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METHOD AND SYSTEM FOR ROBUST AND EXTENDED ILLUMINATION
WAVEFORMS FOR DEPTH SENSING IN 3D IMAGING

CLAIM OF PRIORITY UNDER 35 U.S.C. § 119
[0001] The present Applicatioﬁ for Patent claims priority to Provisional Application No.
61/984,747; entitled “Method and System for Robust and Extended Illumination Waveforms
for Depth Sensing in 3D Imaging,” filed April 26, 2014, and hereby expressly incorporated

by reference in its entirety as though set forth fully herein.
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TECHINCAL FIELD
[0003] The present disclosure pertains to the field of imaging and three-dimensional (3D)

imaging. More particularly, the disclosure pertains to light-pulse illuminated 3D imaging.

BACKGROUND
[0004] Digital electronics have made it possible to record a grey scale or color image of a
scene, as a still image, as a series of still images, or as a video. A video is a series of still
images that continues for an extended period of time at a specific interval between each
image. Analog imaging utilizes photographic film to obtain an image, whereas digital
imaging utilizes a focal plane array (FPA) to obtain an image which provides a signal in
response to light illumination that is then digitized. The FPA includes an array of light-
detecting elements, or pixels, positioned at a focal plane of optics that image a scene. Much
recent effort has been made to improve the density, size, sensitivity, dynamic range, and
noise characteristics of FPAs, as well as the associated optics and electronics, enabling higher
resolution images to be acquired.
[0005] The vast majority of imaging only acquires information in two dimensions,
resulting in the flat images that are composed of an intensity value in a two-dimensional
array. The position in the array is related to the position transverse to the direction the
imaging system is pointing. Some imaging systems have added additional components that
allow the measurement of the distance from the imaging system to the object(s) in the scene —

that is, measurement of the “z-axis.” These 3D imaging systems provide an intensity and a
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distance for each pixel in the FPA. Many of these 3D imaging systems make use of a laser
pulse that is transmitted by the imaging system to illuminate object(s) in the scene, and the
system measures in some fashion the time required for the laser pulse to travel to the objects
in the scene and return to the imaging system in order to measure the distance between the
system and object(s) in the scene. As a class, these 3D imaging systems are generally
referred to as time-of-flight 3D imaging systems.

[0006] Various techniques are used in current 3D imaging systems to make the distance
measurement. For example, Advanced Scientific Concepts, Inc. of Santa Barbara, California
produces a system that uses an FPA where each pixel element is time-sensitive and is coupled
with a high bandwidth read-out integrated circuit (ROIC) and a high bandwidth analog-to-
digital converter (ADC) to generate a digital representation of the temporal profile of the
returned light signal. Another technique is to modulate the output illumination from an array
of LEDs, for example, and use a different type of time-sensitive FPA. Still another technique
developed by the U.S. Air Force Laser Imaging and Ranging System (LIMARS) program
uses an electro-optic modulator to produce an intensity value that is dependent on the timing
of the returning light signal, referred to as a modulated imaging system (MIS). In all of these
techniques, the length of the light pulse emitted by the 3D imaging system is short relative to
the distance resolution desired. It is generally believed that using a longer light pulse or a
slower modulation frequency to illuminate a scene in these systems will decrease the
precision of the 3D imaging system. As used in this context, precision is related to the z-axis
distance resolution that can be obtained by a 3D imaging system.

[0007] For high-precision distance measurement applications, it is necessary to obtain
distance measurements with a resolution of millimeters or centimeters. Because the speed of
light is typically around 300,000,000 m/s, a light pulse travels 1 mm in 3 ps and travels 1 cm
in 30 ps. When current 3D imaging systems using light pulses of approximately 1 — 3 ns, that
is equivalent to the light pulse having an extent of 30 — 90 cm. Thus, according to the
conventional wisdom of those skilled in the art, these light pulses are too long to provide
precise distance measurements in some applications requiring precision in the millimeter or
low centimeter range. This is one of the principal reasons that current time-of-flight 3D
imaging systems are limited to distance resolutions of greater than approximately 10 cm,

even for scenes at close range.

SUMMARY

[0008] As described herein, a system and method of three-dimensional imaging achieve
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high resolution distance measurement using illumination light pulses of longer length than are
currently used in some 3D imaging systems. Specifically, the disclosed systems and methods
capture information about the ranges and shapes of multiple objects in a scene, which may be
positioned at a variety of distances, with relatively high resolution, e.g., sub-centimeter or
low centimeter distance resolution.

[0009] In accordance with one aspect, the 3D imaging system uses longer illumination
light pulses than in previous work. For example, in a MIS—type imaging system, illumination
light pulses used by the system may be approximately 20% of the modulation waveform
length. In a MIS-type system, the modulation waveform length determines the period of time
over which returning light from the pulse is modulated in order to identify its approximate
return time. The z-axis distance resolution in such systems is a fraction of the modulation
waveform length.

[0010] In another example, the illumination pulses in a MIS-type system may be
approximately the same length as the modulation waveform length. In a further example, the
light pulse length is greater than the modulation waveform length.

[0011] These pulse lengths are substantially longer than those used in known MIS-type
3D imaging systems. Contrary to generally accepted beliefs of those in this technical field,
the inventors have discovered that longer illumination light pulses may be successfully used
in MIS-type 3D imaging systems with only minor or insignificant changes in the distance
resolution of these systems. This discovery is significant because the laser technologies
required to achieve longer pulse lengths can be significantly less expensive than laser
technologies that generate shorter pulse lengths. Also, known short pulse technologies are
not compatible with certain materials and laser designs, and further, they may greatly restrict
the flexibility of the pulse source design. Thus, commercial imaging systems that are price
sensitive would benefit immensely from a 3D imaging system that uses longer illumination
light pulses while still achieving high distance resolutions. In addition, by using longer light
pulses, the sensitivity to high frequency structure on the laser light pulse, and sensitivity to
changes in that structure, may be reduced.

[0012] Other aspects, features, and advantages will be or will become apparent to one
with skill in the art upon examination of the following figures and detailed description. It is
intended that all such additional features, aspects, and advantages be included within this

description and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWING
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[0013] It is to be understood that the drawings are solely for purpose of illustration and
do not define the limits of what is claimed. Furthermore, the components in the figures are
not necessarily to scale. In the figures, like reference numerals designate corresponding parts
throughout the different views.

[0014] Fig. 1 illustrates a perspective view of an exemplary system for obtaining a three-
dimensional image of a scene.

[0015] Fig. 2 is a graph illustrating the monotonic polarization modulation of light pulse
portions reflected from the scene of Fig. 1.

[0016] Fig. 3 is a block diagram schematically illustrating certain components in the
system of Fig. 1.

[0017] Fig. 4 is a graph showing an example of a transmitted laser pulse and the
modulation waveform in time.

[0018] Fig. 5 is a graph showing an example resulting convoluted response function for a
7 nanosecond modulation waveform and a 0.1 nanosecond, 1 nanosecond, 2 nanosecond, 3
nanosecond, 4 nanosecond, and 5 nanosecond long laser illumination pulse.

[0019] Fig. 6 is a graph showing an example resulting convoluted response function for
an 8 nanosecond laser pulse and a 5 nanosecond and a 10 nanosecond long modulation
waveform.

[0020] Fig. 7 is a graph showing exemplary discrete response points fitted by a sigmoid
analytic function.

[0021] Fig. 8 is a graph showing exemplary modulated illumination laser pulse

waveforms.

DETAILED DESCRIPTION
[0022] The following detailed description, which references to and incorporates the
drawings, describes and illustrates one or more specific embodiments of the systems and
methods. These embodiments, offered not to limit but only to exemplify and teach the
methods and systems, are shown and described in sufficient detail to enable those skilled in
the art to practice the techniques. Thus, where appropriate to avoid obscuring the systems
and methods, the description may omit certain information known to those of skill in the art.
The embodiments disclosed herein are examples that should not be read to unduly limit the
scope of any claims.
[0023] The word “exemplary” is used throughout this disclosure to mean “serving as an

example, instance, or illustration.” Any embodiment or feature described herein as
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“exemplary” is not necessarily to be construed as preferred or advantageous over other
embodiments or features.

[0024] Disclosed herein are systems and methods for obtaining high resolution images of
scenes, including wide field of view scenes. Specifically, the systems and methods may
simultaneously record three-dimensional position information for multiple objects in a scene
with high spatial and distance resolution, along with intensity (grey-scale or color)
information about the scene. This information, both coordinate and intensity, is recorded for
every pixel in an array of pixels for each image. The intensity and position information are
combined into a single three-dimensional image that approximates a human view of the
scene, and which further records the three-dimensional coordinates of the shape and relative
position of each object in the scene.

[0025] A series of such images may be acquired in similar fashion to a digital video
camera, providing a “movie” of changes in the scene over time, each three-dimensional
image in the movie being referred to as a frame. In many circumstances, the scene being
imaged may include many objects at a variety of distances from the system. The system
records the three-dimensional coordinate and intensity of the portion of an object
corresponding to each pixel element, thus providing the three-dimensional shape of each
individual object in the scene as well as the overall coordinates, with respect to the three-
dimensional imaging device as well as other portions of the scene in the image recorded by
the three-dimensional imaging device, of the objects in the scene. If an absolute frame of
reference is desired, a GPS unit or other suitable means for fixing the absolute position of the
imaging system may be included in the system. In some embodiments, known locations of
objects within the scene may be used for fixing the absolute position of the imaging system.
[0026] Examples of 3D imaging systems and methods that may be modified to implement
the methods and systems described herein are disclosed in U.S. Patent 8,471,895 B2 issued
on June 25, 2013, which is incorporated by reference herein in its entirety (referred to herein
as the “7895 patent™). For example, Figs. 5, 11 and 12 of the *895 patent describe MIS-type
3D imaging systems that can be configured to perform the methods disclosed in the present
application. The modifications to the systems and methods of the *895 patent would involve
changing the output laser pulse lengths and modulation waveforms to the laser pulse lengths
and modulation waveforms such as those disclosed in the present application, for example.
[0027] Fig. 1 illustrates a perspective view of an example 3D camera system 100 for
obtaining a three-dimensional, wide FOV image of a scene 190. Although the system 100 is

described with reference to the Cartesian coordinate system, other coordinate systems may be
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used.

[0028] As illustrated in Fig. 1, the 3D camera system 100 includes illumination
subsystem 110, sensor subsystem 120, processing subsystem 140, and body 150 in which the
various subsystems are mounted. Body 150 may further include a protective cover, not
shown. The particular form of system 100 may vary depending on the desired performance
parameters and intended application. For example, if system 100 is intended for household
use, it will preferably be sufficiently small and light as to be held by a single hand, similar to
a camcorder, and may be configured to record relatively close scenes with a modest
resolution. Alternatively, if system 100 is intended for surveying a building site, then it may
be configured to image large and/or distant scenes with high resolution, and the size of the
system will be of secondary consideration.

[0029] IMlumination subsystem 110 includes a light source or sources, not shown in Fig, 1
but described in greater detail below, and transmission lens 112, which may include a single
lens, a compound lens, or a combination of lenses. The light source is configured to generate
light pulse 119, which may have any suitable duration, for example, 10 nanoseconds or less,
as described herein. Transmission lens 112 is configured to increase the divergence of pulse
119 to an angle ¢ of 1 degrees or greater, for example between 1 and 180 degrees, or between
1 and 120 degrees, or between 2 and 90 degrees, or between 2 and 40 degrees, or between 5
and 40 degrees, and to direct the pulse toward the scene such that the pulse irradiates a
portion of scene 190 to be imaged.

[0030] Objects 191 and 192 in scene 190 are each at different positions in the x-, y-, and
z-directions in a Cartesian coordinate system, (or in the p-, -, - and @-directions in a
spherical coordinate system) and also have different shapes. As such, different portions of the
laser pulse will travel different distances to irradiate the objects 191, 192, as well as to
irradiate different features or arecas of each object individually, before the objects scatter
and/or reflect the pulse portions 127, 128, 129 back toward system 100. As such, each of
pulse portions 127, 128, and 129 will have a different time of flight (TOF). Additionally, the
pulse portions 127, 128, 129 have different intensities, depending on the reflectivity of the
irradiated feature of each object, and the angle of that feature relative to system 100.

[0031] Sensor subsystem 120 includes large-aperture receiving lens 121 that collects
reflected pulse portions 127, 128, 129. The appropriate aperture size will depend on the
particular application, and may be between, for example, less than 1 cm and 2.5 cm. Other
portions of the reflected pulse, e.g., those portions illustrated by dash-dot lines that are

reflected in directions other than back toward system 100, may not be captured by receiving
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optics 121. As for transmission lens 112, receiving lens 121 may include a single lens, a
compound lens, or a combination of lenses or other reflective or refractive elements.
Receiving optics 121 may also collect broadband or multiband (e.g., visible) information
about scene 190, e.g., ambient light that scene 190 scatters or reflects towards receiving
optics 121. As such, for this case receiving lens 121 preferably is configured to reduce or
eliminate possible aberrations known in the art of optical system design that may degrade
image quality for one or more of the bands received. Alternatively, a separate receiving lens
may be provided to receive the broadband or multiband light. The sensor subsystem 120 may
include a separate visible imaging subsystem that records a color or grey-scale image of
scene 190 based on visible light collected from the scene. Such an image may later be
combined with position and shape information about the scene.

[0032] The sensor subsystem 120 creates a plurality of images based on pulse portions
127, 128, 129 that receiving lens 121 collects. These images contain positional information
about objects 191, 192 in scene 190. To create such images, sensor subsystem may vary the
polarization state of the incoming pulse portions 127, 128, 129 as a function of time, e.g.,
using the wide field of view Pockels assembly, for example. When followed by an analyzer
(e.g. a polarizing element placed after the Pockels cell), the corresponding transmission
through the analyzer varies as a function of time. For example, as illustrated in Fig. 2, sensor
subsystem 120 may vary the transmission 200 through the analyzer of light collected by
receiving lens 121 from zero to one between times of 50 to 100 nanoseconds (where zero
nanoseconds corresponds to the time the light pulse was generated). As such, pulse portions
127, 128, and 129, which are delayed in time relative to one another because they traveled
different distances to and from objects in scene 190, experience different degrees of
transmission than one another. Specifically, pulse portion 129 reflected from a closer portion
of object 191 than did pulse portion 128, and so experiences less transmission than pulse
portion 128. Pulse portion 127 reflected from further object 192, and so experiences more
transmission than pulse portion 128. As such, the extent to which sensor subsystem 120
modulates the transmission of a pulse portion, encodes the TOF of that pulse portion on the
intensity received by the FPA, and thus the distance that the pulse portion traveled to and
from a particular feature of an object in a scene.

[0033] Modulating the polarization of the collected light pulse portions as a function of
time may, for example, be a monotonic function of time, as illustrated in Fig. 2. In the
example illustrated in Fig. 2, returned illumination light pulses with a shorter TOF will

experience less polarization modulation than pulses with a longer TOF, enabling distance
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information to be obtained. However, such modulation need not necessarily be monotonic.
Additionally, the intensity, rather than the polarization, of the collected light pulse portions,
may be modulated.

[0034] The sensor subsystem 120 determines the extent of polarization of each pulse
portion 127, 128, 129 by splitting each pulse into its orthogonal polarization components
(e.g., H- and V-polarized components) using an optical element such as a prism or polarizing
beamsplitter, and then recording complementary images of the two polarization components.
For example, a first image generated from the scene 190 may contain information about the
H-polarized component of pulse portions 127, 128, 129, in the form of intensity regions in the
first image, respectively. A second image generated from the same scene 190 may contain
information about the V-polarized component of pulse portions 127, 128, 129 in the form of
intensity regions in the second image, respectively. The intensity regions vary in intensity
based on the arrival time or the returned light pulse from the scene. Processor subsystem

140, illustrated in Fig. 1, may store the polarized images and perform further processing to
obtain distance and shape information for objects 191, 192 in scene 190. For example,
processor subsystem 140 may normalize the images to compensate for variations in
reflectance or scattering between objects 191, 192, Processor subsystem 140 may then
calculate the positions and shapes of different objects in scene 190 based on the normalized
images, forming a three-dimensional image, which includes distance information about
objects 191, 192, Further, processor subsystem 140 may combine the calculated distance
information with the white light image to provide a three-dimensional image of scene 190
that includes grayscale or color information about the scene, thus mimicking a human view of
the scene. Processor subsystem 140 may further control and coordinate the operation of
illumination subsystem 110 and sensor subsystem 120.

[0035] In one illustrative embodiment, system 100 has a range resolution of about 1 mm
at a range of 20 meters, and a range resolution of about 3 mm or less at a range of 100 meters.
[0036] For the MIS modulation technique, the distance resolution is a fraction of the
modulation waveform length. The modulation waveform length determines the period of
time over which returning light from the pulse is modulated in order to identify its
approximate return time. For example, on its public website, DARPA reported for the SPI 3-
D program (a LIMARS-type 3D imaging system) that the range resolution is 1/50 of the ramp
length. To achieve 1 cm resolution, the corresponding modulation ramp length would need to
be less than 3 ns and the light pulse length would need to be significantly shorter: 300 ps or

less. Achieving 1 mm distance resolution would require a 30 ps laser pulse length. It is
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possible to generate sub-nanosecond light pulses using known laser technology. However,
the laser technologies required to achieve such short pulse lengths can be significantly more
costly than laser technologies that generate pulse length greater than approximately 5 ns.
Also, the short pulse technologies are not always compatible with certain materials or laser
designs, and they also greatly restrict the flexibility of the light generation design.
Commercial systems that are price sensitive would benefit from a 3D imaging system that
uses longer illumination pulses while still achieving relatively high distance resolutions.
[0037] Fig. 3 schematically illustrates selected components in an exemplary MIS-type
three-dimensional imaging system 500. It should be appreciated that the functionality of
system 500 may alternatively be provided with other optical arrangements, for example, as
described in reference to Figs. 6, 7A-B, 11 and 12 of the *895 Patent.

[0038] As illustrated in Fig. 3, system 500 includes illumination subsystem 510, sensor
subsystem 520, and processor subsystem 540. Each of these subsystems will now be
described in greater detail.

[0039] The illumination subsystem 510 includes light source 511 for generating a light
pulse, transmission (Tx) lens 512 for controlling the divergence of the generated light pulse,
and optional phase plate or other beamshaping element 513 for enhancing the spatial profile
of the light pulse. The positions of lens 512 and optional phase plate 513 may alternatively be
reversed. These elements may also be combined in a single optic or set of optics. Illumination
subsystem 510 is in operable communication with controller 541, which may control and/or
monitor the emission of light pulses from light source 511, and which further may control
and/or monitor the divergence that transmission lens 512 imparts on the generated light pulse.
[0040] As noted above, with reference to Fig. 1, the illumination subsystem generates a
light pulse having a smooth spatial profile, a smooth temporal profile, and a divergence of
between, for example, 5 and 40 degrees. In some embodiments, the temporal and spatial
profiles may not be smooth and have large and small scale variation or structure. The light
pulse may be in any suitable portion of the electromagnetic spectrum, for example, in the
visible band (e.g., 400-700 nm) or in the near-infrared band (e.g., 700 nm-2500 nm).
Generally, pulses generated in specific regions of the near-infrared band are considered to be
more "eye-safe” than pulses of comparable power in the visible band. Light source 511 is
configured to generate a light pulse in the desired electromagnetic band, and lens 512 and
optional phase plate 513 are configured to provide that light pulse with the desired divergence
and optionally further to enhance the pulse's spatial profile. In some embodiments, light

source 511 is a laser producing light pulses having at least 5 puJ energy, or at least 100 pJ
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energy, or at least 1 mJ energy, or at least 10 mJ energy. Such laser energies may be
relatively eye-safe because of the high divergence of the laser beam.

[0041] A low-coherence laser may be used as light source 511, as described, for example,
in the "895 Patent. Other light sources, such as light emitting diodes (LEDs) and laser diodes
may alternatively be used.

[0042] For example, illumination subsystem 510 may generate a laser pulse having a
large divergence, ¢.g., between 1 and 180, or between 1 and 90, or between 1 and 40, or
between 2 and 40, or between 5 and 40 degrees of divergence, and low spatial and/or
temporal coherence, whereas a diffraction-limited laser may have a divergence of only a
fraction of a degree and a large amount of spatial and temporal coherence. The large
divergence and lack of spatial and/or temporal coherence may reduce the amount of intensity
fluctuations in the laser irradiance at the surfaces of objects being illuminated with the laser
beam. The smoother intensity profile of the laser beam generated by illumination subsystem
510 may improve the performance of sensor subsystem 520.

[0043] The transmission (Tx) lens 512 may increase the divergence of the light pulse
generated by light source 511. For example, although the light pulse from light source 511
may in some embodiments be relatively highly divergent compared to previously known
lasers because the pulse contains many spatially and temporally incoherent modes, the pulse's
divergence may in some circumstances still remain well below 1 degree. Lens 512 may be
configured to increase the divergence of the light pulse to between 5 and 40 degrees,
depending on the distance of the scene from system 500 and the portion thereof to be imaged.
Lens 512 may include a single lens, or may include a compound lens, or may include a
plurality of lenses or mirrors, that is/are configured to increase the divergence of the pulse to
the desired degree, e.g., to between 1 and 180 degrees, or 1 and 120 degrees, or 1 and 90
degrees, or 2 and 90 degrees, or 2 and 40 degrees, 5 and 40 degrees, or between 5 and 30
degrees, or between 5 and 20 degrees, or between 5 and 10 degrees, or between 10 and 40
degrees, or between 20 and 40 degrees, or between 30 and 40 degrees, or between 10 and 30
degrees, for example. Divergences larger or smaller may also be used. In some embodiments,
transmission lens 512 may be adjustable, so that a user may vary the divergence of the laser
pulse to suit the particular situation. Such an adjustment may be manual (similar to the
manual adjustment of a "zoom" lens), or may be automated. For example, controller 541 may
be operably connected to transmission lens 512 so as to automatically control the degree of
divergence that lens 512 imparts to the laser pulse. Such automatic control may be responsive

to user input, or may be part of an automated scene-imaging sequence.
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[0044] [Mlumination subsystem 510 optionally may further include phase plate 513, which
is configured to further smooth the spatial profile of the light pulse generated by light source
S11.

[0045] It should be noted that although illumination subsystem 510 includes light source
511, which is substantially monochromatic, it optionally may include additional types of light
sources. For example, illumination subsystem 510 may include a white light source for
illuminating the scene with white light. Or, for example, illumination subsystem 510 may
include other substantially monochromatic light sources in spectral regions different from
that emitted by light source 511. For example, where light source 511 generates laser pulses
in one particular portion of the visible spectrum, such as in the green region, e.g., 532 nm,
such pulses may cast that hue over the scene. In some circumstances, such as the filming of a
movie, this may be undesirable. Illumination subsystem 510 may include one or more
additional light sources that generate light that, when combined with the light from light
source 511, result in the appearance of white light. For example, where light source 511
generates green laser pulses (e.g., 532 nm), illumination subsystem 510 optionally may
further include diodes or lasers or other light sources that emit wavelengths in the red and
blue regions, e.g., 620 nm and 470 nm, that, combined with the green laser pulses to produce
an illumination that maintains the desired scene illumination characteristics.

[0046] Still referring to Fig. 3, system 500 further includes sensor subsystem 520, which
receives portions of the light pulse, generated by illumination subsystem 510, that are
reflected and/or scattered by objects in the scene. Optionally, sensor subsystem 520 also
receives visible light from the scene, which light may be from ambient sources and/or may be
produced by a separate light source in illumination subsystem 510. In the system illustrated in
Fig. 3, sensor subsystem includes receiving (Rx) lens 521, band-pass filter (BPF) 522,
polarizer (Pol.) 523, modulator 524, optional compensator (Cp.) 525, imaging lens 526,
polarizing beamsplitter 527, and first and second FPAs 528, 529. Sensor subsystem
optionally further includes white light imaging subsystem 530, which includes dichroic
beamsplitter 531 and FPA 532. Sensor subsystem 520 is in operable communication with
controller 541, which may monitor and/or control the operation of different components of
the sensor subsystem, such as receiving lens 521, modulator 524, imaging lens 526, FPAs
528, 529, and optional FPA 532,

[0047] Receiving lens 521 collects light from the scene. As discussed above with
reference to Fig. 1, the scene may scatter and/or reflect light in a variety of directions other

than back toward the three-dimensional imaging system. Some of such light was generated by
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illumination subsystem 510, while other of such light may be white light or light in a
different wavelength range, which may or may not have been generated by illumination
subsystem 510. The amount of light collected is proportional to the area of the receiving
aperture, ¢.g., is proportional to the area of receiving lens 521.

[0048] To enhance the amount of light collected by sensor subsystem 520, thus
increasing the amount of information that ultimately may be contained in each three-
dimensional image, receiving lens 521 is constructed to receive as much light as practicable
for the given application. For example, for some applications in which the imaging system is
designed to be lightweight and hand-held, with modest resolution requirements, receiving
lens 521 may, for example, have a diameter of 1 to 4 inches, or 2 to 3 inches, or for example,
about 2 inches, or smaller. For applications in which the imaging system is instead designed
to provide high-resolution images for commercial purposes, receiving lens 521 may be made
as large as practicably feasible, for example, having a diameter of 2 to 6 inches, or 2 to 4
inches, or 1 to 3 inches, or, for example, 4 inches or greater. The various optical components
of sensor subsystem 520 preferably are configured so as to avoid clipping or vignetting the
light collected by receiving lens 521 using techniques known in optical design. Additionally,
receiving lens 521 and the other optical components or coatings also have a angular
acceptance appropriate for the system design and field of view, e.g., of between 1 and 180
degrees, or between 1 and 120 degrees, or between 1 and 90 degrees, or between 2 and 40
degrees, or between 5 and 40 degrees, or less than 5 degrees, or less than 10 degrees.

[0049] Receiving lens 521 may include a single lens, or may include a compound lens, or
may include a plurality of lenses or mirrors, that is/are configured to collect light from the
scene and to image the collected light into an image plane at a defined position within sensor
subsystem 520. Receiving lens 521 is configured to reduce or inhibit the introduction of
spherical and chromatic aberrations onto the collected light. In some configurations,
receiving lens 521 may be adjustable, so that a user may choose to adjust the position of the
object plane of lens 521, or the distance at which the scene is imaged to the defined plan
within sensor subsystem 520. In some configuration, receiving lens 521 can be adjusted to
change the angular FOV. Such an adjustment may be manual (similar to the manual
adjustment of a "zoom" lens), or may be automated. For example, controller 541 may be
operably connected to receiving lens 521 so as to automatically control the position of the
object plane of lens 521 or angular FOV of lens 521. In some configurations, these
adjustments may be performed in part based on the beam divergence imparted by

transmission lens 512 (which also may be controlled by controller 541). Such automatic
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control may be responsive to user input, or may be part of an automated scene-imaging
sequence.

[0050] In the camera system illustrated in Fig. 3, sensor subsystem 520 includes visible
imaging subsystem 530, so the light collected by receiving lens 521 is imaged at two image
planes. Specifically, the collected light passes through dichroic beamsplitter 531, which is
configured to redirect at least a portion of the collected visible light onto FPA 532, which is
positioned in the image plane of receiving lens 521. In other configurations, the light
collected by receiving lens 521 is imaged at a single image plane at FPA 532, and imaging
lens 526 is not necessary. FPA 532 is configured to record a color or grey-scale image of the
scene based on the visible light it receives, e.g., using previously known hardware and
techniques. In some configurations, FPA 532 is substantially identical to first and second
FPAs 528, 529, and is configured so that the visible light image it records is registered with
the images that the first and second FPAs record. FPA 532 is in operable communication with
controller 541, which obtains the image from FPA 532 and provides the obtained image to
storage 542 for storage, which may be accessed by image constructor 543 to perform further
processing. It should be appreciated that visible imaging subsystem 530 alternatively may be
configured to obtain an image based on any other range of light, for example, any suitable
broadband or multiband range(s) of light.

[0051] Light that dichroic beamsplitter 531 does not redirect to FPA 532 is instead
transmitted to band-pass filter 522, which is configured to block light at wavelengths other
than those generated by illumination subsystem 510 (e.g., has a bandwidth of .+-.5 nm, or .+-
.10 nm, or .+-.25 nm), so that the remainder of sensor subsystem 520 receives substantially
only the light pulse portions generated by illumination subsystem 510 that the scene reflects
or scatters back towards system 500 (e.g., pulse portions 127, 128, 129 illustrated in Fig. 1).
In configurations where the visible imaging subsystem is not present, the band-pass filter 522
may be positioned in front of the receiving lens 522. In other configurations, the band-pass
filter 522 is positioned behind the modulator 524, or in front of the polarizing beamsplitter
527, or elsewhere in the optical chain. The light transmitted through band-pass filter 522 is
then transmitted through polarizer 523, which eliminates light of polarization other than a
desired polarization, e.g., so that the light transmitted therethrough is substantially all H-
polarized, or substantially all V-polarized (or right handed circularly polarized, or left handed
circularly polarized). Polarizer 523 may be, for example, a sheet polarizer, or a polarizing
beamsplitter, and may be relatively insensitive to angle. For configurations with narrow fields

of view or less wide angle light rays, the polarizer 523 may be more sensitive to angle. The
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light transmitted through polarizer 523 is then transmitted through modulator 524, which is
positioned at the other image plane of receiving lens 521. The functionality of modulator 524
is described in greater detail below. In some embodiments, the image plane of receiving lens
521 is at a location in sensor subsystem 520 other than in modulator 524.

[0052] Modulator 524 optionally may be followed by compensator 525, which may
correct phase errors that modulator 524 may impose on the beam due to variations in the
beam angle, thus further enhancing the acceptance angle of modulator 524. Compensator 525
may include a material having the opposite birefringence of the material in modulator 524.
For example, where modulator 524 includes potassium dihydrogen phosophate (KDP),
compensator 525 may include magnesium fluoride (MgF2) which has the opposite
birefringence of KDP and is commercially available. Other materials may be suitable for use
in compensator 525, depending on the characteristics of the material used in modulator 524,
such as if the modulator material is potassium dideuterium phosphate (KD*P), compensator
materials may be rutile, yttrium lithium fluoride (YLF), urea, or yttrium orthovanadate
(YVOs4), among others. Additionally, the thickness of compensator 525 may be selected to
provide an appropriate contrast ratio over the acceptance angle of the system. In one
illustrative embodiment, compensator 525 includes a crystal of MgF2 having a length
between 8.78 mm and 8.82 mm for a modulator of KD*P of 3 mm length. The compensator
525 may comprise one or more crystals that sum to the proper thickness. For other modulator
designs, such as modulator materials that are oriented such that the crystal axis is orthogonal
to the optical axis, the compensator may be a second modulator with the crystal axis rotated
90 degrees about the optic axis.

[0053] Following transmission through and modulation by modulator 524 and optional
compensator 525, imaging lens 526 images the modulated light onto first and second FPAs
528, 529. Specifically, polarizing beamsplitter 527 separates the orthogonal polarization
components of the modulated beam (e.g., the H- and V-polarization components, or left- or
right-handed circularly polarized components), which it then redirects or transmits,
respectively, to first and second FPAs 528, 529, which are positioned in the image plane of
imaging lens 526. Imaging lens 526 may include a single lens, a compound lens, or a
plurality of lenses. In some embodiments, two imaging lens 526 may be placed after the
polarizing beamsplitter 527, with one each in front of FPAs 528, 529. First and second FPAs
528, 529 record images of the modulated light imaged upon them, and are in operable
communication with controller 541, which obtains the recorded images and provides them to

storage 542 for storage and further processing by image constructor 543.

14



WO 2015/164868 PCT/US2015/027797

[0054] A description of various embodiments of modulator 524 and FPAs 528, 529 will
now be provided. A description of the calculation of object positions and shapes within the
scene will be provided further below with reference to processor subsystem 540.

[0055] As noted above with reference to Fig. 1, a modulator may be used to vary the
polarization of the laser pulse portions reflected from the scene, allowing for the ranges and
shapes of objects in the scene to be calculated with high precision. A Pockels cell or a Kerr
cell may in some embodiments be used to perform such a modulation. However, previously
known Pockets cells typically have relatively small apertures (e.g., 1 cm or smaller) and
small acceptance angles (e.g., less than 1 degree) and operate at relatively high voltages,
which may make them undesirable for use in imaging systems. Additionally, the angular
extent of the reflected light received by the modulator may be magnified by the inverse of the
magnification of the receiving optical elements. As such, it may be desirable to use a
modulator having a wider acceptance angle, a wider aperture, and a lower operating voltage.
For example, in the three-dimensional imaging system illustrated in Fig. 3, the light captured
by receiving (Rx) lens 521 may have angles varying between 5 and 40 degrees and an
aperture of 2-4 inches, for example, which a previously known Pockels cell may not be
configured to properly modulate. Thus, it may be desirable to provide a polarization
modulator having a large aperture, a low operating voltage, and a large acceptance angle, e.g.,
greater than 5 degrees, for example, between 5 and 40 degrees, while providing a sufficiently
high contrast ratio, e.g., greater than 20:1, or greater than 50:1, or greater than 300:1, or
greater than 500:1.

[0056] For embodiments in which the modulator is a Pockels cell, there are known
techniques for increasing the angular acceptance bandwidth of a Pockels cell. These may be
used in various embodiments of the invention. For example, in one embodiment, the Pockels
cell may be made thin by using transparent electrodes. Decreasing the length increases the
angular acceptance. Similarly, the modulator aperture may be increased by using transparent
electrodes. In one illustrative example, modulator 524 is a longitudinal Pockels cell including
a slab of potassium dideuterium phosphate (KD*P) having a thickness of less than 5 mm with
transparent or semi-transparent electrodes disposed thereon or on protective windows placed
proximate to the KDP surfaces, e.g., a coating of indium tin oxide (ITO), a conductive grid
having a spacing selected to match the pixel spacing of FPAs 528, 529 to reduce diffraction
losses, or any suitable combination of transparent film and metallic features.

[0057] Pockels cell materials have birefringence (different values of the refractive index

for light polarized along different axes of the crystal structure) which further restricts the

15



WO 2015/164868 PCT/US2015/027797

angular acceptance. However, for Pockels cell designs known as transverse cells,
manufacturers have carefully matched the thickness of two identical cells, rotating the cells
90 degrees about the propagation axis. One cell then cancels out the contribution of the other.
For some materials and orientations, it may be necessary to use four cells. This also may
make the cells relatively insensitive to effects caused by temperature changes. Such a
technique may not work for longitudinal Pockels cells, but in this case, additional material is
added. The material has birefringence of opposite sign and the thickness is carefully matched.
For example, potassium dihydrogen phosphate (KD*P) is a common material for longitudinal
cells and is negatively birefringent. Positively birefringent materials are also available, such
as MgF2. These techniques may allow for a high angular acceptance for a Pockels cell
modulator.

[0058] Although system 500 of Fig. 3 is described as including a Pockels cell-based
modulator, other types of modulators may be used to encode the TOFs of reflected/scattered
pulse portions from the scene as an intensity modulation on an FPA. Such an arrangement
may not directly modulate the light, but instead may modulate the amplitude of the signal
gencrated by the photoelectrons measured by the circuits of the FPAs. For example, in one
alternative configuration, polarizer 523, modulator 524, and compensator 525 are omitted,
and the gain of the pixels of FPA 529 is modulated as a function of time, whereas the gain of
the pixels of FPA 528 are not modulated as a function of time. In this embodiment, the
polarizing beamsplitter 527 would be replaced by a nonpolarizing beamsplitter. An FPA
includes an array of photosensitive sites (referred to as pixels) with accompanying circuitry to
measure the total charge created by incident photons. Some of the circuitry is configured to
amplify the signal generated by photoelectrons in the pixel so as to produce gain (the fraction
of the measured current to the number of photoelectrons generated). In this embodiment, such
circuitry may be configured to vary the gain characteristics of the array of FPA 529, and/or of
individual pixels in the array of FPA 529, over a time window of interest, e.g., 10 ns, to
produce a temporally dependent modulation in the electrical signal associated with each
pixel.

[0059] Such a temporally dependent modulation may be used to determine the TOF of a
laser pulse portion reflected or scattered from a scene. Specifically, a non-modulated signal
obtained using FPA 528 may be used as a normalization image, against which the modulated
image obtained using FPA 529 may be normalized. Alternatively, a non-modulated image
may be obtained using FPA 529 by turning off any modulation for one frame at some

interval, which image may be used as a normalization image, against which the modulated
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image obtained using FPA 529 during the other frames may be normalized; in such an
embodiment, beamsplitter 527 and FPA 528 may be omitted. In such an embodiment, it is
preferable that objects in the scene do not significantly move between the time the
normalization image is acquired and the time the modulated image is acquired or the amount
of light received by receiving lens 521 does not change significantly; the frame rate of the
FPA optionally may be adjusted to reduce the chance of such movement. The intensity of
each normalized pixel represents the TOF of the pulse portions reflected/scattered by the
objects in the scene, and thus the distance and shape of those objects. Although there is no
absolute reference for the intensity at each pixel, a frame at some periodic frequency during a
series of frames could be processed without modulation (e.g., the gain for all pixels set to the
maximum value being used). Such a frame provides the absolute amplitude reference,
provided that the reflected signal does not change significantly between reference frames.
[0060] Alternatively, instead of temporally modulating the gain of each pixel, the amount
of light received by each pixel may be temporally modulated by providing a polarization
rotator, coupled to a thin polarizer, in front of each pixel. The polarization rotators may be
individually addressable, or may be collectively controlled so as to approximately uniformly
vary the amount of light received by the pixels. The normalization image may be obtained,
for example, analogously to as described above for gain modulation. In another embodiment,
the polarization rotator may be omitted and a temporally variable attenuator provided instead.
In general, a transducer may be used to vary the amount of photoelectrons that are produced
by a pixel of the FPA in a controlled function over 0.1-100 ns. In one embodiment, the
transducer acts uniformly on all pixels of the FPA so that only one drive waveform is needed.
[0061] In another alternative embodiment, modulator 524 of system 500 includes an
electro-optic Bragg deflector, and compensator 525 and beamsplitter 527 are omitted. FPA
528 is positioned to receive one diffraction order from the electro-optic Bragg deflector, and
FPA 529 is positioned to receive the zero (or undiffracted beam) diffraction order from the
electro-optic Bragg deflector. In some embodiments, the two Bragg orders will be incident on
different areas of the same FPA 529. A temporally modulated control signal is applied to the
electro-optic Bragg deflector, so as to vary the intensity in the diffraction orders received by
FPA 528 and 529 over a time window of interest, e.g., 10 ns. The images received and
subsequent processing may be substantially similar to those modulated by the Pockels
assembly. In one embodiment, only FPA 528 (or 529) receives a modulated signal, and FPA
529 (or 528) receives a non-modulated signal against which the modulated signal may be

normalized.
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[0062] In yet another alternative embodiment, modulator 524 of system 500 includes an
ctalon, such as a temporally modulable Fabry-Perot interferometer having opposing reflective
surfaces. Polarizer 523, modulator 524, compensator 525, and beamsplitter 527 may be
omitted. The transmission of an etalon for monochromatic light is based on the finesse of the
ctalon and the spacing between the reflective surfaces; thus, by varying the distance between
the surfaces as a function of time, the intensity of light transmitted by the etalon to FPA 529
may vary depending on the TOF of the light. In one embodiment, the etalon is solid, with the
distance between the reflectors being controllably variable as a function of time using, for
example, piezoelectric transducers to compress or stretch the material. FPA 528 may be
configured so as to receive non-modulated light, which may be used to obtain a normalization
image against which the modulated image from FPA 529 may be normalized.

[0063] In the embodiment illustrated in Fig. 3, first and second FPAs 528, 529 are
positioned in the focal plane of imaging lens 526, and respectively receive light of orthogonal
polarizations. For example, polarizing beamsplitter 527 may direct light of H-polarization
onto FPA 528, and may transmit light of V-polarization onto FPA 529. FPA 528 obtains a
first image based on a first polarization component, and FPA 529 obtains a second image
based on the second polarization component. FPAs 528, 529 provide the first and second
images to processor subsystem 540, e.g., to controller 541, for storage and further processing.
FPAs 528, 529 may be registered with one another. Such registration may be performed
mechanically, or may be performed electronically (e.g., by image constructor 543) using
software.

[0064] In some embodiments, FPAs 528, 529 are off-the-shelf CCD or CMOS imaging
sensors. In particular, such sensors may be readily commercially available for visible-
wavelength applications, and require no significant modification for use in system 500. In
one example, FPAs 528, 529 are commercially purchased CCD sensors having 2 Megapixel
resolution. Some sensors for use in near-infrared applications are currently commercially
available, albeit at substantially greater cost than the ubiquitous visible-wavelength sensors,
and others are currently being developed. It is anticipated that any of a variety of sensors,
including those yet to be invented, may be used successfully in many embodiments of the
present invention. Optional FPA 532 may in some embodiments be the same as FPAs 528,
529.

[0065] However, sensors having a particular set of characteristics may in some
circumstances be preferred. For example, as noted above, providing a focal plane array in

which each pixel has a deep electron well, e.g., greater than 100,000 electrons, may enhance
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the signal to noise ratio obtainable by the system. The focal plane array also, or alternatively,
may have a high dynamic range, e.g., greater than 40 dB, or greater than 60 dB. Additionally,
wells of such effective depths may be obtained by combining the outputs of pixels of
shallower depth (e.g., 4 pixels each having a well depth of 25,000 or more electrons).
Preferably, each pixel of the FPA is designed to substantially inhibit "blooming," so that the
electrons of any pixels that may become saturated do not bleed over into adjacent pixels.
[0066] The processor subsystem 540 includes controller 541, storage 542, image
constructor 543, GPS unit 544, and power supply 545. Not all of such components need be
present in all embodiments. The functionalities of such components may alternatively be
distributed among other components of system 500, including but not limited to on-board
processors on FPAs 528, 529. As described above, controller 541 may be in operable
communication with one or more elements of illumination subsystem 510, such light source
511 and transmission (Tx) lens 512, and/or of sensor subsystem 520, such as receive (Rx)
lens 521, optional FPA 532, modulator 524, and first and second FPAs 528, 529.

[0067] For example, the controller 541 may be programmed to control the timing and
pulse length of the illumination light pulse generated by illumination subsystem 510.
Additionally, the modulator 524 may be configured to modulate the polarization of light
pulse portions transmitted there through as a function of time, responsive to a control signal
from controller 541. Controller 541 is also in operable communication with storage 542,
image constructor 543, GPS unit 544, and power supply 545.

[0068] Controller 541 is configured to obtain images from optional FPA 532 and first and
second FPAs 528, 529 and to provide the images to storage 542 for storage. Storage 542 may
RAM, ROM, a hard drive, flash drive, or any other suitable storage medium. Image
constructor 543 is configured to obtain the stored images from storage 542 and to construct
three-dimensional images based thereon, as described in greater detail in the 895 Patent.
GPS 544 is configured to identify the position and/or attitude of system 500 as it obtains
images, and to provide such information to storage 542 to be stored with the corresponding
images. Additionally, an accelerometer or other suitable attitude measuring device may be
used determine an approximate change in attitude of the system 500 from one frame to the
next in a series of images. This information may be used as part of a method to register the
images to a global or relative reference frame. Power supply 545 is configured to provide
power to the other components of processor subsystem 540, as well as to any powered
components of illumination subsystem 510 and sensor subsystem 520.

[0069] In accordance with one example of the system, an output light pulse is generated
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by the system and used illuminate a scene so as to obtain distance information. However, in
contrast to known MIS-type systems, the illumination light pulse of the presently disclosed
system may have a length, defined, for example, as the full-width-half-maximum (FWHM),
that is approximately the same length as the modulation waveform, defined, for example, as
the time between the 10% and the 90% level of the modulation waveform.

[0070] An example of the sensor subsystem modulation waveform, for instance, is shown
in herein in the graph 600 shown in Fig. 4 as waveform 602, with examples of transmission
functions shown at Figs. 5-7 herein. Generally, the modulation waveform 602 is used by the
system to modulate collected portions of the returning light pulse as a function of time so that
the arrival time of each portion can be determined.

[0071] An example of temporal shapes of the light pulse 604 and the modulation
waveform pulse 602 is shown in Fig. 4. The light pulse 604 returns to the 3D imaging system
(e.g., system 100 and 500) and the timing circuit initiates the modulation waveform pulse.
The relative position in time between the two pulses is determined by the distance traveled by
the light that is imaged by each pixel. The signal that is detected by each pixel of the FPA is

determined by the convolution of the two signals

S(r) =, f(Og(r-odt (Eq. 1)

where r is an index value corresponding to the pixel, f(t) is the mathematical description of
the light pulse profile in time 604 and g(t) is the mathematical description of the modulation
waveform in time 602, such as those shown in Fig. 4. The resultant convolution signal
generated by the imaging system 100, 500 for each pixel as a function of distance from the
3D imaging is shown in Fig. 5. In Fig. 5, the convolution signal is shown for several possible
lengths for the illumination light pulse, from 0.1 ns to 5 ns, and a modulation waveform
length of a 7 ns. In graph 650 shown in Fig. 5, waveform 652 represents the convolution
signal for a 0.1 ns illumination light pulse, waveform 654 represents the convolution signal
for a 1 ns illumination light pulse, waveform 656 represents the convolution signal for a 2 ns
illumination light pulse, waveform 658 represents the convolution signal for a 3 ns
illumination light pulse, waveform 660 represents the convolution signal for a 4 ns
illumination light pulse, and waveform 662 represents the convolution signal for a 5 ns
illumination light pulse.

[0072] In this example, the range to the surface corresponding to each pixel in the focal

plane array can be determined by identifying the range delay that corresponds on the graph to

20



WO 2015/164868 PCT/US2015/027797

the intensity signal measured by the pixel. This corresponding range delay can be determined
by several means, including an analytic inverse function, by an approximate function that
represents the actual convolution response function, by a numeric computer solution and
lookup table, or other similar means. The distance resolution is approximately inversely
proportional to the slope of the transmission function curve. The processor subsystem 540
and/or its components, e.g., the image constructor 543, can be configured or programmed to
perform the foregoing range determinations.

[0073] Fig. 5 illustrates the predicted performance of the transmission function for a 3D
camera (such as systems 100 or 500) using a 7 ns linear ramp and various laser illumination
pulse lengths from 0.1 ns to 5 ns (Fig. 5), and Fig. 6 for an 8 ns laser pulse and 5 ns and 10 ns
modulation waveform ramp lengths. In these Figures, “delta range” indicates the range from
a reference range from the camera, as determined or set, for example, by the processor
subsystem 540. As shown in Fig. 5, there is negligible change in the transmission waveform
for pulse lengths less than approximately 1.0 ns (or 14% of the ramp length). The longer
light pulses (2 ns, 3 ns, 4 ns, and 5 ns) can cause a change to the convolution signal, reducing
the slope of the convolution signal near the center and to lengthen the effective distance
window while reducing the linear region. In this example, the distance resolution increases
by approximately 40% as the laser pulse length is increased to 5 ns. The shape and pulse
length of the laser pulse waveform and the modulation waveform can be adjusted to suit the
application and the system design requirements.

[0074] Fig. 6 is a graph 680 illustrating exemplary results of other potential
configurations of the 3D camera 100, 500. In this configuration the camera uses an 8 ns
illumination light pulse. The graph 680 shows the results using said light pulse with a 5 ns
modulation waveform ramp (waveform 682), and alternatively, a 10 ns modulation waveform
ramp (waveform 684). In this example, a light pulse of 8 ns that is 160% the length of the
modulation waveform produces a convolution signal that has a different shape than if the 8 ns
light pulse is 80% the length of the modulation waveform. But the temporal length of the
convolution signals are not different by a factor of two, even though the modulation
waveforms are different by a factor of two. This indicates that the laser pulse length is a
secondary effect for high resolution operation of the system.

[0075] This ability to use light pulse lengths approximately equal to or longer than the
modulation waveform length within a 3D imaging system was verified using the 6 ns laser
pulse and a small aperture Pockels cell as a modulator with a 2.5 ns ramp. The transmission

of the Pockels cell modulator (shown by the graph 700 of Fig. 7) as integrated into the 3D
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camera system was measured by recording the images of a flat target at a series of timing
delays of the Pockels cell trigger, separated by 2 ns. This change in timing between the laser
pulse and the Pockels trigger has the same effect as moving the flat target by ¢ At/2, where ¢
is the speed of light and At is the time-of-flight. The relative convolution signal (as
determined by the ratio I1/(I1 + 12)) was calculated (where I1 represents the pixel intensity of
the first FPA in the camera and I» represents the pixel intensity of the second FPA in the 3D
camera system), and the mean value along with standard deviation was calculated for the
intensity ratio across two separate 1000 pixel regions of interest. The resulting relative
transmission is shown for the different delay settings in the graph 700 of Fig. 7 as points 702.
The vertical and horizontal error bars at the points 702 are the timing jitter of the laser output
pulse and the standard deviation of the intensity ratio value over the regions of interest. The
line 704 is calculated using a sigmoid fit to the measured high voltage signal modulating the
Pockels cell (4.5 ns for 10%-90% levels) and a Gaussian fit to the measured laser pulse
temporal profile. The agreement indicates that indeed the laser pulse does not necessarily
need to be shorter than the desired range window in order to achieve high distance resolution.
[0076] In another example of the 3D camera system 100, 500, instead of measuring the
temporal shape and length of the high voltage signal used to create the Pockels cell
modulation waveform and that of the light pulse, the convolution signal is measured for each
pixel of the FPA for a series of time delays. The temporal shape of the convolution signal is
measured, similar to that shown in Fig. 7. An analytic function is fit to this series of points
for each pixel in the FPA to create a mathematical function that represents the response for
each pixel. The response function can be measured and calibrated, calculated from measured
waveforms, and applied using an inverse function. This can be done analytically, using a
fitted functional form such as a sigmoid function or its inverse. In other configurations, the
response function is measured or calibrated and no analytic function used, and the calibration
is stored as a lookup table. The inverse of this mathematical function is then used to calculate
the corresponding time delay (or distance) from the measured convolution signal. The
processor subsystem 540 and/or its components, e.g., the image constructor 543, can be
configured or programmed to perform the foregoing calculations. For a convolution signal
such as the one illustrated in Fig. 7, a sigmoid function can be used for the curve fitting.
[0077] In another example configuration, the measured data points of the convolution
signal can be used to create a lookup table that is then used to determine the corresponding
time (and distance) values. Values in between the measured data points can be derived by

interpolation of stored values.
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[0078] Another configuration of the 3D camera system 100, 500 uses the convolution
signal to make the distance measurement less sensitive to noise on both the light pulse and
the modulation waveform. For example, pulses generated by the simplest and most cost
effective laser designs can produce pulses that have significant structure on the temporal
shape, such as illustrated in Fig. 8. Fig. 8 is a graph 750 showing the temporal pulse profile
of two laser pulses, one with large modulation 752 and one with small modulation 754. Such
modulation can be due to the beating of multiple spatial or temporal modes from the
generating laser or other cause. Because such pulse shapes are not monotonic, such
modulation can cause errors in determining the pulse position in time by threshold crossing or
peak position or other means. The depth of the higher frequency modulation on the pulse
waveform can also change from one pulse to the next. The modulation waveform can also
have structure or variation temporally. If the light pulse and modulation waveform are
approximately similar in length, e.g., within a factor of 2 or 3, the convolution integral of Eq.
1 acts as an averaging mechanism. In some configurations, averaging or smoothing is
effective for factors of 5 or 10 between the light pulse and modulation waveform. Even large
variations in temporal shape such as those illustrated in Fig. 8 are averaged to a mean value
for each delay. This makes the convolution signal monotonic as illustrated in Fig. 5 even
when the individual pulse shapes are not.

[0079] The methods and systems disclosed herein improve upon previous 3D imaging
techniques by making use of a longer illumination pulse to obtain the same or nearly the same
range resolution as can be achieved by using a much shorter, conventional laser pulse. For
example, a longer illumination pulse can be produced by a Q-switched laser that produces,
for example, 5, 10, 20 ns or longer pulses. One or more Q-switched lasers may be used for
illumination in the system. In some instances, the laser pulse can be longer than the
modulation waveform of a LIMARS- or MIS- type imaging system and still produce an
acceptable response function. The light pulse generation technologies required to achieve
longer pulse lengths can be significantly less expensive and complex than known
technologies presently used to generate shorter illumination pulse lengths. Lower-cost,
lower-complexity light pulse sources may facilitate lower-cost, commercial 3D camera
products.

[0080] With the techniques disclosed herein, even a 10 ns or 15 ns laser pulse, for
example, (measured at its FWHM), that is 3.3 m or 5 m long can be used to obtain mm-class
resolution distance measurements. This has not been previously done with time-of-flight

distance measurement imaging systems.
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[0081] In addition, another benefit of the longer laser pulses is that they may function to
smooth out or average out higher frequency modulation or errors in either the laser pulse
temporally or in the imaging system modulation waveform. As long as the centroid or its
equivalent is approximately unchanged or can be measured during operation, the range
determined from the 3D camera will be independent of these modulations.

[0082] The techniques described herein permit the use of lower cost semiconductor
illumination sources in high resolution LIMARS-type or MIS—type 3D imaging systems.
Semiconductor illumination sources, such as light emitting diodes (LEDs) or laser diodes,
typically output longer pulses and have lower peak power. The ability to obtain high
resolution with longer illumination pulses makes it possible to use these types of illumination
sources for a time-of-flight imaging system. Such illumination light sources are generally
lower cost, and thus, more likely to be able to scale to higher volume, low-cost, commercial
3D camera products.

[0083] Other embodiments and modifications of the methods, devices, systems and
apparatuses described above will occur readily to those of ordinary skill in the art in view of
these teachings. Thus, the foregoing description is illustrative and not restrictive. The
invention is to be limited only by any patent claims based on this disclosure, which cover all
such other embodiments and modifications, when viewed in conjunction with the above
specification and accompanying drawings. The scope of the invention should, therefore, not
be limited to the above description, but instead should be determined with reference to the
claims along with their full scope of equivalents.

[0084] What is claimed is:
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CLAIMS

L. A three-dimensional imaging system, comprising:

an illumination source configured to emit a light pulse having a length; and

a light receiving subsystem configured to receive a portion of the light pulse reflected
or scattered by a scene and also configured to modulate the received portion of the light pulse
with a predetermined modulation waveform having a predetermined length;

wherein the length of the light pulse is greater than or equal to 10% of the length of the

length of the modulation waveform.

2. The three-dimensional imaging system of claim 1, wherein the length of the light pulse

is greater than or equal to 5 nanoseconds.

3. The three-dimensional imaging system of claim 1, wherein the length of the light pulse

is greater than or equal to 10 nanoseconds.

4. The three-dimensional imaging system of claim 1, wherein the length of the light pulse

is greater than or equal to 20 nanoseconds.

5. The three-dimensional imaging system of claim 1, wherein the illumination source is
selected from the group consisting of one or more Q-switched lasers, one or more

semiconductor lasers, one or more laser diodes, and one or more light emitting diodes (LEDs).

6. The three-dimensional imaging system of claim 1, wherein the light pulse emitted by

the illumination source has a leading edge or falling edge that is non-monotonic.

7. The three-dimensional imaging system of claim 1, further comprising means for
producing monotonic convolution signal when either the illumination source or the

modulation waveform has a high frequency modulation.

8. The three-dimensional imaging system of claim 1, further comprising:

means for producing a convolved signal based on the light pulse and the modulation
waveform; and

means for determining a range of at least one object in the scene based on the

convolved signal.
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9. The three-dimensional imaging system of claim 8, wherein the range is determined

using an analytic approximation to range as a function of the convolved signal.

10 The three-dimensional imaging system of claim &, wherein the range is calculated using

a lookup table of values relating the convolved signal to the range or time.

11. The three-dimensional imaging system of claim 10, further comprising means for

interpolating between values stored in the lookup table.

12.  The three-dimensional imaging system of claim 10, wherein the lookup table values

corresponds to regions of pixels.

13.  The three-dimensional imaging system of claim 1, wherein the system is configured so

that smallest achievable range resolution is less than 10% of the light pulse length.

14.  The three-dimensional imaging system of claim 1, wherein the system is configured so

that smallest achievable range resolution is less than 1% of the light pulse length.

15. A method of three-dimensional imaging, comprising;:
emitting a light pulse having a length to illuminate a scene, at least in part;
receiving a portion of the light pulse reflected or scattered by the scene; and
modulating the received portion of the light pulse with a predetermined modulation
waveform having a predetermined length, wherein the length of the light pulse is greater than

or equal to 10% of the length of the length of the modulation waveform.

16. The method of claim 15, wherein the length of the light pulse is greater than or equal

to 5 nanoseconds.

17. The method of claim 15, wherein the length of the light pulse is greater than or equal

to 10 nanoseconds.

18. The method of claim 15, wherein the length of the light pulse is greater than or equal

to 20 nanoseconds.
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19. The method of claim 15, wherein the light pulse is produced by an illumination source
selected from the group consisting of one or more Q-switched lasers, one or more

semiconductor lasers, one or more laser diodes, and one or more light emitting diodes (LEDs).

20. The method of claim 15, further comprising;:

producing a convolved signal based on the light pulse and the modulation waveform;

and

determining a range of at least one object in the scene based on the convolved signal.
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