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II

Abstract

Experimental measurements at near normal incidence of the
underwater acoustic backscattering from a pressure release model
rough surface.with Gaussian statistics were conducted in a laboratory
tank. Scattering measurements were obtained over the frequency range
VZp—jZQOAkﬂz, for a variety of transmitter and receiver positions. To
obtain a source that has sufficient directivity and a wide enough
bandwidth performance, to carry out the investigation, advantage was

taken of the parametric array's unique properties.

Theoretical expressions for the mean intensity were developed,
using the Helmholtz-Kirchhoff Integral. The Fresnel and
Fraunhofer phase approximations were used to evaluate the scattering
integral, and predictions for the mean intensities were compared with
the measured values. The Fresnel approach gave scattering coefficients

which were in closer agreement with the experimental values.
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Chapter 1 Introduction

1.1 Background

Interest in the scattering of waves embraces many fields of
activity. Scattering of electromagnetic waves from marine and
ground surfaces as considered by Ouchi, Uscinski, Robertson and
‘Thomag ( {){ andA frqm“spbjg}agiglﬂbgdg gs"s§uqigdvby Berry (2) are
developing areas of investigation. With regard to acoustics and
in particular underwater acoustics, the effect of rough boundaries
upon communication, detection and also the inverse problem of iden-
tification of surface features from scattered waves have all
commanded much interest. In this investigation the emphasis is placed
on a well defined underwater acoustic wave encountering a rough sur-
face and being scattered back into the half space containing the
acoustic source. A tremendous amount of material has been published on
this aspect of scattering, much of which was found most useful in this
study. Reviews by Horton (3) and Fortuin (4) provide useful intro-

ductions into the subject.

1.2 The Rayleigh Method

The earliest attempt to obtain a solution for a plane wave being
scattered from a rough boundary is attributed to Rayleigh (5) who
considered the case of normal incidence sound being scattered by a
corrugated surface. The solution consisted of the incident plane
wave being scattered in discrete directions,which had amplitudes
that could be obtained by successive approximations from an infinite

set of linear equations. This approach was extended by La Casce and



Tamarkin (p) for a general angle of incidence, and they presented
this with one of the earliest underwater experiments on a rough
surface. Using three constructed pressure release surfaces with
sinusoidal corrugations comparisons were made between the experi-
mental and theoretical values obtained by various approaches
including Rayleigh's. Reasonable agreement was obtained when the
surface slopes were small. Marsh (7) developed the Rayleigh
"method to investigate the scattered field from a one-dimensional
irregularly rough surface, however, little experimental work has

been compared with this method.

Uretsky (8) approached the problem of scattering from a
sinusoidal surface by using the Helmholtz equation written in
terms of Green's functions. Uretsky obtained a general solution
which showed that the Rayleigh method only gives good estimates for
the scattered field when the surface undulations are small. Again,
however, the problem was reduced to that of solving an infinite
set of linear equations by successive approximation. Using Uretsky's
theory the predicted preferred directions and amplitudes of the
scattered plane wave reflected from a pressure release sinusoidal
surface of particular dimensions were computed and measured by
Barnard ,Horton, Miller and Spitznogle (9 ) and good agreement was

obtained.

1.3 Helmholtz-Kirchhoff Method

Rather than using either the Rayleigh or a generalised Uretsky

method when approaching the problem of a non-deterministic surface,



such as used in this study, a more common course has been to use
the Helmholtz theorem with the Kirchhoff boundary conditions. The
Helmholtz integral expresses the scattered field at a point of
observation as an integral over the elementary Huygen sources
which are induced on the surface by the incident wave. The

source strengths are evaluated using Kirchhoff's equations. This
method initially applied to a rough surface by Eckaslt. (10), offers
a more tractable solution to the problem of scattering from a

randomly rough boundary than either the Rayleigh or Uretsky approach.

The Helmholtz integral is given by Clay and Medwin (11) as

exp (1kr)) _ (exp (1kr)) gg_] ds

ey =L o 2
p(r)-mT é[p o ( - - e

where r is the distance from dS, the surface element, to the
observation point, n is the normal to dS drawn towards the half
space containing the source and receiver, and p and 9p/9n are the
values of the pressure and its normal derivative on the surface.
The exact values of these latter two quantities on the surface

are generally unknown and the Kirchhoff method consists of
approximating these values by those that would be present on a
tangental plane at this point. With this approximation the bound-
ary conditions can be stated in terms of the incident field, p(i)

at the surface



p = R p(i) 1-2

op _ -Rop(i) -
on on 1-3

R = ZZC0891 - 21C0562 ) 1-4
Z,CosB; + Z;Cos6,

Where Ris the reflection coefficient. Using 1-4 Eckact:

developed a statistical theory for a boundary that is randomly
rough in two dimensions. Estimates for the mean intensity of

the scattered radiation from a randomly rough surface were obtained
for two regimes of long and short wavelengths of the incident radi-
ation relative to the surface roughness. A dimensionless para-
meter known as the scattering coefficient SC is defined, and for

these two cases is given by

wn
I

= (k2c? /47m)?2 S(ka, kb) long wavelength 1-5

w
1}

(1/8maB)exp[-3[(a/oc)? + (b/Bc)?2]] short wavelength 1-6

where a, b, ¢ are the sum of the x, y, z directional cosines of
the vectors from the transducer to the area of insonification and

from the area to the receiver, o and B are the root-mean-square slopes



of the surface in the x and y directions, and S(ka, kb) is the
power spectrum of the surface relief. At low frequencies the
scattering coefficient is seen to be dependent on frequency to
the fourth power, while at the high frequencies, for a bivariate
Gaussian height distribution, the only surface features involved

are the surface slopes.

Eckark's approach was applied to surfaces with a Gaussian
heiéhé Aiétfibuéiﬁn"aﬁd‘séeéifié Aﬁfoéorfeiafién‘f;ﬁctioﬁsrbf ﬁofton
and Muir (12). The short wavelength predictions, for a number of
incidence angles, were compared with experimental values of the
scattered intensity from a pressure release randomly rough sur-
face, presented in a companion paper by Horton, Mitchell and
Barnard(13). The boundary condition of equation 1-3 which for a

pressure release surface is given by

was changed to

to obtain calculated scattered intensities which were in good
agreement with the measured data. The negligible normal pressure
derivative was thought to arise from the strong relief on the model

surface.



Proud, Beyer and Tamarkin (14) extended the H&lmholtz-
Kirchhoff Integral approach and obtained a solution valid for
all frequencies for a one-dimensional randomly rough surface. Two
pressure release surfaces were constructed, one modelled to have a
Gaussian height distribution, and the other having an analytical auto-
correlation function. Using these surfaces it was shown that
acoustic scattering measurements could be used in conjunction with
‘tﬁe‘tﬁe6r§ tokdérivéthe‘rdof—ﬁeén;sdﬁéré.Heiéhf éf.tﬁe»firét‘sérfaée;
and correlation function of the second.

One of the earliest and most important treatises on the develop-
ment of scattering from a rough surface is that of Beckmann and
Spizzichino (15). The formulation of the problem on scattering from
a two-dimensional randomly rough surface is again statistical, and
based on the Helmholtz-Kirchhoff Integral. However, the geometrical
representation is simpler than of those previously mentioned; all the
solutions are normalised at the outset to a plane surface with unit
reflection coefficient, the calculation of the normal derivatives in
the scattering integral is not approximated to being in the ;
direction, and the expressions obtained cover the whole of the frequency
range for a two-dimensional randomly rough surface. The solutions
derived are also separated into two components, the coherent and
incoherent. The coherent part of the scattered intensity is obtained
from the ensemble average of the pressure with regard to phase. The
incoherent part is the residual mean intensity after the coherent
component has been removed from the total scattered intensity and

is given by



< = - '
.I>IC <pp*% <p%2 1-7

where p and p* are the scattered pressure and its complex conjugate,
<> indicates ensemble average, and IC, T and C are the incoherent,

. total, and coherent. intensities respectively. .

As the surface becomes smoother the signal variance reduces
and the coherent component becomes equal to the total intensity
and the incoherent component tends to zero. For large fluctuations
in intensity the coherent tends to zero and the total intensity
becomes incoherent. Their formulation of the scattering problem in
terms of two components normalised by a plane surface give final
expressions which are readily interpretable and lend themselves

easily to experimental investigation.

To obtain their solution to the scattering problem,Beckmann
and Spizzichino chose a surface with Gaussian height statistics
and a Gaussian autocorrelation function. The acoustic source
was given a rectangular directivity pattern with no sidelobes.
The principal result relevant to the scattered intensity from a

two—dimensional randomly rough surface is

oo

<I> mT2 F2 n 2y2T2
~—“T= D2 - 1 - g
IQT D? exp ( g)+ A exp (-g) 2 e exP-__ZE_ )
1-8

n=1



where

F, = 1 + Cos 84 Cos 62 — Sin 61 Sin 62 Cos 63
Cos 91 (Cos 91 + Cos 92 )

k2h? (Cos 8, + Cos 05)2

g =
D = Sinc oX Sin 8Y

a = (Sin 6, - Sin 6, Cos 63 )
B = -Sin 6, Sin 03

V2= a? + g?

<I>T is the total mean scattered intensity, and is normalised by
the specular intensity, I,, reflected from a plane surface with
a reflection coefficient of unity. X and Y are the half-lengths
of the insonified area A = 4XY. The incident scalar wave number
is k, h is the root-mean-square height of the rough surface and
T is its autocorrelation length. 6, is the angle of incidence,
8, 1is the scattered angle in the same plane as §; and 63 is the

angle out of this plane. The geometry is shown in figure 1 of the

following chapter. c\‘s%ﬁiumﬁx‘ usej,mw\ 1 \(zw\m s “a mxc‘w ‘aqmmhr

The first term on the right hand side of equation 1-8 is
the coherent component. For a surface with a Gaussian height dis-

tribution, this is seen to reduce exponentially as g increases.



The second term, the incoherent can be simplified for scattering
in the specular direction where V =0 and F = 1. In this direction

for g<<1 and g>>1 respectively then the incoherent component is

given respectively by

T’g nT2 1-9
L A lg<<1, o (a) S [~Ag]~ g>>1 - (b)

As T2<<A then when g<<1 the coherent term will dominate. The
inequality T2?<<A needs to be true since if it were not the case
only one or two irregularities would be insonified rather than an
area of surface roughness. At high frequencies the coherent expon-
ential term becomes negligible and the scattered intensity is

given by 1-9b.

Clay and Medwin (16) used the high frequency approximation
multiplied by a diffraction term to analyse backscattered data
of acoustic waves from the sea surface, and found it to be useful
near normal incidence. Hayre and Kaufman (17) extended the theory
to a surface with composite roughness. Medwin (18)following the
development of Beckmann and Spizzichino modified their approach
by introducing a more realistic directivity function for the
transmitter. The solution for normal incidence was used to estimate
the root-mean-square height and slope of an agitated water surface

from acoustically backscattered signals.

A serious criticism arises in the formulation of equation 1-8,

because the factor used to normalise the scattered field by the



specular intensity reflegted from a plane surface with unit reflec-
AL reclisals o
tion coefficient iskan}%ﬁuﬂQ, and this has introduced some confusion

into the literature when considering the incoherent intensity. The

normalising term used by Beckmann and Spizzichino is

_ 1kA Cos#;

Po = LR, exp (1kR;) 1-10

R1 is the distance from the surface to the receiving position. How-
ever, the normalising term should be that of the image solution, by
virtue of a plane surface being considered. But since a Fraunhofer
phase approximation is used by Beckmann and Spizzichino in evaluating
the scattering integral, for the response of a plane surface, the
image solution is not obtained. Fortunately the normalised coherent
intensity is the same as when the scattering integral is correctly
evaluated to give the image solution, although without the normali-
sation this would not be the case. However, the incoherent intensity

is incorrect when normalised.

Horton and Melton (19) extended the analysis for a rough surface
from a Fraunhofer to a Fresnel approximation and compared their pre-
dicted mean intensities with measured values at one frequency in the
specular direction, and found the Fresnel approximation gave better
agreement with observed data. However, the expression for the reflec-
tion from a plane surface wag not the image solution. Boyd and Deavenport
(20) considered the questionofa Fraunhofer phase approximation in the
scattering integral with particular reference to obtaining the image
solution when the surface roughness is allowed to tend towards zero.
Using Green's functions to calculate the coherent intensity and

evaluating the resulting integral using the stationary phase method,

10



an expression was obtained consistent with the image solution when
the surface becomes plane. Clay and Medwin (21) also obtained the
same solution from a realisation that the complete evaluation of the
Helmholtz integral for a plane surface would yield the image solution.

The correct form for the coherent pressure is given by

RGDg

<p> = -
P (Rg + R1)

exp [1k(Ry + R;)]. <exp(ikhy)> 1-11
where G is a constant containing source terms, Dg is the directivity
function, y = —=(cosf; + cos6,), Ry is the distance from the surface
to the receiver, R is reflection coefficient of the rough surface

and <exp(ikhy)> is the characteristic function of the surface and
gives the effect which roughening a plane surface has upon the
average reflected coherent pressure. For a Gaussian height distri-
bution, the characteristic function is given by exp[-(g/2)], where g
has been defined previously, and is known as the roughness parameter.
As the surface roughness éends to zero <exp(ikhy)> = exp[—(g/Z)]Eg61
and the image solution is obtained. Boyd and Deavenport normalised
the calculated intensity with the image solution, and used a heuristic
argument on Beckmann and Spizzichino's solution to obtain the total

scattered intensity given by

<I> _n2 _ AF’k? (Rg + R1)? T? _

(o]

‘ n 2v2m2
Q ?g{r'{! exp [-k4Z°T 1 [1-D§ exp(-g)1) 1-12

n=1

where
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v = v2(81, 62, 0) = (Sin 61— Sin 6,)2

1 + Cos 8; Cos 6, — Sin 8; Sin B,

F = Cos83;F; (81, 62, 0) = (Cos 61 + Cos 65 )

and all the other terms have been previously defined. The normalised
‘coherent pa?t‘is iden;iq;l to that of gqpa;ipn_1f8»bgt>the‘ichh¢rgn§
normalised intensity is different. The range, area, angle and
frequency dependence of the incoherent component are different to
those in equation 1-8. Reasonable agreement was obtained when the
experimental scattering data of Welton, Frey and Moore (22), on the
angular distribution of the mean scattered intensity at three
frequencies, was compared with the predictions of equation 1-12.

This demonstrated the correctness of the normalisation used.

At low frequencies when g<<1 the first term on the right hand
side of equation 1-12, the coherent term, again dominates. Clay,
Medwin and Wright (23) investigated the coherent component for a
wind driven water surface with an approximate Gaussian height dis-
tribution and observed the exponential decrease in intensity with
increasing frequency for small values of g. However, because the
probability density function was not ideally Gaussian, the experimental
values deviated from the simple exponential function for values of
g>3. Bruno, Novarini and Vara (24) considered the independence of the
,coherent component from the surface autocorrelation function. They
found that for Gaussian and non-Gaussian surfaces when using the
Helmholtz-Kirchhoff approach with the Fraunhofer phase approximation,

the coherent pressure was a function of the probability density



distribution of the surface heights only, regardless of the cor-
relation function. For large values of g in the specular direction

the dominating incoherent normalised intensity becomes

<I> _ A (Ro+Rp- T2
I T 16m h?
0 R2R? | 1-13

This shows a mean normalised intensity with an angular and frequency

independence which for fixed ranges and areas of insonification is

2
only dependent on the mean square surface slope’ (IS Q}L/Tf

Although Boyd and Deavenport used an improved method to calculate
the coherent scattered intensity, the incoherent was still obtained
using the Fraunhofer phase approximation, derived by a heuristic
‘modification of Beckmann and Spizzichino's expression for the integral
of the incoherent intensity. This modified form was, however, cor=
rectly normalised. Clay and Medwin (11) outline an approach which
improves on the linear phase approximation. Second order terms are
retained in the phase components of the scattering integral. This
Fresnel phase approximation is developed in the present study for

predicting the scattered intensity.

1.4 Present Investigation

At the beginning of this study the majority of laboratory
scattering measurements in underwater acoustics on model rough sur-

faces had concentrated on the angular distribution of the ensemble
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average scattered intensity. Most measurements were taken at distances
from the rough surface which were large compared with the area insoni-
fied, and usually at a single frequency or over a narrow bandwidth.
Much of the data collected under these conditions has been compared
with theoretical predictions based upon an evaluation of the
Helmholtz-Kirchhoff integral, using a Fraunhofer phase approximation,

as outlined in the previous section.

In the present investigation the ensemble average scattered inten—
sity from a model rough surface is measured. waever, the frequency
response of the scattered intensity rather than the angular distribution
is considered. Normal incidence backscattered intensity measurements
from a rough surface are presented, principally in the range 20-300 kHz,
although some measurements were taken between 600-1200 kHz. The trans-
ducer and hydrophone were gradually changed from positions where the
insonified area was large compared with their distances to the surface,
to positions where the separation of the transducer and hydrophone from
the rough surface were closer in value to the diameter of the insonified
region. Predicted intensities based on a Fraunhofer evaluation of the
scattering integral and a Fresnel approximation, developed in chapter 2,
are compared with the measured values of the ensemble average scattered

intensity.

A model rough surface of dimensions 60 x 65 x 3.5 cm was
constructed from a low density polyurethane foam. The surface
statistics were designed to be Gaussian, with a root-mean-square
height and autocorrelation length, compatible with obtaining pre-
dominantly coherent scattering at the low frequencies, and incoherent

at the high frequencies.
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The parametric array was utilised to obtain a source with
sufficient bandwidth performance and high enough directivity, to
conduct the investigation between 20-300 kHz. The parametric or
virtual end-fire array is a volumetric array brought into being by
the nonlinear interaction of two intense coaxial sound beams propa-
gating simultaneously through the water. Intermodulation frequencies

are generated by the interaction, and the lowest frequency produced,

which is the difference in primary frequencies, is particularly useful.

because it has a very narrow beamwidth, and can be readily varied
over a broad range of low frequencies by small changes in the primary
frequencies. An experimental study was carried out which demonstrates
the feasibility of using the parametric array in the context of the

laboratory scattering measurements undertaken.

All the scattering measurements were made in a fibre-glass tank
of dimensions 110 x 122 x 245 cm. Gantry facilities were manu-
factured and fitted onto the tank which allowed the freedom of move-
ment for the transmitter and receiver necessary to conduct the
measurements required. A framework was built to house the rough
surface underwater which could be manoeuvred to obtain the alignment
needed for normal incidence backscattering experiments. Transmitting
electronics were constructed which delivered two high frequency
quasi-monochromatic signals onto a broadband transducer which launched
them simultaneously into the water to generate the parametric array.
A receiver system filtered out the primary frequencies, and the
broadband of difference frequencies available were employed to make

measurements.

The theoretical development used to predict the scattered

intensity is based upon the Helmholtz integral with the Kirchhoff

15



16

approximations. This method was outlined in the previous section.

The derivation particularly draws on the second order phase approxi-

mation presented in reference (11). The scattering integral is

developed for a general random surface, and evaluated for the particular

case of a surface with a Gaussian height distribution and Gaussian
autocorrelation function. The directivity of the transmitted radiation

is assumed to have a Gaussian profile. The expression derived predicts

"the ensemble average intensity for any angle of incidence and scattering =
at any frequency. However, since multiple scattering and shadowing are
neglected very rough surfaces and low grazing angles are poorly

modelled.

The calculated scattered intensities are compared with measured
values of the near normal incidence backscattered intensities. For
the first set of experiments the transducer remains at a fixed
distance of 100 cm from the surface and an on-axis hydrophone measures
the scattered field at 70, 50, 30 and 20 cm, from the rough surface
between 20-300 kHz. 1In a second series of measurements the trans-
ducer also moves closer to the rough surface. The hydrophone occupies
the same distances from the surface and a similar frequency range is
covered, however, this time the distance between the transducer and
the surface is 86, 66, 46 and 36 cm respectively. Measurements are
also presented on the coherent component of the scattered intensity
between 20-100 kHz. Further observations of the backscattered

intensity were made over the frequency band 600-1200 kHz.

Although a parametric source is used for the majority of measure-

ments t