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Abstract

The Non-Linear Synthetic Aperture Radar (SAR) technique uses a combination of platform
manoeuvre and novel processing to separate the effects of a target’s radial velocity and
cross-range displacement, giving accurate estimates of both. The technique provides high
resolution images free from the image distortion caused in conventional SAR imagery by
moving targets, and allows the accurate target location of both stationary and moving
objects. The technique also allows the platform to fly a wide range of planned and unplanned
manoeuvres, improving platform survivability in potentially hostile environments.
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Introduction

Synthetic Aperture Radar (SAR) is a well-
known technique for generating high-
resolution images, usually from airborne or
space-based platforms. Extensive research
over the past few decades has led to
significant improvements in SAR imagery,
and further refinement is anticipated from
current research programmes.

However, conventional SAR suffers from a
number of  fundamental  problems,
particularly in military applications. This
paper describes some of these inherent
deficiencies, shows how the non-linear
SAR approach could overcome them, and
indicates some of the significant military
benefits given by this approach.

Principles of Conventional SAR

Conventional SAR requires the platform to
fly an approximately linear trajectory, ie a
straight and level flight path at a constant
speed. An Inertial Measurement Unit
(IMU) detects any deviations of the antenna
phase centre from the notional linear

trajectory, and corrections to the phase of
the received signals are computed and
applied to compensate for these deviations.

As the antenna follows its linear trajectory,
the changing path length to any single point
on the ground gives rise to a Doppler that is
a linearly decreasing function of time, as
illustrated in Figure 1.
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Figure 1 - Doppler History of Conventional SAR
Trajectories

Phase corrections are normally applied to
the returns received from each pulse to
remove the slope of the Doppler histories in

2"EMRS DTC Technical Conference — Edinburgh 2005 Al2



a process known as focussing. Each
stationary point on the ground then gives a
constant Doppler corresponding to its cross-
range position within the image, with the
difference in azimuth between two points
being proportional to the frequency
difference.

Fast Fourier Transforms (FFT) may then be
used to form a bank of Doppler filters in
order to determine the intensity of each
cross-range cell in every down-range bin.

Although the linear trajectory used for
conventional SAR gives some advantages,
principally the ability to use FFTs which
greatly reduces the amount of computation,
it also gives rise to some significant
drawbacks.

There is complete ambiguity between the
Doppler history given by a cross-range
displacement and that given by a target with
a non-zero velocity towards or away from
the synthetic aperture, as illustrated in
Figure 2.

Received Doppler :
----------- from a stationary scatterer in the centre of the scene
=« « == from a stationary scatterer with cross-range offset
= = = = from a moving scatterer in the centre of the scene

Figure 2 - Azimuth Ambiguity Problem

The Doppler shift is normally interpreted
by conventional SAR processing as a
displacement in the cross-range direction.
The target will then be displayed in the
wrong position within the image.

This “azimuth ambiguity problem” is often
overcome by using a separate, interleaved,
Ground Moving Target Indication (GMTI)
mode to detect and locate moving targets.

Various methods may be used, such as
classical Displaced Phase Centre Antenna
and clutter nulling/notching. GMTI gives
relatively poor sensitivity, accuracy and
resolution compared with that of a SAR
image of stationary targets because GMTI
is based on the real rather than the synthetic
antenna aperture. GMTI increases the
complexity of the radar system, often
requiring three antennas, and can also
impose additional constraints on the
platform trajectory.

Furthermore, the straight and level
trajectory flown by conventional SAR
platforms reduces the routeing options
available to image a particular scene,
especially in mountainous terrain, and
hence increases the platform’s vulnerability
to hostile action.

Principles of Non-Linear SAR

The fundamental idea behind the non-linear
SAR technique is illustrated in Figure 3.
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Received Doppler :
= - = = from a stationary scatterer in the centre of the scene
------------- from a stationary scatterer with cross-range offset
= = = = from a moving scatterer in the centre of the scene

Figure 3 - Principle of Non-Linear SAR

By deliberately manoeuvring the platform,
the effects of a target’s radial velocity on
the Doppler of the received signal will be
different from the effects of a cross-range
displacement. This allows the effects of
radial velocity and cross-range offset to be
separated, giving accurate estimates of both
the actual position and radial velocity of
every scatterer within the scene regardless
of its motion.
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In the non-linear SAR technique, an IMU
measures the actual platform trajectory. For
each pixel in the image, the measured
trajectory is used to calculate the expected
phase histories of a scatterer in that pixel
but with a range of different radial
velocities. These alternative phase histories
are then correlated with the received signal
to find the best match.

The radial wvelocity giving the best
correlation to the received signal will
correspond to the radial velocity of the
brightest scatterer within that pixel. The
amplitude of the correlation will give a
measure of the scatterer’s Radar Cross
Section. The non-linear SAR processing is
illustrated conceptually in Figure 4.
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Figure 4 - Non-Linear SAR Processing

In practice, it is not necessary to correlate
the received signal against the phase
histories corresponding to every possible
radial velocity. Techniques have been
developed to narrow down the velocity
search rapidly, reducing the number of
correlations needed for each pixel by an
order of magnitude.

Analysis of the Technique

For each pixel in the image, the expected
phase history of a scatterer at that position
but with a range of different radial
velocities can be calculated. The difference
between the actual and the expected phase
of the received signal may be expressed as:

4
Tﬂ(A_Ao)

where A and A, are functions of time within
the integration period (o, t).

The best estimate of the target’s cross-range
position and radial velocity would then be

given by the peak of the correlation integral
t

| B 4
I =——|exp| —j(A—A,)dt
(tl—to)toj p(/1 J( 0)]
where the integral is evaluated for all
possible target cross-range positions and
radial velocities.

The behaviour of the Non-Linear SAR
technique can be assessed by considering
the correlation surface for an isolated point
scatterer with a cross-range position x, and
radial velocity v,. The response for adjacent
cross-range cells or for different trial
velocities is indicated by the brightness of
the surface at the corresponding location.

The correlation surface for a straight and
level trajectory, typical of conventional
SAR, is shown in Figure 5.

Vo + 0.1 ms™

Vo
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Figure 5 - Correlation Surface for a Linear
Trajectory

This correlation surface comprises a single
ridge of constant amplitude. Every radial
velocity assumption gives a response at one
cross-range position within the image. This
illustrates the azimuth ambiguity problem
for conventional SAR: by assuming every
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scatterer 1s stationary, moving scatterers
will appear in the wrong place in an image.

A typical correlation surface for an
accelerating SAR platform trajectory is
shown in Figure 6. In this case there is a
single peak; the Non-Linear SAR
processing would therefore be able to
determine both the correct radial velocity
and cross-range position of the target in the
image.
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Figure 6 - Correlation Surface for an
Accelerating (Non-Linear) Trajectory

The sidelobes of the correlation surface will
give some residual ambiguity: a bright
scatterer will also produce smaller
responses in adjacent pixels but with a
slightly different radial velocity. These
effects can be removed using simple post-
processing, for example by assuming that a
group of adjacent pixels with very similar
radial velocities all belong to a single rigid
body and therefore all have an identical
radial velocity.

Following such post-processing, the Non-
Linear SAR technique would give the same
image resolution as conventional SAR for
the same synthetic aperture width, but small
errors in the target’s cross-range position
may still remain. For the example
trajectories described below, these residual
positional errors are less than 2m; other
feasible trajectories could reduce this to
sub-metre levels.

Modelling Results

The analytical results were corroborated by
modelling. A target comprising a number of
point scatterers in the shape of a T72 tank
was placed in the centre of the scene. The
signals expected from stationary and
moving targets were then calculated
explicitly and used to generate images
using conventional SAR processing and the
Non-Linear SAR technique.

Figure 7 shows conventional SAR images
of a stationary and a slow-moving target
taken from a straight and level (linear)
platform  trajectory. The cross-range
displacement caused by the target’s radial
velocity is clearly visible.

Stationary Target Moving Target

Figure 7 - Conventional SAR Images

The same targets were then imaged from a
variety of non-linear platform trajectories,
including gentle turns and weaves with a
lateral acceleration of around 0.5g. Typical
results following post-processing are shown
in Figure 8. In each case the Non-Linear
SAR technique gives the correct position
and radial velocity of the target with no loss
of image quality.

Stationary Target Moving Target

Figure 8 - Non-Linear SAR Images
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Trajectory Requirements

The non-linear SAR platform is able to fly
any trajectory, including planned and
unplanned manoeuvres, as long as the radar
antenna can still be steered to observe the
scene being imaged. The greater the
manoeuvre, the more effective the non-
linear SAR technique becomes; if the
platform chooses to fly a straight and level
trajectory, the non-linear SAR technique
becomes equivalent to conventional SAR
processing.

This gives the platform a great deal of
flexibility in planning the trajectory to
achieve the mission aims, and also allows
complete freedom to diverge from the
planned trajectory in response to the
developing situation. Some example
missions and corresponding trajectories are
described below. In each case, it is assumed
that the SAR has a 3cm wavelength.

One potential fast jet mission is high
resolution (0.3m) imaging to support the
Detection, Recognition and Identification of
targets before an engagement with a stand-
off weapon having a range of around 8km.
Allowing 30s for processing, image
assessment and targeting before missile
launch, and assuming a platform speed of
around 200ms™ (400 knots), the image of
the target scene needs to be available at a
range of 15km at the latest.

Assuming a maximum integration time of
10s, the “jink™ trajectory illustrated in
Figure 9 (not to scale) would achieve the
mission requirements using a maximum
lateral acceleration of 3g.

Non-Linear SAR
Image Produced
During 3g Jink

+—
750m SAR
Baseline Fast Jet
Target :
S —— — . % Trajectory
f t t {
~ 8km ~ 15km ~16.5km
Weapon Release Roll-out Start 3g Jink

Figure 9 - Example Fast Jet Trajectory

Higher accelerations would achieve the
required SAR baseline with a shorter
integration time; lower accelerations would
need longer integration times to achieve the
required baseline and hence the 0.3m
resolution using this “jink” trajectory.

A typical UAV mission would be high
resolution (0.3m) imaging of an area
containing stationary and moving targets.
The UAV is assumed to have a relatively
low rate of turn, with a maximum lateral
acceleration of 1g, and a speed of around
60ms™ when on task. If it flew a straight
and level trajectory, these characteristics
would make the UAV a relatively simple
target for surface-to-air weapons, so it is
assumed that the UAV would want to
manoeuvre almost continually in order to
enhance survivability.

The horizontal weave shown in Figure 10,
in which the UAV flies a 90° weave over an
integration period of 12s, would achieve the
required resolution and give the position of
moving targets to within 2m. Longer
integration times or higher accelerations
would give  correspondingly  better
resolution and positional accuracy.
Non-Linear SAR 1

Image Produced
During 1g Weave

Target
[

UAV

~ 10km Trajectory

Figure 10 - Example UAYV Trajectory

Benefits of Non-Linear SAR

The ability of the SAR platform to
manoeuvre during the integration period
allows much greater flexibility in the choice
of routes, and also allows the platform to
turn  frequently, giving a significant
improvement in platform survivability.

Manoeuvring the platform allows the non-
linear SAR technique to determine the
correct location of both stationary and
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moving targets in a single process, rather
than the interleaved SAR and GMTI modes
of conventional systems. The greater the
acceleration, the more accurate the resulting
image, although even gentle turns with a
lateral acceleration of 0.5g would satisfy
the requirements of many missions.

The non-linear SAR technique uses the full
synthetic aperture to determine the location
of moving targets. The positional accuracy
of moving targets given by this technique is
therefore expected to be significantly better
than that of conventional GMTI techniques
whose cross-range accuracy is determined
by the much smaller physical aperture size.
Furthermore, the longer integration times
used by non-linear SAR compared to
conventional GMTI modes is expected to
give a significant improvement in detection
sensitivity.

The non-linear SAR technique can be
applied to a wide range of systems,
including forward-looking as well as
sideways-looking radars. The resolution
achievable is dictated by the width of the
synthetic aperture, so platforms fitted with
forward-looking radars would need to jink
or weave in order to produce SAR images
along their mean line of advance. This
could be used by fast jet radars or seekers in
air-to-surface missiles, for example, to
support target recognition and aim point
selection in an engagement.

Non-linear SAR is a combination of
platform manoeuvre and a novel processing
technique. It needs no special transmitter,

receiver or antenna hardware, and so could
be applied to most or all existing SAR
systems. The ability to detect target radial
velocity and correctly locate moving targets
means that the additional antennas needed
by some conventional GMTI modes would
be unnecessary for non-linear SAR.

Conclusions

Mathematical analysis and modelling has
shown that the non-linear SAR technique
can give high resolution images and the
correct position of both stationary and
moving targets within an image.

A number of significant operational
benefits have been identified. The non-
linear SAR technique allows the platform
almost complete freedom to manoeuvre
during the integration period, enhancing
survivability and operational flexibility in
potentially hostile airspace.

The non-linear SAR technique could be
applied to a wide range of existing systems,
and offers the potential to reduce the
complexity of future SAR/GMTI systems.

Acknowledgement

The work reported in this paper was funded
by the Electro-Magnetic Remote Sensing
Defence Technology Centre, established by
the UK Ministry of Defence and run by a
consortium of SELEX Sensors and
Airborne Systems, Thales Defence, Roke
Manor Research and Filtronic.

2"EMRS DTC Technical Conference — Edinburgh 2005 Al2




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


