Proceedings of the Institute of Acoustics

SPATIAL CORRELATION IN THE BACKSCATTERED ACOUSTIC FIELD FOR
NORMALLY INCIDENT SOUND ON A ROUGH SURFACE

B. V. Smith and P. Atkins

School of Electronic and Electrical Enginaering, University of Birmingham, Birmingham
B1§ 21T

1. INTRODUCTION

When acoustic waves are incident upon a randomly irregular boundary, such asthe sea
bed, the resultant backscattered field exhibits spatial correlation. Forthe case of normal
incidencethe existence of such correlations in the horizontal direction has been exploited
in correlation lgPs designed to measure the speeds of vessels at sea, Dickey & Edward
1]. Thenormalincident, widebeam geometry gives themadvatages over the alternative
oppler logs which use narrow beams in grazing incidence. The present authors have
been engaged in the development of a correlation log, Atkins & Smith [2]. As a part of
this research a study has been made of the form of the horizontal spatial correlation of
the backscattered field for normal incidencs and its dependencs upon the nature of the
seéabed. The purpose of this present paper is to discuss this spatial correlation interms
of the transmission of a spherically spreading wave through a random phase screen.

2. THEORETICAL BACKGROUND

The problem of specular reflection of sound from a planar, perfectly reflecting surface
is often treated In terms of image sources, whereby the reflected field is effsctively
computed by considering the boundary as a transparent screen. If the incident sound

.is resolved into an angular spectrum of plane waves then the corresponding angular
specirum of the transmitted, ie. reflected, wave is determined by treating the screen as
a filter of angular spectra.

When the perf reflecting surface s rough a similar notion applies except that
additional phase shifts are introduced because of the variation of the surface heights
around the mean plane. This leads to the idea of treating the backscattering of sound
from a randomly rough surface in terms of its transmission through a random phase
screen, eg. Tamoikin & Fraiman [3] and Jakeman & McWhirter [4].

In this present paper the derivation of the spectral characteristics of the phase screen
in terms of the statistics of the bottom heights and slopes is outlined. e results are
then used to examine the correlation function of the backscattered sound and its
dependence on the bottom. The derivation is made using the Kirchhofi-Helmholtz
equation and from this the phase screen interpretation clearly arises.

2.1 Scattering Geometry

Fig.1 shows the geometry. T, Ry, Rz andr, rq, rp define respectively the positions of
the source and two receivers relative to an elemental surface area, ds, on the boundary,
R4 and Rz are separated a distance g, parallel to the x-axis. These transmission and
reception points are located a distance z vertically above the x-y plane, which coincides
with the mean plane of the randomly rough boundary. h is thelocal height of ds above
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the x-y plane and is considered to be a random function of positions x and y. 7iis the
unit vector normal to ds.  The co-ordinates rg, ¢ and € define the position in the x-y
plane of dxdy, the projected area of ds.

2.2 Kirchhoff-Helmholtz Scattering Integral

Making use of the tangental-plane Kirchhoff approximation and assuming that the local
reflection coefficient, I', of the boundary is described by an average value independent
of incidence angle, eg. Clay & Medwin [5), then the scattering integral gives pressures
p4 and p2 at positions Rq and Rz respectively:-

r, @ Lz
Pl.z=;f;;(pi' )ds
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where the incident pressure is given by.-

o poDr(¢-e)e-;kr
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where pg fs a constant source term and Dy{$, €) is the transmit directivity function. -

Following Boyd & Deavenport [6] by differentiating with respect to the normat, but
retaining the effects of the bottom slopes, the scattering integral becomes:-
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where A, ;= 2r,~2hcos$ * ssincoso.

2.3 Spatial Correlation of the Pressure

A spatial crosscorrelation between the pressures at the two recelver positions is made

by taking an ensemble average:-
<pipe>

This is the average of the total field, but for the case of significant scattering this will

approximate to the average of the incoherent portion of the field since the average of

the coherent component will be small in comparison.

Forming this crosscorrelation and transforming to relative and centre of mass co-ordi-
" nates, eg. Chernov [7], then :-
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where R, = yz2+E2+q?
D”|D1|2
H= <e}2k(h':ni"—h"cocc")>
JYSFTSE an an
s=(x5)=(55e)

His the characteristic function of the joint pdf of the surface heigts , h, atthe two positions,
x'y"'and x".y" and S is the spatial correlation of the surface slopes. Itis to be assumed
that H and S are functions only of the relative co-ordinates, x = x' - x” and y = y -y
H and S are also assumed to be isotropic and homogeneous.

it may be readily sh:)wn that the above integral reduces to the specular reflection result:-

<pp'>s :Tol
as expected for the specular case of H = tand§ = Q.
Two further co-ordinate transforms can be made which enables some integrations to
be completed. Firstly the centre of mass co-ordinates, £ and n are transformed to
polers, $ and 6, according to Fig. 2. This simplifies the integration if circular symmetry
for the source is assumed. The second transformation is to convert x and y to o and
y according to Fig. 2. This again simplifies the integrations because of the isotropic
assumption about the surface statistics.
The integral finalty reduces to, Smith & Atkins [8]:-

2]-2 2

. Pa !
<p,pi>= °f° DIC1 - Y*)Xa + Y?Xns J¥ o (kY G)dY

z 2
where y = sin¢
Jp is the Bessel function of zero order
Xns X 8re effectively angular power spectra obtainéd from Hankel Transforms of
the surface correlation statistics H and S. These are defined:-

Xn = mecJ,,(zkya)dd
[+]

Xns ™ f HS0J,(2kyo)do
o

- Aresult of a similar form to this has been obtained by Ishimaru [9] for the case of an
omnidirectional source without the bottom slopes being taken into account.

It may be shown that the integral in this final form gives the specular reflection result:-
L
C<ppTe =

whenH =], S=0.

Proc.l.O.A. Vol 12 Part 1 (1990).




Proceedings of the Institute of Acoustics

SPATIAL CORRELATION

2.4 Grazing Incidence )

Another result which can be deduced from this integral is the grazing incident case,
wheny = 1. Then for an omnidirectional source with a point scatter model D = 1 and
X = 1 and the horizontal spatial correlation becomes proportional to J , (kg ), aresult
obtained by Ol'shevskil [10]. '

3. DEEP PHASE SCREEN AS A SPECTRAL FILTER

The final integral in the previous section shows that the spatial correlation of the back-
scattered field is given by the inverse Hankel Transform of an angular power spectrum.
This power spectrum is the product of two spectra, D and P where D is the power
spectrum of the source and P is a power spectrum associated with the random bottom.
P, from the integral, is given by:-

P=(1=v)%0+ ¥ %

Thus the random bottom can be regarded as a random phase screen, refer to Fig. 3,
which *filters’ the source spectrum with its transmission spectrum P. :

3.1 Effect of Source Spectrum , '
An immediate and interesting conclusion is that if the sceen's spectrum P is much
‘broader’ than the source's spectrum D, then the ‘output transmitted’ spectrum,
associated with the backscatter, is given by that of the source. Under these circum-

" stances when ths inverse transform of the source spectrum is taken then the spatial
correlation is equal to the correlation of the source shading. Thus the field correlation
ibs determined entirely by the sourcs in this case and contains little information about the

ottormn. '

The same conclusion for grazing incidence has also been reached by Jackson &
Moravan [11].

In the other extreme, when the source is omnidirectional such that D = 1, then the field
correlation will be determined entirely by the bottom statistics.

3.2 Spectrum of Rough Surface

The spectrum P associated with the bottom has two components, sketched in Fig. 4.
The first, Fig. 4(a), is x , weighted by ( 1 - y?), which arises from the the bottom height
statistics. The welighting function biases the influence of this component spectrum
towards the normal direction, which is physically reasonable, since this represents the
shallow slope approximation. The second compoenent, Fig. 4(b), is x,, weighted by

v, which arises from the slope statistics. The weighting function in this case biases
the spectrum away from the normal direction. Again this is physically reasonable, since
the 'average’ effect of the slopes will be to deflact the sound away from the incident
direﬁtion. The effact of this latter component on the field correlation will be to introduce
oscillations.
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4. COMPARISON WITH EXPERIMENTAL RESULTS

For the case discussed in section 3.1, where the source spectrumn is dominant, the

conclusion is that the field spatial correlation is equal to the correlation of the source

shading. Now, consider a circular source of radius, a, which has a uniform surface

;:Iocf:‘ : tPe shading is correspondingly uniform. Therefore the spatial correlation will
of the form:-

|(r-2%)
where ? is the separation. This becomes zero when g = 2a, ie. when the separation
is equal to the array diameter.

The theoretical development outlined in this paper has used circular symmetry for
convenience and the Hankel Transform has resulted. However, before this symmetry
was assumed the integral was in the form of a two dimensional Fourier Transform, so
it is to be anticipated that similar conclusions should result with sources with other
geometries. So it is to be expected that the field wilt become largely uncorrelated for
separations equal to the source dimension,

Some results of correlation measurements of speckle in ultrasonic imagin% by Wagner
et al [12] support this conclusion, as does some work by the present authors [13] on
spatial correlation in laser speckle.

Some spatial correlation curves measured by Martin [14] for bottoms with three different
roughnesses are shown in Fig. 5. The projector diameter was 12.5mm and the
wavelength was 3mm. The curves approach the minimum correlation for separations
equal to the source diameter. There is only a small dependence of the curves on the
gravelsizes, which were all greater than a wavelength. The oscillations inthe correlations
could be accounted for by the influence of the bottom slopes, but there is insufficient
data on the bottoms used to enable this to be proved.

5. CONCLUSIONS

The main conclusion is that the horizontal spatial correfation of the backscattered field
from a rough surface may be evaluated by treatin% the suiface as a random phase
screen. @ screen acts as an angular spectral fiter such that the ‘transmitted’, ie.
backscattered field, has an angular spectrum which is the product of the incident and
screenspectra. The correlationis then glven by the inverse transform of this ‘transmited’
spectrum. It has been shown that the phase screen’s spectrum has two components;
one arising from the bottom heights and the other from the bottom slopes.

For the case of a very broad screen spectrum compared to the source spectrum the
spatial correfation has been shown to be equal to the correlation of the source shading.

6. REFERENCES

[1 F R DICKEY JR. & J A EDWARD, 'Velocity Measurement using Correlation Sonar’,
EEE Position Location and Navigation Symposium, San Diego, p255 6-9 Nov. (1978)

E?] P ATKINS & BV SMITH, "High Accuracy Two-Axis Velocity Measurin Device', IERE
lectronics for Ocean Technology Conference, Edinburgh, No.72, p77 March (1987)

Proc..O.A. Vol 01"2 Part 1 (13‘90)

(HEei) & NEt ar: e LT

11%
ri



Proceedings of the Institute of Acoustics

SPATIAL CORRELATION

[3] VVTAMOIKIN & A A FRAIMAN, 'The Statistical Properties of a Field Scattered by a
Rough Surface’, lzvestiya VUZ. Radiofizikia, 11, No. 1, p56 (1968)

F4] E JAKEMAN & J G MCWHIRTER, "Correlation Function Dependence of the Scintil-
: (agor; )behind a Deep Random Phase Screert’, J.Phys. A: Math. Gen., 10, No. 9 p1599
197

[5] C 5 CLAY & H MEDWIN, *Acoustical Oceanography’, Wiley, New York, (1577)

gS] ML BOYD & R L DEAVENPORT, 'Forward and Specular Scattering from a Rough
urface: Theory and Experiment’, J. Acous. $So¢. Am. 53, No. 3 p791 (1973)

[7] LA CHERNOV, 'Wave Propagation in a Random Medium’, Dover, New York, (1967)

ka] B V SMITH & P ATKINS, "Horizontal Spatial Correlation of Bottom Reverberation for

ormal Incidance’, manuscript in the course of preparation.

'[‘,9] A ISHIMARU, 'Wave Propagation and Scattering in Random Media’, Academic
ress,New York (1978) :

gggﬂ\; V OL'SHEVSKII, 'Characteristics of Sea Reverberation’, Plenum, New York,

L1 1] D R JACKSON & K'Y MORAVAN, 'Horizontal Spatial Coherence of Ocean Rever-
aration’, J. Acous. Soc. Am. 75, No. 2 p428 (1984)

HE] R F WAGNER et al, 'Fundamental Correlation Lengths of Coherent Speckle in
edical Ultrasonic Images’, IEEE Trans. Ulirasonics, Feroelectrics, and Freguency

Control, 35, No. 1 p34 (1988)

Qal_]r P ATKINS & B V SMITH, * Simulation of Acoustic Backscattering from a Random

urface using Optics’, Proc. Inst. Acoustics 8, pt. 3 p155 (1986)

E4] G R MARTIN, 'Bottom Correlation', Department of Electronic and Electrical
ngineering, University of Birmingham, Final Year Project Report No. 39 (1984)

12 _. Proc...O.A. Vol 12 Part 1 (1990)




Proceedings of the Institute of Acoustics

SPATIAL CORRELATION

Flgure 1

Flgure 2

Proc.l.O.A. Vol 12 Part 1 (1990) 113




Proceedings of the Institute of Acoustics

SPATIAL CORRELATION

M PHTSE SCREEN

|
[}
! (=¥ )% xa VX
t .
)
oxp 0
o
Figure 3 4 Ty a Ty
{a) {b)
Figure 4
HORIZONTAL
CORRELATION
COEFFICIENT
1.0
12.5 mm SOURGE DIAMETER
-—— COARSE
—-— FINE
—~ = — MEDIUM
16 //-'7‘;.\ ‘::"E.B
0 — S
2= 3 ——ac
02 SPATIAL SEPARATION {mm}
Figure S

114 ' Proc.1.0.A. Vol 12 Part 1 (1980)




