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Reverberation Fluctuations from a Smooth Seafloor

Steve Stanic and Edgar G. Kennedy

Abstract— High-frequency shallow-water reverberation statis-
tics were measured from a smooth, sandy, featureless seafloor.
The reverberation statistics are presented as a function of source
frequency (20-180 kHaz), grazing angle (30°, 20°, 9.5°) and source
beamwidths (1.2°-2.75%). Generally, the reverberation statistics
did not follow a Rayleigh fading model. The model dependence
of the reverberation statistics exhibited a complex behavior that
ranged from near Gaussian to beyond log-normal. The results
show that simall changes in the source frequency, grazing angles,
and beamwidths caused large variations in the model dependence
of the reverberation statistics.

I. INTRODUCTION

IGH-RESOLUTION rough-surface reverberation mea-

surements have shown that in general, Rayleigh fading
models do not provide an adequate description of rough-
surface clutter statistics. Rough surface reverberation mea-
surements made using high-resolution radars and sonars have
measured scatiered envelope amplitude distributions that are
described by Gaussian. Rayleigh, log-normal, Weibull or other
more complex probability density functions (PDF) [1]-[9].
High-resolution sonars have also been used to measure seafloor
reverberation [10), (11). er al. Boehme [12] and Stanic es al.
{13] have shown that sea floor reverberation statistics also
show significant departures from Rayleigh fading models. In
all cases, the scattering statistics have been shown to be highly
dependent on sonar frequency and beamwidth, McDaniel
has related Boehme's and Chotiros’ {11], [12] results at 30
kHz 10 the measured bottom micro-roughness spectrum [14}.
Stanton {13). [16) has shown that the shape of the PDF
can provide a measure of the relative levels of coherent
and incoherent scattering. Stanton has also related the PDF
shapes to estimates of bottom roughness, correlation lengths,
and bottom microstructure. These results have all assumed
that the seailoor returns were not contaminated by scattering
from subsurface volume scatterers. Alexandrou er al. [17)
have compared reverberation PDF’s generated by point scatter
model simulations with sea beam reverberation data. This
comparison lead to identifying acoustic signatures to be used
in seafloor classification.

This paper presents high-resolution seafloor reverberation
statistics as a function of frequency (20-180kHz), grazing
angle (30°, 20°, 9.5°) or equivalent range intervals (lengths
of insonified bottom area at the —3-dB points), and system
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Fig. 1. Schematic of insonified seafloor with 'y and .\, surface and volume
scatterers.

beamwidths (1.2°-2.75%). The results are compared to various
theoretical BOF models and to PDF’s measured for a coarse
shell bottom during the Jacksonville experiments [13].

Fig. 1 shows acoustic energy incident on a surface area
A that contains N, surface scatters. In addition, the acoustic
energy that penetrates into the sea floor is scattered by a
variety of individual volume scatters V.. For the monostatic
backscattering case, the signal at the output of a receiving
sonar sensor is given by

Vi = BiVi, exp {j(wr — 2kr; + 6;))]

where V;, is the backscattering amplitude, 6; is the scattering
phase of the signal scattered from the ith scatterer, r; is the
range between the sonar receiving sensors and the ith scatterer,
k = 2% /X is the acoustic wave number, and A is the acoustic
wave length, w is the angular frequency, = is time, and B;
is a system constant that accounts for system calibrations,
propagation losses, and other system related factors. If the
scatterers are independent, then the total reverberation field
due to the N, and N, scatterers can be expressed as

N
V= Z B,-,,exp”’z'

i=1

where ®; = w7 — 2kr; + 8; and N is the total number of

scatterers.

This total reverberation field witl in general fluctuate around
some mean value. It is the PDF of these fluctuations that iden-
tify the noise models against which target detection algorithms
must operate. For example, a processor optimized for Rayleigh
noise would perform poorly when operating against a non-
Rayleigh noise. The probability of false alarm (PFA), defined
as one minus the cumulative distribution function, can also be
used to characterize reverberation fluctuations. The PFA is a
more sensitive measure of the differences in the tails of various
PDF's than the cumulative distribution function.

The PFA for a Rayleigh PDF is given by (18]

PFA(y) = exp (—10¥/10).
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Fie. 2. Boitom phatograph showing the simooth featureless seafloor.
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For a log normal distribution the PFA is given by {19]

PFA(y) = /x exp =y ;':3.),{0)2]dy

where 3 is calculated from

1— /x loy/mexf’{"((y - 3)/0)2] dy.
- 0’\/2—7_

o is defined as the standard deviation.
The PFA for a Gaussian PDF can be expressed as [20)

y—m

g
where m is the signal mean. ¢ the standard deviation, and
erfc the error function.

PFA(y) = erfc {

II. EXPERIMENTAL MEASUREMENTS

A series of high-resolution bottom reverberation measure-
ments were made in an area 19 miles south of Panama
City, FL. The seafloor in this area was smooth, with only
small shell fragments spatially distributed in the sand. Fig. 2
is a photograph of the sea floor. A detailed experimental
description of the measurement area is given in Stanic et al.
(21.

Bottom reverberation measurements were made using
NRL’s stable acoustic measurement system [22]. The acoustic
measurements were made using a pair of nonlinear parametric
sources and a two-dimensional 12-hydrophone spatial array.
Source beamwidth as a function of frequency for the 250-
kHz and 450-kHz sources operating parametrically are shown
in Table I. Data from the receiving hydrophone located
at the center of the receiving amay were processed using
a high-speed compulter automated measurement and control
system (CAMAC). The data were complex base banded to
5 kHz, digitized at 20 kHz and recorded on a high-speed
parallel transfer disk. Individual reverberation envelopes were
calculated and the results recorded on optical disks. At each
grazing angle, the source frequency was varied between 20
and 180 kHz, thus, the areas insonified by the 450-kHz source
always contained the areas insonified by the 250-kHz source.

L ——“

TABLE 1
SOURCE BEAMWIOTHS AS A FUNCTION OF FREQUENCY

Frequency kHz Beamwidth (-3 dB)
20 2.5°
250-kHz source 0 20°
60 1.5°
90/NB (Narrowbeam) | 1.2°
90/WB (Widebeam) 2.75°
110 220
450-kHz source 150 10°
180 2.0°

TABLE 11
HORIZONTAL RANGE INTERVALS AS A FUNCTION OF GRAZING
ANGLE AND WIDEST SOURCE BEAMWIDTH 150-kHZ SOURCE)

Grazing Frequency ~3dB Horizontal Horizonal

angle LHz beamwidth  range range
interval interval
number length (m)

3¢ 90 2.75° I 12.4-139

—
20° 90 2.95° It 19.4-225
9.5° 90 2.75° 11 39.5-53.2

Table 1I shows the horizontal range intervals for the widest
source beamwidth (430 kHz) at each grazing angle.

For ecach experimental configuration, reverberation data
were taken for about 3 minutes using 5-ms long continuous
wave (cw) pulses transmitted at 1-s intervals. Since the re-
verberation data were taken using sonars mounted on a stable
platform, any ping-to-ping envelope amplitude variations werg
caused by fluctuations in the structure of the water column.
These fluctuations caused changes in the size and position of
the insonified areas. This introduced a random component into
the reverberation envelopes that increased with range.

ITI. AMPLITUDE STATISTICS

The data taken at each experiiment configuration were tested
for stationarity using the Mann-Whitney test {23]. This test is a
nonparametric test that can be used to determine if data points
form part of a locally stationary sequence on a ping-to-ping
basis. For each experimental configuration 3000 samples were
used to calculate the PDF’s of the reverberation amplitude
envelopes. For a two tailed test at o = 0.05, ie., 95%
confidence level. the test statistic (Z,) must be Jess than 1.96
in order for the data points to be considered as coming from the
same population and density function. Table 11 shows the first
20 test statistics at selected frequencies and range intervals.
At these and all other {requencies and range intervals, Z,, was
less than 1.96.

The reverberation distribution functions were normalized so
as to have a mean of one and plotted as the probability of
false alarms (PFA). These results are compared to theoretical
Rayleigh and log-normal disiributions with standard deviations
of 5.57 dB [24] and to a Gaussian distribution with a2 mean
of zero and a standard deviation of one. Fig. 3 shows PFA
curves as a function of frequency (180, 150, 110, and 90
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TABLE 111

MaNN-WHITNEY TEST STATISTICS (Za) FOR
SELECTED FrEQUENCIES AND RANGE INTERVALS

i Frequency 180 kHz Range

Frequency 90 kHz\VB Range

Interval | Interval 11
7, = 0.19647 Z, =0.03524
75 = 0.09996 Zy = 0.10571
Zy = 0.03792 2y =0.11746
Zy =0.09307 Z4 = 0.199C8
Zy = 0.34124 Zs = 0.01175
Zs =0.05170 Zs = 0.29365
Z: = 0.43844 Z- =0.10571
Zs = 0.25852 Ze = 0.03524
Zq = 0.01034 Zg = 0.04698
Zyo = 0.32035 Zyg = 0.08222
Zy1 =0.33427 Z1y =0.11746
Zyy = 0.22403 Zy3 = 0.09397
Zy3 =0.15511 Zy3 = 0.03524
Z14 = 0.51359 Zy5 =0.14095
Zy; = 0.19291 Zys = 0.04698
Zye = 0.27920 Zi6 = 0.17619
Zy7 = 0.52381 217 = 0.04693
Zya = 0.74109 Zye = 0.02343
Z15 = 0.72730 Zyo = 0.22313
Frequency 60 k}}z Range Interval | Frequency 20 kHz Range Intervel
11
Zy =0.17274 Zy =0.50212
Zy = 0.60439 Z2 = 0.48013
Z3 = 0.19865 Z3 = 0.11362
Z; =0.05910 Z4 = 0.35307
Z5 = 0.35003 Zs = 0.26022
Zs = 0.12042 Zg = 0.11362
Z; =0.30229 Z; =0.20891
Zs = 0.50093 Zs = 0.00611
Zs = 0.33634 Z3 = 0.12583
Z1o = 0.10364 Z10 = 0.47524
Zyy = 001727 25 =0.22113
Zyy = 0.00364 Zy2 = 0.04276
Z13 = 0.06310 Z13 = 0.05183
Z14 = 0.16410 Zys = 0.17470
Z15 = 0.00000 215 = 0.44836
Zis = 0.23047 Z16 = 0.40104
Zy: = 0.04313 Zy; =0.23334
Z1s = 0.06046 Zis =0.12339
Z15 = 011228 Zye = 0.20402

kHz/WB) and range interval for the data taken using the
450-kHz source. The data at 180, 150, 110, and 90 kHz/WB
and at all range intervals showed significant departures from
Gaussian, Rayleigh, and log-normal models. At range interval
lII the data at 150, 110, and 90 kHz/WB tended to follow
a PFA other than log-normal. At range interval II the 130
and 150 kHz data tended more toward Gaussian than did the
same data at range interval I. Only at 90 kHz/\VB did the data
show a sequential model dependence with increasing range
interval. The PFA curves at 90 kHz/NB, 60, 40, and 20 kHz
are shown in Fig. 4. These data were taken using the 250-kHz
parametric source. The data at 90 kHz/NB and range interval
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Il tended to follow a Rayleigh model. At range intervals |
and III the 90-kHz/NB data tended to follow PFAs that were
characteristic of high-ground clutter. At 60, 40, and 20 kHz the
data at all range intervals showed significant departure from
all chosen theoretical PFA models. Only at 60 kHz and for
probability of false alarms less than —1 did the data tend to
follow a Gaussian curve. These results are also sumimarized
in Table IV.

1V. BEAMWIDTH DEPENDENCE

Fig. 5 shows the PFA dependence on system beamwidth
and range intervals at 90 kHz. The data were taken using
the 450-kHz and 250-kHz source transmitting parametricaily
at 90 kHz with a beamwidth of 2.75° (WB) and 1.2° (NB)
respectively. At range interval I, the steepest grazing angle,
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TABLE 1V .
PFA MoDEL TENDENCY AS A FUNCTION OF RANGE INTERVAL AND FREQUENCY

Range Interval |

Model | Gaussian| Between| Rayleigh| Between| log- Greater
Gauss- Rayleigh| normal | than
ian and and log-
Rayleigh log- normal

normal

Freg-

kHz

180 X

150 X

110 X

90WB X

90NB X

60 X

40 X

20 X

Range Interval I{

Model | Gaussian] Between| Ravleigh| Between| log- Greater
Gauss- Rayieigh{ normal | than
ian and and log-
Rayleich log- normal

normal

Freg-

kHz

180 X

150 X

110 X

90WB X

90NB X

60 X

40 X

20 ’ X

Range Interval II{

Mode! | Gaussian| Between| Rayleigh{ Bewween| log- Greater
Gauss- Rayleigh| normal | than
ian and and log-
Rayleigh log- nomzl

normal

Freq-

kHz

180 X

150 X

110 X

90wWB X

9ONB X

60 X

40 X

20 X

the 90 kHz (WB) data tend to lie between a Gaussian and
log-normal curve, depending on the value of PFA. The NB
data tended to follow a model other than a high-clutter log-
normal model. At range interval 1I, both the WB and NB data
tended to converge on the Rayleigh curve. At range interval
[T, both the WB and NB data showed significant departures
from a log-normal curve. These results are also summarized
in Table V.
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90 kHz.

TABLE V
PFA MoDEL TENDENCY AS A FUNCTION OF RANGES
INTERVAL AND SOURCE BEAMWIDTH AT 90 kHz

Model | Gaussian| Between| Rayleigh) Between]| log- Greater
Gauss- Reyleigh| normal | than
ian and and log-
Rayleigh log- normal

normal

Range

Int.

1 % NB

I NB WB

v NB,

WB

V. DISCUSSION

The results presented in this paper show that reverberation
fluctuations measured from a sandy sea floor exhibit large
PFA variations. Even so, this area was in general considered
smooth (non-resolvable topographical features). Changes in
the size and location of the insonified area resulted in large
variations in the model dependence of the bottom reverberation
statistics as a function of frequency, range interval, and system
beamwidth.

The reverberation statistics measured from this sandy area
had different model, frequency, and range interval dependen-




STANIC A”iD KENNEDY: REVERBERATION FLL’CTU.%TIONS

cies than the reverberation statistics measured from the shell
covered aréa off Jacksonville, FL [13]. At the Jacksonville
site, .data taken at 180, 150, and 110 kHz and at range
interval | tended to lie between Gaussian and Rayleigh PFAs.
The Panama City data taken at the same frequencies and
similar range intervals had a different model dependence. At
frequencies at 180, 150, and 110 kHz, the model dependence
at range interval 1l was between Gaussian and Rayleigh.

A comparison of the Panama City and Jacksonville PFA"s
at 90, 60, 40, and 20 kHz showed that the Panama City
data was spread between Gaussian and log-normal, while the
Jacksonville data was in general spread between Rayleigh and
PFA"s that were characteristics of a clutter environment that
was higher than that of a log normal PFA. For the Panama
City data, only one PFA curve tended 10 follow a Rayleigh
model: 90 kHzZ/NB au range interval 1L

For the Panama City, Jacksonville, and all other reported
bottom reverberation data. it is assumed that the reverberation
was caused by scatterers located on the sea floor surface.
Recently, Boyle and Chotiros [25) have shown that even
at angles below critical a considerable amount of acoustic
energy can penetrate the sea floor sediment. The critical angle
for the Jacksonville data was 26°, Thus. the reverberation
statistics must be a function of both surface and volume
scatterer distributions. These scatterers can have a large range
of sizes, some distributed randomly and others distributed in
all tvpes of uneven and patchy configurations. In addition, their
scattering facets can be oriented at all angles with respect to
the maximum response axes of the sonar system. Because of
this complexity, no current theory can completely describe
the effects of the various scatterer distributions on the model
dependence of the reverberation statistics. The authors will
attempt to address- some of these questions with data taken
during a series of scattering experiments scheduled for the
Gulf of Mexico in August 1993
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