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Abstract- This paper describes recent results from an on-
going measur ement and modeling effort investigating shallow
grazing angle acoustic detection of targets buried under a
rippled bottom. The measurements arebeing performed in a
13.7-m deep, 110-m long, 80-m wide test-pool with a 1.5-m
layer of sand on the bottom. Therippled bottom isformed by
scraping the sand with a machined rake. A parametric sonar
(1to 20 kHz) and broad band (10 to 50 kHz) transducersare
placed onto the shaft of a tilting motor, which in turn is
attached to an elevated rail that enables this assembly to be
translated horizontally, permitting acquired data to be
processed and displayed as images. Data acquired with the
broad band transducers could be further processed using
synthetic aperturesonar (SAS) techniques. In previouswork,
measur ed calibrated backscatter levelsobtained from aburied
silicone oil-filled sphere were compared to predictions of a
model that uses perturbation theory. M ost of the data-model
comparisons exhibited good agreement (Lopes et al.,
" Subcritical Detection of Targets Buried Under a Rippled
Interface: Calibrated L evelsand Effectsof L ar ge Roughness,"
MTS/IEEE, pp.485-493.). In order to evaluate model
predictionson morecomplex scatterers, an additional seriesof
measur ements was conducted using an elongated cylindrical
shaped target that was buried under the rippled surface.
Imagesof theburied cylindrical target weregenerated and are
presented. Also presented are signal-to-noise ratios of the
buried target.

I. INTRODUCTION

Coastal areas present unique challenges to Mine
Countermeasure (MCM) operations. Due to the close
proximity of the sea surface and sea bottom, wave-induced
effects are significant near the seabottom, and objects such
as mines placed on the sea floor may bury. In order to
obtain large standoff distances and high area-coveragerates
with sonar, buried targets need to be detected at shallow
grazing angles. For sand sediments, where the speed of
sound is higher than in the water, thisimplies the need for
detection below the critical grazing angle (“subcritical”
grazing angle detection).

Physicdl models, treating sandy sediments as an
attenuating fluid with a flat interface, predict little to no
acoustic penetration into sand at subcritical grazing angles.
However, recent research has demonstrated that a
roughened bottom interface will enhance subcritical
penetration. A bottom interface with a random roughness
will  permit limited penetration, but the dominant
mechanism for subcritical penetration appearsto be dueto
scattering from ripple on the water-sediment interface.
Ripple acts as a diffraction grating that produces a*“quasi-
coherent” propagating wave in the sediment.

N™-order perturbation theory predictsthat the maximum
depression angle (B,) of the n"-order field propagating in

the sediment due to scattering from periodic ripplesisgiven
by
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Here, C1 is the water sound speed, C2 is the sediment
sound speed, @is the incident grazing angle, A is the
acoustic wavelength in water, and Aris the ripple
wavelength.

Recently, a controlled set of measurements was
conducted to investigate subcritical detection of targets
buried under arippled interface.>*® Inthese measurements,
a dlicone-oil-filled sphere was buried under various
sinusoidal shaped interfaceswith wavelengthsof 50 cmand
75 cm and root-mean-square (RM S) heights about the mean
of 1.6 cmand 2.5 cm. Ineach case, theripple wavevectors
were oriented in the same direction as the projected
acoustic beam.  This initial set of measurements
demonstrated subcritical detection viaripple scattering. In
addition, models that use first-order perturbation theory to
determine shallow grazing angle penetration were shownto
capture much of the behavior of the data. Measured
calibrated backscattered levels were found to be in good
agreement with model predictions across the experimental
bandwidth of 10 to 50 kHz. However, exceptions to this
agreement with low-order perturbation theory appear when
the ripple amplitude is high.

Theobjective of thiseffort isto conduct acontrolled set
of laboratory-type measurementsinvestigating the acoustic
detection of targets buried under a rippled interface at
subcritical grazing angles under more realistic conditions.
In this effort, a series of controlled measurements are
conducted to determine the effects of ripple orientation on
detection performance of a cylindrical /extended target in
the frequency range of 1 kHz to 50 kHz. Results of these
measurements are presented in this paper.

Il. MEASUREMENT SETUP

The measurements reported here were conducted in the
Naval Surface Warfare Center — Panama City (NSWC-PC)
Facility 383 over the course of several months (February
through May 2004). NSWC-PC Fecility 383 is a fresh-
water test pool that is 13.7 m deep, 110 m long, and 80 m
wide with approximately 1.5 m of sand covering the
bottom. A filtration system provided approximately 12 m
(~ 40 ft) water visibility and mixed the water column. The
sound speed in the water was found to have no velocity
gradients, and it varied from 1461 m/sin February to 1507



m/s in May. The bottom sediment was characterized to
have an attenuation level of about 0.33 dB/kHz/m, whichis
typical of sands, and a sound speed of 1668 m/s when the
corresponding water sound speed was 1482 nv/s. Using the
measured in-water and in-sediment sound velocity, and a
porous sediment model® for sound propagation in the
sediment, the critical grazing anglewas calculated to range
from 26° to 26.5°.

Figure 1 depicts the target field viewed from directly
overhead. Thetarget field contained arippled bottom area,
a buried target, a rail system with a sonar tower and an
extender, projectors, backscatter receivers, and free-field
hydrophones. In addition, a sand-scraping apparatus was
used to create sinusoidal ripple profiles on the bottom
sediment over the buried target. Therippled profile of the
scraped bottom patch and the superimposed fine-scale
roughnesswere measured using the In-situ M easurement of
Porosity 2 (IMP2) system. (An early version of IMP2 is
described in [5].) Each of these components is described
below.

The buried target was a solid a uminum cylinder with a
30.5-cm (12-inch) diameter and 1.52 m (5 ft) length. The
target was buried by divers with the aid of a dredge pump-
system. Thetarget was buried approximately 10 cm below
the water-sediment interface at a range of aimost 10.3 m
from the rail system. The cylinder was buried under the
rippled bottom at atarget aspect angle near broad side.

For each ripple profile, the burial depth of the target
relative to the mean sand surface and its aspect angle with
respect to therail system were measured (after collection of
all acoustic data) by divers with the aid of a reference bar
and probe. The cylinder was found to be approximately
6.5° off broad side and the top of the cylinder was buried
by about 10.8 cm bel ow the mean ripple height for each of
thethreeripplesformed. Depth uncertaintiesare estimated
to be + 1cm and horizontal uncertaintiesto be £ 5 cm.

Rail
System
A Platform

Therippled bottom areawas a patch approximately 3.66
m (12 ft) in length by 3.66 m (12 ft) in width, and it started
about 8.3 m from therail system (see Fig. 1). The scraper
used to form the ripple consisted of a frame and a “rake”
that glided along the frame. Divers positioned the sand
scraper at the appropriate range and angular orientation
fromtherail systemwith the aid of specified lengthsof wire
rope that ran between the rail system and the sand scraper.
After positioning the sand scraper, diversremoved thewire
ropes and attached concrete blocks (each weighed almost
2000 Ibs) to each corner of the sand scraper to hold it in
place. Therake was then pulled across the sand using two
winches located on each side of the test pool. Attaching
different inserts to the rake could form different ripple
contours. In the work reported in this paper, three
sinusoidal profiles corresponding to ripple orientations of
0°, 17°, and 31° wereformed. Each profilewasdesigned to
have aripple wavelength of 75 cm with an RM S height of
2.7 cm (as verified by measurements utilizing the IMP2).
After forming each ripple, divers carefully removed the
sand scraper and concrete blocksfrom thetarget field so as
not to disturb the formed bottom.

The bottom contour and fine-scal e roughness parameter
over the buried target were measured with the IMP2.
Figure 2 shows the three different measurements of the
ripple profilesby IMP2. Abovethe wavenumber associated
with each ripple wavelength, a power law was fit to the
roughness spectrum to characterize fine-scale roughness,
resulting in an estimated two-dimensional power-law
spectrum for each ripple configuration. Table 1 lists the
IMP2 measured ripple RMS height for each ripple

configuration and the computed spectral exponent, ¥, , and

spectral  strength® w,, for the finescale features
superimposed on each ripple configuration.
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Fig. 1. Target field.
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Fig. 2. Designed (red) and IMP2 measured (blue)
ripple profiles for 0° (top), 17° (middle), and 31°
(bottom) ripple orientations.

Table 1. IMP2 measured ripple parameters.

N . (4-7,)
Orientation RMS Height Y2 w (cm )
o° 2.66 cm 257 0.0001861
17° 2.58cm 2.16 0.0001304
31° 2.64cm 3.07 0.0001336

A rail system was aso employed in the measurement
and permitted data acquisition from different parts of the
target field so data could be displayed as an image and
synthetic aperture sonar (SAS) processing could be applied.
A photo of therail systemisshowninFig. 3. Thissystem

consisted of a12.2-m (40-ft) long guiderail, awheeled and
motorized platform that translated along the rail, a sonar
tower, and an extender. The sonar tower was attached to
the platform and stood 1.76 m abovethe bottom. A 2.13-m
(7-ft) tall extender could be inserted between the platform
and sonar tower to increase its height to 3.89 m, permitting
different grazing angles on the bottom.

The sonar tower held two sets of project and receive
transducers as well as scanning motors for horizontal pan
and vertical tilt, allowing the transducers an almost 360°
(180°) rotational (tilt) capability. A parametric sonar and
omni-directional International Transducer Corporation
(ITC) 1001 transducer were used as the projector and
receiver, respectively, for one set of transducers. The
parametric sonar was operated in the frequency band of 1to
20 kHz, and it produced about a 5° conical beam (3-dB-
down boundary) with side lobes more than 50-dB down
from the main lobe across its operational frequency band.
Thel TC 1001 transducer waslocated next to the parametric
sonar, and it was used to record the backscattered signals
when the parametric sonar was operated. The second set of
transducers consisted of two broad band, broad beam
transducers. One of these transducerswas aconical 10-cm-
diameter broadband transducer that was used to project
acoustic signals in the frequency range of 10 to 50 kHz.
The receiver was a 10-cm high by 15-cm long broadband
transducer operating in the 1 to 100 kHz band. The
broadband projector, broadband receiver, and the
parametric sonar were oriented such that their main
response axes were perpendicular to the rail. Figure 4
shows a photo of these transducers on the sonar tower.

Fig. 3. Photo of rail system.



Fig. 4. Photo of transducers on sonar tower.

Two free-field hydrophoneswere deployed in the target
field. Onewasan|TC 1001 transducer, and the other was
an |1 TC 1089 transducer. Both transducerswere attached to
small standsthat situated them approximately 0.6 m above
the bottom and about 14 m from the rail system. TheITC
1001 transducer and ITC 1089 transducer were used to
record each transmitted signal of the parametric sonar and
the wide bandwidth projector, respectively, as they were
trandated along the rail system. Thus, they provided
knowledge of the transmitted levels and of the locations of
the transducers attached to therail asthey moved along the
rail.

Transmitted signals were short sinusoidal pulses that
were either 2 cycleslong or 0.2 msinduration. The0.2-ms
signals had a 0.02-ms taper on the leading and trailing
edges to minimize ringing in the waveforms generated by
the source. The received signals were amplified, filtered,
and then digitized at a sample frequency of 500 kHz.

Buried target data were obtained by trandating the
transducers on the rail system and taking data in
approximately 2.5-cm increments. Data were obtained for
the various bottom configurations for 1.76- and 3.89-m
transducer heights above the bottom, corresponding to
grazing angles of 10° and 20°, respectively, which are both
below the critical grazing angle.

I11. RESULTS AND DISCUSSION

A. Data Reduction

MATLAB code was written to read and analyze the
collected data. The datawere processed and displayedina
backscattered intensity image (in dB), whichisaplot of the
backscatter intensity in range versus sonar location along
therail. The data acquired with the two broad band, broad
beam transducers were also processed using an w-k
(wavenumber) algorithm as described by Hawkins.” Here
the processed data, which are proportional to voltage, were
mapped to the appropriate range and cross-range and used
to generate a SAS image.

The datawere further analyzed to determine the signal -
to-noiseratio (SNR) of the buried target, in which the noise
level refers to backscatter from the bottom sediment, i.e.,
bottom reverberation. To estimate the reverberation level,
an average was taken from a patch near the target. The
patch location and size was approximately the samefor the
two source-receive systems used. Thelocation of thispatch
corresponded to an area situated approximately 0.5 m in
front of the target (i.e., about 9.5 m from the rail), and the
center of the patch was at the same cross-range as the
geometric center of the target. For data obtained with the
parametric sonar and I TC 1001 transducer, the patch was
1.6 mwide in cross-range and 1 m long in range, and for
data obtai ned with the broadband, broad beam transducers,
the patch was 2.75 m wide in cross-range and 0.75 m long
in range. The different patch area ensured that the
estimated reverberation levels were due to the rippled
bottom and not contaminated from returns due to the buried
target and from bottom areas that were not scraped. The
maximum return from the target was compared with the
mean estimated reverberation level to yield the SNR.

It should be noted that previous efforts have focused on
determining calibrated backscatter levels from a buried
sphere for dataanalysis and not SNR.® The motivation for
using calibrated levelswastwofold. First, theinteraction of
the in-sediment acoustic beam with a simple shaped target
such as a sphere can be modeled using T-matrix
calculations. Second, despite fairly uniform rakings with
the sand scraper, the bottom’s fine-scale roughness was
found to exhibit significant variability. Thisisclearly seen
in Table 1, which shows that the IMP2 measurements
performed on the three similarly raked 75-cm wavelength,
2.7-cm (RMS) height ripple profiles exhibit moderate
variability in the estimated fine-scale spectral parameters.
Thisvariability may lead to uncertainty in SNR predictions.

However, the T-matrix formalismisnot presently matureto
properly model the interaction of the acoustic beam with the
buried cylindrical target used in this series of
measurements. As aresult, SNRs are calculated.

B. Backscatter Intensity Images and Signal-to-Noise
Ratio

Typical backscatter intensity images are shown in Figs.
5 and 6 corresponding to data collected with the parametric
sonar and 1TC 1001 transducer and the broadband, broad
beam transducers. The images in both figures correspond
to a20° grazing angle and aripple orientation of 0°. Fig5a,
5b, 5¢, 5d, 5e, and 5f are associated with frequencies of 1,



4,5, 10, 15, and 20 kHz, respectively, and in each instance,
the pulse length is 2 cycleslong. A high amplitude return
from the buried cylinder is clearly seen at arange of about
10.3 mand cross-rangesfrom 5 to 7 mfor frequencies of 4,
5, 15, and 20 kHz. At 10 kHz, a return appears in the
image at the expected location of the buried cylinder, but
this return is only slightly above the surrounding bottom
reverberationlevel. At1kHz, highamplitudelevelsappear
across almost the entire displayed image (cross-range from
2mto 7.5 mand ground rangefrom 9 mto 13 m), and itis
unclear if the buried target was detected.

The backscatter intensity imagesin Figs. 6a, 6b, 6¢, and
6d were processed using SA S techniques and correspond to
frequencies of 10, 20, 30, and 40 kHz, respectively. The
buried cylinder is easily seen at 10, 20, and 30 kHz, and
these images indicate a target size of about 1.5 m and an
orientation of about 7°. Both of these compare well with
expected values. At 40 kHz, the buried target is observed
intheimage, but itsleve iscloser to that of the background
reverberation level.

Tables 2 and 3 list the measured SNRs at various
frequencies for the three different ripple orientations. In
both cases grazing angle was 20°. Table 2 refers to data
acquired using the parametric sonar and ITC 1001
transducer, and the transmitted pulses were 2 cycles in
duration. Table 3 corresponds to data collected using the
broadband, broad beam transducers in which 0.2-ms long
pulses were employed, and the data were processed using
SAStechniques. Trendsin thetablesindicatethat thereare
two regions in which the SNR peaks across particular
frequency bands. The first region corresponds to a
frequency range of 1 to about 10 kHz. The second refersa
region that begins near 10 kHz and rangesto about 40 to 45
kHz. In addition, the results show that for a particular
frequency greater than or equal to 20 kHz, the SNR in this
second region decreases with increasing ripple orientation.

The backscattered intensity plots and the listed SNR
levels show that sonar performance (image quality, SNR,
etc.) is dependent upon the combination of: (a) the amount
of acoustic energy penetrating into the bottom, (b) the
bottom reverberation levels, and (c) the sonar’ s resolution.
Subcritical penetration is due to either evanescent
transmission or ripple scattering. Previous work has
indicated that evanescent transmission is important for
frequencies less than 10 kHz while ripple scattering
becomes the dominant mechanism for frequenciesabove 10
kHz.2 Thisis consistent with the SNRslisted in the tables
that indicate two distinct frequency regions, oneregion<10
kHz and the other = 10kHz, in which peaks appear in the
SNR. Inaddition, for the case whereripple scattering isthe
dominant mechanism, perturbation theory predictsthat for a
particular ripple wavelength, the cutoff frequency for
subcritical penetration (where 5=0° in Eg. (1) and the
penetrating field becomes evanescent) decreases with
increasing ripple orientation, which isagain consistent with
measured results. For the conditions in this measurement,
first-order perturbation theory predictsacutoff frequency of

approximately 39 kHz for a 20° grazing angle and a 0°
ripple orientation. However, measurements at 40 kHz have
shown SNR = 14 dB. For this case, the perturbation
parameter (the product of the wavenumber and the RMS
height) at 20 kHz is aready 2.1, which is high enough to
cause concern for low-order perturbation theory and
suggests that higher-order effects need to be considered in
modeling.  Such results are consistent with previous
measurements.®®

Table 2. Measured SNRsfor selected frequencies.
Source is the parametric sonar.

f(kHz) 0°SNR(dB) 17°SNR(dB)  31° SNR (dB)
1 <0 <0 <0
15 <0 <0 <0
4 8 12 13
5 9 9
8 10 7
10 7 15
15 15 16
20 21 12

Table 3. Measured SNRsfor selected frequencies.
Source is the broadband, broad beam projector.

f(kHz) 0°SNR(dB) 17°SNR(dB) 31°SNR (dB)
10 13 15 17
15 21 21 21
20 27 25 19
25 25 23 16
30 26 19 14
35 21 --- ---
40 14 <0 <0
45 <0 <0 <0
50 <0 <0 <0

For the case in which evanescent transmission is the
dominant mechanism (i.e., less than 10 kHz), a lower
frequency pulse is expected to penetrate further into
sediment than one at a higher frequency. However,
subcritical detection of a buried target is also impacted by
bottom reverberation levels, which depend upon bottom
characteristicsand sonar resolution. Thisisshownin Table
2 and in the images in Fig. 5. Even though the sonar
resolutionis higher at 10 kHz than a 5 kHz, the SNR from
the buried target was less at 10 kHz than at 5 kHz. Thisis
most likely due to higher evanescent transmission at 5 kHz
than at 10 kHz. On the other hand, at 1 and 1.5 kHz, it is
unclear if the buried cylinder is detected. At these
frequencies, therange resolution is3 to 5 times larger than
at 5 kHz, and thus, the detection is not obvious, especially
when comparing to the higher frequencies where the
resolution is higher. In addition, when ripples are present,
scattering from the interface may be a significant source of
reverberation. The frequency of the dominant scattering
peak associated with rippled interface roughness readily
follows from first-order perturbation theory to be



f= C1/(24, cosh), )

with C1, A, and @ as previously defined. For
parameters used in this measurement, a 20° grazing angle
and ripple wavelength of 75 cm, Eq. (2) predicts the
scattering peak will be near 1 kHz. Bottom backscatter
measurements from a rippled bottom in the 1 to 10 kHz
frequency range have shown increased reverberation levels
according to Eq. (2).° Such an increase in reverberation
level may also explain why the buried target may not have
been detected.
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Subcritical detection performance is dependent upon
sonar’s resolution. This effect is observed by comparing
theimages of the buried cylinder appearing in Fig. 5d with
that in Fig. 6a(frequency of 10 kHz) andin Fig. 5f with that
in Fig. 6¢c (frequency of 20 kHz). For a particular
frequency, the image of the buried cylinder formed from
data acquired with the broadband, broad beam transducers
and processed using SAS techniques produced a target
image that had higher SNR and a more accurate indication
of size and orientation than that generated using the
parametric sonar. Thisis because the SAS processed data
resultsin a significantly higher resolution, which resultsin
less bottom reverberation levels, than the corresponding
results obtained with the parametric sonar.
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Fig. 5. Backscattered intensity images. Source is the parametric sonar.
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Fig. 6. Backscattered intensity images. Sourceisthe
broadband, broad beam projector.

IV. SUMMARY

A controlled set of measurements were conducted that
continue previous work?® studying shallow grazing angle
acoustic detection of targets buried in sand having a
sinusoidal, rippled sediment-water interface. Inthisrecent
effort, effects of ripple orientation on detection performance
of acylindrical target in the frequency range of 1 to 50 kHz
were investigated for 10° and 20° incident grazing angles,
which are below the critical angle. Three sinusoidal
profiles corresponding to ripple orientations of 0°, 17°, and
31° were formed over the buried target. Each profile was
designed to have a ripple wavelength of 75 cm with an
RMS height of 2.7 cm.

Theresults show that the buried cylinder can be detected
at subcritical grazing angles via evanescent transmission for
frequencies|essthan 10 kHz and via scattering from ripples
on the sea floor for frequencies of 10 kHz and above. In
addition, sonar performance (image quality, SNR, etc.) was
found to be dependent upon the combination of: (a) the
amount of acoustic energy penetrating into the bottom, (b)
the bottom reverberation levels, and (c) the sonar’s
resolution. When the data were processed using SAS
techniques, the generated backscatter intensity images
indicated atarget size and orientation comparable with the
expected values. Furthermore, the results of this
measurement were found to be consistent with previous
published work, which suggested that when the ripple
amplitude is high, higher-order effects need to be
considered in modeling for the subcritical detection via
ripple scattering.?

Future work includes: (a) completing analysis of the
data, including data obtained at a 10° grazing angle, to
determine the backscattered calibrated levelsfrom thetarget
and the bottom sediment, (b) comparing measured SNR and
backscattered intensity images to predictions of the Shallow
Water Acoustic Toolset (SWAT) code,® and (c) conducting
additional measurements to investigate detection
performance under morerealistic conditions, such asusing
ripple profiles similar to those found in coastal areas and
using differently shaped/extended buried targets.
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