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Robust synthetic aperture sonar
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Roy Edgar Hansen

Abstract—The ocean environment can be challenging for
synthetic aperture sonar (SAS) imaging. Running in rough
topography cause severe deviations from ideal tracks, which again
affects the imaging geometry. SAS is near field imaging, where
the sound velocity must be estimated to maintain correct depth
of focus. In ocean currents, crabbing may occur and non-straight
synthetic apertures are formed. In shallow waters, multipath
causes reduced quality in the SAS images, micronavigation
and interferometry. In this paper, we discuss ways to increase
robustness of SAS in challenging environments. We suggest that
the SAS data collection should be environmentally adapted. This
will improve the input data quality for SAS and thereby the
overall robustness. For a given data collection, we suggest that the
signal processing should be adapted to the actual collection. This
will increase the ability to perform successful SAS and thereby
the overall robustness. In all stages of the SAS processing there
are choices on how to perform the different tasks. We discuss
the different choices and their impact on quality and processing
time. There is a tradeoff between robustness and efficiency in
the environmentally adaptive data collection. There is a tradeoff
between image quality and processing time in the data adaptive
signal processing. Quality assessment is critical in robust adaptive
SAS. Sonar coherence can be turned into an equivalent signal
to noise measure. We show how this can be used as an effective
quality estimate. We also show how to use sonar coherence in
data interpretation.

Index Terms—Synthetic aperture sonar, autonomous underwa-
ter vehicles

I. INTRODUCTION

YNTHETIC aperture sonar (SAS) technology is maturing

rapidly. Today there are SAS systems commercially avail-
able from several companies. This allows for scientific devel-
opment in new directions. Recently, new techniques have been
developed in image enhancement [1], [2], advanced use of
SAS in automatic target recognition (ATR) [3], more detailed
analysis and interpretation of the geometry and scattering
model [4] and new application areas [5], [6].

Another trend that follows naturally from increased oper-
ational use of SAS technology is the need for reliable SAS
in any ocean environment. The Norwegian Defence Research
Establishment (FFI) and Kongsberg Maritime have a long
term collaboration to develop synthetic aperture sonar for the
HUGIN autonomous underwater vehicle (AUV). The main
sensor on the vehicle is the HISAS 1030 interferometric
SAS [7], where special care has been taken for best possible
performance in challenging environments [8], [9]. The first
HUGIN 1000-MR AUV was delivered to the Royal Norwegian
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Fig. 1. HUGIN 1000-MR AUV with HISAS 1030 during recovery on the
Royal Norwegian Navy mine hunter Hinngy.

Navy (RNoN) in mid-2008. Fig. 1 shows the HUGIN 1000-
MR during recovery onboard the RNoN mine hunter Hinngy.
FFI has a close collaboration with the RNoN and Kongsberg
Maritime in developing robust SAS for military AUV oper-
ations. RNoN serves as a pilot user always being early in
exploring and pushing the true limitations of SAS and AUV
technology.

Successful SAS requires sufficient knowledge of the ocean
environment, the imaging geometry and the vehicle navigation.
In this paper, we list the requirements and discuss the impact of
vehicle stability, terrain, ocean currents, sound velocity errors
and the sea surface in shallow waters.

We show several ways to improve the quality of the data
collected for SAS and bathymetry processing for different
types of ocean environment.

When data has been properly collected, the final step in
successful SAS is intelligent use of the data in the signal pro-
cessing. We discuss in detail some of the possible choices in
data adaptive signal processing. A crucial component of robust
autonomous SAS is the possibility to assess quality reliably.
We describe how to use coherence in quality assessment.

II. DATA COLLECTION REQUIREMENTS
A. Requirements

Successful SAS is dependent of a number of requirements
to be met:

1) The synthetic aperture has to be well sampled. This
restricts the distance travelled between each ping [10] and
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thereby the area coverage rate [11]. For multi-element receiver
array systems, the pings can be collected such that there is a
certain redundancy or overlap in the synthetic aperture [12].
The overlap can be used in micronavigation [13].

2) The direction of each element in sonar has to be such that
each pixel in the imaging scene has to be insonified by each
element in the synthetic aperture. This restricts the attitude
variations of the sonar array over the synthetic aperture, and
the sampling of the synthetic aperture.

3) The position of each element along the synthetic aperture
has to be positioned within a fraction of a wavelength at the
highest frequency. This requirement is generally not met even
with advanced inertial navigation on AUVs, except for very
low acoustic frequencies.

4) For non-straight synthetic apertures the full imaging
geometry must be known within bounds [14], [15]. This
implies that seafloor depth in the imaging swath must be
estimated during the SAS processing or known as a input
from a digital terrain model. For perfect straight line synthetic
apertures, the imaging geometry becomes cylinder symmetric
and invariant of the bathymetry.

5) SAS is near-field imaging. This implies that the sound
velocity profile (SVP) from sensor position to seafloor imaging
pixel, has to be known within a certain accuracy [16], [17]. An
incorrect SVP will cause defocusing in the SAS image even
with perfect navigation.

6) When operating in waters with ocean currents or on
badly trimmed vehicles, crabbing (or differences between
receiver array direction and track direction) can occur. This
will generate non-straight apertures and non-zero baselines for
overlapping phase centers (in micronavigation [13]).

7) In shallow waters, sound waves may be reflected in the
sea surface [18] and thereby affect the SAS processing in
several ways: the spatial coherence becomes lower [19] and
thereby the ability to map the scene; the temporal coherence
becomes lower and limits the micronavigation performance;
the multipath (or clutter) becomes higher in the SAS image,
and lowers the image quality.

B. Environmentally adaptive data collection

To ensure the highest possible quality in the output images
and bathymetries in the SAS processing, the data should be
collected intelligently — that is — adapted to the environment
and the mission goal. Fig. 2 shows a basic flowchart for
intelligent environmentally adaptive data collection. The data
quality can be improved during collection in several ways:

1) In shallow waters, the vehicle should choose a depth
and a sonar setting that ensures maximum range [9], [19].
The overlap should also be increased to mitigate the effect of
multipath. The true range of the sensor should be estimated
[19], and the track spacing in the survey pattern should then
be adjusted to the corrected sensor range.

2) In range limited environments, such as shallow waters
with multipath, the vehicle can increase speed until the data
collection range swath matches the achievable range such that
the area coverage is increased [11].

3) In waters with ocean currents, there are several choices
[20]: the vehicle can run upstream and downstream to reduce
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Fig. 2. Robust SAS data collection scheme.

crabbing; the vehicle can run faster to reduce crabbing. If
crabbing cannot be avoided, the distance between pings should
be reduced such that the negative effects of crabbing are ac-
ceptable. Reduced distance between pings increase the overlap,
but reduces the area coverage rate.

4) In waters with varying sound velocity (typically in the
littoral during the summer months), special care should be
made to collect enough information about the SVP (sufficient
sampling in space and time). This can be done by using the
onboard CTD on the vehicle, potentially in combination with
CTD profiles from other platforms (the vessel) [17]. Note
that, ideally the entire profile is required, while for typical
AUV-operations only the SVP from surface to vehicle depth
is recorded. This means that the vehicle should take a full
profile often enough to ensure sufficient sampling.

5) In rough terrain where straight line synthetic apertures
are impossible, the track deviations from a straight line should
be as smooth as possible. This eases the requirement on map
accuracy [9], [15]. Then sufficient map resolution and accuracy
should be ensured. For a given track, it is straight-forward to
calculate the required map accuracy [15]. The map accuracy
can be increased by operating the mapping sensors differently,
e.g. reducing range for the interferometric sidescan or running
densely spaced mission lines to obtain full coverage with the
multibeam echosounder.

6) When limited by navigation accuracy, micronavigation
performance should be adjusted to ensure sufficient total navi-
gation accuracy. The overlap factor (the number of overlapping
phase centers) should be adapted to the needed accuracy [13].
This affects directly the achievable range.

C. Tradeoffs in data collection

There is a clear tradeoff between sensor effectiveness and
resolution on one hand, and robustness on the other hand.
More robust data collection implies more redundancy or over-
lap, and thereby lower effectiveness given by area coverage
rate.
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III. ROBUST SAS PROCESSING

SAS signal processing can be divided into four parts, as
shown in Fig. 3:

1) SAS forms a 2D image of a selection of pings, or a block
of data. The adaptive blocking divides the pings into suitable
blocks where each block forms one image. See section III-A
for details.

2) If the navigation accuracy is not sufficiently high, mi-
cronavigation [13] can be integrated with inertial navigation
[21]. Alternatively, this can be done after image formation
using autofocus techniques [14], [22].

3) The SAS image is then constructed by coherent combi-
nation of all pings in the block. The choice of beamformer
for this task, is dependent of the sensor parameters and the
vehicle track.

4) For interferometric systems such as the HISAS 1030,
there are two or more receiver arrays with a cross-track
baseline. Coherent comparison of the SAS images from these
sensors, can then be used to estimate a high resolution bathy-
metric map. This requires that the images are phase coherent
and contain single scattering echoes from the seafloor and that
coregistering is feasible.

In all these stages there are a number of choices in how
the processing can be made. Which choice is optimal is
dependent of the actual data collection. Other requirements
such as real-time factor (or processing speed) also affects
the choice of method. Requirements for successful synthetic
aperture processing is discussed in detail in [22], [23].

A. Data adaptive signal processing

The adaptive blocking the SAS signal processing flow as
shown in Fig. 3 is a crucial part of the processing chain.
There are several choices to be made on how to do the SAS
processing. The level of adaptivity — or how many parameters
should be changed adaptively — is also a choice. With reference
to Fig. 4, we divide the decision making that can be made
adaptive into 6 parts:

Track linearity checks for sufficiently straight lines within
a mission line. The mission line is divided into blocks where
separate SAS images are formed from each block.

Vehicle stability checks the vehicle stability preferrably in
form of small scale attitude rates and deviations from straight
lines. The output from this is a suggested motion compensation
technique (for wavenumber based imaging techniques) and
imaging technique. A perfect straight line with fairly narrow
beams would allow for using the chirp-scaling algorithm in
beamforming, while a heavily non-straight synthetic aperture
in combination with a wideband widebeam sensor might
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require the backprojection beamformer. If the vehicle is highly
unstable — having high frequency vibrations and attitude
changes, this might imply that the backprojection has to
be fully bistatic using the actual transmitter position during
transmit and the actual receiver array position during reception
(i.e. range dependent navigation within ping).

Crab analysis monitors the vehicle crabbing and chooses
suitable micronavigation strategy and beamformer [20], [24].
Large crabbing angles implies large baselines in the over-
lapped phase centers, which again affects the performance of
micronavigation and also choice of navigation strategy (see
navigation accuracy for further details).

Terrain variation and accuracy calculates the specific
need for accuracy in maps and checks the availability for the
required accuracy. The required accuracy is function of the
synthetic aperture track [15]. If the map is not sufficiently
accurace, iterative techniques can be used to improve the map
accuracy in interferometry. A Digital Terrain Model (DTM)
from all relevant sensors [25] from all relevant lines, might be
used to improve map accuracy. Under extreme requirements
such as for circular apertures [4], [26], belief propagation [27]
or similiar techniques might be the only choice.

Sound velocity variation and accuracy observes sound
velocity profile (SVP) variations in the data collection. If the
SVP is found to be too inaccurate, autofocusing can be used
to correct imagery and estimate the error in the SVP in some
cases [17]. There are cases where this might be difficult. If the
synthetic aperture (from the blocking) actually goes through
too large SVP variations (due to vertical displacement or
other factors), wavenumber type imaging techniques cannot
be used without modification since these techniques use
constant sound velocity assumption in the full scene. Then a
choice can be to use this information in re-blocking the data
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Fig. 4. Adaptive decision making in the SAS processing.
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(as indicated in the figure).

Navigation accuracy calculates the required navigation ac-
curacy and monitors the available predicted navigation accu-
racy (from the real-time or post processed navigation output
[9], [28]). If the accuracy requirement is not met, a micron-
avigation technique can be chosen. We have developed three
different techniques with different performance and processing
speed: Micronavigation on sway and heave only after motion
compensation (2. order DPCA as we refer to it) [29] is
very fast and accurate but not very robust. Micronavigation
using DPCA [13], [21] is more robust but slower. Coherent
correlation of ping-to-ping images in ground-range earth fixed
coordinates (3. order DPCA as we refer to it) has the potential
to be even more accurate and robust [26].

B. Tradeoffs in signal processing

In SAS signal processing there is a trade-off between image
quality and resolution on one hand, and computational load or
real-time factor on the other hand.

Synthetic aperture image formation is all about attention
to detail. The required output quality affects the choice of
algorithm: higher resolution requires more accurate methods;
higher image quality (e.g. signal to noise ratio) requires
more accurate methods. More advanced products such as
interferometry requires much higher phase accuracy in the
processing. All these factors affect the processing speed and
software complexity.

There is also a tradeoff between quality and real-time factor
given by other factors than SAS itself. After a survey of
an area, the entire data set can be used in obtaining higher
navigation accuracy by post processing of the navigation [28],
[30]. The entire data collection from all mapping sensors can
also be used to produce a more complete and better map for
use in SAS. This implies that post mission SAS processing
has the potential to be better than any in-mission processing.

IV. QUALITY ASSESSMENT

An important part of robust adaptive SAS is the ability to
assess performance or quality. One candidate for assessing
quality is the coherence which can be calculated as follows.
Assume two receivers spatially and/or temporally displaced
that record emitted signals (e.g. a scattered field from a rough
surface) s; and so. The mutual coherence function is defined
as [31, pp 499-503], [32, p 170]

Tia(7) = (s1(t)ss(t + 7)) (1

The complex degree of coherence is the normalized mutual
coherence function

F12(T)
’712(7') = (2)
[D11(0)T52(0)]'2
with the property that
0 < fma(r)| < 1. 3)

The coherence as used in the radar literature [33], [34] is
usually referred to as the peak value in this function

v = arg max y12(7). 4)
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The coherence can be converted to an equivalent signal to
noise ratio under certain assumptions [33], [35]

lnl
L=yl

Coherence can be calculated different places in the SAS
processing chain, as illustrated in Fig 5. Ping based (or real
aperture) interferometric coherence can be calculated using
beamformed timeseries from the upper and lower array. This
can be used directly to estimate the depth accuracy in the side-
scan interferometry map [25]. Ping to ping temporal coherence
can be calculated if there are overlapped phase centers (for
use in micronavigation). A similar temporal coherence can be
calculated after motion compensation [29].

Both the temporal ping to ping coherence and the spatial
ping based coherence are sensitive to multipath and can be
used to map the actual performance or range in shallow
waters [19]. Fig 6 shows the sidescan image and the sidescan
bathymetry coherence from mission line collected in shallow
waters. We see that there are areas of high backscatter but low
coherence. This indicates multipath — which is not easy to spot
from the sidescan image alone. Note also that the range for
which the coherence is high, varies a lot during the mission
line. This indicates that true sensor range has to be estimated
based on the data itself.

Another potential application of coherence is to use the
equivalent SNR calculated from coherence in the assessment
of detection and classification performance [36].

A new and very promising use of spatio-temporal coherence
is mapping of the coherence between mission lines [37]. This
has the potential to dramatically improve navigation and to be
the enabling technology to manage repeat-pass interferometry
and coherent change detection.

When forming a synthetic aperture, the aperture coherence
or generalized coherence factor can be calculated [38]. This
is defined as the coherent energy divided by the incoherent
energy over the array. A similar technique can be used to cal-
culate the frequency coherence. These two coherences cannot
be used to assess quality, but rather be used in characterisation.
The reason for this is that a fully developed speckle scene will
have very low aperture and frequency coherence since speckle
does not fulfill the holographic property [14].

For interferometric SAS, the final quality assessment can
be made on the SAS interferometry spatial coherence. This
is the ultimate SAS quality since it is gridded directly in

SNR =

)
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Example sidescan sonar image (left) with sonar coherence (right) of a mission line collected in shallow waters. The vehicle depth is 5 m and the

seafloor depth is around 18 m except in the norht-east corner, where the depth increases to 32 m. The image is shown in earth fixed coordinates.

the coordinate system of the SAS image with a very high
horizontal resolution. Fig 7 shows an example SAS image of
an unknown rectangular object on the seafloor. The object is
quite large measuring 15 x 5 x 2 m. The left panel shows the
SAS image, the middle panel shows the SAS bathymetry and
the right panel shows the magnitude coherence. The object
is observed with the port side sonar on HUGIN AUV at
approximately 52 m range, when running at 10.8 m altitude.
We see that the coherence is low in the shadow region, as
expected. The coherence is, however, low in the near range of
the object too (at y = [—43,—47] m). We also note that the
measured depth seems incorrect and the backscatter signal is
high in this region. This combination: front end of an elevated
target with incorrect bathymetry, low coherence, and high
backscatter, indicates an area of multiple reflections [4]. From
this example we see that interferometric coherence can be
used to obtain a higher understanding of the true information
content in a SAS image.

V. SUMMARY

Successful SAS operations requires sufficient knowledge
of the ocean environment, the imaging geometry and the
vehicle navigation. SAS is more challenging when running
on non-straight lines and/or on instable vehicles. SAS is more
challenging when running in an ocean environment with large
variations in sound velocity and large ocean currents.

There are several ways to improve the data collection such
that better performance is achieved. This includes adapting the
vehicle behaviour and the sonar settings to the environment.
There is a tradeoff between robustness and efficiency in the
data collection of SAS data. Higher robustness implies lower
area coverage rate.

There are many different choices in the SAS processing. The
best choice is dependent on the actual data collected. There is
a tradeoff between quality and processing time in the signal
processing. Better quality requires more processing time.
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