a2 United States Patent

Turbide

US009523766B2

US 9,523,766 B2
Dec. 20, 2016

(10) Patent No.:
45) Date of Patent:

(54) PHASE ERROR CORRECTION IN
SYNTHETIC APERTURE IMAGING

(71)

(72)

(73)

")

@

(22)

(65)

(1)

(52)

(58)

Applicant: INSTITUT NATIONAL D’OPTIQUE,

Inventor:

Assignee:

Notice:

Appl. No

Filed:

US 2016/

Int. CL.

GO1S 7/497
GO1S 17/89
GO1S 17/32
GO1S 7/481
GO1S 7/493
GO1S 7/491

U.S. CL
CPC

Quebec (CA)
Simon Turbide, Quebec (CA)

INSTITUT NATIONAL D’OPTIQUE,
Quebec, Quebec (CA)

Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 260 days.

.: 14/490,826

Sep. 19, 2014

Prior Publication Data

0084946 Al Mar. 24, 2016

(2006.01)
(2006.01)
(2006.01)
(2006.01)
(2006.01)
(2006.01)

.......... GO1S 7/497 (2013.01); GOLS 7/481
(2013.01); GOLS 7/493 (2013.01); GOLS
7/4917 (2013.01); GOLS 17/325 (2013.01);
GO1S 17/895 (2013.01)

Field of Classification Search

CPC

GO1S 13/90; GO1S 13/00; GO1S 13/87

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS
4,924,229 A 5/1990 Fichel et al.
6,879,279 B2 4/2005 Stappaerts
7,345,744 B2 3/2008 Halmos et al.
7,474,332 B2 1/2009 Byren
8,629,975 Bl 1/2014 Dierking et al.

OTHER PUBLICATIONS

Dale C. Griffith, Phase Error Compensation Technique for Improved
Synthetic Aperture Radar Performance, 1997, Johns Hopkins APL
Technical Digest, vol. 18, No. 3.*

Beck et al, Synthetic-aperture imaging laser radar: Laboratory
demonstartion and signal processing, Optical Society of America,
Applied Optics, vol. 44 No. 35 p. 7621-7626, Dec. 10, 2005.*

(Continued)

Primary Examiner — Luke Ratcliffe
(74) Attorney, Agent, or Firm — Merchant & Gould P.C.

(57) ABSTRACT

A method for phase error correction in a synthetic aperture
(SA) imaging system is configured to image a target region
of'a scene from a platform in relative movement with respect
to the scene. The method includes acquiring target SA data
from the target region and reference SA data from a refer-
ence region of the scene, using a SA acquisition unit. One or
more phase correction factors are determined from the
reference SA data based on an assumption that the reference
region has a known topography. The phase correction factors
are representative of uncompensated optical-path-length
fluctuations along the optical path between the reference
region and the SA acquisition unit mounted on the platform.
A phase correction is applied to the target SA data based on
the phase correction factors so as to obtain phase-corrected
target SA data. A SA imaging system implementing the
method is also disclosed.
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1
PHASE ERROR CORRECTION IN
SYNTHETIC APERTURE IMAGING

TECHNICAL FIELD

The general technical field relates to synthetic aperture
imaging and, in particular, to a method for correcting phase
errors in a synthetic aperture imaging system.

BACKGROUND

Synthetic aperture (SA) imaging is a well-known imaging
technology that can be used to increase resolution beyond
the diffraction limit of a physical aperture of an imaging
system. In SA imaging systems, a large “virtual” aperture is
synthesized along a path by coherently summing the ampli-
tude and phase information of return echoes from a plurality
of electromagnetic signals sequentially transmitted by a
relatively small physical aperture provided on a platform
moving along the path. Typical implementations of SA
imaging systems include a transmitter-receiver unit mounted
on an airborne, spaceborne, or terrestrial platform (e.g., an
aircraft, a satellite, a ground vehicle, a watercraft, and the
like) traveling along a path over a target region to be imaged.
The transmitter-receiver unit directs a plurality of electro-
magnetic signals onto the target region and collects a series
of phase-coherent return echoes corresponding to the elec-
tromagnetic signals reflected by the target region. The return
echoes can be recorded, and then coherently combined using
signal processing techniques to reconstruct a high-resolution
image of the target region. Typical implementations of SA
imaging systems achieve two-dimensional imaging by using
phase history reconstruction along the path (also referred to
as the “azimuth” or “along-track™ direction) and ranging
with chirped signals at an angle (e.g., perpendicularly in
zero-squint mode) to the path (also referred to as the “range”
or “beam” direction).

SA imaging technology was initially developed and has
been successfully employed at radio frequencies, where it is
referred to as “synthetic aperture radar” (SAR) imaging.
Conventional SAR systems typically operate in the centi-
meter (cm) wavelength range and produce images with
azimuth resolutions of the order of a meter for spaceborne
applications and of the order of a decimeter for airborne
applications. As resolution is generally inversely propor-
tional to the wavelength used for imaging, there has been a
growing interest to extend SAR technology to shorter wave-
lengths. In particular, an emerging technology referred to as
“synthetic aperture lidar” (SAL) imaging is currently being
developed in order to apply SAR technology to the visible
and near-infrared portions of the electromagnetic spectrum,
with most reported experimental studies of SAL dating from
the last decade. It is envisioned that SAL could produce
images with azimuth resolutions of centimeters or less, and
also provide information complementary to that provided by
SAR systems.

In addition to its promising potential in terms of resolu-
tion, the development of SAL imaging also poses a number
of challenges, among which is the measurement and cor-
rection of phase errors. As SA imaging relies on maintaining
phase coherence between the return echoes collected over
the length of the virtual aperture, any uncompensated fluc-
tuations in the length of the optical path between the SA
imaging system and the target region to be imaged can affect
the phase of the return echoes and, in turn, lead to phase
errors that can degrade the image reconstruction process. In
particular, phase errors can result in images that are not
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uniformly focused across the target region. Typical sources
of uncompensated optical-path-length fluctuations include,
for example, unintended deviations in the platform motion
and refractive-index inhomogeneities in the atmosphere. As
obtaining high-quality SA images generally involves keep-
ing phase errors to within a fraction of the imaging wave-
length, which becomes increasingly difficult as the imaging
wavelength decreases, phase errors are expected to be more
important in SAL than in SAR.

One phase error correction method used in SAR systems
employs global positioning system (GPS) data with an
inertial navigation system (INS) to provide real-time com-
pensation of undesired platform motions, in combination
with autofocus techniques such as the phase gradient auto-
focus (PGA) algorithm. The PGA algorithm is a state-of-
the-art technique for phase error correction that exploits the
redundancy of phase error information among range bins by
selecting and synthesizing the strongest scatterers (which
may be in situ corner-cube retroreflectors) for each range
bin. However, implementing an integrated INS/GPS system
is generally complex and may not be sufficiently accurate for
SAL requirements. Also, the PGA algorithm tends to be less
efficient for large phase errors, and may therefore not be
suitable for being used alone in SAL, due to the high level
of blurring generally observed in uncorrected SAL images.

Accordingly, various challenges still exist in the field of
phase error correction in SA imaging applications, particu-
larly in SAL applications.

SUMMARY

According to an aspect of the invention, there is provided
a method for phase error correction in a synthetic aperture
(SA) imaging system configured for imaging a target region
of'a scene from a platform in relative movement with respect
to the scene. The method includes the steps of:

a) acquiring target SA data from the target region and
reference SA data from a reference region of the scene,
using a SA acquisition unit provided on the platform;

b) determining one or more phase correction factors from
the reference SA data based on an assumption that the
reference region has a known topography, the one or
more phase correction factors being representative of
uncompensated optical-path-length fluctuations along a
round-trip optical path between the reference region
and the SA acquisition unit; and

¢) applying a phase correction to the target SA data based
on the one or more phase correction factors so as to
obtain phase-corrected target SA data.

According to another aspect of the invention, there is
provided a synthetic aperture (SA) imaging system for
obtaining a phase error-corrected image of a target region of
a scene from a platform in relative movement with respect
to the scene. The SA imaging system includes:

a SA acquisition unit provided on the platform and
configured to acquire target SA data from the target
region and reference SA data from a reference region of
the scene; and

a SA processing unit including:

a determination module configured to determine one or
more phase correction factors from the reference SA
data based on an assumption that the reference
region has a known topography, the one or more
phase correction factors being representative of
uncompensated  optical-path-length  fluctuations
along a round-trip optical path between the reference
region and the SA acquisition unit; and
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a correction module configured to apply a phase cor-
rection to the target SA data based on the one or more
phase correction factors so as to obtain phase-cor-
rected target SA data.

Other features and advantages of the embodiments of the
present invention will be better understood upon reading of
preferred embodiments thereof with reference to the
appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow chart of a method for phase error
correction in a SA imaging system, in accordance with an
embodiment.

FIG. 2 is a schematic perspective view of a SA imaging
system mounted on a platform moving relative to a scene
along a flight trajectory, in accordance with an embodiment.

FIG. 3 is a schematic front elevation view of the SA
imaging system of FIG. 2, illustrating the spatial arrange-
ment of the components of the SA acquisition unit on the
platform.

FIG. 4 is a simplified block diagram of the SA imaging
system of FIG. 2.

FIGS. 5A to 5C are schematic front elevation views of
three embodiments of a SA imaging system, illustrating
different implementations of the SA acquisition unit.

FIG. 6 is a plot of simulated SA raw data obtained after
demodulation of the reflected signal collected by the second
receiver in the simplified block diagram of FIG. 4.

FIG. 7 is a plot of the simulated SA raw data of FIG. 6,
after range compression. FIG. 7A is an enlargement of a
portion of FIG. 7, delineated by dashed lines in FIG. 7, to
better illustrate the reference SA signal received from the
reference region.

FIG. 8A is a photograph of a target used in a laboratory-
scaled experiment conducted to illustrate the capabilities of
the phase error correction method described herein. FIG. 8B
is a SAL image of the target reconstructed without applying
phase error correction. FIG. 8C is a SAL image of the target
which was corrected for phase errors using an implementa-
tion of the method described herein.

DETAILED DESCRIPTION

In the following description, similar features in the draw-
ings have been given similar reference numerals, and, in
order to not unduly encumber the figures, some elements
may not be indicated on some figures if they were already
identified in preceding figures. It should also be understood
herein that the elements of the drawings are not necessarily
depicted to scale, since emphasis is placed upon clearly
illustrating the elements and structures of the present
embodiments.

General Overview of Phase Errors in Synthetic Aperture
Imaging

The present description generally relates to a method for
phase error correction in a synthetic aperture (SA) imaging
system configured to image a target region of a scene from
a platform in relative movement with respect to the scene.
The present description also generally relates to a SA
imaging system capable of implementing the method.

A conventional SA imaging system typically includes a
transmitter that produces an electromagnetic signal which is
directed toward a target region to be imaged, for example a
ground surface of the Earth, while the SA imaging system is
moving with respect to the target region. The electromag-
netic signal is reflected by the target region, producing a
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return signal that is subsequently collected by a receiver of
the SA imaging system. The range to the target region can
be deduced from the amplitude of the return signal and the
round-trip delay from transmission to reception. A process-
ing unit can analyze data indicative of the return signal in
order to reconstruct an image representative of the target
region.

Basic SA processing generally assumes that the platform
on which is mounted the SA imaging system follows a
straight trajectory during the image formation time. In
practice, however, wind, atmospheric turbulence and other
environmental factors cause the platform to deviate from the
assumed ideal trajectory, resulting in undesired range fluc-
tuations during data acquisition. As the formation of a SA
image is based on the coherent combination of the amplitude
and phase information of a plurality of return signals
received at different platform positions throughout the SA
formation time, a range shift of AR between the platform and
the target region leads to a corresponding round-trip phase
shift of ¢=2x(27xAR/A) in the SA data. This phase shift, in
turn, introduces errors in the phase history of the return
signals. These phase errors can manifest themselves as
image artifacts, a loss of resolution, and a reduction in the
signal-to-noise ratio (SNR) that combine to blur or other-
wise degrade the quality of the reconstructed images.

Thus, in order to form SA images of sufficiently high
quality, it is desirable that deviations of the platform from
the ideal trajectory (e.g., deviations in altitude, pitch, roll,
yaw, and the like) be measured or calculated so that they can
be corrected during the image reconstruction process. As SA
images can be quite sensitive to platform deviations, it also
desirable that phase errors be kept to within a fraction of the
wavelength (e.g., about a tenth of a wavelength or less) for
the duration of the SA formation time, which becomes
increasingly stringent as the wavelength decreases. Accord-
ingly, phase errors are expected to be more important in SAL
than in SAR, as in SAL any instability in the platform
motion of the order of a micrometer (um) could lead to 2x
phase errors.

It is also to be noted that phase errors in SA data can arise
not only from deviations of the platform from its ideal
trajectory, but also from any other sources of uncompensated
fluctuations in the optical length of the round-trip optical
path between the SA imaging system and the target region
to be imaged. Other sources of phase errors can include, for
example, atmospheric refractive-index inhomogeneities
along the optical path between the SA imaging system and
the target region.

Embodiments of the present invention may be particularly
suitable for use in SAL applications employing wavelengths
in the visible or near-infrared portions of the electromag-
netic spectrum, where phase errors are expected to have a
greater impact than in longer-wavelength SA imaging appli-
cations. Those skilled in the art will recognize, however, that
the methods and systems described herein also apply to
other types of SA imaging modalities, including, but not
limited to, SAR imaging, SA terahertz imaging, SA infrared
imaging, SA sonar (SAS) imaging, and SA ultrasound
(SAU) imaging. It will also be understood that in the context
of'the present description, the terms “light” and “optical” are
understood to refer to electromagnetic radiation in any
appropriate portion of the electromagnetic spectrum. In
particular, the terms “light” and “optical” are not limited to
visible light, but can include, for example, the radio, micro-
wave, terahertz, infrared, and visible wavelength ranges.

In this context, embodiments of the present invention
provide a method for correcting phase errors in a SA
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imaging system configured to image a target region of a
scene from a platform in relative movement with respect to
the scene. FIG. 1 shows a flow chart of an embodiment of
the method 100, which can, by way of example, be imple-
mented in a SA imaging system 10 mounted on a moving
platform 12 flying over a scene 14 along a flight trajectory
16, such as that illustrated in FIGS. 2 and 3. In particular, in
FIGS. 2 and 3, the SA imaging system 10 is implemented in
a typical side-looking stripmap operation mode, with the
platform moving along the azimuth or along-track direction
18 and the SA imaging system 10 pointing perpendicular to
the flight trajectory 16 (zero-squint mode) in the range or
beam direction 20.

Of course, the phase error correction method 100 of FIG.
1 is also applicable to any other suitable SA imaging systems
or operation modes (e.g., scanning or spotlight modes)
capable of performing the appropriate method steps. Also,
while the platform provided with the SA imaging system is
an airplane in FIGS. 2 and 3, various other types of manned
or unmanned airborne, spaceborne and terrestrial vehicles
could be used in other embodiments. Furthermore, in FIGS.
2 and 3, the platform travels over a stationary scene, while
in other embodiments it is the scene that moves past a
stationary platform. In some embodiments both the platform
and the scene may move. Those skilled in the art will
appreciate that each of these scenarios is meant to be
encompassed by the expression “platform in relative move-
ment with respect to the scene”.

Acquisition of Synthetic Aperture Imaging Data

Referring to FIG. 1, the method first includes a step 102
of acquiring SA data from two regions of the scene, namely
a target region and a reference region. The SA data associ-
ated with the target and reference regions are respectively
referred to as target and reference SA data, and are acquired
using a SA acquisition unit. More regarding the operational
and structural features of the SA acquisition unit will be
described in greater detail below, with reference to FIG. 4.

Turning to FIG. 2, first, the target region 22 corresponds
to an area, object or feature of interest of the scene 14, whose
image is to be obtained through appropriate processing of
the target SA data, as in conventional SA imaging applica-
tions. Second, the reference region 24 corresponds to a
region of the scene 14 having a topography which is
assumed to be known, and preferably substantially uniform,
over the extent of the reference region 24.

In the present specification, the term “topography” gen-
erally refers to the overall relief and surface elevation of the
reference region. It will be understood that the term
“known” when referring to the topography of the reference
region is to be used as a practical term depending on the
specific implementation of the phase error correction
method. In particular, the term “known topography” gener-
ally refers to the fact that the topography of the reference
region is known, or uniform, to a degree sufficient to
justifiably assume that its effect on unexpected phase shifts
in the reference SA data is known, or negligible, as will
described in greater detail below. In some embodiments, it
may also be advantageous that the reflectance characteristics
(e.g., reflection coeflicient and reflection type) of the refer-
ence region be known.

Depending on the implementation of the method, the
reference region 24 may or may not overlap the target region
22. The reference region 24 is also generally smaller than the
target region 22, as there is typically a practical size limit
above which a reference region 24 of the scene 14 having a
uniform, or at least known, topography can no longer be
defined. As described below, the reference SA data from the
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reference region 24 can be processed to determine phase
correction factors, which can then be applied to the target SA
data to reduce phase errors and improve the quality of the
reconstructed image of the target region. More regarding the
reasons for and advantages of acquiring SA data from such
a reference region 24 in view of correcting phase errors in
the SA data from the target region 22 will become apparent
from the description provided below.

Referring still to FIG. 2, the acquisition of the SA data
from the target region 22 can involve illuminating the target
region 22 with a target optical signal 26, and collecting
return echoes produced by reflection of the target optical
signal 26 from the target region 22. The area of the scene 14
which is illuminated by the target optical signal 26 at a given
time, corresponding to a given position of the platform 12
along the flight trajectory 16, is referred to as the footprint
80 of the target optical signal 26. As the platform 12 travels
along the flight trajectory 16, the footprint 80 of the target
optical signal 26 is also moving, thereby defining the target
region 22 of the scene 14. Similarly, the acquisition of the
SA data from the reference region 24 can involve illumi-
nating the reference region 24 with a reference optical signal
28, and collecting return echoes produced by reflection of
the reference optical signal 28 from the reference region 24.
The area of the scene 14 which is illuminated by the
reference optical signal 28 at a given time is referred to as
the footprint 82 of the reference optical signal 28. As the
platform 12 travels along the flight trajectory 16, the foot-
print 82 of the reference optical signal 28 is also moving,
thereby defining the reference region 24 of the scene 14. It
will be understood that while the footprints 80, 82 of the
target and reference optical signals 26, 28 are ellipses in
FIG. 2, they may assume other shapes in other embodiments.

As the general principles underlying the acquisition of SA
data of a target region of a scene from a platform traveling
over the scene along a flight trajectory are well-known to
those skilled in the art, they need not be covered in detail
herein.

Turning now to FIG. 4, there is provided a simplified
block diagram of an embodiment of a SA acquisition unit 30
configured to acquire the target and reference SA data from
the target and reference regions, respectively. In the illus-
trated embodiment, the SA acquisition unit 30 is configured
for SAL applications in the near-infrared, but could be
readily adapted for SA imaging in other wavelength ranges
without departing from the scope of the present invention.
For example, in other embodiments, the target and reference
signals each has a wavelength from a few hundreds of
nanometers to a few decimeters. For example, wavelengths
ranging from a few centimeters to a few decimeters may be
employed for SAR applications, while wavelengths ranging
from a few hundreds of nanometers to a few micrometers
may be employed for SAL applications. In yet other embodi-
ments, acoustic waves may be employed to form the syn-
thetic aperture, such as in SAS imaging applications.

In FIG. 4, the SA acquisition unit 30 includes an optical
source 32 for generating a source optical signal 34, and an
optical splitter 36 for splitting the source optical signal 34
into the target optical signal 26 and the reference optical
signal 28. The optical source 32 can be embodied by any
appropriate device or combination of devices apt to generate
a source optical signal 34 suitable for SA imaging. For SAL
applications, the optical source 32 is generally a laser
source, which may be operated in continuous wave or pulsed
regime, and which may or may not be modulated. For
example, in the illustrated embodiment, the optical source
32 is a pulsed fiber laser emitting at a wavelength of 1.55 um
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and provided with an optical modulator 38 that performs a
linear frequency modulation on the source optical signal 34,
of increasing or decreasing frequency (up-chirp or down-
chirp, respectively). Those skilled in the art will understand
that various other types of optical sources can be used in
other embodiments including, but not limited to, a gas laser,
a solid-state laser, a diode laser, a dye laser, a fiber laser, and
the like. The choice of the optical source can be dictated by
several factors, notably the desired wavelength, peak power,
coherence, pulse duration and repetition rate of the optical
source signal.

The time-dependent electric field of each linear fre-
quency-modulated (LFM) pulse of the source optical signal
34 may be written as:

En= Eorect(I—[_)cos(Zﬂfot+7rKrz), M

where T is the pulse duration, {, is the center frequency of the
pulse (which is equal to 193 THz at a wavelength of 1.55
um), and K is the chirp rate. It will be understood that
Equation (1) describes pulses with a rectangular temporal
profile. For example, in SAL applications, the pulses each
may have a pulse duration ranging from a few nanoseconds
to a few microseconds.

The optical splitter 36, for example a fiber splitter, splits
the source optical signal 34 into the target and reference
optical signals 26, 28, each of which therefore also has an
LFM phase-encoded waveform. As known in the art of SA
imaging, the inclusion of an up-chirp (K>0) or a down chirp
(K>0) can improve the detection accuracy since it allows
achieving both the average transmitted power of a relatively
long pulse and the range resolution of a relatively short
pulse. In the illustrated embodiment, the optical splitter 36
is a 90/10 fiber splitter, whereby 90% and 10% of the power
of'the source optical signal 34 are used to form the target and
reference optical signals 26, 28, respectively. Of course, it is
envisioned that optical splitters with various power-dividing
ratios may be used without departing from scope of the
present invention.

It is to be noted that depending on the intended applica-
tion, the target and reference optical signals 26, 28 may or
may not be phase-coherently synchronized with each other.
It will also be appreciated that while the target and reference
optical signals 26, 28 are generated using the same optical
source 32 in the embodiment of FIG. 4, other embodiments
of the SA acquisition unit 30 can generate the target and
reference optical signals 26, 28 using different optical
sources, which may operate in the same or in different
portions of the electromagnetic spectrum. Furthermore,
while the SA acquisition unit 30 in FIG. 4 is fiber-based, its
fiber components could be replaced by bulk components in
other embodiments.

Referring still to FIG. 4, the SA acquisition unit 30 can
include a target transmitter 40 for illuminating the target
region 22 with the target optical signal 26, and a reference
transmitter 42 for illuminating the reference region 24 with
the reference optical signal 28. Each of the target and
reference transmitters 40, 42 can include appropriate trans-
mitting optics (e.g., lens, mirrors, optical fibers) configured
to direct, focus and/or condition the target and reference
optical signals 26, 28 in order to efficiently illuminate the
target and reference regions 22, 24, as illustrated in FIGS. 2
and 3.
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It is to be noted that, while in FIGS. 2 and 3 the target and
reference transmitters 40, 42 are incident from the same side
of'the platform 12, due to the target and reference regions 22,
24 being located on the same side of the flight trajectory 16,
the target and reference transmitters 40, 42 can be incident
from opposite sides of the platform 12 in scenarios where the
target and reference regions 22, 24 are located on corre-
sponding opposite sides of the flight trajectory 16. Also,
more than one reference optical signal may be used in some
embodiments. More regarding possible alternative arrange-
ments of the SA acquisition unit 30 on the platform 12 will
be discussed further below, with reference to FIGS. 5A to
5C.

In the embodiment of FIG. 4, the reference transmitter 42
includes collimating optics 44 for collimating the reference
optical signal 28 prior to directing the reference optical
signal 28 onto the reference region 24. Then, as a result of
collimation, the reference optical signal 28 can achieve low
divergence and be focused at higher power density to have
a relatively small footprint on the scene.

Those skilled in the art will understand that by converting
the reference optical signal 28 into a collimated beam having
a relatively small footprint on the ground, the condition of
having a known, and preferably substantially uniform,
topography over the extent of the reference region 24 can
more easily be fulfilled, thereby facilitating the implemen-
tation of the phase error correction method described herein.
It will also be understood that when the collimated reference
optical signal 28 is incident onto the reference region 24
with a high power density, the reference SA data can exhibit
a better SNR, which can make the determination of phase
correction factors from the reference SA data easier. For
example, in some embodiments, the power density of the
reference optical signal 28 can be as much as ten times
higher than the power density of the target optical signal 26.
Additionally, when the reference optical signal 28 is colli-
mated, only a modest portion of the source optical signal 34
may need to be extracted from the source optical signal 34.
In this way, in some implementations, the generation of the
reference optical signal 28 to acquire the reference SA data
does not or only slightly impact the optical power budget
compared to conventional SA imaging systems, while pro-
viding additional phase error correction capabilities, as
described below.

Referring still to FIG. 4, the SA acquisition unit 30 can
also include a first receiver 46 associated with the target
transmitter 40, and a second receiver 48 associated with the
reference transmitter 42. Each of the first and second receiv-
ers 46, 48 can include appropriate receiving optics (e.g.,
lens, mirrors, optical fibers) for collecting radiation from the
scene 14.

Referring to FIG. 3, the first and second receivers 46, 48
are spaced from each other on the platform 12 by a distance
D, which is along the range direction 20 in FIG. 3. Also, the
target transmitter 40 and the first receiver 46 are two
physically distinct components on the platform 12, separated
by a distance d along the range direction, while the reference
transmitter 42 and the second receiver 48 together form a
collimated transceiver 50. Referring to FIG. 4, in such a
configuration, an optical circulator 52 can be provided to
separate signals coming in and out of the collimated trans-
ceiver 50. Of course, depending on the intended application,
each transmitter-receiver pair of the SA acquisition unit 30
may be physically distinct components or be combined as a
transceiver. In particular, the distance d would become zero
if the target transmitter 40 and the first receiver 46 were to
be combined into a single transceiver.



US 9,523,766 B2

9

Referring to FIGS. 3 and 4, the first receiver 46 is
configured to collect a first reflected signal 54 produced by
reflection of the target and reference optical signals 26, 28
respectively from the target and reference regions 22, 24.
Meanwhile, the second receiver 48 is configured to collect
a second reflected signal 56 also produced by reflection of
the target and reference optical signals 26, 28 respectively
from the target and reference regions 22, 24. More specifi-
cally, the target optical signal 26 emitted by the target
transmitter 40 is reflected by the target region 22, such that
a portion of the reflected optical power is collected by the
first receiver 46 and another portion is collected by the
second receiver 48. Likewise, the reference optical signal 28
emitted by the reference transmitter 42 is reflected by the
reference region 24, such that a portion of the reflected
optical power is collected by the first receiver 46 and another
portion is collected by the second receiver 48. Therefore, in
the illustrated embodiment, each of the first and second
reflected signals 54, 56 is a superposition of phase-coherent
return echoes reflected by the target region 22 and phase-
coherent return echoes reflected by the reference region 24.

It is to be noted that, in other embodiments, the number
of receivers in the SA acquisition unit and the nature of the
reflected signals collected by the receivers may be varied to
suit a particular application, as will now be discussed with
reference to FIGS. 5A to 5C, which illustrate alternative
embodiments for the SA acquisition unit 30 of the SA
imaging system 10.

Referring to FIG. 5A, a first alternative configuration for
the SA acquisition unit 30 is provided. In this configuration,
the target and reference transmitters 40, 42 illuminate the
scene 14 respectively with the target and reference optical
signals 26, 28 from opposite sides of the platform 12, due to
the target and reference regions 22, 24 being located on
opposite sides of the flight trajectory 16. The SA acquisition
unit 30 also includes a target receiver 46' configured to
collect a target reflected signal 54' produced by reflection of
the target optical signal 26 from the target region 22, and a
reference receiver 48' configured to collect a reference
reflected signal 56' produced by reflection of the reference
optical signal 28 (which may or may not be collimated) from
the reference region 24. It is to be noted that, in this
configuration, each receiver 46', 48' collects a signal 54', 56'
reflected from either the target region 22 or the reference
region 24, but not from both. This can be achieved, for
example, by proper orientation of the receivers 46', 48'
and/or using an appropriate set of mirrors. It will also be
recognized that, in this configuration, the target and refer-
ence SA data acquired by the SA acquisition unit 30 are not
mixed with each other, thus avoiding the need to separate
them in a subsequent processing step.

Turning now to FIG. 5B, a second alternative configura-
tion for the SA acquisition unit 30 is illustrated. As in FIG.
5A, the target and reference transmitters 40, 42 also illumi-
nate the scene 14 from opposite sides of the platform 12. The
SA acquisition unit 30 includes a target receiver 46' config-
ured to collect a target reflected signal 54' produced by
reflection of the target optical signal 26 from the target
region 22, and first and second reference receivers 48a, 486
configured to collect first and second reference reflected
signals 56a, 565 produced by reflection of the reference
optical signal 28 (which may or may not be collimated) from
the reference region 24. Again, in this configuration, each
receiver collects a signal reflected from either the target or
the reference region, but not from both.

Finally, referring to FIG. 5C, a third alternative configu-
ration for the SA acquisition unit 30 is illustrated. The SA
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acquisition unit 30 includes a target transmitter 40 illumi-
nating the target region 22 from one side of the platform 12,
and first and second spaced-apart reference transceivers 50a,
505 illuminating the reference region 24 from the other side
of the platform 12 with respective first and second reference
optical signals 28a, 28b, each of which may or may not be
collimated. The first and second reference transceivers 50a,
504 are also configured to respectively collect a first and a
second reference reflected signal 56a, 565, each produced by
reflection of the first and second reference optical signals
28a, 286 from the reference region 24. In other words, the
first reference optical signal 28a emitted by the first refer-
ence transceiver 50a is reflected by the reference region 24,
such that a portion of the reflected optical power is collected
by the first reference transceiver 50a and another portion is
collected by the second transceiver 50b. Likewise, the
second reference optical signal 285 emitted by the second
reference transceiver 505 is reflected by the reference region
24, such that a portion of the reflected optical power is
collected by the first reference transceiver 50a and another
portion is collected by the second transceiver 506.
Referring back to FIG. 4, the SA acquisition unit 30 can
further include an optical demodulator 58 configured to
demodulate the first and second reflected signals 54, 56 and
provide therefrom a first SA data set S, and a second SA data
set S,, respectively. As an example, the optical demodulator
58 can be an in-phase/quadrature (1Q) demodulator config-
ured to perform a quadrature demodulation process on each
of the first and second reflected signals 54, 56. In the
illustrated embodiment, the optical demodulator 58 includes
two demodulation sub-units 58a, 585, each of which for
demodulating one of the first and second reflected signals
54, 56. The quadrature demodulation process can be accom-
plished by mixing each of the first and second reflected
signals 54, 56 with a local oscillator signal 60, 62 coherent
with the source optical signal 34 or with a delayed version
of the source optical signal 34. In FIG. 4, a local oscillator
64 (e.g., a fiber laser emitting at a wavelength of 1.55 um)
and an optical splitter 66 are used to generate the local
oscillator signals 60, 62, but other configurations can be
used in other embodiments. 1Q demodulation processes are
known to those skilled in the art and need not be further
described. After demodulation, the first and second SA data
sets S, and S, can be directed onto and detected by a light
detector (not shown), which can convert the first and second
SA data sets S; and S, into electrical signals. In some
embodiments, the light detector is a PIN photodiode or an
avalanche photodiode, but other types of light detector could
be used in other embodiments. The electrical signals may
then be digitally sampled at a frequency satisfying the
Nyquist criterion, and digitally stored for later processing.
The first SA data set S, and the second SA data set S,
respectively obtained from the first and second reflected
signals 54, 56 can be referred to as “SA raw data”. Each of
S, and S, can be represented as a two-dimensional complex-
valued array of data points organized in rows along the
azimuth direction and in columns along the range direction,
where each data point of the array is associated with an
amplitude value and a phase value. FIG. 6 is a gray-scale-
coded plot of simulated SA raw data corresponding to the
absolute value of the second SA data set S, after demodu-
lation. The first SA data set S; would lead to a similar plot.
As can be seen from FIG. 6, at this stage, the SA raw data
generally does not form an interpretable image, but rather
has a noise-like appearance, due to the fact that the data
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points are spread out in azimuth and ground range and
include information from both the target and reference
regions of the scene.

Referring back to FIG. 4, the first SA data set S; is
composed of two signals: a first target SA signal S,,, which
corresponds to the signal emitted by the target transmitter 40
and collected by the first receiver 46, and a first reference SA
signal S,,, which corresponds to the signal emitted by the
reference transmitter 42 and collected by the first receiver
46. The second SA data set S, is also composed of two
signals: a second target SA signal S,,, which corresponds to
the signal emitted by the target transmitter 40 and collected
by the second receiver 48, and a second reference SA signal
S,,, which corresponds to the signal emitted by the reference
transmitter 42 and collected by the second receiver 48. It is
to be noted that the first and second target SA signals S, and
S,, together form the target SA data, while the first and
second reference SA signals S,, and S,, together form the
reference SA data.

The extraction of the first target and reference SA signals
S,rand S, from the stored first SA data set S, and of the
second target and reference SA signals S,, and S,, from the
stored second SA data set S, can be performed using various
techniques and algorithms based on numerical processing,
optronic processing, or a combination of numerical and
optronic processing. For example, in some embodiments, a
numerical extraction of S;, and S,, can involve performing
a range compression on S,;, while a numerical extraction of
S,, and S,, can involve performing a range compression on
S,. Range compression techniques to improve ground range
resolution and SNR are well-known in the art, and can be
done efficiently in the frequency domain by using fast
Fourier transform (FFT) techniques. For example, in SAL
applications, range compression can involve performing a
FFT on each column of S, and S,, while in SAR applica-
tions, range compression can involve successively perform-
ing a FFT, applying a matched filter, and performing an
inverse FFT on each column of S, and S,.

After range compression, the data points in the two-
dimensional arrays S, and S, can be associated with a
position in ground range. Accordingly, the signals S, and
S,, can become easier to identify in the range-compressed
data set S,, and the signals S,, and S,, can become more
easily recognizable in the range-compressed data set S,. To
better illustrate this effect, reference is made to FIG. 7,
which is a plot of the second SA data set S, of FIG. 6 after
range compression, as well as to FIG. 7A, which is an
enlargement of the portion of FIG. 7 that better illustrates the
signal S,, received from the reference region. Looking at
FIG. 7, it is seen that the range signals S,, and S,, can now
be distinguished, in particular S,, which, as seen in FIG. 7A,
is characterized by a high amplitude response resulting from
the collimation and associated high power density of the
reference optical signal. In some embodiments, an optical
delay may be introduced between the target and reference
optical signals to further facilitate the identification of S,
and S,, from S, and the identification of S,, and S,, from S,.

Those skilled in the art will recognize that in conventional
SA imaging systems, only the complex demodulated signal
S,, is obtained from the series of phase-coherent return
echoes produced by reflection of the target optical signal
from the target region. As will be now be described, in some
embodiments of the method described herein, once the first
and second reference SA signals S,, and S,, have been
extracted, calculated or otherwise obtained, they can be used
in the method described herein to correct phase errors in the
first target SA signal S,,.
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Determination of Phase Correction Factors

Referring back to FIG. 1, the phase error correction
method 100 also includes a step 104 of determining one or
more phase correction factors from the reference SA data
based on the assumption, introduced above, that the refer-
ence region has known, and preferably substantially uni-
form, topographic characteristics over its extent.

Referring to FIG. 2, it will be recognized that when the
topography of the reference region 24 is assumed to be
known, the phase of each of the return echoes reflected by
the reference region also has a known expected value when
no phase error is present. Accordingly, any unexpected
phase shift observed in the reference SA data can be inter-
preted as phase errors arising from uncompensated optical-
path-length fluctuations along a round-trip optical path 68
between the reference region 24 and the SA acquisition unit
30 as the platform 12 travels along the flight trajectory 16.
The uncompensated optical-path-length fluctuations can be
indicative of at least one of unintended platform motions and
refractive-index inhomogeneities along the round-trip opti-
cal path 68 between the reference region 24 and the SA
acquisition unit 30.

Therefore, by acquiring SA data from such a reference
region 24, the method 100 can allow for the determination
of one or more phase correction factors which are represen-
tative of these uncompensated optical-path-length fluctua-
tions such as, for example, undesired platform motions and
atmospheric refractive-index inhomogeneities.

It is to be noted that once the reference region is assumed
to have known topographic characteristics, various analysis,
computational and processing techniques may be employed
to derive phase correction factors to apply a phase correction
to the target SA data. In the following, an exemplary,
non-limiting approach for obtaining phase correction factors
from the reference SA data will be described. The approach
is based on the SA acquisition unit 30 described above with
reference to FIGS. 3 and 4 and including a target transmitter
40, a first receiver associated with and separated by a
distance d from the target transmitter 40, and a collimated
transceiver 50 separated by a distance D from the first
receiver 46 and including a reference transmitter 42 and a
second receiver 48. The approach described below also
assumes that the reference region 24 has a uniform topog-
raphy. Of course, in other embodiments, phase correction
factors could be determined from the reference SA data
using a different approach without departing from the scope
of the present invention.

First, when the source optical signal is given by Equation
(1), and after range compression, the first target and refer-
ence SA signals S,, and S,, and the second target and
reference SA signal S,, and S,, introduced above may be
approximated as follows:

Si(t, x) = (2a)
_ B2 folH 0+ Gy . Hy(x) + Gi(x)
ZA,@ c W(x, vy, x)smc(KT[t— 7]],
; ¢
Silt, x) = (20
Q27 fo [R{ G+ H )] Ri(x) + H,
Z Ae” T = w(xy, Vi x)sinc(KT[t - 7l(x) ) ]),
¢
[
So(2, %) = (2¢)
_ B2 folR; 0+ Gy 0] . R,(x) + Gy(x)
Z Bje c W(x, vy, x)smc(KT[t - 7]),
¢
[
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-continued

7 fo Ry(x) R 2d

In Equations (2a) to (2d), t is the range time, x is the
azimuth position of the platform 12, (x,, y,) is the ground
coordinates of a scatterer 1 within the scene 14, W is the
irradiance of the target optical signal 26 on the ground, w is
the irradiance of the collimated reference optical signal 28
on the ground, K is the chirp rate, T is the pulse duration, f,
is the center frequency, and ¢ is the speed of light in vacuum.
Also, the coefficients A, and B, represent the amplitude of the
return signals collected by the first receiver 46 and the
collimated transceiver 50, respectively, taking into account
the collection efficiency, while the functions H,, G, and R,
correspond to the slant ranges from the scatterer 1 to the first
receiver 46, the target transmitter 40 and the collimated
transceiver 50, respectively.

The slant range functions H,, G; and R, generally depend
on the azimuth position x of the platform 12 along the flight
trajectory 16. In the presence of phase errors caused by
uncompensated optical-path-length fluctuations from trans-
mission to reception, the slant range functions H,, G, and R,
may be approximated as follows:

Ri(x) ~ Ry + a(x) — DB(x), (Ba)
(5= p G®)
Gi(x) ~ G + 3G, +alx) + dBx),
(= x)? G
Hy(x)~ H; + o, + a(x),

where « is a first phase correction factor and 3 is a second
phase correction factor.

As will be described below, each of the first and second
correction factors o and [ will be determined as a function
of the first and second reference SA signals S, (t, x) and
S,,(t, x) given by Equations (2b) and (2d). The first phase
correction factor o is associated with “common phase
errors” arising from one or more sources of uncompensated
optical-path-length fluctuations that are independent of the
spatial arrangement of the reference transmitter 42, the first
receiver 46 and the second receiver 48 on the platform 12,
which is accounted for by the distances D and d in the
present example. Meanwhile, the second phase correction
factor § is associated with “non-common phase errors”
arising from one or more sources of uncompensated optical-
path-length fluctuations that depend on the spatial arrange-
ment the reference transmitter 42, the first receiver 46 and
the second receiver 48 on the platform 12. In other words,
the first phase correction factor o is meant to account for
phase errors induced by uncompensated optical-path-length
fluctuations that affect the SA signals identically, irrespec-
tive of their transmission and reception locations on the
platform 12, while the second phase correction factor 3 is
meant to account for phase errors induced by uncompen-
sated optical-path-length fluctuations that affect the SA
signals differently based on their transmission and reception
locations on the platform 12.

Common phase errors can include, for example, altitude
fluctuations and lateral-position fluctuations, as well as local
inhomogeneities in the refractive index of the atmosphere
that are the same for all the signals transmitted and received
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by the SA imaging system. Meanwhile, non-common phase
errors can arise as a result of uncompensated rotational
motions of the platform such as, for example, roll fluctua-
tions.

It is to be noted that because the reference optical signal
28 is collimated, the expression for the slant range function
R,(x) in Equation (3a) does not possess the typical quadratic
dependence as a function of azimuth position x exhibited by
the slant range functions G,(x) and H,(x), which can simplify
the calculation of the first and second correction factors o
and . However, the principles of the method described
herein could also be applied to SA imaging system imple-
mentations where the reference optical signal 28 is not
collimated.

Assuming that the uncompensated optical-path-length
fluctuations remain relatively small compared to the ground
range cell resolution, the range compressed first and second
reference SA signals S,,(t, x) and S,,(t, X) may be written as:

21 fo [200)-D )] 2o (Ry+Hyp) (4a)
St ~e ¢ A
[
_imfotp? 1 Hi+R
e ¢ (Hl) XWXy, Vi x)sinc(KT[t — M]),
¢
o1, %) x (4b)
_ 2nfo[200)-2DS0] _HnfoRy . 2R,
e c Z Bje o wixg, vy, x)smc(KT[t— —D,
¢

t

where it can be seen that the first and second phase correc-
tion factors o and p in the exponential function have been
taken outside the summation.

It is to be noted that a range migration correction has been
applied to Equations (4a) and (4b) to correct the effect of
range migration, which, as known in the art, results from the
variation of the slant range between the platform and the
reference region during the SA formation time. Range
migration correction allows correcting the ground range
variation of the return echoes corresponding to each data
point in the two-dimensional arrays S, ,(t, x) and S, (t, x). It
is also to be noted that in a scenario where the uncompen-
sated optical-path-length fluctuations would be larger than
the ground range cell resolution, the first and second phase
correction factors a and § would initially remain in the sinc
function, but would be taken out by applying a range
migration correction under the assumption of a uniform
reference region 24, thus recovering the expressions of
Equations (4a) and (4b).

Under the assumption of a narrow collimated beam ful-
filling the condition

fo(Fy?
:_HO(E) <2z

for the reference optical signal 28, the quadratic phase term
can be ignored in S, and S,, so that a particular range bin
t, in Equations (4a) and (4b) may be written as:

21 fp[20(x)-D )] L Sa

Syl D re e O, 1lete ), oa)
_ 827 fol2a0)- 2D 00 i . 5b

St ) = e c ICCx, )lect. oP
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It is to be noted that Equations (5a) and (5b) generally are
valid over a limited interval of range bin values t,, where the
complex amplitude of S;,(t;, X) and S, (t,, X) is sufficiently
large. For example, in the range-compressed SA raw data of
FIG. 7 the interval of range bin values t over which Equation
(5b) for S,,(t,, x) is valid would be expected to approxi-
mately coincide with the interval of range bin values ranging
from about 175 to 200 and illustrated in FIG. 7A.

The x dependence of the complex functions C and C' is
due to speckle, providing that the reference region has a
relatively homogeneous topography at the operating wave-
length. In this embodiment, the use of a collimated reference
optical signal allows the quadratic phase term to be
neglected in Equation (3a). This, in turn, leads to a smoother
speckle pattern that can be markedly reduced after averaging
over multiple range bins. As known in the art, speckle is a
SA imaging specific noise effect resulting from constructive
and destructive interference from multiple scatterers within
a resolution cell of the SA imaging system that gives the SA
images a grainy or textured appearance.

The method can then involve using a phase gradient
method which, as known in the art, is a linear minimum-
variance estimator for phase error that can efficiently com-
bine measurements from a plurality of range bins. The
method may first include taking the derivative of S, (t,, X)
and S, (t,, x) with respect to the azimuth position x, as
follows:

81t ) _ o ek FFTYS (6=)
% = NAx k- 181, 0},

95t ¥) O e FFTIS (0, 1) (60)
% = Viz 28> O},

where IFFT denotes the inverse fast Fourier transform, Ax is
the displacement of the platform between the emission of
two consecutive pulses by the reference transmitter 42, N is
the number of pulses emitted and k=[0 1 . . . N-1] is the
spectral index vector. Using Equations (6a) and (6b), the
derivative of the phase signal of S|, (t,, x) and S,,(t,, X) with
respect to the azimuth position x may then be written as:

a8y, 4

A R ) )
ax 115, )7

08,1, -

Idar(ti, x) m[ zﬁ(x X)Szr(t;,x)] (7b)
9x 52,6, 01

where Im and * respectively denote the imaginary part and
the complex conjugate of a complex number.

Next, the method may involve averaging over multiple
range bins, to reduce the speckle, and integrating the result
over x, which yield:

&, = fdx<a¢1r(li, X)> _ 2z fol2a(x) - DEX)] (3a)
1= ax x B ,

@, = fdx<a¢2r(li, X)> _ 2xfol2a(x) - 2DB(x)] (8b)
= dx = c ’

Equations (8a) and (8b) provide a link between the phase
of the first and second reference SA signals S, and S,, and
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the uncompensated optical-path-length fluctuations along
the round-trip optical paths (i.e., R(x)+H,(x) for S,, and
2R,(x) for S,,) between transmission and reception. The first
and second phase correction factors o and f can finally be
extracted from Equations (8a) and (8b) and be written as:

() = %(mu — ), ©a)
=% @ (9b)
plx) = zﬂfOD(q)lr @,).

As mentioned above, the phase correction factors o and {3
represent phase errors resulting from common and non-
common uncompensated optical-path-length fluctuations,
respectively. It will be understood that the determination of
two phase correction factors o and f§ is made possible by the
fact that two reflected signals from the reflection regions are
measured at two different locations on the platform. This is
the case for the SA acquisition unit 30 illustrated in FIG. 4,
but also for the alternative configurations of FIGS. 5B and
5C. However, for the SA acquisition unit 30 illustrated in
FIG. 5A, only one reflected signal is measured from the
reference region so that only one phase correction factor
would generally be obtained using the exemplary approach
described above with reference to Equations (2a) to (9b).
This single phase correction factor would account for both
common and non-common phase errors at the same time, but
would not be able to directly isolate their individual contri-
butions.

Correction of Phase Errors

Referring back to FIG. 1, the method 100 further includes
a step 106 of applying a phase correction to the target SA
data based on the one or more phase correction factors so as
to obtain phase-corrected target SA data. In the exemplary
approach described above with reference to Equations (2a)
to (9b), the correction step 106 can include applying a phase
correction to the first target SA signal S, (t, X) based on the
first and second phase correction factors . and . Indeed, the
first target SA signal S,,(t, X) corresponds to the signal
emitted by the target transmitter and collected by the first
receiver after reflection by the target region, which is the
region of interest of the scene whose SA image is desired to
be reconstructed, and thus corrected for phase errors.

Referring to FIG. 2 as well as to Equation (2a), a
round-trip optical path 78 associated with the first target SA
signal S, (t, X) may be written as the sum of the slant ranges
G,(x) and H,(x). Furthermore, in view of Equations (3a) and
(3b), the uncompensated optical-path-length fluctuations in
the round-trip optical path 78 result in a round-trip range
shift of AR;,=20(x)+dp(x) during data acquisition and, in
turn, to a corresponding round-trip phase shift ¢,, in the first
target SA signal S, (t, x), which may be written as:

27Tf0[ (10)

pr=-—2

c

2a(x) + dfx)].

The phase shift ¢, can introduce errors in the phase history
of the first target SA signal S, (t, X). In some embodiments
of the method described herein, correcting phase errors in
the first target SA signal S,,(t, X) can involve subjecting
S,,(t, X) to an equal but opposite phase shift —¢,, as follows:

S1E xS 18 3)]xe ™,

an
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where § 1At,x) is the phase-corrected first target SA signal. It
is seen that, in this implementation of the method, the phase
correction of the first target SA signal S, (t, X) is applied
based on the first and second phase correction factors o and
p and in view of the relative spatial arrangement of the target
transmitter and the first receiver on the platform, which is
accounted for by their spacing d.

Referring now to FIGS. 8A to 8C, a laboratory-scaled
experimental demonstration was conducted to illustrate the
capabilities of the phase error correction method described
herein. The experimental demonstration was performed with
a home-built system configured for SAL imaging. The target
consisted of a retroreflective tape with the number “4”
painted thereon. A photograph of the actual target is shown
in FIG. 8A. The reference region consisted of a white sheet
of paper. Optical fibers for transmitting and receiving optical
signals and a collimator for collimating the reference optical
signal were mounted on a translation stage disposed 25
centimeters away from the target. The laser output power
was 15 milliwatts and the wavelength was continuously
linearly swept from 1535 to 1565 nanometers. FIG. 8B is a
SAL image of the target reconstructed without phase error
correction, while FIG. 8C is a reconstructed SAL image of
the target which was corrected for phase errors using the
various techniques described herein. It is seen that the
phase-corrected image in FIG. 8C is more properly focused
and enables distinguishing individual retroreflecting ele-
ments of the tape, which is not possible for the image shown
in FIG. 8B.

The phase-corrected target SA data thus obtained may
then be processed using known SA processing techniques
involving, for example, FFT and matched filtering algo-
rithms, or optronic processing to reconstruct an image of the
target region in which the impact of phase errors is miti-
gated. In some embodiments, the phase error correction
method described herein allows for the estimation and
compensation of the bulk of the phase errors affecting the
SA data. If desired or required, in such embodiments, a
subsequent correction of residual phase errors could be
performed based, for example, on the PGA algorithm, which
generally tends to be more efficient when the magnitude of
the phase errors is relatively small.

Synthetic Aperture Processing Unit

Referring back to FIG. 4, the SA imaging system 10
includes a SA processing unit 70, which may be embodied
by any type of appropriate processing unit capable of
processing the SA data collected and stored by the SA
acquisition unit 30. In the context of the present specifica-
tion, the term “processing unit” denotes an entity of the SA
imaging system 10 that controls and executes the operations
required for correcting phase errors in SA data. For this
purpose, the SA processing unit can include a determination
module 72 configured to determine the one or more phase
correction factors from the reference SA data based on an
assumption that the reference region has a known topogra-
phy, as well as a correction module 74 configured to apply
a phase correction to the target SA data based on the one or
more phase correction factors so as to obtain phase-cor-
rected target SA data. In some embodiments, the determi-
nation module 72 of the SA processing unit 70 may also
include a range compression sub-module 76 to perform a
range compression on each of the first and second SA data
sets S, and S, obtained from the SA acquisition unit 30, as
described above.

Those skilled in the art will recognize that the SA pro-
cessing unit 70 may be implemented as a single unit or as a
plurality of interconnected processing sub-units, and may be
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embodied by a microprocessor, a central processing unit
(CPU), a microcontroller, or by any other processing
resource or any combination of such processing resources
configured to operate collectively as a processing unit.
Alternatively, the SA processing unit 70 can be implemented
as an optronic processor. The SA processing unit 70 can be
described as a series of modules, each of which performing
one or more different functions, such as the determination
module 72, the correction module 74 and the range com-
pression sub-module 76 introduced in the previous para-
graph. However, it will be understood that the subdivision
into such modules is made from a conceptual standpoint
only and that, in practice, a given hardware or software
component may be shared by different modules, and that
components of different modules may be combined together
physically and logically without departing from the scope of
the present invention.

Referring still to FIG. 4, in some embodiments, the SA
processing unit 70 may be physically located on the same
platform 12 as the SA acquisition unit 30. However, it may
be envisioned that certain aspects of the determination of the
phase correction factors from the SA reference data and
certain aspects of the phase correction of the SA target data
may be performed remotely, for example from a remote
ground-based processing station. In such scenarios, the
target and reference SA data acquired and stored by the SA
acquisition unit 30 could be transmitted wirelessly to the
remote processing station while the platform is moving
relative to the scene. Alternatively, the SA data acquired and
stored by the SA acquisition unit 30 could be transferred to
the SA processing unit 70 via wired or wireless transmission
after the SA target and reference data have been acquired
and the SA acquisition unit 30 has returned to the ground.

As mentioned above, the phase error correction method
may be carried out numerically and/or optronically, and may
include processing the target and reference SA data using
conventional techniques based on the theory of SA imaging.
In this regard, it will be understood by those skilled in the
art that various such techniques could be employed, given
the many approaches and algorithms available for numeri-
cally and/or optronically processing SA data.

Of course, numerous modifications could be made to the
embodiments described above without departing from the
scope of the present invention.

The invention claimed is:

1. A method for phase error correction in a synthetic
aperture (SA) imaging system configured for imaging a
target region of a scene from a platform in relative move-
ment with respect to the scene, the SA imaging system
comprising an SA acquisition unit on the platform, the SA
acquisition unit comprising a target transmitter and a refer-
ence transmitter; the method comprising the steps of:

a) directing a target optical signal onto the target region
with the target transmitter and collecting target return
echoes produced by reflection of the target optical
signal from the target region, thereby acquiring target
SA data, and directing a reference optical signal onto a
reference region with the reference transmitter and
collecting reference return echoes produced by reflec-
tion of the reference optical signal from the reference
region, thereby acquiring reference SA data;

b) determining one or more phase correction factors from
the reference SA data based on an assumption that the
reference region has a known topography, the one or
more phase correction factors being representative of
uncompensated optical-path-length fluctuations along a
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round-trip optical path between the reference region
and the SA acquisition unit; and

¢) applying a phase correction to the target SA data based

on the one or more phase correction factors so as to
obtain phase-corrected target SA data.

2. The method according to claim 1, wherein step a)
comprises collecting the target return echoes from the target
region as a target reflected signal using a target receiver, and
collecting the reference return echoes from the reference
region as at least one reference reflected signal using at least
one respective reference receiver distinct from the target
receiver.

3. The method according to claim 1, wherein step a)
further comprises:

obtaining a first SA data set from a first reflected signal

collected by a first receiver associated with the target
transmitter, the first reflected signal being produced by
reflection of the target optical signal from the target
region and of the reference optical signal from the
reference region;

obtaining a second SA data set from a second reflected

signal collected by a second receiver associated with
the reference transmitter, the second reflected signal
being produced by reflection of the target optical signal
from the target region and of the reference optical
signal from the reference region, the first and second
receivers being spaced from each other on the platform;
and

extracting a first target SA signal and a first reference SA

signal from the first SA data set, and a second target SA
signal and a second reference SA signal from the
second SA data set, the first and second target SA
signals together forming the target SA data, and the first
and second reference SA signals together forming the
reference SA data.

4. The method according to claim 3, wherein step b)
comprises determining first and second phase correction
factors, each of which as a function of the first and second
reference SA signals, the first phase correction factor
accounting for one or more sources of the uncompensated
optical-path-length fluctuations that are independent of a
spatial arrangement of the reference transmitter, the first
receiver and the second receiver on the platform, and the
second phase correction factor accounting for one or more
sources of the uncompensated optical-path-length fluctua-
tions that depend on the spatial arrangement of the reference
transmitter, the first receiver and the second receiver on the
platform.

5. The method according to claim 4, wherein step c)
comprises applying the phase correction to the first target SA
signal based on the first and second phase correction factors
and in view of a relative spatial arrangement of the target
transmitter and the first receiver on the platform.

6. The method according to claim 3, wherein the extract-
ing comprises performing a range compression on each of
the first and second SA data sets.

7. The method according to claim 3, wherein step a)
further comprises the preliminary substeps of:

generating a source optical signal; and

splitting the source optical signal into the target optical

signal and the reference optical signal.

8. The method according to claim 7, wherein the source
optical signal is a pulsed optical signal and wherein gener-
ating the source optical signal comprises performing a linear
frequency modulation on the source optical signal.

9. The method according to claim 8, wherein obtaining
each of the first and second SA data sets comprises per-
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forming a quadrature demodulation by mixing the respective
one of the first and second reflected signals with a local
oscillator signal coherent with the source optical signal or
with a delayed version of the source optical signal.

10. The method according to claim 1, further comprising
collimating the reference optical signal prior to directing the
reference optical signal onto the reference region.

11. A synthetic aperture (SA) imaging system for obtain-
ing a phase error-corrected image of a target region of a
scene from a platform in relative movement with respect to
the scene, the SA imaging system comprising:

an SA acquisition unit provided on the platform and
comprising a target transmitter configured to direct a
target optical signal onto the target region and a refer-
ence transmitter configured to direct a reference optical
signal onto a reference region, the SA acquisition unit
being configured to collect target return echoes pro-
duced by reflection of the target optical signal from the
target region, thereby acquiring target SA data, and to
collect reference return echoes produced by reflection
of the reference optical signal from the reference
region, thereby acquiring reference SA data; and
a SA processing unit comprising:

a determination module configured to determine one
or more phase correction factors from the refer-
ence SA data based on an assumption that the
reference region has a known topography, the one
or more phase correction factors being represen-
tative of uncompensated optical-path-length fluc-
tuations along a round-trip optical path between
the reference region and the SA acquisition unit;
and

a correction module configured to apply a phase
correction to the target SA data based on the one
or more phase correction factors so as to obtain
phase-corrected target SA data.

12. The SA imaging system according to claim 11,
wherein the SA acquisition unit comprises:

an optical source for generating a source optical signal;

an optical splitter for splitting the source optical signal
into the target optical signal and the reference optical
signal;

a first receiver associated with the target transmitter and
configured to collect a first reflected signal produced by
reflection of the target and reference optical signals
from the target and reference regions, respectively;

a second receiver associated with the reference transmitter
and configured to collect a second reflected signal
produced by reflection of the target and reference
optical signals from the target and reference regions,
respectively, the first and second receivers being spaced
from each other on the platform.

13. The SA imaging system according to claim 12,
wherein the optical source is a fiber laser, and wherein the
reference transmitter comprises collimating optics for col-
limating the reference optical signal prior to directing the
reference optical signal onto the reference region.

14. The SA imaging system according to claim 12,
wherein the optical source is a pulsed optical source and
wherein the SA acquisition unit further comprises:

an optical modulator configured to perform a linear fre-
quency modulation on the source optical signal; and

an optical demodulator configured to perform a quadra-
ture demodulation of the first and second reflected
signals and provide therefrom respective first and sec-
ond SA data sets, the quadrature demodulation com-
prising mixing each of the first and second reflected
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signals with a local oscillator signal coherent with the
source optical signal or with a delayed version of the
source optical signal.

15. The SA imaging system according to claim 14,
wherein the determination module is configured to numeri-
cally extract a first target SA signal and a first reference SA
signal from the first SA data set, and a second target SA
signal and a second reference SA signal from the second SA
data set, the first and second target SA signals together
defining the target SA data, and the first and second refer-
ence SA signals together defining the reference SA data.

16. The SA imaging system according to claim 15,
wherein the determination module is configured to deter-
mine first and second phase correction factors, each of which
as a function of the first and second reference SA signals, the
first phase correction factor accounting for one or more
sources of the uncompensated optical-path-length fluctua-
tions that are independent of a spatial arrangement of the
reference transmitter, the first receiver and the second
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receiver on the platform, and the second phase correction
factor accounting for one or more sources of the uncom-
pensated optical-path-length fluctuations that depend on the
spatial arrangement of the reference transmitter, the first
receiver and the second receiver on the platform.

17. The SA imaging system according to claim 16,
wherein the correction module is configured to apply the
phase correction to the first target SA signal based on the
first and second phase correction factors and in view of a
relative spatial arrangement of the target transmitter and the
first receiver on the platform.

18. The SA imaging system according to claim 11,
wherein the SA acquisition unit comprises a target receiver
configured to collect the target return echoes from the target
region as a target reflected signal, and at least one reference
receiver distinct from the target receiver and configured to
collect the reference return echoes from the reference region
as at least one respective reference reflected signal.
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