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METHODS AND SYSTEMS FOR DETECTING SENSOR OCCLUSIONS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to U.S. Patent Application No. 16/242,191,
filed on January 8, 2019, and to U.S. Provisional Application No. 62/755,011 filed on
November 2, 2018, both of which are hereby incorporated by reference in their entirety.
BACKGROUND

[0002] Active sensors, such as light detection and ranging (LIDAR) sensors, radio
detection and ranging (RADAR) sensors, sound navigation and ranging (SONAR) sensors,
among others, are sensors that can scan a surrounding environment by emitting signals
toward the surrounding environment and detecting reflections of the emitted signals.
[0003] For example, a LIDAR sensor can determine distances to environmental
features while scanning through a scene to assemble a “point cloud” indicative of
reflective surfaces in the environment. Individual points in the point cloud can be
determined, for example, by transmitting a laser pulse and detecting a returning pulse, if
any, reflected from an object in the environment, and then determining a distance to the
object according to a time delay between the transmission of the pulse and the reception of
the reflected pulse. As a result, for example, a three-dimensional map of points indicative
of locations of reflective features in the environment can be generated.

SUMMARY
[0004] In one example, a method is provided. The method involves rotating a
housing of a light detection and ranging (LIDAR) device. The housing includes a first
optical window and a second optical window. The method also involves transmitting a
first plurality of light pulses through the first optical window to obtain a first scan of a
field-of-view (FOV) of the LIDAR device. The method also involves transmitting a
second plurality of light pulses through the second optical window to obtain a second scan
of the FOV. The method also involves identifying, based on the first scan and the second
scan, a portion of the FOV that is at least partially occluded by an occlusion.
[0005] In another example, a light detection and ranging (LIDAR) device is
provided. The LIDAR device includes a housing that has a first optical window and a
second optical window. The LIDAR device also includes an actuator configured to rotate
the housing. The LIDAR device also includes a controller that causes the LIDAR device
to perform operations. The operations comprise transmitting a first plurality of light

pulses through the first optical window and a second plurality of light pulses through the
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second optical window. The operations also comprise obtaining a first scan of a field-of-
view (FOV) of the LIDAR device based on the transmitted first plurality of light pulses,
and a second scan of the FOV based on the transmitted second plurality of light pulses.
The operations also comprise identifying, based on the first scan and the second scan, a
portion of the FOV that is at least partially occluded by an occlusion.

[0006] In yet another example, a method is provided. The method involves
receiving, from a light detection and ranging (LIDAR) device, data indicative of a first
scan of a field-of-view (FOV). The first scan is based on a first plurality of light pulses
transmitted through a first optical window of the LIDAR device. The method also
involves receiving data indicative of a second scan of the FOV from the LIDAR device.
The second scan is based on a second plurality of light pulses transmitted through a second
optical window of the LIDAR device. The method also involves identifying, based on the
first scan and the second scan, a portion of the FOV that is at least partially occluded by an
occlusion.

[0007] In still another example, a system is provided. The system comprises
means for rotating a housing of a light detection and ranging (LIDAR) device. The
housing includes a first optical window and a second optical window. The system also
comprises means for transmitting a first plurality of light pulses through the first optical
window to obtain a first scan of a field-of-view (FOV) of the LIDAR device. The system
also comprises means for transmitting a second plurality of light pulses through the second
optical window to obtain a second scan of the FOV. The system also comprises means for
identifying, based on the first scan and the second scan, a portion of the FOV that is at
least partially occluded by an occlusion.

[0008] In still another example, a system is provided. The system comprises
means for receiving, from a light detection and ranging (LIDAR) device, data indicative of
a first scan of a field-of-view (FOV). The first scan is based on a first plurality of light
pulses transmitted through a first optical window of the LIDAR device. The system also
comprises means for receiving data indicative of a second scan of the FOV from the
LIDAR device. The second scan is based on a second plurality of light pulses transmitted
through a second optical window of the LIDAR device. The system also comprises means
for identifying, based on the first scan and the second scan, a portion of the FOV that is at
least partially occluded by an occlusion.

[0009] These as well as other aspects, advantages, and alternatives will become

apparent to those of ordinary skill in the art by reading the following detailed description
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with reference where appropriate to the accompanying drawings. Further, it should be
understood that the description provided in this summary section and ¢lsewhere in this
document is intended to illustrate the claimed subject matter by way of example and not
by way of limitation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Figure 1 is a simplified block diagram of a system, according to example
embodiments.
[0011] Figure 2A illustrates a LIDAR device, according to example embodiments.
[0012] Figure 2B illustrates a partial perspective view of the LIDAR device.
[0013] Figure 2C illustrates a partial cross-section view of the LIDAR device.
[0014] Figure 2D illustrates another partial cross-section view of the LIDAR
device.
[0015] Figure 3 is a simplified block diagram of a vehicle, according to example
embodiments.
[0016] Figure 4 is a flowchart of a method, according to example embodiments.
[0017] Figure 5 is a flowchart of another method, according to example
embodiments.
[0018] Figure 6 is a flowchart of yet another method, according to example
embodiments.
[0019] Figure 7 is a flowchart of still another method, according to example
embodiments.

DETAILED DESCRIPTION
[0020] Exemplary implementations are described herein. It should be understood

that the word “exemplary” is used herein to mean “serving as an example, instance, or
illustration.” Any implementation or feature described herein as “exemplary” or
“illustrative” is not necessarily to be construed as preferred or advantageous over other
implementations or features. In the figures, similar symbols typically identify similar
components, unless context dictates otherwise. The example implementations described
herein are not meant to be limiting. It will be readily understood that the aspects of the
present disclosure, as generally described herein and illustrated in the figures, can be
arranged, substituted, combined, separated, and designed in a wide variety of different
configurations.

L. Overview

[0021] In some scenarios, a FOV of an active sensor may become occluded (at
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least partially) by objects, obstacles, debris, dirt, scratches, deformations, and/or other
types of occlusions. An occlusion may prevent one or more signals (or portions thereof)
transmitted by the active sensor from reaching regions of the environment that are behind
the occlusion, and/or prevent one or more signals (or portions thereof) propagating from
the environment from being received by the active sensor. Some types of occlusions may
be physically separated from (e.g., not attached to) the active sensor. Other types of
occlusions may be disposed on or otherwise attached to the active sensor (e.g.,
accumulated dirt or other debris on the active sensor, etc.).

[0022] Some example implementations herein may relate to detection of sensor
occlusions and/or system operations associated with the detection of such occlusions.
[0023] One example LIDAR device herein includes a housing that has a first
optical window and a second optical window. The LIDAR device may be configured to
transmit a first plurality of light pulses through the first optical window and a second
plurality of light pulses through the second optical window. The second optical window
may be located at an opposite side of the housing from the first optical window. In this
way, the LIDAR device can obtain a first scan of the FOV based on the first plurality of
light pulses (transmitted through the first optical window) and a second scan of the same
FOV based on the second plurality of light pulses (transmitted through the second optical
window). The LIDAR device may also be configured to rotate the housing. In one
implementation, the LIDAR device may scan a horizontal FOV of 360 degrees by rotating
the housing a complete rotation (e.g., 360 degrees) about a yaw axis of the LIDAR device.
In alternative implementations, the LIDAR device may be configured to scan a different
horizontal FOV (e.g., by rotating the housing less than 360 degrees about the yaw axis,
ete.).

[0024] In some implementations, the LIDAR device could use the first and second
optical windows to obtain two scans of the same FOV simultancously during a single
complete (360 degree) rotation of the housing. With this arrangement, the first scan and
the second scan may be generally similar to one another due to an overlap of the
respective scanning time periods and the respective FOVs associated with each scan.
Accordingly, in some examples, the first scan can be used as a reference for validating the
second scan, and vice versa. For example, by comparing the two scans, the LIDAR device
could distinguish between occlusions that affect only one optical window (e.g., dirt or
debris attached to the optical window, etc.) from occlusions that affect both optical

windows (e.g., nearby object, tree, wall, etc.).
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[0025] In some examples, the LIDAR device can detect the occlusion based on one
or more scans obtained through one of the two optical windows. In one example, the
LIDAR device may keep track of the numbers of light pulses transmitted toward and/or
received from respective sections of the first optical window. In this example, the LIDAR
device may then determine whether an occlusion that occludes a portion of the FOV
associated with a particular section of the first optical window is potentially present,
and/or whether the occlusion is coupled to the LIDAR device (e.g., dust disposed on the
particular section, etc.). For instance, if the difference between a number of emitted light
pulses transmitted toward the particular section and a number of received light pulses
through the particular section increases (or exceeds a threshold), then the LIDAR device
(or a computing system coupled to the LIDAR device) could determine that an occlusion
may be potentially present on or near that particular section of the optical window.
Alternatively or additionally, in another example, the LIDAR device (or the computing
system) may be configured to detect the occlusion by monitoring light pulses transmitted
and/or received through a plurality of sections of the second optical window.

[0026] In some examples, the LIDAR device may alternatively include a single
optical window (instead of including both the first optical window and the second optical
window). In these examples, the LIDAR device may obtain one or more scans of the
environment through the single optical window (e.g., during rotation of the LIDAR device
about an axis, etc.). To that end, some examples herein may involve detecting the
occlusion (and/or determining whether the occlusion is physically coupled to the LIDAR
device) based on one or more scans obtained through the single optical window of the
LIDAR device, in line with the discussion above.

[0027] Depending on the type of occlusion, in some examples, the LIDAR device
(or a system that uses the LIDAR device) could decide how to respond to the detection of
the occlusion. In a first example, where the occlusion is determined to occlude only one
optical window (e.g., dirt, dust, etc.), the LIDAR device may activate a cleaning
mechanism (e.g., liquid spray, high-pressure gas tube, wiper, etc.) to attempt removal of
the occlusion. In a second example, where the occlusion is determined to occlude both
optical windows (¢.g., a plastic bag covering a portion of the LIDAR device, etc.), the
LIDAR device may decide to wait for a given amount of time (or a given number of
rotations of the housing) for the occlusion to be removed (e.g., an occluding plastic bag
may be blown away by wind), or alert a system that uses the LIDAR that the portion of the

FOV is occluded, among other possibilities.
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1I. Example Systems and Devices

[0028] A non-exhaustive list of example sensors of the present disclosure includes
LIDAR sensors, RADAR sensors, SONAR sensors, active IR cameras, and/or microwave
cameras, among others. To that end, some example sensors herein may include active
sensors that emit a signal (e.g., visible light signal, invisible light signal, radio-frequency
signal, microwave signal, sound signal, etc.), and then detect reflections of the emitted
signal from the surrounding environment.

[0029] Figure 1 is a simplified block diagram of a system 100, according to
example embodiments. As shown, system 100 includes a power supply arrangement 102,
a controller 104, a rotating platform 110, a stationary platform 112, one or more actuators
114, one or more encoders 116, a rotary link 118, a transmitter 120, a receiver 130, one or
more optical elements 140, a housing 150, and one or more cleaning apparatuses 160. In
some embodiments, system 100 may include more, fewer, or different components.
Additionally, the components shown may be combined or divided in any number of ways.
[0030] Power supply arrangement 102 may be configured to supply, receive,
and/or distribute power to various components of system 100. To that end, power supply
arrangement 102 may include or otherwise take the form of a power source (¢.g., battery
cells, etc.) disposed within system 100 and connected to various components of the system
100 in any feasible manner, so as to supply power to those components. Additionally or
alternatively, power supply arrangement 102 may include or otherwise take the form of a
power adapter configured to receive power from one or more external power sources (€.g.,
from a power source arranged in a vehicle to which system 100 is mounted) and to
transmit the received power to various components of system 100.

[0031] Controller 104 may include one or more electronic components and/or
systems arranged to facilitate certain operations of system 100. Controller 104 may be
disposed within system 100 in any feasible manner. In one embodiment, controller 104
may be disposed, at least partially, within a central cavity region of rotary link 118.

[0032] In some examples, controller 104 may include or otherwise be coupled to
wiring used for transfer of control signals to various components of system 100 and/or for
transfer of data from various components of system 100 to controller 104. For example,
the data that controller 104 receives may include sensor data indicating detections of
signals by receiver 130, among other possibilities. Moreover, the control signals sent by
controller 104 may operate various components of system 100, such as by controlling

emission of signals by transmitter 120, controlling detection of signals by the receiver 130,
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and/or controlling actuator(s) 114 to rotate rotating platform 110, among other
possibilities.

[0033] As shown, controller 104 may include one or more processors 106 and data
storage 108. In some examples, data storage 108 may store program instructions
executable by processor(s) 106 to cause system 100 to perform the various operations
described herein. To that end, processor(s) 106 may comprise one or more general-
purpose processors and/or one or more special-purpose processors. To the extent that
controller 104 includes more than one processor, such processors could work separately or
in combination. In some examples, data storage 108 may comprise one or more volatile
and/or one or more non-volatile storage components, such as optical, magnetic, and/or
organic storage, and data storage 108 may be optionally integrated in whole or in part with
the processor(s).

[0034] In some examples, controller 104 may communicate with an external
controller or the like (e.g., a computing system arranged in a vehicle to which system 100
is mounted) so as to help facilitate transfer of control signals and/or data between the
external controller and the various components of system 100. Additionally or
alternatively, in some examples, controller 104 may include circuitry wired to perform one
or more of the operations described herein. For example, controller 104 may include one
or more pulser circuits that provide pulse timing signals for triggering emission of pulses
or other signals by transmitter 120. Additionally or alternatively, in some examples,
controller 104 may include one or more special purpose processors, servos, or other types
of controllers. For example, controller 104 may include a proportional-integral-derivative
(PID) controller or other control loop feedback mechanism that operates actuator(s) 114 to
cause the rotating platform to rotate at a particular frequency or phase. Other examples are
possible as well.

[0035] Rotating platform 110 may be configured to rotate about an axis. To that
end, rotating platform 110 can be formed from any solid material suitable for supporting
one or more components mounted thereon. For example, transmitter 120 and receiver 130
may be arranged on rotating platform 110 such that each of these components moves
relative to the environment based on rotation of rotating platform 110. In particular, these
components could be rotated about an axis so that system 100 may obtain information
from various directions. For instance, where the axis of rotation is a vertical axis, a
pointing direction of system 100 can be adjusted horizontally by actuating the rotating

platform 110 about the vertical axis.
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[0036] Stationary platform 112 may take on any shape or form and may be
configured for coupling to various structures, such as to a top of a vehicle, a robotic
platform, assembly line machine, or any other system that employs system 100 to scan its
surrounding environment, for example. Also, the coupling of the stationary platform may
be carried out via any feasible connector arrangement (¢.g., bolts, screws, etc.).

[0037] Actuator(s) 114 may include motors, pneumatic actuators, hydraulic
pistons, and/or piczoelectric actuators, and/or any other types of actuators. In one
example, actuator(s) 114 may include a first actuator configured to actuate the rotating
platform 110 about the axis of rotation of rotating platform 110. In another example,
actuator(s) 114 may include a second actuator configured to rotate one or more
components of system 100 about a different axis of rotation. For instance, the second
actuator may rotate an optical clement (¢.g., mirror, etc.) about a second axis (e.g.,
horizontal axis, etc.) to adjust a direction of an emitted light pulse (e.g., vertically, etc.).
In yet another example, actuator(s) 114 may include a third actuator configured to tilt (or
otherwise move) one or more components of system 100. For instance, the third actuator
can be used to move or replace a filter or other type of optical element 140 along an
optical path of an emitted light pulse, or can be used to tilt rotating platform (e.g., to adjust
the extents of a field-of-view (FOV) scanned by system 100, etc.), among other
possibilities.

[0038] Encoder(s) 116 may include any type of encoder (¢.g., mechanical
encoders, optical encoders, magnetic encoders, capacitive encoders, etc.). In general,
encoder(s) 116 may be configured to provide rotational position measurements of a device
that rotates about an axis. In one example, encoder(s) 116 may include a first encoder
coupled to rotating platform 110 to measure rotational positions of platform 110 about an
axis of rotation of platform 110. In another example, encoder(s) 116 may include a second
encoder coupled to a mirror (or other optical element 140) to measure rotational positions
of the mirror about an axis of rotation of the mirror.

[0039] Rotary link 118 directly or indirectly couples stationary platform 112 to
rotating platform 110. To that end, rotary link 118 may take on any shape, form and
material that provides for rotation of rotating platform 110 about an axis relative to the
stationary platform 112. For instance, rotary link 118 may take the form of a shaft or the
like that rotates based on actuation from actuator(s) 114, thereby transferring mechanical
forces from actuator(s) 114 to rotating platform 110. In one implementation, rotary link

118 may have a central cavity in which one or more components of system 100 may be
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disposed. In some examples, rotary link 118 may also provide a communication link for
transferring data and/or instructions between stationary platform 112 and rotating platform
110 (and/or components thereon such as transmitter 120 and receiver 130).

[0040] Transmitter 120 may be configured to transmit signals toward an
environment of system 100. As shown, transmitter 120 may include one or more emitters
122. Emitters 122 may include various types of emitters depending on a configuration of
system 100.

[0041] In a first example, where system 100 is configured as a LIDAR device,
transmitter 120 may include one or more light emitters 122 that emit one or more light
beams and/or pulses having wavelengths within a wavelength range. The wavelength
range could be, for example, 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 that provided by lasers. A non-exhaustive list of example light
emitters 122 includes laser diodes, diode bars, light emitting diodes (LED), vertical cavity
surface emitting lasers (VCSEL), organic light emitting diodes (OLED), polymer light
emitting diodes (PLED), light emitting polymers (LEP), liquid crystal displays (LCD),
microelectromechanical systems (MEMS), fiber lasers, and/or any other device configured
to selectively transmit, reflect, and/or emit light to provide a plurality of emitted light
beams and/or pulses.

[0042] In a second example, where system 100 is configured as an active infrared
(IR) camera, transmitter 120 may include one or more emitters 122 configured to emit IR
radiation to illuminate a scene. To that end, transmitter 120 may include any type of
emitter (¢.g., light source, etc.) configured to provide the IR radiation.

[0043] In a third example, where system 100 is configured as a RADAR device,
transmitter 120 may include one or more antennas , waveguides, and/or other type of
RADAR signal emitters 122, that are configured to emit and/or direct modulated radio-
frequency (RF) signals toward an environment of system 100.

[0044] In a fourth example, where system 100 is configured as a SONAR device,
transmitter 120 may include one or more acoustic transducers, such as piezoelectric
transducers, magnetostrictive transducers, electrostatic transducers, and/or other types of
SONAR signal emitters 122, that are configured to emit a modulated sound signal toward
an environment of system 100. In some implementations, the acoustic transducers can be
configured to emit sound signals within a particular wavelength range (e.g., infrasonic,

ultrasonic, etc.). Other examples are possible as well.
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[0045] In some implementations, system 100 (and/or transmitter 120) can be
configured to emit a plurality of signals (e.g., light beams, IR signals, RF waves, sound
waves, etc.) in a relative spatial arrangement that defines a FOV of system 100. For
example, each beam (or signal) may be configured to propagate toward a portion of the
FOV. In this example, multiple adjacent (and/or partially overlapping) beams may be
directed to scan multiple respective portions of the FOV during a scan operation
performed by system 100. Other examples are possible as well.

[0046] Receiver 130 may include one or more detectors 132 configured to detect
reflections of the signals emitted by transmitter 120.

[0047] In a first example, where system 100 is configured as a RADAR device,
receiver 130 may include one or more antennas (i.e., detectors 132) configured to detect
reflections of the RF signal transmitted by transmitter 120. To that end, in some
implementations, the one or more antennas of transmitter 120 and receiver 130 can be
physically implemented as the same physical antenna structures.

[0048] In a second example, where system 100 is configured as a SONAR device,
receiver 130 may include one or more sound sensors 110 (e.g., microphones, etc.) that are
configured to detect reflections of the sound signals emitted by transmitter 120.

[0049] In a third example, where system 100 is configured as an active IR camera,
receiver 130 may include one or more light detectors 132 (e.g., charge-coupled devices
(CCDs), etc.) that are configured to detect a source wavelength of IR light transmitted by
transmitter 120 and reflected off a scene toward receiver 130.

[0050] In a fourth example, where system 100 is configured as a LIDAR device,
receiver 130 may include one or more light detectors 132 arranged to intercept and detect
reflections of the light pulses or beams emitted by transmitter 120 that return to system
100 from the environment. Example light detectors 132 may include photodiodes,
avalanche photodiodes (APDs), silicon photomultipliers (SiPMs), single photon avalanche
diodes (SPADs), multi-pixel photon counters (MPPCs), phototransistors, cameras, active
pixel sensors (APS), charge coupled devices (CCD), cryogenic detectors, and/or any other
sensor of light. In some instances, receiver 130 may be configured to detect light having
wavelengths in the same wavelength range as the light emitted by transmitter 120. In this
way, for instance, system 100 may distinguish received light originated by system 100
from other light originated by external sources in the environment.

[0051] In some implementations, receiver 130 may include a detector comprising

an array of sensing elements connected to one another. For instance, where system 100 is
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configured as a LIDAR device, multiple light sensing elements could be connected in
parallel to provide a photodetector array having a larger light detection area (e.g.,
combination of the sensing surfaces of the individual detectors in the array, etc.) than a
detection area of a single sensing element. The photodetector array could be arranged in a
variety ways. For instance, the individual detectors of the array can be disposed on one or
more substrates (¢.g., printed circuit boards (PCBs), flexible PCBs, ¢tc.) and arranged to
detect incoming light that is traveling along an optical path of an optical lens of system
100 (e.g., optical element(s) 140). Also, such a photodetector array could include any
feasible number of detectors arranged in any feasible manner.

[0052] In some examples, system 100 can select or adjust a horizontal scanning
resolution by changing a rate of rotation of system 100 (and/or transmitter 120 and
receiver 130). Additionally or alternatively, the horizontal scanning resolution can be
modified by adjusting a pulse rate of signals emitted by transmitter 120. In a first
example, transmitter 120 may be configured to emit pulses at a pulse rate of 15,650 pulses
per second, and to rotate at 10 Hz (i.e., ten complete 360° rotations per second) while
emitting the pulses. In this example, receiver 130 may have a 0.23° horizontal angular
resolution (e.g., horizontal angular separation between consecutive pulses). In a second
example, if system 100 is instead rotated at 20 Hz while maintaining the pulse rate of
15,650 pulses per second, then the horizontal angular resolution may become 0.46°. In a
third example, if transmitter 120 emits the pulses at a rate of 31,300 pulses per second
while maintaining the rate of rotation of 10 Hz, then the horizontal angular resolution may
become 0.115°. In some examples, system 100 can be alternatively configured to scan a
particular range of views within less than a complete 360° rotation of system 100. Other
implementations are possible as well.

[0053] It is noted that the pulse rates, angular resolutions, rates of rotation, and
viewing ranges described above are only for the sake of example, and thus each of these
scanning characteristics could vary according to various applications of system 100.

[0054] Optical element(s) 140 can be optionally included in or otherwise coupled
to transmitter 120 and/or receiver 130. In one example, optical element(s) 140 can be
arranged to direct light emitted by emitter(s) 122 toward a scene (or a region therein). In
another example, optical element(s) 140 can be arranged to focus light from the scene (or
a region therein) toward detector(s) 132. As such, optical element(s) 140 may include any
feasible combination of optical c¢lements, such as filters, apertures, mirror(s),

waveguide(s), lens(es), or other types optical components, that are arranged to guide
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propagation of light through physical space and/or to adjust a characteristic of the light.
[0055] In some examples, controller 104 could operate actuator 114 to rotate
rotating platform 110 in various ways so as to obtain information about the environment.
In one example, rotating platform 110 could be rotated in either direction. In another
example, rotating platform 110 may carry out complete revolutions such that system 100
scans a 360° view of the environment. Moreover, rotating platform 110 could rotate at
various frequencies so as to cause system 100 to scan the environment at various refresh
rates. In one embodiment, system 100 may be configured to have a refresh rate of 10 Hz
(e.g., ten complete rotations of system 100 per second). Other refresh rates are possible.
[0056] Alternatively or additionally, system 100 may be configured to adjust the
pointing direction of an emitted signal (emitted by transmitter 120) in various ways. In
on¢e implementation, signal emitters (e.g., light sources, antennas, acoustic transducers,
etc.) of transmitter 120 can be operated according to a phased array configuration or other
type of beam steering configuration.

[0057] In a first example, where system 100 is configured as a LIDAR device,
light sources or emitters in transmitter 120 can be coupled to phased array optics that
control the phase of light waves emitted by the light sources. For instance, controller 104
can be configured to adjust the phased array optics (e.g., phased array beam steering) to
change the effective pointing direction of a light signal emitted by transmitter 120 (e.g.,
even if rotating platform 110 is not rotating).

[0058] In a second example, where system 100 is configured as a RADAR device,
transmitter 120 may include an array of antennas, and controller 104 can provide
respective phase-shifted control signals for each individual antenna in the array to modify
a pointing direction of a combined RF signal from the array (e.g., phased array beam
steering).

[0059] In a third example, where system 100 is configured as a SONAR device,
transmitter 120 may include an array of acoustic transducers, and controller 104 can
similarly operate the array of acoustic transducers (e.g., via phase-shifted control signals,
phased array beam steering, etc.) to achieve a target pointing direction of a combined
sound signal emitted by the array (¢.g., even if rotating platform 110 is not rotating, etc.).
[0060] Housing 150 may take on any shape, form, and material and may be
configured to house one or more components of system 100. In one example, housing 150
can be a dome-shaped housing. Further, in some examples, housing 150 may be

composed of or may include a material that is at least partially non-transparent, which
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may allow for blocking of at least some signals from entering the interior space of the
housing 150 and thus help mitigate thermal and noise effects of ambient signals on one or
more components of system 100. Other configurations of housing 150 are possible as
well.

[0061] In some examples, housing 150 may be coupled to rotating platform 110
such that housing 150 is configured to rotate based on rotation of rotating platform 110. In
these examples, transmitter 120, receiver 130, and possibly other components of system
100 may each be disposed within housing 150. In this manner, transmitter 120 and
receiver 130 may rotate along with housing 150 while being disposed within housing 150.
In other examples, housing 150 may be coupled to stationary platform 112 or other
structure such that housing 150 does not rotate with the other components rotated by
rotating platform 110.

[0062] As shown, housing 150 can optionally include a first optical window 152
and a second optical window 154. Thus, in some examples, housing 150 may define an
optical cavity in which one or more components disposed inside the housing (e.g.,
transmitter 120, receiver 130, etc.) are optically isolated from external light in the
environment, except for light that propagates through optical windows 152 and 154. With
this arrangement for instance, system 100 (e.g., in a LIDAR configuration, etc.) may
reduce interference from external light (¢.g., noise, etc.) with signals transmitted by
transmitter 120 and/or reflections of the transmitted signal received by receiver 130.

[0063] To that end, in some embodiments, optical windows 152 and 154 may
include a material that is transparent to the wavelengths of light emitted by emitters 122
and/or one or more other wavelengths. For example, each of optical windows 152 and 154
may be formed from a glass substrate or a plastic substrate, among others. Additionally,
in some examples, each of optical windows 152 and 154 may include or may be coupled
to a filter that selectively transmits wavelengths of light transmitted by emitter(s) 122,
while reducing transmission of other wavelengths. Optical windows 152 and 154 may
have various thicknesses. In one embodiment, optical windows 152 and 154 may have a
thickness between 1 millimeter and 2 millimeters. Other thicknesses are possible as well.
[0064] In some examples, second optical window 154 may be located at an
opposite side of housing 150 from first optical window 152.

[0065] Cleaning apparatus(es) 160 can be optionally included in system 100 to
facilitate cleaning one or more components (¢.g., optical element(s) 140, etc.) of system

100. To that end, cleaning apparatus 160 may include one or more cleaning mechanisms.
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A first example cleaning apparatus 160 may include a liquid spray configured to deposit
liquid on one or more components of system 100 (e.g., optical element(s) 140, housing
150, etc.). For instance, the liquid can be applied to attempt dissolving or mechanically
removing an occlusion (¢.g., dirt, dust, etc.) disposed on a surface of an optical
component. A second example cleaning apparatus 160 may include a high-pressure gas
pump configured to apply gas onto an occlusion on a surface of an optical component. A
third example cleaning apparatus 160 may include a wiper (¢.g., similar to a windshield
wiper) configured to attempt removing an occlusion from a surface of a component in
system 100. Other examples are possible.

[0066] It is noted that this arrangement of system 100 is described for exemplary
purposes only and is not meant to be limiting. As noted above, in some examples, system
100 can be alternatively implemented with fewer components than those shown. In one
example, system 100 can be implemented without rotating platform 100. For instance,
transmitter 120 can be configured to transmit a plurality of signals spatially arranged to
define a particular FOV of system 100 (e.g., horizontally and vertically) without
necessarily rotating transmitter 120 and receiver 130. In another example, housing 150
may be configured to include a single optical window (instead of two optical windows
152, 154). For instance, in a LIDAR implementation of system 100, LIDAR 100 may
obtain a single complete scan of a FOV during a given scan period by transmitting light
pulses through the single optical window only (i.e., instead of obtaining two scans of the
same FOV simultancously by transmitting light pulses through two separate optical
windows). Other examples are possible as well.

[0067] Figure 2A illustrates a LIDAR device 200, according to example
embodiments. As shown, LIDAR 200 includes a rotating platform 210, a stationary
platform 212, and a housing 250 that are similar, respectively, to rotating platform 110,
stationary platform 112, and housing 150 of system 100.

[0068] LIDAR 200 may be configured to scan an environment by emitting light
260 toward the environment, and detecting reflect portions (e.g., reflected light 270) of the
emitted light returning to LIDAR 200 from the environment. Further, to adjust a FOV
scanned by LIDAR 200 (i.e., the region illuminated by emitted light 260), rotating
platform 210 may be configured to rotate housing 250 (and one or more components
included therein) about an axis of rotation of rotating platform 210. For instance, where
the axis of rotation of platform 210 is a vertical axis, rotating platform 210 may adjust the

direction of emitted light 260 horizontally to define the horizontal extents of the FOV of
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LIDAR 200.

[0069] As shown, LIDAR 200 also includes an optical window 252 through which
emitted light 260 is transmitted out of housing 250, and through which reflected light 270
enters into housing 250. Although not shown, housing 250 may also include another
optical window located at an opposite side of housing 250 from optical window 252.
Thus, housing 250 may define an optical cavity in which one or more components
disposed inside the housing (e.g., transmitter, receiver, etc.) are optically isolated from
external light in the environment, except for light that propagates through one or more
optical windows. With this arrangement for instance, LIDAR 200 may reduce
interference from external light (e.g., noise, etc.) with transmitted signals 260 and/or
reflected signals 270.

[0070] To that end, in some embodiments, optical window 252 may include a
material that is transparent to the wavelengths of emitted light 270 and/or one or more
other wavelengths. For example, optical window 252 may be formed from a glass
substrate or a plastic substrate, among others. Additionally, in some examples, optical
window 252 may include or may be coupled to a filter that selectively transmits
wavelengths of emitted light 260, while reducing transmission of other wavelengths
through the optical window 252. Optical window 252 may have various thicknesses. In
one embodiment, optical window 252 may have a thickness between 1 millimeter and 2
millimeters. Other thicknesses are possible.

[0071] Figure 2B illustrates a partial cross-section view of LIDAR 200. It is noted
that some of the components of LIDAR 200 (e.g., platform 212, housing 250, and optical
window 252) are omitted from the illustration of Figure 2B for convenience in description.
[0072] As shown in Figure 2B, LIDAR device 200 also includes actuators 214 and
218, which may be similar to actuators 114 of system 100. Additionally, as shown,
LIDAR 200 includes a transmitter 220 and a receiver 230, which may be similar,
respectively, to transmitter 120 and receiver 130 of system 100. Additionally, as shown,
LIDAR 200 includes one or more optical elements (i.¢., a transmit lens 240, a receive lens
242, and a mirror 244), which may be similar to optical elements 140 of system 100.
[0073] Actuators 214 and 218 may include a stepper motor, an ¢lectric motor, a
combustion motor, a pancake motor, a piezoelectric actuator, or any other type of actuator,
such as those describe for actuators 114 of system 100.

[0074] As shown, actuator 214 may be configured to rotate the mirror 244 about a

first axis 215, and actuator 218 may be configured to rotate rotating platform 210 about a
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second axis 219. In some embodiments, axis 215 may correspond to a horizontal axis of
LIDAR 200 and axis 219 may correspond to a vertical axis of LIDAR 200 (e.g., axes 215
and 219 may be aligned substantially perpendicular to one another).

[0075] In an example operation, LIDAR transmitter 220 may emit light (via
transmit lens 240) that reflects off mirror 244 to propagate away from LIDAR 200 (e.g., as
emitted light 260 shown in Figure 2A). Further, received light from the environment of
LIDAR 200 (including light 270 shown in Figure 2A) may be reflected off mirror 244
toward LIDAR receiver 230 (via lens 242). Thus, for instance, a vertical scanning
direction of LIDAR 200 can be controlled by rotating mirror 244 (e.g., about a horizontal
axis 215), and a horizontal scanning direction of LIDAR 200 can be controlled by rotating
LIDAR 200 about a vertical axis (¢.g., axis 219) using rotating platform 210.

[0076] In this example, mirror 244 could be rotated while transmitter 220 is
emitting a series of light pulses toward the mirror. Thus, depending on the rotational
position of the mirror about axis 215, each light pulse could thus be steered (e.g.,
vertically). As such, LIDAR 200 may scan a vertical FOV defined by a range of (vertical)
steering directions provided by mirror 244 (e.g., based on a range of angular positions of
mirror 244 about axis 215). In some examples, LIDAR 200 may be configured to rotate
mirror 244 one or more complete rotations to steer emitted light from transmitter 220
(vertically). In other examples, LIDAR device 200 may be configured to rotate mirror 244
within a given range of