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Abstract: Interferometry is used for bathymetric mapping with side scan and synthetic
aperture sonars. The principle is based on estimating the time difference between arrivals for
two vertically displaced receivers. An important additional feature with interferometric sonar
is that an estimate of the signal-to-noise ratio can be derived from the coherence between
overlaid data series from the two receivers. Interferometric sonar coherence therefore allows
for an effective real-time estimate of quality for side scan sonar and synthetic aperture sonar
measurements.
We have conducted a series of trials in shallow waters along with Kongsberg Maritime using
a HISAS 1030 interferometric sonar mounted on a HUGIN autonomous underwater vehicle.
We have also developed a tool for shallow water performance assessment based on a simple
ray model. In this paper we first demonstrate how the interferometric sonar coherence relates
to the image quality of synthetic aperture images. We then associate the coherence from real
data with results from the model in order to better understand the different signal
contributions. For the shallow water environment of investigation, we identify multipath
returns as the limiting factor for image quality.
We conclude that the interferometric sonar coherence yields an effective estimate of quality
for interferometric side scan sonar and synthetic aperture sonar measurements. It allows for
a simple real-time estimate of the imaging range and in combination with simulations
provides the means required for autonomous on-the-fly change of the sonar geometries and
settings for optimal performance.
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1. BACKGROUND
Side scan sonar (SSS) and synthetic aperture sonar (SAS) are two important technologies
for imaging the seafloor. In very shallow waters their performance strongly depends on the
environmental conditions. A primary source for this limitation is the contamination of the
returned signal by multipath returns. The identification of dominating multipaths has earlier
been investigated through advanced experiments [1][2]. In this paper we combine
measurements with a dedicated model description in order to relate the loss of performance to
the correct source and environmental condition.

2. MEASUREMENTS
We have conducted a series of measurements in very shallow waters along with
Kongsberg Maritime using a HISAS 1030 interferometric sonar [3] mounted on a HUGIN
autonomous underwater vehicle. In Fig. 1 we present two sample images from the same scene
with water depth around 9 m. While the first image has good quality all the way out to 150 m
range, the quality of the second image is poor above roughly 55 m range. In Fig. 2 we present
a measurement-based signal-to-noise ratio (SNR) of the data used to generate the two images
and observe that the image degradation corresponds to a decrease of the SNR that at 55 m
range crosses roughly 2 dB.
For AUV operations the capability of estimating the imaging range and if possible
optimise the sonar performance can be of great importance. We will adopt the SNR of the
beamformed signal as a measure of imaging potential and identify the main limiting factors to
the SNR.
The measurement-based SNR is obtained from the time series of the two vertically
displaced arrays of the interferometric sonar. Assuming a Gaussian distribution of both signal
and noise amplitudes, the SNR is given by the maximum normalised correlation factor µ , the
coherence, when correlating the two time series [4]:
SNR =

µ

1− µ

3. MODEL
We have developed a ray tracing tool for modelling the SNR in shallow waters. The SNR
is estimated from the ratio of the direct bottom return to the sum of all other returns,
including the direct surface return and returns involving two or more reflections from bottom
and surface. A simplification is adopted in that only one non-specular reflection is allowed
for each ray. This significantly reduces the computational task, while preserving a reasonable
accuracy as most of the energy is reflected around the specular direction. The performance of
the model is indicated by the similarity between the measured and modelled SNR of Fig. 2.

Fig.1: Two SAS images taken one week apart of the same scene by HISAS 1030 on a
HUGIN AUV using identical settings. The water depth is 9 m and the vehicle depth 3 m. The
range spans from 0 m to 150 m from left to right. The main environmental change is a
reduction of the wind speed from 13 m/s of the upper image to 4 m/s of the lower image.

Fig.2: The measurement-based SNR for beamformed (sidescan) lines of sonar data (i.e.
prior to SAS image processing) is presented in black. The solid and dashed lines give the
results for the good and poor image respectively. The grey lines correspond to simulations
for the environmental conditions of the two measurement campaigns.

The raytracer is based upon the analytic solution for piecewise constant gradient of the
sound speed from [6], sec 6.2. For bistatic bottom scattering we selected Ellis’ model [7]
combining Lambert scattering valid for intermediate angles with a facet term for specular
reflection. The model is extended to smaller grazing angles by including Del Balzos platou as
a correction term to the Lambert scattering [8]. For bistatic surface scattering we choose the
APL-UW94 backscattering model [9] as a basis and performed a brute expansion to a bistatic
model by mimicking the layout of Ellis’ model. The model results show good resemblance in
forward and back-scattering benchmarking. Finally additive noise is mimicked by adding a
noise level that prevents the sensor from obtaining a SNR of more than 0 dB at 300 m.
In the model computations we assume bottom consisting of gravel (as indicated from the
SAS-image), adopt wave height estimated from wind strength, and a sound speed profile
recorded with a CTD profiler. The sonar is simulated with a transmitter beamwidth of 15°
steered 15° below the horizontal plane and a receiver beamwidth of 28° centred around 22°
below the horizontal plane.

4. ANALYSIS
The modelled SNR were presented together with the measurement-based SNR in Fig. 2,
and a good resemblance between the two can be observed, in particular in the range interval
of 30 m to 100 m. We believe that the discrepancies at longer range are effects of the
increasing sensitivity to inaccurate assessments of the sound speed profile, additive noise,
bathymetry and/or bottom type for long range and very small grazing angles. The
discrepancies between measurements and model at short range we believe is related to a
combination of an overestimated modelled SNR and an underestimated measurement-based
SNR. The modelled SNR is unrealistic high in some areas where the direction of the
multipaths coincide with zeros in the transmitter or receiver beampatterns. Rhe resulting
complete loss of a multipath only occurs in our simplified 2D model, as both a 3D model and
inclusion of diffuse scattering at all interfaces would smooth the directivity of the
contributions. Furthermore, the SNR estimated from coherence measurements is possibly too
low in the short range region. This could be caused by baseline decorrelation and processing
induced decorrelation [5], and will be investigated further.
We now return to the two images and try to identify the effect causing the huge difference
in their SNRs. By adjusting one parameter of the modelled environments at a time and
evaluating the related effect on the SNR, we observe that the main origin of the changing
SNR is the different sea states of the two days with wind speeds of 13 m/s for the good image
and 4 m/s for the poor image.
Multiple paths with the same round-trip distance are characterised by their different angles
out of the transmitter and into the receiver, as illustrated by the round-trip paths in the bottom
panel of Fig. 3. By shaping the transmitter and receiver beam patterns beneficially, it is
therefore possible to reduce the effect of undesired multipaths. In Fig. 3 we visualize the
contribution of the dominating multipaths for the modelled sonar and environments. All
multipaths contributing 10% or more to the total contribution at any distance is included in
the figure, with the results for the good quality image in the top panel, and the poor quality
image in the centre panel. The individual multipaths of each colour are illustrated for one
roundtrip distance in the lower panel. We observe that the relative contribution of the
multipaths are stronger in the poor quality image, and that multipaths with two bottom and
one surface scattering give the main contributions to the SNR in our examples. Under windy

conditions a better imaging range is achieved, probably as a result of damping and spreading
of the multipath returns at the surface.

Fig.3: Individual multipath contributions of the images for windy and calm conditions in the
top and centre panels respectively. The direct return is indicated with the black solid line and
the total multipath contribution with the black dotted line. Furthermore, all multipaths
contributing 10% or more to the total multipath contribution are plotted in different colours.
The yellow line indicates an assumed additive noise floor. The lower panel indicates the path
corresponding to each colour, exemplified for round-trip ray paths of 65 m length. The paths
are also indicated by the legend, stating the order of bottom (b/B) and surface (s/S)
scatterings for each colour, and with the single non-specular scattering indicated by an
uppercase letter.

5. CONCLUSION
We conclude that the interferometric sonar coherence yields an effective estimate of
quality for interferometric side scan sonar and synthetic aperture sonar measurements. It
allows for a simple real-time estimate of the imaging range and in combination with
simulations provides the means required for autonomous on-the-fly change of the sonar
geometries and settings for optimal performance.
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