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Un procédé et un systeme de détection et d’imagerie a ouverture synthétique (SA) d’une cible sont décrits. Le procédé peut
comprendre l'illumination d’une scéne au moyen d’un signal de recherche émis depuis une plateforme en mouvement, la
réception d’un signal de retour de recherche provenant d’une cible présente dans la scéne, et I'estimation, a partir du signal de
retour de recherche, de la distance et de la position angulaire de la cible. Le procédé peut également comprendre la génération
d’un signal d’émission SA et d’un signal d’oscillateur local (LO) présentant un décalage temporel entre eux sur la base de la
distance estimée, et I'illumination de la scéne avec le signal d’émission SA dirigé selon une direction d’'imagerie fondée sur la
position angulaire estimée de la cible. Le procédé peut en outre comprendre la réception d’un signal de retour SA provenant de la
cible, le mélange du signal de retour SA avec le signal LO pour générer des données de signal SA, et la génération d’'une image SA
de la cible a partir des données de signal SA.

(57) Abstract:

A method and a system for detection and synthetic aperture (SA) imaging of a target are disclosed. The method may include
illuminating a scene with a search signal transmitted from a moving platform, receiving a search return signal from a target
present in the scene, and estimating, from the search return signal, the range and the angular location of the target. The method
may also include generating an SA transmission signal and a local oscillator (LO) signal with a time delay therebetween based on
the estimated range, and illuminating the scene with the SA transmission signal pointed along an imaging direction based on the
estimated angular location of the target. The method may further include receiving an SA return signal from the target, mixing the
SA return signal with the LO signal to generate SA signal data, and generating an SA image of the target from the SA signal data.

50, rue Victoria
50 Victoria Street

Place duPortage1 -
Place du Portage 1

Gatineau (Québec)
Gatineau, Quebec

K1A 0C9
K1A 0C9

+  www.opic.ic.gc.ca
«  WWww.cipo.ic.gc.ca

i+l

Canada



10

15

20

25

30

CA 3089990

1

METHOD AND SYSTEM FOR DETECTION AND SYNTHETIC APERTURE IMAGING OF A
TARGET

TECHNICAL FIELD
[0001] The technical field generally relates to synthetic aperture (SA) imaging, and more particularly,

to a method and system for detection and SA imaging of a target.

BACKGROUND

[0002] Synthetic aperture (SA) imaging can be used to increase resolution beyond the diffraction
limit of a physical aperture of an imaging system. In SA imaging, a large virtual aperture is
synthesized by illuminating a target region with electromagnetic signals transmitted from a moving
platform, and by collecting phase-coherent return echoes produced by reflection of the
electromagnetic signals from the target region. The return echoes are recorded and combined to
reconstruct an image of the target region. SA imaging was initially developed and has been employed
at radio and microwave frequencies, so that the systems in which SA imaging was first implemented
were referred to as “synthetic aperture radar’ (SAR) systems. Conventional SAR systems typically
operate in the centimeter wavelength range and produce images with azimuth resolutions of the order
of a decimeter to a meter. As resolution generally varies inversely to the imaging wavelength, there

has been an interest to extend SAR to shorter wavelengths.

[0003] A technology referred to as “synthetic aperture lidar” (SAL) has been developed to extend
SAR to the visible and near-infrared regions of the electromagnetic spectrum, with most reported
experimental studies of SAL having been conducted in the last decade or so. It is envisioned that
SAL could produce images with azimuth resolutions of centimeters or less, while providing
information complementary to that provided by SAR. Typical implementations of SAL are based on
coherent detection with chirped signals. In coherent detection, the return signal reflected from the
target is mixed with a local oscillator (LO) reference signal. The mixing of the return signal with the
LO signal results in the generation of a beat signal having a frequency, the beat frequency,
representative of the difference between the frequencies of the two mixed signals. The phase,
frequency, and other spectral characteristics of the return signal can be extracted from the beat signal
to provide information about the target. The beat frequency depends on the difference between the
optical path length of the LO signal and the optical path length of the transmission/return signals from

the source to the target and back to the detector.

[0004] One challenge in SAL is to adjust the optical path length of the LO signal to match the round-
trip optical path length of the transmission/return signals to ensure that the spectrum of the beat

signal falls within the bandwidth of the detector. One existing approach devised to tackle with this
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challenge is to use an optical delay line, for example, an optical fiber, to retard the LO signal by an
amount that approximately matches the round-trip time to the target. Such an approach relies on
some prior knowledge of the expected target range, which may not be possible or practical in some
applications. Examples of such applications include spaceborne SAL systems used for detection,
tracking, and/or imaging of space objects, such as satellites and space debris, moving through empty
or relatively uniform background scenes. Furthermore, the locations of space objects are generally a
priori unknown, or not known precisely enough, not only in range, but also in angle. As SAL systems
generally have a relatively narrow field of view, notably due to the limited detection bandwidth, this

may present another challenge to their use in space object detection and imaging applications.

SUMMARY
[0005] The present description generally relates to methods and systems for detection and SA

imaging of a target.

[0006] In accordance with an aspect, there is provided a method for detection and synthetic aperture
(SA) imaging of a target, the method including:
illuminating a scene along a search direction with a search signal transmitted from a platform in
relative movement with respect to the scene along a travel path;
receiving, on the platform, a search return signal produced by reflection of the search signal from
a target present in the scene;
estimating, from the search return signal, a range and an angular location of the target;
generating an SA transmission signal and a local oscillator (LO) signal with a time delay
therebetween, the time delay being based on the estimated range of the target;
illuminating the scene along an imaging direction with the SA transmission signal transmitted from
the platform, the imaging direction being based on the estimated angular location of the target;
receiving, on the platform, an SA return signal produced by reflection of the SA transmission signal
from the target;
mixing the SA return signal with the LO signal to generate SA signal data; and

generating an SA image of the target from the SA signal data.

[0007] In one embodiment, estimating the angular location of the target includes estimating the

angular location of the target with respect to a direction substantially parallel to the travel path

[0008] In one embodiment, the method further includes:
scanning the search signal over a plurality of additional search directions oriented with respect to
the search direction, wherein, at the estimated range of the target, an angular field of

illumination of the search signal associated with each additional search direction overlaps at
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least partly with an angular field of illumination of the search signal associated with the search
direction;

receiving a corresponding plurality of additional search return signals produced by reflection of the
search signal from the target;

refining, from the plurality of additional search return signals, the estimated angular location of the
target; and

adjusting the imaging direction of the SA transmission signal based on the refined estimated

angular location of the target.

[0009] In one embodiment, refining the estimated angular location of the target includes refining the
estimated angular location of the target with respect to a direction substantially perpendicular to the

travel path.

[0010] In one embodiment, illuminating the scene with the search signal includes controlling a beam
divergence of the search signal, and illuminating the scene with the SA transmission signal includes
controlling a beam divergence of the SA transmission signal to be less than the beam divergence of

the search signal.

[0011] In one embodiment, the search signal, the SA transmission signal, and the LO signal are
generated as chirped laser pulses having a center frequency in a range from 30 terahertz to
300 terahertz. In one embodiment, the search signal, the SA transmission signal, and the LO signal

are generated using a same light source.
[0012] In one embodiment, the platform is a spacecraft and the target is a space object.

[0013] In accordance with another aspect, there is provided a system for detection and synthetic
aperture (SA) imaging of a target from a platform in relative movement with respect to a scene along
a travel path, the system including:

a light source assembly for mounting on the platform and configured to generate a search signal,
an SA transmission signal, and a local oscillator (LO) signal;

a transmitter-receiver assembly for mounting on the platform and configured to illuminate the
scene with the search signal along a search direction; receive a search return signal produced
by reflection of the search signal from a target present in the scene; illuminate the scene with
the SA transmission signal; and receive an SA return signal produced by reflection of the SA

transmission signal from the target;
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a detector assembly for mounting on the platform and configured to detect the search return signal
and detect the SA return signal by mixing the SA return signal with the LO signal to generate
SA signal data; and
a control and processing unit operatively coupled to the light source assembly, the transmitter-
receiver assembly, and the detector assembly, the control and processing unit being
configured to:
estimate, from the search return signal, a range and an angular location of the target;
control the light source assembly to generate the SA transmission signal and the LO signal
with a time delay therebetween, the time delay being based on the estimated range of
the target;
control the transmitter-receiver assembly to illuminate the scene with the SA transmission
signal along an imaging direction, the imaging direction being based on the estimated
angular location of the target;
receive the SA signal data from the detector assembly; and

generate an SA image of the target from the SA signal data.

[0014] In one embodiment, the control and processing unit is configured to estimate the angular

location of the target with respect to a direction substantially parallel to the travel path.

[0015] In one embodiment, the transmitter-receiver assembly is configured to scan the search signal
over a plurality of additional search directions and receive a corresponding plurality of additional
search return signals produced by reflection of the search signal from the target, wherein, at the
estimated range of the target, an angular field of illumination of the search signal associated with
each additional search direction overlaps at least partly with an angular field of illumination of the
search signal associated with the search direction. Further, the control and processing unit is
configured to refine, from the plurality of additional search return signals, the estimated angular
location of the target and control the transmitter-receiver assembly to adjust the imaging direction of
the SA transmission signal based on the refined estimated angular location of the target. In one
embodiment, the control and processing unit is configured to refine the estimated angular location of

the target with respect to a direction substantially perpendicular to the travel path.

[0016] In one embodiment, the transmitter-receiver assembly is configured to control a beam

divergence of the SA transmission signal to be less than a beam divergence of the search signal.

[0017] In one embodiment, the light source assembly includes at least one laser source configured
to generate the search signal, the SA transmission signal, and the LO signal as chirped laser pulses

having a center frequency in a range from 30 terahertz to 300 terahertz.
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[0018] In one embodiment, the system further includes multimode optical fibers configured to
transmit the search signal from the light source assembly to the transmitter-receiver assembly and
transmit the search return signal from the transmitter-receiver assembly to the detector assembly.
The system also includes single-mode optical fibers configured to transmit the SA transmission signal
from the light source assembly to the transmitter-receiver assembly and transmit the SA return signal

from the transmitter-receiver assembly to the detector assembly.

[0019] In one embodiment, the transmitter-receiver assembly includes a telescope configured to
receive the search signal and the SA transmission signal from the light source assembly and
including a primary mirror and a secondary mirror having a relative orientation to each other, and the
control and processing unit is operatively coupled to the telescope and configured to adjust the
search direction of the search signal and the imaging direction of the SA transmission signal by

controlling the relative orientation between the primary mirror and the secondary mirror.

[0020] In one embodiment, the detector assembly includes a photon counting detector configured to
detect the search return signal and an optical heterodyne detector configured to detect the SA return

signal.

[0021] In accordance with another aspect, there is provided a non-transitory computer readable
storage medium having stored thereon computer executable instructions for use with a system for
detection and synthetic aperture (SA) imaging of a target, the system being mounted on a platform
in relative movement with respect to a scene and including a light source assembly, a transmitter-
receiver assembly, and a detector assembly, wherein the computer executable instructions, when
executed by a processor, cause the processor to perform steps of:
controlling the light source assembly to generate a search signal to illuminate the scene along a
search direction to produce a search return signal by reflection of the search signal from a
target present in the scene;
estimating, from the search return signal, a range and an angular location of the target;
controlling the light source assembly to generate an SA transmission signal and a local oscillator
(LO) signal with a time delay therebetween, the time delay being based on the estimated
range of the target;
controlling the transmitter-receiver assembly to illuminate the scene with the SA transmission
signal along an imaging direction to produce an SA return signal by reflection of the SA
transmission signal from the target, the imaging direction being based on the estimated
angular location of the target;
receiving SA signal data from the detector assembly resulting from a mixing of the SA return signal

received by the transmitter-receiver assembly with the LO signal; and
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generating an SA image of the target from the SA signal data.

[0022] In one embodiment, the computer executable instructions, when executed by the processor,
further cause the processor to perform steps of:
controlling the transmitter-receiver assembly to scan the search signal over a plurality of additional
search directions to produce a corresponding plurality of additional search return signals by
reflection of the search signal from the target, wherein, at the estimated range of the target,
an angular field of illumination of the search signal associated with each additional search
direction overlaps at least partly with an angular field of illumination of the search signal
associated with the search direction;
refining, from the plurality of additional search return signals, the estimated angular location of the
target; and
controlling the transmitter-receiver assembly to adjust the imaging direction of the SA transmission

signal based on the refined estimated angular location of the target.

[0023] In accordance with another aspect, there is provided a computer device for use with or in a
system for detection and synthetic aperture (SA) imaging of a target, the computer device including
a processor and a non-transitory computer readable storage medium of claim such as disclosed
herein, the non-transitory computer readable storage medium being operatively coupled to the

processor.

[0024] In accordance with another aspect, there is provided a method for detection and synthetic
aperture (SA) imaging of a target present in a scene, the method including:
performing a target detection phase using lidar remote sensing, the target detection phase
including:
illuminating the scene along a search direction with a lidar search signal transmitted from
a platform in relative movement with respect to the scene along a travel path to
search for the target in the scene, the lidar search signal having an angular field of
illumination;
receiving, on the platform, a search return signal produced by reflection of the lidar search
signal from the target to detect that the target is present in the scene; and
estimating, from the search return signal, a range and an angular location of the target;
and
performing, following the target detection phase, an SA imaging phase using SA imaging, the SA

imaging phase including:
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generating an SA transmission signal and a local oscillator (LO) signal with a time delay
therebetween, the time delay being based on the range of the target estimated in the
target detection phase using lidar remote sensing;

iluminating the scene along an imaging direction with the SA transmission signal
transmitted from the platform, the imaging direction being based on the angular
location of the target estimated in the target detection phase using lidar remote
sensing, the SA transmission signal used in the SA imaging phase having an angular
field of illumination that is narrower than the angular field of illumination of the lidar
search signal used in the target detection phase;

receiving, on the platform, an SA return signal produced by reflection of the SA
transmission signal from the target;

mixing the SA return signal with the LO signal to generate SA signal data; and

generating an SA image of the target from the SA signal data.

[0025] In accordance with another aspect, there is provided a system for detection and synthetic
aperture (SA) imaging of a target present in a scene from a platform in relative movement with respect
to the scene along a travel path, the system including:

a light source assembly for mounting on the platform and configured to generate a lidar search
signal, an SA transmission signal, and a local oscillator (LO) signal;

a transmitter-receiver assembly for mounting on the platform and configured to:

in a target detection phase using lidar remote sensing, illuminate the scene with the lidar
search signal along a search direction and with an angular field of illumination to
search for the target in the scene, and receive a search return signal produced by
reflection of the lidar search signal from the target to detect that the target is present
in the scene; and

in an SA imaging phase using SA imaging and following the target detection phase,
iluminate the scene with the SA transmission signal with an angular field of
ilumination narrower than the angular field of illumination of the lidar search signal
used in the target detection phase, and receive an SA return signal produced by
reflection of the SA transmission signal from the target;

a detector assembly for mounting on the platform and configured to detect, in the target detection
phase, the search return signal and to detect, in the SA imaging phase, the SA return signal
by mixing the SA return signal with the LO signal to generate SA signal data; and

a control and processing unit operatively coupled to the light source assembly, to the transmitter-
receiver assembly, and to the detector assembly, the control and processing unit being

configured to:
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in the target detection phase, estimate, from the search return signal, a range and an
angular location of the target; and
in the SA imaging phase:
control the light source assembly to generate the SA transmission signal and the
LO signal with a time delay therebetween, the time delay being based on the
range of the target estimated in the target detection phase using lidar remote
sensing;
control the transmitter-receiver assembly to illuminate the scene with the SA
transmission signal along an imaging direction, the imaging direction being
based on the angular location of the target estimated in the target detection
phase using lidar remote sensing;
receive the SA signal data from the detector assembly; and

generate an SA image of the target from the SA signal data.

[0026] In accordance with another aspect, there is provided a non-transitory computer readable
storage medium having stored thereon computer executable instructions for use with a system for
detection and synthetic aperture (SA) imaging of a target present in a scene, the system being
mounted on a platform in relative movement with respect to the scene and including a light source
assembly, a transmitter-receiver assembly, and a detector assembly, wherein the computer
executable instructions, when executed by a processor, cause the processor to:
perform a target detection phase using lidar remote sensing, the target detection phase including:
controlling the light source assembly to generate a lidar search signal;
controlling the transmitter-receiver assembly to illuminate the scene with the lidar search
signal along a search direction and with an angular field of illumination to produce a
search return signal by reflection of the lidar search signal from the target to detect
that the target is present in the scene; and
estimating, from the search return signal, a range and an angular location of the target;
and
perform, using SA imaging and following the target detection phase, an SA imaging phase, the
SA imaging phase including:
controlling the light source assembly to generate an SA transmission signal and a local
oscillator (LO) signal with a time delay therebetween, the time delay being based on
the range of the target estimated in the target detection phase using lidar remote
sensing;
controlling the transmitter-receiver assembly to illuminate the scene with the SA

transmission signal along an imaging direction and with an angular field of illumination
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narrower than the angular field of illumination of the lidar search signal used in the
target detection phase to produce an SA return signal by reflection of the SA
transmission signal from the target, the imaging direction being based on the angular
location of the target estimated in the target detection phase using lidar remote
sensing;

receiving SA signal data from the detector assembly resulting from a mixing of the SA
return signal received by the transmitter-receiver assembly with the LO signal; and

generating an SA image of the target from the SA signal data.

[0027] It is to be noted that other method and process steps may be performed prior to, during or
after the steps described herein. The order in which one or more steps are carried out may also differ,
and some of the steps may be omitted, repeated and/or combined, depending on the application. It
is also to be noted that some method steps can be performed using various image processing

techniques, which can be implemented in hardware, software, firmware or any combination thereof.

[0028] Other objects, features and advantages of the present description will become more apparent
upon reading of the following non-restrictive description of specific embodiments thereof, given by
way of example only with reference to the appended drawings. Although specific features described
in the above summary and in the detailed description below may be described with respect to specific
embodiments or aspects, it should be noted that these specific features can be combined with one

another unless stated otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS
[0029] Fig. 1 is a flow diagram of a method for detection and SA imaging of a target, in accordance

with an embodiment.

[0030] Figs. 2A to 2C are schematic representations of a platform in relative movement with respect
to a scene and on which is mounted a system for detection and SA imaging of a target, in accordance
with another embodiment. Figs. 2A to 2C depict various parameters and features of, or related to,

the imaging system, each at different moments of its operation.

[0031] Fig. 3 is a schematic representation of a procedure for estimation of the target angular location
using a search signal emitted from a platform in relative movement with respect to a scene containing

the target, in accordance with another embodiment.

[0032] Fig. 4 is a schematic representation of a refinement procedure for estimation of the target
angular location involving scanning the scene with a wide-angle search signal, in accordance with

another embodiment.
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[0033] Fig. 5 is another schematic representation of a refinement procedure for estimation of the
target angular location involving scanning the scene with a wide-angle search signal, in accordance

with another embodiment.

[0034] Fig. 6 is a schematic block diagram of a system for detection and SA imaging of a target, in

accordance with another embodiment.

[0035] Fig. 7 is schematic block diagram of another system for detection and SA imaging of a target,

in accordance with another embodiment.

DETAILED DESCRIPTION

[0036] In the present description, similar features in the drawings have been given similar reference
numerals. To avoid cluttering certain figures, some elements may not be indicated if they were
already identified in a preceding figure. It is appreciated that the elements of the drawings are not
necessarily depicted to scale, since emphasis is placed on clearly illustrating the elements and
structures of the present embodiments. Furthermore, positional descriptors indicating the location
and/or orientation of one element with respect to another element are used herein for ease and clarity
of description. Unless otherwise indicated, these positional descriptors should be taken in the context
of the figures and should not be considered limiting. It is appreciated that such spatially relative terms
are intended to encompass different orientations in the use or operation of the present embodiments,

in addition to the orientations exemplified in the figures.

[0037] The terms “a@”, “an” and “one” are defined herein to mean “at least one”, that is, these terms

do not exclude a plural number of items, unless stated otherwise.

[0038] Terms such as “substantially”, “generally”, “about”, that modify a value, condition or
characteristic of a feature of an exemplary embodiment, should be understood to mean that the value,
condition or characteristic is defined within tolerances that are acceptable for the proper operation of
this exemplary embodiment for its intended application or that fall within an acceptable range of
experimental error. In particular, the term “about” generally refers to a range of numbers that one
skilled in the art would consider equivalent to the stated value (e.g., having the same or equivalent
function or result). In some instances, the term “about” means a variation of £10% of the stated value.
It is noted that all numeric values used herein are assumed to be modified by the term “about”, unless

stated otherwise.

[0039] The terms “match”, “matching” and “matched” are intended to refer herein to a condition in
which two elements are either the same or within some predetermined tolerance of each other. That

is, these terms are meant to encompass not only “exactly” or “identically” matching the two elements
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but also “substantially”, “approximately” or “subjectively” matching the two elements, as well as

providing a higher or best match among a plurality of matching possibilities.

[0040] The terms “connected”, “coupled”, and derivatives and variants thereof, refer herein to any
connection or coupling, either direct or indirect, between two or more elements. The connection or
coupling between the elements may be, for example, mechanical, optical, electrical, thermal,

magnetic, chemical, fluidic, logical, operational, or any combination thereof.

[0041] The present description generally relates to techniques for detection and synthetic aperture
(SA) imaging of a target. Examples of methods, systems, non-transitory computer readable storage

media, and computer devices implementing the present techniques are described.

[0042] In some implementations, the disclosed technique may employ a wide-angle lidar-based
remote sensing technique to detect the presence of a target and estimate information about its
location in range and in angle. The disclosed technique may use the target location information thus
determined to perform narrow-angle SA imaging of the target. The SA imaging process may involve
using the estimated target range to adjust a time delay between an SA transmission signal used for
iluminating the target and a local oscillator (LO) signal used for mixing with an SA return signal from
the target. The SA imaging process may also involve using the estimated target angular location to

adjust a pointing direction of the SA transmission signal.

[0043] The present techniques may be used in SA lidar (SAL) systems operating at wavelengths in
the visible or near-infrared regions of the electromagnetic spectrum. However, the present techniques
may also be employed in other types of SA imaging modalities, including, but not limited to, SA radar
(SAR) imaging, SA terahertz imaging, and SA infrared imaging. As such, the terms “light” and
“optical”’, and variants and derivatives thereof, are intended to refer herein to radiation in any
appropriate region of the electromagnetic spectrum. These terms are not limited to visible light but
may also include invisible regions of the electromagnetic spectrum including, without limitation, the
radio, microwave, terahertz, infrared, and ultraviolet wavelength ranges. For example, in SAL
applications, the terms “light” and “optical” can encompass electromagnetic radiation having a
wavelength ranging from a few hundreds of nanometers to a few micrometers. However, this range

is provided for illustrative purposes only and the present techniques may operate outside this range.

[0044] The present techniques can be used or implemented in various SA imaging applications that
may require or benefit from improved target detection and localization capabilities. The present
techniques may be implemented in a variety of SA imaging systems mounted in airborne,

spaceborne, and terrestrial systems, for both civilian and military applications. It is appreciated that
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the term “SA imaging” is intended to encompass both conventional SA imaging and inverse SA

imaging.

[0045] Referring to Fig. 1, there is provided a flow diagram of an embodiment of a method 100 for
detection and SA imaging of a target present in a scene viewed from a platform in relative movement

with respect to the scene.

[0046] In the present description, the term “scene” is intended as a broad term encompassing any
region, space, volume, area, surface, environment, or structure of interest that can be monitored for
detection, localization, and SA imaging of a target according to the present techniques. The scene
may be a ground scene, for example, a ground surface of the Earth as viewed from above, such as
a landscape or a seascape; a sky scene; or an outer-space scene extending beyond the Earth’s

atmosphere.

[0047] The term “target” is intended as a broad term encompassing any object, person, animal, or
feature of interest present in a scene, whether natural or human-made, which may be detected,

localized, and imaged according to the present techniques.

[0048] The term “platform” is used broadly to encompass any suitable type of land, waterborne,
airborne, or spaceborne vehicles, devices, or equipment, whether manned or unmanned, on which
a target detection and imaging system as disclosed herein may be mounted to implement the present
techniques. It is appreciated that the expression “platform in relative movement with respect to a
scene” is intended to encompass scenarios where the platform moves, in translation and/or in
rotation, with respect to a stationary scene, scenarios where the scene moves with respect to a

stationary platform, and scenarios where both the platform and the scene move.

[0049] The method 100 generally involves two main phases. In a first phase, an optical remote
sensing technique, for example, relying on a lidar-based approach, is used to detect the presence of
a target in the scene and estimate information about its location in range and in angle. In a second
phase, the target location information estimated in the first phase is used to perform SA imaging of
the detected target. The SA imaging phase can involve using the estimated target range to adjust a
time delay between the SA transmission signal used for illuminating the target and the LO signal
used for mixing with the SA return signal from the target. The SA imaging phase can also involve
using the estimated target angular location to adjust the pointing direction of the SA transmission
signal. It is appreciated that the SA imaging phase may be performed immediately or without delay
after the target detection phase, or at a later moment. For example, in space-object-monitoring

applications, the target detection phase may be performed during a certain orbit pass of a space
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object close to the platform’s orbit, and the SA imaging phase may be performed during the same
orbit pass or a subsequent orbit pass of the detected space object. These and other possible steps

of the method 100 are described in greater detail below.

[0050] The method 100 of Fig. 1 may be implemented in an imaging system 200 mounted on a
platform 202 that moves with respect to a scene 204 along a travel path 206, such as depicted in
Figs. 2A to 2C, which schematically illustrate the system 200 at three different moments of operation
corresponding to different steps of the method 100 of Fig. 1. In this embodiment, the platform 202 is
a spacecraft and the travel path 206 is an orbital trajectory followed by the spacecraft. Depending on
the application, the spacecraft can orbit the Earth, for example, along a low-Earth orbit, or another

celestial body, such as the Sun, another planet, or a moon.

[0051] In the present description, the term “spacecraft” is used broadly to encompass a variety of
manned and unmanned space vehicles, devices, and equipment orbiting or flying in space including,
but not limited to, satellites, space probes, spaceplanes, space capsules, and space stations. In the
embodiment of Figs. 2A to 2C, the platform 202 is a space-object-monitoring satellite used for
detecting and imaging space objects moving in nearby orbits, for example, to help preventing
collisions in space, track and identify space objects, and/or discriminate between threatening and
non-threatening space objects. Non-limiting examples of space objects include other satellites, both
domestic and foreign, including spy satellites; anti-satellite missiles and other space weapons
designed to destroy or damage satellites for military purposes; and space debris. The term “space
debris” is intended herein as a broad term encompassing both natural debris, such as asteroids,
comets, and meteoroids, as well as artificial or human-made debris, such as inactive satellites,
abandoned or discarded parts from spacecraft and launching equipment, fragmentation debris, and

any other space object in orbit around the Earth that no longer serves a useful purpose.

[0052] Referring to Figs. 1 and 2A, the method 100 includes a step 102 of illuminating the scene 204
with a search signal 208 transmitted from the platform 202, and a step 104 of receiving, on the
platform 202, a search return signal 210 produced by reflection of the search signal 208 from a
target 212 present in the scene 204. The target 212 may be a space object, for example, a space
debris, traveling along an orbit 214 in outer space. Upon target detection in the search return
signal 210, the method 100 also includes a step 106 of estimating, from the search return signal 210,

a range and an angular location of the target 212 with respect to the platform 202.

[0053] In the present techniques, the search signal 208 is used as a target searching probe. The
search signal 208 can be made of any suitable type of electromagnetic waves that can be used for

target detection and ranging. For example, in some embodiments, the search signal 208 can be a
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pulsed laser beam with a wavelength or waveband in the near-infrared or short-wave infrared. The
search signal 208 can be characterized by a search direction 216 and by an angular field of
ilumination 218. The angular field of illumination 218, which is related to the beam divergence, or
angular spreading, of the search signal 208, determines the size of the search signal footprint at a
given range. In Fig. 2A, the search direction 216 of the search signal 208 is oriented in a forward
direction, at a non-zero angle with respect to the travel direction of the platform 202 along the travel
path 206, to detect a target located ahead of the platform 202. However, it is appreciated that in other
embodiments, the search signal 208 may be configured to point in any suitable direction with respect
to the travel direction of the platform 202. Depending on the application, the search direction 216

may or may not vary during the target searching phase of the method 100.

[0054] The target detection and localization steps of the method 100 of Fig. 1 may be performed
using a lidar-based remote sensing technique or another suitable optical detection and ranging
technique. These techniques may employ various range measurement methods, including time-of-
flight (TOF), phase-shift, and frequency modulation methods. By way of example, in TOF-based lidar
implementations, the round-trip time required for the search signal 208 to travel from a transmitter on
the platform 202 to a target 212 in the scene 204 and return as the search return signal 210 to a
receiver on the platform 202 is measured. The range to the target 212, which corresponds to the
distance between the target 212 and the platform 202, is obtained by multiplying the speed of light
by half the round-trip time thus measured. The general principles underlying target detection and
range estimation using optical detection and ranging techniques, including TOF-based lidars, are

generally known in the art and need not be described in greater detail herein.

[0055] Referring still to Figs. 1 and 2A, various threshold-based detection techniques and criteria
may be applied to determine whether certain peaks or features present in the search return
signal 210 reliably represent return echoes produced by reflection of the search signal 208 from a
target 212 present in the scene 204. For example, in one embodiment, the search return signal 210
generated in response to the search signal 208 can be recorded as a set of N return signal samples
representing the search return signal 210 at a corresponding set of N sequential sampling times
elapsed after the emission time of the search signal 208. The detected energy E(t) for each sampling

time may be written as follows:

Atarget Ptarget ”rLz .
E(t) = TrTrPy ( - ) Rz f(R)nQ mm(Tintv Tpulse)- (1)

T[rbzea m (R )

[0056] In Equation (1), Tr and Tk are the overall transmission coefficients of the optics of the optical

transmitter and receiver, respectively; Py is the peak power of the search signal 208; Atarget is the
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target cross-sectional area; ream(R) is the beam footprint radius at range R (i.e., the radius of the
angular field of illumination 218 of the search signal 208 at range R); prarget is the target reflectance
at the search signal wavelength; r; is the receiving aperture radius; ¢(R) is the geometrical overlap of
the receiver at range R corresponding to sample time {; nq is the detector quantum efficiency;zn: is

5  the detector integration time; and zpuse is the pulse duration of the search signal 208.

[0057] Considering that the energy E, of a photon in the search return signal 210 is given by
E, = hc/A, where h is the Planck constant, ¢ is the speed of light in vacuum, and A is the photon’s

wavelength, the average number of photons, N,(t) recorded at each time-bin is given by:

E(t) Atarget \ [Prarget 7'”’Lz A .
Ny (t) = E—y = TTTRPO <T[rbzeam (T) F (E) f(R)T]Q mm(rint, Tpulse)v (2)

where N,(t) is typically less than one. The sampling period At of the search return signal 210 is related
10  to the spatial resolution in range of the detection, Ar, according to:

_ 2Ar

At = (3)

(o

[0058] The sampling period is generally shorter than the pulse duration of the search signal 208 to
avoid missing a target return echo that would otherwise be received between two successive
samples. The sampling of the search return signal may start at an initial sampling time f = 2Rmin/C
and end at a final sampling time t= 2Rmax/C, where AR = Rmax—Rmin is the probed range interval
15  between a minimum range Rmin and a maximum range Rmax. FOr example, in space-object monitoring
applications, the probe range interval may range from about 100 to about 1000 kilometers, although

other probed range intervals may be used in other implementations.

[0059] In some embodiments, the pulse repetition frequency (PRF) of the search signal 208 may

fulfill the following condition to avoid confusion between returns of successive emission pulses:

PRF<—* -1 4)
2Rmax tf-

20  Furthermore, while the system 200 may not be blind to contributions to the search return signal 210
from regions of the scene 204 that extend beyond Rmax, the intensity of such contributions decreases
as the square of the distance from the platform 202. In some implementations, potential target range

ambiguities may be resolved or reduced by making measurements at several PRFs.

[0060] In implementations where a photon-counting detector (e.g., a single-photon counting

25  detector) is used to detect the search return signal 210, a target detection may be assumed to occur
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whenever at least one photon is recorded in the range-bin at range R. In such a case, assuming that
N,/(t) <1 in Equation (2), one finds that M = 1/N(t) lidar traces should be summed to record one
photon and conclude that a target detection has occurred, where each lidar trace may represent the
search return signal 210 measured between t; and t; (or equivalently between Rmin and Rmax) in
5 response to one emission pulse of the search signal 208. From Equations (2) and (4), the time
duration fgetection Needed to record at least one photon in the range-bin at range R and determine that

a target detection has occurred may be written as follows:

M
tdetection = W
max
_ 2mham (R)R? R max ;
TTTRPOAtargetptargetrLZAf(R)nQ min(Tint: Tpulse) (%)
2nthteam (R)R®

TTTRPOAtargetptargetrLzAS(R)YIQ min(Tintv Tpulse),
where it was assumed in Equation (5) that PRFmax = ¢/(2Rmax) and R?Rmax = R.

[0061] If the speed of the platform 202 relative to the target 212 is v, the displacement D of the
10  platform 202 relative to the target 212 during fgetection Will be D = Vigetection. In order for the target 212
detected at range R to remain within the angular field of illumination 218 of the search signal 208

over the entire acquisition time, tsetection, the following condition should be fulfilled at range R:
27peam(R) > D. (6)
From Equation (6), a scan effectiveness factor Se may be defined as follows:

D

27peam(R)’ 0

Seff =

It is appreciated that Se should be generally small, in particular smaller than one, for efficient target

15 detection.

[0062] In addition to a range of the target 212, the estimating step 106 of the method 100 involves
estimating an angular location 220 of the target 212 within the scene 204. Fig. 3 is a schematic
representation of a procedure for estimating the angular location 220 of a detected target 212 using
the search signal 208 emitted from the platform 202 as it moves relative to the scene 204 along its
20 travel path 206. The search signal 208 has a search direction 216 and a search angular field of
illumination 218, the latter determining the size of the search signal footprint at the estimated target

range. In Fig. 3, the search signal 208 is depicted in the reference frame of the target at four different
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times ti, t, t3, and {4 of the target detection process, in a constant-range surface located at the
estimated target range. The search return signal 210 produced by reflection of the search signal 208
from the target 212 may include one or more of target returns recorded as a function of time. For
example, in Fig. 3, the search return signal 210 includes target returns at . and t3, but not at t; and
a.

[0063] Because the platform 202 moves relative to the scene 204, and thus, generally, with respect
to the target 212, the location of the target 212 within the angular field of illumination 218 of the search
signal 208 will vary as a function of time. This is depicted in Fig. 3, where the target 212 is closer to
the edge of the search angular field of illumination 218 for the target return recorded at time t, than it
is for the target return recorded at time 3. It is appreciated that at any given sampling time where a
target return is detected, the target 212 could be possibly anywhere within the angular field of
illumination 218 of the search signal 208 at the given sample. However, when the target 212 is
detected at a plurality of sampling times (e.g., &2 and 3 in Fig. 3), its angular location 220 can be
estimated to be within a smaller region, corresponding to the region at the estimated range R that is
both overlapped by the search angular field of illumination 218 at the sampling times where the target
is detected (e.g., t2 and £z in Fig. 3) and not overlapped by the search angular field of illumination 218
at the sampling times where the target is not detected (e.g., t1 and &4 in Fig. 3). The estimated target

angular location 220 corresponds to the hatched region in Fig. 3.

[0064] It is appreciated that the step 106 of estimating the target angular location 220 may be useful
for estimating the angular location of the target 212 with respect to a direction that is substantially
parallel to the travel path (e.g., the horizontal direction in Fig. 3), defining the along-track angular
location of the target 212. This is because it is the direction along which the search signal 208 is
naturally swept as the platform 202 moves relative to the scene 204, even if the search direction 216
of the search signal 208 remains constant in the reference frame of the platform. However, the
step 106 of estimating the target angular location depicted in Fig. 3 may also provide information
about the angular location of the target 212 with respect to a direction that is substantially
perpendicular to the travel path 206 (e.g., the vertical direction in Fig. 3), defining the across-track
angular location of the target 212. Indeed, it is appreciated that not only the horizontal extent, but
also the vertical extent of the hatched region defining the estimated target angular location 220 in
Fig. 3 would be smaller if the target 212 was detected in the search return signal at either sampling

time t; or sampling time f.

[0065] In some embodiments, the estimate of the target angular location determined at step 106 may
be sufficient for use in SA imaging, along with the target range estimate. For instance, this may be

the case when the field of illumination 218 used for target detection (e.g., the lidar beam divergence

Date regue / Received date 2025-04-03



10

15

20

25

30

CA 3089990

18

angle) is no wider than the field of illumination 222 used for SA imaging (e.g., the SAL beam

divergence angle).

[0066] However, in other embodiments, the search signal 208 used for target detection and
localization has a relatively wide field of illumination 218, for example, with a beam divergence which
may be on the order of hundreds of microradians up to a few milliradians. It is appreciated that while
increasing the divergence of the search signal 208 may decrease the intensity of the light reflected
from a target 212, it may also provide a wider angular coverage of the scene 204, which may lead to
improved target detection capabilities. Using a search signal 208 with a large angular coverage for
enhanced target detection may be desirable or required in some embodiments. This may be the case
in space-object-monitoring applications, where targets are often few, far away, and found anywhere
within the scene. The relatively low accuracy in the target angular location estimate provided by using
a wide-angle search signal 208 can be a challenge if the target angular location estimate is then used
to determine the pointing or imaging direction of a low-divergence SA transmission signal, for
example, with a beam divergence which may be on the order of about 10 microradians, used for

narrow-angle SA imaging of the detected target 212.

[0067] Referring now to Figs. 1 and 2B, in some implementations the method 100 can allow for
improving the target angular location estimated at step 106 using a search signal 208 with a constant
search direction 216 in the reference frame of the platform 202 and a large angular field of
illumination 218. To this end, the method 100 may include a step 108 of scanning the search
signal 208 over a plurality of additional search directions 216a-216d oriented with respect to the
search direction 216 used at step 106 and receiving a corresponding plurality of additional search
return signals 210a-210d produced by reflection of the search signal 208 from the target 212. The
method 100 may also include a step 110 refining, from the plurality of additional search return

signals 210a-210d, the angular location 220 of the target estimated at step 106.

[0068] Referring also to Fig. 4, there is depicted a schematic representation of an example of a
refined procedure for estimation of the target angular location, which is carried out during steps 108
and 110 of the method 100 of Fig. 1. As noted above, using a stationary, wide-angle search
signal 208 for target detection and localization may result in an initial estimate of the target angular
location 220, which may not be sufficiently accurate in some applications. The initial estimate of the
target angular location 220 is represented by the larger hatched region in Fig. 4. To refine the initial
target angular location estimated at step 106, the procedure depicted in Figs. 2B and 4 first involves
the step 108 of scanning the search signal 208 over a plurality of additional search directions 216a-
216d in the vicinity of the search direction 216 at which the target 212 was initially detected, and

detecting a plurality of additional search return signals 210a-210d from the scene 204. The additional
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search directions 216a-216d can be selected or otherwise determined such that, at the estimated
target range, the angular field of illumination 218a-218d of the search signal 208 associated with
each additional search direction 216a-216d overlaps at least partly with the angular field of
illumination 218 associated with the initial search direction 216. In Fig. 4, the search signal 208 is
scanned along a direction that is substantially perpendicular to the travel path 206 of the
platform 206. This is because the target angular location 220 estimated at step 106 is often more
accurate in the along-track direction than in the across-track direction. Thus, the combination of the
additional search directions 216a-216d forms a pattern that extends along the vertical direction in
Fig. 4.

[0069] It is appreciated that in Fig. 4, the initial field of illumination 218 and the additional fields of
illumination 218a-218d are depicted in a constant-range surface located at the estimated target
range. It is also appreciated that depending on the relative speed between the detected target 212
and the platform 202 during the time of recording the initial and additional search return signals 210,
210a-210d, it may be envisioned to compensate for variations in the scene while carrying out the
method 100, for example, to ensure that all the additional fields of illumination 218a-218d at least

partly overlap the initial field of illumination 218.

[0070] Referring still to Figs. 1, 2B, and 4, the procedure also includes the step 110 of refining, from
the plurality of additional search return signals 210a-210d, the target angular location 220 estimated
at step 106. The refinement procedure can involve analyzing the plurality of additional search return
signals 210a-210d to detect target returns therein. Then, depending on whether a target return is
detected in each of the plurality of additional search return signals 210a-210d, the angular location
of the target 212 can be narrowed down to a smaller, refined target angular location 266 within the
target angular location 220 initially estimated at step 106. The refined target angular location 266 is
represented by the smaller hatched region in Fig. 4. For example, in Fig. 4, it is seen that a target
return is detected in the additional search return signals 210a-210b but not in the additional search
return signals 210c-210d. Thus, using signal processing techniques, the detected target 212 can be
estimated to be in a refined target angular location 266 within the initially estimated target angular
location 220. In particular, the refined angular location 266 in Fig. 4 corresponds to the portion of the
initial target angular location 220 that both overlaps the fields of illumination 218a-218b of the
additional search directions 216a-216b and does not overlap the fields of illumination 218c-218d of
the additional search directions 216c¢c-216d.

[0071] For clarity, only four additional search directions 216a-216d are depicted in Fig. 4. However,
depending on the application, the number of additional search directions can take on a number of

values, for example, between ten and twenty values in some embodiments. The number of additional

Date regue / Received date 2025-04-03



10

15

20

25

30

CA 3089990

20

search directions used in a given application can depend on a number of factors including, but not
limited to, the estimated range of the detected target 212, the speed of the platform 202 with respect
to the detected target 212, and the desired or required degree of accuracy in the target angular
location estimation. In particular, in some implementations, the accuracy in the target angular location
estimation may depend on the desired or required angular field of illumination 222 with which SA
imaging of the detected target will be performed. That is, in such implementations, the refinement
procedure for estimating the target angular location may be performed until the size of the refined
target angular location 220 matches or fits within the SA angular field of illumination 222. It is
appreciated that while the footprints of the initial and additional fields of illumination 218, 218a-218d
and the footprint of the SA angular field of illumination 222 are depicted in Fig. 4 as circles for

simplicity, they may have other shapes in other embodiments.

[0072] It is also appreciated that the search signal 208 may be scanned over the additional pointing
directions 216a-216d according to various scanning patterns in addition to the one depicted in Fig. 4.
Namely, in Fig. 4, the step 110 of refining the estimated angular location 220 of the target 212
involves refining the estimated angular location 220 of the target 212 with respect to a direction
substantially perpendicular to the travel path 206. However, referring to Fig.5, in other
implementations, the search signal 208 may be scanned along both a direction parallel to the travel
path 206 and a direction perpendicular to the travel path 206 to determine a refined target angular
location 266 that is refined with respect to both its along-track and its across-track components. In
Fig. 5, the search signal 208 is scanned along five additional search direction 216a-216e, thereby
generating five additional search return signals 210a-210e. Then, the process of refining the target
angular location estimation can include a step of refining, from the plurality of additional return
signals 210a-210e, an initial target angular location estimate. The process can involve analyzing the
plurality of additional return signals 210a-210e to detect target returns therein. For example, in Fig. 5,
it is seen that a target return is detected in the additional return signals 210a-210c but not in the
additional return signals 210d-210e. Thus, using signal processing techniques, the detected
target 212 can be estimated to be in a refined target angular location 266 within the initial field of
illumination 218, corresponding to the portion of the initial field of illumination 218 that both overlaps

the fields of illumination 218a-218c and does not overlap the fields of illumination 218d-218e.

[0073] Referring now to Figs. 1 and 2C, the method 100 includes a step 112 of generating an SA
transmission signal 224 and an LO signal (not shown in Fig. 2C; see LO signal 238 in Figs. 6 and 7),
where the SA transmission signal 224 and the LO signal are generated with a time delay relative to
each other based on the range R of the detected target 212 estimated at step 106. In SAL

applications, the SA transmission signal 224 and the LO signal may be chirped signals, that is,
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signals whose center frequencies vary over the signal pulse durations. Depending on the application
and the configuration of the imaging system 200, the LO signal can be generated either before or
after the SA transmission signal 224, and the time delay between the two signals can be controlled
using various techniques. Non-limiting examples of techniques where the LO time delay can be
adjusted in real-time or near real-time in accordance with target range variations are disclosed in co-
assigned U.S. Patent No. 10,564,268 issued on February 18, 2020, the disclosure of which is

incorporated herein by reference in its entirety.

[0074] The method 100 also includes a step 114 of illuminating the scene 204 along an imaging
direction 226 with the SA transmission signal 224 transmitted from the platform 202, where the
imaging direction 226 is based on the estimated angular location of the target212. The SA
transmission signal 224 may be characterized by an SA angular field of illumination 222. The SA
angular field of illumination 222, which is related to the beam divergence of the SA transmission
signal 224, determines the size of the SA transmission signal footprint at a given range. As noted
above, the SA angular field of illumination 222 may be narrower than the search angular field of
illumination 218. That is, the step 102 of illuminating the scene 204 with the search signal 208 may
include controlling the beam divergence of the search signal 208 and the step 114 of illuminating the
scene 204 with the SA transmission signal 224 may include controlling the beam divergence of the

SA transmission signal 224 to be less than that of the search signal 208.

[0075] In embodiments where the refinement procedure for estimating the target angular location is
performed, controlling the imaging direction 226 of the SA transmission signal 224 can include further
adjusting the imaging direction 226 of the SA transmission signal 224 based on the refined estimated
angular location 266 of the detected target 212, for example, to ensure that the SA angular field of

illumination 222 encompasses the refined target angular location 266 (see, e.g., Figs. 4 and 5).

[0076] It is appreciated that different SA operation modes may be used including, but not limited to,
a spotlight mode, a scanning mode, a side-looking stripmap mode, a forward-squinted side-looking
stripmap mode, and a backward-squinted side-looking stripmap mode. Also, depending on the
application, the method 100 may or may not continue using the search signal 208 for target detection

while performing SA imaging with the SA transmission signal 224.

[0077] Referring still to Figs. 1 and 2C, the method further includes a step 116 of receiving, on the
platform 202, an SA return signal 228 produced by reflection of the SA transmission signal 224 from
the detected target 212, a step 118 of mixing the SA return signal 228 with the LO signal to generate
SA signal data, for example, using optical heterodyne detection with chirped signals; and a step 120

of generating an SA image of the detected target from the SA signal data. It is appreciated that the
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general principles underlying the generation of SA images from SA signal data are known in the art,

and need not be described in greater detail herein.

[0078] Depending on the application, the SA image can be a two-dimensional (2D) or a three-
dimensional (3D) SA image. In the present description, a 2D SA image of a target region refers to a
2D pixel array, where one of the dimensions may be an along-track dimension (e.g., along an azimuth
direction) and the other dimension may be an across-track dimension (e.g., along a slant-range or a
ground-range direction). Each pixel of the array may be associated with a respective area of the
target region and provides a complex number (amplitude and phase information) representing the
surface reflectance of the associated area. A 3D SA image of a target region also refers to a 2D pixel
array, for example, having an along-track dimension and an across-track dimension, and where each
pixel of the array is associated with a respective area of the target region. Each pixel of the 3D image
may have a value representative of the local height or elevation of the associated area of the target
region in addition to, or instead of, providing reflectance-based information. Non-limiting examples of
techniques for 3D SA imaging are disclosed in co-assigned U.S. Patent No. 10,388,006 issued on
August 20, 2019 and co-assigned U.S. Patent No. 10,698,113 issued on June 30, 2020, the

disclosures of which are incorporated herein by reference in their entirety.

[0079] Referring to Fig. 6, there is illustrated a schematic block diagram of an embodiment of a
system 200 for detection, localization, and SA imaging of a target 212 present in a scene 204 from a
platform 202 in relative movement with respect to the scene 204. The system 200 of Fig. 6 may
correspond to the one mounted on the platform 202 in Figs. 2A to 2C, and be used to implement the
method 100 of Fig. 1. In Fig. 6, the system 200 is configured for SAL applications, for example, in the
near-infrared. However, as noted above, other embodiments can be configured to perform SA

imaging in other wavelength ranges.

[0080] The system 200 of Fig. 6 generally includes a light source assembly 230, a transmitter-
receiver assembly 232, a detector assembly 234, and a control and processing unit 236. These and

other possible components of the system 200 are described in greater detail below.

[0081] The light source assembly 230 is mounted on the platform 202 and is configured to generate
a search signal 208, an SA transmission signal 224, and an LO signal 238. The light source
assembly 230 may be embodied by any appropriate device or combination of devices capable of
generating the search signal 208, the SA transmission signal 224, and the LO signal 238 with suitable
characteristics for enabling their use in the present techniques. By way of example, in SAL imaging
applications assisted by TOF-lidar-based target detection and localization, the signals mentioned

above can have a center frequency ranging from about 30 terahertz (THz) to about 300 THz, for
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example, 193 THz, corresponding to a wavelength of 1.55 ym, although values outside this range

are possible in other embodiments.

[0082] The light source assembly 230 can include a light source 240 configured to generate a source
light signal 242, and one or more optical splitters 244, for example, fiber-optic splitters, configured to
split the source light signal 242, or a portion thereof, into the search signal 208, the SA transmission
signal 224, and the LO signal 238. In the present description, the term “optical splitter” is intended to
refer to a device capable of dividing an input light signal into two or more signal parts. The signal
parts may or may not be all identical. The optical splitting device may be configured to perform a
power splitting, a spectral splitting, or a temporal splitting of the input light signal, or any combination
thereof. For example, in some implementations, the light source assembly 230 is configured to
perform a temporal splitting of the source light signal 242. During a first time interval, corresponding
to a target detection phase, the light source assembly 230 generates the source light signal 242 as
the search signal 208. During a second time interval, corresponding to an SA imaging phase, the
light source assembly 230 generates the SA transmission signal 224 and the LO signal 238 from the
source light signal 242 via power splitting. It is appreciated that while the light source assembly 230
depicted in Fig. 6 includes a single light source 240, this may not be the case in other embodiments.
In particular, each of the search signal 208, the SA transmission signal 224, and the LO signal 238
may be generated using a dedicated light source, which may or may not be identical to the other

dedicated light source or sources.

[0083] Depending on the application, the light source 240 may be embodied by a variety of devices
or combination of devices. Non-limiting examples of possible light sources include gas lasers; solid-
state lasers, including fiber lasers; semiconductor-based lasers, including laser diodes; dye lasers;
and non-laser sources, such as light-emitting diodes. Laser sources are generally employed in SAL
systems. For example, in some SAL implementations, the light source assembly 230 may include a
pulsed fiber laser 240 provided with a directly modulated laser diode configured to perform a linear
or nonlinear frequency modulation, or chirp, of the source light signal 242. Alternatively, the light
source assembly 230 may include a continuous-wave light source 240 whose output is coupled to
an external waveform modulator or phase shifter. As can be appreciated, the choice of the light
source can be based on various factors including, but not limited to, its wavelength; irradiance;
spatial, temporal, and spectral profiles; beam quality and divergence; degree of coherence;
compactness; reliability; and, for a pulsed source, its pulse characteristics, such as its peak power,
repetition rate, duration, temporal shape, and center wavelength. Depending on the application, the
search signal 208, the SA transmission signal 224, and the LO signal 238 may be individually

modulated or otherwise conditioned downstream of the light source assembly 230.
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[0084] Referring still to Fig. 6, the system 200 may include optical fibers to transmit the search
signal 208, the search return signal 210, the SA transmission signal 224, the SA return signal 228,
and the LO signal 238 between the different components of the system 200. By way of example, the
system 200 may include one or more multimode optical fibers 246a configured to transmit the search
signal 208 from the light source assembly 230 to the transmitter-receiver assembly 232 and transmit
the search return signal 210 from the transmitter-receiver assembly 232 to the detector
assembly 234. The use of multimode fibers can improve the light collection process. The system 200
may also include one or more single-mode optical fibers 246b, which may be polarization-
maintaining, configured to transmit the SA transmission signal 224 from the light source
assembly 230 to the transmitter-receiver assembly 232 and transmit the SA return signal 228 from
the transmitter-receiver assembly 232 to the detector assembly 234. The use of single-mode fibers
can improve the coherent detection process. However, in other implementations, bulk optical

components could be used instead of, or in addition to, fiber-based components.

[0085] Referring still to Fig. 6, the transmitter-receiver assembly 232 is mounted on the platform 202
and configured for: illuminating the scene 204 with the search signal 208 along the search
direction 216; receiving a search return signal 210 produced by reflection of the search signal 208
from a target 212 present in the scene 204; illuminating the scene 204 with the SA transmission
signal 224; and receiving an SA return signal 228 produced by reflection of the SA transmission
signal 224 from the target 212. In some embodiments, the transmitter-receiver assembly 232 may be
configured to control the beam divergence of the SA transmission signal 224 to be less than the
beam divergence of the search signal 208. It is appreciated that the transmitter-receiver
assembly 232 can include a number of transmitter, receiver and/or transceiver optics, such as lenses,
mirrors, optical filters, and the like, configured to direct, shape, filter, or otherwise condition the search
signal 208, the search return signal 210, the SA transmission signal 224, and the SA return

signal 228 before transmission to or after reception from the scene 204.

[0086] In the illustrated embodiment, the transmitter-receiver assembly 232 includes a telescope 248
with a primary mirror 250 and a secondary mirror 252 having a relative orientation to each other. The
two-mirror telescope 248 in Fig. 6 is used for illumination and collection in both target detection and
SA imaging phases. That is, the two-mirror telescope 248 is configured to receive the search
signal 208 and the SA transmission signal 224 from the light source assembly 230 to direct them
toward the scene 204 and to receive the search return signal 210 and the SA return signal 228 from
the scene 204 and direct them toward the detector assembly 234. It is appreciated, however, that the
transmitter-receiver assembly 232 may be implemented in a variety of configurations depending on

the application. For example, in some embodiments, the transmitter-receiver assembly 232 can
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include separate subassemblies for transmission and reception and/or separate subassemblies for
target detection (e.g., associated with a lidar subsystem) and SA imaging (e.g., associated with a

SAL subsystem), as described in further detail below with reference to Fig. 7.

[0087] In Fig. 6, the control and processing unit 236 is operatively coupled to the telescope 248 and
configured to adjust the search direction 216 of the search signal 208 and the imaging direction 226
of the SA transmission signal 224 by controlling the relative orientation between the primary
mirror 250 and the secondary mirror 252. For this purpose, the telescope 248 in Fig. 6 includes a tip
tilt mechanism 254 integrated, for example, in the secondary mirror 252 to control the search
direction 216 of the search signal 208 (e.g., during the refinement procedure for the target angular
location and, more generally, at any time prior to or during target detection and localization) and the
imaging direction 226 of the SA transmission signal 224 (e.g., as a result of the refinement procedure
for the target angular location and, more generally, at any time prior to or during SA imaging). It is
appreciated, however, that a variety of mirror-based and non-mirror-based scanning, tilting or
steering devices and mechanisms can be used in other embodiments to vary the pointing
directions 216, 226 of the search signal 208 and the SA transmission signal 224. It is also
appreciated that changing the relative orientation between the primary mirror 250 and the secondary
mirror 252 may be achieved, as the case may be, by moving only the primary mirror 250, only the

secondary mirror 252, as in Fig. 6, or both the primary mirror 250 and the secondary mirror 252.

[0088] Referring still to Fig. 6, the transmitter-receiver assembly 232 is optically coupled to the optical
fibers 246a-246b. The ends 256a-256b of the optical fibers 246a-246b may be substantially parallel
to each other and located at or near the focal plane of the telescope 248. The transverse offset
between the fiber ends 256a-256b may be accounted for when providing relative adjustment between
the search direction 216 of the search signal 208 and the imaging direction 226 of the SA
transmission signal 224. As can be appreciated, optical circulators 258a-258b may be provided to
separate the counterpropagating signals 208-210 and 224-228 traveling along the optical
fibers 246a-246b.

[0089] Referring to Fig. 7, there is illustrated a schematic block diagram of another embodiment of a
system 200 for detection, localization, and SA imaging of a target 212 present in a scene 204 from a
platform 202 in relative movement with respect to the scene 204. The embodiment of Fig. 7 shares
several features with the embodiment of Fig. 6, which need not be described again other than to
highlight differences between them. In Fig. 7, the transmitter-receiver assembly 232 includes a
transmission telescope 2481 and a collection telescope 248,. Each telescope 2484, 248, has a
primary mirror 2504, 2502 and a secondary mirror 2521, 252,. The relative orientation between the

primary mirror 2501, 250, and the secondary mirror 2521, 252, is adjustable. For this purpose, each
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telescope 2481, 248, may include a tip tilt mechanism 2544, 254, integrated in the secondary
mirror 2521, 252, and operatively coupled to the control and processing unit 236. The transmission
telescope 248, is configured for projecting the search signal 208 and the SA transmission signal 224
toward the scene 204. Meanwhile, the collection telescope 248; is configured for collecting the

search return signal 210 and the SA return signal 228 from the scene 204.

[0090] The transmission telescope 248+ is coupled to optical fibers 246a+, 246b4. The ends 256aj,
256b+ of the optical fibers 246a4, 246b+ are substantially parallel to each other and located at or near
the focal plane of the transmission telescope 248,. The transmission telescope 248, is configured to
receive the search signal 208 from the optical fiber 246a: and receive the SA transmission signal 224
from the optical fiber 246b4. The transverse offset between the fiber ends 256a4, 256b1 can be
accounted for when providing relative adjustment between the search direction 216 of the search
signal 208 and the imaging direction 226 of the SA transmission signal 224. The search direction 216
of the search signal 208 and the imaging direction 226 of the SA transmission signal 224 may be
controlled by the control and processing unit 236 via the tip tilt mechanism 2544 provided in the
secondary mirror 2521. The collection telescope 248; is coupled to optical fibers 246a;, 246b,. The
ends 256a;, 256b, of the optical fibers 246a,, 246b, are substantially parallel to each other and
located at or near the focal plane of the collection telescope 248,. The collection telescope 248, is
configured to transmit the search return signal 210 to the optical fiber 246a, and transmit the SA

return signal 228 to the optical fiber 246b..

[0091] Returning to Fig. 6, the detector assembly 234 is mounted on the platform 202 and configured
to detect the search return signal 210. The detector assembly 234 is also configured to detect the SA
return signal 228 by mixing it with the LO signal 238 to generate SA signal data. In the illustrated
embodiment, the detector assembly 234 includes a first detector subassembly 260a configured to
detect the search return signal 210 and a second detector subassembly 260b configured to detect
the SA return signal 228. As can be appreciated, other detection configurations may be used in other

embodiments.

[0092] The first detector subassembly 260a may include a photon-counting detector, for example, a
single-photon counting detector, or other types of photodetectors, for example, PIN photodiodes.
Non-limiting examples of photon-counting detectors include single-element (non-imaging) optical
detectors, for instance, and solid-state photodetectors, such as avalanche photodiodes (APDs),
silicon photomultipliers (SiPMs), and silicon photodiodes (SiPDs), as well as photomultiplier tubes
(PMTs). It is appreciated, however, that in other embodiments the first detector subassembly 260a
may detect the search return signal 210 using an array of detectors (e.g., an imager disposed in the

focal plane of the two-mirror telescope 248). Non-limiting examples of array detectors include charge-
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coupled-device (CCD) imagers, complementary metal-oxide-semiconductor (CMOS) imagers,

charge-injection-device (CID) imagers, and single-photon avalanche detector (SPAD) arrays.

[0093] The second detector subassembly 260b may include an optical heterodyne detector, as
commonly found in SAL systems. Optical heterodyne detection can be performed by coherent mixing
of the SA return signal 228 with the LO signal 238 before detection of the mixed signals with one or
more photodetectors, for example, single-element detectors such as PIN photodiodes, PMTs, APDs,
SiPMs, and SiPDs, although array detectors may be used in some implementations, for example, in
bistatic SA imaging. The one or more photodetectors can generate one or more electrical signals.
Each electrical signal contains, as a result of the mixing of the SA return signal 228 with the LO
signal 238, a beatnote whose frequency depends, in the case of chirped signals, on the optical path
length difference, or equivalently the time delay, between the mixed signals. In the present
techniques, this time delay can be controlled based on the estimated range R of the detected
target 212 determined from the search return signal 210 to ensure that the spectrum of the beatnote
remains within the bandwidth of the one or more detectors of the second detector subassembly 260b.
The one or more electrical signals may be digitally sampled and stored as SA signal data. It is
appreciated that the general principles underlying optical heterodyne detection are generally known

in the art, and need not be described in greater detail herein.

[0094] Referring still to Fig. 6, the control and processing unit 236 is operatively coupled to the light
source assembly 230, the transmitter-receiver assembly 232, and the detector assembly 234 to
control and coordinate, at least partly, their operation. The control and processing unit 236 may also
be configured to process and analyze the detection data measured by the detector assembly 234. In

Fig. 6, the control and processing unit 236 generally includes a processor 262 and a memory 264.

[0095] The control and processing unit 236 can be provided within one or more general purpose
computers and/or within any other suitable computing devices, implemented in hardware, software,
firmware, or any combination thereof, and connected to the components of the system 200 via
appropriate wired and/or wireless communication links and ports. Depending on the application, the
control and processing unit 236 may be integrated, partly integrated, or physically separate from the
optical hardware of the system 200. Furthermore, it is appreciated that while the control and
processing unit 236 is depicted in Fig. 6 as being physically located on the platform 202, this need
not be the case in other embodiments. For example, in some embodiments, the control and
processing unit 236 may be provided, at least partly, at another location, for example, a ground-

based processing station.
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[0096] The processor 262 may implement operating systems, and may be able to execute computer
programs, also generally known as commands, instructions, functions, processes, software codes,
executables, applications, and the like. It should be noted that although the processor 262 in Fig. 6
is depicted as a single entity for illustrative purposes, the term “processor” should not be construed
as being limited to a single processor, and accordingly, any known processor architecture may be
used. In some implementations, the processor 262 may include a plurality of processing units. Such
processing units may be physically located within the same device. Alternatively, the processor 262
may represent processing functionality of a plurality of devices operating in coordination. For
example, the processor 262 may include or be part of: a computer; a microprocessor; a
microcontroller; a coprocessor; a central processing unit (CPU); an image signal processor (ISP); a
digital signal processor (DSP) running on a system on a chip (SoC); a single-board computer (SBC);
a dedicated graphics processing unit (GPU); a special-purpose programmable logic device embodied
in hardware device, such as, for example, a field-programmable gate array (FPGA) or an application-
specific integrated circuit (ASIC); a digital processor; an analog processor; a digital circuit designed
to process information; an analog circuit designed to process information; a state machine; and/or
other mechanisms configured to electronically process information and to operate collectively as a

processor.

[0097] The memory 264, which can also be referred to as a “computer readable storage medium”, is
capable of storing computer programs and other data to be retrieved by the processor 262. In the
present description, the terms “computer readable storage medium” and “computer readable
memory” are intended to refer to a non-transitory and tangible computer product that can store and
communicate executable instructions for the implementation of various steps of the methods
disclosed herein. The computer readable memory may be any computer data storage device or
assembly of such devices, including a random-access memory (RAM); a dynamic RAM; a read-only
memory (ROM); a magnetic storage device, such as a hard disk drive, a solid state drive, a floppy
disk, and a magnetic tape; an optical storage device, such as a compact disc (CD or CDROM), a
digital video disc (DVD), and a Blu-Ray™ disc; a flash drive memory; and/or any other non-transitory
memory technologies. A plurality of such storage devices may be provided, as can be appreciated
by those skilled in the art. The computer readable memory may be associated with, coupled to, or
included in a computer or processor configured to execute instructions contained in a computer
program stored in the computer readable memory and relating to various functions associated with

the computer.

[0098] The control and processing unit 236 may be configured to perform one or more of the

following operations:
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- controlling the light source assembly 230 to generate the search signal 208;

- controlling the transmitter-receiver assembly 232 to illuminate the scene 204 with the search
signal 208 along the search direction 216;

- estimating, from the search return signal 210 detected by the detector assembly 234, a range
and an angular location of a target 212 present in the scene 204;

- estimating the angular location of the target 212 with respect to a direction substantially
parallel to the travel path 206;

- controlling the transmitter-receiver assembly 232 to scan the search signal 208 over a
plurality of additional search directions to produce a corresponding plurality of additional
search return signals by reflection of the search signal 208 from the target 212, wherein, at
the estimated range of the target 212, the angular field of illumination of the search signal 208
associated with each additional search direction overlaps at least partly with the angular field
of illumination 218 of the search signal 208 associated with the search direction 216;

- refining, from the plurality of additional search return signals, the estimated angular location
of the target 212;

- refining the estimated angular location of the target212 with respect to a direction
substantially perpendicular to the travel path 206;

- controlling the light source assembly 230 to generate the SA transmission signal 224 and the
LO signal 238 with a time delay therebetween, the time delay being based on the estimated
range of the target 212;

- controlling the transmitter-receiver assembly 232 to illuminate the scene 204 with the SA
transmission signal 224 along an imaging direction 226, the imaging direction 226 being
based on the estimated angular location of the target 212;

- controlling the transmitter-receiver assembly 232 to adjust the imaging direction 226 of the
SA transmission signal 224 based on the refined estimated angular location of the target 212;
and

- receiving the SA signal data from the detector assembly 234 and generating an SA image of

the target 212 from the received SA signal data.

[0099] In accordance with another aspect of the present description, there is provided a non-
transitory computer readable storage medium having stored thereon computer executable
instructions for use with a system for detection and SA imaging of a target. The system is mounted
on a platform in relative movement with respect to a scene and may include a light source assembly,
a transmitter-receiver assembly, and a detector assembly, such as described herein. The computer
executable instructions, when executed by a processor, cause the processor to perform various steps

of a method for detection and SA imaging of a target such as described herein. By way of example,
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these steps may include one or more of the following operations: controlling the light source assembly
to generate a search signal to illuminate the scene along a search direction to produce a search
return signal by reflection of the search signal from a target present in the scene; estimating, from
the search return signal, a range and an angular location of the target; controlling the light source
assembly to generate an SA transmission signal and an LO signal with a time delay therebetween,
the time delay being based on the estimated range of the target; controlling the transmitter-receiver
assembly to illuminate the scene with the SA transmission signal along an imaging direction to
produce an SA return signal by reflection of the SA transmission signal from the target, the imaging
direction being based on the estimated angular location of the target; receiving SA signal data from
the detector assembly resulting from a mixing of the SA return signal received by the transmitter-
receiver assembly with the LO signal; and generating an SA image of the target from the SA signal

data.

[0100] In some embodiments, the steps performed by the processor may further include: controlling
the transmitter-receiver assembly to illuminate the scene with the SA transmission signal along an
imaging direction to produce an SA return signal by reflection of the SA transmission signal from the
target, the imaging direction being based on the estimated angular location of the target; receiving
SA signal data from the detector assembly resulting from a mixing of the SA return signal received
by the transmitter-receiver assembly with the LO signal; and generating an SA image of the target

from the SA signal data.

[0101] In accordance with another aspect of the present description, there is provided a computer
device for use with a system for detection and SA imaging of a target such as described herein. The
computer device may include a processor and a non-transitory computer readable storage medium
operatively coupled to the processor and having stored thereon computer readable instructions that,
when executed by a processor, cause the processor to perform various steps such as described
herein for controlling the system. Fig. 6 depicts an example of a computer device 236 (also referred
to above as a control and processing unit) that includes a processor 262 and a non-transitory
computer readable storage medium 264 (also referred to above as a memory) operably connected

to the processor 262.

[0102] Of course, numerous modifications could be made to the embodiments described above

without departing from the scope of the appended claims.
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CLAIMS

1. A method for detection and synthetic aperture (SA) imaging of a target present in a scene, the
method comprising:
performing a target detection phase using lidar remote sensing, the target detection phase
comprising:
iluminating the scene along a search direction with a lidar search signal transmitted from
a platform in relative movement with respect to the scene along a travel path to search
for the target in the scene, the lidar search signal having an angular field of
illumination;
receiving, on the platform, a search return signal produced by reflection of the lidar search
signal from the target to detect that the target is present in the scene; and
estimating, from the search return signal, a range and an angular location of the target;
and
performing, following the target detection phase, an SA imaging phase using SA imaging, the SA
imaging phase comprising:
generating an SA transmission signal and a local oscillator (LO) signal with a time delay
therebetween, the time delay being based on the range of the target estimated in the
target detection phase using lidar remote sensing;
iluminating the scene along an imaging direction with the SA transmission signal
transmitted from the platform, the imaging direction being based on the angular
location of the target estimated in the target detection phase using lidar remote
sensing, the SA transmission signal used in the SA imaging phase having an angular
field of illumination that is narrower than the angular field of illumination of the lidar
search signal used in the target detection phase;
receiving, on the platform, an SA return signal produced by reflection of the SA
transmission signal from the target;
mixing the SA return signal with the LO signal to generate SA signal data; and

generating an SA image of the target from the SA signal data.

2. The method of claim 1, wherein estimating the angular location of the target comprises estimating

the angular location of the target with respect to a direction substantially parallel to the travel path.

3. The method of claim 1 or 2, wherein the target detection phase further comprises:
scanning the lidar search signal over a plurality of additional search directions oriented with
respect to the search direction, wherein, at the estimated range of the target, an angular field

of illumination of the lidar search signal associated with each additional search direction
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overlaps at least partly with the angular field of illumination of the lidar search signal
associated with the search direction;

receiving a corresponding plurality of additional search return signals produced by reflection of the
lidar search signal from the target; and

refining, from the plurality of additional search return signals, the estimated angular location of the
target; and

wherein the SA imaging phase further comprises adjusting the imaging direction of the SA

transmission signal based on the refined estimated angular location of the target.

4. The method of claim 3, wherein refining the estimated angular location of the target comprises
refining the estimated angular location of the target with respect to a direction substantially

perpendicular to the travel path.

5. The method of any one of claims 1 to 4, comprising generating the SA transmission signal and the
LO signal as chirped laser pulses having a center frequency in a range from 30 terahertz to
300 terahertz.

6. The method of any one of claims 1 to 5, wherein the lidar search signal, the SA transmission signal,

and the LO signal are generated using a same light source.

7. The method of any one of claims 1 to 6, wherein the platform is a spacecraft and the target is a

space object.

8. A system for detection and synthetic aperture (SA) imaging of a target present in a scene from a
platform in relative movement with respect to the scene along a travel path, the system comprising:
a light source assembly for mounting on the platform and configured to generate a lidar search
signal, an SA transmission signal, and a local oscillator (LO) signal;

a transmitter-receiver assembly for mounting on the platform and configured to:
in a target detection phase using lidar remote sensing, illuminate the scene with the lidar
search signal along a search direction and with an angular field of illumination to
search for the target in the scene, and receive a search return signal produced by
reflection of the lidar search signal from the target to detect that the target is present

in the scene; and

in an SA imaging phase using SA imaging and following the target detection phase,
iluminate the scene with the SA transmission signal with an angular field of

illumination narrower than the angular field of illumination of the lidar search signal
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used in the target detection phase, and receive an SA return signal produced by
reflection of the SA transmission signal from the target;

a detector assembly for mounting on the platform and configured to detect, in the target detection
phase, the search return signal and to detect, in the SA imaging phase, the SA return signal
by mixing the SA return signal with the LO signal to generate SA signal data; and

a control and processing unit operatively coupled to the light source assembly, to the transmitter-
receiver assembly, and to the detector assembly, the control and processing unit being
configured to:

in the target detection phase, estimate, from the search return signal, a range and an
angular location of the target; and
in the SA imaging phase:
control the light source assembly to generate the SA transmission signal and the
LO signal with a time delay therebetween, the time delay being based on the
range of the target estimated in the target detection phase using lidar remote
sensing;
control the transmitter-receiver assembly to illuminate the scene with the SA
transmission signal along an imaging direction, the imaging direction being
based on the angular location of the target estimated in the target detection
phase using lidar remote sensing;
receive the SA signal data from the detector assembly; and

generate an SA image of the target from the SA signal data.

9. The system of claim 8, wherein the control and processing unit is configured to estimate the

angular location of the target with respect to a direction substantially parallel to the travel path.

10. The system of claim 8 or 9, wherein:

the transmitter-receiver assembly is configured to scan the lidar search signal over a plurality of
additional search directions and receive a corresponding plurality of additional search return
signals produced by reflection of the lidar search signal from the target, wherein, at the
estimated range of the target, an angular field of illumination of the lidar search signal
associated with each additional search direction overlaps at least partly with an angular field
of illumination of the lidar search signal associated with the search direction; and

the control and processing unit is configured to refine, from the plurality of additional search return
signals, the estimated angular location of the target and control the transmitter-receiver
assembly to adjust the imaging direction of the SA transmission signal based on the refined

estimated angular location of the target.
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11. The system of any one of claims 8 to 10, wherein the control and processing unit is configured to
refine the estimated angular location of the target with respect to a direction substantially

perpendicular to the travel path.

12. The system of any one of claims 8 to 11, wherein the light source assembly comprises at least
one laser source configured to generate the SA transmission signal and the LO signal as chirped

laser pulses having a center frequency in a range from 30 terahertz to 300 terahertz.

13. The system of any one of claims 8 to 12, further comprising multimode optical fibers configured
to transmit the lidar search signal from the light source assembly to the transmitter-receiver assembly
and transmit the search return signal from the transmitter-receiver assembly to the detector
assembly, and single-mode optical fibers configured to transmit the SA transmission signal from the
light source assembly to the transmitter-receiver assembly and transmit the SA return signal from the

transmitter-receiver assembly to the detector assembly.

14. The system of any one of claims 8 to 13, wherein:
the transmitter-receiver assembly comprises a telescope configured to receive the lidar search
signal and the SA transmission signal from the light source assembly and comprising a
primary mirror and a secondary mirror having a relative orientation to each other; and
the control and processing unit is operatively coupled to the telescope and configured to adjust
the search direction of the lidar search signal and the imaging direction of the SA transmission
signal by controlling the relative orientation between the primary mirror and the secondary

mirror.

15. The system of any one of claims 8 to 14, wherein the detector assembly comprises a photon
counting detector configured to detect the search return signal and an optical heterodyne detector

configured to detect the SA return signal.

16. A non-transitory computer readable storage medium having stored thereon computer executable
instructions for use with a system for detection and synthetic aperture (SA) imaging of a target present
in a scene, the system being mounted on a platform in relative movement with respect to the scene
and comprising a light source assembly, a transmitter-receiver assembly, and a detector assembly,
wherein the computer executable instructions, when executed by a processor, cause the processor
to:

perform a target detection phase using lidar remote sensing, the target detection phase

comprising:

controlling the light source assembly to generate a lidar search signal;
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controlling the transmitter-receiver assembly to illuminate the scene with the lidar search
signal along a search direction and with an angular field of illumination to produce a
search return signal by reflection of the lidar search signal from the target to detect
that the target is present in the scene; and

estimating, from the search return signal, a range and an angular location of the target;
and

perform, using SA imaging and following the target detection phase, an SA imaging phase, the
SA imaging phase comprising:

controlling the light source assembly to generate an SA transmission signal and a local
oscillator (LO) signal with a time delay therebetween, the time delay being based on
the range of the target estimated in the target detection phase using lidar remote
sensing;

controlling the transmitter-receiver assembly to illuminate the scene with the SA
transmission signal along an imaging direction and with an angular field of illumination
narrower than the angular field of illumination of the lidar search signal used in the
target detection phase to produce an SA return signal by reflection of the SA
transmission signal from the target, the imaging direction being based on the angular
location of the target estimated in the target detection phase using lidar remote
sensing;

receiving SA signal data from the detector assembly resulting from a mixing of the SA
return signal received by the transmitter-receiver assembly with the LO signal; and

generating an SA image of the target from the SA signal data.

17. The non-transitory computer readable storage medium of claim 16, wherein the computer
executable instructions, when executed by the processor, further cause the processor to perform
steps of:
controlling, in the target detection phase, the transmitter-receiver assembly to scan the lidar
search signal over a plurality of additional search directions to produce a corresponding
plurality of additional search return signals by reflection of the lidar search signal from the
target, wherein, at the estimated range of the target, an angular field of illumination of the lidar
search signal associated with each additional search direction overlaps at least partly with an
angular field of illumination of the lidar search signal associated with the search direction;
refining, from the plurality of additional search return signals, the estimated angular location of the

target; and
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controlling, in the SA imaging phase, the transmitter-receiver assembly to adjust the imaging
direction of the SA transmission signal based on the refined estimated angular location of the
target.

18. A computer device for use with or in a system for detection and synthetic aperture (SA) imaging
5  of a target, the computer device comprising:
a processor; and
the non-transitory computer readable storage medium of claim 16 or 17, the non-transitory

computer readable storage medium being operatively coupled to the processor.
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return signals, the estimated angular location
of the detected target

110

Generating an SA transmission signal and an LO
signal with a relative time delay based on the
estimated range of the detected target
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llluminating the scene with the SA transmission signal
along an imaging direction based on the estimated or
refined angular location of the detected target

~—114

Receiving an SA return signal produced by
reflection of the SA transmission signal from the
detected target

~116

Mixing the SA return signal with the LO signal to
generate SA signal data

118

Generating an SA image of the detected target from
the SA signal data
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FIG. 1
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FIG. 2A
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FIG. 3
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