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ELECTRONICALLY STEERED FLASH LIDAR 

FIELD 

An electronically steered flash LIDAR is disclosed. More 5 
particularly, electronically steered flash LIDAR systems and 
methods in which illumination within a scene is adaptively 
controlled are provided. 

BACKGROUND 10 

LIDAR systems have been proposed for use in connection 
with various applications. For example, NASA and the sci 
entific community have been working towards a space mis 
sion to characterize vegetation, specifically vegetation 15 
canopy. Data obtained from this mission would assist in try 
ing to close the Earth's carbon budget as well as give a global 
baseline to vegetation health. In addition, LIDARs have been 
used in connection with altimetry and target identification. 
Other applications in space include rendezvous and docking, 20 
robotic rovers, planetary mapping, terrain relative navigation 
for future landers, and long range target position and range 
tracking. 
An along track vegetation LIDAR design preferably has 

continuous coverage by the laser and a 25 meter footprint. For 25 
a LIDAR carried by a satellite, this drives a laser repetition 
rate of approximately 250 Hz. This is a relatively high rep 
etition rate, and has a significant impact on laser reliability 
because of the high number of laser shots required for the 
mission (e.g., 10 billion). The high repetition rate also means 30 
that, in order to keep the average output power reasonable to 
improve laser reliability, the peak power per shot must be kept 
relatively low (e.g., 15 m.J). Accordingly, such a system may 
have insufficient power to make measurements through 
clouds and heavy aerosol layers. 35 
A common issue for imaging LIDARS is that, in contrast to 

traditional imaging cameras, LIDARS must carry their own 
light source. Moreover, the performance and size/weight/ 
power of imaging LIDARS are strongly dependent on the 
amount of laser light they produce. Trying to illuminate large 40 
scenes with laser light is challenging, especially at long dis 
tances. Any light that is collected and that falls below the 
detection threshold for a pixel is lost. Any light that misses the 
target is lost. This means that the laser light (photons) is of 
high value, and system designs must use the light as effi- 45 
ciently as possible. 
One limitation of staring LIDARs has been their small 

cross track coverage. In particular, covering a large across 
track Swath on the ground using a staring LIDAR approach 
with multiple lasers is prohibitive in terms of available elec- 50 
trical power in space. In addition, LIDARs require that the 
transmitted laser spot be well within the receiver field of view 
over the target area. Large fields of view per detector are not 
desirable because a wide field of view results in the accep 
tance of more background light than a narrower field of view, 55 
reducing the signal to noise ratio. Within the field of view, the 
goal for good daytime performance has been to have the laser 
spot size only slightly smaller than the receivers instanta 
neous field of view. This requires accurate boresighting of the 
LIDAR instrument. However, mechanical boresight mecha- 60 
nisms can be heavy and are expensive to produce and test. 

In order to match laser illumination in a LIDAR to mission 
requirements, complex laser transmitter optics that shape or 
form the beam into patterns, or mechanical scanning systems, 
have been proposed. For example, in some mission scenarios, 65 
it may be desirable to attenuate the illumination signal, for 
example where a reflective target has entered the field of view 

2 
of the LIDAR. As another example, widening of an illumina 
tion beam may be desirable when a LIDAR system used in 
connection with a landing system Switches from an altimetry 
mode to a terrain relative navigation mode, and then to a 
hazard avoidance mode. Accordingly, attenuation and/or dif 
fusion devices that can be selectively switched into or out of 
the illumination beam have been developed. However, such 
mechanisms typically result in the wastage of photons in at 
least some configurations, and introduce elements that can be 
Subject to mechanical failure and/or misalignment. These 
systems also have the effect of shifting the effective dynamic 
range of the overall detector, rather than broadening that 
dynamic range. 

SUMMARY 

As can be appreciated by one of skill in the art, a LADAR 
is a laser detection and ranging system. As can also be appre 
ciated by one of skill in the art, a LIDAR or light detection and 
ranging system is essentially equivalent to a LADAR system. 
In particular, both LADAR and LIDAR systems use a pulsed 
light Source to produce light that is reflected from a target to 
obtain range information. Moreover, the term LADAR is 
commonly used in connection with systems having defense 
applications, while the term LIDAR is commonly used in 
connection with civilian applications. However, in the present 
description, no distinction between the terms is made. There 
fore, for ease of description and consistency, the term LIDAR 
is used throughout this description. However, it should be 
understood that the term LIDAR is also intended to encom 
pass LADAR, to the extent that a distinction between the 
terms might otherwise be drawn. 

In accordance with embodiments of the present invention, 
adaptive LIDAR systems and methods are provided in which 
the illumination of a scene is controlled. More particularly, 
the scene is illuminated by a number of beams. These beams 
can be discrete Such that they illuminate separate areas of a 
scene, or can be combined so as to form an arbitrary beam 
shape. Aspects of the beams used to illuminate the scene. Such 
as the relative intensity and angular spacing between beams, 
are controlled in response to feedback received from a mul 
tiple element detector or from a plurality of single element 
detectors. More particularly, the number ofbeams incident on 
the scene, the location within the scene on which a particular 
beam is incident, the intensity of the beams, and whether a 
beam is within an imaged area of the scene can be controlled. 
Moreover, in accordance with embodiments of the present 
invention, the beams may be controlled in a manner that 
allows for a variety of different beam patterns and/or illumi 
nation patterns to be produced from frame to frame. In accor 
dance with other embodiments, the beam may be controlled 
in a manner that is essentially "random access', as opposed to 
prior systems that provide for scanning of an illuminating 
beam. In accordance with still other embodiments, the beam 
may comprise an arbitrary non-discrete beam pattern. 
A LIDAR system in accordance with embodiments of the 

present invention may include a laser, a laser array, or other 
light Source. Moreover, the light source may provide its out 
put to an electronic beam steering or beam forming device. 
The lidar system may further include a controller that oper 
ates the laser and the beam forming device. Light emitted 
from the LIDAR system may be directed such that it illumi 
nates a target scene or region. A detector comprising a mul 
tiple element or multiple pixel receiver is provided for detect 
ing laser light reflected from the target region. As an example, 
the detector may comprise a focal plane array. Information 
regarding the intensity of light received at individual pixels of 
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the focal plane array can be provided to the controller. In 
accordance with still other embodiments of the present inven 
tion, information regarding the range from the LIDAR system 
to elements within the scene can be determined. In response 
to this intensity and/or range information, the controller can 
function to alter one or more aspects of the light illuminating 
the scene. That is, the system adapts the illumination to the 
scene. This alteration of the light illuminating the scene can 
include controlling aspects of the illuminating light, Such as 
the relative intensity and angular spacing between beams 
comprising the illumination light, so that different areas of the 
scene are illuminated differently. In accordance with still 
other embodiments of the present invention, a light Source 
other than a laser can be used to illuminate the scene. In 
accordance with further embodiments of the present inven 
tion, a range determination need not be part of the operation 
of the system. Instead, embodiments of the present invention 
can adapt illumination light based on the intensity of the 
collected light on each pixel without also obtaining range 
information. 

Methods in accordance with embodiments of the present 
invention include illuminating a scene with illumination light 
comprising one or more controlled beams of light. The 
method further includes detecting light reflected from the 
illuminated Scene using a multiple pixel detector. Based on 
information regarding the intensity of the signal returned to 
different pixels of the multiple pixel detector, characteristics 
of the light used to illuminate the scene are changed. More 
particularly, the light used to illuminate the scene can be 
varied from frame to frame so that different areas within the 
scene are provided with different levels of illumination. In 
accordance with further embodiments of the present inven 
tion, characteristics such as the number, location, and inten 
sity of beams incident on the scene can be varied from frame 
to frame. 

Additional features and advantages of embodiments of the 
present invention will become more readily apparent from the 
following description, particularly when taken together with 
the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A-1D depict flash LIDAR systems in accordance 
with embodiments of the present invention, in exemplary 
operating environments; 

FIGS. 2A-2L depict exemplary illumination patterns in 
accordance with embodiments of the present invention; 

FIGS. 3A-3F depict components of LIDAR systems in 
accordance with embodiments of the present invention; and 

FIG. 4 depicts aspects of the operation of a LIDAR system 
in accordance with embodiments of the present invention. 

DETAILED DESCRIPTION 

FIG. 1A illustrates an illumination system or a LIDAR 
system 104 in accordance with embodiments of the present 
invention in an exemplary operating environment. Although 
the illumination system 104 is generally referred to herein as 
a LIDAR system 104, at least some embodiments of the 
present invention provide selective illumination of a scene, 
without providing range information. Therefore, it should be 
appreciated that not all embodiments of the disclosed inven 
tion require that the illumination system 104 comprise a 
LIDAR system. Moreover, although at least some embodi 
ments include a flash type LIDAR system 104, not all 
embodiments of the disclosed invention require the collection 
of image information, or the inclusion of an imaging detector. 
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4 
The illumination or LIDAR system 104 is mounted to a 
platform 108. In this example, the platform 108 is an airplane, 
however, other platforms 108 may be associated with the 
LIDAR system 104. Examples of other platforms include 
satellites, helicopters, unmanned aerial vehicles, autonomous 
rovers, balloons, stationary Supports, or spacecraft. The plat 
form 108 is used to place the LIDAR 104 in a location from 
which a Survey area or target region or scene 112 is observed. 
More particularly, the LIDAR 104, when in a desired position 
with respect to the scene 112, is operated to output illumina 
tion light 116 to illuminate the scene 112 or portions or areas 
within the scene 112. Reflected light 120 is returned from the 
scene 112, and is detected by the LIDAR system 104. Infor 
mation regarding the time of flight of light is used to obtain 
range information. As shown in this example, a LIDAR sys 
tem 104 in accordance with embodiments of the present 
invention may be operated to map or Survey ground features 
124, vegetation canopy 128, or other features, such as bodies 
of water 132. As can be appreciated by one of skill in the art, 
different elements within a scene 112 will reflect the illumi 
nation light 116 differently. For example, a terrain feature 124 
comprising a hillside may reflect the illumination light 116 
less efficiently than the leaf of a tree included in the vegetation 
canopy 128. As another example, ice, a lake, or other body of 
water 132 may reflect the illumination light 116 more 
intensely than the vegetation canopy 128. The same can be 
true for different soils, minerals and regolith. In addition, if a 
cloud 134 intersects the illumination light 116 and/or the 
reflected light 120, the intensity of the signal received at the 
LIDAR system 104 will be blocked or attenuated. An 
example illumination pattern that may be output by the 
LIDAR system 104 in the exemplary operating environment 
of FIG. 1A is illustrated in FIG. 2A. The intensity of reflected 
light detected also depends on the distance from the camera to 
the scene for non-specular Surfaces. This is seen in flash 
cameras where the foreground Saturates and the background 
is not observed. As described herein, the inter-scene illumi 
nation can be adjusted to compensate for these differences by 
measuring the intensity of the returned light. 
More particularly, FIG. 2A illustrates a field of view 204 of 

a LIDAR system 104, and illumination light 116 that is con 
trolled to form an illumination pattern 206. In this example, 
the illumination pattern 206 includes a plurality of beams 
208, and is representative of a pattern 206 that can be applied 
in connection with an along track vegetation Survey, where 
the illumination pattern 206 shown in the figure is moved 
across the scene from left to right. The example pattern 206 
includes ten deflected or steered beams 210 arranged in a 
column, and an undeflected beam 212. In addition, this exem 
plary pattern 206 includes an undeflected beam 212 compris 
ing a shaped beam 216. Alternatively or in addition, a shaped 
beam 216 can be formed from one or more deflected beams 
210. As can be appreciated by one of skill in the art, the shaped 
beam 216 covers an area within the field of view 204 of the 
LIDAR system 104 corresponding to a plurality of pixels of 
the LIDAR system’s 104 detector. In addition, individual 
beams 208 can be directed to cover an area corresponding to 
a single pixel of the detector, or multiple pixels of the detector. 
Moreover, individual beams do not have to look discrete on 
the focal plane. For example, they can blend together to form 
a line or other contiguous shape. In accordance with still other 
embodiments of the present invention, at least some of the 
beams 208 may comprise selectively activated or controlled 
beams. An example illumination pattern 206 that may be 
output by a LIDAR system 104 in the exemplary operating 
environment of FIG. 1A, that, in accordance with embodi 
ments of the present invention, takes into account the strength 
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of the return signal received from different features within the 
field of view 204 of the LIDAR system 104 in response to the 
illumination pattern 206 of FIG. 1A is illustrated in FIG.2B. 
In this example, there are two less beams 208 than in the 
example of FIG. 2A, to account for the intensity of a reflected 
signal 120 in the vicinity of a particularly reflective feature, 
such as a body of water 132. Specifically, the pattern 206 of 
the incident light 116 output by the LIDAR system 104 has 
been adapted or controlled so that the number of deflected 
beams 210 incident on the body of water 132 in this later 
frame has been reduced as compared to the pattern shown in 
FIG. 2A 

With reference now to FIG. 1B, a LIDAR system 104 in 
accordance with embodiments of the present invention is 
illustrated in another exemplary operating environment. In 
this example, the platform 108 comprises a spacecraft, and 
more particularly, a landing craft. The LIDAR 104 is used in 
this scenario in a number of different modes, as the landing 
craft approaches a scene 112 comprising a landing Zone, and 
as the landing craft lands within the landing Zone. As can be 
appreciated by one of skill in the art, during different portions 
of the approach and landing sequence, it can be desirable to 
control the illumination light 116 of the LIDAR system 104 
so that the illumination light 116 is used most effectively. For 
example, during an initial phase 144, which for example may 
comprise a transfer orbit phase, it may be desirable to con 
centrate the illumination light 116 into a relatively small 
number of beams 208, or even a single beam 208. Doing so 
can increase the intensity of the individual deflected beams 
210, increasing the number of photons received from the 
illuminated area of the scene 112 as part of the reflected light 
120. This concentration of illumination light 116 is particu 
larly useful when the LIDAR system 104 is at a relatively long 
range from the Surface or other ground features 124 and when 
the LIDAR system 104 is operated in altimeter, terrain rela 
tive navigation, or other modes in which the LIDAR system 
104 is at a relatively long range from the scene 112, and/or in 
which image information is relatively unimportant. Example 
illumination patterns 206 that may comprise illumination 
light 116 output during the initial phase 144 are illustrated in 
FIGS. 2C and 2D. 

FIG. 2C illustrates an illumination pattern 206 that is par 
ticularly useful when the LIDAR system 104 is at a relatively 
long range from the Surface 124. In this configuration, the 
illumination light 116 may comprise a single deflected beam 
210 within the field of view 204 of the LIDAR system 104. 
The single deflected beam 210 can spread over an area cor 
responding to one or multiple pixels of the detector. In FIG. 
2D, the illumination light 116 is in a pattern 206 that includes 
beams 208 arranged in an across track pattern. These beams 
208 can comprise deflected or steered beams 210. More par 
ticularly, the pattern 206 in this example includes a plurality 
of closely spaced deflected beams 210a in an across track 
configuration to form an essentially contiguous area of cov 
erage at the center of the pattern 206, and with non-contigu 
ous or spaced apart deflected beams 210b on either side of the 
center of the pattern. These types of patterns could be used to 
efficiently perform terrain relative navigation. 

With reference again to FIG. 1B, during an approach phase 
148, imaging information may become relatively more 
important. In accordance with embodiments of the present 
invention, the illumination light 116 desirably covers rela 
tively more of the field of view of the LIDAR system 104. 
Accordingly, the illumination light 116 may be controlled 
such that the illumination light 116 is distributed about the 
field of view of the LIDAR system 104. As can be appreciated 
by one of skill in the art, certain objects within the field of 
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6 
view of a LIDAR system 104 may be more reflective than 
others. For example, a target scene 112 comprising a landing 
Zone or a docking assembly might be associated with reflec 
tive targets 136 that have been placed to assist the LIDAR 
system 104, human observers, and/or other systems in deter 
mining the position of the platform 108 relative to the target 
scene 112. As another example, natural features, such as 
rocks 140, ice, or light colored soils, may be more reflective 
than the surrounding terrain 124. As a result, the reflected 
light 120 may include areas in which the reflected signal is so 
intense the pixels in the corresponding area of the LIDAR 
system 104 detector are saturated. Even if such areas of the 
LIDAR system 104 detector are not saturated, because of the 
relative efficiency with which more reflective objects 136, 
140 return light to the LIDAR system 104, the intensity of the 
illumination light 116 in areas of the scene 112 corresponding 
to such objects 136, 140 could usefully be decreased. More 
over, for LIDAR systems 104 utilizing deflected beams 210, 
decreasing the illumination light 116 in Such areas allows the 
illumination light 116 to be redeployed to other areas within 
the scene 112. Alternatively or in addition, decreasing the 
illumination light 116 in at least Some areas of a scene 112 can 
result in a decrease in the power required to produce the 
illumination light 116, and/or can allow the intensity of 
beams 208 incident on other areas of the scene 112 to be 
increased. An exemplary illumination pattern 206 of illumi 
nation light 116 applicable during an approach phase is illus 
trated in FIG. 2E. An exemplary illumination pattern 206 
during an approach phase, with modifications to reduce the 
illumination of reflective features 136, 140, is illustrated in 
FIG.2F. 
More particularly, in FIG. 2E, the illumination light 116 

features deflected beams 210 that are evenly distributed about 
the field of view 204 of the LIDAR system 104. Accordingly, 
the LIDAR system 104 may operate as an imaging type 
LIDAR system 104. In FIG. 2F, deflected beams 210c and 
210d are attenuated as compared to the other beams 208 of the 
illumination pattern 116, to account for the greater reflectivity 
of the rock 140 in the area of the field of view 204 illuminated 
by deflected beams 210c and 210d. In accordance with 
embodiments of the present invention in which an acoustic 
optic modulator is used to form the illumination pattern 216, 
attenuation of beams 210 can be accomplished by Supplying 
reduced radio-frequency energy associated with the steering 
of the attenuated beams 210 as compared to non-attenuated 
beams 210, as described elsewhere herein. In the area of the 
field of view 204 corresponding to the target 136, only one 
deflected beam 210e is incident on the target 136, while the 
beam that would otherwise fall in the opposite quadrant of the 
target 136 according to the illumination pattern 116 has been 
turned off, to account for the intensity of the light reflected by 
the target 136. 

With reference again to FIG. 1B, during a terminal phase 
152, the illumination light 116 may need to be attenuated 
generally, in order to avoid saturating the LIDAR system 104 
detector. In accordance with embodiments of the present 
invention, this can be achieved by steering individual beams 
provided as illumination light 116 to areas outside of the field 
of view of the LIDAR system 104. Alternatively or in addi 
tion, at least some of the beams 208 comprising the illumi 
nation light 116 can be turned off, and/or the intensity of at 
least some of the beams 208 comprising the illumination light 
116 can be attenuated or reduced. An exemplary illumination 
pattern 206 that may be used in a terminal phase 152 of a 
landing or docking scenario is illustrated in FIG. 2G. An 
exemplary illumination pattern 206 during a terminal phase 
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152, with attenuation of deflected beams 210 in areas corre 
sponding to reflective targets 136 and 140 is illustrated in 
FIG. 2H. 

In particular, in FIG. 2G, the pattern illumination 206 fea 
tures deflected beams 210 that have been spaced so that at 
least some of the deflected beams 210 fall outside of the field 
of view 204 of the LIDAR system 104. Accordingly, less of 
the illumination light 116 is received as reflected light 120 at 
the detector of the LIDAR system 104. In FIG. 2H, the illu 
mination light 116 includes deflected beams 210f and 210g 
that are attenuated as compared to other beams in the illumi 
nation pattern. The attenuated deflected beams 210f and 210g 
correspond to an area occupied by a reflective target 136. 
Accordingly, by attenuating those deflected beams 210, the 
intensity of the return signal received at the detector of the 
LIDAR system 104 is reduced. 

FIG. 1C illustrates a LIDAR system 104 in accordance 
with embodiments of the present invention in yet another 
exemplary operating environment. More particularly, in this 
example, the platform 108 comprises an autonomous rover. 
The scene 112 encountered by the LIDAR system 104 in this 
example includes a rock 14.0a in relatively close proximity to 
the LIDAR system 104, a rock 140b in the middle distance, 
and a terrain feature 124, in this example a cliff, in the back 
ground. In this scenario, illumination light 116 may be 
reflected most strongly by the nearest rock 140a, resulting in 
saturation of detector pixels in the area within the field of view 
of the LIDAR system 104 corresponding to the first rock 
140a. Light 120 reflected from the second rock 140b may be 
within the dynamic range of the LIDAR system 104 detector. 
At least some of the light 120 reflected from the cliff 124 may 
be within the dynamic range of the LIDAR system 104 detec 
tor. Accordingly, a LIDAR system 104 in accordance with 
embodiments of the present invention can use range informa 
tion to adapt the illumination light 116 produced by the 
LIDAR system 104 to a particular scene 112. More particu 
larly, nearby objects can be illuminated at lower intensities 
and/or with a smaller number of beams than objects at rela 
tively long range. In the example of FIG. 1C, this can include 
reducing the intensity and/or the number of beams incident on 
the first rock 140a, and increasing the intensity and/or the 
number of beams incident on the cliff 124. 

FIG. 2I illustrates illumination light 116 in an initial or 
interrogation pattern 206 incident on the scene 112 depicted 
in FIG. 1C. From the range information obtained by the 
interrogation signal or pattern 206, adjustments to the effec 
tive intensity of the light 116 used to illuminate the scene 112 
can be made. In particular, as illustrated in FIG. 2J, beam 
210h, incident on the near rock 140a, has an intensity that is 
decreased as compared to the corresponding beam 210h in the 
interrogation signal. Beam 210i, incident on the cliff 124, has 
an intensity that is increased as compared to the intensity of 
the corresponding beam 210i in the interrogation signal. In 
addition, beam 210i, which was incident on the near rock 
14.0a in the interrogation signal (see FIG.2I) has been steered 
such that in the adapted illumination light 116, the beam 210i 
is incident on the cliff in the adapted pattern shown in FIG.2J. 
Although the adaptation made to the illumination light 116 
illustrated in FIGS. 2I and 2J features changes to both the 
intensity and the number of beams used to illuminate particu 
lar features within a scene 112, it should be appreciated that 
adaptation of illumination light 116 in accordance with 
embodiments of the present invention can utilize changes in 
intensity, location and/or total number of beams. 

FIG. 2K illustrates illumination light 116 configured in a 
non-discrete illumination pattern 206. In this example, the 
illumination light 116 is distributed across an illumination 
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8 
pattern 206 comprising a Substantially rectangular area. 
Moreover, the intensity of the illumination light 116 is the 
same or approximately the same across the entire pattern 206. 
The illumination pattern 206 illustrated in FIG. 2K can com 
prise an interrogation signal or pattern 206, or can comprise a 
pattern 206 used to obtain information about an imaged 
SCCC. 

In FIG. 2L, an example of a non-discrete illumination 
pattern 206 is illustrated, with different areas of the imaged 
scene 112 provided with different intensities of illumination 
light 116. More particularly, the scene 112 in this example 
comprises a portrait of two people, with a first person 214a 
closer to the imaging system 104 then the second person 
214b. The illumination light 116 is disposed in a pattern 206 
that includes a first area 206a, generally corresponding to the 
face of the first person 214a in the scene 112, and a second 
portion 206b in an area of the imaged scene 112 generally 
corresponding to the face of the second person 214b. More 
over, because the first person 214a is closer to the imaging 
system 104 than the second person 214b, the first area of 
illumination 206a is of lower intensity than the second area of 
illumination 206b. Accordingly, non-discrete illumination 
patterns 216 can include areas having different illumination 
intensities. The illumination pattern 206 in FIG. 2L is an 
example of a pattern that might be produced by an imaging 
system 104 in response to information about a scene obtained 
using an interrogation signal and/or a previous or earlier 
frame or instance of illumination light 116. 
A LIDAR system 104 can also be used in connection with 

docking to the international space station or other spacecraft. 
FIG. 1D illustrates a LIDAR system 104 in accordance with 
embodiments of the present invention in an example rendez 
vous and docking scenario. The LIDAR system 104 is carried 
by a platform 108 comprising a spacecraft. The target scene 
112 in this example comprises the international space station 
(ISS) 144. The LIDAR system 104 can initially produce 
illumination light 116 as part of a long range search. In the 
long range search mode, the illumination light 116 may be 
distributed in an illumination pattern 206, like that illustrated 
in FIG. 2E, where light is distributed across the field of view 
204 of the LIDAR system 104. Once the ISS 144 is located, 
the beam pattern 206 can be adjusted to match the observed 
size of the ISS 144. Moreover, as the spacecraft 108 
approaches the ISS 144, the illumination pattern 206 can be 
adopted to match retroreflectors 136 located on the ISS 144, 
for example in the vicinity of the docking port 148, or to 
match non-cooperative targets. 

In FIG.3A, components of a LIDAR system 104 carried by 
a platform 108 comprising a spacecraft are illustrated. In 
general, the LIDAR system 104 includes a light source 304 
operated in response to signals received from a payload com 
puter or controller 308. The light source 304, which may 
comprise a laser providing coherent light, produces a primary 
beam 312 that is input to an electronic beam forming or 
steering device 316. Operation of the beam forming device 
316 may be in response to control signals received from the 
payload computer 308, directly or via a driver circuit or chip 
320. The LIDAR system 104 also includes a detector 324, 
which typically comprises a multiple element or multiple 
pixel detector 324. Accordingly, the LIDAR system 104 may 
comprise a flash or imaging LIDAR system 104 with a two 
dimensional detector array. In accordance with other embodi 
ments, the detector 324 may alternatively comprise a one 
dimensional detector array or a single element detector. The 
detector 324 is operated under the control of the payload 
computer 308, and data collected by the detector 324 may be 
provided to the payload computer 308. For example, a mul 
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tiple pixel detector 324 may feature a plurality of pixels 326 
arranged in a two-dimensional array with an active area that 
receives reflected light 120 within the field of view 204 of the 
LIDAR system 104. Moreover, the multiple pixel detector 
may comprise a multiple pixel charge coupled device or other 
multiple element photon detector. 

In accordance with embodiments of the present invention, 
the payload computer 308 may comprise high speed electron 
ics, in the form of a programmable processor, application 
specific integrated circuit (ASIC), or a collection of inte 
grated or discrete circuits and components, that generally 
controls operation of the LIDAR system 104. For example, in 
connection with obtaining range information, the payload 
computer 308 can perform timing functions. Moreover, the 
payload controller 308 can receive intensity information from 
the multiple pixel detector 324, and, as described herein, 
adapt the intensity of at least portions of the illumination light 
116. In accordance with still other embodiments of the 
present invention, the LIDAR system 104 is not required to 
perform a range determining function. Accordingly, a system 
104 that does not perform a range determining function, or a 
LIDAR system 104 that is operated in a two-dimensional 
mode, does not need to perform the timing functions required 
of a LIDAR system 104 that is operating in a three-dimen 
sional mode or that is otherwise collecting range information. 

In accordance with embodiments of the present invention, 
the light source 304 comprises a laser. Moreover, the light 
Source 304 can comprise a pulsed laser, or a continuous wave 
laser. In accordance with still other embodiments, the light 
Source 304 can comprise a single laser or an array including 
multiple lasers. An example of a light source 304 comprising 
an array includes a vertical cavity Surface emitting laser (VC 
SEL) configured to provide an array of lasers. In accordance 
with still other embodiments, a laser array, whether compris 
ing a VCSEL or otherwise, can include emitters that can be 
independently controlled. Moreover, a light source 304 can 
comprise an array of fiber coupled lasers. In accordance with 
still other embodiments, the light source 304 need not com 
prise a laser. For example, and without limitation, the light 
Source can comprise a light emitting diode (LED), an LED 
array, one or more incandescent sources, or one or more 
electronic flashtubes. 
The spacecraft 108 can include an attitude control system 

328. In addition to controlling the orientation and/or location 
of the spacecraft, the attitude control system 328 can provide 
the payload computer 308 with information regarding the 
location of the LIDAR system 104. In addition, the LIDAR 
system 104 can operate to provide the attitude control system 
328 with location information, for example information 
regarding the location of the platform 108 relative to a target 
scene 112. 
The LIDAR system 104 generally operates the beam form 

ing device 316 to illuminate a scene 112 with illumination 
light 116. More particularly, the beam forming device 316 
may be operated to deflect or steer one or more beams 208 of 
illumination light 116. Moreover, the beam forming device 
316 may be operated to control the number of beams (or 
beamlets) 208 comprising the illumination light 116, the 
angle at which each beam 208 exits the LIDAR system 104, 
and the intensity of each beam 208. In accordance with 
embodiments of the present invention, this control may be 
accomplished by creating and controlling beams 208 com 
prising deflected beams 210 using the beam forming device 
316. In accordance with embodiments of the present inven 
tion comprising an array type light source 304, a beam form 
ing device 316 need not be included, as individual beams 208 
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10 
within an illumination pattern 206 can be controlled by con 
trolling the output from elements of the array. 
The LIDAR system 104 may additionally include transmit 

optics 318 and/or receive optics 322. For example, transmit 
optics 318 may include optics for controlling or shaping one 
or more of the beams 208 output by the LIDAR system 104. 
As an example, transmit optics 318 comprising a lens or lens 
system operable to disperse the light from one of the beams 
208, such as a primary or undeflected beam 212, so that it 
illuminates an area within the field of view 204 of the LIDAR 
system 104 corresponding to a plurality of pixels 326 of the 
multiple pixel detector 324 can be provided. As can be appre 
ciated by one of skill in the art, receive optics 322 may be 
configured to focus light returned to the LIDAR system 104, 
including reflected light 120, onto the multiple pixel detector 
324. 
The LIDAR system illustrated in FIG. 3A is shown with a 

single beam forming device 316. More particularly, the beam 
forming device 316 comprises an acousto-optic modulator 
(AOM) beam deflector 330. By providing a single AOM beam 
deflector 330 as a beam forming device 316, a plurality of 
deflected beams 210 can be formed at different angles with 
respect to an input beam 312. More particularly, as can be 
appreciated by one of skill in the art, by providing input 
signals from a driver circuit 320 comprising a radio frequency 
driver at different frequencies, the AOM beam deflector 330 
can output different deflected beams 210 at different angles 
with respect to the input beam 312. Specifically, the angle at 
which a deflected beam 210 thus formed is output is deter 
mined by the particular frequency applied by the RF driver 
320 as an input signal 314 to the acousto-optic modulator, and 
the number of deflected beams 210 formed is generally equal 
to the number of different frequencies included in the input 
signal 314. In addition, the intensity of individual deflected 
beams 210 can be controlled by controlling the intensity of 
the corresponding input signal 314, and without requiring 
modulation of the input beam's 312 power. The resulting one 
or more beams 208 produced from providing an input beam 
312 and one or more input frequencies to the AOM beam 
deflector 330 therefore include one or more steered beams 
210 that each have an angle with respect to the input beam 312 
that is determined by the frequency of their corresponding 
input signal and an intensity that is at least partially deter 
mined by the intensity of their input signal, and an unde 
flected beam 212. 

FIG. 3B illustrates components of a LIDAR system 104 in 
accordance with further embodiments of the present inven 
tion. In this example, a beam forming device 316 comprising 
first 330a and second 330b acousto-optic modulators is pro 
vided. As can be appreciated by one of skill in the art, the 
inclusion of a second acousto-optic modulator 330b, in series 
with a first acousto-optic modulator 330a, allows deflected 
beams 210 formed by the LIDAR system 104 to be steered in 
two dimensions. Accordingly, such embodiments facilitate 
the production of illumination light 116 comprising a two 
dimensional array of beams 208. Moreover, this arrangement 
allows the pattern 206 of the deflected beams 210 included in 
the illumination light 116 to be selected pseudo-randomly. 
Moreover, the intensity and location of individual deflected 
beams 210 can be individually controlled. 

FIG. 3C illustrates a LIDAR system 104 in accordance 
with still other embodiments of the present invention. In this 
example, the LIDAR system 104 includes a two-dimensional 
camera 340. The two-dimensional camera 340, which may 
comprise a conventional, visible wavelength and/or extended 
wavelength camera, can be used to detect obstacles within the 
field of view 204 of the LIDAR system 104. For example, the 
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two-dimensional camera 340 may be used to obtain images of 
cloud formations 134 that at least partially obscure a view of 
a target scene 112 from the LIDAR system 104. Specifically, 
information regarding the location of clouds 134 relative to 
the LIDAR system 104 can be used to select an illumination 
pattern 206. For instance, as illustrated in FIG. 3C, an illumi 
nation pattern 206 that nominally includes an undeflected 
beam 212 and three deflected beams 210h-i can be modified 
such that the beams 210h and 210i, which would intersect the 
clouds 134 if they were generated according to the nominal 
illumination pattern 206, can be turned off. As a result, the 
portion of the input beam 312 that would normally have been 
distributed between the three beams 210h-i can instead be 
concentrated into beam 210i, which can pass to the target 
scene 112 without being intersected by clouds 134. As can be 
appreciated by one of skill in the art, where the beam forming 
device 316 comprises an acousto-optic modulator 330, this 
can be achieved by providing an input frequency from the 
radio frequency driver 320 to the AOM 330 corresponding to 
the second beam 210i, and by not sending frequencies corre 
sponding to the first 210h and third 210i beams. Similarly, the 
LIDAR system 104 could be used to track clouds or plumes of 
smoke or dust as the platform 108 passes over them. More 
over, the LIDAR itself, or a secondary LIDAR, could be used 
to detect the locations of clouds 134 or other obstructions for 
purposes of adapting the illumination pattern 206 so that the 
obstructions are avoided, without requiring the use of a two 
dimensional camera 340. 

FIG. 3D illustrates yet another embodiment of a LIDAR 
system 104 in accordance with embodiments of the present 
invention. In such embodiments, the light source 304 and the 
beam forming device 316 may be provided by a laser array 
306. The laser array 306 generally includes multiple laser 
Sources comprising beam sources 372 arranged in a one 
dimensional or a two-dimensional array. The laser array 306 
may be provided by beam sources 372 comprising multiple 
laser devices configured such that the output beams 208 of the 
devices are in a desired azimuth and elevation with respect to 
a reference plane associated with the laser array 306. In 
accordance with still other embodiments, the laser array 306 
may comprise a VCSEL array. In accordance with still other 
embodiments, the laser array 306 may comprise multiple 
lasers, with beams that are passed through fiber optic ele 
ments such that the beams exit the laser array 306 at a desired 
angle and relationship to other beams within the laser array 
306. As shown, individual beams 208 can be selectively acti 
vated to adapt the pattern 206 of illumination light 116 to the 
scene 112. 

FIG. 3E illustrates still another embodiment of a LIDAR 
system 104 in accordance with embodiments of the present 
invention. In Such embodiments, which may, for example, be 
carried by a platform 108 comprising an airplane, the LIDAR 
system 104 includes a beam steering device 316 comprising 
an acousto-optic beam deflector 330. In accordance with fur 
ther embodiments, the acousto-optic beam deflector or modu 
lator 330 can comprise a two-dimensional beam deflector to 
allow for the steering of deflected beams 210 in two dimen 
sions. The LIDAR system 104 additionally includes output 
optics 318 comprising an engineered diffuser or a holo 
graphic line diffuser. Moreover, the output optics 318 are 
associated with the undeflected beam 212, and are not asso 
ciated with any of the deflected beams 210. By applying the 
output optics 318 to the undeflected beam 212, the shape of 
the undeflected beam 212 can be controlled. In the present 
example, the shape of the undeflected beam 212 is controlled 
so that it occupies an area corresponding to a plurality of 
pixels 326 at the multiple pixel detector 324. This approach 
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has the advantage of providing acrosstrack coverage and an 
enhanced alongtrack coverage that could reduce the repeti 
tion rate required of the laser to achieve contiguous along 
track coverage. A LIDAR calibration target 156 is included in 
the scene 112. Intensity and/or range information collected by 
the LIDAR system 104 with respect to light reflected by the 
calibration target 156 can be used to adjust or adapt the 
illumination light 116 incident on the scene. 

In addition, the LIDAR system 104 may incorporate addi 
tional features and components. For example, digital eleva 
tion maps 348, global positioning system and/or inertial 
motion tracker devices 352, a two-dimensional camera 340 
comprising a visible wavelength camera 356, and a health 
telemetry unit 360, the outputs of which may be provided to 
the payload computer 308 for use in operation of the LIDAR 
system 104, can also be included. In addition, Science data 
storage 364 may be provided to store science data output by 
the payload computer 308 and/or other devices. Also illus 
trated is a variable clock 368, for providing clock data used in 
operation of the LIDAR system 104 multiple pixel detector 
324. 

In FIG. 3F, yet another embodiment of a LIDAR system 
104 in accordance with embodiments of the present invention 
is illustrated. In this example, the LIDAR system 104 
includes a light source 304 that comprises a two-dimensional 
array of beam 208 sources 372. In accordance with such 
embodiments, the payload computer 308 can control the light 
source 304 to actuate beam 208 sources 372 that illuminate 
selected areas within a scene 112. In the example of FIG.3F, 
the beam pattern 206 of the illumination light 116 includes 
beams 208 that are aligned with vertical and horizontal axes. 
The reflected light 120 is in turn received along vertical and 
horizontal axis of the multiple element detector 324. Differ 
ent illumination patterns 206 can be generated by selecting 
different beam sources 372 within the light source 304 array. 
For example, areas within a scene that are particularly reflec 
tive, such as a body of water 132, can be illuminated by a 
lesser number of beams 208 than other areas of the scene 112, 
to avoid saturation of the pixels 326 of the multiple element 
array 324. In addition, the system 104 illustrated in FIG.3F is 
not strictly a LIDAR system, in that there is no synchroniza 
tion required between the light source 304 and the multiple 
pixel detector 324. Accordingly, the embodiment illustrated 
in FIG.3F does not capture range information. 

With reference now to FIG.4, aspects of the operation of a 
LIDAR system 104 in accordance with embodiments of the 
present invention are illustrated. Initially, a determination is 
made as to whether the desired target scene 112 is in the field 
of view 204 of the LIDAR system 104 (step 404). If the target 
scene 112 is not within the field of view, the LIDAR 104 is 
moved to bring the target scene 112 into the field of view (step 
408). As can appreciated by one of skill in the art, the deter 
mination as to whether a desired target scene 112 is within the 
field of view 204 of the LIDAR system 104 may be performed 
in connection with the data collected by the LIDAR system 
104. Alternatively or in addition, information regarding the 
location of the LIDAR system relative to the target scene 112 
can be provided by other devices or systems, or by a human 
operator. For example, the LIDAR system 104 may be oper 
ated in a terrain relative navigation mode, and/or a target 
identification mode, to determine whether a desired target 
scene 112 is within the field of view 204 of the LIDAR system 
104. Therefore, the desired target scene 112 may include 
scenes 112 that are encountered while moving the LIDAR 
system 104 to a location from which a desired target scene 
112 is within the field of view 204 of the LIDAR system 104. 
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Once the (intermediate or final) target scene 112 is in view, 
the illumination mode for the LIDAR system 104 is selected 
(step 412). For example, where the LIDAR system 104 is 
being moved towards a final target scene 112, a concentrated 
line or spot illumination pattern 206 may be selected to pro 
vide terrain relative navigation information and/or long range 
altitude information. As another example, as the LIDAR sys 
tem 104 is moved along a track, an along track illumination 
pattern or a cross-track illumination pattern may be selected. 
As still another example, when a desired terminal target scene 
112 is in the field of view 204 of the LIDAR system 104, such 
as in a landing or docking scenario, the illumination pattern 
may be Switched to an imaging mode, Such that a two-dimen 
sional array of beams 208 is produced. The size of the array 
can be matched to the size of the scene to prevent light from 
missing the scene and being lost. 
At step 416, a determination is made as to whether infor 

mation regarding the target scene 112 is available. If infor 
mation regarding the target scene 112 is available, that infor 
mation is provided to the payload computer 308, and can be 
used to modify a selected or default illumination pattern 206 
that would otherwise be applied for the selected illumination 
mode (step 420). Examples of information regarding the tar 
get scene 112 that can be used in modifying an illumination 
pattern 206 include the presence and relative location of fea 
tures or targets within the scene 112, the relative reflectivity of 
the scene or portions of the scene 112, areas of particular 
interest within the scene 112, or other information that can be 
used to select an appropriate illumination pattern 206. At step 
424, the illumination pattern 206 is determined. In particular, 
if information regarding the target scene 112 is available, that 
information is applied in combination with the selected illu 
mination mode to determine an appropriate illumination pat 
tern 206. The determination of an appropriate illumination 
pattern can include selecting from a number of predetermined 
patterns 206, for example based on the selected illumination 
mode, or on other available information, even if information 
regarding a particular target scene 112 is not available. In 
addition, and in particular when information regarding the 
specific target Scene is available, selecting the illumination 
pattern 206 can include generating an illumination pattern 
206 that is configured for application to the target scene 112. 
Illuminating beams 208, which may include deflected beams 
210 and/or an undeflected beam 212, are then generated or 
outputted (step 428). In accordance with embodiments of the 
present invention, this initial illumination pattern 206 may 
comprise an interrogation pattern. 
A determination may then be made as to whether a return 

signal 120 has been received at one or more of the pixels 326 
of the multiple pixel detector 324 (step 432). If a return signal 
120 is received, information regarding the return signal 120 is 
provided to the payload computer 308 (step 436). The pay 
load computer 308 can then determine whether, based on the 
information received from the multiple pixel detector 324, 
adjustments to the pattern 206 of the illumination signal or 
light 116 are desirable or required (step 440). If it is deter 
mined that adjustments should be made, they are imple 
mented by providing a Suitable control signal to the light 
source 304 and/or the beam forming device 316 (step 444). 
Examples of adjustments that may be made include adjust 
ments needed to avoid saturation of one or more pixels 326 of 
the multiple pixel detector 324. For instance, where a reflector 
136 or a particularly reflective natural feature 132 or 140 is 
within the field of view 204 of the LIDAR system 104, or is 
closer to the LIDAR, reflected light 120 from areas including 
the reflector 136 and/or feature 132,140 can be significantly 
higher than reflected light 120 from other areas of a target 
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scene 112. Moreover, given the limited dynamic range of 
most multiple pixel detectors 324, the saturation of one or 
more pixels 326 results in a loss of information. In addition, 
given the limited illumination light 116, in accordance with 
embodiments of the present invention, deflected beams 210 
directed to areas of the scene 112 that reflect enough light to 
saturate the corresponding pixels 326 of the detector 324 can 
be redeployed to other areas. This can be accomplished by 
reducing the intensity of deflected beams 210 incident on 
particularly reflective areas of the scene 112, by steering the 
deflected beams 210 incident on particularly reflective areas 
to other areas of the scene 112, and/or by turning off deflected 
beams 210 incident on particularly reflective areas of the 
scene 112. More particularly, the payload computer 308 can 
direct the radio frequency driver 320 to provide input signals 
314 to the beam forming device 316 to adjust the beams 208 
as required. 

Although examples of situations in which changes in the 
pattern of illuminating light 116 are made in response to 
receiving reflected light 120 that exceeds the dynamic range 
of pixels 326 of the detector 324, adjustments can also be 
made where reflected light 120 is not received, at least in 
intensities Sufficient enough to be detected. For example, 
where a target scene 112 is otherwise believed to be within the 
field of view 204 of the LIDAR system 104, but no features 
have been detected, the output light 116 can be concentrated 
into a relatively small number of beams at relatively high 
intensity. In accordance with still further embodiments, a 
return signal from an element determined to be at a distance 
not corresponding to a distance to a desired target scene 112 
can be used to determine the presence of a blocking element, 
such as a cloud 134 between the LIDAR system 104 and the 
target scene 112. Such information can be in the form of a 
range to a target detected at a pixel 326 that is less than a 
known or estimated range to a desired target scene 112. An 
illumination pattern 206 that avoids such blocking elements 
can then be output. As yet another example, only those beams 
208 that are determined to provide a return signal 120 
detected by the multiple pixel detector 324 may be output. In 
accordance with further embodiments of the present inven 
tion, information obtained by the LIDAR system 104 regard 
ing the range to elements within an illuminated Scene 112 can 
be used to provide information about the scene from which 
adaptations to the illumination pattern 206 can be made. 
At step 448, a determination may be made as to whetheran 

adapted illumination pattern 206 is to continue to be gener 
ated or outputted. If the generation of an adapted illumination 
pattern 206 is to be continued, the process returns to step 428. 
If the generation of an adapted illumination pattern is to be 
discontinued, a determination may next be made as to 
whether the operation of the LIDAR system 104 is to be 
continued (step 452). If operation is to be continued, the 
process may return to step 404. Alternatively, the process may 
end. 
As can be appreciated by one of skill in the art from the 

description provided herein, embodiments of the present 
invention apply feedback provided by a multiple pixel detec 
tor 324 to controloradjust light 116 used to illuminate a scene 
112. Moreover, it can be appreciated that different areas 
within a scene 112 can be illuminated by light of different 
intensities. Moreover, this differential or adaptive illumina 
tion of different areas within a scene 112 can be accomplished 
through the selective steering of individual deflected beams 
210 of light provided as output 116 to illuminate a scene 112, 
and/or through the control of the intensities of individual 
deflected beams 210 of illuminating light 116. In accordance 
with further embodiments of the present invention, this dif 
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ferential or adaptive illumination of different areas of a scene 
can be achieved through the selective activation of beams 208 
produced by a light Source 304 comprising an array of beam 
208 sources 372. In addition, it should be appreciated that 
embodiments of the present invention allow for beams 208 
within an illumination pattern 206 to be controlled in a ran 
domorpseudo-random access fashion. Moreover, beams 208 
can be produced or controlled to produce an illumination 
pattern 206 comprising discrete spots. Alternatively or in 
addition, beams 208 can be produced or controlled to produce 
an illumination pattern 206 that comprises one or more con 
tiguous areas of light. 

In embodiments providing a beam forming device 316 
comprising a single AOM beam deflector 330, the angle of 
individual deflected beams 210, relative to an input beam 312, 
can be controlled in one dimension. Moreover, the relative 
intensities of the deflected beams 210 can be controlled by 
controlling the intensity of the input frequencies provided to 
the AOM beam deflector 330. By providing a beam forming 
device 316 comprising first and second AOM beam deflectors 
330, the angle of deflected beams 210 relative to an input 
beam 312 can be controlled in two dimensions. Moreover, the 
relative intensities of the deflected beams 210 can be con 
trolled. This pseudo-random access control of deflected 
beams 210 provided as part of illumination light 116 allows 
embodiments of the present invention to vary the intensity of 
the illumination light 116 across the field of view 204 of the 
LIDAR system 104. In accordance with still other embodi 
ments, a light source 304 comprising an array of beam 208 
sources 372 can be operated to provide an illumination pat 
tern 206 that is adapted to a particular scene. In particular, 
individual sources 372 can be operated in such embodiments 
so that a desired illumination pattern 206 is output. Accord 
ingly, illumination light 116 can be selectively distributed, so 
that the reflected light 120 received at individual pixels 326 of 
the multiple pixel detector 324 is within the dynamic range of 
those pixels 326 and/or is directed to pixels 326 receiving 
reflected light 120 from areas within the field of view 204 of 
the LIDAR system 104 corresponding to areas of particular 
interest or importance within the target Scene 112. 

In accordance with embodiments of the present invention, 
a LIDAR system 104 that is capable of providing range infor 
mation is described. Moreover, at least some embodiments 
incorporate a multiple pixel detector 324 comprising a two 
dimensional array, enabling the acquisition of image infor 
mation from a target Scene in three dimensions. More particu 
larly, frames of data can be obtained, with each frame taken at 
a different moment in time. Moreover, for each frame, inten 
sity and range information can be obtained. As can be appre 
ciated by one of skill in the art, intensity information can be 
obtained from the pixels 326 of the multiple pixel detector 
324, while range information can be obtained by determining 
a time of flight by determining the time elapsed between the 
production of a beam 208 of light and the time at which 
reflected light 120 corresponding to that beam 206 is received 
at a pixel 326 of the multiple pixel detector 324. Control of 
beams 208 in accordance with embodiments of the present 
invention allows those beams 208 to be pointed towards areas 
of a target scene 112, so that reflected light is received by 
individual pixels 326 of the multiple pixel detector 324. Alter 
natively or in addition, beams 208 can be controlled so that at 
least portions of multiple pixels 326 correspond to areas of the 
target scene 112 illuminated by such beams 208. As can be 
appreciated by one of skill in the art, a beam forming device 
316 comprising one or more AOM beam deflectors 330 will 
output a single undeflected beam 212, in addition to from 0-n 
deflected beams 210, where n is equal to the maximum num 
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16 
ber of frequencies provided to the AOM beam deflector or 
deflectors 330 as an input signal 314. In accordance with 
embodiments of the present invention, the undeflected beam 
212 can be included in the illumination light 116 within the 
field of view 204 of the LIDAR system 104. In accordance 
with still other embodiments, the undeflected beam 212 can 
be attenuated, steered, thrown out, blocked, or otherwise 
modified. Where the light source 304 comprises an array of 
beam sources 372, the number of beams 208 included in the 
illumination light 116 can range from 1-m, wherein m is the 
total number beam sources 372. 

In accordance with still other embodiments of the present 
invention, range information need not be collected and/or 
determined. Accordingly, embodiments of the present inven 
tion are not limited to LIDAR systems. For example, a system 
in accordance with embodiments of the present invention can 
comprise any system that includes a light source 304 that, in 
cooperation with a beam forming device 316, can be operated 
to produce multiple, independently controlled beams 208 to 
illuminate a scene 112 that is partially or entirely within a 
field of view 204 of the system. In accordance with further 
embodiments of the present invention, the light source 304 
may comprise an array of lasers or fiber-coupled lasers with 
associated lenses or microlens arrays. In accordance with still 
other embodiments, a light source 304 can comprise a non 
laser source, Such as an electronic flash tube or an array of 
electronic flash tubes. Moreover, a non-laser light Source can 
be associated with one or more beam forming devices 316 
and/or transmit optics 318. Moreover, a beam forming device 
316 can comprise a liquid crystal display (LCD) or other 
panel in which areas of the panel can be controlled to selec 
tively transmit or block light provided from a light source 
304, to produce an illumination pattern 206 having an inten 
sity that is controlled or varied such that different areas within 
a scene 112 can be provided with different intensities of 
illumination light 116. In accordance with further embodi 
ments, any one of multiple degrees of transmission can be 
selected at different areas of the beam forming device 316. 
Alternatively or in addition, the beam forming device may 
comprise an array of pixels that can be Switched between a 
state of maximum transmission and a state of maximum 
opaqueness. In accordance with Such embodiments, a beam 
208 may comprise an area of an illumination pattern 206 
produced by the beam forming device 316. 

Systems in accordance with embodiments of the present 
invention include a multiple pixel detector 324 that provides 
a feedback signal to a controller, Such as a payload computer 
308, that is used to adjust characteristics of at least one of the 
beams 208 used to illuminate the scene 112. Moreover, this 
control can be differential, in that different beams 208 are 
controlled independently of other beams 208. Accordingly, 
embodiments of the present invention can comprise imaging 
cameras or other systems that provide an illumination Source 
and receive a reflected signal. More particularly, embodi 
ments of the present invention can include any system with a 
multiple pixel or element detector 324 that provides feedback 
to a beam forming device 316 that is capable of implementing 
individual control of one or more beams 208 used to illumi 
nate a Scene 112. 

Although exemplary embodiments of LIDAR systems 104 
have been described that incorporate a beam forming device 
316 comprising one or more acoustic optic modulators 330, 
other configurations are possible. For example, a beam form 
ing device 316 may comprise a liquid crystal device to control 
the intensity of individual beams 208 within an illumination 
pattern 206. In accordance with still other embodiments, the 
beam forming device 316 may comprise an electro-optic 

HESAI EX1024, P.29



US 8,736,818 B2 
17 

device, comprising a crystal having an index of refraction that 
can be controlled according to applied Voltage. Beam forming 
can be performed by arrays of lasers or fiber-coupled lasers. 
Moreover, multiple electro-optic devices can be used to pro 
vide a beam steering device 316. As a further example, micro 
electrical mechanical systems (MEMS) microarrays can be 
used as a beam forming device 316. In addition, although 
portions of the description have related to the production of 
illumination patterns 206 that can be selected or modified in 
a random access manner Such that the characteristics of a 
particular target scene 112 are accommodated, it should be 
appreciated that a pattern 206 can also include deflected 
beams 210 that are moved from frame to frame. In particular, 
scan patterns can be produced in which any number of 
deflected beams 210 are moved from frame to frame. 
As mentioned above, embodiments of the present inven 

tion can also include beam forming devices 316 that include 
controllable panels. More particularly, such beam forming 
devices 316 can comprise panels that selectively transmit or 
reject light produced by a light source 304. Examples of such 
beam forming devices 316 include LCD panels. In accor 
dance with still other embodiments, a beam forming device 
316 can comprise controllable mirrors. Such mirrors can 
include steered mirrors. In accordance with still other 
embodiments, deformable mirrors can be provided to control 
the illumination pattern 206 used to illuminate a scene 112 
with light from a light source 304. 

In accordance with still other embodiments, a plurality of 
light sources 304 can be associated with a plurality of beam 
forming devices 316. For example, each light source 304 can 
comprise a laser, and each laser can be associated with a beam 
steering device 316 comprising a pair of AO beam deflectors 
330. Such embodiments can allow for random access selec 
tion of illumination patterns 206. 

In accordance with still other embodiments, different 
beams 208 having different polarization states can be pro 
duced simultaneously or sequentially. In particular, a beam 
208 output by a beam steering device 316 comprising an AO 
beam deflector 330 is inherently polarized in a particular 
state. The polarization of a beam 208 output by an imaging 
system 104 in accordance with embodiments of the present 
invention can be used in interrogating targets, where those 
targets have a reflectivity that is polarization sensitive. For 
example, changes to the polarization state of beams 208 can 
be used in connection with atmospheric constituent detection 
and differentiation of biological species. In order to take 
advantage of polarization state information, illumination pat 
terns 206 in which multiple beams 208 are generated from 
each pulse of the light source 304 and are projected by the 
beam steering device 316 at different angles. The different 
beams 208, having different polarization states, can then be 
co-aligned using Subsequent optics so that the two distinct 
states are simultaneously projected to the same location in the 
target scene 112. As another example, beams 210 can be 
produced in which the polarization state of any or all of the 
beams 210 is modulated on a shot to shot basis. For instance, 
a beam of one polarization state on one shot of the laser can be 
followed by a beam having a different polarization state on 
the next shot of the laser, with both beams 210 being directed 
to the same location within the target Scene 112. 
As can be appreciated by one of skill in the art, different 

illumination patterns are desirable in different scenarios. For 
example, in a rendezvous and docking scenario, embodi 
ments of the present invention can be operated to produce an 
illumination pattern 206 that is different for different phases 
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18 
of a rendezvous and docking procedure. In addition, search 
times can be improved by using different illumination pat 
terns. 

Embodiments of the present invention, and in particular 
embodiments that utilize a beam steering device 316 that 
include a fine adjustable beam angle, including a beam steer 
ing device 316 comprising an AO beam deflector 330, can be 
used to perform boresighting of the LIDAR system 104. More 
particularly, the electronic steering of one or more deflected 
or steered beams 210 permits alignment or boresighting of the 
illumination light 116 with the multiple pixel detector 326. In 
accordance with still other embodiments, electronic steering 
of one or more deflected beams 210 can be used to perform 
boresighting of illumination light 116 even in connection 
with a detector comprising a single pixel (i.e., in connection 
with a single element detector). Accordingly, mechanical 
steering mechanisms can be simplified or eliminated, which 
can reduce weight, cost and complexity of the LIDAR system 
104. 
The foregoing discussion of the invention has been pre 

sented for purposes of illustration and description. Further, 
the description is not intended to limit the invention to the 
form disclosed herein. Consequently, variations and modifi 
cations commensurate with the above teachings, within the 
skill or knowledge of the relevant art, are within the scope of 
the present invention. The embodiments described herein 
above are further intended to explain the best mode presently 
known of practicing the invention and to enable others skilled 
in the art to utilize the invention in such or in other embodi 
ments and with various modifications required by the particu 
lar application or use of the invention. It is intended that the 
appended claims be construed to include alternative embodi 
ments to the extent permitted by the prior art. 

What is claimed is: 
1. A method for illuminating a scene, comprising: 
outputting light in a first illumination pattern, wherein the 

first illumination pattern includes a first plurality of 
beams that illuminate the scene at a first point in time; 

determining at least one of an intensity of light reflected 
from the scene as a result of illumination of the scene by 
the first illumination pattern or a range to an area of the 
scene determined from light included in the first illumi 
nation pattern; 

in response to determining the at least one of an intensity of 
light reflected from the scene as a result of illumination 
of the scene by the first illumination pattern or a range to 
an area of the scene determined from light included in 
the first illumination pattern, outputting light in a second 
illumination pattern, wherein the second illumination 
pattern includes a second plurality of beams that illumi 
nate the scene at a second point in time, and wherein the 
first illumination pattern differs from the second illumi 
nation pattern. 

2. The method of claim 1, wherein outputting light in a 
second illumination pattern includes steering at least one of 
the beams included in the first plurality of beams. 

3. The method of claim 2, wherein outputting the second 
plurality of beams includes controlling at least a first beam 
included in the first plurality of beams, and wherein control 
ling at least a first beam included in the first plurality of beams 
includes at least one of: 

controlling an intensity of the first beam, 
controlling the first beam such that the first beam is incident 

on a selected area within the scene, and 
controlling the first beam such that the first beam is incident 

on an area adjacent the scene. 
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4. The method of claim 1, wherein the second illumination 
pattern is output in response to determining an intensity of 
light received at a first element of a multiple element detector 
as a result of illumination of the scene by the first illumination 
pattern. 

5. The method of claim 4, wherein determining an intensity 
oflight reflected from the scene while the scene is illuminated 
by the first illumination pattern includes receiving a signal 
from at least the first element of the multiple element detector. 

6. The method of claim 5, wherein the signal received from 
the first element of the multiple element detector is greater 
than a threshold amount, 

wherein a signal received from a second element of the 
multiple element detector is less than the threshold 
amount, 

wherein outputting light in a second illumination pattern 
includes reducing an intensity of a first beam illuminat 
ing an area of the scene from which light received by the 
first element of the multiple element detector is reflected 
as compared to the intensity of a corresponding beam in 
the first illumination pattern, and 

wherein outputting light in a second illumination pattern 
does not include reducing an intensity of a second beam 
illuminating an area of the scene from which light 
received by the second element of the multiple element 
detector is reflected as compared to the intensity of a 
corresponding beam in the first illumination pattern. 

7. The method of claim 5, further comprising: 
directing the second illumination pattern to the scene; 
in response to detecting that an intensity of light reflected 

from the scene while the scene is illuminated by the 
Second illumination pattern exceeds a threshold amount, 
controlling the second illumination pattern to produce a 
third illumination pattern, wherein the second illumina 
tion pattern differs from the third illumination pattern. 

8. The method of claim 5, wherein the intensity of light 
detected by the first element of the multiple element detector 
while the scene is illuminated by the second illumination 
pattern is less than the intensity of light detected by the first 
element of the multiple element detector while the scene is 
illuminated by the first illumination pattern. 

9. The method of claim 2, wherein outputting light in a 
Second illumination pattern includes steering a first one of the 
beams independently of a second one of the beams in the first 
plurality of beams. 

10. The method of claim 1, wherein outputting light in a 
Second illumination pattern includes electronically altering 
the first illumination pattern to create the second illumination 
pattern. 
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11. A lidar system, including: 
a light source, wherein the light source generates at least a 

first light pulse comprising a first beam of light; 
a first acoustic optic modulator, wherein the beam of light 

generated by the light source is provided to the first 
acoustic optic modulator; 

a first radio frequency driver, wherein a selected number of 
radio frequencies are output to the first acoustic optic 
modulator by the first radio frequency driver, and 
wherein a first illumination pattern including a number 
of steerable beams corresponding to the selected number 
of radio frequencies are output from the first acoustic 
optic modulator in response to the selected number of 
radio frequencies at a first point in time; 

a focal plane array; 
a controller, wherein the controller is in communication 

with at least the light source, the first radio frequency 
driver, and the focal plane array, wherein a time at which 
the first light pulse is generated by the light source and a 
time at which a return signal comprising at least some 
light from the first light pulse is received at the focal 
plane array provides range information, wherein infor 
mation regarding an intensity of the return signal is 
provided to the controller, wherein the information 
regarding an intensity of the return signal is used to 
determine at least one parameter of a control signal 
provided by the controller to the first radio frequency 
driver, wherein the at least one parameter of the control 
signal provided by the controller to the first radio fre 
quency driver is applied in outputting a second illumi 
nation patternata second point in time, and wherein the 
first and second illumination patterns are different from 
one another. 

12. The system of claim 11, wherein the at least one param 
eter of a control signal includes an intensity of a first steerable 
beam output from the first acoustic optic modulator and an 
intensity of a second steerable beam output from the first 
acoustic optic modulator, wherein the intensity of the first 
steerable beam relative to the second steerable beam is 
changed between the first light pulse generated by the light 
Source and a second pulse generated by the light source. 

13. The system of claim 11, wherein the at least one param 
eter of a control signal includes a steering angle of first, 
second and third steerable beams output from the first acous 
tic optic modulator, wherein the first steerable beam is steered 
independently of the second and third steerable beams. 

ck ck ck ck ck 
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