment.

I
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Figure 4E illustrates a portion of a transmit block, according to an example

Figure 5 illustrates a method, according to an example embodiment.
Figure 6A illustrates a method, accordimg to an example embodiment.
Figure 6B illustrates graphs, according to an example embodiment.
Figure 7 iHlustrates a method, according to an exampie embodiment.
Figure 8 illustrates a method, according to an example embodiment.

Figure 9 lustrates a method, according to an example embodiment.
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BETAILED DESCRIPTION

{6634} Example methods, devices, and systems are described herein. It chould be
vnderstood that the words “example” and “exemplary” are used herein to mean “serving as an
example, nstance, or ustration.” Any embodiment or feature described herein as being an
“example” or “exemplary” 1s not necessarily to be construed as preferred or advantageous over
other embodiments or features. Other embodiments can be utilized, and other changes can be
made, without departing from the scope of the subject matter presented herein.
[8035] Thus, the example embodiments described herein are not meant to be limiting.
Aspects of the present disclosure, as generally described herein, and tlustrated m the figures,
can be arranged, substituted, combined., separated, and designed in a wide variety of different
configurations, all of which are conternpiated herem.
8036} Further, unless context suggests otherwise, the features illustrated i each of the
figures may be used in combination with one another. Thus, the figures should be generally
viewed as component aspects of one or more overall embodiments, with the understanding that
not all thustrated features are necessary for cach embodiment.

I Overview
[60637] In an ecffort to increase imaging resolution m light detection and ranging
(LIDAR) svstems, such svstems may increase a quantity of sensing devices and/or light-
emitting devices, which may be expensive. Optionally, a shot rate of the light-emitting devices
may be increased, which may increase the cutput power of the system and be supported by
additional cooling capabilities (¢ g, heatsinks, hiquid cooling, ¢tc.}). Increasing the number of
shots and hight pulse detections i a given period of time also may need greater compuatational
POWET t0 Process.
{0038] Instead of simply increasing a numiber of light-cmitting devices and sensing
devices at evenly-spaced angle mtervals to obtain better resolution within a given field of view,
example syvstems and methods deseribed herein concentrate more sensing devices and/or light-
emitting devices at specific angles or ranges of angles, such as angles that relate to beams
emitted from a transmit block of a LIDAR svstem that point ahcad of a vehicle or up, and
utilize fower sensors or light-emitters oriented at other angles. For example, beams that point
downward hit the ground at relatively close range. Accordingly, to see an object of a certain
size {¢.g., 3 cm tall or 12 cm tall}, the downward facing beams can be spaced more sparsely (in
angular terms with respect to the LIDAR system) as compared to beams that generally travel
longer distances. This, in tum, provides a capability to view similar sized objects within a

range of distances away from the vechicle. Additionally or altematively, embodiments
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described herein may provide an opportunity to reduce the number of sensing devices or light-
emitting devices. Yet further, embodiments disclosed herein may provide greater spatial
resolution for a given number of sensing devices or light-emitting devices.

[{6039] Some embodiments of the present disclosure may nclude varving the amount
of power per shot based on an orientation of a given hght-emitting device. That 1s, hight-
emitting devices that emit relatively close range beams {(¢.g., beams emitted at downward
angles) need lower power than longer range beams. Put in other words, a minimum amount of
photons needed to resolve a given feature scales as a square of the range. Accordingly,
compared to an “average” shot, beams that travel only half of the distance to their target may
need only a quarter of the power per shot to detect a given object with similar accuracy. By
varying the amount of power based on an onentation angle of a given light-emitting device,
the LIDAR device may be more power efficient.

[6040] In conventional LIDAR systems, a shot rate may be tmplemented vniformly
across all of the light-emitting devices, without regard to a maximum detection distance. In
the present disclosure, some embodiments have a shot schedule, shot rate, and/or a shot interval
that may be varied based on the orientation of a given light-emitting device or the angle of the
beam to be detected. That is, as described above, light pulses in downward-onented beams
travel shorter distances and therefore the detector may receive a corresponding reflected pulse
faster than simular pulses that travel longer distances due to different times of flight
Accordingly, light-emitting devices and detectors assigned to lower angle beams may be
assigned a different duty cvcle (e.g., less return wait time) compared to higher angle beams at
least because closer-range beams will generally provide faster return signals. Thus, after
emitting a fght pulse, lower angle emiticr/detector pairs may have a shorter delay or narrower
window before enutting a subsequent light pulse. That is, adjacent lower angle cmuitters may
fire in closer succession to one another as compared to higher angle emitters due, at least in
part, to a shorter “listening window” during which a corresponding detector may receive
reflected light from a given light pulse. When a given light puise is limited in its potential time
of fight {c.g., becaunse the light-emitter device is angled toward the ground), such a listening
window may be shortened in duration. In some embodiments, by watting a shorter amount of
time between hight pulses and/or before firing an adjacent hght-emitter device, systems and
methods described herein may enut more light pulses in a given amount of time, which may
provide higher horizontal resolution or faster whole-scene update rates.

0041} Systems and methods described herein may nclade transmit blocks of LIDAR

systems that provide variable beam spacing, shottiming {¢.g.. shot scheduling}, and shot power,

o
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cach of which may be based on variables such as: sensor height, total mumber of beams, desired
object size, mintmum possible spacing between beams, range of slope changes {e.g. +3%
change in grade, flat ground, -3% change in grade), minimum shot power, and shot power
margin.

6042} In some embodiments, beams may be spaced such that a desired spacing exists
between beams at a given distance from the LIDAR svstem. For example, the desired spacing
may be between 5 and 17 centimeters at 10-30 meters from the LIDAR system on flat ground
or from a surface {(e.g., a front bamper) of a given vehicle supporting the LIDAR gystem.
{00643} In an example embodiment, beams may be spaced such that on flat ground,
resolution is approximately 9.7 cm vertical spacing out to approximately 25 m from the vehicle.
At longer ranges, vertical spacing may mncrease gradually {e.g.. linearly) untid obtaining a
particular, munimum spacing {¢.g., 0.167 degrecs), which may correspond to a physical
frmitation of dic attach locations, light-emitter dig size, and/or the subsirate space and substrate
shape. The slope of the lincar increase could be set based on a given number of emitters. In
an example embodiment, the slope of the linear increase could be based on 50-100 emutters
{c.g., 64 entiers). However, more or fewer enitters are possible within the scope of the present
disclosure. Furthermore, other slopes and arrangements of beams are possible. In some cases,
the svstem may be elevated from the ground at heights of 1-5 meters. By spacing beams as
described herein, the peak vertical resolution may be mercased from 0.317 degrees to 0.167
degrees and the peak horizontal resolution mav be increased by about ~50%, from 0.180
degrees 1o 0.131 degrees, as compared to LIDAR devices with uniform beam angle spacing.
[8044] In other embodiments, assuming even a -15% grade change, at least 7.5 om
vertical spacing may be achieved at 25 meters for beams at lower elevation until hitting a
mintmum angle spacing of 0.72 degrees. For example, for a 1.1 meter sensor height, a shot
timing or shot schedule may be adjusted to achieve a desired resolution at specific ranges from
the sensor umt. For example, m some embodiments, the total number of shots may be reduced
by 35%. Furthermore, as described hercin, the power of cach shot may be adjusted based on
an anticipated target range and/or an clevation angle of the given hight-eraitter device. In an
example embodiment, the power of cach shot {or the power of cach shot for a given light-
emitter device ) may be adjusted to provide a 20% shot power margin and 10% minimam power.
In some embodiments, in combination with the reduced shot count, reductions in power per
shot may reduce the laser power usage by ~45%. [t will be understood that other amounts of

reductions of power per shot are possible.
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II. Example Systems
{0045] Figure 1A illustrates a sensing system 10, according to an example embodiment.
The sensing system 10 may be a hight detection and ranging (LIDAR) system. The sensing
gystern includes a housing 12 that houses an arrangement of various components, such as a
transmit block 20, a recerve block 30, a shared space 40, and a lens 50, The sensing system 10
mcludes an arrangement of components configured to provide cmitted fight beams 52 from the
transmit block 20 that are collimated by the lens 50 and transmitted into an environment of the
sensing system 10 as collimated Light beams 54. Furthermore, the sensing system 10 mnchudes
an arrangement of components configured to collect reflected light 56 from one or more objects
m the environment of the sensing systern 10 by the lens 50 for focusing towards the receive
block 30 as focused light 38, The reflected light 56 includes hight from the collimated hight
beams 54 that was reflected by the one or more objeets in the environment of the sensing system
10
06046} The emitied light beams 52 and focused hight 58 may traverse the shared space
40 also included in the housing 10, In some embodiments, the emitted light beams 52 propagate
along a transmit path through the shared space 40 and the focused light 58 propagates along &
receive path through the shared space 40.
047 The sensing system 10 can determine an aspect of the one or more objects (¢.g.,
location, shape, etc.) in the environment of the sensing system 10 by processing the focused
light 58 received by the receive block 30, For example, the sensing system 10 can compare a
time when pulses included in the emitted light beams 52 were emitted by the transout block 20
with a time when corresponding pulses included in the focused light 58 were received by the
receive block 30 and determine the distance between the one or more objects and the sensing
systern 10 based on the comparison.

(048] The housing 12 included in the sensing system 10 can provide a platform for
mounting the various components included in the sensing svstem 10, The housing 12 can be
formed from any material capable of supporting the various components of the sensing system
10 included in an wnterior space of the housing 12, For example, the bousing 12 may he foumed
from a structural material such as plastic or metal.

8049} In some examples, the housing 12 may mclude optical shielding configured to
reduce ambient light and/or unintentional transmission of the emitted light beams 32 from the
transmit block 20 to the receive block 30, The optical shielding can be provided by forming
and/or coating the outer surface of the housing 12 with a matenal that blocks the ambignt light

from the eavironment. Additionally, inner surfaces of the housing 12 can include and/or be
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coated with the material described above to optically isolate the transmit block 20 from the
receive block 30 to prevent the receive block 30 from receiving the emitted light beams 52
before the emiticd hight beams 32 reach the fens 50
[050] In some examples, the housing 12 can be configured for clectromagnetic
shielding to reduce electromagnetic noise {¢.g., Radio Frequency (RF) Noise, eic.} from
ambient environment of the sensor system 10 and/or electromagnetic noise between the
transmit block 20 and the receive block 30, Electromagnetic shiclding can improve quality of
the emitted light beams 52 emitted by the transmit block 20 and reduce noise m signals received
and/or provided by the receive block 30, Electromagnetic shielding can be achieved by
forming and/or coating the housing 12 with one or more materials such as a metal, metallic ink,
metallic foam, carbon foam, or any other material configured to appropriately absorb or reflect
electromagnetic radiation. Metals that can be used for the electromagnetic shiclding can
mclude for example, copper or nickel.
[06651] In some examples, the housing 12 can be configured to have a substantially
cvlindrical shape and to rotate about an axis of the sensing system 10, For example, the housing
12 can have the substantially cylindrical shape with a diameter of approximately 10 centimeters.
In some examples, the axis is substantially vertical. By rotating the housing 12 that includes
the various components, in some examples, a three-dimensional map of a 360 degree view of
the environment of the sensing system 10 can be determined without frequent recalibration of
the arrangement of the various components of the sensing system 10, Additionally or
alternatively, the sensing system 10 can be configured to tilt the axis of rotation of the housing
2 to control the field of view of the sensing system 10,
{6852} Although not illustrated in Figure 1A, the sensing svstem 10 can optionally
mclude a mounting structure for the housing 12, The mounting structure can include a motor
or other means for rotating the housing 12 about the axis of the sensing system 10, Alternatively,
the moonting structure can be inclided m a device and/or system other than the sensing system
10
{6653] In some examples, the various components of the sensing system 10 such as the
transmit block 20, receive block 30, and the lens 30 can be removably mounted to the housing
2 in predetermined positions to reduce burden of calibrating the arrangement of each
component and/or subcomponents included in each component. Thus, the housing 12 acts as
the platform for the various components of the sensing system 10 to provide ease of assembly,

maintenance, caltbration, and manafacture of the sensing system 10,
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[8054] The transmit block 20 includes a plurality of Light soarces 22 that can be
configured to emit the plurality of emitted light beams 32 via an exit aperture 26, In some
cxamples, cach of the plurality of emitted light beams 52 corresponds to one of the plurality of
hight sources 22. The transmit block 20 can optionally mchude a mirror 24 along the transmit
path of the emitted hight beams 52 between the light sources 22 and the exit aperture 26.
[055] The hght sources 22 can include laser diodes, light emitting diodes (LED),
vertical cavity surface cmutting lasers (VUSEL), organic light emitting diodes (OLED),
polymer light emitting diodes (PLED), light emitting polymers (LEP), liquid crystal displays
{LCP), microelectromechanical systems (MEMS), or any other device configured to
selectively transot, reflect, and/or emit light to provide the plurality of emitted light beams 52.
In some examples, the Hight sources 22 can be configured 1o emit the emutted light beams 52 in
a wavelength range that can be detected by detectors 32 included in the receive block 30, The
wavelength range could, for example, be in the ultraviolet, visible, and/or infrared portions of
the clectromagnetic spectrum.  In some examples, the wavelength range can be a narrow
wavelength range, such as provided by lasers. In one example, the wavelength range includes
wavelengths that are approximately 905nm.  Additionally, the hight sources 22 can be
configured to emit the emitted light beams 52 in the form of pulses. In some cxamples, the
plurality of light sources 22 can be disposed on one or more substrates {(e.g., printed circuit
boards (PCB), flexible PUBs, etc.} and arranged to emit the plurality of light beams 52 towards
the exit aperture 26,

{0056] In some examples, the plurality of light sources 22 can be configured to cmit
uncollimated light beams included in the enutted light beams 52, For example, the emitted
light beams 52 can diverge in one or more directions along the transmit path due to the
uncollimated light beams emitted by the plurality of light sources 22, In some examples,
vertical and horizontal extents of the emitted light beams 52 at any posttion along the transmait
path can be based on an extent of the divergence of the uncoliimated light beams emitted by
the plurality of light souarces 22.

{8057} The cxit aperture 26 arranged along the transmit path of the emitted light beams
52 can be configured to accommodate the vertical and horizontal extents of the plurality of
Lght beams 52 emitted by the plarality of light sources 22 at the exit aperture 26. It 15 noted
that the block diagram shown in Figure 1A is described  connection with functional moduies
for convenience in description.  However, the functional modules m the block diagram of
Figure 1A can be physically implemented in other locations. For example, although llustrated

that the exit aperture 26 is included in the transmit block 20, the exit aperture 26 can be
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physically included in both the transmit block 20 and the shared space 40. For example, the
transmit block 20 and the shared space 40 can be separated by a wall that includes the exit
aperture 26. In this case, the exit aperture 26 can correspond 1o a transparent portion of the
wall. In one example, the transparent portion can be a hole or cut-away portion of the wall. In
another example, the wall can be formed from a transparent substrate {¢.g., glass) coated with
a non-transparent material, and the exit aperture 26 can be a portion of the substrate that is not
coated with the non-fransparent material.

{6058} In some examples of the sensing system 10, it may be desirable to minimize size
of the exit aperture 26 while accommodating the vertical and horizontal extents of the plurality
of light beams 52. For example, minimizing the size of the exit aperture 26 can improve the
optical shiciding of the light sources 22 described above n the functions of the housing 12.
Additionally or alternatively, the wall separating the transmit block 20 and the shared space 40
can be arranged along the receive path of the focused light 58, and thus, the exit aperture 26
can be minimized to allow a larger portion of the focused light 58 to reach the wall. For
example, the wall can be coated with a reflective material (¢.g., reflective surface 42 in shared
space 40} and the receive path can include reflecting the focused light 38 by the reflective
material towards the receive block 30, In this case, minimizing the size of the exit aperture 26
can allow a larger portion of the focused hight 53 to reflect off the reflective matenial with which
the wall is coated.

[6059] To minimize the size of the exit aperture 26, in some examples, the divergence
of the cmitted light beams 52 can be reduced by partially collimating the uncollimated tight
beams emitted by the hght sources 22 to minimize the vertical and horizontal extents of the
emitted light beams 52 and thus minimize the size of the exit aperture 26. For example, cach
light source of the plurality of light sources 22 can include a cylindrical lens arranged adjacent
to the light source. The hight source may emit a corresponding uncollimated light beam that
diverges more 1 a first direction than in a second direction. The cvlindrical lens may pre-
collimate the uncollimated light beam in the first direction to provide a partially collimated
fight beam, thercby reducing the divergence in the first direction. In some examples, the
partialty collimated light beam diverges less m the first direction than in the second direction.
Similarly, uncollimated light beams from other light sources of the plurality of light sources 22
can have a reduced beam width in the first direction and thus the emitted light beams 52 can
have a smaller divergence due to the partially collimated hight beams. In this example, at least
one of the vertical and horizontal extents of the exit apertare 26 can be reduced due to partially

collimating the light beams 52
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{8068} Additionally or alternatively, to minimize the size of the exat apertare 26, n
some examples, the light sources 22 can be arranged along a shaped surface defined by the
transmit block 20. In some examples, the shaped surface may be faceted and/or substantially
curved. The faceted and/or curved surface can be configured such that the emutted hight beams
52 converge towards the exit aperture 26, and thus the vertical and honzontal extents of the
emitted light beams 32 at the exit aperture 26 can be reduced due to the arrangement of the
fight sources 22 along the faceted and/or curved surtace of the transmit block 20.

08061} In some examples, a curved surface of the transmit block 20 can include a
curvature along the first direction of divergence of the emiited light beams 52 and a curvature
along the second direction of divergence of the emitted light beams 52, such that the plurality
of hight beams 32 converge towards a ceniral arca m front of the plurality of hight sources 22
along the transmit path.

[6062] To facilitate such curved arrangement of the light sources 22, in some examples,
the light sources 22 can be disposed on a tlexible substrate {c.g., flexible PCB) baving a
curvature along one or more directions. For example, the curved flexible substrate can be
curved along the first direction of divergence of the emitted light beams 32 and the second
direction of divergence of the emitted hight beams 52. Additionally or altematively, to facilitate
such curved arrangement of the light sources 22, in some examples, the light sources 22 can be
disposed on a curved edge of one or more vertically-oriented printed circuit boards (PCBs),
such that the curved edge of the PCB substantially matches the corvature of the first direction
{¢.g., the vertical plane of the PCR). In this example, the one or more PCBs can be mounted
in the transmit block 20 along a horizontal curvature that substantially matches the curvature
of the second direction {¢.g., the horizontal plane of the one or more PLBs). For example, the
transmit block 20 can inchude four PCBs, with cach PCB mounting sixtecn light sources, so as
to provide 64 light sources along the curved surface of the transmit block 20. In this example,
the 64 hght sources are arranged in a pattern such that the emitted light beams 32 converge
towards the exit aperture 26 of the transmit block 20.

[06663] The transmit block 20 can optionallv include the mirror 24 along the transout
path of the emutted light beams 52 between the bight sources 22 and the exut aperture 26, By
mecluding the mirror 24 1n the transmit block 20, the transmit path of the emutted light beams
52 can be folded to provide a smaller size of the transmit block 20 and the housing 12 of the
sensing system 10 than a size of another transmit block where the transmut path that is not

folded.
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[0064] The recetve block 30 includes a phurality of detectors 32 that can be configured
to receive the focused light 58 via an entrance aperture 36. In some examples, cach of the
plurality of detectors 32 is configured and arranged to receive a portion of the focused light 58
corresponding 1o a light beam emitted by a corresponding light source of the plurality of hight
sources 22 and reflected of the one or more objects i the environment of the sensing system
19, The receive block 30 can optionally mchade the detectors 32 in a sealed environment having
an inert gas 34.

08065} The detectors 32 may comprise photodiodes, avalanche photodiodes,
phototransistors, cameras, active pixel sensors (APS), charge coupled devices {CCD),
crvogenic detectors, or any other sensor of light configured to receive focused light 58 having
wavelengths in the wavelength range of the entted light beams 52.

(3066} To facilitate recetving, by each of the detectors 32, the portion of the focused
light 58 from the corresponding light source of the plurality of light sources 22, the detectors
32 can be disposed on one or more substrates and arranged accordingly. For example, the light
sources 22 can be arranged along a curved surface of the transmit block 20. Detectors 32 can
be arranged along a carved surface of the receive block 30, In some embodiments, the curved
surface of the receive block 30 may include a similar or identical curved surface as that of
transmit block 20. Thus, cach of the detectors 32 may be configured to receive light that was
originally emitied by a corresponding light source of the plurality of hight sources 22.

[6067] To provide the curved surface of the receive block 30, the detectors 32 can be
disposed on the one or more substrates similarly to the light sources 22 disposed in the transout
block 20. For example, the detectors 32 can be disposed on a flexible subatrate {e.g., flexible
PCB) and arranged along the curved surface of the flexible substrate to cach receive focused
light originating from a corresponding light source of the light sources 22. In this example, the
flexible substrate may be held between two clamping picces that have surfaces corresponding
to the shape of the curved surface of the receive block 30, Thus, in this example, assembly of
the receive block 30 can be simplified by sliding the flexible substrate onto the receive block
30 and using the two clamping pieces to hold it at the correct curvature,

{0668} The focused light 58 traversing along the receive path can be received by the
detectors 32 via the entrance aperture 36. In some examples, the entrance aperture 36 can
mehude a filtering window that passes hight having wavelengths within the wavelength range
emitted by the plurality of light sources 22 and attenuates hight having other wavelengths. In
this example, the detectors 32 receive the focused hight 58 substantially comprising light having

the wavelengths within the wavelength range.
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{8069} In some examples, the plurality of detectors 32 included in the receive block 30
can include, for example, avalanche photodicdes in a sealed environment that is filled with the
mert gas 34. The mert gas 34 may comprise, for example, nitrogen.

{070} The shared space 40 includes the transmit path for the emitted light beams 52
from the transmit block 20 to the lens 50, and includes the receive path for the focused hight 38
from the lens 30 to the receive block 30, In some examples, the transmit path at least partially
overlaps with the receive path in the shared space 40, By including the transmit path and the
receive path in the shared space 40, advantages with respect to size, cost, and/or complexity of
assembly, manufacture, and/or maintenance of the sensing system 10 can be provided.

[6071] While the exit aperture 26 and the entrance aperture 36 are ulustrated as being
part of the transmit block 20 and the receive block 30, respectively, 1t is understood that such
apertures may be arranged or placed at other locations. In some embodiments, the function
and structure of the exit aperture 26 and the entrance aperture 36 may be combined. For
exaraple, the shared space 40 may include a shared entrance/exit aperture. It will be understood
that other ways to arrange the optical components of system 10 within housing 12 are possible
and contemplated.

[0072] In some cxamples, the shared space 40 can include a reflective surface 42. The
reflective surface 42 can be arranged along the receive path and configured to reflect the
focused light 58 towards the entrance aperture 36 and onto the detectors 32. The reflective
surface 42 may comprise a prism, mirror or any other optical element configured to reflect the
focused light 58 towards the entrance aperture 36 n the recerve block 30. In some examples,
a wall may separate the shared space 40 from the transmit block 20. In these examples, the
wall may comprise a transparent substrate (c.g., glass) and the reflective surface 42 may
corpnse a reflective coating on the wall with an uncoated portion for the exit aperture 26.
[073] In embodiments including the reflective surface 42, the reflective surface 42 can
reduce size of the shared space 40 by folding the receive path similarly to the mirror 24 in the
transmit block 20, Additionally or aliernatively, i some examples, the reflective surface 42
can direct the focused light 58 to the receive block 30 further providing flexihility to the
placement of the receive block 30 in the housing 12. For example, varving the it of the
reflective surface 42 can cause the focused light 58 to be reflected to various portions of the
mterior space of the housing 12, and thus the receive block 30 can be placed in a corresponding
posttion m the housing 12, Additionally or alternatively, in this example, the sensing system

10 can be cabibrated by varving the tilt of the reflective surface 42.



WO 2018/170423 PCT/US2018/022909
15

{8074} The lens 50 mounted to the housing 12 can have an optical power to both
collimate the cmitted light beams 52 from the light sources 22 in the transmit block 20, and
focus the refiected light 56 from the one or more objects in the cuvironment of the sensing
gystern 10 onto the detectors 32 i the recetve block 30, In onc example, the lens 50 has a focal
length of approximately 120 mm. By using the same lens 50 to perform both of these fumetions,
msiead of a transmut lens for collimating and a receive lens for focusing, advantages with
respect 1o size, cost, and/or complexity can be provided. In some examples, collimating the
emitted light beams 52 to provide the collimated hight beams 54 allows determining the
distance travelled by the collimated light beams 354 to the one or more objects in the
environment of the sensing system 10

[075] While, as descrnibed herein, lens 50 15 utilized as a transmit lens and a recetve
lens, it will be understood that separate lens and/or other optical elements are contemplated
within the scope of the present disclosure. For example, lens 50 could represent distinct lenses
o1 lens sets along discrete optical transmit and receive paths.

106076} In an example scenano, the enutted hight beams 52 from the hght sources 22
traversing along the transmit path can be collimated by the lens 50 to provide the collimated
light beams 54 to the enviromment of the sensing systemn 10. The collimated light beans 54
may then reflect oft the one or more objects n the environment of the sensimg system 10 and
return to the lens 50 as the reflected Light 56, The lens 50 may then collect and focus the
reflected light 56 as the focused hight 38 onto the detectors 32 incloded in the receive block 30,
In some examples, aspects of the one or more objects in the environment of the sensing svstem
10 can be determined by comparing the emitted light beams 52 with the focused light beams
58. The aspects can include, for example, distance, shape, color, and/or material of the one or
more objects. Additionally, in some exarmpies, by rotating the bousing 12, a three-dimensional
map of the surroundings of the sensing svstem 10 can be determined.

{6677 In some examples where the plurality of hght sources 22 are arranged along a
curved surface of the transmit block 20, the lens 50 can be configured to have a focal surface
corresponding to the curved surface of the transmit block 20, For example, the lens 50 can
melude an aspheric surface outside the housing 12 and a toroidal surface inside the housmng 12
facimg the shared space 40. In this example, the shape of the lens 50 allows the lens 50 to both
collimate the enitted light beams 52 and focus the reflected light 536 Additionally, in this
example, the shape of the lens 50 allows the lens 50 to have the focal surface corresponding to
the curved surface of the transmit block 20, In some examples, the focal surface provided by

the lens 50 substantially matches the curved shape of the transmit block 20, Additionally, m
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some examples, the detectors 32 can be arranged similarly in the curved shape of the recetve
block 30 to receive the focused light 58 along the curved focal surface provided by the lens 50.
Thus, in some examples, the curved surface of the receive block 30 may also substantially
match the curved focal surface provided by the lens 50

{6078} Figure 1B illustrates a transmit block 100, according {0 an example embodiment.
Transmit block 100 may be similar or identical to transmit block 20 as illustrated and descnbed
with reference to Figure 1A, Transmit block 100 may include a light-emitter portion of LIDAR
system. In some embodiments, the transmit block 100 may be mcorporated as part of a sensing
systern of an autonomous or semi-avtonomous vehicle, such as vehicle 300 as iHustrated and
described in reference to Figures 3A and 3B,

{079} In an example embodiment, transmit block 100 includes at least one substrate
110, a receiver 130, and a controller 150, The at least one substrate 110 includes a plurality of
angled facets 112 along a front edge. In some embodiments, the at least one substrate 110 may
mclude several flat circutt boards with the angled facets 112 arranged along an edge of the flat
circuit boards.

{6080 The at least one substrate 110 also mncludes a die attach location 114
corresponding to cach angled facet 112, The plurality of angled facets 112 provides a
corresponding plurality of elevation angles. Namely, a set of angle differences between
adjacent elevation angles includes at least two different angle difference values. In other words,
the angled facets 112 are fabricated so that the corresponding clevation angles include a
heterogencous set of angle differences between adjacent clevation angles. For example, while
one angle difference between a first pair of adjacent elevation angles 1s 0.18 degrees, another
angle difference between a second pair of adjacent elevation angles could be 0.3 degrees. Gther
angle difference values are possible and contemplated herein. In some embodiments, some
angle differences could be arburanly large {e.g., 3 degrees or more) and some angle differences
may be as small as manufacturing tolerances can provide {€.g., so as to form shghtly different
angles of the angled facets 112 on the substrate 110).

{6681} The at Ieast one substrate 110 includes a plurality of ight-enutter devices 116.
In various embodiments, the light-emitter devices 116 may melude laser diodes, light-emitting
diodes, or other types of light-cmitting devices. In an example embodiment, the light-emitter
devices 116 include InGaAs/GaAs laser diodes configured to emit light at a wavelength around
903 nanometers. Additionally or alternatively, the light emitter devices 116 may include one
or more master oscillator power amplifier (MOPA) fiber lasers. Such fiber lasers may be

configured to provide Light pulses at or around 1550 nanometers and may include a seed laser
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and a length of active optical fiber configured to amplify the seed laser light to higher power
levels. However, other types of light-emitting devices, materials, and emission wavelengths
are possible and contemplated.

{082} Respective hght-emitter devices 116 are coupled to respective die attach
locations 114 according to a respective elevation angle of the respective angled facet 112, The
plurality of light-cmitter devices 116 is configured to emit hight into an environment along the
plurality of elevation angles toward respective target locations so as to provide a desired
resolution.

HEER] In some embodiments, the desired resohution could include a target resolution
at a given distance away trom the transmit block 100, For cxample, the desired resolution may
melude aresolution of 7.5 centimeters at 25 meters from the transmut block 100 and/or between
adjacent target locations along a horizontal ground plane, whichever is closer. Other desired
resolutions, both along a two-dimensional surface and within three-dimensional space, are
possible and contemplated herein.

10084} In some embodiments, the at least one substrate 110 may be disposed along a
vertical plane. In such a scenario, the plarality of elevation angles may be defined with respect
to a horizontal plane. As an cxample, one or more of the substrates 110 may be oriented
verticaliy within a housing configured to spin about a vertical axis.

[085] In such a scenario, at least one respective angle difference between adjacent
slevation angles below the horizontal plane may be greater than respective angle differences
between adjacent clevation angles above the horizontal plane.

{0086} As an example, tranamit block 100 may melude six substrates. Each substrate
meludes a respective plurality of angled facets that correspond to a respective portion of the
plurality of clevation angles. In some embodiments, the plurality of clevation angles may
melude a non-overlapping sct of angles by which light is emitted into the environment about
transmit block 100.

[6087) In some embodiments, the six substrates may be coupled together and aligned
according to a set of alignment features 124, The sct of alignment features 124 may include a
set of slots, grooves, or other physical features configured to reliably align the substrates 110
with respect to one another and/or the housing,

{0085} The plurality of light-emitter devices 116 may be distributed between cach of
the substrates 110, Each portion of the plurality of light-enutter devices 116 is configured 1o

tHuminate the environment at a respective poimting angle with respect to the vertical plane. As
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an example, the plurality of hight-enutter devices 116 may include at least 64 light-emitter
devices. However, a greater or fewer number of hight-emitter devices 116 could be used.
[B089] In some embodiments, the at least one substrate 110 may also include, for cach
hight-emitter device 116, a respective pulser circuit 120, Each respective pulser civeuit 120 1s
configured to accept one or more signals, such as a power signal, an enable signal, and a trigger
signal via a communication interface 122 The respective pulser circuits 120 are configured to
provide light pulses between approximately | — 10 nanoseconds m duration. Other light pulse
durations are possible.

[6090) In some embodiments, transmit block 100 may include optical clements 118,
which could include respective lenses opticallv coupled to a respective output facet of the
respective hight-emitter devices 116. The respective lenses may include, but are not limited to,
fast-axis collimating lenses.

[6091] The receiver 130 may include a device configured to receive at least a portion
of the light enutted from the light-emitter devices 116 so as to correlate a reccived light pulse
with an object in the environment of transmit block 100, The receiver 130 may nclude a
plurality of light detection devices {e.g., In(GaAs photodetectors). In some embodiments, the
light detection devices may include single photon avalanche photodetectors (SPADS). Other
tvpes of photodetectors are possible and conteraplated.

6092} The controller 150 may include an on-board computer, an external computer, or
a mobile computing platform, such as a smartphone, tablet device, personal computer, wearable
device, ete. Additionally or altermatively, the controller 150 may include, or be connected 1o,
a remotely-located computer system, such as a cloud server. In an example embodiment, the
controller 150 mav be configured to carrv out some or all method blocks or steps described
herein.

093] The controller 150 may include one or more processors 152 and at least one
memory 154, The processor 152 may tnclude, for instance, an application-specific integrated
circuit {ASIC) or a field-programmable gate array (FPGA).  Other types of processors,
computers, or devices configured to carry out software instructions are contemplated herein,
The memory 154 may include a non-transitory computer-readable medium, such as, but not
hmited to, read-only memory (ROM), programmable read-only memory (PROM]}, erasable
programmable read-only memory (EPROM}, ¢lectrically crasable programmmable read-only
memory (EEPROM), non-volatile random-access memory (¢.g., flash memory), a solid state
drive (88D), a hard disk drive (HBD), a Compact Dhsc (CD}, a Digital Video Disk (DVD), a
digital tape, read/write (R/W) CDs, RVW DV Dg, ete.
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[8094] Figures ZA-2C illustrate various views of transmit blocks 200 and 260. Figures
2A-2C may include clements that are similar or identical to transmit blocks 20 and 100
illustrated and described in reference to Figures 1A and 1B, Figure 2A illustrates a portion of
transmit block 200, according to an cxample embodiment. Transmut block 200 includes a
substrate 210, which may mclude a printed circuit board or another type of rigid suppost
member. The substrate 210 may be oriented along a vertical plane (¢ g, the x-z plang), and/or
along a plane that is perpendicular to a ground surface upon which a vchicle may travel.
8095} At least one edge surface 202 of the substrate 210 may be formed, cut, or
otherwise shaped to mchude a phurality of angled facets 212a-212;. The angled facets 212a-
2123 may be provided along the edge surface 202 of the substrate 210.

[(096] Each angled facet 212a-212) may provide a respective elevation angle 213a-
213; with respect to a reference angle 204. The reference angle 204 could, for example,
correspond 1o a horizontal plane {¢.g ., the x-y plane). Some angled facets may provide negative
clevation angles, that is, elevation angles below the reference angle 204, For example, angled
facet 212a may provide an elevation angle 215a that is declined with respect to the reference
angle 204, Other angled facets may provide positive elevation angles or elevation angles above
the refercnee angle 204, As an example, angled facet 212) may provide an clevation angle 215
that is melined with respect fo the reference angle 204,

6097 Ag described elsewhere herein, at least one respective angle difference between
adjacent elevation angles below the reference angle 204 (c.g.. the angle difference between
clevation angles 2132 and 213b) is greater than respective angle differences between adjacent

clevation angles above the reference angle 204 (e.g., the angle difference between clevation

angles 213k and 21353 In other words, with the reference angle 204 corresponding to the
horizontal plane, the angle differcnce between adjacent downward-pointing clevation angies
may be larger than adjacent upward-pointing elevation angles.

3098 Ag dlustrated herein, the reference angle 204 may correspond with an x-axis,
which may in tern be horizontal and/or parailel to an axis of motion of a vehicle. In some
embodiments, the clevation angles 213a-2137 may include a range of angles between
approximately -18 degrecs and +2.5 degrees with respect to the reference angle 204, However,
other elevation angles (and ranges of angles) are possible and contemplated herein.

{6699} Although not illustrated herein, some embodiments may include the elevation
angles 213a-213) as bemng based on a reference plane. The reference plane could be, for

example, a horizontal plane (¢ 2., a planc parallel to the ground), a vertical plane (e 2., a planc
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perpendicular to the ground), or ancther plane defined by a direction of motion of the LIDAR
systern and/or motion of the vehicle to which the LIDAR svstem 15 attached.

{00106 As ilustrated i Figure 2A, a portion of the substrate 210 adjacent to cach
angled facet 212a-212 includes respective die attach locations 214a-214;.

{00101 ] Figure 2B illustrates a portion of transmit block 200, according to an example
embodiment. As tlustrated in the close-up side view, a light emitter device {(e.g., light emitter
device 216c) may be coupled at cach dic attach location {¢.g., dic attach location 214¢).
Furthermore, the emitting surface 217¢ of the light emitter device 216¢ may be adjacent to,
and/or aligned to, the angled facet 212¢. In some embodiments, an optical element 218c may
be positioned, coupled, and/or mounted adjacent to the emitting surface 217¢ of the hght
emitter device 216¢. In an example embodiment, the optical element 218¢ may nclude a lens
or another type of optical device configured to focus, steer, collimate, or otherwise miteract with
the hight emitted from the emitting surface 217¢ of the light emitter device 216¢.

[066162] In an example embodiment, transmit block 200 may include a plurality of pulser
circuits {e.g., pulser circuit 220¢). The pulser circuits may be configured to provide trigger
pulses to the plurality of light emitter devices. Furthermore, while Figure 2B illostrates a
respective pulser circutt {e.g., 220¢) for cach hight emitter device, it will be understood that a
single centralized pulser circuit may be provided additionally or alternatively. Furthermore,
msiead of individual lens elements, it will be understood that a single lens could be used to
affect the hight emitted from the emitting surface of the light emitter devices. It will also be
understood that the close-up side view illustrates clements of transmit biock 200 that may be
repeated or duplicated for each die attach location 214a-2 14 and/or angled facet 212a-212;.
{86103} Transmit block 200 includes a socket 221, The socket 221 may include an
clectrical coupling to a main controlier and/or other substrates in transmit block 200, For
example, the other substrates in transmit block 200 may include respective sets of Hight emitter
devices, gach of which may be oriented at a shehtly different angle with respect to the
horizontal plane.

[00104] Transmit block 200 includes a communication mterface 222, The
communication mterface 222 may include one or more integrated circuits configured to provide
wired or wireless connectivity to other components of transnit block 200,

[06105] Transmit block 200 also includes various electronic components 223a and 223b,
which may include a power supply, processors, logic umts, or other tyvpes of computer

components.
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[06186] Transmut block 200 mcludes alignment features 224, The alignment features
224 could mclude holes, slots, grooves, edges, or another type of physical structure configured
to provide rcliable fiducial alignment and/or registration between a phlurality of substrates 210
m the system 200, In an example embodiment, one or more fiducial pins and/or standoffs may
pass through holes in six respective substrates 210 of the transmit block 200 so as to align the
substrates 210 with respect to one ancther.

{00167} Figure 2C illustrates a top cross-sectional view of a transmit block 264,
according to an example embodiment. Transmit block 260 includes six substrates 210a-210f,
Each of the substrates 210a-210f include respective pluralities of light emitter devices 261a-f.
Furthermore, in some embodiments, the light enutied from the respective pluralities of light
emitter devices 2 16a-f may be oriented at respective pomnting angles 264a-264f with regard to
respective reference axes 266a-266f, That is, light emitter devices 261a on substrate 210a may
be oriented to et light at a first pointing angle 264a with respect to an axis paralle] to the x-
z plane {e.g., reference axis 266a). Light emiticr devices 261b on substrate 210b may be
oriented to emit hight at a second pointing angle 264b with respect to an axis parallel to the x-
z plane {¢.g., reference axis 266b), and so on for the other substrates 210¢-210f In some
cmbodiments, the pointing angle for each substrate and/or individual light cnutier device may
be provided by adjusting a position of an optical element (e.g., optical element 218¢) with
respect to the emitting surface of the respective hight emitter device. In other embodiments,
the pomnting angle may be provided by physically arranging the respective substrates so that
they are not paralle! with respect to one another. In some embodiments, pointing angles could
range from approximately -5 degrees to +5 degrees. However other pointing angle ranges are
possible and contemplated in the present disclosure.

[00108] Figure 2D ilustraics several possible beam angle distributions 270 for an
arbitrary number of light emitter devices, according to an example embodiment. For example,
beam angle distributions 274 and 276 represent non-uniform angle distribations over a set of
beam angles between roughly -18 degrees and +2 degrees. In such distnibutions, based on the
non-lincar shape of the beam angle distributions 274 and 276, fower emitters and their
respective beam angles are pointed downward (negative beam elevation angles) in comparison
to the uniform, linear beam angle distribution 272, While two different non-untform beam
angle distributions arc illustrated, it will be understood that other distributions are possible and
contemplated herein. For example, non-lincar beam angle distributions between roughly -10

degrees to +10 degrees are also considered herein.
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[66109] Figure 2E illustrates several possible vertical resolution plots 280, according to
an example embodiment. The respective vertical resolution plots 282, 284, and 286 ilustrate
different design resolutions at vartous distances from a front portion of a vehicle (e g, the front
bumper of velicle 300 as tllustrated and described with regard to Figures 3A and 3B). Such
design resolutions may serve as a basis for a desired beam angle distribution, such as those
tustrated and descnbed in Figure 2D,

{00110} In an cxample embodiment, a lincarly-increasing vertical resolution with
respect 1o the distance from the front bumper (e.g., vertical resolution plot 2863} may be
provided by a phurality of light-emitter devices with a uniform beam angle distribution. Inan
cxample embodiment, vertical resolution plot 286 illustrates a vertical resolution that increases
hnearly with distance from a resolution of 0.03 meters at the front bumper to an approximate
resolution of 0.42 meters at a distance of 75 meters from the front bumper,

{00111} In contrast, a non-lingar vertical resolution may be provided by a plurality of
hight-craitter devices arranged with 2 non-uniform beam angle distribution, such as those
described herein.  Specifically, vertical resolution plot 284 includes a vertical resolution of
approximately 0.09 meters {measured between adjacent light beams} from the front bumper
out to 25 meters, at which point the vertical resolution may increase hincarly with distance to a
maximum spacing of approximately (.28 meters between adjacent beams at 90 meters from
the front bumper. As a further example, vertical resclution plot 282 inclades a vertical
resolution of approximately 0.1 meters from the front bumper out to 30 meters, at which point
the vertical resolution may increase lincarly with distance to a maximum of approximately 0.26
meters between adjacent beams at 90 meters from the front bumper. It will be understood that
other non-lingar vertical resclutions are possible and contemplated hercin,

{00112 Figure 3A illustrates a vehicle 300, according to an example embodiment. The
vehicle 300 may mnclude one or more sensor systems 302, 304, 306, 308, and 310. The one or
more sensor systems 302, 304, 306, 308, and 310 could be similar or identical to sensor system
190, As an example, sensor systems 302, 304, 306, 308, and 310 may include transmit blocks
20, 200, and 260 as iHustrated and described with reforence to Figures 1A, 2A, 2B, and 2C.
Namely, sensor svstems 302, 304, 306, 308, and 310 could mclude LIDAR sensors having a
plurality of hght-emitter devices arranged over a range of angles with respect to a given plane
{c.g., the x-y plane). One or more of the sensor systems 302, 304, 306, 304, and 310 may be
configured to rotate about an axis (e.g., the z-axis} perpendicular to the given plane so as to

tHuminate an environment around the vehicle 300 with Light pulses. Based on detecting various
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aspects of reflected hight pulses (e.g., the elapsed time of fhight, polarization, etc.)), imformation
about the eovironment may be determined.

[00113] In an example embodiment, sensor systeras 302, 304, 306, 308, and 310 may be
configured to provide respective pomt cloud information that may relate to physical objects
within the environment of the vehicle 300,

{00114 Figure 3B illustrates a vehicle 300 in a sensing scenario 320, according to an
exarople embodiment. In such a scenario, sensor system 302 may be configured to emit hight
pulses o an environment of the vehicle 300 over an angle range 330 between a maximum
angle 328 and a mininum angle 330. The angle range 330 may include a downward-pointing
range 334 {c.g., angles below a horizontal plane 322) and an upward-pointing range 332 {c.g.,
angles above the horizontal plane 322). In some embodiments, a plurality of hight-emitter
devices of sensor system 302 may be are arranged in a non-lincar angle distribution over the
downward-pointing angle range 334, That s, to achieve a desired vertical beam resolution, the
plurality of light-cmitter devices of sensor system 302 may be arranged over beam clevations
that include heterogeneous elevation angle differences between adjacent beams sinular to those
tHustrated and described with regards to Figures 2D and 2E.

[B0115] As a further example, sensor system 304 may be configured to emit light pulses
mto an environment of the vehicle 300 over an angle range 340, which may be defined between
a maximum angle 360 and a minimum angle 362, The angle range 340 may include a
downward-pointing range 344 (o.g., angles below a horizontal plane 324) and an upward-
pointing range 342 (c.g., angles above the horizontal planc 324). In some embodiments, a
plurality of light-emitter devices of sensor system 304 may illominate the environment about
the vehicle 300 with a non-linear angle distribution. That is, to achicve a desired vertical beam
resolution, the plurality of light-cnutier devices of sensor system 304 may be arranged over a
set of beam eclevations that include heterogeneous differences in clevation angle between
adjacent beams similar to those llustrated and described with regards to Figures 2D and 2E.
{0116} By arranging the light-emitter devices of the respective sensor systems 302 and
304, a more uniform vertical beam resolution may be provided. Such vertical beam scanning
resolutions may allow more reliable and/or more accurate sensing of various objects 350 and
352 as well as traffic signals 354 in the environment of the vehicle 300.

{06117} While systems 10, 100, 200, 260, and sensor systems 302, 304, 306, 308, and
310 and 320 are illusirated as including certain features, it will be understood that other types

of systems are contemplated within the scope of the present disclosure.
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[006118] As an example, an example embodiment mayv include a system having a
plurality of light-emitter devices. The systern may imchude a transmit block of a LIDAR device.
For example, the systera may be, or may be part of, a LIDAR device of a vehicle {e.g., acar a
truck, a motorcyele, a golf cart, an aerial vehicle, a boat, etc)). Each light-emitter device of the
plurality of light-emitter devices is configured to emut light pulses along a respective beam
clevation angle. The respective beam elevation angles could be based on a reference angle or
reference plane, as described elsewhere herein. fn some embodiments, the reference plane is
based on an axis of motion of the vehicle.

{06119} The plurality of light-emitter devices in this example embodiment are arranged
such that a combination of the respective beam clevation angles includes a non-uniform beam
clevation angle distribution. That s, the respective angle differences between adjacent hight-
emitter devices may vary from neighbor-to-neighbor. In an example embodiment, at least one
angle difference between respective beam elevation angles of two adjacent hight-emitter
devices having clevation angles below a reforence plane is larger than at least one angle
difference between respective beam elevation angles of two adjacent hight-emitter devices
having clevation angles above the reference plane. In other words, the angle difference
between two adjacent downward-pointing hight~enutter devices may be larger than the angle
difference between two adjacent upward-pointing light-emitter devices.

631201 Optionally, 1 some embodiments, less than 509 of the plurality of hght-emitter
devices are associated with beam elevation angles below the reference plane.

{00121} Addutionally or aliematively, at least one light-emitier device with a respective
clevation angle below the reference plane 1s configured to emit light pulses with a different
shot schedule than at least ong hight-emitter device with a respective clevation angle above the
reference planc.

[66122] In some embodiments, at least one light-enutier device with a respective
elevation angle above the reference plane may be configured to ennt light pulses with a lower
duty cycle than at least one light-emitter device with a respective elevation angle below the
reference plane.

[66123] In vet further embodiments, at least one light-emitier device with a respective
clevation angle below the reference plane is configured to emit light pudses with a lower duty
cvele than at least one light-emitter device with a respective elevation angle above the reference

plane.



WO 2018/170423 PCT/US2018/022909
25

[86124] In some cases, at least one light-emitter device with a respective elevation angle
below the reference plane is configured to emit hight pulses with alower power cutput per pulse
than at lcast ong light-emiticr device with a respective elevation angle above the reference plane.
[O0125] While certain description and illustrations herein describe systems with multiple
light-emitter devices, LIDAR systems with few hight-emitter devices {e.g., a single hight-
emitter device) are also contemplated herein. For example, light pulses emitted by a laser diode
may be scanned about an environment of the system. The angle of emission of the light pulses
may be adjusted by a scanning device such as, for mnstance, a mechanical scanning mirror
and/or a rotational motor. For example, the scanning devices could rotate in a reciprocating
maotion about a given axis and/or rotate about a vertical axis. In another embodument, the light-
emitter device may emit light pulses towards a spinning prism mirvor, which may cause the
light pulses to be emitted into the environment based on an angle of the prism mirror angle
when inderacting with cach light pulse. Additionally or alternatively, scanning optics and/or
other types of clectro-opto-mechanical devices are possible to scan the light pulses about the
environment.

{06126} In some embodiments, a single light-emitter device may emit light pulses
according to a variable shot schedule and/or with vanable power per shot, as described herein,
That s, emission power and/or timing of each laser pulse or shot may be based on a respective
elevation angle of the shot. Furthermore, the variable shot schedale could be based on
providing a desired vertical spacing at a given distance from the LIDAR system or from a
surface {c.g., a front bumper) of a given vehicle supporting the LIDAR system. As an exanmple,
when the light pulses from the light-cmitter device are directed downwards, the power-per-shot
could be decreased due to a shorter anticipated maximum distance to target. Conversely, hight
puises emitted by the light-emitter device at an elevation angle above a reference plane may
have a relatively higher power-per-shot so as to provide sufficient signal-to-noise to adequately
detect pulses that travel longer distances.

[066127] Furthermore, the shot schedule could be adjusted to reduce the wait time votil a
subsequernt shot for a light pulse that is directed downwards. That is, due to a shorter distance
traveled, the histening window may not be as long n duration as that for light pulses that travel
farther within a given environment.

HI. Example Methods

301281 Figures 4A-4E illustrate various portion of a transmit block formed as a method
500 (dlustrated n Figure 5) for manefacturing an optical system 400 is carried out. Figures

4A-4E and 5 may imclude elements that are similar or identical to those itlustrated and descnbed
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with reference to Figures 1A, 1B, 24, 2B, 2C, 3A, and/or 3B. It will be understood that the
method of manufacturing 500 may include fewer or more steps or blocks of method 500 than
those expressly disclosed herein, Furthermore, respective steps or blocks of method 500 may
be performed in any order and each step or block may be performed one or more times. In
some embodiments, method 500 may be combined with one or more of methods 600, 700, 800,
or 900,

{00129} Block 502 of method 500 includes providing at least one substrate. The at least
one sabstrate includes a plurality of angled facets along a front edge and a die attach location
corresponding to each angled facet. The plurality of angled facets provides a corresponding
plurality of elevation angles. In such a scenario, a set of angle differences between adjacent
elevation angles mcludes at least two different angle difference values.

00136} Figure 4A illustrates a portion of a transmit block 400 that inclodes a substrate
410. Substrate 410 may be formed from a printed circuit board material. In some embodiments,
the substrate 410 may be formed by laser cutting and precision drilling operations. The
substrate 410 may nclude a wire bondable finish, such as Electroless Nickel-Electroless
Palladium-Immersion Gold (ENEPIG). The at least one substrate 410 includes a plurality of
angled facets 412a-417) along a front edge and a dic attach location {(e.g., dic attach locations
414a-414)) corresponding to cach angled facet 412a-412;. In such a scenario, the plurality of
angled facets 412a-412; provides a corresponding plurality of elevation angles. In an example
embodiment, a set of angle differences between adjacent elevation angles may mclude at least
two different angle difference values. That s, the elevation angles do not include a vniform
angle difference, but rather the angle differences may differ from one ancther based on, for
example, the respective elevation angles and whether the elevation angles are oriented below
ot above a horizontal plane. Generally, clevation angles oriented below the horizontal may be
more widely spaced for at least the reason that the photons are unhikely to travel as far as those
at higher c¢levation angles. As such, to achieve a given resolution of an environment around
the optical syvstem 400, fewer downward-pointing light beams can be provided in comparison
to those with forward-~ or upward-pointing light beams.

{86131} Block 504 of method 300 includes attaching a plurality of hght-emitter devices
to respective die attach locations. In such a scenario, the attaching is performed according to
a respective elevation angle of the respective angled facet.

[06132] Figure 4B illustrates a portion of a transmit block 400 following attachment of

a plurality of hight-enutter devices 416a-4163 to respective die attach locations 414a-414;. In
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such a scenario, the attaching may be performed according to a respective elevation angle of
the respective angled facet 412a-412;.

{60133 Block 506 of method 500 includes electrically connecting each respective light-
emitter device of the plurality of hight-emitter devices to a respective pulser circuit.

00134} Figures 4C and 4D illustrate a portion of the transmit block 400 after
slectrically-connecting respective light-emitter devices 416a-416f to respective pulser circuits
420a-420). For example, as illustrated in Figure 4D, wire bonds 442 may be used to electrically
connect the light-emitter device 416¢ to the pulser cirawnt 420c. In such scenarios, electrically-
connecting the respective light-emitter devices to the respective pulser circuits mayv include
providing a plurality of wire bonds {(e.g.. four 25 micron diameter wire bonds) between the
respective light-emitter device and the respective pulser civcuit.  Other wavs to electrically
connect the ight-emitter device 416¢ to the pulser circuit 420¢ are contemplated. For example,
such electrical connections could be fabricated as part of an integrated pulser circuit that is
hybridized {¢.z., via indium bump bonds, wafer bonding, or other flip-chip methods) to the
hight-emitter device.

{86135} Block 508 includes optically alignming, such as by coupling cach respective light-
cmitter device of the plurality of light-emitter devices to a respective lens.

661 36] As ithustrated in the close-up side view 440, a lens 418¢ may be coupled to a
light-emitter device 416¢. In such a scenario, the lens 418¢ may be aligned with the hight-
emitter device 416¢ so that light 446 emitted from the light-emitter device 416¢ iapinges on,
or otherwise interacts with, a desired target location 444, As an example, aligning the
respective lenses to the respective light-emitter devices {¢.g., light-enutter device 416¢) may
melude an active optical feedback control process. The active optical feedback control process
may include causing the respective light-cmitter device 416¢ to emit light 446 and then
adjusting a position of the respective lens 418c¢ such that a target location 444 1s illwmnated by
the emitted hight 446.

[066137] In some embodiments, method 500 may include attaching the respective lenses
to their respective light-emitter devices. That 1s, 1 reference to Figure 4D, once aligned, the
lens 418c may be fixed (e.g., by glumg, clamping, or another attachment method) 1n place with
respect to the light-emitter device 416¢. In an example embodiment, attaching the plurality of
Light-emitting devices couid be performed with a conductive, thermallv-cured adhesive.
0138 Figure 4E ilustrates further portions of method 500, according to an example

embodiment. Namely, the method 300 may include attaching, assembling, or otherwise
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providing additional elements, such as alignment features 424, commumication interface 422,
socket 421, and other electronic components 423a and 423b.

{60139 In some embodiments, method 500 mav include aligning a plurality of
substrates 4 10 to one another. For example, the plurality of substrates may be aligned by way
of the alignment features 424 and/or with any combination of alignment pins, standoffs,
fiducials, or other structures configured to reliably align the substrates with respect to one
another and mamtain such alignment during operation of optical system 400. In such a scenario,
cach of the substrates may include respective pluralities of angled facets, which in combination
may provide a plurality of unique elevation angles over a non-linear angle distnbution as
described herein.

{0146 Figure 6A illustrates a method 600, according to an example embodiment.
Method 600 may provide a way to adjust a power level of a given light pulse or pulse tram
emitted by a given light-emitter device based on a respective elevation angle of the hight-emitter
device. Method 600 may involve elements that are similar or identical to those illustrated and
described n reference to Figures 1A, 1B, 2A, 2B, 2C, 3A, and/or 3B. It will be understood
that the method 600 may mclude fewer or more steps or blocks than those expressly described
herein. Furthermore, respective steps or blocks of method 600 may be performed 1 any order
and each step or block of method 600 may be performed one or more times. In some
embodiments, method 600 may be combined with one or more of methods 500, 700, 800, or
500,

{00141} Block 602 mcludes determining an clevation angle of a given hight-enutier
device of a plurality of hight-emitter devices. In such a scenario, the respective light-emitter
devices are coupled to respective die attach locations corresponding to respective angled facets
of a plurality of angled facets disposed along a front edge of at least one substrate. In some
embodiments, determining the elevation angle of the given light-emitier device may be based
on an arrangement of the respective light-emitter device on the at least one substrate, as
described clsewhere heremn.

[066142] Block 604 includes determining a desired power output level of the given hight-
emitier device based on the determined elevation angle. In some embodiments, the desired
power cutput level could be mercased or decreased from a standard power cutput level based
on the determined elevation angle. In some embodiments, the standard power output level
could include a default power per shot that the LIDAR may provide for shots with an elevation
angle above a reference plane (e.g., the horizontal plane}. In such scenanios, the elevation angle

may hmit a distance that a given light pulse may travel before it interacis with a ground surface
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or a physical object. For example, the desired power output level may be decreased m cases
where, for example, the elevation angle i below the horizontal plane {(zero degrees) or below
-5 degrees from the horizontal, In other scenarios, the desired power output level may be
mereased when the determined elevation angle 1s above, for example, -5 degrees or the
horizontal plane {zero degrees).

[60143] In some example embodiments, determining the desired power cutput level may
be further based on a comparison between the determined elevation angle and at least one value
i a lookup table. In some instances, the lookup table may be stored m memory 154 and may
be updated dynamically based on, for example, real-time or historic point ¢loud data.

{00144} Optional Block 606 includes causing the given hight-emitter device to emit at
cast one light pulse info an environment toward a target location according to the desired
power cutput level. For example, a pulser circuit may cause a laser diode to emit a light pulse
or a plurality of light pulses {¢.g., a pulse train). In such a scenario, cach light pulse may be
emitied at a power level that is based on the clevation angle of the emitied light. In some
embodiments, hght pulses with elevation angles below a reterence plane {¢.g., the horizontal
plane) may be emitted with lower power than light pulses with elevation angles above the
reference planc.

[0145] In some embodiments, method 600 may include determining a region of interest
in the environment. In such scenarios, determining the desired power output level 1s further
based on determining that the region of interest corresponds to the target location of the given
hight-critter device. For example, if a region of interest is determined, the power output level
of a given light pulse of a light-emitter device with a target location that corresponds to the
region of intergst may be adpusted to be greater or less than a normal value.

[00146] A region of interest may relate to a possible object within the eovironment of an
autonomous vehicle, such as vehicle 300 as lustrated and described with reference to Figure
3B.

[60147] In some embodiments, method 600 may also include receiving information
mdicative of a reference angle. In such cases, determuning the clevation angle mayv be based
on the received mformation. The reference angle could relate to, for example, a forward
movement direction of the vehicle 300, For instance, the forward movement direction of the
vehicle 300 may change as the vebicle moves along a hilly road. In such a scenario, more
power may be apphied to at least some laser pulses that are enutted at a higher effective
elevation angle (e.g., due to the vehicle going up a hilly at least becanse the laser pulse may

travel a longer distance {and be subject to more scattering and other inderference effects)
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compared to if the vehicle was travebing along a flat surface. Conversely, in some sitoations,
less power may be applied to at least some laser pulses, which may be emitted at a lower
cffective clevation angle {e.g., due to the vebicle moving down a hill}. In such scenarios, the
laser pulses may travel a shorter distance before mieracting with an object, and may thus
operate acceptably with less power than in a flat-surface scenario.

[(33148] Figure 6B illustrates graphs 620 and 630, according to an example embodiment.
Graph 620 illustrates a maxinwum possible shot range in meters versus beam elevation angle in
degrees for a LIDAR system at a given height {¢.g., 2 meters). For example, for a beam pitch
of -88.5 degrees, that is, a beam that is pointed almost directly downwards may have a
maximum posstble shot range of 0.98 meters. That is, light pulses emitied by a hight-cmitter
device angled downward at -88.5 degrees would normally interact with the ground after
traveling 0.98 meters at the most, assuming the vehicle and LIDAR system is tilted less than a
threshold angle from the ground surface. fn such a scenario, the round trip of a reflected portion
of the hight pulses may be approximately 2 meters. Of course, the light pulses may interact
with an object located above the ground surface, which would result in a shorter retum tnp. In
cither case, the short round trip distance of the ight pulses may allow the use of relatively litile
power at least because of a shorter interaction distance with light attenuating/scattering media
{c.g., air, dust, ctc ).

[00149] Accordingly, as tHustrated by graph 630, the power provided to the given light-
emitter {0 provide a given signal to noise ratio may be much less {g.g., 6.7% standard power}
than that of, for example, a light-emitter device with a beam pitch of -10 degrees (100%
standard power). As such, the downward angle of the beam pitch provides a maximum
threshold distance at the ground surface boundary. Based on this maximum distance, the power
can be decreased to maintain reliable object detection without wasting excess power.

{0156 it will be understood that graphs 620 and 630 ilustrate an example embodiment
and that many other variations are possible. For example, the individual beam pitches may
vary, as well as the angular range of beam pitches. Furthermore, the power fraction assigned
1o a given beam pitch may vary based on, without limitation, surrcunding topographyv, objects
m the environment, a mounting height of the sensor unit, a speed and/or direction of motion of
the vehicle, a background light level, an emission wavelength, a charge level of a battery that
provides the light-emitter devices with power, an operational age of the respective light-emitter
devices, among other considerations.

{00151 Figure 7 illustrates a method 700, according to an example embodiment.

Method 700 may provide a way to adjust a power level of a given light pulse or pulse train
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emitied by a given light-emitter device based on an anticipated target range. Method 700 may
mvolve clements that are similar or identical to those iHustrated and described i reference to
Figures 1A, 1B, 2A, 2B, 2C, 3A, and/or 3B. It will be understood that the method 700 may
melude fewer or more steps or blocks than those expressly disclosed herein.  Furthermore,
respective steps or blocks of method 700 may be performed in any order and each step or block
of method 760 may be performed onc or more times. In some embodiments, method 700 may
be combined with one or more of methods 500, 600, 800, or 900,

[86152] Block 702 mcludes determining an anticipated target range of a given hight-
emitter device of a plurality of light-enitier devices. The respective light-emitter devices are
coupled to respective dic attach locations corresponding 1o respective angled facets of a
plurality of angled facets disposed along a front edge of at least one substrate. The anticipated
target range could be based, at least in part, on the respective arrangements of light-emitter
devices on the at least one substrate. The anticipated target range could be additionally or
alternatively based on a ground surface. In other embodiments, the anticipated target range
could be additionally or alternatively based on istorical point cloud data and/or target object
recognition information. Thatis, an anticipated target range may relate to a previovsly-scanned,
and/or specifically identified, target object. In other words, the anticipated target range could
be based on nformation obtained from an earlier scan bv the LIDAR device, another LIDAR
device or another vehicle at an carher time.

[00153] Block 704 includes determining a desired power output level of the given hight-
emitier device based on the determined anticipated target range. In some cmbodiments,
determining the desired power cutput level may be further based on a comparison between the
anticipated target range and at least one value in a lookup table, which could be similar or
identical to table 620 as illustrated and described with regard to Figure 6B. In some instances,
the lookup tabie may be stored in memory 154 and may be updated dynamucally based on, for
example, real-time or historic pomnt cloud data. For instance, real-time point cloud data during
a first LIDAR scan may provide locations of physical objects with the environment of the
vehicle. Some or all of the physical objects may be designated as anticipated targets, because
they will Likely be rescanned in subsequent LIDAR scans. Additionally or altematively,
anticipated targets may be determined based on map data and/or a current location of the
vehicle or LIDAR device. As such, an appropriate power output level may be adjusted based
on an anticipated location of the target object. That 1s, light pulses anticipated to interact with
target objects close to the vehicle may include relatively less power than those light pulses

anticipated to interact with target objects far from the vehicle.
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[86154] Optional Block 706 mchudes causing the given light-emitter device to emit at
least one hight pulse into an environment toward a farget location according to the desired
power output level.

[0155] In some embodiments, method 700 includes determining a region of interest in
the environment. As an example, determining the desired power output level may be further
based on determining that the region of interest corresponds to the target location of the given
hight-craitter device.

{66136} In some embodiments, method 700 may include receiving mformation
mdicative of a reference angle. In such scenarios, determining the anticipated target range may
be based on the received information. As described above, the reference angle could relate 1o,
for example, a forward movement direction of the vehicle 300, In such a scenario, more power
may be applied to at least some laser pulses that are emitted at ahigher effective elevation angle
{e.g.. due to the vehicle going up a hill) at least because the laser pulse may travel a longe
anticipated target distance {and be subject to more scattering and other interferonce offects)
compared to if the vehicle was traveling along a flat surface. Conversely, in some situations,
less power may be applied to at least some laser pulses, which may be emitted at a lower
cffective clevation angle {e.g., due to the vebicle moving down a hill}. In such scenarios, the
taser pulses may travel a shorter anticipated target distance before mteracting with an object or
target, and may thus be effectively detected using less power than in a flat-surface scenario.
[066157] Figure 8 illustrates a method 800, according to an example embodiment,
Method 800 may provide a way to adjust a desired shot schedule of a given light pulse or pulse
train emitted by a given hight-cmitier device based on a respective clevation angle of the light-
emitter device. Method 800 may mvolve elements that are similar or identical to those
illustrated and described in reference to Figures 1A, 1B, 24, 2B, 2C, 3A, and/or 3B. It will be
understood that the method 800 may mclude fewer or more steps or blocks than those expressly
disclosed herem. Furthermore, respective steps or blocks of method 800 may be performed in
any order and cach step or block of method 800 may be performed one or more times. In some
embodiments, method 800 may be combined with one or more of methods 500, 600, 700, or
900.

[06158] Block 802 mchides determining an elevation angle for each light-emitter device
of a plurality of light-cmitier devices. In such a scenario, respective light-emitter devices are
coupled to respective die attach locations corresponding io respective angled facets of a
plurality of angled facets disposed along a front edge of at least one substrate. In some

embodiments, determining the elevation angle of the light-emitter devices may be based on an



WO 2018/170423 PCT/US2018/022909
33

arrangement of the respective light-emitter device on the at least one sobstrate, as described
clsewhere herein.

{0159} Block 204 includes determining a desired shot schedule of the given light-
emitter device based on the determined elevation angle. In some embodiments, the desired
shot rate could be moercased or deereased from a standard shot rate based on the determined
clevation angle. The desired shot schedule may indicate 1) which ight-emitter of the phurality
of light-emitter devices 1s to be fired; 2) how long the light-emitter should be fired (e.g., atime
duration of a given light pulse); and/or 3} how long to wait before firing the next light-emitter.
In such scenarics, the elevation angle may limit a distance that a given light pulse may travel
before it interacts with a ground surface or a physical object. For example, the desired shot
schedule may be adjusted to decrease the time to wait after firing a light pulse from a
downward-pointing light-emitier device, in cases where, for example, the elevation angle 1s
below the horizontal plane (zero degrees) or below -5 degrees from the honzontal. In other
scenarios, the desired shot schedule may be adjusted to increase the time to wait after firing a
light puise from an upward-pomting light-cnutter device when the determined elevation angle
is above, for example, -5 degrees or the horizontal plane {zero degrees).

{00166 In some embodiments, deternuning the desired shot schedule may be further
based on a comparison between the elevation angle and at least one value m a lookup table. In
some instances, the lookup table may be stored in memory 134 and may be updated
dynamically based on, for example, real-time or historic point cloud data.

{00161} Optional Block 806 includes causing the plurality of light-emitter devices to
emit light pulses nto an environment toward a target region or region of nterest according to
the desired shot schedule. For example, a pulser circuit may cause laser diodes to emit a light
pulse or a plurality of light pulses {¢.g.. a pulse train} according to the desired shot schedule
{¢.g., firing the laser diodes i a given order, with a given pulse duration, and with a given wait
time before the next light pulse).

[060162] In some embodiments, method 800 may include determining a region of interest
m the environment. In such scenarios, determining the desired shot rate is further based on
determining that the region of interest corresponds to the target region of the given light-enutter
device. As described elsewhere herem, the region of interest may mclude, but need not be
hmited to, a vehicle, an object, a person or another living being, an obstacle, a traffic sign, a
hazard cone, or another type of feature within the environment of the sensor system that may
represent important information relating to the operation of the sensor system or the vehicle to

which it 1s mounted.
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{66163} In some embodiments, method 800 may include receiving mformation
mdicative of a reference angle. In such scenarics, determining the elevation angles may be
based on the received information.

{0164 Figure 9 ilustrates a method 900, according to an example embodiment.
Method 900 may provide a way to adjust a desired shot schedule of a plurality of hight-emitter
devices based on an anticipated target range. As described above, the desired shot schedule
may indicate 1} which hght-cmitter of the plurality of hight-emitier devices is to be fired; 2}
how long the light-emitter should be fired (e.g., a time duration of a given light pulse); and/or
3} how long to wait before finng the next light-emitter. Method 900 may mvolve elements that
are similar or identical to those illustrated and described in reference to Figures 1A, 1B, 2A,
2B, 2C, 3A, and/or 3B. It will be understood that the method 900 may mnclude fewer or more
steps or blocks than those expressly disclosed herein. Furthermore, respective steps or blocks
of method 900 may be performed in anv order and each step or block of method 900 may be
performed one or more times. In some embodiments, method 900 may be combined with one
or more of methods 300, 500, 700, or 800,

{86165] Block 902 includes determining an anticipated target range for cach hight-
cmitter device of a plurality of light-emitter devices. The respective light-emitter devices are
coupled to respective die attach locations corresponding io respective angled facets of a
plurality of angled facets disposed along a front edge of at least one substrate. The anticipated
target ranges could be based, at least m part, on the respective arrangements of hght-enutter
devices on the at least one substrate. The anticipated target ranges could be additionally or
alternatively based on a ground surface. In other embodiments, the anticipated target ranges
could be based on histonical point cloud data and/or target ohicct recognition information. That
is, the anticipated target ranges may relate to a proviously-scanned, and/or specifically
wdentified, target object, which could have been scanned by the same or another LIDAR device
at an earlier ime.

[30166] Block 904 includes determining a desired shot schedule of the plurality of ight-
emitier devices based on the respective deternuned anticipated target ranges. In other words,
the desired shot schedule could be adjusted from a standard shot schedule (e.g., raster-scan
sequential emitter firmg, standard pulse duration, standard wait time before next pulse, ete.)
based on an anticipated range to a given target or possible target. For example, the wait time
between pulses may be decreased in cases where, for example, the anticipated target 1s at

relatively close range (e.g., within 5 meters of the front bumper). In other scenarios, the wait
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time between pulses may be increased when an anticipated target is at relative long range (e.g.,
more than 25 meters from the front bumper).

[0806167] In some embodiments, deternuning the desired shot schedule may be further
based on a comparison between the respective anticipated target ranges and at least one value
in a lookup table. In some instances, the lookup table may be stored in memory 154 and may
be updated dynamically based on, for example, real-time or historic point cloud data.

{00168} Optional Block 906 includes causmng the plurality of light-emitter devices to
emit light pulses into an environment toward a target region according to the desired shot
schedule. For example, a pulser circuit may cause laser diodes to emit a light pulse or a
plurality of light pulses {(¢.g., a pulse train} according to the desired shot schedule {e.g., fiting
the laser diodes in a given order, with a given pulse duration, and with a given wait time betore
the next light pulse).

{30169 In some embodiments, method 900 may include determining a region of interest
m the environment, wherein determining the desired shot schedule is further based on
determuning that the region of interest corresponds to the target region of at least one light-
emitter device of the plurality of light-emitter devices.

[00176] The method 900 mayv include receiving information indicative of a reference
angle. For example, deternuning the respective anticipated target ranges may be based on the
recetved information.

100171 The particular arrangements shown in the Figures should not be viewed as
hmiting. 1t should be understood that other embodiments may include more or less of cach
clement shown in a given Figore. Further, some of the illustrated elements may be combined
or oritted. Yet further, an iHustrative embodiment may include elements that are not illustrated
in the Figures.

{6172 A step or block that represents a processing of information can correspond to
circuitry that can be configured to perform the specific logical functions of a herein-described
method or technique. Alternatively or additionally, a step or block that represents a processing
of information can correspond to a module, a segment, a physical computer {c.g., a ficld
programmable gate array (FPGA) or application-specific mtegrated circuit (ASICY), or a
portion of program code (inclading related data). The program code can include one or more
mstroctions executable by a processor for implementing specific logical functions or actions in
the method or technique. The program code and/or related data can be stored on any type of
computer readable medium such as a storage device including a disk, hard drive, or other

storage medium.
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{80173} The computer rgadable medium can also mchide son-transttory computer
readable media such as computer-readable media that store data for short periods of time like
register memory, processor cache, and random access memory (RAM). The computer readable
media can also mclude non-transitory computer readable media that store program code and/or
data for longer periods of ime. Thus, the computer readable media may mclude secondary or
persistent long term storage, like read only memory (ROM), optical or magnetic disks,
compact-disc read only memory (CD-ROM), for example. The computer readable media can
also be any other volatile or non-volatile storage svstems. A computer readable mediom can
be considered a computer readable storage medium, for example, or a tangible storage device.
[00174] While various examples and embodiments have been disclosed, other examples
and embodiments will be apparent to those skilled m the art. The various disclosed examples
and embodiments are for purposes of illustration and are not intended to be hmiting, with the
true scope being mdicated by the ¢laims.
IV, Enumerated Example Embodiments
[066175] Embodiments of the present disclosure may relate to one of the enumerated
example embodiments (EEEs) histed below.
[00176] EEE 1 1s svstem comprising:
at least one substrate comprising a plurality of angled facets along a front edge, wherein
the at least one substrate further comprises a die attach location corresponding to cach
angled facet, wherein the plurality of angled facets provides a corresponding plorality of
clevation angles, wheremn a set of angle differences between adiacent clevation angles
comprises at least two different angle difference values; and
a plurality of light-emitter devices, wherein respective light-emitter devices are coupled
to respective die attach locations according to a respective elevation angle of the respective
angled facet, wherein the plurality of hight-emitter devices is configured to emut light mto
an environment along the plurality of elevation angles toward respective target locations.
[66177] EEE 2 is the system of EEE 1, wherein the at least one substrate is disposed
along a vertical plane, wherein the plurality of elevation angles are defined with respect to a
horizontal plane.
[66178] EEE 3 ig the system of EEE 2, wherein at least one respective angle difference
between adjacent elevation angles below the horizontal plance is greater than respective angle
differences between adjacent elevation angles above the horizontal plane.
[60179] EEE 4 13 the system of EEE 1, wheremn the desired resolution 18 about 7.5

centimeters between adjacent target locations along a horizontal ground plane.
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006188 EEE 5 13 the system of EEE 2, comprising six substrates, wherein cach substrate
comprises a respective plurality of angled facets that correspond to a respective portion of the
plurality of clevation angles.
{6181 EEE 6 1s the systern of EEE 5, wherein the six substrates are coupled together
and aligned according to a set of alignment features, wherein the plurality of hight-emitter
devices is distributed between cach of the substraies, and wherein each portion of the plurality
of light-emitter devices is configured to illuminate the environment at a respective pointing
angle with respect to the vertical plane,
{06182} EEE 7 is the systom of EEE 1, wherein the phurality of light-emitter devices
comprises at least 64 light-emitter devices.
{6183 EEE 8 is the system of EEE 1, wherem the at least one substrate further
comprises, for each light-emitter device, a respective pulser circuit, wherein cach respective
pulser circuit 15 configured to accept a power signal, an enable signal, and a trigger signal,
wherein the respective pulser circuits are configured to provide pulscs between 1 — 10
nanoseconds m duration.
[6G184] EEE 9 15 the system of EEE 1, further compnsing a plurality of lenses, wherein
cach respective light-cmitter device of the plurality of light-cmttter devices is optically coupled
to a respective lens of the plurality of lenses.
60185 EEE 10 s a method of manufacturing, the method comprising:
providing at least one substrate, wherein the at least one substrate comprises a plurality
of angled facets along a front edge and a dic attach location corresponding to each angled
facet, wherein the plurality of angled facets provides a corresponding plurality of elevation
angles, wherein a s¢t of angle differences between adjacent elevation angles comprises at
least two different angle difference values;
attaching a plurality of hight-emitter devices to respective die attach locations, wherein
the attaching 15 performed according to a respective elevation angle of the respective angled
facet;
electrically connecting cach respective hight-cmitter device of the plurality of light-
emitter devices to a respective pulser circuit; and
optically coupling each respective light-emitter deviee of the plurality of light-emitter
devices to a respective lens.
{0186 EEE 11 1s the method of EEE 10, wheremn attaching the plurabity of hight-
emitting devices is performed with a conductive, thermally-cored adhesive, and wheren

slectrically connecting c¢ach respective light-emitter device of the plurahity of hght-emitter
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devices to a respective pulser circutt comprises providing a plurality of wire bonds between the
respective Hight-emitier device and the respective pulser circuit.
{00187} EEE 12 1s the method of EEE 10, whercin optically coupling cach respective
hight-emitter device of the plurality of hight-emitier devices to a respective lens comprises
aligning the respective lens to the respective light-emitter device through an active optical
feedback control process, wherein the active optical feedback control process comprises
causing the respective light-cmitter device to emit light and adjusting a posttion of the
respective lens such that a target location s illuminated by the emitted hight having a desired
light pattern.
[B0G188] EEE 13 is method comprising:
determming an elevation angle of a given hight-emutter device of a plurality of light-
emitier devices, wherein respective light-emitter devices are coupled to respective dic
attach locations comesponding to respective angled facets of a plurality of angled facets
disposed along a front edge of at least one substrate;
determining a desired power output level of the given hight-enutter device based on the
determined elevation angle: and
causing the given light-emitter device to emit at least one light pulse into an
environment toward a target location according o the desived power output level.
[60189] EEE 14 is the method of EEE 13, wherein determining the desired power output
level is further based on a comparison between the determined elevation angle and at least one
value 1n a lookup table.
{66158} EEE 15 is the method of EEE 13, further comprising determining a region of
mterest in the ¢nvironment, wherem determining the desired power output level is further based
on deternuning that the region of interest corresponds to the target location of the given light-
emitter device.
63191} EEE 16 15 the method of EEE 13, further comprising receiving information
mdicative of a reference angle, wherein determining the elevation angle is based on the
recetved information.
[066192] EEE 17 15 a method comprising:
determining an anticipated target range of a given light-emitter device of a plurality of
hight-emitter devices, wherein respective light-emitter devices are coupled to respective dig
attach locations corresponding to respective angled facets of a pluralitv of angled facets

disposed along a front edge of at lsast one substrate;
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determining a desired power output level of the given light-emitter device based on the
determined anticipated target range; and
causing the given light-emitter device to emit at least one light pulse into an
environment toward a target location according o the desived power output level.
[60193] EEE 18 is the method of EEE 17, wherein determining the desired power output
level 1s further based on a comparison between the anticipated target range and at least one
value 1n a lookup table.
{86194} EEE 19 is the method of EEE 17, further comprising determining a region of
mterest in the ¢nvironment, wherem determining the desired power output level is further based
on deternuning that the region of interest corresponds to the target location of the given light-
emitter device.
j33195] EEE 20 15 the method of EEE 17, further comprising receiving information
mdicative of a reference angle, whercin determining the anticipated target range is based on
the received information.
[06196] EEE 21 15 a method comprising:
determining a respective elevation angle for cach light-emitter device of a plurality of
light-emitter devices, wherein respective light-emitter devices are coupled to respective die
attach locations corresponding to respective angled facets of a pluralitv of angled facets
disposed along a front edge of at least one substrate;
determining a desired shot schedule of the plurality of light-emitter devices based on
the deternuned elevation angles; and
causing the plurality of light-emitter devices to emit hight pulses into an environment
toward a target region according to the desired shot schedude.
{68197 EEE 22 is the method of EEE 21, wherein determining the desired shot schedule
is further based on a comparison between the respective elevation angles and at least one value
in a lockup table.
[30198] EEE 23 is the method of EEE 21, further comprising determining a region of
mterest in the cnvironment, wherein determining the desired shot schedule is further based on
determuning that the region of interest corresponds to the target region of at least one light-
emitter device of the plurality of light-emitier devices.
{63199} EEE 24 is the method of EEE 21, further comprising receiving information
mdicative of a reference angle, wherein determuning the respective elevation angles 1s based
on the recetved information.

[06G200] EEE 25 5 a method comprising:
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determining an anticipated target range for each hght-emitter device of a plurality of
hight-emitter devices, wherein respective light-emitter devices are coupled to respective dig
attach locations corresponding to respective angled facets of a plurality of angled facets
disposed along a front edge of at least one substrate;

determining a desired shot schedule of the plurality of hight-emitter devices based on
the respective determined anticipated target ranges; and

causing the plurality of light-emitter devices to emit light pulses into an environment
toward a target region according to the desired shot schedule.

106201 EEE 26 15 the method of EEE 25, wherein determining the desired shot schedule
is further based on a comparison between the respective anticipated target ranges and at least
one value m a lookup table.

332021 EEE 27 is the method of EEE 25, firther comprising determuning a region of
mterest in the environment, wherein determining the desired shot schedule is further based on
determining that the region of uxterest corresponds to the target region of at least one hight-
emitier device of the plurality of light-emitier devices.

{66203} EEE 28 is the method of EEE 25, further comprising receiving imformation
mdicative of a reference angle, wherein determining the respective anticipated target rangges is
based on the received information.

[B0204] EEE 29 15 a system comprising:

a plurality of light-emitter devices of a light detection and ranging svstem of a vehicle,
wherein cach light-emitter device of the plurality of light-emitter devices is configured to
enuit light pulses along a respective beam elevation angle, wherein the plurality of light-
emitter devices are arranged such that a combination of the respective beam clevation
angles comprises a non~-uniform beam clevation angie distribution, whercin at least one
angle difference between respective beam elevation angles of two adjacent hight-emitter
devices having elevation angles below a reference planc i1s larger than at least one angle
difference between respective beam elevation angles of two adjacent light-emitter devices
having clevation angies above the reference plane, wherein the reference plane is based on
an axis of motion of the vehicle.

180205} EEE 30 13 the system of EEE 29, whercin less than 50% of the plurality of light-
emitter devices have respective beam elevation angles below the reference plane.
{02061 EEE 31 1s the system of EEE 29, wherem at least one light-emitter device with

a respective elevation angle below the reference plane 1s configured to emit light pulses at a
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higher shot rate than at least onc light-emitter device with a regpective elevation angle above
the reference plane.
{00207} EEE 32 1s the system of EEE 29, wherein at least ong light-emitter device with
a respective elevation angle above the reference plane 13 configured to emit hight pulses with a
lower duty cycle than at least one light-emitter device with a respective elevation angle below
the reference plane.
[00208] EEE 33 is the system of EEE 29, wherein at least onc light-coutier device with
a respective elevation angle below the reference plane 1s configured to emit light pulses with a
lower duty cycle than at least one light-emitter device with a respective elevation angle above
the reference plane.
(02691 EEE 34 13 the system of EEE 29, wherem at least one light-emitter device with
a respective elevation angle below the reference plane is configured to emit hight pulses with a
lower power output per pulse than at icast one hight-emitter device with a respective elevation
angle above the reference plane.
{06218 EEE 35 15 a method comprising:
determining an clevation angle of a given light-emitier device of a plurality of light-
emitter devices, wheremn respective light-enutter devices are coupled to respective die
attach locations corresponding to respective angled facets of a pluralitv of angled facets
disposed along a front edge of at least one substrate;
determining a desired power output level of the given hght-emitter device based on the
determined clevation angle; and
causing the given light-emitter device to omit at least one light pulse into an
environment toward a target location according 1o the desired power output level.
{00211} EEE 36 15 the method of EEE 33, wherein determining the elevation angle of
the given light-emitter device is based on at least one of a location or an orientation of the
given hight-emitter device on the at least one substrate.
[066212] EEE 37 ig the method of EEE 35, wherein deternmining the desired power output
level is further based on a comparison between the determined elevation angle and at least one

value 10 a lookup table.

[86213] EEE 38 is the method of EEE 37, wherem the lookup table is stored in a memory.
{06214} EEE 39 is the method of EEE 37, wherein the method further comprises

dyvnamically updating the lookup table based on at least one oft real-time pownt cloud data or

historic point cloud data.
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[86215] EEE 40 s the method of EEE 35, wherein determiming the desired power output
level 1s further based on a standard power output level

[00216] EEE 41 is the method of EEE 40, wherein the desired power output level
comprises an increased power output level that 15 greater than the standard power output level.
00217} EEE 42 13 the method of EEE 40, wherein the desired power output fevel
comprises a decreased power output level that is fess than the standard power output level.
{00218} EEE 43 1s the method of EEE 40, wherein the standard power output fovel
corresponds to a power per shot for light pulses emutted with an elevation angle above a

reference plang,

{00219 EEE 44 is the method of EEE 43, wherein the reference plance s to a horizontal
plane.
332201 EEE 45 is the method of EEE 35, firther comprising determuning a region of

mterest in the environment, wherein determining the desired power output level is further based
on determining that the region of mterest corresponds to the target location of the given hight-
emitter device.
{86221} EEE 46 s the method of EEE 33, further comprising receiving information
mdicative of a reference angle, wherein determining the clevation angle is based on the
received information.
060222} EEE 47 is the method of EEE 33, wherein causing the given hight-emitter device
to emit at feast one Hight pulse comprises causing a pulser circuit to cause the given light-enutter
device to cmit at least onc of: a light pulse or a plurality of light pulses, whercin cach emitted
hight pulse 15 provided at a power level based on an elevation angle of the enutted light pulse.
{68223} EEE 48 is a method comprising:
determining an anticipated target range of a given light-emitter device of a plurality of
Light-emitter devices, wherem respective light-emitter devices are coupled to respective die
attach locations corresponding to respective angled facets of a plurality of angled facets
disposed along a front edge of at keast one substrate;
determining a desired power output level of the given hight-enutter device based on the
determined anticipated target range; and
causing the given light-enutter device to emit at least one light pulse into an

environment toward a target location according to the desired power output fevel.

[60224] EEE 49 is the method of EEE 48, wherein determining the desired power output
level 1s further based on a comparison between the anticipated target range and at least one

value in a lockup table.
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[86225] EEE 50 is the method of EEE 48, further comprising determining a region of
mterest in the ¢nvironment, wherem determining the desired power output level is further based
on deternuning that the region of interest corresponds to the target location of the given light-
emitter device.

j33226] EEE 51 15 the method of EEE 48, further comprising receiving information
mdicative of a reference angle, whercin determining the anticipated target range is based on
the received information.

180227} EEE 52 is a system comprising:

at lcast one substrate comprising a plurality of angled facets along a front edge, wherein
the at least one substrate further comprises a respective die attach location corresponding
to each respective angled facet in the plurality of angled facets, wherein the plurality of
angled facets provides a corresponding phurality of elevation angles, wherein a set of angle
differences between adjacent clevation angles comprises at least two different angle
difference values;

a plurality of light-emitter devices, wherein each hight-emutter device 1s coupled to a
respective die attach location and has a respective elevation angle provided by the
corresponding angled facet, wherein the plurality of ight-cnutier devices s configured to
emit light into an environment along the plurality of clevation angles toward respective
target locations;

a plurality of pulser circeits, wherein the plurality of pulser circuits includes a
respective pulser circuit for cach light-cmitter device m the plurality of hight-emitier
devices; and

a controller configured to countrol, for each given light-emitter device 1 the plurality of
light-cmitter devices, the respective pulser circuit for the given light-emitter device based
on at least one of the determined elevation angle of light pulses emitted from the given
Lght-emitter device or the anticipated target range of hight pulses emitted from the given
hight-cmitter device.

[00228] EEE 33 15 the system of EEE 52, wherein the at least one substrate is disposed
along a vertical plane, wherein the plurality of elevation angles are defined with respect to a
horizontal plane.

{66229} EEE 541s the system of EEE 32, wherein at least one respective angle difference
between adjacent elevation angles below a honzontal plane is greater than respective angle
differences between adiacent elevation angles above the horizontal plane.

106230] EEE 55 s a method comprising:
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determining a respective elevation angle for cach light-emitter device of a plurality of
hight-emitter devices, wherein respective light-emitter devices are coupled to respective dig
attach locations corresponding to respective angled facets of a plurality of angled facets
disposed along a front edge of at least one substrate;
determining a desired shot schedule of the plurality of light-emitter devices based on
the determined elevation angles; and
causing the plurality of light-emitter devices to emit light pulses into an environment
toward a target region according to the desired shot schedule.
{06231 EEE 36 is the method of EEE 55, wherein determining the respective elevation
angle for cach light-emitter device of the plurality of ight-cnutter devices s based on at feast
one of: alocation or an orientation of the given hght-emitter device on the at least one subsirate.
[606232] EEE 57 is the method of EEE 55, wherein determiuing the desired shot schedule
i further based on a comparison between the respective elevation angles and at least one value
m a lookup table.
[86233] EEE 58 is the method of EEE 57, wherem the method further comprises
dyanamically updating the lockup table based on at least one of real-time point cloud data or
historic point cloud data.
0234 EEE 59 15 the method of EEE 55, wherein the desired shot schedule comprises
mformation indicative about which light-emitter device of the plurality of light-emitter devices
1s to be fired.
[66235] EEE 60 15 the method of EEE 55, wherein the desired shot schedule comprises
mformation indicative about how long a given light-emitter device of the plurality of light-
emitier devices is to be fired.
{00236 EEE 61 15 the method of EEE 53, wherein the desired shot schedule comprises
mformation indicative about how long to wait before firing a given hghi-emiiter device of the
plurality of light-cmitter devices.
106237] EEE 62 is the method of EEE 55, further comprising deternuining a region of
mterest in the cnvironment, wherein determining the desired shot schedule is further based on
determining that the region of interest corresponds to the target region of at least one light-
emitier device of the plurality of light-emitter devices.
{68238} EEE 63 is the method of EEE 55, further comprising receiving information
mdicative of a reference angle, wherein determuning the respective elevation angles 1s based

on the received information.
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160239} EEE 64 15 the method of EEE 55, wherein causing the given light-emitter device
to et at least one Hght pulse comprises causing a pulser circuit to cause the given light-emitter
device to emit at least one of a hight pulse or a plurality of light pulses, wherein cach emitted
light pulse 1s provided according 1o the desired shot schedule.
32401 EEE 635 13 g method comprising:
determining an anticipated target range for each light-emitter device of a plurality of
hight-emitier devices, wherein respective light-emitter devices are coupled to respective die
attach locations corresponding to respective angled facets of a plurality of angled facets
disposed along a front edge of at least one substrate;
determining a desired shot schedule of the plurality of light-emitter devices based on
the respective determined anticipated target ranges; and
causing the plurality of light-coutter devices to emit light pulses into an environment
toward a target region according to the desired shot schedule.
{60241} EEE 66 15 the method of EEE 65, wherein determining the anticipated target
range tor each light-emitter device of the plurality of hight-emitter devices is based on at least
ong of: alocation or an orientation of the given light-emitter device on the at least one substrate.
{00242 EEE 67 is the method of EEE 65, wherein determining the desired shot schedule
is further based on a comparison between the respective anticipated target ranges and at east
one value in a lookup table.
[60243] EEE 68 is the method of EEE 65, wherein the method further comprises
dynamically updating the lookup table based on at least onc of: real-time point cloud data or
historic point cloud data.
{06244 EEE 69 1g the method of EEE 63, wherein the desired shot schedude comprises
mformation indicative about which light-emitter device of the plurality of light-cmitter devices
is to be fired.
[80245] EEE 70 s the method of EEE 65, wherein the desired shot schedule comprises
mformation indicative about how long a given hght-emitter device of the phurality of hight-
emitter devices 18 to be fired.
[06246] EEE 71 1s the method of EEE 65, wherein the desired shot schedule comprises
mformation indicative about how long to wait before firing a given light-enmitter device of the
plurality of hight-emitter devices.
[0247] EEE 72 15 the method of EEE 65, further comprising determining a region of

mterest in the environment, wheren determining the desired shot schedude 1s further based on
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determining that the region of interest corresponds to the target region of at least one light-
emitter device of the plurality of light-emitter devices.

{80248 EEE 73 1s the method of EEE 65, further comprising receiving information
mdicative ot a reference angle, wherein determining the respective anticipated target ranges 18
based on the received information.

[(36249] EEE 74 5 a system comprising:

at least one substrate comprising a plurality of angled facets along a front edge, wherein
the at least one substrate farther comprises a respective die attach location corresponding
to cach respective angled facet in the plurality of angled facets, wherein the plurality of
angled facets provides a corresponding plurality of clevation angles, wherein a set of angle
differences between adjacent elevation angles comprises at least two different angle
difference values;

a phurality of hght-cmitter devices, wherein each light-emitier device is coupled to a
respective die attach location and has a respective clevation angle provided by the
corresponding angled facet, wherein the plurality of hght-emitter devices 1s configured to
enut light into an environment along the pharality of elevation angles toward respective
target locations;

a plurality of pulser circuits, wherein the plurality of pulser circuits mcludes a
respective pulser circuit for each light-emitter device in the plurality of hight-emitter
devices: and

a controller configured to control, for each given light-enutter device in the plurality of
Light-emitter devices, the respective pulser circait for the given light-emitter device so as
to emit light pulses according to a desired shot schedule, wherein the desired shot schedule
18 based on at least one of: an clevation angle of light pulses emitied from the given light-
emitter device or an antficipated target range of light pulses emitted from the given hight-

emitier dovice.
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CLAIMS

What is claimed is:

1. A svstem comprising:

at least one substrate comprising a plurality of angled facets along a front edge, wherein
the at least one substrate further comprises a die attach location corresponding to each
angled facet, wherein the plurality of angled facets provides a corresponding plurality of
elevation angles, wherein a set of angle differences between adiacent elevation angles
comprises at least two different angle difference values; and

a plurality of hght-emitter devices, wherein respective light-cmitter devices are coupled
to respective die attach locations according 1o a respective elevation angle of the respective
angled facet, wheremn the plarality of hght-emitter devices is configured to emit light into

an environment along the plurality of elevation angles toward respective target locations.

2. The system of claim 1, wherein the at least one substrate is disposed along a vertical

plane, wherein the plurality of elevation angles are defined with respect to a horizontal plane.

3. The system of claim 2, wherein at least one respective angle difference between
adjacent elevation angles below the horizontal plane 1s greater than respective angle differences

between adjacent elevation angles above the horizontal plane.

4. The system of claim 1, wherein a spatial resolution is about 7.5 centimeters between

adjacent target locations along a horizontal ground plane.

5. The system of claim 2, comprising six substrates, wherein each substrate comprises a
respective plurality of angled facets that correspond to a respective portion of the plurality of

clevation angles.

6. The svstem of claim 5, wherein the six substrates are coupled together and ahigned
according to a set of alignment features, wherein the phurahity of light-emitter devices is
distributed between cach of the substrates, and wherein cach portion of the plurality of light-
emitter devices 1s configured to illuminate the environment at a respective pointing angle with

respect to the vertical plane.
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7. The system of claim 1, wherein the plurality of hght-emitter devices comprises at feast

64 light-emitter devices.

8. The system of claim I, wherein the at least one subsirate further comprises, for each
light-emitter device, a respective pulser circuit, wherein each respective pulser circuit 1
configured to accept a power signal, an cnable signal, and a trigger signal, wherein the
respective pulser circuits are configured to provide pulses between 1 — 10 nanoseconds in

duration.

9. The system of claim 1, further comprising a plurality of lenses, wherein cach respective
hight-emitter device of the plurality of hight-emutter devices is optically coupled to a respective

lens of the plurality of lenses.

10. The system of claim 1, further comprising a vehicle, wherein the plurality of hight-

emitier devices is configured to emit light into an environment around the vehicle.

11. A method of manufacturing, the method comprising:

providing af least one substrate, wherein the at least one subsirate comprises a plurality
of angled facets along a front edge and a die attach location corresponding to each angled
facet, wherein the plurality of angled facets provides a corresponding plurality of elevation
angles, wherein a sct of angle differences between adjacent elevation angles comprises at
least two different angle difference values;

attaching a plarality of hight-emitter devices to respective die attach locations, wherein
the attaching is performed according to a respective elevation angle of the respective angled
facet;

glectrically connecting each respective light-emitier device of the plurality of hight-
emitter devices to g respective pulser circuit; and

optically coupling cach respective light-emitter device of the plurality of hight-cnutier

devices to a respective lens.

12. The method of claim 11, wherein attaching the plurality of light-emitting devices is
performed with a conductive, thermallv-cured adhesive, and wherein electrically connecting

gach respective hight-emitter device of the plurality of hght-emitter devices to a respective
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pulser circuit comprises providing a plurality of wire bonds between the respective light-

emitter device and the respective pulser circuit.

13. The method of claim 11, wherein optically coupling cach respective hight-emitter
device of the plurality of hght-emitter devices o a respective lens comprises aligning the
respective lens to the respective hight-emitter device through an active optical feedback control

process.

14, The method of claim 13, wherein the active optical feedback control process comprises
causing the respective light-emitter device to emit light and adjusting a position of the
respective lens such that a target location 1s itluminated by the emutted hight having a desired

light pattern.

15. A system comprising:

a plurahity of light-emitter devices of a hght detection and ranging sysiem of a vehicle,
wherein each light-emitter device of the plarality of light-emutter devices is configured to
emit hight pulses along a respective beam clevation angle, wherein the plurality of light-
emitter devices are arranged such that a combination of the respective beam clevation
angles comprises a non-oniform beam clevation angle distribution, wherein at least one
angle difference between respective beam clevation angles of two adjacent hight-enutter
devices having clevation angles below a reference plane is larger than at least one angle
difference between respective beam elevation angles of two adjacent ight-emitter devices
having elevation angles above the reference plane, wherein the reference plane is based on

an axis of motion of the vehicle.

16. The system of claim 15 wheren less than 509 of the plurality of light-emitter devices

have respective beam clevation angles below the reference plane.

17. The system of claim 15 wherein at least one light-emitier device with a respective
clevation angle below the reference plane is configured to emit light pulses at a higher shot rate
than at least one light-emitter device with a respective elevation angle above the reference

plane.
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18. The system of claim 15 wherein at least one light-emitier device with a respective
clevation angle above the reference plane is configured to emit light pulses with a lower duty
4 £ 3

cvele than at lcast one light-emitter device with a respective clevation angle below the reference

plane.

19. The system of claim 15 wherein at least one light-eoutier device with a respective
clevation angle below the reference plane is configured to emit Hight pulses with a lower duty
cvele than at least one hight-emitter device with a respective elevation angle above the reference

plane.

20. The system of claim 15 wherein at least one light-emitter device with a respective
elevation angle below the reference plane is configured to emit light pulses with a lower power
output per pulse than at feast one light-emitter device with a respective elevation angle above

the reference plane,
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