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LIDAR SCANNER CALIBRATION

BACKGROUND OF THE INVENTIONS

Field of the Inventions

[0001] The present application relates to the field of metrology, and particularly to
LiDAR (Light Distance And Ranging) sensors and related devices.

Description of the Related Art

[0002] The process for measuring distance and reflectance values for objects
within an environment without touching those objects is of great interest to many industries
including surveying, architecture, entertainment (character generated effects for movies and
video games), construction, forensic and geography applications. Historically to collect
accurate distance and reflectance measurements one used photogrammetry techniques, but the
process for extracting information from stereo imagery is both time consuming and
expensive. Over the past decade advances in Light Detecting and Ranging (LiDAR)
technology have enabled practitioners to scan large area surfaces while collecting billions of
data points, each with a precise latitude, longitude and elevation (X, y, z) values within the
local (relative) coordinate system. The aggregate of the billions of data points is referred to as
a point cloud data set. Practitioners will subsequently extract objects from the point cloud and
then create three dimensional models. Those models are then used in numerous applications.
For example within geographic information systems (GIS) industry, practitioners will
frequently integrate Global Positioning System (GPS) data into the point cloud to 'geo-
reference’ it to a global coordinate system. Every data point in a geo-referenced point cloud
has an absolute X, y, and z location on the earth's surface.

SUMMARY OF THE INVENTIONS

[0003] LiDAR, specifically time-of-flight based LiDAR, is a distance range
measurement technique in which a brief laser pulse (e.g. approximately 1-10 nanoseconds
pulse width) is emitted and the reflected light is detected while the time between the emitted
pulse and reflected pulse is measured. This time of flight of the laser pulse from the time it is
emitted until it is reflected back to the LiDAR instrument corresponds to the distance

between the LiDAR sensor and the target surface.
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[0004] The fraction of light reflected by a diffuse (non-shiny) surface is its
reflectance. An estimate of the target surface's reflectance can be calculated from the ratio of
reflected light received by the LiDAR sensor to the emitted light, given the measured distance
to the target.

[0005] The direction of the light emitted by the laser can be scanned with a
spinning mirror, allowing measurements through a range of angles. Thus, the distance to
various objects can be measured over a range of angles.

[0006] Time to digital converters (“TDC”) or time measurement units (“TMU”)
can be used to make precise time measurements between two electrical events (like pulse
edges) and report that time in a digital electronic format. In some embodiments, a TDC chip
can achieve a time measurement precision of 10 picoseconds. A TDC can be used to measure
the time of flight of a laser pulse for LIDAR distance measurement. Accounting for the speed
of light, a time measurement precision of approximately 10 picoseconds would correspond to
a distance measurement precision of approximately 1.5mm. White papers have been
published describing the implementation of TDC designs in low cost field programmable
gate array chips. While a dedicated TDC chip may cost over $200, a field programmable gate
array chip may cost less than $40. A 17ps Time-to-Digital Converter Implemented in 65nm
FPGA Technology, by Claudio Favi and Edoardo Charbon, FPGA *09, February 22-24, 2009,
presents some examples of TDC chips that can be used in some embodiments, and is
incorporated by reference herein.

[0007] In some embodiments, a LiDAR sensor can include a laser, a directional
sensor, a window, an electromagnetic pulse receiving sensor, and a processor. The laser can
be configured to emit a brief and narrow electromagnetic pulse. Further, the directional
sensor can be configured to measure the direction of the brief and narrow electromagnetic
pulse emitted by the laser. The brief and narrow emitted electromagnetic pulse can pass
through the window. The pulse can then be reflected by at least the window and an object
external from the LiDAR sensor, creating at least two reflected pulses. The electromagnetic
pulse receiving sensor can be configured to measure the two reflected pulses resulting from
the brief and narrow pulse emitted by the laser. The processor can be configured to receive

information from the sensors, indicating a position of the object relative to the LiDAR sensor.
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Further, the processor can be configured to measure the intensity of the pulse being reflected
by the window.

[0008] In a further embodiment, a method of accounting for an unclean or
damaged window on a LiDAR sensor is provided. An electromagnetic pulse can be emitted
through a window, and a reflection caused by said pulse from the window can be received.
This reflected pulse can then have its intensity measured. Similarly, the emitted pulse can be
reflected by an external object. Said object reflected pulse can also be received and have its
time of receipt measured to indicate a distance from the external object.

[0009] In a further embodiment, a LiDAR sensor can include a laser, a directional
sensor, an electromagnetic pulse receiving sensor, and a processor. The laser can be
configured to emit a brief and narrow electromagnetic pulse. Further, the directional sensor
can be configured to measure the direction of the brief and narrow electromagnetic pulse
emitted by the laser. The pulse can be reflected by an object external from the LiDAR sensor
to create a reflected pulse. The electromagnetic pulse receiving sensor can be configured to
measure this reflected pulse. The processor can then be configured to determine a time of
receipt of the reflected pulse according to an estimated time of a peak intensity of the pulse.
The estimated time of the peak can be when a time derivative of the intensity of the reflected
pulse declines below a threshold rate. This time of receipt can be indicative of a distance
from the object.

[0010] In a further embodiment, a method of operating a LiDAR sensor is
provided. An electromagnetic pulse can be emitted to cause a reflected electromagnetic pulse.
The reflected pulse can be received and a signal indicative of a time derivative or slope of the
intensity of the pulse can be produced. The signal indicative of the time derivative or slope
can be compared with a reference slope, and a peak detected signal can be outputted when the
signal indicative of the time derivative or slope passes the reference slope. The time of the
peak detected signal can be measured to indicate a time of receipt of the reflected
electromagnetic pulse from the object relative to, e.g., the time the initial pulse was emitted.
Further, the time of receipt of the reflected electromagnetic pulse can indicate a distance from

the object.
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[0011] Photodetectors

[0012] LiDAR sensors typically use some form of optic to collect light reflected
from target surfaces and focus this light onto a photodetector receiver for conversion to an
electronic signal. Avalanche photodiodes are often a good choice for the photodetector
because they convert incident photons to electrical current with a high gain or multiplication
factor. This high gain enables detection of dark and/or distant target surfaces. In operation of
the avalanche photodiodes, a reverse voltage or bias is applied across the avalanche
photodiode so that the cathode is held positive relative to the anode. This applied bias causes
incident photons to trigger impact ionization which is the gain mechanism in these devices.

[0013] The gain of an avalanche photodiode has a strong relationship to the
applied bias and this relationship is affected by the temperature of the avalanche photodiode.
Avalanche photodiodes can be operated in multiple modes. With moderate reverse bias
applied, the avalanche photodiode is operated in a linear mode and current through the device
is substantially linear with the rate of incident photons. At higher applied bias, the avalanche
photodiode is operated in a Geiger mode and current through the device quickly increases in
response to a single photon, without the need for additional photons. The transition between
these modes can be smooth, but avalanche photodiode manufacturers refer to a breakdown
voltage where the current through the device exceeds some fixed value in the absence of
incident photons. Breakdown voltage can be used as an objective delineation for the upper
limit of the linear mode. In linear mode operation, it can be beneficial to apply the bias
voltage at a fixed small margin (for example, less than 3 Volts) below the breakdown voltage
to achieve a high gain yet operate below the breakdown voltage where the output current
begins to quickly grow irrespective of incident light. However, the gain of the avalanche
photodiode can change with the temperature of the device as it does with the breakdown
voltage. Thus, changes in temperature can cause an undesirable change in gain.

[0014] It can be advantageous for LiDAR sensors to keep their avalanche
photodiode(s) operating with a constant gain. For example, LiDAR sensors can use the
amplitude of the electric pulse provided by the avalanche photodiode to infer information
about a target surface of an object, primarily related to the surface's reflectance. After

processing, this amplitude can be used to help distinguish target objects with different
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reflectances. For example, lane markings and traffic signs can be distinguished from other
objects based on their reflectance. Changes in gain can make it difficult to determine a true
reflectance of an object because the resulting signal amplitude would be inconsistent.
Furthermore objects at a long range or with a minimum reflectance might not be detected at
all if the gain drops too far due to increased temperature. Finally, if the gain increases
significantly, even near to or beyond that of the breakdown voltage, spurious noise current
from the avalanche photodiode can cause false detection events.

[0015] In some embodiments, the avalanche photodiode can be operated with a
constant gain by supplying a fixed bias voltage and holding the avalanche photodiode at a
constant temperature. However, this can add cost and complexity to the sensor. Additionally
such implementations can have difficulty performing under extreme ambient temperatures or
when heat generated by the device itself is difficult to control. In other embodiments one can
measure the temperature of the avalanche photodiode and adjust the applied bias voltage to
compensate the temperature induced change of gain. This approach requires knowledge of
the avalanche photodiode's gain relationship to temperature. If this relationship changes over
the life of the sensor the effectiveness of this approach can be diminished. This approach also
requires a good measurement of the temperature of the avalanche photodiode, but
temperature sensing devices such as thermistors or thermocouples can be difficult to place
onto or sufficiently close to the photodiode. It would be preferable to control the gain of an
avalanche photodiode whose temperature varies without relying on measurements of its
lemperature.

[0016] In the embodiments described herein, a LLIDAR sensor optionally can
directly determine the avalanche photodiode's gain relationship to its bias voltage and enable
its gain to be held constant. This can be done without measuring its temperature and without
suspending the LiDAR sensor's range measurements.

[0017] In some embodiments, a LLiDAR sensor can include a laser, a detector
subsystem, an optical splitter, optics to project laser light to external targets as substantially
parallel rays and focus rays reflected from external targets onto the detector, and a processor.
The laser can be configured or controlled to emit brief pulses of light as rays. The optical

splitter can be configured to receive a light pulse from the laser and split it into multiple
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pulses, directing at least one external pulse of the laser light out toward targets external to the
sensor and directing at least one calibration pulse directly toward the detector. The output
from the splitter for the external pulses can be positioned behind the optics so that their rays
projected toward external targets can be made substantially parallel by the optics. The output
from the splitter for the calibration pulses can be directed toward the avalanche photodiode
and be positioned sufficiently close to the avalanche photodiode so that optic considerations
like focus or alignment can be ignored. The detector subsystem can include an avalanche
photodiode and supporting electronic circuitry that can be configured to provide the bias
voltage and amplify the signals from the avalanche photodiode. The processor can be
configured to receive signals from the detector subsystem, measure the time from laser pulse
emission to reflected pulse reception, convert this elapsed time of flight to target distance,
and measure the strength of received pulse signals. Further, the processor can be configured
to adjust the bias voltage according to the measured strength of the calibration pulses to
compensate for temperature changes of the avalanche photodiode without measuring the
temperature of the avalanche photodiode.

[0018] References herein to measuring the strength of a pulse from the avalanche
photodiode can apply to any electronic technique for determining or estimating the amplitude
or the integral of amplitude of the current pulse through the avalanche photodiode in response
to a pulse of light. This pulse can take the form of any time varying current signal that is
distinguishable from the quiescent current state of the avalanche photodiode, including
whatever DC current and noise currents are present while a laser pulse is not being received.
Such electronic techniques can include conversion of the current through the avalanche
photodiode into a voltage signal to facilitate processing and measurement. Making
computations from such pulse strength measurements and using these computations to
control the bias voltage applied to the avalanche photodiode can include the use of various
types of processors and interface circuits such as analog to digital converters whose digital
interfaces are connected to an embedded processor, microcontroller, DSP, FPGA, or CPLD.
Optionally, some embodiments may include interface circuits that provide peak holding of a
voltage signal that can subsequently be sampled by an analog to digital converter with

likewise connection to its digital interface.
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[0019] According to a further feature, the optical splitter can be configured so that
the calibration pulse directed toward the avalanche photodiode can be received by the
avalanche photodiode before the pulse reflected by the nearest external target.

[0020] According to a further feature, the optical splitter can be configured to
receive a light pulse from the laser and split it into three light pulses. One such pulse, referred
to herein as the first calibration pulse, can be directed toward the avalanche photodiode along
a minimum delay path. A second pulse, referred to as the second calibration pulse, can be
directed toward the avalanche photodiode with an additional delay. The third pulse, the
external pulse, can be directed out toward external targets after a yet longer delay. These
delays can be configured to permit the measurement of each pulse's strength prior to the
arrival of a subsequent pulse.

[0021] According to a further feature, the splitter can optionally comprise free-air
optics such as one or more beam splitters. With such a splitter, the calibration pulse will
naturally reach the avalanche photodiode before target reflected pulses due to the difference
in free air path lengths. Additional delay can be added to, for example, the external pulse's
path through the use of mirrors to extend its beam path after the beam splitter.

[0022] According to a further feature, the laser light pulses can optionally be
directed within optical fiber. The optical splitter can include one or more fiber optic couplers.
The delay functions of the optical splitter can be accomplished by passing the light pulses
through various lengths of optical fiber. In the telecommunications industry and herein, fiber
optic couplers are also referred to as fiber optic splitters because they provide both reciprocal
functions.

[0023] In a further embodiment, a LiDAR can include a laser, an avalanche
photodiode, a splitter, and a processor. The laser can be configured to emit a narrow
electromagnetic pulse. The avalanche photodiode can be configured to receive one or more
electromagnetic pulses and output a response signal in response to said pulses. The
photodiode can also be positioned to receive at least one reflected pulse, reflected by an
object external from the LiDAR sensor and caused by the laser. The avalanche photodiode
can also have a bias voltage applied to it affecting the response signal. The splitter can be

positioned to receive the narrow electromagnetic pulse and split it into at least one external
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pulse directed toward the object external from the LiDAR sensor and at least one calibration
pulse directed toward the photodiode. The calibration pulse directed toward the photodiode
can be received by the photodiode before the pulse reflected by the object. The processor can
be configured to receive response signals from the photodiode. Further, the processor can be
configured to adjust the bias voltage according to a response signal caused by the calibration
pulse to compensate for temperature changes of the photodiode.

[0024] In a further embodiment, a method of measuring a reflected
electromagnetic pulse is provided. An electromagnetic pulse can be emitted, and split into at
least an external pulse and a calibration pulse. The calibration pulse can be directed toward
an avalanche photodiode and the external pulse can be directed toward an object to be
measured (causing a reflected pulse from the object). An initial bias voltage can be applied to
the photodiode and the photodiode can receive the calibration pulse while under the initial
bias voltage. The response from the photodiode caused by the calibration pulse can be
measured and used to apply a desired bias voltage to the photodiode to adjust for temperature
changes of the photodiode. The photodiode can also receive the reflected pulse and a
response caused by it can be measured.

[0025] In a further embodiment, a LiDAR sensor can include a laser, an avalanche
photodiode, and a splitter. The laser can be configured to emit a narrow electromagnetic
pulse. The avalanche photodiode can be configured to receive one or more electromagnetic
pulses and output a response signal in response to said pulses. Further, the photodiode can be
positioned to receive at least one reflected pulse being reflected by an object external from
the LiDAR sensor caused by the laser. The avalanche photodiode can also have a bias voltage
affecting the response signal. The splitter can be positioned to receive the narrow
electromagnetic pulse and split it into at least one external pulse directed toward the object
external from the LiDAR sensor and at least one calibration pulse directed toward the
photodiode. The calibration pulse directed toward the photodiode can be received by the
photodiode before the pulse reflected by the object. The LiDAR sensor can also include a
means for adjusting the bias voltage to account for temperature variations without measuring

lemperature.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0026] These and other features, aspects, and advantages of the inventions
disclosed herein are described below with reference to the drawings of preferred
embodiments, which are intended to illustrate and not to limit the inventions. Additionally,
from figure to figure, the same reference numerals have been used to designate the same
components of an illustrated embodiment. The following is a brief description of each of the
drawings.

[0027] Figure 1 depicts an embodiment position sensing device.

[0028] Figure 2 depicts an embodiment LiDAR sensor usable with a position
sensing device.

[0029] Figure 3 depicts the LiDAR sensor of Figure 2, with an emitted pulse.

[0030] Figure 4 depicts the LiDAR sensor of Figure 3, with a first reflected pulse.

[0031] Figure 5 depicts the LiDAR sensor of Figure 2, with an extended emitted
pulse.

[0032] Figure 6 depicts the LiDAR sensor of Figure 2, with a second reflected
pulse.

[0033] Figure 7 depicts embodiment electronics associated with the LiDAR
sensor of Figure 2.

[0034] Figure 8 depicts an embodiment method for recording a time and peak
intensity of a pulse.

[0035] Figure 9 depicts an embodiment method for alerting a user of an unclean
or damaged window.

[0036] Figure 10 depicts an embodiment LiDAR sensor including an optical
splitter that splits an emitted laser pulse into one calibration pulse and one external pulse.

[0037] Figure 11 depicts an embodiment LiDAR sensor including an optical
splitter that splits an emitted laser pulse into two calibration pulses and one external pulse.

[0038] Figure 12 depicts a circuit diagram including an avalanche photodiode for
use in a LiDAR sensor.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
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[0039] Figure 1 depicts an embodiment position sensing device 1. The position
sensing device is shown in an arbitrary environment, depicted as a walled room. However, it
will be understood that the position sensing device 1 can be used in other environments such
as a construction site, a mine, a laboratory, or other indoor and outdoor environments. The
position sensing device 1 can be configured to measure at least one point, or further at least
one spatial map of a portion of the environment, such as an object 6 in the room. For
example, in the context of the room, the object 6 measured by the position sensing device 1
can be one or more walls of the room. In some embodiments the position sensing device 1
can measure a particular set of separate and discrete points, whereas in further embodiments
the position sensing device 1 can measure a continuous span of points, as will be described
further below. The measurement can be made using a brief and narrow electromagnetic pulse
20 (further described below), such as a light pulse. For example, the pulse 20 can be
electromagnetic energy between ultraviolet and far infra-red. Further, the pulse can have a
wavelength between 10nm and Imm. However, it will be understood that other mechanisms
can be used, such as other pulses along the electromagnetic spectrum and other forms of
directional energy. The pulse 20 can be reflected by the object 6 to form an object reflected
pulse 22, which can be used by the sensor 2 to determine a position of the object 6 according
to a time of arrival of the reflected pulse 22 relative to the time of the initial pulse 20.

[0040] As further shown, the position sensing device 1 can include a sensor 2
mounted on a base 4. The base 4 is depicted as a tripod. In many embodiments, it will be
desirable to use a base 4 that is substantially stable, as movement of the positioning device 1
during operation can add error to measurements provided by the position sensing device 1. In
other embodiments the sensor 2 can be mounted on other objects, such as a vehicle (e.g., car,
plane, bicycle), human-carried object (e.g., on a helmet, backpack, or handle), or the like.
Further, it will be understood that the sensor 2 can be usable separate from the base 4 or
another mount. For example, some embodiments of the sensor 2 can include a flat bottom
such that it can be placed directly on the ground, a table, or another surface. Further
embodiments of the sensor 2 can be configured to be held directly by a user.

[0041] As noted above, the sensor 2 can be configured to measure a continuous

span of points. In some embodiments, this can be best described as an angular span relative to
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the sensor 2. For example, in some embodiments the sensor 2 can have rotatable elements,
such that it can sequentially take measurements over a span of angles. In some embodiments,
this span of angles can be defined by a rotation about a single primary axis of rotation 8. As
shown in Figure 1, the axis of rotation 8 can be substantially vertical and aligned with the
base 4. The sensor 2 can be configured to rotate about this axis of rotation 8, measuring the
distance to one or more objects 6 along the angular span. In further embodiments, the sensor
2 can also measure in angular spans rotating vertically, outside a plane perpendicular to the
axis of rotation 8. In embodiments where the sensor 2 can measure along angular spans in
both directions, the sensor 2 will potentially be able to measure substantially all objects 6 in
its environment, measuring at substantially every combination of angles. However, it will be
understood that the angular spans measurable by the sensor 2 may be limited by certain
components of the sensor itselfl which may create blindspots. Nevertheless, in such
embodiments substantially all of the environment can still be measured by the sensor 2.

[0042] Figure 2 depicts an embodiment of a sensor 2 configured to measure
position. The sensor 2 is depicted as including a housing 10 that can hold a variety of the
components of the sensor. For example, a fiber laser 30 can be mounted to the housing 10,
e.g., at a bottom portion. The fiber laser 30 can be configured to emit a laser beam, although a
wide variety of other forms of energy can be used (as discussed above). The laser beam can
be emitted from the fiber laser 30 as a substantially short and discrete pulse of energy. Power
for the fiber laser 30 can be provided by a power and communication cable 32. This cable can
additionally provide communication with the fiber laser 30, and thus can control the timing
and form of pulses emitted by the fiber laser 30. Notably, other types of lasers can be used
other than fiber lasers. For example, a diode laser or a g-switched laser could also be used,
and their emitted electromagnetic energy can be coupled into optical fiber.

[0043] In some embodiments, the emitted pulse from the fiber laser 30 can
proceed directly out of the sensor 2, and into the external environment toward the measured
object 6. However, in other embodiments it may be desirable to redirect and/or reform the
emitted pulse within the sensor 2 to allow greater flexibility in functionality and packaging of
components in the sensor 2. For example, in the depicted embodiment, the emitted pulse

from the fiber laser 30 is redirected and split prior to exiting the sensor 2.
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[0044] Referring to Figure 2, in some embodiments, the light pulse emitted from
the laser 30 can be coupled into a fiber optic cable 34. The laser can be a variety of types of
laser, such as a fiber laser in which the amplification occurs within optical fiber and whose
output is naturally transmitted in an optical fiber, or a solid state laser such as a laser diode
that is optically coupled into a fiber optic cable.

[0045] As shown in Figure 2, the laser 30 outputs the emitted pulse to the fiber
optic cable 34, which redirects the emitted pulse. The emitted pulse can then enter a fiber
optic splitter 36. The fiber optic splitter 36 can separate the emitted pulse into a plurality of
separate pulses each having a controllable portion of the intensity of the emitted pulse. In the
present embodiment, the pulse can be split into two separate pulses and a delay path 38, such
as a fiber cable delay loop, can be introduced to ensure the external pulse does not leave the
sensor 2 until the calibration pulse can be received by a pulse receiving sensor 60. The pulse
receiving sensor 60 can be configured to produce a signal upon receiving the calibration pulse
24. For example, in some embodiments the pulse receiving sensor 60 can be a photoelectric
transducer, such as an avalanche photodiode (“APD”) as shown in Figure 7. Further, in some
embodiments the output from the pulse receiving sensor 60 can be amplified, such as with a
transimpedance amplifier. However, it will be understood that other pulse receiving sensors
60 can be used, such as a photomultiplier tube or other types of photodiodes. Output from the
pulse receiving sensor 60 can be processed, as further described below.

[0046] As shown in Figure 3, one portion of the emitted pulse from the fiber laser
30 can be a calibration pulse 24. The calibration pulse 24 can be directed from the fiber optic
splitter 36 to the avalanche photodiode 60. In some embodiments, the calibration pulse can
additionally be concentrated toward the avalanche photodiode 60, such as with a lens 40B,
such as a collimator lens that can straighten the beam.

[0047] In some embodiments, the fiber optic splitter 36 can be configured to
make the calibration pulse 24 much smaller than the output pulse 20. For example, in some
embodiments the calibration pulse 24 can be approximately 1% of the emitted pulse and the
output pulse 20 can be approximately 99% of the emitted pulse. Splitters in this ratio are
commonly available fiber optic components. In other embodiments, the calibration pulse 24

can be made much smaller, such as no more than 0.01% of the laser pulse. The calibration
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pulse 24 can be emitted very near the avalanche photodiode 60 and it only needs to stimulate
a moderate strength signal from the avalanche photodiode 60, and thus the strength of the
calibration pulse can be substantially small.

[0048] In some embodiments an optical filter can be placed into the path of the
calibration pulse to further reduce the strength of the calibration pulse after the fiber optic
splitter. This filter may be employed to prevent saturation of circuitry measuring the pulse
strength. Thus, if the fiber optic splitter does not reduce the calibration pulse strength
sufficiently to prevent saturation, a filter can also be used to further reduce its strength.

[0049] As further shown in Figure 3, a second portion of the emitted pulse from
the fiber laser 30 can be an output pulse 20. The output pulse 20 can be directed from the
fiber optic splitter 36 to the external environment using one or more elements to redirect,
reform, and delay the external pulse as desired. For example, in the depicted embodiment the
output pulse 20 can first pass through a fiber cable delay loop 38. The fiber cable delay loop
38 can include a wound length of fiber cable forming an extended path for the pulse 20 to
travel through. This can advantageously extend the travel time of the output pulse 20. This
extended travel time can advantageously provide a delay between the calibration pulse 24 and
a window reflected pulse 26, and an object reflected pulse 22 (further described below). This
extended time between pulses can permit the detection and measurement of the calibration
pulse before a window or object reflected pulse is received. In some embodiments the length
of the delay can be extended further to permit a change in the bias voltage applied to the
avalanche photodiode before the target reflected pulse 22 is received.

[0050] After the fiber cable delay loop 38, the output pulse 20 can pass through a
main collimator lens 40A configured to straighten the output pulse into a narrow beam. From
the collimator lens 40A, the output pulse can then be redirected by a series of mirrors. As
shown, the output pulse 20 can be initially directed vertically until it is reflected from a first
fixed mirror 42A. The fixed mirror 42A can redirect the output pulse 20 horizontally, toward
a second fixed mirror 42B. The second fixed mirror 42B can then redirect the output pulse 20
back vertically, toward a spinning mirror 50.

[0051] The spinning mirror 50 can be configured to redirect the output pulse 20

toward an exterior window 44. The output pulse 20 can then proceed through the window 44
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to an external environment and be reflected, as further described below. The spinning mirror
can be connected to a mirror motor 54 configured to spin the mirror 50 about a primary axis
of rotation 8. Spinning the mirror 50 can then cause the output pulse 20 to rotate about the
primary axis of rotation 8. Advantageously, the exterior window 44 can be substantially
circular, such that the output pulse 20 can pass through the window as the spinning mirror 50
redirects the output pulse at different angles. As shown, the output pulse 20 can be redirected
about the horizontal plane, relative to the sensing device 1. Thus, the output pulse 20 can
allow measurement by the sensor 2 along a 360 degree arc about the position sensing device
1. In further embodiments the spinning mirror 50 can be configured to rotate about a
secondary axis, allowing the output pulse 20 to be directed vertically relative to the sensing
device 1, allowing the sensor 2 to measure in substantially all directions.

[0052] The spinning mirror 50 can additionally include an angular sensor such as
an encoder 52. The angular sensor 52 can measure an angular position of the spinning mirror
50 (e.g., by measuring the position of the motor 54). This angular position can be outputted
by the angular sensor 52, to indicate the angular position of a measurement provided by the
output pulse 20, as further discussed below. The output from the sensor 52 can be provided
along a mirror motor and communication cable 56. The cable can additionally provide power
and control to the mirror motor 54, e.g. from a processor 70.

[0053] As will be further described below, reflected pulses 22, 26 caused by the
output pulse 20 are depicted in Figures 4 and 6. The reflected pulses 22, 26 can return
through or from the window 44 toward the spinning mirror 50. The spinning mirror 50 can
then redirect the reflected pulses 22, 26 downward, toward the pulse receiving sensor 60. In
some embodiments, the spinning mirror 50 can be substantially larger than the second fixed
mirror 42B. Further, as shown, the fixed mirror 42B can be positioned between the spinning
mirror 50 and the pulse receiving sensor 60. It will be understood that the width of the pulses
20, 22, 26 can gradually expand during their time of flight, such that the reflected pulses 22,
26 can be broader than the output pulse 20. In the depicted embodiment, the reflected pulses
22, 26 can be sufficiently broad such that a sufficient proportion of the reflected pulses are
not shaded by the narrower second fixed mirror 42B. An optical lens 46 can be positioned

between the spinning mirror 50 and the pulse receiving sensor 60 to focus the broader
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reflected pulses 22, 26 toward the sensor. The sensor can then output a signal in response to
these reflected pulses 22, 26 (or the calibration pulse 24) along a cable 62.

[0054] The process of measuring position is now described in reference to Figures
2-9. As depicted in Figure 2 and further described above, the fiber laser 30 can emit a pulse
upon instructions provided through the associated power and communication cable 32. In
some embodiments, the power and communication cable 32 can be communicatively linked
to a processor, such as the processor 70 depicted schematically in Figure 7. The processor 70
can be configured to control the fiber laser 30 to control the time and nature of the emitted
pulse.

[0055] In some embodiments, the processor 70 can be one or more electrical
components on a general purpose computer, which can be operatively connected to the
position sensing device 1 (e.g., with a wired or wireless connection). In other embodiments
the processor 70 can be one or more electrical components provided on the position sensing
device (e.g., on the sensor 2, within the sensor housing 10). Further, in some embodiments
the processor 70 can include the one or more electrical components on one or more printed
circuit boards. It will be understood that the processor 70 can be configured to provide
additional functionality beyond that explicitly described herein.

[0056] As shown in Figure 2 and discussed above, the emitted pulse can be split
by the fiber optic splitter 36 into two separate pulses: a calibration pulse 24 and an output
pulse 20. The calibration pulse 24 can be transmitted substantially directly to the avalanche
photodiode 60. The calibration pulse 24 can thus arrive at the avalanche photodiode 60 first,
providing a reference time indicative of the time that the pulse from the fiber laser 30 was
initially emitted. The LiDAR sensor’s time of flight measurement can be the elapsed time
between receipt of this calibration pulse 24 and receipt of the object reflected pulse 22.

[0057] In further embodiments, two calibration pulses can be generated by the
fiber optic splitter 36, either pulse could be used to indicate the time that the pulse from the
fiber laser was initially emitted. Indeed, both calibration pulses can have fixed delays from
the fiber laser pulse emission and the times that both calibration pulses are detected can be

averaged to reduce the jitter or uncertainty in the time of flight measurement.
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[0058] Also discussed above, in some embodiments, the fiber cable splitter 36 can
be configured to make the calibration pulse 24 much smaller than the output pulse 20. For
example, in some embodiments the calibration pulse 24 can be approximately 1% of the
emitted pulse and the output pulse 20 can be approximately 99% of the emitted pulse. In
other embodiments, the calibration pulse 24 can be made approximately only as large a
proportion of the emitted pulse as is necessary to reliably be detected by the pulse receiving
sensor 60 and the associated components, as discussed herein.

[0059] As shown in Figure 7, the pulse receiving sensor 60 can output a signal
100 upon receiving the calibration pulse 24. In some embodiments the signal 100 from the
sensor 60 can be an analog electrical signal, such as the output from a photodiode. However,
in other embodiments the signal can take other forms, such as a digital signal. This reception
of the calibration pulse 24 can be represented as block 200, as depicted in Figure 8.

[0060] The signal 100 from the pulse receiving sensor 60 can be received by a
differentiator 72. The differentiator 72 can be an analog differentiator circuit, configured to
output a time derivative of the signal 100 from the pulse receiving sensor 60. This signal 100
can have an intensity (e.g., amplitude, voltage, etc.) that can be indicative of the intensity of
the received calibration pulse 24. Thus, the output of the differentiator 72 can indicate a time
derivate of the intensity of the calibration pulse 24. This production of a signal indicating a
time derivative (or slope) of the intensity of the calibration pulse 24 can be represented as
block 202, as depicted in Figure 8.

[0061] The output of the differentiator 72 can be a slope signal 102 that, like the
other signals described herein, can be an analog signal, a digital signal, an electrical signal, or
the like. The slope signal 102 can be received by a comparator 74. The comparator 74 can be
a comparator circuit such as an analog comparator circuit. In some embodiments, the
comparator 74 can be configured to output a high intensity signal when the input (e.g., the
slope signal 102) descends below a reference intensity (corresponding to a reference slope).
As discussed above, the intensity of the slope signal 102 can be indicative of a time
derivative of the intensity of the calibration pulse 24. Thus, the comparator 74 can output a
high intensity signal when the time derivative of the intensity of the calibration pulse 24 falls

below a certain value, such as the reference intensity (corresponding to a reference slope).
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[0062] In some embodiments, the comparator 74 can be set to output a high
intensity signal when the time derivative of the intensity of the calibration pulse 24 indicates
that a peak or maximum intensity of the calibration pulse 24 has been reached. For example,
the comparator 74 can indicate when the time derivative reaches approximately zero,
indicating a possible peak. In other embodiments, the comparator 74 can indicate when the
time derivative falls slightly below zero, preventing some noise in the signal from indicating
a false peak when the intensity is actually still rising. The analysis of whether these
conditions have been met (e.g., if the reference intensity has been met) can be represented as
block 204, as depicted in Figure 8. If the reference intensity is not met, the slope can continue
to be output by the differentiator 72 and processed by the comparator 74.

[0063] Thus, the combination of the differentiator 72 and the comparator 74 can
combine to form an element (e.g., an entirely analog circuit) able to output a signal indicative
of the time of maximum or peak intensity of the calibration pulse 24. This time of maximum
or peak intensity can define a time of arrival of the pulse. In other embodiments, alternative
elements can be used to identify a time of arrival of the pulse. For example, in some
embodiments a processing unit can measure an entire waveform of the pulse and compute a
particular time (e.g., a peak time) by analyzing the complete wave form of the pulse.
However, these elements may be more expensive than those used in other embodiments. As
another alternative, the time of arrival of the pulse can be identified by measuring when an
intensity of the pulse passes a particular threshold value. If the threshold value is reached
during the pulse, the pulse will initially rise past the threshold value and then descend back
past the threshold value. A peak time can then be calculated as a time between the two times
the threshold value was passed. However, these elements might miss low intensity pulses that
do not reach the threshold value. It will also be understood that any of these methods of
analysis can be used with other electrical components. For example, in some embodiments a
general purpose computer can compute a slope and compare it to a reference intensity in a
similar manner.

[0064] The time and peak intensity of the calibration pulse 24 can then be
recorded, as described below, and represented in block 206 of Figure 8. The outputted signal

indicative of the time of arrival of the calibration pulse 24 can be a first peak detect signal
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106A. In some embodiments, the first peak detect signal 106A can be directly sent to an
electronic timing module configured to record a time of arrival of the calibration pulse 24.
However, in the depicted embodiment the time of arrival can be provided indirectly. As
shown in Figure 7, the first peak detect signal 106A can be provided to a first signal D-type
flip flop (“DFF”) 76A. Figure 7 additionally indicates that the first peak detect signal 106A
may also be provided to second and third DFFs 76B, 76C. However, the processor 70 can be
configured such that the first peak detect signal 106A does not activate the second and third
DFFs 76B, 76C, as will be further described below.

[0065] The first DFF 76A can additionally receive a first pulse enable signal 104.
The first pulse enable signal 104 can act as a D-input to the first DFF 76A and the first peak
detect signal 106A can act as a clock input. The first pulse enable signal 104 can be provided
from a sub-level processor 80, such as a field-programmable gate array (“FPGA”), configured
to enable the first DFF 76A at a desired time. For example, in some embodiments the first
DFF 76A will be enabled only upon emission by the fiber laser 30 (which can also be
controlled by the sub-level processor 80, via the fiber laser’s power and communication cable
32, connection not shown in Figure 7). Thus, exogenous pulses received by the sensor 2 can
be ignored if not timed to coincide with an emitted pulse from the fiber laser 30.

[0066] Thus, when the first DFF 76A is enabled with a first pulse enable signal
104 at its D-input (e.g., by the sub-level processor 80), receipt of the first peak detect signal
106A at the clock input can cause the first DFF 76A to continuously output a first pulse
detected signal 108A. Notably, this first pulse detected signal 108 A can persist after the first
peak detect signal 106A has dissipated. The first pulse detected signal 108 A can be received
by a time digital converter (“TDC”) 78. In some embodiments, the TDC 78 can be configured
to record time at a high accuracy (e.g., at sub-nanosecond resolution, at approximately 1 to 10
picosecond resolution, or at sub-picosecond resolution). Further, in some embodiments the
TDC can use the first pulse detect signal 108A as a start signal, beginning the timing of a
clock. As will be further described below, the TDC 78 can subsequently receive signals
indicating the time of arrival of other pulses, and measure their time of arrival relative to the
time of the start signal. Thus, the TDC 78 in the depicted embodiment can act as a relative

clock, recording the time of each pulse relative to the time of the calibration pulse 24, as
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represented by the first pulse detected signal 108A. However, in other embodiments an
absolute clock system can be used, wherein the time of the calibration pulse 24 can be
recorded as an absolute time, and compared with the absolute times of the remaining pulses.
Even further, in some embodiments no calibration pulse is used and the time of emission of
the fiber laser 30 (e.g., as represented by a time the fiber laser is commanded to emit by the
sub-level processor 80) can be used as a reference time similar to the calibration pulse 24.

[0067] The first pulse detected signal 108 A can additionally be received at the D-
input of the second DFF 76B, thus enabling the DFF 76B. The second DFF 76B can now
measure the time of a window reflected pulse 26, depicted in Figure 4. As shown in Figure 4,
the window reflected pulse 26 can be produced at the exterior window 44. The window 44
can be imperfectly transparent, such that not all of the output pulse 20 proceeds directly
through the window. A portion of the output pulse 20 can be absorbed by the window 44, and
further a portion of the output pulse can be reflected back by the window as a window
reflected pulse 26.

[0068] Notably, the intensity of the window reflected pulse 26 can vary with the
quality and condition of the window 44. For example, an unclean, scratched, dented, or
otherwise degraded window 44 will usually have a higher intensity reflected pulse 26. Such
degradations to the window 44 can also reduce the intensity of the object reflected pulse 22,
which results from the output pulse 20 (which is reduced by the degradations on the window)
and passes through the window on its return to the sensor 2 (reducing the intensity again).
Thus, as further described below, the intensity of the window reflected pulse 26 can be used
to calibrate measurements of intensity of the object reflected pulse 22 and further indicate a
condition of the window 44 to a user.

[0069] The window reflected pulse 26 can reflect from the spinning mirror 50 and
pass through the optical lens 46 to the pulse receiving sensor 60, as described above and
depicted in Figure 4. The time of arrival of the mirror reflected pulse 26 can then be
represented in a manner similar to the time of arrival of the calibration pulse 24, as described
above. Thus, a second peak detect signal 106B can be outputted by the comparator 74. Like
the first peak detect signal 106A, the second peak detect signal 106B can be received by each
of the DFFs 76. However, the first DFF 76A can already be activated, and thus can be
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substantially unaffected by the second peak detect signal 106B. Further, the third DFF 76C
can be unenabled at its D-input, and thus also be unaffected by the second peak detect signal
106B. However, the second DFF 76B can be enabled at its D-input by the first pulse detected
signal 108A. Thus, receiving the second peak detect signal 106B at the clock input of the
second DFF 76B can cause the second DFF to continuously output a second pulse detected
signal 108B.

[0070] The second pulse detected signal 108B can be received by the TDC 78.
The TDC 78 can then output or record the time of the second pulse detected signal 108B. For
example, the time can be a relative time, since the start signal provided by the first pulse
detected signal 108A, as described above. Alternatively, the time can be an absolute time, as
described above.

[0071] The second pulse detected signal 108B can additionally be received at the
D-input of the third DFF 76C, thus enabling the DFF 76C. The third DFF 76C can now be
used to measure the time of an object reflected pulse 22, depicted in Figures 5 and 6. As
shown in Figure 5 and discussed above, a substantial portion of the output pulse 20 can
proceed through the window 44 to an object 6. The object 6 can have a reflectance such that
an object reflected pulse 22 returns to the sensor 2, through the window 44, as shown in
Figure 6. The object reflected pulse 22 can then reach the pulse receiving sensor 60 and
produce a third peak detect signal 106C in a manner similar to that described above regarding
the calibration pulse 24 and the window reflected pulse 26.

[0072] The third peak detect signal 106C can be received by each of the DFFs 76.
However, the first and second DFFs 76A, 76B can be substantially unaffected because they
are already activated. The third DFF 76C can be enabled by the second pulse detected signal
108B. Thus, the third peak detect signal 106C can cause the third DFF 76C to output a third
pulse detected signal 108C. The third pulse detected signal 108C can be received by the TDC
78, which can record or output the time in a manner similar to that described above regarding
the second pulse detected signal 108B (e.g., relative to the first pulse detected signal 108A, or
an absolute time). In some embodiments, receipt of the third pulse detected signal 108C can

cause the TDC to output its data and reset.
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[0073] The data output by the TDC 78 can be indicative of a distance between the
sensor 2 and the object 6. For example, the pulses 20, 22, 24, 26 can travel at a known speed
(e.g., the speed of light). Thus, the time the pulse takes to reach the object and be reflected
back (e.g., the time taken by the output pulse 20 and the object reflected pulse 22) can be
proportional to the distance between the sensor 2 and the object 6. The time the calibration
pulse 24 is received can provide an approximate reference start time for the output pulse 20,
less a fixed time offset of at least the length of the fiber cable delay loop 38 divided by the
speed of light in the fiber cable delay loop. In some embodiments, this time can be more
reliable than a time when the fiber laser 30 is commanded to emit a pulse (which can also be
recorded in some embodiments). The sensor 2 (e.g., the processor 70) can be further
calibrated to account for any offset between the distance implied from the time of the
calibration pulse 24 (as compared with the time of the object reflected pulse 22) and a true
distance to the object 6. Similar operations can use the time of the window reflected pulse 26
to calibrate the sensor 2, which should be received at a consistent time after the calibration
pulse 24.

[0074] In further embodiments, additional DFFs can be added, in a similar
manner, to provide for more signals. For example, in some embodiments additional
calibration pulses 24 might be used, such as in the embodiments described below in relation
to Figures 10 and 11. Each DFF can signal the arrival of a different pulse, such that adding
additional DFFs can provide for the receipt of additional pulses. Further, inputs to the TDC
can be varied. For example, in some embodiments the time of receipt of the window reflected
pulse 26 might not be measured, as its time should be substantially constant. Further, in some
embodiments the TDC can be configured to measure the time of receipt of two object
reflected pulses 22. Thus, the sensor 2 can detect when the output pulse 20 hits an edge of an
object 6, and thus produces a reflection from said object edge and an additional object behind
it. Thus, two distances can be measured with one output pulse 20. Further, the DFFs can
signal the arrival of each pulse for purposes of measuring their amplitudes or peak intensities
(as further described below), even if their time isn’t measured by the TDC.

[0075] Advantageously, a sub-level processor 80, such as an FPGA, can provide

additional functionality. For example, as shown, the sub-level processor 80 can receive each
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of the pulse detected signals 108. In some embodiments, the sub-level processor 80 can
receive time data 112 from the TDC 78 upon receiving each of the pulse detected signals 108.
In other embodiments, the sub-level processor 80 can be configured to receive time data 112
from the TDC 78 only upon receipt of the third pulse detected signal 108C. In further
embodiments, the sub-level processor 80 can be configured to request time data 112 from the
TDC 78 upon receipt of the third pulse detected signal 108C. Even further, in some
embodiments the sub-level processor 80 can reset the TDC 78 with a TDC control signal 114
upon receipt of the third pulse detected signal 108C. Further, the sub-level processor 80 can
provide pulse detected reset signals 110 to each of the DFFs 76, to reset the DFFs to a
deactivated state so they can receive a new set of pulses. For example, an emitted pulse from
the fiber laser 30 can be provided after the spinning mirror 50 is rotated to a new angle by the
mirror motor 54.

[0076] As noted above, the sub-level processor 80 can additionally be
communicatively connected to the fiber laser 30 via the power and communication cable 32.
The sub-level processor 80 can thus control when the fiber laser 30 emits a pulse. In some
embodiments, the sub-level processor 80 can enable the first DFF 76 A when causing the fiber
laser 30 to emit a pulse.

[0077] Further, the sub-level processor 80 can be communicatively connected to
one or more peak measurement elements, such as a peak measurement circuit. The peak
measurement elements can be communicatively connected to the pulse receiving sensor 60 to
receive the signal from the sensor indicating the intensity of a received pulse. Upon receiving
the signal, the peak measurement elements can store data representative of a peak intensity of
the signal. Such peak intensity data can be used for a variety of purposes. For example, the
peak intensity of the object reflected pulse 22 can indicate reflective properties of the object 6
such as its material, smoothness, shape, etc. In particular, the ratio of the peak intensity of the
object reflected pulse 22 to the peak intensity of the calibration pulse 24 can be calibrated to
provide an estimate of the surface reflectance of the object 6.

[0078] Further, this reflectance estimate can be corrected or improved using the
window reflected pulse 26. As discussed above, imperfections on the window 44 can reduce

the intensity of the object reflected pulse 22 when received by the pulse receiving sensor 60.
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The extent of these imperfections on the window 44 can be at least partially measured by
measuring the intensity of the window reflected pulse 26. The measured intensity of the
object reflected pulse (and the estimated reflectance of the object 6) can then be calibrated
using the intensity of the window reflected pulse 26. For example, in some embodiments the
estimated reflectance of the object 6, as measured by the intensity of the object reflected
pulse 22, can be proportionally increased according to the intensity of the window reflected
pulse 26.

[0079] Even further, as discussed above, the intensity of the window reflected
pulse 26 can indicate the condition of the window 44. If the window 44 becomes overly
unclean or damaged, the accuracy and reliability of the sensor 2 is diminished. In some
embodiments, when a window reflected pulse 26 is received (block 250 in Figure 9) the
intensity of the peak of this pulse can be determined (block 252 in Figure 9). The intensity of
the peak can be compared with a threshold level or intensity (block 254 in Figure 9). When
the intensity of the window reflected pulse 26 reaches the threshold level, the sensor 2 can
provide an alert to a user (block 256 of Figure 9). The alert can come in a variety of forms,
such as a visual display (LED light, text message on a monitor, etc.), an audible sound, or by
flagging the output data as potentially inaccurate. This alert can then potentially prompt the
user to inspect the window 44 and potentially clean or replace the window.

[0080] It will be understood that the strength of the calibration pulse 24 can
provide diagnostic information. For example, if the intensity of the calibration pulse 24 drops
below a threshold level, this can indicate problems with one or more internal components
such as the laser 30, the fiber cable 34, the fiber light splitter 36, the avalanche photodiode
60, or the pulse strength measurement circuitry. Thus, the processor can be configured to
monitor the strength of the calibration pulse 24 and indicate when an error condition is
detected.

[0081] As noted above, the sub-level processor 80 can be communicatively
connected to the one or more peak measurement elements. In some embodiments, two or
more peak measurement elements can be provided. A first peak measurement element can
initially be enabled by the sub-level processor 80 to receive a first impulse (e.g., the

calibration impulse 24) and store its peak intensity. Upon receiving a first pulse detected

23



WO 2015/077614 PCT/US2014/066901

signal (e.g., the first pulse detected signal 108A), the sub-level processor 80 can read the peak
measurement intensity from the first peak measurement element and enable a second peak
measurement element. The second peak measurement element can then receive and store a
peak intensity of a second pulse (e.g., the window reflected pulse 26). The sub-level
processor 80 can similarly read the peak measurement intensity from the second peak
measurement element and reset and enable the first peak measurement element upon
receiving a second pulse detected signal (e.g., the second pulse detected signal 108B). A
similar process can be used to obtain the intensity of a third pulse (e.g., the object reflected
pulse 22), upon receiving a third pulse detected signal.

[0082] Using two peak measurement elements in an alternating method, like the
one described above, can advantageously allow a single triggering event to both read the data
from one peak measurement element and reset/enable another peak measurement element. In
some embodiments, using a single peak measurement element may require more complex
control methods. Further, in some embodiments the pulses can be received with very little
time between each pulse. Thus, it may be difficult to reset and read a single peak
measurement element fast enough to ensure it is ready in time to receive a subsequent pulse.
In further embodiments, the pulses may arrive too quickly for any of the peak measurement
elements to reset/enable before the next pulse must be measured. Thus, in some embodiments
a peak measurement element can be provided for every anticipated pulse to be received for a
given output pulse 20. In even further embodiments, it may be necessary to provide sufficient
peak measurement elements for more than one output pulse 20.

[0083] Further, as noted above, the sub-level processor 80 can be
communicatively connected to the mirror motor 54 and the angular sensor 52, through the
mirror motor & communication cable 56. The sub-level processor 80 can then receive data
indicative of the angle of the spinning mirror 50 and control said angle using the motor 54.
The sub-level processor 80 can thus cause the spinning mirror 50 to rotate through a span of
angles, as described above. Further, the sub-level processor 80 can combine an estimated
distance from the timing of the pulses 22, 24, 26 with the measured angle to define a relative

position of the measured object 6 relative to the sensor 2.
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[0084] The processor 70 can further be put in communication with an external
computing device (e.g., with a wired or wireless connection). In some embodiments, the
processor 70 can then be configured to output the measured data to the external computing
device. In some embodiments, the output data can be the raw data received (e.g., the time and
intensity of each pulse and the corresponding angle of the spinning mirror). In other
embodiments, the output data can be processed data, such as an estimated position and
reflectance of the object(s) 6 at a variety of angles. In further embodiments, the processor 70
can receive operating instructions from the external computing device that can optionally be
used to control the sensor 2.

[0085] Figures 10-12 depict further LiDAR sensor embodiments in which
calibration pulses (such as the calibration pulse 24) can be used to calibrate the sensitivity of
the pulse receiving sensor 60. As discussed above, in some embodiments the pulse receiving
sensor 60 can include a photodiode such as an avalanche photodiode. Notably, the amplitude
or strength of the signal from the photodiode can depend on the intensity or strength of the
electromagnetic pulse received by the photodiode. Further, the strength of the signal from an
avalanche photodiode can have significant nonlinear response characteristics. More
specifically, the strength of a response from the photodiode can eventually grow
exponentially, particularly when a breakdown level is reached. However, very low strength
pulse may be below a threshold necessary to be detected by the photodiode.

[0086] For LiDAR sensors, it is desirable that the threshold level be sufficiently
low such that the LiDAR sensor can detect a low-intensity reflected pulse 22. For example,
darker objects 6 may reflect a lower intensity pulse. Further, objects 6 far away from the
sensor 2 may reflect pulses that are greatly dispersed before they arrive at the sensor 2,
causing a lower intensity pulse at the sensor 2. Even further, in hazy conditions the intensity
of the reflected pulse may also be reduced.

[0087] However, it is also desirable that the threshold level be sufficiently high to
prevent false readings. For example, if ambient light is sufficiently strong, it may be possible
for the sensor 2 to detect a reflected pulse when no object 6 is actually present. An ideal
threshold level of pulse intensity is low enough to detect relatively weak pulses, while not so

high as to make false readings.
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[0088] The strength of the signal from the photodiode 60 can also be used to
measure the intensity of the received pulse. A stronger intensity reflected pulse 22 will cause
a stronger signal from the photodiode. Thus, the strength of the pulse can be estimated from
the strength of the signal.

[0089] However, the response from avalanche photodiodes can be sensitive to
temperature. For example, as the temperature increases the sensitivity of the photodiode
decreases, causing the output current to decrease under a given pulse intensity. This
effectively causes the photodiode’s threshold intensity level to increase. Thus, it may be
desirable to compensate for temperature variations of the photodiode 60, such that the
threshold level (and the response of the photodiode in general) is held substantially constant.
In some embodiments, a bias voltage can be applied in a direction opposite the polarity of the
photodiode. This bias voltage affects how strong a pulse is required to reach a breakdown
point (e.g., the threshold level) of the photodiode 60. Similarly, the bias voltage can also
affect the strength of the response. Thus, temperature fluctuations can affect the response of
the photodiode 60, and these changes can be compensated for by adjusting the bias voltage.

[0090] One way to adjust for such temperature variations is to measure the
temperature of the photodiode 60 and adjust the bias voltage according to the measured
temperature. However, temperature readings can include error intrinsic to the temperature
sensor. Further, it may be difficult to measure the temperature of the photodiode 60 directly.
Thus, it may be necessary to measure the temperature of an object adjacent the photodiode 60
instead of the photodiode itself, introducing additional error. Even further, estimates of the
correct bias voltage for a given temperature may also add error, especially as the photodiode
might degrade over time.

[0091] Thus, it may be preferable to adjust the bias voltage using measurements
other than the temperature of the photodiode 60. For example, it may be preferable to
measure the response from the avalanche photodiode 60 under a known bias voltage and
pulse intensity. If the relationship between these variables and the response from the
photodiode 60 under different temperatures is known, then the temperature can be inferred
from the known variables. That temperature can then be used to estimate an ideal bias

voltage. Alternatively, in some embodiments the ideal bias voltage can be estimated without
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explicitly determining the temperature. The estimated ideal bias voltage can then be used to
determine a desired bias voltage either explicitly or as a desired adjustment to the previous
bias voltage. Typically, the desired bias voltage will be the same as the estimated ideal bias
voltage, although in some situations they may differ.

[0092] Embodiment elements of a LiDAR sensor that can measure the response
from an avalanche photodiode to estimate an ideal bias voltage is depicted in Figure 10. It
will be understood that these elements can optionally be added to or otherwise combined with
the embodiments described above, such as in Figures 2-6. As shown, the laser 30 can connect
to a fiber cable 34 that can lead to a fiber cable splitter, such as the fiber cable splitter 36
described above. As discussed above, the fiber cable splitter 36 can then direct an output
pulse 20 toward an object 6 to be measured, and a calibration pulse 24 toward the avalanche
photodiode 60. Although the calibration pulse 24 is described as providing both the timing
functions, described above, and the bias voltage measurement, described here, other
embodiments can differ. For example, in some embodiments separate calibration pulses can
be used for these two purposes, as the laser’s initial pulse can be split further, or the laser can
emit multiple pulses.

[0093] When the calibration pulse 24 arrives at the avalanche photodiode 60, a
first response signal is generated by the photodiode that depends on the calibration pulse, the
initial bias voltage, and the temperature of the photodiode. This signal can then be directed
toward an analog or digital processor that can estimate an ideal change to the bias voltage,
further described below. This change can bring the bias voltage to an estimated ideal bias
voltage prior to receipt of the reflected pulse 20. Notably, a “true” ideal bias voltage at the
time of receipt of the reflected pulse 20 may be different from the estimated ideal bias
voltage, either due to error in the estimation process or further changes in temperature or
other conditions between receipt of the calibration pulse 24 and the reflected pulse 20.
Further, although in some embodiments the bias voltage can be adjusted within one
calibration pulse-reflected pulse cycle, in other embodiments multiple reflected pulses 20 can
be received before the bias voltage is adjusted in response to a calibration pulse 24. In some
particular embodiments, the device can maintain the applied bias voltage within a certain

range from the ideal bias voltage during normal operating conditions. In some embodiments,
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the applied bias voltage can be within approximately 50mV of the ideal bias voltage. In
further embodiments, the applied bias voltage can be within approximately 25mV of the ideal
bias voltage. In even further embodiments, the applied bias voltage can be within
approximately 10mV of the ideal bias voltage.

[0094] Figures 10 and 11 depict embodiments of the optical splitter based on fiber
optic couplers or splitters. In some preferred embodiments, the fiber optic splitter 36 is a
fused biconical taper type fiber coupler. However, in other embodiments the splitter 36 can
be another type of splitter such as a planar lightwave circuit (PLC) splitter or a fiber-coupled
free-air splitter.

[0095] Figure 10 depicts an embodiment LiDAR sensor for generating one
calibration pulse and an external pulse from the light pulse emitted from the laser. The
calibration pulse is directed along a short path toward the avalanche photodiode 60 and the
external pulse is delayed by fiber loop 38 before being directed toward the target object 6.

[0096] Figure 11 shows another set of embodiment elements of a LiDAR sensor
that can measure the response from an avalanche photodiode to estimate an ideal bias
voltage, similar to that in Figure 10. Again, it will be understood that these elements can
optionally be added to or otherwise combined with the embodiments described above.
Different from Figure 10, the embodiment depicted in Figure 11 can include two additional
fiber cable splitters 36a, 36b. The calibration pulse 24 can be split into two calibration pulses
by the second splitter 36a. One split calibration pulse can then be directed by a fiber cable
directly to the second cable splitter 36b. The second calibration pulse can be delayed, e.g., by
a fiber cable delay loop 38b. Notably, the second fiber cable splitter 36b can function to
combine the two calibration pulses onto a single fiber cable that can output to the avalanche
photodiode 60 at different times. In other embodiments, multiple fiber cables can be aimed
toward the photodiode 60, such that the second fiber cable splitter 36b can be optionally
removed.

[0097] Thus, the avalanche photodiode 60 can receive the two calibration pulses
at different times. This allows for two separate and distinct measurements of the photodiode’s
response. Further, it will be understood that the splitters 36a, 36b can be symmetric or

asymmetric. In asymmetric embodiments, one of the calibration pulses can be significantly
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bigger than the other, such that the avalanche photodiode 60 provides responses to each pulse
with distinguishable strengths. Providing multiple response strengths through the photodiode
60 can allow for a more accurate measurement of the photodiode temperature and/or the ideal
bias voltage. Further, the varying response strengths through the photodiode 60 can facilitate
calibration of other elements in the sensor 2, further described below.

[0098] Figure 12 depicts an embodiment circuit diagram including an avalanche
photodiode for use in a LiDAR sensor. It will be understood that these elements can
optionally be added to or otherwise combined with the embodiments described above. As
shown, a bias voltage (Vuiss) can be applied to the cathode of the photodiode 60 to bias the
photodiode in reverse and increase the gain of the photodiode. The anode of the photodiode
60 can be measured to provide a signal (Vigna) Which can be measured as a voltage, current,
or the like. It will be understood that the signal from the photodiode 60 can be similar to the
signal 100, described above and depicted in Figure 7.

[0099] The anode of the photodiode can also connect to additional circuitry that
can affect the measured signal from the photodiode 60. As shown, the anode of the
photodiode 60 can connect to a downstream resistor (R) and a downstream diode (D) in
parallel. This additional circuitry can separate the photodiode’s cathode from a lower
potential such as a ground. For low signal strengths, the diode (D) can have a relatively high
resistance. Thus, substantially all current from the photodiode can pass through the resistor
(R), which provides a substantially linear response between voltage and current. This linear
response can be advantageous under low signal strengths where a high-precision
measurement is desirable.

[0100] When the signal from the photodiode 60 becomes stronger the diode can
pass current with relatively low resistance compared to the resistor (R). This can cause the
signal voltage from the photodiode 60 to increase much slower with respect to the current,
which can increase rapidly when the breakdown voltage of the avalanche photodiode is
reached. Thus, for stronger signals from the photodiode 60 a substantially logarithmic
response can be output, improving measurement over large orders of magnitude.

[0101] Further, as discussed above, multiple calibration pulses 24 can be provided

at different strengths. These different strength pulses can cause different strength outputs
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from the photodiode 60, which can lead to different strength inputs to the diode (D) and the
resistor (R). In some embodiments, a ratio between the strength of the received pulse
(luminosity) at the photodiode and the output current can be substantially constant with
respect to the strength of the pulse. Thus, if the relative strengths of the pulses are also
constant, the relative strengths of the output from the photodiode 60 should also be
substantially constant. Thus, the two responses from the downstream diode (D) and resistor
(R) can provide calibration information for these elements, as they may change in response to
temperature or other variables.

[0102] It will be understood that further variations are possible for the
embodiment depicted in Figure 12. For example, in some embodiments it may be desirable to
provide an additional resistor, e.g., in series with the diode (D) and in parallel with the
resistor (R). Further, additional outputs and inputs can be included.

[0103] In use, the calibration pulse 24 (and/or other calibration pulses) can be
used to set an estimated ideal bias voltage, corresponding to an ideal gain of the avalanche
photodiode 60. The gain of an avalanche photodiode at a certain bias voltage can be
determined as the ratio of its output current under a given amount of incident light at this bias
voltage divided by its output current under the same incident light but at the bias voltage
corresponding to unity gain. Unity gain occurs when the applied bias voltage is sufficient to
carry away photogenerated charge carriers, but is insufficient for accelerating the negative
charge carriers to the point of causing impact ionization within the device. Unity gain
corresponds to a non-zero bias voltage or voltage range where the avalanche photodiode's
photogenerated current remains constant or nearly constant with small changes in bias
voltage. At other non-zero bias voltages, the photogenerated current of the avalanche
photodiode will change in a nonlinear relationship to the applied bias.

[0104] The avalanche photodiode's output strength in response to calibration
pulses under various bias voltages can be measured and its breakdown voltage can be
measured while the LiDAR sensor is at a substantially constant temperature. Provided the
measurements are made substantially faster than the thermal time constant of the avalanche
photodiode and pulse strength measurement circuitry, the temperature can be considered

substantially constant. Using one or both of these measurements, an optimal gain setting can
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be specified for its operation in a LiDAR sensor. The bias voltage corresponding to a
specified gain can have a fixed offset from the breakdown voltage. Changes in temperature
usually cause approximately the same shift in both of these voltages, so the optimal gain
setting can be equivalently specified as an offset below the breakdown voltage. Specification
of this optimal gain can be performed once, for example at the time of manufacture or
otherwise prior to sale or use, and stored in the LiDAR sensor for reference during
subsequent operation. Alternatively, the optimal gain can be determined more frequently,
such as during operation (such as in the field or on-site) of the LiDAR sensor. The basis for
selecting an optimal gain could be, for example, minimizing random variations in range
measurements to a fixed target object. One such fixed target could be a flat surface external
to the LiDAR sensor with uniform reflectance and securely positioned relative to the sensor.
Alternatively, the splitter could be configured to generate two calibration pulses, separated in
time, and the second calibration pulse could be used as such a fixed target with a fixed time
offset from the first calibration pulse. Another basis for selecting an optimal gain could be
maximizing gain without allowing the quiescent current or current noise to exceed a
threshold value. The preferred means for maintaining a constant gain of the avalanche
photodiode can depend on the stability of the laser and pulse strength measurement circuitry
against expected temperature changes in the LiDAR sensor.

[0105] Prior to receiving the calibration pulse 24, the avalanche photodiode 60
can be set to receive a bias voltage lower or higher than an expected ideal bias voltage.
Setting the initial bias voltage lower can potentially help prevent a strong signal response to
the calibration pulse 24 by the photodiode 60 that might not be measured as accurately, e.g.,
in the logarithmic response region. Further, as discussed above, in some embodiments
multiple calibration pulses 24 can be received with potentially different pulse strengths. In
further embodiments, the bias voltage can be adjusted after one or more first calibration
pulses to an estimated ideal bias voltage, and then adjusted again after one or more second
calibration pulses to a more precisely estimated ideal bias voltage.

[0106] If the laser can provide sufficiently stable output, such that every emitted
pulse has substantially the same peak output intensity, and the pulse strength measurement

circuitry maintains constant gain, the measured strength of the calibration pulses can be used
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to hold constant gain of the avalanche photodiode. A single calibration pulse strength
measurement would be sufficient to indicate a required increase or decrease in bias voltage
and the approximate magnitude of the required change, based on that which would be needed
to keep constant the photodiode’s output strength in response to the calibration pulse. Even
without an accurate magnitude of the required correction, successive measurements of the
calibration pulse strength and applications of bias voltage corrections could be used to
iteratively adjust the avalanche photodiode toward the specified gain.

[0107] If the laser output varies over time such that the on short time scales
approximating the time between emitted pulses, the pulse strength varies substantially, but
over long time scales that span many laser pulses the average emitted pulse strength does not
vary substantially, many measurements of the strength of the calibration pulses can be
averaged together and this average pulse strength can be used to hold substantially constant
gain of the avalanche photodiode. In this case the average calibration pulse strength can
indicate a desired increase or decrease in bias voltage and the approximate magnitude of the
required change. Again, successive measurements of the calibration pulse strength and
applications of bias voltage corrections could be used to iteratively adjust the avalanche
photodiode to the specified gain.

[0108] If the laser's output varies among emitted pulses but its average emitted
pulse strength is substantially constant, yet the subsequent pulse strength measurement
circuitry is subject to drift in its gain, as would be caused by a change in temperature, a
different method could be used to maintain the gain of the avalanche photodiode. A series of
measurements of the calibration pulse, repeated under different bias voltages, could be made
in less time than the measurement circuitry can be adversely affected by changes in
temperature. Thus multiple calibration pulse measurements could be used to determine the
strength of the response to the calibration pulse at unity gain. The bias voltage could then be
progressively adjusted so that the strength of the response to the calibration pulse becomes
the specified gain multiple of the unity gain strength. This would achieve operation of the
avalanche photodiode at the specified gain.

[0109] If the laser output varies over both short and long time scales, the splitter

can be configured to provide two calibration pulses to the avalanche photodiode, separated in
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time by enough delay to make distinct pulse strength measurements of each. The bias voltage
applied to the avalanche photodiode can be changed after the first calibration pulse is
received, and before the second calibration pulse is received. The voltage offset between
these two calibration bias voltages can be held constant. The ratio of the output from the
photodiode for these two calibration pulse strengths under different bias voltages can be
taken. As long as each of the two calibration bias voltages are kept at fixed offsets from a
bias voltage corresponding to the specified gain, their ratio will remain constant. Since the
gain of the avalanche photodiode has a nonlinear relationship to bias voltage, this ratio will
be different if the calibration bias voltages change their offsets from the bias voltage for the
specified gain (for example, because of a change in temperature). Since the avalanche
photodiode will be operating in the linear mode, this ratio will not depend on the absolute
strength of the emitted laser pulse. This ratio will also not be affected by changes in the linear
gain of the pulse strength measurement circuitry because that gain is canceled out by taking
the ratio of strength measurements. The calibration bias voltages can be selected with enough
offset between them to yield good sensitivity to changes in gain. It may also be advantageous
to set the second calibration bias voltage to the current operating bias voltage of the LiDAR
sensor's range measurements so that the delay required between the second calibration pulse
and the pulse reflected from the nearest target surface does not need to additionally
accommodate another change in bias voltage applied to the avalanche photodiode. The ratio
measured when the optimal gain was specified can be stored and used as a reference value.
Subsequent measured ratios that are closer to unity than the reference value indicate the
calibration bias voltages have moved negative relative to the bias voltage that would yield the
specified gain and the operating bias voltage should be increased. Subsequent measured
ratios that are further from unity than the reference value indicate the calibration bias voltages
have moved positive relative to the bias voltage that would yield the specified gain and the
operating bias voltage should be decreased. Successive measurements and corrections can
drive the operating bias voltage to match the ratio measured when the optimal gain was
specified and achieve operation of the avalanche photodiode at the specified gain.

[0110] It may be advantageous to configure the optical splitter using an

asymmetric fiber optic splitter to generate two calibration pulses that have different optical

-33-



WO 2015/077614 PCT/US2014/066901

pulse strengths. This could be used to reduce the difference in the signal strengths from the
photodiode caused by the two calibration pulses while the photodiode is under two different
bias voltages. For example, if a symmetric splitter is used with two different bias voltages,
two calibration pulses might yield signal responses from the photodiode that are extremely
different (such as 10-100 times different) and thus difficult to compare. Alternatively, an
asymmetric splitter could cause a stronger calibration pulse to be combined with a smaller
bias voltage, and a weaker calibration pulse to be combined with a larger bias voltage. Thus,
the asymmetric splitter can be chosen such that the signal outputs from the photodiode
resulting from the two calibration pulses are substantially similar (such as differing by no
more than 10 times, 5 times, or 2 times, under normal operation). This could allow more
accurate measurement of the calibration pulse strengths than may be possible if the two
calibration pulses caused the photodiode to output signal strengths that span multiple orders
of magnitude.

[0111] The calibration pulse 24 can be received by the avalanche photodiode 60
prior to receipt of the object reflected pulse 22. In some embodiments, the time between
receipt of a last calibration pulse 24 and the object reflected pulse 22 can be approximately
10 nanoseconds, at least 10 nanoseconds, approximately 100 nanoseconds, or less than 100
nanoseconds. Time between receipt of said pulses can allow the photodiode 60 and other
circuitry and processing elements to quench and reset prior to receiving the next pulse. The
length of the delay from the fiber cable delay loop 38 can be chosen to ensure adequate time
to quench and reset the relevant components. In some embodiments, the bias voltage can be
reduced or completely removed during this time to facilitate quenching of the avalanche
photodiode 60.

[0112] Similarly, a gap in time can be provided between multiple calibration
pulses 24. For example, in some embodiments the time between receipt of calibration pulses
can be approximately 10 nanoseconds, at least 10 nanoseconds, approximately 100
nanoseconds, or less than 100 nanoseconds. Again, during this time the bias voltage can be
optionally reduced or turned off to facilitate quenching of the avalanche photodiode 60, and
the length of the fiber cable delay loop 38b can be chosen to ensure sufficient time. For many

embodiments the LiDAR sensor's measurement cycle can have a period between
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approximately 1 microsecond and approximately 10 microseconds. Thermal time constants
for the incidental warming and cooling inside a typical LiDAR sensor would often be greater
than 1 second. Thus successive measurements and corrections related to controlling the gain
of an avalanche photodiode, that are performed as part of the measurement cycle, would
happen substantially in real-time, such as at a rate substantially faster than the rate at which
the temperature of the avalanche photodiode would fluctuate under normal operating
conditions.

[0113] Once one or more calibration pulses 24 have been received by the
photodiode 60, the bias voltage can be set to a final ideal bias voltage. As discussed above, in
some embodiments, the ideal bias voltage can be chosen such that the current gain of the
avalanche photodiode 60 caused by a detected pulse having a given strength or light intensity
in an operating range of the sensor 2 is held substantially constant. More particularly, in some
embodiments the bias voltage can be adjusted such that an offset between the bias voltage
and the breakdown voltage (or a bias voltage at unity gain) of the avalanche photodiode in the
operating range of the sensor 2 is held constant. In further embodiments, the bias voltage is
adjusted to account for temperature variation causing a change in the current gain of the
avalanche photodiode 60.

[0114] The resulting signal from the photodiode 60 can be received by a
processor. The processor can then optionally use the strength of this signal to estimate a
temperature of the photodiode 60, and use that temperature to estimate an ideal bias voltage.
Alternatively, in some embodiments the temperature need not be directly estimated, and
instead an ideal bias voltage (or an ideal change in voltage) can be directly estimated from the
calibration signal, as discussed above. The processor can then adjust the bias voltage to the
photodiode accordingly. Thus, the bias voltage can be adjusted substantially in real-time,
such as at a rate substantially faster than the rate at which the temperature of the photodiode
would fluctuate under normal operating conditions. Further, in some embodiments the
processor can also quench the photodiode and other elements, as discussed above.

[0115] After the one or more calibration pulses 24, as discussed above, an
estimated ideal bias voltage can be applied to the avalanche photodiode 60. The photodiode

60 can then receive a reflected pulse 22 from the external object 6. The photodiode 60 can
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then output a signal that can be received by the same or a different processor and used to
estimate a strength of the reflected pulse. The strength of the reflected pulse, combined with
the estimated distance to the object 6 (discussed above) can then be used to estimate a
reflectance of the object 6. This reflectance can provide information about the object 6, such
as its color, material, surface texture, and the like.

[0116] In some embodiments, it may be preferable to measure certain
characteristics of the photodiode 60 and its response to various pulse intensities prior to
general use. For example, the LIDAR sensor can generate pulses toward one or more objects
with known reflectances to measure a relationship between the strength of the response from
the calibration pulses 24 and the response from the reflected pulses 22. Such prior
measurements can allow for variations between individual photodiodes 60, splitters 36, 36a,
36b, lasers 30, and the like.

2% &é

[0117] Conditional language used herein, such as, among others, “can,” “could,”

“might,” “may,” “e.g.,” and from the like, unless specifically stated otherwise, or otherwise
understood within the context as used, is generally intended to convey that certain
embodiments include, while other embodiments do not include, certain features, elements
and/or states. Thus, such conditional language is not generally intended to imply that features,
elements and/or states are in any way required for one or more embodiments or that one or
more embodiments necessarily include logic for deciding, with or without author input or
prompting, whether these features, elements and/or states are included or are to be performed
in any particular embodiment.

[0118] While the above detailed description has shown, described, and pointed
out novel features as applied to various embodiments, it may be understood that various
omissions, substitutions, and changes in the form and details of the ground contact sensing
system, including the sensor components, logical blocks, modules, and processes illustrated
may be made without departing from the spirit of the disclosure. As may be recognized,
certain embodiments of the systems described herein may be embodied within a form that
does not provide all of the features and benefits set forth herein, as some features may be
used or practiced separately from others. Additionally, features described in connection with

one embodiment can be incorporated into another of the disclosed embodiments, even if not
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expressly discussed herein, and the prosthetic device having the combination of features still

fall within the scope of the inventions.
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WHATIS CLAIMED IS:

1. A LiDAR sensor comprising:

a laser configured to emit a narrow electromagnetic pulse;

an avalanche photodiode configured to receive one or more electromagnetic
pulses and output a response signal in response to said pulses, the avalanche
photodiode being positioned to receive at least one reflected pulse being reflected by
an object external from the LiDAR sensor caused by the laser, the avalanche
photodiode having a bias voltage applied to it affecting the response signal;

a splitter positioned to receive the narrow electromagnetic pulse and split it
into at least one external pulse directed toward the object external from the LiDAR
sensor and at least one calibration pulse directed toward the avalanche photodiode,
the calibration pulse directed toward the photodiode being received by the avalanche
photodiode before the pulse reflected by the object; and

a processor configured to receive response signals from the avalanche
photodiode, the processor further configured to adjust the bias voltage according to a
response signal caused by the calibration pulse to compensate for temperature
changes of the avalanche photodiode.

2. The LiDAR sensor of Claim 1, wherein the processor is configured to adjust the
bias voltage in real-time in response to response signals caused by the calibration pulse.

3. The LiDAR sensor of Claim 1, wherein the temperature of the avalanche
photodiode is not directly measured.

4. The LiDAR sensor of Claim 1, wherein the processor is configured to adjust the
bias voltage such that a gain of the avalanche photodiode in response to a given detected
pulse is held substantially constant.

5. The LiDAR sensor of Claim 1, wherein the processor is configured to adjust the
bias voltage to have a constant offset below a breakdown voltage of the avalanche
photodiode.

6. The LiDAR sensor of Claim 1, further comprising a resistor between an anode of
the avalanche photodiode and a lower potential, and a second diode between the anode of the

avalanche photodiode and the lower potential, the anode of the second diode being connected
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toward the anode of the avalanche photodiode, and the resistor and the second diode being
connected in parallel.

7. The LiDAR sensor of Claim 1, comprising a means for adjusting response signals
from the avalanche photodiode such that the response signal is substantially linear in
response to weak pulses and substantially logarithmic in response to strong pulses.

8. The LiDAR sensor of Claim 1, wherein the processor is further configured to
measure a strength of the reflected pulse.

9. The LiDAR sensor of Claim 1, wherein the processor is configured to adjust the
bias voltage according to the response signal prior to receiving the reflected pulse.

10. A method for measuring a reflected electromagnetic pulse comprising:

emitting an electromagnetic pulse;

splitting the emitted electromagnetic pulse into at least an external pulse and a
calibration pulse;

directing the calibration pulse toward an avalanche photodiode;

directing the external pulse toward an object to be measured, causing a
reflected pulse;

applying an initial bias voltage to the avalanche photodiode;

receiving with the avalanche photodiode the calibration pulse while the
avalanche photodiode is under the initial bias voltage;

measuring a response from the avalanche photodiode caused by the calibration
pulse;

applying a desired bias voltage to the avalanche photodiode, using the
measured response caused by the calibration pulse, to adjust for temperature changes
of the avalanche photodiode;

receiving with the avalanche photodiode the reflected pulse; and

measuring a response from the avalanche photodiode caused by the reflected
pulse.

11. The method of Claim 10, further comprising the step of estimating the strength of

the reflected pulse.
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12. The method of Claim 10, wherein the method is repeated continuously, such that
the desired bias voltage is applied to compensate for temperature changes of the avalanche
photodiode in real-time.

13. The method of Claim 10, wherein the temperature of the avalanche photodiode is
not directly measured to compensate for temperature changes of the avalanche photodiode.

14. The method of Claim 10, further comprising estimating a desired bias voltage
based on the measured response from the avalanche photodiode caused by the calibration
pulse.

15. The method of Claim 10, further comprising estimating a temperature of the
avalanche photodiode based on the measured response from the avalanche photodiode caused
by the calibration pulse.

16. The method of Claim 15, wherein the step of estimating is done without
measuring a temperature of the avalanche photodiode.

17. The method of Claim 10, further comprising adjusting the response from the
avalanche photodiode caused by the reflected pulse such that the strength of the response is
substantially linear in response to weak pulses and substantially logarithmic in response to
strong pulses.

18. The method of Claim 10, further comprising:

splitting the calibration pulse to create at least a second calibration pulse;

delaying the second calibration pulse;

directing the second calibration pulse toward the avalanche photodiode;

receiving with the avalanche photodiode the second calibration pulse after
receiving the calibration pulse and before receiving the reflected pulse; and

measuring a response from the avalanche photodiode caused by the second
calibration pulse,

wherein the step of applying a desired bias voltage to the avalanche
photodiode, using the measured response caused by the calibration pulse further
comprises using the measured response from the second calibration pulse.

19. The method of Claim 10, wherein the step of applying a preferred bias voltage to

the avalanche photodiode, using the measured response caused by the calibration pulse
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comprises adjusting the bias voltage such that a gain of the avalanche photodiode in response
to a given detected pulse is held substantially constant.

20. The method of Claim 10, wherein the step of applying a preferred bias voltage to
the avalanche photodiode, using the measured response caused by the calibration pulse
comprises adjusting the bias voltage such that an offset between the bias voltage and a
breakdown voltage of the avalanche photodiode is held substantially constant.

21. The method of Claim 10, wherein the reflected pulse is received while the
avalanche photodiode is under the desired bias voltage.

22. A LiDAR sensor comprising:

a laser configured to emit a narrow electromagnetic pulse;

an avalanche photodiode configured to receive one or more electromagnetic
pulses and output a response signal in response to said pulses, the avalanche
photodiode being positioned to receive at least one reflected pulse being reflected by
an object external from the LiDAR sensor caused by the laser, the avalanche
photodiode having a bias voltage affecting the response signal;

a splitter positioned to receive the narrow electromagnetic pulse and split it
into at least one external pulse directed toward the object external from the LiDAR
sensor and at least one calibration pulse directed toward the avalanche photodiode,
the calibration pulse directed toward the avalanche photodiode being received by the
avalanche photodiode before the pulse reflected by the object; and

a means for adjusting the bias voltage to compensate for temperature
variations without measuring temperature.

23. The LiDAR sensor of Claim 22, further comprising a means for adjusting the
response from the avalanche photodiode caused by the reflected pulse such that the strength
of the response is substantially linear in response to weak pulses and substantially logarithmic

in response to strong pulses.
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INTERNATIONAL SEARCH REPORT International app]ica(ion No.
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A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO1L 31/107 (2015.01)
CPC - HO1L 31/107, HO1L 31/1075
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Date of the actual completion of the international search Date of mailing of the international search report
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Name and mailing address of the ISA/US Authorized officer:
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Box No. IV Text of the abstract (Continuation of item 5 of the first sheet)

A LiDAR can include a laser, an avalanche photodiode, a splitter, and a processor. The laser can be configured to emit a narrow
electromagnetic pulse. The avalanche photodiode can be configured to receive one or more electromagnetic pulses and output a
response signal in response to said pulses and can also be positioned to receive at least one reflected pulse, reflected by an object
external from the LIDAR sensor and caused by the laser. The avalanche photodiode can also have a bias voltage applied to it affecting
the response signal. The splitter can be positioned to receive the narrow electromagnetic pulse and split'it into at least one external
pulse directed toward the object external from the LIDAR sensor and at least one calibration pulse directed toward the photodiode.
Further, the processor can be configured to adjust the bias voltage.

Form PCT/ISA/210 (continuation of first sheet (3)) (July 2009)
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