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Shallow water field measurements of ocean volume and boundary acoustic backscatter,
made with the US Navy's 68 kHz Toroidal Volume Search Sonar (TVSS), are used to
demonstrate the benefits and side effects of a synoptic 360° vertical viewing field with
120 beams at 3° increments when investigating the spatial and temporal variability of
the environment. Boundary backscatter measurements can help identify and quantify
uncertainties introduced by the sonar system, thus setting realistic bounds on the spatial
and temporal scales of environmental features that can be detected with this multibeam
sonar. However, acoustic energy reflected at the boundaries and received in the vertical
sidelobes of beams steered in the ocean volume often masks finer volume acoustic
reverberation features from scattering layers of zooplankton or resonant micro-bubbles.
In such cases, a 3 dimensional image built from a sequence of pings along the sonar's
track has proven effective in discriminating sonar induced apparent acoustic variability
from environmental variability. A multisector and multi-frequency transmission scheme
is proposed to minimize boundary sidelobe interferences.

1 Introduction

Studies of shallow water acoustic variability strive to describe the underlying physical
and environmental factors causing the observed variability against which a probability
of target detection is sought. Passive sonar measurements rely on discrete spatial and
temporal changes in the environment to establish a detection threshold, whereas active
sonar measurements rely on disruptions of presumed propagation paths to infer
environmental processes at work and the likelihood of target detection. However,
assuming that a sound source transmits repeatable and stable acoustic signals
somewhere in the water column, the resulting time series of acoustic energy received at
hydrophone arrays, co-located with the source or some distance away, will be a
combination of reflection and scattering at the sea surface and seafloor boundaries and
in the ocean volume, along multiply interfering paths that are often difficult to resolve
even when either or both the transmitter and the receiver are directional arrays.
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The high spatial resolution of the multi narrow-beam sonar geometry might seem to
be a reasonable choice to reduce such multipath interferences. However, we shall show
that this geometry introduces its own set of ambiguities that can be mistaken for
environmental acoustic variability. We illustrate this point with quasi monostatic
acoustic backscatter measurements made by the US Naval Surface Warfare Center:
Coastal Systems Station (CSS), Panama City, Florida, during engineering tests of the
Toroidal Volume Search Sonar (TVSS). This sonar operates at 68 kHz with two
adjacent and co-axial horizontal cylindrical arrays, each 0.53 m in diameter [1]. One is a
32 element projector array meant to produce a toroidal beam 3.7° wide fore-aft and
omni-directional in the sonar’s roll plane. The other is a 120 element hydrophone array
used to form 120 beams at 3° increments in the roll plane [2].

The tests took place in the northeastern Gulf of Mexico, in about 200 m of water
depth, over a nearly featureless sandy silt bottom [3,4], and in sea state 1.5 [4]. For the
data considered here, the sonar was towed at 78 m depth, 735 m astern a vessel moving
at about 4 m/s. Acoustic propagation conditions were controlled by the sound speed vs.
depth profile shown in Fig. 1, and the position of the sonar in the water column yielding
the monostatic multipath geometry also shown in the figure.
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Figure 1. Acoustic propagation conditions at the test site about 120 km southwest of Panama City,
Florida: Sound speed profile and rays traced from the 78 m tow depth of the sonar.

In the following we show how the TVSS’s 360° multibeam imaging capability for
environmental sensing and target detection applications can be strongly biased by sonar
induced interferences masquerading as variability in the ocean volume. To minimize
these limitations, we propose a multisector transmission geometry with distinct acoustic
frequencies for each sector, similar to that used in some modern multibeam swath
bathymetry sonars [5], but covering the full 360°.

2 Environmental sensing with the TVSS

The benign environmental conditions at the test site made it possible to highlight the
spatial and temporal characteristics of acoustic imagery obtained with the TVSS. For
example, an image of average volume acoustic backscattering strength in polar
coordinates of elevation angle 8 and slant range R from the sonar (S,(68,R)), was
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obtained from 97 successive pings recorded during a straight run of the sonar at constant
depth, by stacking and averaging echoes received in each of the 120 beamformed and
roll compensated sectors covering 360° in the roll plane (Fig. 2) [6]. With a 1 Hz ping
rate and 4 m/s tow speed, this corresponds to averaging over roughly 400 m along track,
thus emphasizing volume acoustic backscatter “features” that remain coherent from ping
to ping over that distance.
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Figure 2. Vertical slice of volume acoustic backscattering strength (S,(6,R)) measured in the roll
plane of the TVSS (black dot in center of picture) and averaged along track over 97 pings.
Echo digitization and recording started at the outer boundary of the central white zone.

In this image, all the beams have the same —3 dB widths of 4.9° (6,) in the roll plane
and 3.7° (6,) in the pitch plane, and they are equally spaced at 3° increments in the roll
plane. The transmitted signal is a CW pulse with a bandwidth W of 4.4 kHz. Therefore,
with a nominal sound speed C of 1500 m/s, the theoretical volume of a resolution cell
for a single ping is given by:

V(R) =2/3 8, sin(6, /2) (R+C/2W)’ - R*) m’,
~1/3 6,8, (R+C2W)’ —R’) m’, for 6,< /9 ()

Hence, for receive beam widths of 20° or less, the resolution cell’s volume is directly
proportional to the fore-aft transmit beam width and the athwarships receive beam width
of the sonar. However, the effective volume of the resolution cell will most likely be
somewhat larger than predicted by Eq. (1) because it will depend also on the density,
size and aspect ratio of scatterers in each cell [7].

Notable environmental features in Fig. 2 include boundary returns with high
volume scattering strength, a small near-surface target visible in two beams at about 210
m horizontal range, a bubble layer from the ship’s wake extending 6-8 m below the
surface, and biological scattering layers near 45 m depth (more detailed views and
analyses of these features are available in refs. [4,6]). Returns from the sea surface are
strongest in a £30° sector, centered on zenith, that corresponds to scattering by resonant
micro-bubbles generated in the towing vessel’s wake. Observable coherent acoustic
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backscatter from the sea surface extends to +45° about zenith and is also due to the
ship’s wake which exhibits remarkable persistence over time and space. In fact, the
small near-surface target, with a volume scattering strength of 25 dB above ambient
noise, is due to micro-bubbles from the decaying wake of the ship on a previous parallel
track 200 m away [4]. By contrast, bottom returns exhibit a characteristic angular
dependence with high backscatter near nadir dropping rapidly by about 20 dB at 15°
incidence and leveling off to the edges of the swath shown. Actually, the bottom returns
extend beyond the horizontal limits of the plot and cover a sector in excess of +£75°
about nadir.

3 Sonar induced variability

Other notable features in Fig. 2 include concentric rings centered at the sonar, and
several diagonal lines appearing in the volume with increasing slopes. The two most
prominent rings, that are respectively tangent to the sea surface and the bottom, are due
to near zenith, respectively nadir, echoes received in the vertical sidelobes of beams
pointed in all the other directions. The fainter rings with larger radii are due to similar
vertical sidelobe reception of zenith and nadir multiples. The diagonals are also due to
sidelobe reception of: (1) the off-nadir bottom echoes for diagonals that appear to
originate at nadir on the bottom and remain tangent to that first bottom sidelobe ring,
and (2) off-nadir surface-bottom multiples for the steeper diagonals that appear tangent
to the next larger ring with radius of about 200 m.

The importance of these artifacts becomes clear when one considers looking for
targets or monitoring environmental variability in the water column contained between
120 m and 200 m horizontal range in Fig. 2. Because of the strong angular dependence
of near-specular seafloor acoustic backscatter for most sediments [8], changes in bottom
relief might eliminate the sidelobe interference or shift its location in the water column
over a number of pings, introducing 8§—12 dB of variability in the volume backscatter
strength measurements that are unrelated to the spatial characteristics of the volume
environment.

The beams displayed in Fig. 2 were formed with a resampled Dolph-Chebyshev
amplitude shading window [9] for a uniform -30 dB sidelobe reduction. This technique
produces the narrowest mainlobe for a given sidelobe reduction level, and the uniform
level of its sidelobes facilitates artifacts detection thanks to their common arrival time in
all the beams [10]. However more aggressive sidelobe reduction is obviously needed,
but the required amplitude shading windows would increase substantially the width of
the mainlobe (e.g. > 60% for raised cosine windows with —60dB sidelobe reduction)
[11-13], and increase the volume of the resolution cells in the same proportion (Eq. (1)).
To reduce sidelobe interference without sacrificing spatial resolution requires a different
transmission paradigm as will be discussed in Sect. 4.

With the toroidal transmission pattern in the roll plane of the TVSS, and the
subsequent 360° synoptic view of volume acoustic backscatter afforded by its receiver’s
multi-narrow beam geometry, one can form a 3 dimensional image of the acoustic field
over successive pings. Similar 3 dimensional acoustic visualizations, though not with
multibeam sonars, have been used effectively in zooplankton patchiness studies (e.g.
[14]). In the case of the TVSS, the 3D image has proven useful to identify region of the
water column that are free of sidelobe interference [4,6]. One such region is the
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horizontal slice, shown in Fig. 3, which was taken at 4.7 m depth between 40 m and
140 m horizontal range between the first surface and second bottom induced sidelobe
rings (Fig. 2).
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Figure 3. Raster image of a horizontal slice of volume acoustic backscatter 4.7 m below the sea
surface. The sonar moves from top to bottom on the right side of this image.

The light features distributed diagonally across the image are most likely due to
near surface resonant bubble clouds generated by the wake of the towing vessel. They
are 1015 dB above the background reverberation level, however this background is
obscured by along-track bands of pixels with lower volume backscattering strength than
their neighbors, resulting from incomplete normalization for the transmit beam pattern.

This illustrates another aspect of multibeam imaging with a sonar whose toroidal
transmit beam is not truly uniform. In fact, the TVSS’s transmit beam had scallops as
deep as 10 dB in the roll plane. Because this transmit beam is not compensated for the
instantaneous roll of the sonar, an unnecessary expense for a true toroidal pattern, the
highs and lows of the actual transmit beam pattern roll with the sonar and introduce a
wavy uncertainty in the volume backscatter data that could affect its statistical analysis
(e.g. [15-18]). This uncertainty can only be detected by plotting the data as shown in
Fig. 3. Then correction techniques similar to those that have been effective in seafloor
acoustic backscatter imagery (e.g. [20,21]) must be applied before any sort of statistical
analysis.
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4  Multisector transmit geometry

The sidelobe interference patterns shown in Fig. 2 could be reduced substantially,
without compromising the volume cell resolution, by modifying the transmit geometry
from a toroidal pattern obtained in a single ping to a similar pattern obtained with at
least 4 pings transmitted milliseconds apart at different center frequencies in 4 discrete
sectors: a 120° sector centered on zenith, a 160° sector centered on nadir and a 120°
sector centered on the horizontal on each side of the sonar. The order in which these
sectors are transmitted will depend on the position of the sonar in the water column.
The volume sectors on either side of the sonar should be transmitted first, using the two
lowest center frequencies and the largest source level possible to maximize their range
capability. On the other hand, the boundary sectors might require relatively less source
level to avoid saturating the receivers with specular surface or bottom backscattering
strengths. In addition, the boundary sector with the shortest range should be transmitted
last to optimize the ping repetition rate. The four sectors overlap to provide maximum
volume coverage individually or combined. However the bandwidths of their
transmitted signal should not overlap to maintain good spatial discrimination between
the sectors and to avoid inter-sector sidelobe interferences. Real-time roll compensation
will be needed during transmit and receive beamforming operations, thus requiring that
the sonar’s attitude be sampled at about 100 Hz.

5 Conclusions

Applications of the multi-narrow beam sonar geometry are expanding from the now
common swath bathymetry usage begun in the mid 1970s, to 3 dimensional imaging of
the whole water column as illustrated above. However problem encountered in swath
bathymetry (e.g. [19-21]) can be found also, and to a larger extent, in 3 dimensional
multibeam imaging. We have used volume acoustic backscattering strength derived
from data recorded with the TVSS to show that boundary reflection and scattering can
be easily picked up by the vertical sidelobes of beams pointing in the ocean’s volume, as
well as by non-vertical sidelobes in a multipath environment.  Such arrivals could
easily be confused for acoustic variability in the medium if a 3 dimensional acoustic
image of the water column were not available for inspection prior to statistical analyses
of the recorded acoustic reverberation (e.g. [4, 22,23]).

The TVSS was built in the early 1990s and has remained a prototype, but the
concept can be generalized to future toroidal sonars provided a different transmission
scheme is implemented to avoid boundary sidelobe interference. We proposed
transmitting into 4 overlapping sectors, centered respectively at zenith, nadir and on the
horizontal, on either side of the sonar. Each sector is assigned a distinct center acoustic
frequency and there should be sufficient bandwidth separation between their respective
signals to avoid interferences.
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