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D e t e c t i o n  of b u r i e d  ob jec t s  a t  
low graz ing  angles: P r e l i m i n a r y  
e x p e r i m e n t a l  resu l t s  

W. L. J .  Fox and A. Maguer 

Execu t ive  S u m m a r y :  

Acoustic detection of objects buried in sandy ocean sedirnents has typically 
only been considered feasible using grazing angles above the critical angle of 
the sediment, where significant levels of sound can be transrnitted into the 
sedirnent to scatter from buried t-argets. Below the critical angle, total internal 
reflection occurs. Although evanescent energy still exists in the sedirnent below 
the critical angle, its level falls off exponentialiy as afunction of both depth into 
the sediment and frequency. Subcritical insonification geornetries are desirable 
in order to increase coverage rate. 

This report begins by reviewing simulation results showing the frequency de- 
pendence of buried target echo levels for subcritical insonification, and high- 
lights the dominance of the lower frequency components. The frequency de- 
pendence of bottom backscatter is also discussed, showing a high dependence 
on the structure of the seabottorn under consideration. 

A recent experiment is then described in which backscatter rneasurements were 
made on buried objects both above and below the nominal critical angle. Pre- 
liminary processing of the data  shows gains in signal-to-noise ratio can be ob- 
tained for subcritical grazing angles by ernphasizing a relatively narrow band 
of frequencies at  the lower end of the transrnitted bandwidth, in empirical 
agreement with the reported model-based results. This is the first time, to the 
authors' knowledge, that this type of experimental data  has been presented. 

Future work in this area will focus on validation of models for buried target 
scattering and reverberation, leading to robust system designs that can reliably 
detect buried objects with high rates of coverage. 
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Detection of bur ied  objects  at 
low grazing angles: Prel iminary 
experimental  results 

W. L. J. Fox and A. Maguer 

Abstract: 

This report considers the acoustic detection of objects buried in the seabed, 
and especially the possibility of using subcritical insonification geometries in 
order to increase coverage rate. Experimental results are presented for acoustic 
transmissions in the approximate frequency range 2-16 kHz both above and 
below the nominal critical angle of the sediment. The buried objects studied 
are a solid aluminum sphere of radius a, = 0.3 m and a 2 m long water-filled 
cylindrical steel shell with radius a, = 0.25 m. Preliminary processing of the 
data has shown that gains in signal-to-noise ratio can be obtained for subcritical 
cases by emphasizing the lower frequency components (in this case, f < 3 kHz) 
where models predict that the target echo is strongest due to the evanescent 
nature of the incident acoustic wave. 
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Introduction 

Detection and classification of objects buried in ocean sediments is an important 
maritime research topic with many applications, including mine countermeasures. 
Man-made objects placed on the seabed can become buried due to a number of 
natural processes including impact and gravity sinking for softer sediments (e.g., 
muds and clays), and scouring, liquefaction, and bottom ripple migration for sandy 
seabeds [l]. 

In order to  use acoustic methods to  detect and classify buried targets, sound must 
be transmitted across the water-sediment interface, scatter from the target, and re- 
radiate into the water. If i t  is assumed for the moment that the water-sediment 
interface is a plane boundary separating two fluid half-spaces, the water has sound 
speed c,, the sediment has sound speed c,, and c, > c,, Snell's law predicts a 
so-cailed critical grazing angle [2], 8, = arccos(c,/cw). For grazing angles 8, > O,, 
incident plane waves would produce a plane wave in the sediment with transmitted 
angle Bt = arccos((c,/cw) cos Bg ). For grazing angles below B,, the transmit ted 
wave is euanescent and travels paraiiel to the interface, leading to the phenomenon 
c d e d  total intemab d e c t i o n .  The evanescent component in the sediment is an 
inhomogeneous wave. Its amplitude fails off exponentialiy with depth into the sed- 
iment and acoustic frequency [3]. As an example, a typical sound speed in sand is 
c, = 1650 m/s [2] and in water is c, = 1500 m/s, giving 8, N 24.6'. Figure 1 shows 
a sketch of the various cases described here. 

Previous work on buried object detection sonar systems has concentrated on su- 
percritical insonification of the seabed. Here, transmission coefficients and Snell's 
Law ray paths can be calculated, and the limiting factor is the acoustic attenuation, 
which is usually assumed to be a linear function of frequency when expressed in 
dB/m [4], Le., cu = k, f ,  where k, depends on the sediment. Therefore, system 
design has depended on using frequencies below which the attenuation d o w s  ade- 
quate echo level, and resolution considerations in order to  reduce the size of the patch 
contributing to reverberation, hence maximizing the signal-to-noise ratio (SNR) for 
detection purposes. 

By insonifying a larger part of the seafloor on a given ping, better coverage rates 
can be achieved. This would be possible by using subcritical insonification geome- 
tries. The problem is maintaining adequate signal-to-reverberation ratio for detec- 
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Figure 1 Sketch of supercritical (Og = Oi > O,, blzle) and subcritical (Og = O2 < 8,, 
red) insonification geometries (incident and transmitted waves are shown, reflected 
components are not). For 82, the transmitted wave is evanescent, denoted by the 
dashed wave indicators. 

tion given the relatively low levels of coherent energy arriving a t  the buried targets. 
Recent research efforts at  SACLANTCEN have concentrated on this low grazing 
angle approach for frequencies below 15 kHz using a parametric source as an 
experimental tool. 

Section 2 of this report outiines previous work done on modeling of buried target 
echoes and reverberation. The dominance of the lower frequency components in 
monostatically measured buried target echoes at subcritical insonification will be 
highlighted. Section 3 describes a recent experiment for which buried target re- 
sponses were measured over a large relative bandwidth of frequencies, and grazing 
angles both above and below the nominal critical angle. Section 4 displays some 
preliminary analysis of the data from this trial which shows empirical evidence for 
the ideas put forward in Sect. 2, i.e., that by concentrating on a narrow band of rel- 
atively lower frequencies where the evanescent field in the sediment and monostatic 
target echo levels still have relatively large arnplitude, gains in SNR can be achieved 
over the wider band backscattered signals. Section 5 summarizes the results and 
outlines areas for future work. 
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Theoretical and modeling background 

As for any detection 
given an acceptably 
consideration is the 

problem, high SNR is necessary for high probability of detection 
low probability of false alarm. The "signal" for the case under 
echo returned from the buried object, and the "noise" will be 

a combination of ambient ocean noise and reverberation, most likely dominated by 
the effects of bottom backscatter. 

In this section, some of the theoretical and modeling background for scattering from 
buried objects and bottom backscatter wiii be examined. The frequency dependence 
of these phenomena will be especially important. It should be noted that given cer- 
tain assumptions (Le., knowledge of the target echo, knowledge of the noise power 
spectral density, and Gaussian noise statistics), an optimd receiving filter can be 
designed [5, 61. In this section, basic physicd insights to the problem wili be em- 
phasized. Optirnizing the source, transmit signal, receiver, etc., will be a topic of 
future efforts. 

Since the primary appiication of our research has been in the field of mine counter- 
measures, targets with representative dimension a 0.25 m will be considered. For 
the canonical shapes of spheres and cyiinders, a is usuaiiy considered to be the ra- 
dius. Sandy seabeds wiii also be mainly considered, where high coverage rate buried 
object detection is generaiiy considered very difficult due to criticd grazing angles 
which can be as high as N 35'. It is convenient to keep in mind that ka is on the 
order of the acoustic frequency in kHz for these conditions. 

This section is not intended as an exhaustive topic review, but gives inroads to the 
literature by citing a few of the most recent and pertinent publications in the areas of 
buried target scattering and seabed reverberation. The cited references themselves 
usually contain more extensive bibliographies for the interested reader. 

2.1 Sound pressure levels in the seabottom 

Before reviewing work on scattering from buried targets, it is instructive to  examine 
sound pressure levels (SPL7s) in the seabottom due to subcritical insonification in 
the context of the frequency range and nominal seabed conditions considered in this 
work. As mentioned in Sect. 1, subcritical insonification produces an evanescent 
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Figure 2 Ezample of SPL in  a typical sandy sediment due to unit amplitude har- 
monic plane wave insonificatfon at subcritical gmzing (c, = 1530 m/s, c, = 1685 
m/s, p, = 1.92 !g/cm3, a, = 0.5 dB/X, and Og = 18'). 

wave in the bottom propagating parailel to the interface and decaying exponentially 
with frequency and depth into the sediment (see [3] for details). 

Assumed here is a simple example of a harmonic plane wave with unit ampli- 
tude pressure insonifying a plane fluid-fluid interface (simulating a water-sediment 
boundary) with paramebers: c, = 1530 m/s, c, = 1685 m/s, sediment density 
p, = 1.92 g/cm3, sediment attenuation a, = 0.5 dB/X, and grazing angle Og = 18O. 
Figure 2 shows the SPL in dB as a function of depth into the sediment for frequen- 
cies 1, 3, and 5 kHz. Note that the transmission coefficient is greater than one for 
grazing angles near the nominal critical angle (8, N 24.8' here), hence the levels are 
greater than 0 dB for some shallow depths in the sediment. It can be seen from the 
trends in this plot how higher frequency sonars (on the order of tens of kHz) will be 
very limited as to how much energy they can deliver to a completely buried target 
at subcritical grazing. 

It should be noted that recent theoreticd and experimentd studies have shown that 
for subcritical grazing angles, scattering due to superimposed surface roughness on 
an otherwise flat water-sediment interface may, to a main extent, explain SPL7s in the 
sediment in excess of what one would expect for the evanescent contribution on the 
flat surface alone. Maguer et al. [7] and Pouliquen et al. [8] show distinct frequency 
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regimes in the transfer function associated with subcriticd transmission across the 
interface, such that the scattering mechanism dominates above 5-7 kHz and the 
evanescent contribution dominates at  lower frequencies (for the specific bottom type 
examined in those works). Whether this higher frequency scattered (and hence 
incoherent) sound field that reaches the target at  subcritical insonification can be 
taken advantage of for detection purposes (in mono- and/or multistatic geometries) 
is a topic for future study. 

2.2 Sca ttering from buried targets 

There has been a significant amount of research in recent years regarding the scat- 
tering characteristics of buried objects. Much of it has investigated the nature of 
scattering from buried elastic bodies, which can exhibit resonance features that may 
be useful for classifying buried objects. Lim et al. [9] have shown theoretical and ex- 
perimental results for evacuated spherical shells. Using the T-matrix approach they 
examine theoreticaiiy the effect of burid on the amplitude and location in frequency 
of various resonant characteristics of elastic shells. Their experimental data, taken 
at  near-normai incidence (dg  = 74.6O), compares well with the theory. TamaSauskas 
and Fawcett [10] have extended this work with a simulation sensitivity study, exam- 
ining the effects of varying sediment parameters, grazing angles, burial depth, and 
of rescattering terms. When compared to free-field (in water) scattering models, the 
results of this work show frequency shifts in certain resonance phenomena due to the 
higher sound speed in the sediment, and damping of higher frequency components 
due to  the higher attenuation coefficients of the sediment. 

While the above cited works consider buried spheres due to the tractability of the 
solutions, cylindrical objects are also of interest, especiaily for mine countermeasures 
applications. Some of the most recent work on scattering by buried cylinders has 
been done by J. A. Fawcett at  SACLANTCEN [ l l ,  121, where infinite cylinders 
at  broadside aspect have been considered. Although not dealt with explicitly in 
a detection context, especially relevant for the work here is the simulation [12] of 
completely buried elastic cyiinders insonified at  subcriticd grazing angles. A drastic 
faiioff in echo level is shown for higher frequencies (regardless of the effects on the 
resonances) due to the depth and frequency dependence of the incident evanescent 
wave traveling in the sediment. Also, the effects of rough interface scattered sound 
in the sediment on target scattering characteristics is preliminarily dealt with in [ll]. 

In addition to their work with resonance effects, Lim et al. [9] d s o  comment on 
the possibilities for long-range detection of buried sheiis, and the role of evanescent 
insonification. They simulate both elastic sphericai sheiis and rigid spheres at  various 
burid depths, grazing angles, and for cases of ka = 8 and 2. The results of these 
simulations show that there should be possibilities for receiving large ampiitude 
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target returns at  subcritical grazing, and that the lower frequencies provide a better 
chance of this given the higher ampiitude of the evanescent field in the sediment. 

Rogers [13] has theoretically investigated the use of frequencies in the Rayleigh 
scattering region (ka = 0.2 to  0.5) in order to detect buried targets. One significant 
finding of this work is an increase in eflective target strength for targets buried in 
common ocean sediments for moderately subcritical grazing angles. Effective target 
strength is referred to here because changes in the incident pressure field associated 
with transmission across the water-sediment boundary are included in the target 
strength of the buried object for comparison to the target strength of the same 
object in water. By modeling various cases of target and sediment parameters, 
along with reverberation modeling (to be discussed in Subsect. 2.3), it was found 
that relatively high SNR's can be achieved in this frequency range. 

Recent work by Schmidt [14] describes the incorporation of target scattering capa- 
bilities into the OASES-3D scattering and reverberation model [15, 161. The target 
is treated as a virtual source with a radiation pattern calculated by convolving the 
incident field with a target scattering function. The target scat tering function can 
be calculated analyticaliy for some canonical shapes (such as spheres), or it can be 
calculated numerically for general targets. Figure 3 shows the resulting relative echo 
levels vs. frequency for a rigid "flush" buried sphere (i.e., buried just t o  the point 
where it is completely covered by sand) of radius a = 0.3 m using OASES-3D (the 
sediment parameters are the same as those used for generating Fig. 2). In agreement 
with the previously cited work, it can be seen that echo levels decrease dramatically 
with increasing frequency for subcritical insonification. In the supercritical case, the 
osciiiations in level are due to the usual interference from the creeping wave seen 
in the frequency regime 1 < ka < 10 (171. The smaller scale fluctuations at  higher 
frequencies for the subcritical case are numerical effects in the model computation. 

It should be noted that since the evanescent wave is inhomogeneous (i.e., its ampli- 
tude is not constant along its constant phase front), and target strength relationships 
for ka « 1 and ka » 1 must be used with care in this transitional ka range, simple 
approximations to  the echo level vs. frequency are not immediately obvious. It 
should be possible, however, to arrive a t  parameterized versions of these curves for 
simple shapes given the current level of simulation capability. 

2.3 Bottom backscatter 

Bottom backscattering strength (BBC) is dependent on the geomorphological and 
geoacoustical properties of the seabed, the grazing angle, and the acoustic frequency. 
The physical mechanisms responsible for bottom backscattering are rough surface 
scattering at  the water-sediment interface and scattering due to inhomogeneities 
within the volume of the sediment. 
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Figure 3 Relutive echo levels for a flush buried sphere (a = 0.3 m), insonified 
above (blue) and below (red) critical angle (c, = 1530 m/s, c, = 1685 m/s, p, = 
1.92 g/cm3, und a, = 0.5 dB/X). 
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Over time, a number of efforts have been made to model and experimentally measure 
this important sonar parameter for use in sonar performance prediction. Historically, 
relatively simple relationships for BBS vs. grazing angle have been used, such as the 
weil-known Lambert's rule, BBS = 10log(p sin2 O,), where p is typically adjusted 
depending on a loosely defined bottom type (i.e., sand, mud, gravel, etc.). Lambert's 
rule is based on rough surface scattering theory 1171, and rarely provides a good fit 
to  observed data taken over a wide range of grazing angles and/or frequencies, 
especially when sediment volume scattering plays a significant roll in the overall 
BBS. Various theoretically- and empirically-based methods have been suggested for 
modifying Lambert's rule in order to  more accurately model BBS [18, 19, 201. 

In recent years, more complex models that incorporate more physics-derived com- 
putational approaches (and hence require more information about the structure and 
properties of the seabed) have been proposed. Among these are the high frequency 
(10-100 kHz) model of Mourad and Jackson [21], their extension of the model to 
include volume scattering a t  lower frequencies (100-1000 Hz) [22], and the work 
of Lyons ei! al. [23] which handles sediment volume scattering by accounting for 
scattering from subbottom interfaces and an inhomogeneous continuum. 

Another recent step forward in modeling acoustic interaction with the seabed has 
been to develop modeling schemes that use realizations of seabeds with given statis- 
tics in order to calculate the backscattering characteristics in the time or frequency 
domains. In this way the complex interactions are not reduced to a single number 
(BBC), and time and frequency domain statistics of the reverberation can be ex- 
amined. Examples of this type of approach are given by Pouliquen et ui. [24] and 
Schmidt et al. [16]. 

Given the high degree of frequency dependence seen in the target scattering from the 
last subsection, it is worthwhile to  try to identify trends in frequency dependence for 
BBS a t  low grazing angles, especiaiiy for subcritical insonification. Idedy,  a flexible 
model that has been experimentdy vaiidated over (roughly) the decade of frequency 
from 1-10 kHz would provide what is needed. To the authors' knowledge, this type 
of modeling capability does not exist. Therefore, published data sets and modeling 
efforts must be relied on. Here, subcritical grazing angles will be emphasized. 

One generalization that can be made is that as frequency increases, sediment volume 
scattering will play less of a role to total BBS due to the rapid attenuation of the 
higher frequency transmitted sound a t  subcritical grazing angles. Its contribution 
at  lower frequencies will be highly dependent on the structure of the seabed, for 
the most part on the depth and composition of underlying substrata (although the 
roles of velocity and density gradients can not be completely dismissed). Since 
objects that are completely buried in sand-type sediments are of primary concern, 
however, we must assume that there is a sand layer a t  least one object diameter 
thick ( N  0.5 m) before any significant substrata. For grazing angles weii beyond 
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critical, this wili limit significant levels of sound transmitted to this depth to the 
very lowest frequencies. 

For scattering from the rough water-sediment interface, there is evidence for a de- 
crease in level with decreasing frequency. In the composite roughness model used 
by Mourad and Jackson, this is because the surface "appears" rougher on finer 
scales. In practice, though, this wili depend on the overall roughness spectrum of 
the bottom being considered. 

Therefore, what generai conclusions can be made about total BBS for subcritical 
grazing angles in the frequency range 1-10 kHz? Unfortunately, a situation ex- 
ists where the two mechanisms contributing to the overall backscattering level have 
opposite frequency dependencies. A best-case scenario can be imagined, however, 
where the sand layer is deep and homogeneous, providing no significant sediment 
volume scattering, and wit h a roughness spectrum characteristic of the composite 
roughness model. There would, therefore, be seen an increase in BBS with frequency, 
giving low "noise" levels (bottom backscatter) where the "signal" level (target echo) 
is high. Worst-case scenarios woud probably give a relatively frequency independent 
BBS. This uncertainty underscores the need for accurate methods of determining 
seabed structure and geoacousticai parameters, and for validated models for predict- 
jng seabed scattering characteristics in order to accurately predict sonar performance 
for a wide range of environments. 
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Experiment description 

A field trial was performed during November-December 1997 (designated MCG2-97) 
in order to study acoustic penetration into a sandy seabed and acoustic backscat- 
tering characteristics of proud and buried targets at  low grazing angles, all in the 
approximate frequency range 2-16 kHz. This report focuses on the buried target 
data. The remainder of this section will detail the equipment used during the trial, 
the location and environmental conditions, the targets used, and the trial geometry. 

3.1 Location and environment 

The site for the trial was Marciana Marina, off the north-central coast of Elba 
Island, Italy (approximate Lat.-Lon.: 42'48'35" N, 10°1210011 E). This site provided a 
relatively sheltered area with a gently sloping bottom. The water depth was between 
12.0 m and 14.5 m in the working area of the experiment. Sub-bottom profiling 
showed roughly 9 m of sand over bedrock. Core measurements over the top 30 cm 
of sand showed somewhat mixed grain size results, with mean grain sizes (measured 
over 5 cm segments) varying in the range 4 x 0.7 to 1.8 (4 = - log, d, where d 
is the grain size diameter in mm). Sound speed in the sediment was measured at  
roughly 1710 m/s (from laboratory measurements a t  200 kHz, with measurement 
error estimated at  f 3 %). Sound speed profiles taken in the water column during 
the experiment showed isovelocity conditions at  1515 m/s. 

Figure 4 is a picture of the ripple structure on the bottom taken from an underwater 
digital video camera. The cables seen in the picture lead to buried hydrophones used 
for another portion of the trial (the overall layout of the equipment will be covered 
in Subsect . 3.4). Diver meacurements and stereo photogrammetry results taken on 
the area give similar estimates of the ripple height a t  f 3 cm (peak to trough), 
and a dominant ripple periodicity of wavelength N 25 cm. 

3.2 Equipment 

The acoustic source used for this experiment was the TOPAS PS 040 [25] parametric 
sonar [26]. With a primary carrier of 40 kHz, this parametric source provides ade- 
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Figure 4 Picture of bottom ripple structure with buried hydrophone array. 

quate secondary generation in the frequency range 2-16 kHz. The secondary source 
levels (calculated by integrating over the total secondary bandwidth) are over 200 
dB re 1 pPa 8 l m  (see [27] for details). The use of the parametric source ailows rel- 
atively narrow transmit beams (on the order of 3.5", also integrated over the band) 
for the secondary frequencies. 

One type of secondary waveform generated by the TOPAS is the so-called "Ricker" 
pulse, which is defined as the second derivative of a Gaussian function [28]. An 
example in the time and frequency domains is given in Fig. 5. These pulses have 
a time-bandwidth product close to one. The data runs analyzed in this report will 
consider only this transmit pulse type. 

The receiver was a 16-element linear array whose preamplifier section was speciaily 
designed to  reject the primary frequency band of the TOPAS (note that the primary 
frequency source levels for this parametric source are roughly 30 dB greater than for 
the secondaries). The elements were spaced at 9.4 cm, giving a nominal X/2 spacing 
for 8 kHz. The array was mounted vertically close to  the source giving a near- 
monostatic source-receiver geometry, and dowing moderate rejection of scattered 
energy corning from the sea surface. 

In order to easily vary aspect and grazing angles, a portable underwater rail system 
was designed and built [29] for the above-mentioned transmit-receive system. It 
consisted of a 24 m long rail that rested on the seabed, and a four-footed basement 
structure on which an adjustable-height tower was attached. The TOPAS and the 
16-element array were mounted in a frame with mechanical pan and tilt motors 
at the top of the tower. While the TOPAS source could be mechanicaily steered in 
both pan and tilt, the vertical array was attached to the frame such that it could not 
be tilted in the vertical, only panned in the horizontal. The entire basement-tower 
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Ricker Pulse 

Tirne (rns) 

10 15 
Frequency (kHz) 

Figure 5 Example of a TOPAS-generated Ricker transmit pulse in the time (top) 
and frequency (bottom) domains. 
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10 METER 
TOWER 24 METER 

RA1 L TOPAS TRANSMITTER / 

STRUCTURE 
WITH FOUR LEGS MOTORS FOR PAN-AND-TILT UNIT 

Figure 6 Equipment used for trial: rail, stabiliting stwcture, and tower (left); 
transmitter, receiver, pan-and-tilt systern (right). 

assembly could be Lifted off the seabed by pumping air into reservoirs attached to 
the tower, and could be moved along the rail by the use of an electric motor and a 
chain assembly. Underwater photographs of the equipment can be seen in Fig. 6. 

Ali underwater equipment was deployed N 150 m offshore and cabled to a shore 
station. The received signals were appropriateiy filtered, ampiified, and recorded 
on a workstation-based data acquisition system. The data were written directly to 
binary files on hard disk, and immediate data quality checks could be done using 
computers iinked together over a small local network. 

3.3 Targets 

The two buried targets used during the trial were a solid aluminum sphere and a 
water-filled cylindrical shell. The solid aluminum sphere had a radius of 0.3 m, 
and has been used as a reference object in other theoretical/experimental work at 
SACLANTCEN [30]. The cylindrical shell was made of steel 6 mm thick, was 2.0 m 
long, had radius 0.25 m, and had flat endcaps. This cyiinder has also been used as 
a reference ob ject for various theoretical and experimental studies [31, 301. 
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Both targets were intended to be flush buried (as described in Sect. 2.2). This is an 
important case, since in addition to the targets being opticaiiy invisible, it is also 
generally considered the limiting case for scour burial mechanisms on sandy seabeds. 
Scour pits are formed around bottom-laid objects due to sediment transport which 
is dependent on the characteristics of the seabed and the hydrodynamic flow veloc- 
ity [l]. Bottom-laid objects provide a flow obstruction which can locady enhance 
the flow velocity, and create conditions for sediment transport. Once an object has 
settled into a scour pit and the pit has been filled by sedimentation such that the 
object is completely covered, the flow is no longer perturbed and scouring can be 
assumed to  cease. 

In order to bury the targets for this trial, pits were excavated by divers, the targets 
placed in the pits and then re-covered with sand. The resulting burial had the tops 
of the targets between 10 and 15 cm from the sand-water interface. Unfortunately, 
time was not available in order to allow the seabed to return to a more naturd State. 
Future experiments have been planned with this objective in mind. 

Reference hydrophones were attached t o  the buried targets in order to have a precise 
estimate of the direct travel time of the transmitted pulses. These hydrophones 
were important both for overaii geometry reconstruction (especially grazing angle 
calculation) and for estimating the expected time of arrival for the target returns. 

3.4 Geometry and equipment layout 

Figure 7 shows a top view of the experimentd layout for the trial. The geometry was 
designed in order to  obtain target backscattering measurements for transmit-receive 
geometries both above and below the norninal critical angle of the sediment. An 
array of hydrophones was also buried during this experiment in order t o  measure the 
one-way transmission levels of sound into the sediment; these data will be discussed 
in another report. The water-filled cylinder was buried such that its orientation 
with respect to the rail was as close as possible to broadside in order to maximize 
its effective target strength. 

There was a noticeable slope (.v 4.6') to  the bottom along the Line of the experi- 
mentd setup. An approximate schematic for the side view is shown in Fig. 8. The 
source and receiver were mounted on a 10 m tower, also shown in Fig. 8. 
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Figure 7 Top view of the experirnental geometrg for MCG2-97. 

Figure 8 Side view of the ezperimental geometry for MCG2-97. 
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Data analysis 

4.1 Basic data description 

In order to study the buried target backscattering characteristics as a function of 
grazing angle, the tower was moved along the rail to a given position, the source was 
steered to a particular target based on an estimate of the experimental geometry 
(and using the signal on the hydrophone attached to the target as an additional 
guide), and a series of pings were transmitted and the backscatter recorded. As 
mentioned previously, the transmit pulse was the Ricker pulse shown in Fig. 5. The 
pulse repetition rate was typically set to  500 ms. Figure 9 shows an example of time 
series recorded on the 16-element array for the buried sphere with a grazing angle 
of 33.3". 

In Fig. 9, the bottom-most hydrophone on the array is labeled number 1 and the 
top-most element is number 16. The direct sphere return can clearly be seen arriving 
between N 21-22 ms across the array. The other return arriving between N 25-26 
ms is due to energy that has scattered from the sphere up to the water surface and 
back down to  the receive array. Note that the return from the surface is less coherent 
across the array due to the rough nature of the sea surface. Channel number 17 on 
the plot is from the hydrophone that was attached to the buried sphere. 

An important tool used for experimental data quality checks, post-processing, and 
analysis is a conventional plane wave delay-and-sum beamformer (see [32] for de- 
tails). Figure 10 shows a beamformed image for the ping of Fig. 9. In this plot, 
a steering direction of 90" corresponds to broadside to the array, angles greater 
than 90° point toward the sea bottom, and angles less than 90" point toward the 
sea surface. The direct target echo and surface reflection can be seen a t  the times 
corresponding to  those seen in Fig. 9. 

4.2 Ping-to-ping fiuctuations 

Although the tower and rail provided a relatively stable platform for easily varying 
the grazing angle to the buried targets, the tower was not perfectly stationary in 
the vertical while at  a given rail position due to  wave action. Figure 11 shows 
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Sphere Retum on 16-Element Array, 33.3 Grazing 
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Time (ms) 

Figure 9 Example of 16-channel array reception for buried sphere at 33.3" gmzing. 
The bottom-most channel of the array is labeled #1,  the top-most #16. Channel #17 
is from the hydrophone attached to the sphere. 
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Beamfoming Example for Sphere Retum, 33.3O Grazing Rel. Lev. (dB) 
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Figure 10 Example of beamforrning output for buried sphere ping at 33.3' gruzing. 
Broadside corresponds to 90' vertical steering. 
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Heave, Roll, and Pitch for 33.3 Run on Sphere 
-252.5 z? I 1 I I I l 1 

C. 

Figure 11 Example of Motion Reference Uni2 (MRU) data for buried sphere mn 
at 33.3' gmzing. 

an example of the variablity in sonar position during a given run (this is the run 
from which the single ping in Fig. 9 was taken). A Motion Reference Unit (MRU) 
was attached to the sonar head so that its overaii attitude could be measured on 
a ping-by-ping basis. The "heave" measurement corresponds to  heading in degrees 
relative to magnetic north. If one considers looking straight through the sonar 
head from behind, the "roli" measurement corresonds to  backward-forward tilting 
in degrees of the sonar (negative "roil" corresponds to a forward tilt), and the "pitch" 
measurement corresponds to clockwise-counterclockwise rotation in degrees of the 
the sonar. The result of the wave action contributing to the tower movement can 
be clearly seen in the roll and pitch traces of Fig. 11. The variability seen here is 
representative of the runs to be shown in this report. 

Another source of ping-to-ping fluctuation in this data set is due t o  backscatter com- 
ing from the surface. Since the surface was changing in time due to  wave motion, 
it provided a different surface for the energy coming from the target to scatter from 
on each ping. Although the beamformer is able to reject energy arriving from un- 
wanted directions to a certain extent, it can not do this perfectly. This is iiiustrated 
in Fig. 12, which shows the extracted direct target returns for six different pings. 
These time series correspond to  the beam that contains the maximum target return, 
chosen from a smaii subset of beams near the estimated grazing angle. Note that 
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the direct target return from 21-22 ms is very consistent across pings, but that the 
shape of the return from 24-25 ms is variable. This is "sidelobe" energy from the 
surface return. 

It should be noted that this energy coming from the surface reflection may, in ad- 
didtion to the direct return, be important for buried target detection. Fawcett [ll] 
and Hovem [33] have recently shown simulation results indicating that more energy 
can be backscattered from buried targets in directions closer to  the vertical than in 
the monostatic direction. Whether this energy is received after reflection from the 
sea surface in a monostatic configuration or directly in a multistatic mode, and the 
relation of the multistatic target echo level to reverberation level (also dealt with 
in (331) are items for future work. 
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Figure 12 Extracted target returns for 
33.3' grazing. 
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4.3 Full band results 

Figures 13 and 14 show plots of extracted target returns for the buried sphere a t  the 
various grazing angles covered in the experiment. Again, these represent the beam 
outputs that contain the maximum target return. The small arrows a t  the tops of 
the plots show the estimated time of arrival for the target echo based on the direct 
path travel time measured by the hydrophone on the target. 

The background estimates were formed using the order truncate average (OTA) 
method [34] with a 5 ms averaging window (giving roughly 39 independent sam- 
ples). Background normalization and design of constant false alarm rate (CFAR) 
processors in cases such as this is a difficult problem [35] given the nonstationarity 
of the reverberation and the likely departure from Gaussian of the reverberation 
statistics (as described in [36]). The OTA method mentioned was chosen for this 
analysis as a trade-off between complexity and performance, and is meant only to  al- 
low consistent comparisons of SNR estimates for the various targets, grazing angles, 
and frequency bands. Optirnization of this important processing step is an item of 
future work. 

Figure 13 shows relatively good estimated SNR down to Og = 25.5'. Unfortunately, 
the Sand floor in the experimental area was not completely clean, and the echo from 
a small partially buried rock is visible in the returns shortly before (N 1 ms) the 
sphere. Figure 14 shows decreasing SNR, until the sphere echo is indistinguishable 
from nearby reverberation peaks a t  9, = 21.9'. 

Figures 15 and 16 show in a similar light the results for the buried cylinder. In 
this case, there is also some "extra" clutter arriving before the target echo, mainly 
due to  the buried hydrophone array and its cables. The echo from the cylinder is 
relatively clear a t  the first few grazing angles, but becomes obscured fairly quickly 
(by 8, = 22.2'). Interestingly, the target echo appears to reemerge slightly from 
the surrounding noise at  the two lowest grazing angles, which could be due t o  a 
more rapid falloff in BBS than target echo level vs. grazing angle. Also, there is a 
consistent feature in the returns of Fig. 16 appearing N 4 ms after the target echo. 
This has been identified as a reflection from an unknown bottom object (possibly 
buried) through examination of the fuii beamformed images, rather than surface 
reflected energy. 
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Figure 13 Sphere returns (full band) for four highest gmzing angles with back- 
ground estimate. 
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Figure 14 Sphere returns (full band) for four lowest gmzing angles with background 
estimate. 
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Figure 16 Cylinder returns (full band) for four lowest grazing angles with back- 
ground estimate. 
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4.4 Low frequency processing and noise limitation 

In order to get an initial indication of the frequency dependence of the combined 
target echo plus "noise" signal, the data have been processed by applying a lowpass 
filter at  3 kHz. This is done simply to show that an improvement in SNR can be 
obtained at subcritical grazing angles by concentrating on the lower frequencies, as 
would be expected from the results of Sect. 2. Optimization of transmit pulses, 
transmit and receive beamwidths, and receiving filters will be follow-on topics of 
research. 

As can be seen from Fig. 5, the low frequency levels of the given transmit pulse are 
falling off quite rapidly below 3 kHz. When applying the lowpass filter to the data, 
it was found that the target echoes are more likely "noise" limited (ocean ambient 
and electronic) instead of reverberation limited. This is illustrated in Fig. 17 with 
the run on the sphere at Bg = 25.5O. 

The top plot in Fig. 17 shows the full band results, where the ambient levels can be 
seen to be well below the backscattered levels in the important region around the 
target echo. The ambient data is taken from a beam steering in the same direction 
as the backscatter data. Since the ambient data were found to be rather nonsta- 
tionary due to transients in the water from equipment movement, levels averaged 
incoherently (Le., averaging the envelope squared) over 50 ping intervals are shown 
vs. the single ping backscatter results. The middle plot shows the lowpass fiitered 
results. The averaged noise level is significant compared to the single ping target 
echo and the surrounding reverberation/noise peaks. 

The desirable solution to this noise limitation would be to  increase the source level 
to ensure a reverberation limited scenario. Since this is not possible with the given 
data set, coherent avemging has been used. The bottom plot of Fig.17 shows the 
result of coherently averaging the low frequency data over 50 pings (Le., directly 
averaging the time series in volts). 

Of some concern is the effect of the ping-to-ping fluctuation due to  source/receiver 
movement on the coherent averaging process. F'rom Fig. 11, maximum excursions 
of tower roll can be seen to be on the order of f 0.5'. With a 10 m tower height , 
we can approximate the maximum laterai displacement a t  the source/receiver to  be 
roughly f 9 cm. The wavelength in water at  3 kHz is X,;, = c,/ f,,, x 50 cm. 
Although the maximum excursions give approximately 0.36Xmi, phase shifts which 
can lead to some destructive interference, this is not seen to be a large problem since 
most of the pings have smalier shifts. As an exarnple, comparing the two bottom 
plots of Fig. 17 shows a loss of only a few dB between the single ping target echo 
level and that for the averaged case. 

Unfortunately, the coherent averaging of the lowpass filtered data provides a differ- 
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Figure 17 Backscatter data (sphere at 25.5' grazing angle) vs. characteristic 
ambient noise: single ping full band bacbcatter with incoherently averaged noise 
(top), single ping backscatter with incoherently averaged noise lowpass filtered at 3 
kHz (middle), and filtered coherently averaged backscatter and noise (bottom). 
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ent type of processing than the single ping target echoes of the last subsection where 
the fuli band data was considered. This should be kept in mind when comparing 
the results. However, given the previous fluctuation discussion and the spatial sta- 
tionarity of the dominant bottom reverberators, the comparison should give a good 
initial indication of the frequency domain trends of the physical phenomena. 

4.5 Low frequency results 

Figures 18 and 19 show the results of lowpass filtering the returns at  3 kHz for the 
buried sphere, while those for the cylinder are shown in Figs. 20 and 21. The reduc- 
tion in total bandwidth due to the filtering is apparent in the overaii "smoother" 
appearance of the traces and the broadening of the target echo compared to  the fuli- 
band results (where the target is evident). For lower grazing angles, a qualitative 
comparison between the full-band and filtered results shows that the target echoes 
are more evident amidst the noise background. For higher grazing angles, and es- 
pecially for the highest grazing angles of the sphere, the full-band target echoes are 
more (or a t  least equaily) apparent. Quantified SNR estimates and discussion of 
these results wili be given in the next subsection. 
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Figure 18 Sphere returns (lowpass filtewd at 3 kHz) for four highest gmzing angles 
with background estimate. 
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Figure 19 Sphere returns ( lowpss filtered at 3 kHz) for four lowest grazing angles 
with background estimate. 
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Figure 20 Cylinder returns (lowpass filtered at 3 kHz) for four highest grazing 
angles with background estimate. 
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Figure 21 Cylinder returns (lowpass filtered at 3 kHz) for four lowest graring 
angles with background estimate. 
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4.6 Full band - low frequency comparison 

From the results shown in the previous subsection, SNR estimates can be made for 
each case by comparing the peaks of the target echoes to the background estimates 
as summarized in Fig. 22 for both the sphere (top) and the cyiinder (bottom). 
Although the sand layer was-very deep for this experimental site, meaning that 
sediment volume scattering should not play a large role, good "reverberation-only" 
measurements are not available. This does not d o w ,  therefore, meaningful quan- 
titative prediction of the expected results, hence more qualitative comments are 
warranted regarding the estimated SNR at  this point. 

For the sphere, markedly different results can be seen for the filtering operation as 
a function of grazing angle. For supercritical cases (8, > 8, E 27.6'), a reduction in 
SNR is seen with the lowpass filter. Figure 3 shows that for supercritical insonifica- 
tion the sphere response should be relatively frequency independent for f > 3 kHz. 
If the reverberation is also relatively frequency independent, this loss of SNR with 
reduction of the effective bandwidth is an expected result [5, 371. If the reverber- 
ation faiis off a t  lower frequencies, the reduction in effective bandwidth should be 
offset to some extent by the effect of emphasizing frequency bands where the signal 
level remains high but the noise is lower. The falloff in SNR seen in this analysis, 
however, indicates that there is most likely not a strong frequency dependence to 
the reverberation spectrum. 

At lower grazing angles, some gain in SNR is achieved with the fiitering operation. 
In this case, Fig. 3 shows the modeled decrease in the target response with increasing 
frequency. The filtering operation can be seen as maintaining target echo energy and 
rejecting reverberation energy for the subcritical cases. 

The highest grazing angles measured with the sphere were not possible with the 
cylinder due to the geometry of the experiment. However, similar results can be 
seen with gains in SNR below the nominal critical angle when the filter is appiied. 

Another issue to keep in mind here is that the size of the insonified "patch" on 
the bottom contributing to reverberation is frequency dependent due to  a f - ' j 2  
dependence of the transmit beamwidth [26]. Therefore, any gains in SNR are coming 
in spite of this reduced spatial resolution at the lower frequencies. 
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Figure 22 Surnmary of estimated SNR for sphere (top) and cylinder (bottom): full 
band and lowpass filtered results vs. gmzing angle. 
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Discussion 

This report has addressed the issue of acousticaiiy detecting objects buried in ocean 
sediments at  low grazing angles, i.e., beyond critical angle, in order to increase the 
coverage rate over system concepts that are designed to work withii critical angle. 
Introductory material covered basic theoretical and modeling considerations. For 
penetration of acoustic energy into sandy seafloors with subcritical grazing angles, 
classical theory predicts that the evanescent component traveliing paraliel to the 
water-sand interface will coherently insonify buried targets with greater intensity at  
lower frequencies and shailower depths into the sediment. Some simulation results 
were covered which, in accordance with the evanescent wave theory for subcritical 
insonification, predict higher monostatic echo levels from buried objects at  lower 
frequency. Also, recent work on modeling and measurement of reverberation due 
to bottom backscatter was reviewed, with special attention to the frequency depen- 
dence in the range of frequencies of interest for this work, i.e., 1-10 kHz. Although 
it is evident that BBC is highly dependent on the particular bottom under consid- 
eration, some general trends are worth noting. Regarding rough surface scattering 
aione, there is some evidence for lower BBS a t  lower frequencies. When the structure 
of the underlying seabed lends itself to producing sediment volume scattering, the 
effect is more noticeable at lower frequencies due to the increased acoustic penetra- 
tion. Therefore, sediment volume scattering tends to "fill in" the BBS spectrum at 
lower frequencies for certain types of seabeds. 

The main thrust of the report was then in describing a recent experiment designed 
to explore the characteristics of echoes from buried targets over a large relative 
bandwidth (N 2-16 kHz) and for grazing angles both above and below critical. Pre- 
liminary data analysis efforts have shown gains in SNR for subcriticai insonification 
by considering only the lower part of the frequency band where the target echo is 
strongest. These results have at least partially verified the idea  behind the modeling 
work that has appeared previously, and is the first time, to the authors' knowledge, 
that this type of experimental data has been presented. 

A great number of issues are stiii in need of attention, however, in order to fuiiy 
address the design problem for higher coverage rate buried object detection sonars. 
It appears that many of the tools needed to do this work are now becoming available. 
Validated propagation, target scattering, and reverberation models are of key im- 
portance here, since when ail the basic physical interactions are understood and can 
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be modeled, general system design approaches can be taken. More detailed model 
validation activities will be the next step in analyzing this data set and others like 
it to be collected in the near future. 

Some interesting topics worthy of consideration are discussed below. One is the 
multipath nature of the target backscattering, as shown by the surface return in the 
beginning of Sect. 4. It makes-intuitive sense to use as much of the energy scattered 
by the target as possible in a detection scheme, but issues related to fluctuation of the 
multipath returns due to surface movement and echo ambiguity if a low frequency 
vertical aperture is not practical should be addressed. In this same vein, multistatic 
geometries are currently being considered in order to sample the three-dimensional 
scattered field. 

Also interesting is the topic of transmit signal and receiving filter design. As men- 
tioned previously, optimal schemes can be devised given perfect knowledge of the 
noise and target echo. In the case of additive white Gaussian noise, the optimal 
receiving filter would be matched to the target echo (colored Gaussian noise can be 
dealt with through prewhitening). The lowpass filter employed in this preiiminary 
analysis is then suboptimal, although it captures some of the flavor of the lowpass 
nature of the target echo. In any case, the gains seen in SNR give some level of 
confidence that robust processing methods can be devised that make minimal as- 
sumptions regarding target echo structure and noise characteristics. 

It is worthwhile to note that the peak in the target echo level in Fig. 3 occurs near 
1 kHz, at which frequency the sonar being used in this experiment has very low 
source levels. In order to more fully explore the lower frequency regimes of buried 
target scattering and bottom backscattering, SACLANTCEN is preparing to use a 
new parametric sonar with 15 kHz primary frequency and .v 0.5-5 kHz secondaries. 

Further gains in coverage rate and SNR should also be possible through transmit 
and receive beamwidth design. Wider transmit beams cover larger portions on the 
seafloor for a given insonification, and horizontal apertures (physical or synthetic) 
provide better spatial resolution to iimit reverberation. 

Ultimately, system design work will depend on a series of trade-offs involving per- 
formance level (in terms of probabiiities of detection and false alarm), coverage rate, 
hardware and processing complexity, etc.. The immediate goals of the continuation 
of this work are to be able to understand and quantify the basic physical interactions 
taking place so that the trade-offs mentioned above can be considered in a consistent 
and comprehensive way. 
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