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ABSTRACT

This paper presents a mew theory which extends the wave-

expansion formalism to irregular surfaces of arbitrary roughness
without the complexity of additional terms which are required in
the theories based on the same prineinle.

The theory 1s viewed agelnat the back-ground of currently
employed models and the experimental data,
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Higher Order Terms
amplitude coefficiente of the scettered field

q roughness parameter; denotes the degree of S(l)
modulations

P{u) %;QIIC (x) e "1 X 434y elavation spectrum ofS(_:E)
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T - spectrum

. = denotes reference
Q(Ks Ko) = general seattering strength function
9K = Ep) = moncstatic (back-scatter) scattering strength function

1,0. Introduction

Reverberation 1s conveniently divided inte
three groups: 1) sea-surface, 2) volume and 3) sea-floor reverberation.
It 1s the latter that will be discussed through the scattering
strength function defined by (1,1} for a monostatic (back-seatter)
eonfiguration, in the plane of incidence

QK = ko) = N fsas u )| %> (1.1)
where A = K cos @ end 5{.) denotes a scattering matrix the elements
of which eorrespend to various directions (modes) into which the
incldent field 1s fragmented.

Currently, there are three conceptuslly different approaches
to evaluate (1.1); 1) H-K theory which ie based on the Helmholtz
integral within the Xirchoff's approximation [[1] , 2} 7.E. Theory
inttialed by Rayleigh and subsequently extended and generalised
by Kuo 2] end 3} phenomenological approach [3 based on the
asasumption that the scattering surface,¥ {x), may be replaced
by the.individual scatterers superimposed on the flat boundary.

In this paper only the first two models will be discussed to
present the background for proposing a new theory vhich will be
called a Phese Spectrud, (P.5.), theory. This new theory is
based on the wave-expansion prineliple. The (P.S.) theory not
only combines some of the features from both HeK end W.E. models
but offera some interesting interpretations vhich are not readily

* inferred from these two theories.

2.0, H=K Thoery
In this formalism (1.1) 15 given by (2.1)
X = %o) =Z)R1%> K* TEH;qJ

§F°  cos“s (2.1)
end is subject to the condition (2,2)
2R, X cos @ >> 1 {2.2)
for local flatmess {47] and to (2,3)
f<< L 2 cos @ {2.3)
LMY

to exelude shadowing effects [4]




Although (2.1) applies to very rough (highly modulated)x(z)
conditions (2.2, 3} restrict (2.1} to a gently sloping surface
without eny sharp edges, It also requires that the ?horizantal)
rouglness scale iz meny times the acoustic wave-length. Eguatlon
(2.1} applies to the far fleld conditions.

3e0. W.E, Theory ) )
In this approach the same problem is handled quite differently.

The scattered field, in the plane of incidence, is poastulated and

the relevant boundary conditlions are satisfied exactly, Thie is

in contrast to (2.1) which 1s obtained by the reverse process for

& tranemitting and statistically rough’§ (x), kuo (2] obtained (3.1).

QX = K.} =)4[§|i" plu) + H.0.T. + (3.1)

In principal (3.1) applies to !(5) of any slope and mpdulation.
For practical purposes however 1t is reelly useful when the H,0.T.

" terms are discarded, Although under this comdition (3.1) applies

to% (x) of small slopes and modulation it 18 mot subjected to the

restrictive conditions (2.2, 3} required by {2,1).

4.0. Status of the H-K, and 7,E, Theorles

At present (2.1) is more popular than (3.1}, This primarily
is due to the fact that the highly modula.ted&(;) are of more
interest than the slightly modulated boundaries, although (2.1) 1s
a subject to more fundamental shortcomings than (3.1},

To apply (2.1) correctly in any veal situation (2.2, 3) must
be satisfied., 1t is not difficult to see that (2,1) may fail at
the low frequency limit on mccount of {2,2). . A%t the high frequeney
limit (2.1) will probebly be satisfled but on aceount of (2.3) the
H-X model, (2.1), will be reatricted to a gently sloping surface.
The validity of (2.1} wlll become more precaricus whenr applied to a
multiply structured §{x). '

& frequent eriticism levied against (3.1) is that the
assumption of the plane-wave superposition (4.1), for the scattered
field, '

t{u) exp [1 {(wax + {u) z] du, du (4.1}

on wiich (3.1) iz based fails to be true within the irregularities
of%{x)., It may be shown 5’6] that in this reglon there is an
additional set of waves imown as the inhomogeneous waves whilch
decay exponentially vZen the point of observation recedes from the
boundary. It is not frequently realised that the same situation
exists within the =X formalism. This stemns fron the fact that
(2.1) 19 based on a very simple Green function [ 7] vhich 1is
required to develop the H-K integral., This function is obtained
in such a way that it corresponds to the outgoing wave at & large
distance from %(x); no account 1s taken of the inhomogeneous
vaves, :

Secondly the H=F integrsl on vhich (2.1) is based hinges on
the Green's theorem which is valid for continuous f‘-elds,f’i].
The esmence of Firchoff's approxdnetion i auch tlat this eontimdty
repulrenent is not preserved.

To remove theve dcfects -dthin the F=¥ formalisnm wowld require
to invoke a more comanrehenaive Green function, At ithe same tiue
however, a clear mhysicnl pleture would be loat. ‘this is in
contrast to the .E. mpproach,

The experimental data sugrest the cerrectness of (F.1) rather
tinn (2,1) throughout the vhols rance of auples of laeilence. To
improve the 'performance' of (2,1) a shadowring fimetion ic
erployed af a premultiplyine faetor 4o force (2.1) to follow the



field data.

It 18 clear therefore that if the W.E. formalism could be
extendad to very ro (z) without the computational complaxity
associated with (3,1), when applied to the highly modulated :
boundariee, it would be preferable to the integral formulation (2.1)
This in faet 1e possible and is set forth in the next sectiom, 5.0,

5.0, Fhase spectrum theory

This theory ic based on the Rayleigh's principle. The
acattered and scattered-trensmitted fields are postulated in
mccordance with (4.1). To evaluate (1,1) boundary conditions of
continuous pressure and normal velocity acrose t;:-%(_g) are
developed in terms of the incident, scattered and scattered-
transmitted fields, Subsequently e peir of simultaneous equations
is obtained in which the exponential Dunction {5,1) 1s of fundamentdl
Inportance.,

exp[-1e($ @) ] (5.1)
Equation (3.1) is besed on_expanding (5.1) into power series in
terms of d'md (E}! fz]. Althenga.(5,1) converges for all
the valuss of its argument the convergence is very slow for'} § and
many terms are required, It is for this reason that (3.1) is
practlcally useful for{ &1, gently &loping and slightly modulated

X})a

To eircumvent  this difficulty 1t is postulated,[8] , that
exp[—iﬁ&(g)]= IIB(Eiﬂ e+ X du, du, (5.22)
Bui) = l“e WD, tuex ey ()
W
The equations arising from the boundary conditiona are expressed in
terms of the ‘spectral coefficients g&), (5.2), and a general

solution is obtalned for Q(K; Ko) which in principle applies to}(gg)
of any slope modulation end statistics,[9],

To proceed it 1s necessary to introduce some restrictions on
the gemeral solution. It will therefore be sasumed that X(x) will
be restricted Yo be gently undulating (emall slopes) but of any
medulation within the Gaussian statisties. Also the observational
conflguration will be confined to the monostatic {back-scatter)
geometry, Under these conditions 1t ia found [9) that 2(X; Ko)
reducea to

ofE = xo) = N [IAN? - 5] 2] P () +
Az R 27 [wiw) (5.3)

This is & very interesting result whenm it is recalled that
apart from the pre-multiplying factor the 18t and 2nd term in (5.3)
deplet the scattering cl:fractqristics of & alightly, {(3.1), and

highly {2.1), rough ). Theer two terms are combined linearly.
It eould therefore he argued t the ?all end large components of
gently slt:pingS(I) independen€ly scatfer the incident field.

It follows from the development of the 'theor;f[9] that the
aszumption of emall slopes implies a 2nd order statisties. This
in tum suggests that to handle'§ (x) with large slopes & higher
order statistics will ensue, It ig readily seen that the P.S5.
theory (5.3} is not the save for both presaure —elease and rigid
surface. This stems from the modified Rayleigh's reflection
eoefficient, This in contrast to the H-Y model, (2.1},

Similarly, AK; ¥o) and (K = o) may be readily obtained for
the scattered-transmitTied f1eld to ascertain the scattering

e



characteristics from within the medium,

Since (5.3) 1o based on the Rayleigh'e principle, (4.1),
formally 1t is not subject to (2,2, 3). ‘hen the source or receiver
or both are eituated close to or within the irregularities of $(x)
11 may be prudent to verify the relevant boundary comditions to test
the walidity of the postulated fielda.

6.0, Application

To apply {(5.3) 1t is fundamental to determine a reslistic
statistical representation of§ (x). To simplify matiers 1t will
be asmumed that™} (x) is singly structured, When the model of (x)
is based on the concept of discrete arrangement of particles
deseribed as a Markoff random process it 1s then found C‘J] that

Pl e (w2 £6.1)
‘2 - c{x = a x (6.2
and [ c(_)] % x )

Surface elevation spectrum, (6.1), applies only wheyg inequality
(6.3) 10 satisfied

a £ acoustic wave-length (6.3)
otherwise one would have discrete scattering objects and not the
aseembly.

Waen (6.1, 2) are applied to (5.3) and'$ (z) 1s assumed to
be isotropic, (5.3) reduces to (6.4).

4 2 2 3 =1
(K = Ko} =13—_ )%acoa Oit‘ﬂl - lRl ](Sin )7 +

+ IR 2[70%)2 coa® o « s1n? 0] “¥2 (6.4)
a

Equetion (6.4) represents a closed form approximation to (5.3)

7.0. Theory ve, Experiment ’[9:]

Experimental verification is very emecoumsgirg indeed. At this
stage it is more significant to note the eimilarity in shapes
rather then the absolute levels.

At high frequerncies both absolute values and shapes correlate
quite satisfactorily, At low frequenciez the shapes remain
compatible, The levels are somewhat different. Thisis not really
surprising sincs the {P.5.) theory, (5.3), primarily depicte the
interfacial acattering. At low frequencies there will be some
voluze scattering from within the sea-bed, which is not included
in the P.S. theory, (5.3), T

8.0 Conclusions

A theory has been developed which extends the 7.B, formallism
to gently slnpingx (x) of eny modulation. It is also indicated
that for this type of ¥ (x) the small and large components of § (x)
seatier the incldent field independently. TFor (5} with large
slopes higher order statistics may be more eppromriate,

The theory-experiment verification is guite encouraging
subject to acoustic and statistical date on'§(x) being available.
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