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ABSTRACT

\5’ ’

This &tsae»ta%&en presents the results obteined in zn experimental
and theoretical study of the scattering of underwater acoustic weves from
.& rough surface.,w Four rough surfaces 32 in. by 32 in. in size were made
bor & pressure-release material. The reliefs of these surfaces were approxi-
mately Gaussian fand were charscterized by an exponential coveriance function.
The amplitude aFd relative phase of a pulsed wave scattered in the specular
direction were tneasured et & rrequency of 95 8 kHz for grezing angles from
6 deg to 480 d.eg Both the directionsl source with & beamwidth of 9 deg

neasured &t the half-power points and the omnidirectionsl receiver were
placed at a alsiat-line dictance of 60 in. rrom the scattering surfece for
-all measurements. P-we® measurements were uged to calculate the amplitude
fluctuationa, the phaseﬂ fluctustions, and the scattering coefficient. Theg-
r.et‘.i:c:&l formulas were developed for the fluctuations and the scattering
coefficient in the Fraunhotfer and the Freme%. approximations for the cpecular
direction '
The theoretical approach of Gulin vas .uﬁed, sucecessiully in the
Frasnel approxization to predict the @bséwe&r azplitude fluctuations for
values of the Rayleigh parameter less than 0.6, The experimentsl amplitude
Fluctuations reached s maxizws at o Rayleigh paraseter of 2.5 and for values
. between &,3 and T.k the fluctuations discloged A spread of 33 - 65 percent
(relative to ﬁhe average amplitude).
Gulin's theory 1la both the Fraunhofer aud Fresnel approxinsations
" ggrecd vith the experizenial phase fluctuations to vithin & percent
{relative to & raé;&a) for values of the Rayleigh parazeter less than 0.6.
The expericental phase fluctuations varied frow 12 to 290 pereent (velative
%o & radisn) over a rangs of values ef Rayleigh paraneters frow 0.2 to T.h.
| fhe theoretiead developuent in the Fraunhofer approxizatica
had to be extended to the Freganel approximation in owder to ebtain values -

‘for the sesttering cexffizient that vere in good agressient with the wmeasured
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~ experimental scattering coefficient.

values in the specular direction. As the value of the Rayleigh parameter
increased the difference between the theoretieal velues and the measured
values of the scattering coefficient increased in both the Fraunhofer and
Fresnel approximations. For values of the Rayleigh persmeter near 1.8 the
Fresnel theory predicted values within 2 dB of the experimental values of
the scattering coefficient. When the Rayleigh paremeter for the swrface
vas 3.6 (7.2), the theoretical value for the scattering coefficient vas

-5 dB (10 dB) smal1er than the experimental velue. The need for the Fresnel

thEOry wag evident in that for values of the Reyleigh parameter near T.2
the Fraunhorer theory predicted values that were 22 dB smaller than the
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" the scattered field from a sinusoidal surface. His solution was
' _ lengths of the surface and the ‘incident radiation were much larger
" -than the surface amplitude. It was 67 years laser before an exact
k «_,i"vsolution for the problem of the reflection of a plane sound wave from
- He made no simplifying assumptions concerning the frecuency of the

.surface. Uretsky (1965) has published an expanded paper in which

‘Hortun, Miller, and Spitznogle (1966) have given experimental results
“which show that Uretsky's theory provides a satisfactory prediction

. CHAPTER I
INTRODUCTION

The problem of the scattering of waves from a rough surface
has interested physicists ever since Rayleigh (1896) first predicted

limited to normal incidence and was applicable only when the wave-

a pressure-release corrugated surface was obtained by Uretsky {1963).
incident radiation or the geomelrical parameters of the sinusoidal

he givés more debails regarding his solution of this problem. Barnard,

of scattered sound field from a pressure-release sinusoidal surface

when the amplitude of the sinusoid is comparable to the wavelength
of the incicdent radiation.

The number of papers published’ in the area of underwater
acoustics in the last 15 years has shown the growing interest in

understanding the scattering of underwater sound by the sez bottom
and the sea surface. The topography of these surfaces is neither

periodic nor deterministic; in practice they can only ve described
by their statistical properties. The first general theory which
predicted the field scattered by a perfectly reflecting statistically
rough surface, the irregulerities being large compared with the wave-
length, was presented by Isakovich (1952). The problem was solved

in the Kirchhoff approximation; that is, it was assumed that the

field at each pcint of the surface could be represented as the sum

of the incident wave and a wave reflected from the plene -tangent to

the surface at the given point. In sddition, the ji«‘:‘*&unhof&r {farfisld)
‘approximation was used throughout the paper. The rough surface that

L




was studied by Isakovich was isotropic and characterized by e Gaussian
covariance function. ‘

Eckart (1953) presented a theory which predicted the field
scattered by a pressure release or rigid surface that -vas randomly

rough and isotropic. His theory for a directional source leads to
useful expressions for two limiting cases:
(1) when the wavelength of the incideht radiation is muzh
greater than the largest values of the surface relief, and
(2) when the wavelength is much less than the surface relief.
The Kirchhoff and the Fraunhofer approximations were employed through- ‘
out the paper.  Eckart did not consider any specific covariance )E
functiocus. B 3
Apparently,'the first theory in the Fresnel approximaticn
(as oppose@ to the Fraunbofer approximastion) was presented by

Tainstein {(1954). The method of physical optics (Kirchhoff approxi-

mation) was used to predict the field scatbtered from a randomly rough ‘ 1;
surface characterized by a Gaussian covariance rfunction. Also, he » '
employed the exponential covariance function to describe the field

scattered from a one-dimensional rough surface. All forrmulas were

restriceed to the specular direction. -

' Clay (1960) extended the theory of Lckart (1952) to include

an omnidirectional source. A Giussian coveriwmnce function for the

rough surface was assumed for %he calculations. Considering only the
long vavelength case, Clay compared hi:s theoretical rusults for the
amplitude fluctuations to the Tluvtuations of the sound reflected

.\;-1

from the sea surface measured by Brown and Ricard {1960). The nuwrers

ical ecalculations of scattered cound hed the sane dependence on the .
sourceereceiver separation as the experimental dsta, ' ' o
’ Fomtulas for the amplitude and phase rluctuations of & gound '

wave refleetsd frow & statisticall# uneven surface were darlved by

Galin (136%). His theoretical spprouch wae similar to that of Bekart

(7.933) exrept that all caleulstions were ssde in the Fressel approxis- :
mation and were courined to the specular diraﬁtie&. Culy the long - "};
wavelehigth case in the Kirchho!'f approximation was eeﬂsi&erga.'fﬁha o
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were omitted. -The theoretical resulis for the amplitude fluctuations

-function were compared with the results of an experimental investi-

has besn the subject of at least one monograph written by Beckmann

details were given for the derivation of the fluctuations of a
spherical wave scattered from a rough surface characterized vy a one-
dimensior . quasi-harmonic Gaussian covariance function. The delails

in the development using & two-dimensional Gaussian covariance function
obtained with the one-dimensional quasi-hermonie Guussian covariance

gation made by Gulin and Malyshev (1962) of “the amplitude -flaetuations,.i.
of sound signals reflected from the undulating surface of the sea, | }i_
The experimental amplitude fluctuations increasel lineerly with the-.: :_}f'f
Rayleigh parameter up to values of the latter equal to approrimately ' |
0.7 and corresponded te the ﬁheoretic&l law over this range of Rayleigh
parameters. For Raylsigh parameters beteen 0.7 and 3.5 there was a
well defined alternation cf experimental smplitude ccefficient of | ,
veriation between maximum and minimum values. This saturation effect -~ . =~ . é
at large velues of the Reyleigh warameter could not possibly be ' -v
explaired by means of the theoretical analysis, as the vegion of ' ‘“:f'f '_ 3
spplicability of the analytiéal formpl;s was limited by the condition . :
that the Rayleigh parameter must be less than one. It was stated by -
thesge authors that the eonclusicn'of'the maxima and minima in the
saturation region of the coefficient of variation should be ¢cnéiﬁerea=
as & tentative result sn¢ in need of further verification. No experi- ‘ W
mentel data were given for the phase fluctuatiahs.-. : ' S ; ~‘ 2
The problem of the seattering of waves from & rough surface | TR

snd Spizzichine {1963). This book provides an sxeellent survey of
the literature. Beskzann's approsch %o the problex is more general
then thet of Iaakovieh (1952) and that of Eekart (1953) in chet it is
not reatricted to the rpeeisl cazes ef o short wavelength or u long
wa¥§i@ngth ascugptior. Beckrann employed both the Kirchhiot? and the
Fraushofer approximation throughout the theoretical enslysis. &
rough zurfaee charseterized by & Gouseian ervarissze function wes
fnvestizated. Later, Beebsann (196%) dizcuzzed the scattering of &
wave fre 2 tough surtaes charasterized Yy an exponential covirisnce



- o~

: - function.

ST_ transducer- pattern.

.covariance “unctions are exponential, Gaussian, and sinusoidal,

Medwin (1966) modified Beckmann's theory t§ accéunh,fbrrfﬁe155§

error inherent in the common assumption of uniform insonification over

a fixed area.’ .
Horton and Muir (1967) have employed the theory of Eckart

(1953) to study the scattering from isotropically rough surfaces whose

The %= ..

‘effect of the radiation pattern of the source upon the scattered

‘ ,intensity-was discussed by inserting an analytical expression for the

In a companion paper Horton, Mltuhell, and ‘Barnard
(1967) produced surprising egperlmental evidence of the v&leitV of a
These
~udies were performed on a model surface whose covarlance

modified form of Bckart's theory in the short wavelength cage.
experimental

canction was exvonential. The theory was developed in the Kirchhoff -

" and the Fraunhoier approx1m&tions.

5‘ Of the references quoted here only two, Feinstein (1954) and

- Gulin (1963}, have studied the problem of scattering from a rough

surface in the F.esnel approxigatlnn. Neither have compared their
results thhxthe correspor.ing solutlons in the Frgunhofer,approxx-
matlon. One migtt question whether or not the extension of the
matnemuticél analysis of Lhe proklenm from the'”raunhofef to the

?reSﬂe¢ approx*m«tioq world give bettar agreement vetweer the theoret;-
th Qﬂd~$xpﬁrLJQNnul re-"\\is,

prasented a soluticn in the Fresnel approximotion te the problem of

No one to tie suthor's knowiedge has -

. ﬂcatter*ng xrom :3 randcmiy rough surface vhesze statistical properties

ave ¢iven by an oxponential covariance funetion. Ona is furtheyv

movivated to investigate the aéatﬁering of scoustie wavaes from this
tyoe of surface sinee there are available model :zuifaces that are
Those model
faces vhose statistical properties were analyzed by Horton, Hovimen,

characterized by an exponentisl covariancs fusction. By

end Hemking (1982) give £ exvellent means of experimentel ve“iiication

ef the theoretical results,
the plan of study will be the following. In Chapter II -

generel eipressions are derived for the amplitude end phase fluctuations

of an acoustie wave scatbered ia the speeular direction {yow e randoaly




‘ rough surface. The theoretical approach is that of Gulin (1962). 1In
the same chapter general expressions are obtained for the scattering
coefficient derived in a manner similar to that presented by Beckmann
(1963). Throughout Chapter II there is a parallel presentation of the
integral expressions obtained in the Fraunhofer and Fresnel approxi-
;.mation. The expressions for the amplitude and phase fluctuations will
Z}be valid only for Rayleigh parameters less than one whereas the
Xformulas for the scattering coefficient should be correct for any
Qalue'bf the. Rayleigh parameter._ The calculatlons in this ir3lial
;ratudy “shall be con;zned ta'tae specuial dlre@t;on &here Jhe mathe-

‘matlcal analysis is less cumbersome.
_ In Chapter I1I the problem is specialized to the case uhere
%hé statistical properties of the rough surface are described by an
eﬁponential covariunce function. The integral expreésions occurring
in Chapter II are soived giving formulas for the amplitude fluctuations,
phase fluctuations, and scattering coefficient that can be used to
desceribe the experimental results.

The statistical properties of the model surfaces used in the
experimental work are discussed in Chapter IV. This section presents
a list of the expériment&l equipment and gives an explanation of the
experimental procedures used to measure the fluctustions and the
scatterad intensity. ‘

The experimental data are compared with the theoretical
formulas in Chapter V, & general dlscuszion is pregented in Chapter VI,
and the couclusions of thif;“*ﬁﬁy are shated in Chapter VII.

‘The theory prasente& in Chapters II and IIl snd in Appendixes
‘A and € osn bost be Pollowed by'refﬁrrin& ta tne black diagraas in
Figs. 1 and 2.
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-CHAPTER II
THEORBZLCAL APPROACH _

General expressions are derived for the amplitude and phase
fluctuations, and for the scattering coefficient in the specular directwn
for an acoustic wave scattered fram e randomly rough surface, The theo~
retical approach that is used is the method presented by E. P. Guléi'ti;='(l962), '
Gulin's notation will be maintained in this paper.

A. The Pressure Field

The coordinates of the source (0,0,Zl) and the receiver (L,Q‘,z
are illustrated in Fig, 3. “’1 is the grazing angle. \#2 is the =rece_:‘.ving_
engle measured with respect to the x-axis. The exis of the directional.
source is directed toward the point on the surface labeled Q'. The *

X~y plane is oriented so that the average height of the intei‘f-a;e above _
this plane ig zero. Ry, 1s tue distance from the source to the point Q°
which ig located on the X-y plane. Rl is the distance from the source to
any arbitrary point ou the randamly rough surface, R]'_ is the distance
from the source %o & polint on the x-y plane directly above or below the
érbttraw point on the seattering surface. The distances R, R&’ and Ré
to the receiver are defined in the same way. ‘

The total presgure field p of % sound wave reflected from an
uneven surface can be written in tems of the Helmlivliz integral, Buker
sud Copson (1939), |

ikiig ikR

1 7 & € e 2o
’z;,w a‘a,gfggsis

~where n is the outwurd nommal to the surface {in a dircetion avay from
gouree and receiver), The wave iutvident oa the surface ie assuzed to be

& sperical wvave givea by

kR

pee

° =%
1
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The field at the swrface S is specified after the example of ) -
Eckart (1953) for the special case of a "pressure relesse” surface, The -~~~ %
boundary conditions at the surfuce S are '

Pé +p=0 » end (3)
0 _ S
dn "3!21 ’ (1")

The application of these boundary conditions corresponds to the Kirchhoff
approximation in the problem of sound scattering by rough surfaces. The »
applicability of this approximation has been formulated by Brekhovskiki;x}._ .
(1952) and Isakovieh (1952), and has been discussed by Beckmenan (10’

Substituting Egs. (2), (3), and (4) into Eq. (1) one obta.ins

m(nfng)

OR oRl - .
i\ i o pen O
Pl f f -a) (mla“ “xnga“l TRy e U o

where M it the vavelength of the iucideni rediation. If it' is assused -

A | {6y

R, > A

theé second group of terms ean be negleoted, which reduces BEy. (5) to

et [ e [
Prix JJ KR i3 W |

.
P i
B ;Q);
. St

4 -
L

In the case of Leregilasities of suffietently e2uil slope
di fferentiation along the tomsal can be approxizately replaced by
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differentiation elong the nege.tive z-axis, a.nd integration over the

rough surface by integration over the x-y plene. r Thus, Eg. (7)
becomes

i /[ 5% g ?—) m(RfRa_)dxdv'. ®

Introducing the new terus z,]'_, é, and F which are depicted in
Fig. 4, one can show that g

aRla_—zi Rg= .z"b .
T R 9z 32 :
Eq. (8) vecomes
| 3 z| k(R B,
p'rffﬂlt‘ _-Rz*-ﬁ;e dxdy . (9)

' F 15 the deviation of the surface relief fron the &ve:ﬁge height. If it

s agsuged that [Ff is much less than the minlsuz of 2, and z,, Yen

) : 12
R = EE’ -‘f':ﬁ‘g « {4, - E‘}]

Focciman (1963} tnserts the “ocul® seutteries gecetry of the forzal
gerfvative st the surlede fa hig theoretitkl spprouch. Thie method

introduces the Lo
1*%1‘1* 15&«1@ -seas& c@em

3 em -;,J ] v

Sia v, tsia “1

vkich mdm to m it the speculer dimﬁm w = iy )

wig e .

R i "
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. Defining (see Fig. 3)

T
ni:.«'(xe-t-yg#zi\jﬁ.- ‘, '_' -

“oue can write R‘.\. a8

——

. Similarly

— &«

R, = EL - x}a'-b y": * (za - .F)

»

P

and R& can he written as

L

Detlning .

- oae esn write B, &3.

- - e Fz.
B, = &g-x}%y?”f_} [1 -

e x)T eyt
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',F(x,y) or i the grazm., s.ngle 1is.suell, §o that the followmg condition -

holds
NN .
!k}? (ﬁf *eel I <L, (15)
B - 2 .
then
1 8
el

s Since F << zl shd F << z,, the second ‘term in the square bmckets ca.n be

“This spproxization _éegawates Eg. £14) into s monfluctuating component

’ﬂ@@&%ﬁm Py reflectsd from 5 plsae "peessure releage” surface ie

2
neglected The prc.ssure becomes

- ik(R1+R}) _ z» .' 1,2
o ) e e ( Rg) o

-If the acoustic wavelength, A, is greater thin the surface rel:.ef,\'”j"-i"

o

w] PD
L
~
5
L

e ; ;l- (-%

2, i, ﬁ(ﬁfgn

b [l (Geg)e e L an

sad a seattered, Fluctustiag couponent

W gl i

If e [3ow) e w

evaluated for the specular directica in Appecdix C.




- Amplit-ic and Phase Fluctuations in the Fraunhofer Approximation

The transition from the expressions for the sound field to
expressions for the amplitude and phase fluctuations can be carried out
- by using a me*hod utilized by Chernov (1960) The total pressure-given
© by Egs. (17) and (18) ‘

p +
TR
‘can be vritten ss

i ie,
_Aoe + Ale . 4 Qr

one ‘can set

3.

- These approxumaticns, with the-use of the logax_'ithm and In (1 +¢) x ¢
when |e| << 1, reduce BEq. (19) to - '

A, i(e.-0 )
BA oo o1 170/
i fl&b-A e

o} o -

N 10

Since the right side of this equality is Eg. _A(18) divided by A(‘)e -°, one _-

"~ has for the variation in the amplitude

o -
Z Z
1, 2 : . .
- ..fq+§~é cos[k(Ri+R2) -“QO]F(X_,y)dkdy » (20)

H




“and. for the variation in phase

n
<

K;A— Jf ‘1 kRi W sin&:(Ri'* R}) - ¢o} F(x,y)axdy . (21)»
0) for the

In the Fraunhofer approximation (appendix A, Eq. (a-2

specular direction
t ! =
Ry + By ®Ryp+ Roo

©BC tha’p the variation in ‘a.mplitude is

K sin® ¥ cos[k(Rlo + Ryg) - QO] ffF(ﬁ,b’)@x;dJ . (e2)

&
Ao h0te0

where (Appendix A, Eq. (A-1)
Lzl

2t 2

xl=x-

The variation in phase is

2
k™ sin \lrsm[k lO+R Y- ¢ ff
F(x,,y)ax (23)
l .

& =
AR 0%20

A and o ave given by Egs. (C-3) end (C-4) in Appendix ¢. These values

reduce Eqs. (22) and (23) to

o -, and (2k)

-!

Bt -
ff F(x l,y)d.xldy: vyt (25)_'._




where Ai’ Ae, and I are the dimensions of the active scattering area defined“,';*

L i,

in Appendix B. &0 is zero only if the integration extends over a signifi- -
cant area of tho surface. If the active scattering region is small compared ' o
to the correlation distance, & is likely to differ from zero for each '
single measurement. '

Since F(xl,y) is a random varisble, the quantities of interest

-are the ensemble averages. It is assumed that the surface relief is

distributed so that | I i: ;£

() =0 | (26) -
Since the variation in amplitude is identically zero, one can write o
BN.o . (27)

A - i
0 : i

without reference to the distribution of the surface relief,

The variance of a random varisble v is defined as the average
square of the deviation from the mean value .

#

o) = (v- ) - @) - @2 (28)

“he square root of the variance,

0s D, (29)

is called the stendard deviatien. Thus, utilizidg Eq. {27), one csn write
for the relative standard deviation of “he amplitude the expression

- M (30)

/]
AN

 vhich hereafter will be celled the amplitudq‘f&getuations. In the same way

T (51)

[




° Substitution of Eq. (33) into Eq. (20) gives for the varfation in waplitude

, . : 1,2 .2 2 fi“:
Rl*ﬁé’_ﬁw*ﬂ&@’ﬁ(xlgm vy ) o, ».-2}
where S '
- 2R SRR
Ragd2O_ (35)
- 10+ | =

20T sautl e e gt o it oot e e s e o e , \ e R aan
AR o i ot e e

Eq. (24) indicates that the amplitude fluctuations in the
specular direction are zero in the Fraunhofer field zone. To determine -
the phase fluctuations in the specular direction in the Fraunhofer -
approximation Eq. (25) is squared and averaged to give .

L
-2

2 g2 '
'”‘\23 sin_ y .

L= Pla, + )

&2 L A':? 4
x [[[[ (g )stev ) axavasgayt
-8, -t <& -t ’ -

rhere <%(xl,y)F(xi,y'i> is defined as the spstial covarisnce function
of the surface displacements. A complete solution of the problem will be
delayed until Chapter III where by Eq. (56) an expounentiel couvariance
function is specified. . '

C. Amplitude and Phage Fluctuationg in the Freanel Approximation

The Fresnel approximaﬁ?dn for the expansion of Ri + Ré in the
specular direction is givem by Eq. (A-19) in Appendix A,

2 2
2 2 ke, sin ¢ -, 8 : ’
A _k sin ¢ [ 1 : o
T ] e e *_E%at- $ iF(%,,y jax, d)
ﬂ&lﬁn Qc J v R- o ( ;N’) ldd’ ’ (35)
where g

éés@e-k(ﬁmfﬁa)} . o (38)

e VMRl L o, _\\ . LN b S .
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" A and ©_are given by Egs. (C-10) and (C-11) in Appendix C. HEgs. (33)
and (21) give for the variation in phase

k sin® sin_ ¥ sin” v }WE , . _
% = anORaoA ff Bin[ *g ¢o F(xlu )dxldéf . (37)

Assuming that the surface relief is distributed such that <F(xl,y)> = O,_'_*"
the ensemble a.vera.ge of Egs. (35) and (37) gives :

<-->= , nd P

Ty EmEE R o (&,> =0 . - (39)

It is of interest to point out that in the Fraunhofer approximation SA/A
is identically zero, whereas in the Fresnel case it is only the average
value -<SA/Aq> that vanishes. L

' Squaring and averaging Eq. (35) and utilizing Eq. (38} one
cbtains for the sgquare of the aaplitude fluctuations

A . R:.Q R?(g) At:o v
I U - -l , . o
xeas*lﬁ _ a-fi-"*ﬁar-—w“ ‘ (40} -

é’(xi»y)F“(Xi.y'»dxlé*iﬁidy‘ .

W e




<5°)> k sin L sin ¥ ffffsinkx eln w-&-%-&(’}

RlO Reo A

kx'esine v 2

B SRR A ‘ | -
X sin R * R L . (’*3-»)._

x @y IRy ) axavexiay

The development of Egs. (40) and (41) will be continued in Eqs. (67) and
(73) of Chapter III, respectively.

D. ‘Scattering coeflicient in the Fraunhofer Approximation

The Fraunhofer approximation in the specular direction is the
substitution from Eq. (A-2Q) in Appendix A of

B v Ry= R+ Ry
into the exponential of Eg. (&), With 3 = R,oin bandz, = Ry oin ¥
2. (14) becomes '

t(R, e
- ik (e %;i}a jj »g;minﬁdﬁw ] (k&) .

10%0

The intengity of the geattered wave is defined a5

¢ ig the density, ,
is the veloeity of the mediwm through vhich the vave is pmmatiﬁg, _
o p is the emplex ecnjugate of the pmswm p.




A -

R i oy T

b e i AR ¥
I ST .

The product pv is called the specific écoustic impedance of theﬁnedium. ’

- obtaluns

Forming the product pp* from Eq. (42) and taking the ensemble averagé,: one

It is assumed that the surface relief of the rough surface is a _
characterized by a bivariate Gaussian distribution function, Eckart (195_5:)_ .

and Hortou: and Muir (1967}, defined by

l e

2
/‘ - 2
an <Eo> - C

wg(xthanxi’}'. oI ) =

M-'

- ? ‘- | |
g <F§> -eé)
Xxe
where | ‘
TR TS G

ie the spatial covariance function of the surface dlsplacements, and
?i is the mean-square mplitﬁ&@ of tﬁe surface irregularities. It can -
be skova that vith this fusction ome cbtains - |

. <@ﬂg;§(9iﬁ(")(?a?')> ._ (56) .

5/ 2 0\ o
S <?§>(sia‘v) I
, {E ) '
= € Z:zj- . *
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Eq. (46) reduces Eq. (43) to

. lﬁk <' >ain ]
<%pf> - sin W

RlO Rzo

ij h-k Csm Vd d,ydx ay" o

The scattering coefficient g, is defined as the ratio of the

intensity scattered fram & rough surface to the intensity reflected from

& plane surflace,

(I> ,ﬂ <pp*>

I *
o . {pp)

The term » p , which is proportlonal to the lutemsity reflected from a
. plane ..uriaee:,, is given in Appendix C by Eq. (C-5),

. ) 2 -
o s ) et

® R B

where 4, &y, aud I ure the dimensions of the active seattering reglon

diseunsed in Appendix B. Thus, the geattering cveffieient in the
Fraunhofer approximation in the speculsr direction is given by

@uif{&g <§*§> siﬁ?@

(47)




KL, XE

The investigation of o  will be continued with Eg. (75) in Chapter III.

- E. chttering Coefficient in the Fresnel Approximation

The Fresnel approximation in the specular direction is the
substitution of Eq. (A-19) of Appendix A

N 1,2 .2 2
Ry + By = Ryg+ Ry + 5 (] sin” ¥ +y")

into the exponeuntial of Eq. (14). Putting zy = By sin v and
&y = R20 ein ¥, one obtains

1k(R, +R_.) ik, 2 2, |
p = ik (sin Yo f10™20 ff e”ﬁ (&lsin yy©) ?LkI‘sinv

ax.dy . (50)
T 1

Forming the product pp*, taking thev ensemble average, one obtaius

op ) - k" gin” W
h AW ’ 5 ; &
4™ Rm Rag
>~ j f [Ee (x - xl } ain® ¥ - €.; ﬂ (31)

' < 2m€sim)i?€xl,.«}~ € 1,3‘ H> -
¥ (e ax, dydxs é." .

With the aid of Bq. (46), Ba. (51) exn be vrivten us.
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2 -
] *.'> _ kK sin® bk <Fo>sinv';
(pp') = —-—~—-—-—-h Ny e

% Ko Byg

SIS B E T B

2 2 .
Lk"Csin™y ' et
Xe dxldydxliy a

The intensity reflected from a plane surface in the Fresnel approximation
15 proportional to the expression given by Eg. (C-12) iu Appendix C,

* K . .
= , (53)
S o (RJ.O *-Reo)a '

 where :
K si%t {CA'J. s CAZ) - 8, (351 + s%ﬁ?

I* E;“CA& * CAQ) * C‘(féé_\i ) .ne .

The Presuel integrvle, S snd C, avre defimed by BEq. (C-Q) iu Appendix C.
The sesttering coefficient is the ratic of Egs. (52) and (53),

(54)
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Bg. {59) will be carried forward in Eg. (3Q) of Chapter III.
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dﬁtgrminsa by the cubstitution of Bq. (58) inse Eq. (32} to give

() . ._.,ﬁ.._____w .

CHAPTER III
THEORY USING AN EXPONENTIAL COVARIANCE FUNCIION

The statistical properties of the model surfaces, which shall be

discussed in Chapter IV, suggest that an exponential function best deserives . -

the spatial covariance of the rough surfaces employed in the experimental
study. The exponential spatial covariance function of the surface dis~
placements is given by

| | | e | o
C= é‘(xl’y)r(xi’y» N <F§>Q%E"1‘x1)2"'(¥~¥ )2] s (56)

where . is the spatial correlation interval of the surface displacements

and <F§> is the wean-square amplitude of the surface irregulrarities.  ‘The
dlstance g, for whieh C will drop teo the value e'l, hae the physical sig-
nificance that it is a measurement of the relative distance between the hills
and valleys on the randomly rough surface. The square re-t of (W > has the-
phy sical meaning that 't repreeeuts the everage heights of the hills and tha
average depth of the valleys,

A, Amplituie anl Phace Flucktuatlons in the Fraunhofer Appreximation -

The amplitude fluectuations ia the Fraunhofer. approximation are zerg
ivrespastive of the form of the spatial covariance funetioa &g shown by
Eg. (24) in Chapter 11 ' |

The ghas@ fluetuations in the Fraunhorer approximatien are

Ha, v )"

(51

ldsdhlay"' .
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g e
- Ji]] e

- Xk EVIEN 8D
ke " Nt




CHAPTER III
THEORY USING AN EXPONENTIAL COVARIANCE FUNCTION

The statistical properties of the model surfaces, which shall be
discussed in Chapter IV, suggmest that an exponential function best desecribes
the spatial covariance cof the rough surfaces employed in the experimental
study. The exponential spatial covariance function of the surface dis-

placements is given by

' . 1/e
c e <F(xl,y)f“(x]'_,y')> - <F§>e.%.Ex1‘xl)2+(Y-V )2] (56)

vhere o is the spatial correlation interval of the surface displacements

and <F§> is the mean-square amplitude of the surface irrvegularities. The
distance 1, for which C will drop to the value e‘l, has the physical sig-
nificance that it is a measurement of the relative distance between the hills
and valleyg on the randemly rough surface. The square ¥ .t of (FS) has the
physical meaning that °t represents the overage heights of the hills and the
average depth of the valleys.

A. Amplitude anlt Phase Fluokuations in the Fraunhofex Approxination

The amplitude fluctuations ian the Fraunhofer approximatien are zero
irvespertive ~f the form of the zpatial covariar-s function as shown by
Bg. (24) 1n Chapter II.

The phage fluctuations in the Fraunhorer approxiwation are
datermined by the substitutien of Bq. (56) into Eg. (32} te give

2 ké<?2> '::inz ¥
iy 2N

l"g(é}‘l * ¢ a)é‘

@%Eﬁ‘ﬁi)g«y‘g.‘)ﬁ VE

f.ixl d;.ﬁxiﬁy'
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" Since

V“fand;introénce“f

and Ab aye not equal, it is convenzent to make the prelimlnary

change of varldbles (sce Flg. 5)

"-‘e-%
2
Aa"Al

: A
a = ——-2—— 2.

B ' | lu;‘-‘ xl -

) (_58)'{?"(1: |

. +0, o -
‘5‘:’\52'27?'-— B )

iith these changes Eq. (57) vecames

a /2
.= [u-u )2+€y-:f )]
X du wﬂn‘dy‘ . (&)
The approximate size of the aetiv@ .;ea’cte ~iag vegion is % by 3L as defined -
in Appendix B, A o

If one iﬁtmucee r@l&&*@@ svordinstes as shown im Fig. 5 ané._ 3

e

defined by
o ' &'nu-.u'

(&)

. | Ve yey s
- gnd cent@* 01 ﬁ,rﬁvity mr&zm&eﬁ &arm@& b;;‘ ‘
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A yi 2(A-x) 2(2.\5(0) s 2 1/2
'[‘ F o . -—( Tl) :

N 7;_ _ e 7 ,d.x,‘dyodgd'q
=X —c(A—x ) -2(4-y,) S |

.-':The mtegrals in Eq. (65). can not be compated in open form.

-“,;Furt,ter dlsca°51on sha.l" be restr' cted to the case when the dimensions of

Al “the' region esseptlal to mtegra.tlon over £ and n are cons:.derab’y less than :

tbose of the 1rrad1ated ‘part of the surface. * That, is, it is assumed that

a << 27, 24 . . a . (61“')

In keeping with this approximation one may extend the range of integration -

‘o*re—r € and 7 ,i:o;:infinity, so that Fy. (63) vecomes

<( 6<1>)2> = w <F§ >;in2 v

122(Al + Aé)2

Py
/-
~ I's

AL 4o 4o

1/ -
f f f f <0 ax dy atan ()

The integration may be perfomed readily by changmg to polar coordinates,
md on: finds fo; Eq. (65) R o

/ 6Q)> Fi‘}sin;\ L/-E-(Klz’f-_l__zg_). (66)

This equation shows that theﬂphasé fluctuations in the Fra.unhofor
approximation are proportiunal to the Ra.ylelgh p&rameter‘ 21(‘/(? >s:m ¥
(for Raylelgh parameters much less t‘zan one), and to the spatial correlation

Jnterva.l a: -The fluc‘cuatlons are .mversely proportioial to the square root

)

of the a.ppro;clmate insoni f‘ied areg, 22 % + u,).j-‘. ,




B. “Amplitude and Phase Fluctuations in the Fresnel @pr‘oxima.tion R
S - \' .
Substituting Eq. (56) into Eq. (’-IrO) of Chapter II, cne finds for
“the square of the amplltude fluctuatlons

- k . 2 2 2y, k.2 .2 ; ‘ "
\ cos| = sin w{xl + % ) * 3 (y" +y'°) - 2<I>o dxldydxldy .

The details in the integration of J

) are given in Appendix D. The result

F2> sin2 \r
o -

2

X (arccob - 5 12 + Ai’ sin’* v o+ Rg 5
QkalA_L sin® ¥ | Lk“a

. )2

[

R
+ arccot R : 1 +A23m ‘l""hkva
21{8.2&2 sin™ y




(71)

g
Jp 9y

\

so that the amplltude fluctuations as glven by Eq. (67) can be approximated T
_"V (58)° » : o
— /9 e o A(72)

(h41) of.Chapter II, one-obtains

‘ Substituting Eq. (56) into Eq
~;for the pha%e fluctuations

A ?l‘\: ¢2<a¢>2> o, -9, . | | (73)

where J, ‘and J, are given by Egs. (68) and (69). Since J, K J,, the

amplitude and phase fluctuations are approximately equal for small Rayleigh

parameters so that

‘ “’A) = 02 < T (74)

Thus, the Fraunhofer approximation shows the phase fluctuations

‘ to be significantly larger than the amplitude fluctuations (which are zero)
whereas the Fresnel approximation shows the amplitude and phase fluctuations

to behappfoximapyey of-the same magnitude. .

Scattering Coefficient in the Fraunhofer Approximation

“Substituting BEq. (56) inte Eq. (49) of Chapter II, one obtains

c.

e e R T T

o]
_%2<3§am“¢
e 9/

O & = )
8 . )‘I,J(Al " Aﬁ)m
' - (19)

1/é
i ] g 2
i { -x') +(y-y')] :
[ ! ; a[l 170 , : i
l Fg*k <1 >(am Ve wdddy L




g = hk2<F§>sin2ﬂf D o - (76)

" and refer to g as the Beckmann parameter (which in the specular direction is

the square of the Rayleigh parameter).
‘ The integrand can be written as

_.i.[(xl-_xi)2+(y-y')2]l/2 mi’ & e-l‘é‘-[(xl-xi 2+(y-y")2:‘_l/_2
. me o | S

.e g‘e - ,,_ . } -

=O_

Egq. (75) becomes

M=o

m

-8 1 Zg

g.=¢e °|L + 1=

s o 2 m! -
Y] (Al+A2) =1

(78)

1/2
--l: L%+ (y-y )]
ff ff A
1 1
-Al -4 Al -l
Since the integrals occurring in Eq. (78) are the same as those

occurring in Eg. (57) for the phase fluctuations, one can write imed.n.a.tely
from the square of Eq. (66), : v

=

Bim

2 /2\ .2 |
g :=-e-hk <F°>Smw1,+ 2y ) Ll >i } (9)
e i L e Gt ] e

mal

l for the seattering ccei‘i‘icienv in the specular direction in the Fraunhofer .

"apprauimation. T
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. Scattering Coefficient in the Fresnel Approximation

‘Substituting Eq. (56) into Eq. (55) of Chapter II, one obtains

2 2 2
] k (Rlo + REO) sin” ¥ .
s 2.2 _ 2 :
by RlO REO X

~&

A22A22

ST ekl

EEES

, 1/2
- -&l;l:( X, x1)2+( y-y' )2]

ae ' ]
X e° dxldydxldy .

sin” ¥ + (y° - y'a)]

Using tke intinite summation defined by Eq. (77), one obtains

o VN
2 2 2
] f [ Bt
s h 2R 2 RS K 1
T 8o a0
. =
)
b ! 3t &
+alr -y )| dx,dydx;ay' + z& =
mal

. _ |
RN NI SRR T

CORE

(81)
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Integrating the first set of integrals as shown in Appendix C

and separating the second set of integrals into their real and imaginary - .

parts, one obtains

e )

The integration of the second group of integrals containing the sine
funetion can be accomplished by folleving the procedure given for the
integration of the {fl tora in Apperdix D. The parallel developuent
produces the integral (see Eg. (D-%) im Appesdix D)




$00 +0o

ffe

w0 =)

which can be reduced to

2x o

ff “/"‘sm[»/m—ar—n_cosqg]pdodm :

From Gradshteyn and Ryzhik (imtegral 3.715-13, page 402), one obteins
Is = 0, Thus, the expression for the coefficient 9, becones

( 2 ' 2.2 =0
¢ k (Rm + Reo) sin” y Er:
g. =€ 1+
&mgﬂ d R 2] K m.
10 20' m=1
Ag 2 Ag £ .
X ff f eos[ﬁ (x? )..ing v+ (y - '2) (82)
A )

dxldydxidy' .

The integrals appaa‘ring in Eq. (B2) are the seme as the integrals appesring in

in Eg. (63). Thus, the scattering coefficient calculated in the Fresael -

' apprexi@aﬁi@n can Ye written as

"Gsee““ g%ma(y (e

where J; (r—) is given by Bg (‘?0)

RS T t . mmad RESCOR I '-“\-*“\\w' AR R A S S




CHAPTER 1V
EXPERIMENTAL, APPARATUS AND PROCEDURES

It is seen from the theory developed in Chapter II that one must
know the statistica® properties of the rough surface in order that the
predictions of the theory can be compared with measurements on the rough
surface., In particular, if F(xl,y) is the elevation of the reflecting

surface, one must know the autocovariance <F(xly)F(x]'_,y’ )> as shown by

Eqs. (32), (40), (41), (49), and (55), and the bivariate distribution
function as illustrated by Eq. (44).

The problem of selecting a topographic surface to be modeled
has been discussed by Horton, Mitchell, and Barnard (1967). The model
surface was generated from meps of aeromegnetic intemsity over a portion

of the Canadian Shield. Before these maps were used to construct the
model, the two-dimensional autocovariance functions of these maps were
studied by Horton, Hempkins, and Hoffmen (1964). Details of <he
mathematical analysis used in the investigation of such maps arve glven
by Horton, Hoffman, and Hempkins (1962).

A summary of the results obtained in these investigations will
be given, The (ansdien maps were contoured in gemmas (ly = 1077 Qe).
‘The verticsl relief of the model surface was obtained from this
aercusgnetic dimension using the scale 10y = 1/32 in. 'The faetor
1 mile = 1 {n, was used to convert the area of the seramagnetic maps
into model surfaces of size 32 in. by 32 inches. The theory in
Chapters II and III is based on the assumption that the reflecting surface
i¢ pressure release {see Eq. (3), snd the models were comstructed from a
matsrisi of emall acoustie impedance coupared with the acoustie impedance
of the uster iu which the surfaces are subaerged. The wodel vas made of
low-density expanded p@lystﬁ;réne by the Comstruction Serviee Coapasny of
Fort Woith, Texas. A square grid of sample polnts drawn 1/2 in. apart on
the eentral one-fourth of the dap surface was used to compute the auto-
covariance fuaction. This square grid gave 1069 velues of the elevaticn.




The autocovariance function was computed fram a formula given by Hortom, .

Hoffman, and Hempkins (1962)

Nes M-t

C(s,t) = W= S)%M - %) Zl le F(i,J)F(i +8, J* t) ) (84)
i= =

where
"N = M = 33 is the number of samples along each 16 in. grid lige,

F is the surface relief,
s and t wre units of shift along the grid, and

€ is the autocovariance function.

Profiles of the autocovariance functioun along the g and t directions are
plotted in Fig. 6. The profiles show that the surface is possibly

isotropic for values of s and t less than oue inch. The mean-square
A , is Q.,132 1n.a A curve that will pass through

gurface relief, <F§
the three points nearest thc origin and upproximately aversge the other

suigotropic polnts for velues of § and t greater than one inch is the

exponential autocovariance function given by

r

¢(r} = 0.132 e 2 (83)

where 2.55 {a. is thé sorrelation length defined as the distance over
vhich the covariance function is reduced by l/e. Eq. (85) corresponds

to Eg. (56) in Chapter III,

' vhere
IR
‘ & =2.93 in.

N /2
g 2
© E[(xls i)g*'(y'?f‘)] .
Although th' properties of the madel surface do ast satisty 'the assuspticy
‘of icotropy on wiieh the theory in Chapters' 1Y end YIT i based, the
agreesent ic cloze encugh to Justify & cumparisca betueen theory and
experiment. Since nc one has measured experimentally the bivariate
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- probability density for a sample of topography, it is not possible to:
| . Justify directly the choice given by Eq. (’4»1&) at the present time.
However, Horton, Mitchell, and Barnard (1967) give convincing reasons
why the bivariaste Gaussian distribution may be used, The reader is
referred to a thesis by Mitcheli (1966) for further details concerning
the model surface,
Three other model surfaces described statistically by the same
exponential covariance function were constructed, The statistical
properties of the four model surfaces are given in Table I. The

ratio y/ (Fi) /)\ was calculated for a frequency of 95.800 kHz

(wavelength A = 0.608 in.).
The experiments were performed with the model surface submerged

in a water-filled tank with dimensions 15 ft wide, 60 ft long, and
12 £t deep. The surface was suspended vertically with its center
approximately 46 in. below the waterline. An X,¥,z mechanical positioning
system mounted on the top of the tank was used to position the source
and receiver in the experiment. Figure T shows the lasboratory tank,
positioning system, and electronic equipment used in the study. The
source and receiver were mounted on two identical columns with the move-
ment in the x,y,2 directious resd from & counter (x milli-inches per
smallest division or 318.310 divisions per inch on the counter). Also,
the mechanism allows the projector and receiver to be rotated about the
_vertical axis in increments of Q.1 deg.
The souree was 8 trensducer that hags an active face diameter
of 12.5 ¢m and & resonence frequency of 94.0 kila., The directivity pattern
of the piston transducer ta shown in Me. &, The besnwidth is approxi-
nately O deg meassurcd between poiuts where the radiasted intensity falls
to one-half the {ntensity aloug the forvard axis (-3 dB points).

The peveiver vas & small cylinder of outside diameter 0,082 in,,

ingide diamoter 0.057 in., and length 0,185 fueh. Its directivity
pattern is spproximately canidirectional us shown by Fig. 9. The saue
side of the probe was dirccted along the slunt-live distance t¢ tha model
surfaces throughout the experiment. ' ‘
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TABLE I
STATISTICAL PROPERTIES OF THE MODEL SURFACES

Model

rms Relief Correlation Length Relative Ratio .

IT

IIT

0.091 2.55 0.0357 0.150
0.182 2.55 0.0714 0.300
0.364 2.55 0.1428 0.600
0. 364 5,10 | 0.0714 0.600

T
.




TABLE I
STATISTICAL PROPERTIES OF THE MODEL SURFACES

Model rms Relief  Correlation Length Relative Ratio
Slope
(&) : e
, . 2 2
in. in. <Fo>/a <Fo>/)‘
I 0.091 2.55 0.0357 0.150
II 0.182 2.55 0.0714 0.300
III 0. 364 2.55 0.1428 0.600
v 0.36k 5,10 0.0714 0.600
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SOURCE AND #ECEIVER SEPARATED BY 10 i
INPUY VOLTAGE: V8V
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SOURCE AND RECEIVER SEPARATED BY 10 &
INPUT VOLTAGE: 13V

PULSEWIDTH: 640 psec

RESONANCE FREQUENCY: 900 kH:

. FIGUREY
DIRECTIVITY PATTERN OF RECEIVER
FREQUENC_,Y* 95.800 kH:




Figure 10 is a block diagram of the arrangement of ﬁhe‘
electronic and acoustic equipment, The continuoug oscillator signal is
gated into signals of 64O psec duration at a rate 6f 28 times per second.

These pulses are 35 ecm = 37 in. long in the water and contain 61 cycles B
at 95.800 kHz., The pulsed signals-are used as the input of the power
amplifier that drives the projecting transducer. The received signal
scattered from the pressure release model surface is amplified and is :
displayed on the oscilloscope. The peak-to-peak voltage of the received

ignal is recorded. At the same instant the relative phase of the
received signal is«mgasured by recording the time delay of the scattered
pulse relative to a céntingous wave from the oscillator. The counter
allows the experimenter to maintain the frequency to within one eycle
throughout the data collceting. - - ' |

All measurements were made with the gprojector and receiver
in the specular direction. With the projector placed 60.0 in. from the
origin on thre rough surface and with the receiver placed 60,0 in. from
the same origin (the origin lies on an imaginary plane that passes
through the average height of the rough surface), the grazing angle was
varied from 80 deg to 6 deg in increments of 2 deg. Figure 11 shows
samples of the oscilloscope pictures for grazing angles of 50 and 80 deg.

The center of the received pulse is reéorded since this -
represents a scattered pressure due to the total insonified ares, The
pulse to the left of the largest sigual in Fig. lla for a grazing angle
of 80 deg is attributed to the side loves of the projector.

If the source and the receiver are displeced as o rigid body
parallei ta the scattering surface, one would obtain different values
for the amplitude and relative phsse as the deninent scattercd enevgy

returns from differont perts of the rough surfaea.'JCnnaequently, the .

sequence of values for the amplitude and relstive phese constitute
samples of a stochagiic verisble, ‘Therefow:, one is concerned not with

specific valuee but eather with aversge values, In the provess of »

. eollecting the data, ten different values of the amplitude and relative
bhage vere outained by insenifying tem differsnt regions of the model o
surfzee, To insenity the different regions, théAprc;ectgrfagﬂ'racéiveg ,




HEWLETT-PACKARD

MODEL 721 A
POWER SUPPLY

r

. ; RECEIVED
TEKTROMIX SIGNAL
cw REFERENCE SIGNAL g DRL
T [yt TYPE 568 e BAND-PASS
: . . | AMPLIFIER] -
- . OSCILLOSCOPE .
‘ —5"
tTRIGGER
KROHN-HITE GENERAL RADIO CO.
MODEL 4100 TYPE 1396-A
OSCILLATOR TONE BURST GENERATOR

BECKMANN
MODEL 614-6 SURE 126 ca 0 €0
COUNTER UNIT AMPLIFIER

KROHN-HITE
MODEL DCA-5GR

WIDE BAND DC-500 kH:
l SO W AMPLIFIER

s

DRL No, 114

PROJECTOR

OMNIDIRECTIONAL
RECEIVER

PRESSURE RE LEAS?
MOREL SURFACE

e

s FIGURE 10 |
" 'EXPERIMENTAL EQUIPMENT

v




n

oY

!

g SRS RS

(a)
80 deg GRAZING ANGLE
SPEED: 500psec/div
SCALE: 0.1V/div

DTS

iy

20

[,
50 deg GRAZING ANGLE
SPEED: S00psec/div.
SCALE: 02 V/div

FIGURE 11
RECEIVED PULSE




‘were moved as & rigid body in the vertical direction to ten different
positions in increments of one inch, Figure 12 shows three of the ten

different pos:ftions of the area that the projector insonifies (numbering i,
6, and 10). The ellipses indicete the approximate size of the insonified o
area (-3 dB) for a grazing angle of 40 deg. The active gcattering area
for each of the ten data runs is confined to a rectangular region 14.8 in,
by 18.4% inches.

The amplitude fluctuations were measured for any one grazing
angle with the receiver confined to the specular direction by recording v
the peak-to-peak voltage of the received signal for the ten differeut . 3 _
positions of the transmitter and receiver. The average amplitude :

i=10 4
L z A (86) :
av 10 i . .

was used to calculate the variance

o

i
-
o

DA} = T3 Z (- 2 )° (87)

.
1
P

from which the standard &_aviat.mn

? ? o(a) | (83)

was obtained, The relastive standard deviation (the amplitude fluctuations)
‘1c the ratic of the standard deviation to the average amplitude o

*eﬁﬁghyfg&? R (89)
av - ~

Tha pmsa ﬂuetuai;mns wers mmaured by recording the time iel&y
xf the ﬁeattérafi puis@ sigml ralative to & continuous wave that was
dizpisyed on ihe oscilloseope, ’I‘h@ time for a wavelength of the ev sigaal

was messured on the cseilloscope {10.2 peee for 95.6 Kiz); the retio of
‘c‘he‘s_é wo tizes nultiplied by 3% deg gives the rolative pitase iu degrees.
. The avernge pliase of the ten &if:’emag ‘zessurensnts
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obtained experimentally by measuring the peak-to-peak voltage of the

°év='i'OiZl ! : (0)
was used to calculate the variance bt
1=10
Do) =k ) (o, -0 (s1)

i=1

from which the standard deviation R

[T *
0@ = D(°) (92) ‘ 2
was obtained., In this case, the standard deviation represents the phase P

fluctuations, E
The reference used to determine the scattering coefficient was 5

pulsed signal reflected from a2 plane pressure release surface of the same
dimensions, 32 in. by 32 in., as the rough surface., Assuming that the
pressure of the underwater socund at the receiver is propertional to the
voltage output . the receiving hydrophone, one defines the seatiering
coefficient ror each individual measurement as the ratio of the scattered
intensiiy from the rough surface to the reflected inténsity from the plane
surface. Thus, the experimental scattering ¢éeffieient can be writton as

o

v.|®
. hg . .
where
@i 18 the grazing angle, _ A
Vg is the peak-to-peek voltage of the pulsed signal scattered frou
' the rough surface, and i |
v 0 is the peak-to-peak voltage of the saxe pulsed signal reflected
from the plane surface.

3
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4
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The average scatiering coefficient, which is the correct coefficient to
compare with the theory is

i=10 2
)

LACH
oe(,j)=-§_'-dz %,(‘JT CON

where
i is the sample number (i = 1,2,..,10), and
J is the grazing angle (J = 2,4,...80 deg).

—

The scattering coefficient expressed in decibels is

o,(dB) = 10 log o, . (%)

(e gt T gt

o vty
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A, Amplitude Fluctuations

The experimental results for the amplitude fluctuations in the
specular direction for a frequency of 95.8 kHz are presented in Figs. 13
and 14. These results were obtained from averages of readings from ten
different insonified regions of the rough surface by using Eqs. (86)
through (89) of Chapter IV, The theoretical predictions of the amplitude
fluctustions in the Fraunhofer approximation, given by Eq. (24), and in
the Frestel approximation, given by Egs. (70) end (72) are illustrated
in Fig. 13. A beamwidth of 9 deg measured at the half-power points
(-3 dB) of the main lobe of the incident beam, &3 shown in Fig. 3 of
Chapter IV, was used to calculate the dimensions of the insonified area.

The experimental data were used to coustruct the dependence

of the amplitude fluctuatious on the Rayleigh parameter, ek \/\I‘2> sin ¥.

Figure 13 pertains to measurements made on the model surface whose
statistical properties were characterized by a root-mean-square relief,

/{F“; , of Q.00L inch, From the graph it is evident thet, within

5¢ fluctustions, the experimental results correspond to the theorctical
law +» the Fresnel spproximation for Rayleigh parameters less than Q.6.
The theoretical law in the Fraushofer approximation of zero amplitude
fluctuastions gives incorrect predictions for any velue of the Rayleigh
parameter. The experimentsl amplitude fluetuations for values of the
Rayieigh parazeter grester than one could not possibly be explained ULy
menns of the theoretical analysis, as the regiosn of applicability of the
aaalﬁieal formules is limited by the condition given by Eq. (15) that

2&/ >§1ﬂw<la

han the projector sad receiver were ailmed at esch other over
% distance of 10 ft the ssplitude fluctustions were wensured to be leas
than oncehalf percent. Thus, changes in the properties of the vater

51
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through which the transmitted and received pulsed wave propagated, and
inaccuracies in positioning the - ojector and receiver contributed less
than 0.5% to the amplitude fluctuations siown in Figs. 15 and 1k, - ) _' ‘» - 4
The experimental data of the applitude fluctuations depicted I
in Fig. 14 are the outcome of combining “he results obtained from three
different model surface, I, II, and III, - For small values of the Rayleigh
parameter up to 1.7 there is an apparent increase of the emplitude
fluctuations from 10% to 40%, which is proportional to the value of this
paremeter. For values of the parameter jreater than 2.5 the growth of
the amplit.de fluctuations ceases and it reaches its saturation point,
For larger values of the parameter there is no further increase in the '
fluctuations, and the amplitude fluctuat:.ons disclose a spread of about - _ o /‘3:
33 - 65% in the values. The graph shows a well-defiuned alternation of ‘
the amplitude fluctuations between maximin snd minimum velues. The

LC N it e el

- f2
fluctustion maxims are situated st 2k 41?0) sin ¥ = 2.5, 4.2, 5.8, and 67;
z A
the minima at 2k \E‘ib sin ¥ & 3.4, 4.9, and 6.4,

The measurements illustrated in Fig. 1% verify the tentative
results obtained by Gulin and Malyshev {1962) who scattered sound signals
from the surface of the ses, Their results, which were gtated in Chapter I,
show that the smplitude fluctuatiorx reich s saturation point when the o
Ravleiegh paraumeter has the value 0.7 and for larger Rayleigh paraweters
the fluctustions experiecuce an slternation between maximws and wmiaimun
vilues of &5 te 504, o

8. Phare Fluetuationg

The o periseatal results fwr the phase fluetustious iu the

epaculsar direvtion for a freguensy of (5.8 Kz are presented im Pigs. 15

and 16, These results vere oblained from uverages of readings froo ten

differcat imsonified regiens of the rogh surface by usiag Egs. (90) B
theouah (92) of Chapter IV, The thearstiesl predicticns ef the phuse N
Fluctusticne in the Fraushofer spprukisstion, given by Ba. (66), snd ia

the Fresuel spprexisation, glven by s. (70) aad (7&), sre depleted in

Fig. 15. & 9 dog beaswidth vad WSed 1o the calculation for &5 Aoy agd 4

appearing it the Yoraulss.
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through which the transmitted and received pulsed wave propagated, and
inaccuracies in positioning the pv.,jector and receiver contributed less
than 0.5% to the amplitude fluctuations siown in Figs. 13 aud 1k,
The experimental data of the arplitude fluctuations depicted
in Fig. 14 are the outcome of combining he results cbtained from three
different model surfece, I, II, and III. -For small values of the Reyleigh
parameter up to 1.7 there is an apparent increase of the amplitude
fluctuations from 10% to 40%, which is proportional to the value of this
parsmeter, For values of the parameter r-eater than 2.5 the growth of ¥
the amplitude fluctuations ceases and it reaches its saturation point. ‘
For larger values of the parameter there is no further increase in the
fluctuations, and the amplitude fluctuat:.ons disclose a spread of about
33 - 65% in the values. The graph shows a well-defined alternation of
the amplitude fluctuations between maxinim and minimum values. The

L e M

e
r
fluctuation maxima are situated at 2k \/{Fi) sin ¥ = 2.5, 4.2, 5.8, and 6.7;
/ AN
the minima at 2k /\FiB sin ¥ & 3.4, 4.9, and 6.4,

The measurements illustrated in Fig. 14 verify the tentative
results obtained by Gulin and Malyshev (1062) who scattered sound signals
from the swrfaece of the sea, Their regults, which were stated in Chapter I,
show that the amplitude fluctuations reaeh & saturation point vhen the
Ravleigh parsmeter has the value Q.7 aud for larger Rayleigh parameters
the fluctustions experieuce an alternation between maximun aud minimun
vilues of &5 to S04. -

B. Phare Fluystuations

The experimental resulis for the phage fluctuations ia the
epccular direction for & fregquaney of (B.8 Kiz are presented in Figs. 15
and 16, ‘These results vers gbtained fros aversges of readings froe ten
different insonified regiens of the roigh surface by usiag Egs. (90)
theoush (92) of Chapter IV. The the.rstieal predictions of the phase
Fluctuations i the Fraunhofer appiusisation, given by By. (66), und fa
the Fresuel approxisation, given by s, (70) and {73}, are depicted in
Pig., 15. & © dog bessvidih ¥as used 'n the caloulstion for ::;1, @‘;2, and ¢
appearing in the fomgwlas. -
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When the projector and receiver were aimed at each other over
a distance of 10 ft the phase fluctuations were measured to be less than
5%, This small fluctuation in phase was caused by the inaccuracy in
moving the source and receiver as a rigid body relative to the model
surface, and alsc was broughﬁ about by local changes in the properties of
the water through which the acoustic wave propagated.

The dependence of the phage fluctuations on the Rayleigh
parazeter for measurements made with the model surface that has a root-mean-
square relief of 0.091 in. is shown in Fig. 15. The graph sliows that the
theoretical law in the Fraunhofer approximation gives predicted values
within 4% of the values obtained using the Fresnel spproximation for
values ¢of the Rayleigh parameter less then one. Over this range of
Rayleigh parameters it is evident that, within 15% fluctuations, the
experimental results which are expressed in percent relative to a radian,
agre2 with both theoretical approaches. The phase fiuctuations resulting
from the irregularities on the model surface, for wvalues of *the Rayleigh |
parameter between 0.2 and 0.35 (theory predicts 7 to 14%) are concealed
prossibly by -the fluctuations caused by the wave traveling directly from
the source to the receiver and the wave scattered from the edge of the
surface interferiﬁg with the wave gcattered frem the topograph of the rough
surface (experimental results show about 25% relative to a radian), With
this unéerstanding one can assect that both theoretical procedures agree,
within 6% fluctuation, with the experimental results for values of the
Reyleigh parmmeter less thamn 0.6. The apparent good agreement between the
experimental results and the theoretical predictions in the Fraunhofer
approximation for valuss of the Rayleigh parameter between 1.225 and 1.67
is surprising but should be treated as purely coincidental since the theory
is not valid for Rayleigh parumeters greater than one.

The experimenttl phase fluctuations illustrated in Fig. 16 are
the coaseguence of incorporating the messurements obtained from three
model surfaces, I; 1I, and III. The}dependence of the phase fluctuations
ot the Rayleigh parameter is not os well defined 28 the mmplitude
suctuations on this parameter,  Nevertheless, in ganeral the phage

fMuctuations increase with the Raylelgh paremeter frop a low velue of




12% to a high value of 250%, It is understood that the percentage for
the experimentai phase fluctuutions is percent relative to a radian, The

fluntugtion maxime are situated at 2k /sz§> sin ¥ = 1.5, 3.3, 4.6, and 6.0;

the minima at 2k /iFi} sin v ~ 1.8, 7.8, 5.3, and 6.,8. Since the author
is unaware of any other experimental investigation of the phase fluctuations
of an wuderwater acoustic pulsed wave scatiered from a randomly rough
surface, no comparison can be made and these regults should be ccnsidered
tentative and in need of further verificastion,

- When one attempts to compare the experimental phase fluctuations
with the correspoaiing emplitude fluctuations, ome is confronted with o
problem., The issue is understcod when it is realized that the experimental
amplitude fluctuations given by Eq. (89) represent a relative standard
deviation, whereas the experimental phase fluctuations given by Eg. (92}
represent an absolute standard deviation. Th2 experimental amplitude
fluctuations in Fig. 13 are in percent relative to the average amplitude,
vhereas the phase fluctuations in Fig. 15 are in percent relative to a
raecian, The Fraunhofer and Fresuel theary fur the amplitude and phags.
fluctustiors, using the swme ¢onvention for the ordinsts se-les, age

pregented in Flgs. 13 and 15 in pereont.

;ngaéfficienﬁ

¢, Scatterin

The experimental regulis for the sesttzring eeoelficient in the
specular direction for & requency of 5.8 Kz apy pregented in
Pigs. 17, 13, 19, and 20, 'Thesé'?esulta ware obtsined {row syeragng of
readiugs from tem &iffﬁfgnﬁ,§é9@nifi@d ragions of the rough surfule by - -
wmploying ¥ge. (93) through (95} of Chapter IV, The theorstivel preéintiions
of tbe seattering eveffleleat i the Fraunbofer approximation, given hy '
Ea. (79), und in the Prasnel spyroximetion, given by B, (83), ere showm
in the Tour zrsaphe. §§wfﬁiﬁ§ﬂ$§§%$vﬁffthﬁ tusondfied ares, &, & and 4
trat appesar tu the formiles were valewlsted for & § deg betswidth
; ired ab ths h&x?«p&v@r'p@;ﬁté ef the agiy &gb@(@? the {neldent beas.
| C Figurs 1T shﬁ&ﬁ't’&ﬁaeggﬁﬁenﬂé_@f th&_sa&ttu#ing ﬁ%éffiéiﬁﬁt
on therﬁﬁyléigh payazeter and the gxa;iﬁg sagiq; ¥, for the model surpace -
that ks s3 sms belief of Q000 1n, snd. s correlation lenst! of 2.5 lnches.
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- previous cages the theory derived uslng the Pr@é&ﬁlféypfnximatién'ggrégs' -
with the experimentsl reaviis fap bedter thsn dose th@'??@aah@fér;th§@ng.

From the graph it 1s evident that, within 3 dB, the experimentel results -
correspond to the theoretical law in the Fresnel approximation over the .-

complete range of the Rayleigh parameters from values of Q.20 to 1.85,
The theoretical law in the Fraunhofer spproximation gives good agreement
with the experimental results up to & value of 1.3 for the Rayleigh
parameter, But for larger values of the parameter the Fraunhofer theory
predicts lower values for the scattering coefficient than the experimental
results show. At a Reyleigh parameter of 1.85 the Fraunhofer laew gives
values of the coefficient that are 4 dB smaller than the Fresnel predictions.

The scattering coefficient measured with the mudel surface that
has an rms reliei of 0.182 in. and a correlation length of 2.55 in. is
illustrated in @'ig. 18, Again, it is evident from the graph that the theory :
in the Fresnel approximation predicts the experimental values better than | : r§
the Fraunhofer theory. The Fresrel theory predicts the experimental ' -
results to within 3 dB for Rayleigh parameters less than 2.39. FQ# larger -
vaelues oi the Rayleigh parameter tie Fresucl theory predicts values within
4.5 dB of the measured scattering coefficient. The Fraunbofer theorv
gives good agreement, within 3 4B, with the measured values of tha'“ .
scattering coefficient for values of the Reyleigh paramster*l&&éfthan :
X.85, But for larger values of this parameter the theoretical law in .
the Fraunhefer spproximation devistes notably fram the measured eﬁeffieieat, o
more than 16 dB for a Ruyletgh parsmeter of 3.7. ’ '

Figure 19 deseribes the moasurements and §redicted values of
the seattering coefficient for the m@dal aurface 1hat has an s rulief
of 0,36k {a. sad a correlation length of 2.5% inghaa,, As in the twa

The Fresael thoory is within 10 43 o?‘the weagured velues of the'éaattéring'“'~>' ‘15
coeffictent vheress the Fraushofer theory is within 2 4B for the complete - L
raage of Reyleigh parametere é%ﬁwa ian ?1h g,

- A comparison of Fige. 17,18, and 1Q ahsss that tke tn&gre§ cgl
- law in the Presunei spgroxization gives ,r@@fus&‘?#l“ arse sgro&&ﬂnt sith
the experinentsl resulls ag i&g‘ﬁas selief of the model surfuce increasss,.
The resson frr this disvarity f@:_i&é‘ro&gherAsagg&aes is ﬁ%ﬁ&ibﬁté&{to o
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the breakdown of the approximation, g; = és , used in deriving Eq. (8)

from Eg. (7) in Chapter II, As shown in Table I of Chapter IV the slope
of the irregularities on the surfaces increases at the same rate as the
ras relief of the first three model surfaces. Apparently the slopes for
model surface ITI, results depicted in Fig. 19, are too great to Jjustify
the replacement of differentiation along the normal with differentiation
along the negative ze-axis, ’

Figure 20 illustrates the experimental measurements and the
theoretical predictions of the scattering coefficient for the model
surface that has an rms relief of 0.364 in, and a correlation length of
5.10 inches. The irregularities on this model surface are characterized
by the same slopes 8s the model surface studied in Fig. 18. The theory
in the TFresnel approximation predicts values for the coefficient within
7 dB ol the measured values whereas the Fraunhofer gives values within
19 dB.
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CHAFTER VI
GENERAL DISCUSSION

A. Scattering Coefficient

In the previous chapter the dimensions of the insonified
area, Ai’ AQ, and £, which appear in the theoretical expressions, are cal-
culated from Egs. (B-1), (B-2), and (B-3), in Appendix C by using a 9 deg
beamwidth for the incident radiation. Also, the mathematical analysis was
simplified by approximating the elliptical scattering region with a rectang-
ular scattering area as shown in Fig. S5a of Chapter TII. The 9 deg beamwidth
was chosen because

(1) it is the beamwidth measured at the half-power points (-3 dB)

of the main lobe of the directivity pattern of the incident
radiation illustrated in Fig. 8 of Chapter IV, ard

() it gives the bhest agreement of th: theorzuical law in the

Fresnel approximation with the experimemtal scattering coefw=
fieient measured from the "smoothest” model surface, rms
relief of V.Q91 in., as ek~wn in Flg. 1.

Figure 21 illustrates the influence the v.lue of the veameidth,
and hence the dimensions that the insonified ures aa. on the theoretical
predictions, At the Rayleigh parameter of 1.0 the 8 deg beamwidth results
in predicted values 1.5 1B emaller than the ebsewved soattering ceeffieient,
the 9 deg besmwidth prediets 0.7 dB larger valwes, the 10 deg beamuidth

prediets 4.6 4B larger values, snd the 12 dep beanwidth glves valuss that

are 3.2 4B larger than the measured values of the scattering coeffieient.

The effeet that a change in the beamwi.gth of the ineldent radiation
hag on the Fresnel theory for the roughest modsl surfaee, rmg velief of
0.384 in., 12 illustrated im Fis. 22. With refference te & value of 7.2 for
the Raylelgh parameter it 18 ewvident from the graph thst s 6 deg beamuidth
result: in 5 theoretieal value for | he seattoring coeffleient that ie 16 4B
ssaller than 1he sensured coefficlent, an 8 deg besswidih predicts a 13.5 4B
sgaller value, 5 § deg beamwidth gives u O 4B sumaller value, 10 deg benz.
vidth gives = 5.5 dB lowar mlue, and m 12 dog beaswidth results in 4 5 4B
lower value,

€5
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Even though the 12 deg bewt results in predicted velues that give
best agreement with the observed scautering coefficient for the roughest
surface, a 9 deg beamwidth was chosen sirnce this selection agrees best with
the experimental results of the smouthest surface shown in Fig. 2l.

Table I in Chapter IV shows that the'slopes of the irregularities of

model surface III are four times a: great as the slopes on model surface I,
the smoothest surface. One would expect the theory, which is subjeet to
the approximation d/dn = -3/dz, to give 1its best predictions for the experi-
mental results obtained with the model surface that is characterized by the
least slopes of the irregularities.

Figure 23 is a plot of Lqs. (53) and (54) of Chapter II,

. —[cz((‘al + cA;} - si(sal + 3&2}]2 ‘ [ (6%4- ¢\ ] + 0 (sal + sgﬂg
) (Ryg * 320)2

RS

Q -

which is proportional to the inteneity in the Fresmel spproximatien of a1 wave
geattersq from s plane swface (%he denominstor of the secattering c@@fﬁciene),
The chanze in the intensity with ehmgé in the beaswidth il the result eof

the presence of the Fresnel integrale, € and 8, in the expreszion foy p@p;.
This relation has been discussad thoroughly by Leizer {1966). A result of

hig g sudy wag that the term K tends to umity im 5 fluctuating masner as

the nmﬁh@r of Fresnel gonez gnelosed within the rectansulsr insonified aves.
ineresses. Figure 23 exhiblte th.s behavior very eclearly for se the bease
width of the incident radiaztien i. inereused withoud changlng the aoures
distance (R \), feceiver dlitance (R.. ), and the frequeney, the nuwaber of
Presnel zomes snelosed in the imdenif 1@& ares ifioreases. The gr@p’h

that a8 the bswmth jnereases 'rom 6 deg &6 12 Asg the terw p@p@ @@f@&@h@g
k/(&w + By ) , whieh i the straight Lice with the value 69.5 % 10

Figure zu& in Appendix B shows tiabt 8 § deg beaswidth preduces an insenified
ares that encloses only one Frestel zene. & € deg beaswidth will inscuify

an ares less than ofie Fresnel zuke wheress a 12 dog beamwidth will insoaify
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" gpproximately the first two Fresnel zones,.. Thus, the solution for the "5/7/
intensity reflected from a plane surfasce calculated in the Fresnel apprcgﬁaf
imation for an active scattering region that is rectanguler will becomé-:
steady 25 the value K = 1 is approached, and in turn the scattering coef-

ficienc¢ will become stable.

Leizer (1965) has shown also that the stability of the intensity
reflected from a plane surface is strongly governed by the shape. of the
insonified area used in the calculations in the Fresnel approximation. Hig
study has shown that when an insonified area of eliiptical shape is used
in the ecalculation of pQPO* the term K will fluctuate betuween constant
limits O and 4. The indicated minima (K = Q) and maxima (K = 4) ave cbtained
when an even or odd number of Fresnel zones, respectively, exactly fit inte
the elliptical reglon. Thus, if an elliptical inzonified area had been used
in the derivation of the scattering coefficlent in this paper, an infinite
value for this eoafficient would hiave resulted whenever a Leamwid*h was chosen
that insonified an even number >f Frasnel zones., The information ef primary
importance obtained frem Leizer's study was that the solution for the
reflected intensity would not stsbilize ag the ﬂﬁmber of Fresael zones ancome
- passed by the elliptieal Insonified ares increased, whereag the colution
would stabilize as the numbey of Fresael zones eaclosed by the reetaagular
ingonifisd ares lncreaged, _ \

This phenomenon 4oe8 not occyr experimentally betause the lasenified
" ares ig ret welledefined as Fig. B show:. Ceasequently. the [luetuating
behavier ef whe selutisn in the Freenel approxicstion could be ?liﬁiﬁ@t@i if
batter §9@f@&i&é§i@@é of the transducer besw patterns could be fnmertes’
inte the theory. Hortes and Muir {1967) Wave used the -xpreseion o

to dsscribs the effecs of the radiation patisrn of the source on the seal«
tered imtoneity. Thls relation describes a transduser pattern whoie major
lobe insonilics an ared #AB of «~1liptieal shaps am the 3uri>es, and teal

does wot ﬁﬁvsﬁﬁﬁy witior lobes, Their ealoulations vers sade in the Frauniofer
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approximation. It is conceivsble that the:theoury presented in the current
paper ccild be im roved if the above approximation of the radiation pattern
of the source could be inserted into the theoretical development in the
Trecnel approximation., However, one may encounter insurmountable analytical
difficulties. '

The scattered intensity calculated by using the statistical _ L ‘ :
parameters of model suiface I and model surface III is plotted versus the i
grazing angle in Figs. 24 and 25, respactively. The term pp* is the numer- -
ator of the scattering coefficient and represents the intensity except for
a factor of l/2Z where Z is the specific acoustic impedance of the medium. -
The graphs show t there is only a small change in the:intensity as the
beamwidth varies i.cum 8 deg to 12 deg compared with the fluctuating behavior
of the formulas derived using the rlane surface as depicted in Fig. 23.
Thus, the variability of the scuttering coefficient with beamwidth, as
illustratec in Figs. 21 and 22, is attributed mainly tc the fluctuating
behavior of the theoretical expression for thz intersity reflected from a

plane surface, the denominator of the scattering coefficient.

B. Fraunhofer and Fresnel Approximations for the Intensity

The theoretical scattering coefficient in the Fraunhofer

approximation gave progressively worse predictions for the observed scat-

tering coefficient ;s the rme relief v/<%02> and/or as the Rayleigh parameter
of the rough surface increased. This deviation between the Fiaunhofer theory
and the experimental results was evident in Figs. 17, 18, and 19 owahapter V.
Thus, the Fraunhofer approximation predicts incorrect values for the scat-
tering coefficient as defined by Eq. (48) of Chapter II, eicept possibly for
the very "smoothest" surfaces.

This pheromenon 1s reversed when only the iutensity of the wave

is convidered. From Eq. 48 the intensity is

*
SR (56
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In the Fraunhofer approximation PP, 1is given by Eq, (C-5) in Appendix C,
‘and o is given by Eq. (79) in Chapter III, These relations give for the
Fraunhofer iﬁtensity

I . Lo
<I> K (AL +8,)%in" y - 2 “‘\3" o (o7
R~ ° -2 € LY m=Ey . 97

2oV n ulo 20 L Al 2 é&i mlm2

. .
In the Fresnel approximation p p = is given by Eq. (C-12) in Appendix C,

and 9, by Eq. (83) in Chapter III. These expressions give for the Fresnel
intensity ‘

=

(1) X B2 ) L@ L (o)

FL 2 g m.
2pv(RlO + R, )

i

50 m=1

The ratio Sf the Fraunhofer to the Fresnel intensity is

a’n "
LY ER 5, :%'?

2,2 2 2., 2 _4
(L) e i} K2Ry + Ry () + &) sin”™ ¥ m=1 . {99)
—ZI) FL , “QR 2 2 K ] =.eo n
10 F20 1 +§ & 5.(2)
£ . me 1 m
m=],

Figure 26 is a plot of this ratio in Jecibels given by the relation

B = 10 loglo -%%if

for the plane surface and the four model surfaces listed in Table I of -
Chapter IV, A 9 deg beamwidth was used in the calculations. At a grazing
angle of 80 deg the ratio for the plane surface is 12 dB, for surface I

the ratio is 8 dB, for surface II the ratio is 0.7 dB, and for surfaces

TIT and IV the ratio is less than 0.2 dB., From the graph it is evident that
for grazing angles greater than 30 deg the intensity calculated in the
Fraunhofer approximation is within 1 dB of the lntensity calculated in the
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Fresnel approximation for the roughest model surface. But for the plane
surface the two theories differ by as much as 13 dB for grazing angles
greater than 30 deg. Also, the effect that the correlation length has on
the approximations is revealed. As the correlation length of a rough surface
decreases, the intensity derived using the Fraunhofer approximation
approaches the vaiues predicted by the Fresnel approximation. Therefore,
the theoretical law for the intensity scattered from a rough surface cal-
culated in the Fraunhofer approximation will give poor agreement with
the observed intensity for the smoother surfaces and good agreement for the
rougher surfaces.

Figure 27 is a plot of the same ratio vs the Rayleigh parameter
for model surfaces I, II, and III. For Rayleigh parameters greater than 4
for the numerical example used throughout this paper, the Fraunhofer
approximation will give values for the intensity that are within 1 dB of
the values predicted by the theory using the Fresnel approximation. Thus,
the choice to use elther the Fraunhofer or Fresnel approximation to
study the Intensity scattered from a surface will depend upon the roughness.
A study of the scattering coefficient will require the Fresnel approxi-

mation in every case except for a very smooth surface where the Rayleigh

parameter is less than one,

C. Application of Model Studies to Ocean and £hallow Water Studies

The slant line distance from the source to the scattering
surface in the model studles was 5 ft. A common distance from source to
the sea bottom for ocean studies is 5000 ft, which requires a factor of
1000 to scale the model studles to an actual situation in the ocean.
Shallow water studies are conducted in many instances at a depth of 100 ft.
In this case a scale factor of 20 is needed. The type of source, diameter
of source, and frequency of operation needed for these studies to be
directly applicable are listed in Table II. Alco, the rms relief and the
correlation length of the model surfaces, llsted in Table I of' Chapter IV,
should be scaled to conform with the shallow water and ocean studies.
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CHAPTER VII
CONCLUSINNS

The theoretical approach of Gulin (1962) has been used
successfully to predict the observed amplitude and phase fluctuations
of an acoustic wave scattered in the specular direction from s rough
surface that is described statistically by an exponentiel covariance
function. The theoretical expressions were limited to values of the
Rayleigh parameter less than one. The comparison between experimental
and theoretical results showed the necessity of the Fresnel theory to
describe the amplitude fluctuations. Fraunhofer and Fresnel approximations
gave equally good agreement with the experimental phase fluctustious,

The experimental amplitude and phase fluctuations were presented
for values of the Rayleigh parametor less than T.4. The observed amplitude
fluctuations in the specular direction for the model studies showed the
same behavior as the weasurements made wa the sea by Gulin and Malyshev -
{1962), who limited their study to values of the Rayleigh parameter less
then 3.5. The author is unaware of any other measurememts of the phase
fluctuations of underwater acoustic waves scattered fram a rough surface.
Since accurate measurements of the phase fluctuations are difficult,
further experimental studies are desirable.

The theoretical development hed to be extended to tae
Fresnel approximation to obtain values for the scattering coefficient
that were ih good agreement with the measured values. Even though the
theoretical model produced values, which fluctuated notably whenever
only a few Presuel zones were insonified, the theory in the Fresnel
approximation gave significqantly better agreement with the experimental
scattering coefficier* than the Fraunhofer approximation for the four
randomly rough model surfaces used in this work.

The theory of rough surface scaitering presented in this
paper used the following assumptions or simplifying procedures:

1. It was asswmed that all the radiation that impinged on the

rough interface was either refleocted or scattered.

2. Multiple scattering was neglected.

T
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10,

1.

12,

Shadowing effects were neglected,

The radius of curvature of the scattering elements was taken
tb be much greater than the wavelength of the incident
radiation. This restriction along witﬁ. asswptions 1, 2,
and 35 allowed the field at each point '0';' the surface to

be represented as the sum of the incident wave and a wave
reflected from the plaue tangent to the surface at the

given point. These statements constitute the Kirchhoff
appraximation,

The distances of the source end the receiver from the
scattering surface were assumed to be much greaster than a
wavelength of the incident radiation,

The irregul&rities veres assumed t¢ have sufficiently suall
slopes s0 that differentistion along the normal to the
surface can be approximately replaced by differentiation
along the z-axis., DBecknann {1963) avolded wuking this
assuaption by inserting into his theory the complete “loecal"
scattering gecmetry. However, the additional temms cbtailned
by meking this insertion reduced to uni'y whenever the
problem was restricted 1o the specisl cage of specular
seattering,

Edge effects caused by the finite size of the model surfaces
were neglected in the theory.

The amplitude of excitation of the incilent radiation was
assuded to be prectically conastant over the active
seattering region.

The tiheory for the amplitude and phase fluctuations was
restricted to values of the Rayleigh parameter less than one.
The probability-density function that govervs the
simultaneous occurrence of the elavations on the rough
surface was assumed to be a bivariate (ausslan distribution,
The rough surface was assumed to be randonly rough,
isotropic. and stationary in the wide gense,

All caleulations were restricted to the specular direction.
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135. The Fresnel epproximaetion of neglecting cubic and higher
ordered terms was employed.

14k. The active scattering area was assumed to be large enouvgh
so that many surface irregularities were enclosed within
this region. |

15. In the application of the theoretical formnlas to an
acvuael situation it was assumed that the active scattering
region was the insonified area irrespective of the number
of Fresnel zones insonified.

16. The beam pattern of the energy radiated from the source
was approximated by a cone that had o beameidth measured
at the half-power points (-3 dB) of the actual transducer
radiation pattern. :

17. The elliptical insonified area resuliing from the
intersection of the conical beam of incide.s radiation
with the scattering surface was apprusi==ted Ly a rectan-
gular active seattering region.

Although this list of agssumpbions is lemgthy, they are utilized
by nearly all vorkers im this field, The substantiated agreement between
experiment and theory shows the mumptions' are physically acceptadble.
The ma)or innovstion of the pragent study is assumption 13, Although
the Fresnel assumption has been utilized in s few theoretical studies,
nowhere hags a systematic study been made of the importance of the Fresnel
terzs, . ‘

In future studies it may be possiole to vithdrew same of these
assuaptions at the cost of mathematical simplicity. Por example, it may
be possible to remove assumpllon 16 by using & better approximation for
the radiation pattern of the scurce such ag was diseussed by Horton and
Huir (1667). It is very lively that restriction 12 codd be gonerslized
somewhat to include the efse of any receiviag angle mﬁepanaent of ths
grazing angle in the plane of inciden~e,
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THE FRAUNHOFER AND FRESNEL APPROXIMATIONS

U

Figure 3 depicts the coordinate system with the origin at O.
The geometry of the scattering of acoustic waves from a randomiy rough
surface with the origin st O' is illustrated in Fig. A-l. As in Fig. 3
the source § and the receiver 4 gre confined to the x~-z plane, This
Atransle.tim of the origio sloung the x-axis is expressed as

x=x tRgeos
and for the specular direction can be writtea as

in )
X, =X eoe—t— | (-1
+ 3t |
With reference to Fig. A-1 the digtance Rl can be expanded in
terng of Rl@' Wita the angle béween r and R].O denoted as él, the law
of cosines glves : '

T
_Rl“{gm“" - ygF cos 6y .  {a-2)

This equation esn be expresced in tesme of the directleomal angles,
3 S ) . == : -
al snd ¥,, of the unit veetor, fiy» directed from the erigin ¢ towsrd

the seouree @,

=3 =3 i b
o = 2 _‘ .,g & @ o
8 =e, oS fii e, @8 ¥

1
and writitg £ &3
= B3 ) Ed .
¥ 5 s = * ?Té # e »
¥ hlexl ¥ v izea
Thug, wvith _
ey 3 3 4
£ reréax§¢y2*32 -, &aud

;'61&i;“ﬂl'ew@lﬁrew@lsxlcwal"’l@%rl ,




FIGURE A1
' COORDINATE SYSTEM .
FOR THE EXPANSION OF R, | o
AND R IN TERHS GF R, AKD .




Rl becomes

- |Rya - 28

Iil can be expressed

as

l Cos f'll

in terms of the grazing angle ¥

%

3t

cCQE Y, * 8

- PR, 2 cus 7, + X+ Y + Z .
“10 5 U N

180 deg - v‘l

- 208 v

2, 2, .2/2
™, -, KA Dy . <
a2, cos 2z g2in ¥ X, + + 2
1% 1,0 7Y ,

b]
£
[ ‘_L
x. sin ¢ 2
R (R, .+ %, €08 %, = % &in ¥,.' * e T S,
1 R T | | 1’ 5 2R
: 10 10
o y : g
a7 ecos 4, %.d Sin § oeos &, ‘ / ‘
1 i "2 1 I & ,
* mE——— e T {e m—= sin® i cos “
“f *10 / PR '
(A=9)
] g
& R oo - [%
AR
R DY R I R - L e N I
Y Ea o -y ¥ 1 g . 1
A, 2R 9B,
16 Rt 14
b &
w7 ay  aln =;1\
o el OHG Y A e ¢ BigHEP Oiler o0 .
IR ax ¥ }
i Y Tuky
15 10 i
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In 2 similar way R, can be written in terms ~f R.. to give

2 20
2
X, sin’ v, 2.
R, = (REO - X, 05 ¥, - % sin v?) + 12R <+ 5%—-
h ’ 2C TR0
a : v o2
z° cos ¥, X2 8in v, cos y, ) X3 P :
1 S = ~ 214l =L 510° v, cos v
2R, : 2 © S e
R R ! 2. 2 2
3 x2~ X 72
F4 . - ¢ & 2
¥ ——— sin ¥, c:os‘2 Vo * 1 = sivj Yo cos” ¥,
ER 2 e . 2 : 1 o - o ERJ\Q =
20 =20 - F
2
X,y 2
. Ig n
b avaem OO W e SR ¢ERY + i .
3 U08 g ¥ Q'-§.s nov, higher order terms
2R 28,
20 P

Adding Eys. (A-9) and (4-0), one obtuing

(A-6)




+ gin Wﬂgk
<]

-
+ Ry = {?10 . R20 + xl(cos ¥ = cos wz) - 2(sin Y

5 in2 ‘:L'l 8 ine

X +
i E’Rl 0 ERQO

vﬁ‘p + y?_’(—_}:_ . __L)
CRJ.O 2R20

{0052 ¥ c032 w‘ sin V. cos v sin ¥, cos ¥
2 1 2 2 2 1 *

1
( o By L By Ko

+ 7

sing Yo CO8 Y sin2 Y, cos ¢
3 2 2 1 M

. 1 1
*) 2 - o ? te - (4-7)
oo Rlo 10
ain w2 c032 wg 2 sinJ wl sin5 &?
+ - + 3% 2 - -
a 3 a2 &
15
legs” ¢ c:@a'ﬁ " eos ¢ cag U
& 2 " 1 A -5 "1
FRE T T R e ?—\
= N = - 2 j )
{ HRag Ry Moy Wy |
sin "‘l gtn ¥ ]
* 2y ~- * x= || * higher order terus .
2R, 3 BR.. {1
3‘0 20 -

A In the iategrals appearing ia Chapter II the 2 dependency is
taken oub of By + R, as illustrabed in Hgs. (11) and (13) se that one io
interested in R + K. Thus, for 2 = 0, Ry = R) and R, = R, and Bg. (A7)
redutes o

A el 13 AR BNt e e IRt 0.
. . oy
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sin2 : sing U
o] 52 "2 2) i 1
1 2310 2R20 i 2R10 QRQO

+
(A-8)
2 sine Y, €os V¥ si.n2 Y., cos ¥
2 2 1 1
t 5 - 5
oo R0
cos ':12 cos L!:l
+ XY - G + guartic and higher order terms .
1 oR 2 o ]
20 o]

The Fraunhofer approximation is the neglect of the quadratic and
higher order terms in Eg. (A-8). The quadratic tems are insignificant

whaenever

k1o the wavenumber,
A, 15 the maximun dimeusion of the active geattering reeton in the

*xl--&ireetifm, and
_{ is the maximwa dimonsionh of the active seattering region in tiw

+y--direction (&, and ¢ are discussed in detall in Appendix B),

It 18 seen froa solviag B, (A-9) for "‘go that the receiver will be iu

the Frauaborer zote (farfield) when

2 2 ’

Bog »> 753 3
L S P
z\w(ﬁe 1 )

. (A-10)
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The Fresnel approximation is the neglect of the cubic and
higher order terms in Eq. (A-8). The receiver will be situated in the
Fresnel zone when

/ 2 Al 1 : 2 k] \ [ Y ‘- \-1
3 sin Vo €08 ¥,  sin ¥y €08 vy of GOS8 M. TS5 6y
ko?\ 5 - 3 +-a?z( = - || << 1. (A-11)
2R, . 2R R 2R
| 20 10 20 10 /]
Solving for R?O’ one obtains
L3 5 1/2
k cos \bq[/\P sin” v, + AL
R,. >> 1 — — . (A-12)
20 K cos %l - 5 2)
2+ ———-é—R \A? sin® vy + AN
10
Thus, the receiver lies within the Fresnel zome when
2} ) :
:z(s:; stn” u, + t‘g)
ETE oy Y Ry
?-?{'—-(:\ sLn"'uLvl} ”
1wt T :
3 R 1AL
¥ eas *;’ﬁ(.r;\,;; sl 1, ¢ ;;,ﬂrj
_ hooog ¥ 5 o . o (A-13)
‘@ * T-;;——- é'ls.é ain 'i.'l * z»‘:?f'
L. 1 )
The Freaunhafor npproximation to By, (Ae9) ean be written ng
R (e
whope

¢ = €os ¥, - von I, . {Aalr)




The Fresnel approximaticn to Eg. (A-8) can be written as

e L 2,12 N
Brle=Ro it "g gy (A-16)
where
2R R,
R, = 20 =— , cod (A-17)
RlO sin we + R20 sin vl
oR. R
R 1020 (A-la)

TRot R

For the specular direction N N

and Eq. (A~8) reduces to

o ’
o e Ry R e § [ et o+ ]
(A-19)

+ guartic and higher otder terms .

Note that the linear and cubie terms Five wanished go that the relation
o exset through cublc temms for the rrevial awpproxifation tn the speculup
dirention. The Fraunhofer aspproximation in the gpecular direction is
sinpiy

Ri ¥ E‘\'é = Ryg * &20 . (A-20)

Whet the Praunhofer approxization, By, (A-20) or the Presnel
apgroximation, Bg. (A-19), is made ia Bga. (1&), (17), (20}, or (&) of
,Ch.:spu;r i oaly the approximations

B * Rgley
Ry =R s oud (n-21)

R R
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The Fresuel approximation to Eq. (A-8) can be written as

]

‘ ' ;.1 1 -
Ri + R R10+R20+c11+R X} +R Y , (4-16)
where

2R,
R = 10 20 s— , od (A-17)

3 2 ) \
RlO sin v, + RQO sin vy

2Ry oo

<2020 (A-18)
Bo* B

For the specular direction
Wl = \’J? =y R
and Eq. (A-8) reduces to

Ri + Ré = R].O* Rw*%(xi sin2 LIRS ya]
(A-19)
+ guartic wid higher order temms 8 :
Note that the linear and eubic ‘¢ .,u:¢ have vnnlshed so that the relation
le exaet through cubic temsa for tud biwsuel ép;ﬁrmisr*‘;tt@u in the speculur
dirention. The Fraunhofer approximation in the epecular direction is

simply

R+ ?‘é & 5310 + Rgo . (A-20)

Wheu the Feaunhofer upproxization, Bg. (A=20) or the Frestel
approxigation, B4, (A-19), i» zade ia Egs. {(16), (17), (20}, er (81) of
Chagter LI oaly the sppronimstions

e R

Ry *R, , end (n-21)

BTy




T

RN L e

TR

S e TSRS R R i

o IRy K T, S-S

I N Y

© are uged in all the temms of the integrand ¢xcept in the term R(Ri + RL)

2
that represents the phase. What is implied by these approximations is that

at distances from the uneven surface, large compared to the dimensions
of the active scattering region, the amplitude ol the pressure wave
produced by any particular surfasce element differs only slightly from
that produced by‘any other element. On the other hand the relative phase
of the pressures produced at the receiver by any two surface elements
depends on the differences in the distance of the two elements from the
receiver, and for distant po‘nts this difference is practically inde-
pendent of Pi and Ré. As a censequence, one must ugse tte entire
expressions gi.on in Egs. (A-19) and (A-20) in the tem k(Ri + Ré)
appearing in the integrands of Egs. (14), (17), (20), and (21).

Consider a nurerical calculation of the Fraunhofer and Fresnel
distances, REO’ es given by Egs. (A-10) and (A-12). The source is placed
€0.0 in. (Rlo) from the surface. With the source and receiver maintained
ia the specular direction, the grazing angle of the source is varied,

It is desired to know where the recsiver must be placed relative to the
surfuce (REO) g2 that the experimental data can be compared with theory
that was developed using either the Fraunhofer or the Fresnol approximation,
These'gosittons of the receiver are referred ﬁc ag the Fraunhofer field
zohe or the Fresnel fleld zone, whichever the cupe may be, The calculatlions
are made for 4 fregeuncy of .8 kilz and for & 9 deg beamwidth of the
gouree. The acltive reglon of the surface (8 tuken to be the lugonifind
sred whoge dimensions are caleulated from Eys. (Bel), (8<2), and (B-3) in
Appendiz B, 'The results for this plane surfice exwiple are fllustrated

in Fig. A-2, The enlculations show that it 18 physieally bapoasible to
place the receiver in the Fraunhofer field tone for specular reflection

from 8 plane surface. The rocelver sugt be placed at distances such
greater than 4k in. (Ru,) fros the pressure release plane surface st

o5 .8 wilz in order that it remaia in the Freencl Pleld zome »t all receiving
angles., The abrupt change in the boundary of the Fresrel fieid z2one st

90 dog reveiving nngle ig the result of the finite ditenstons of the
refleeting surface, that is, Ay is held constant = 16 in. Por grazing

afigles less than 22 deg.
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In Chzpter VI it is shown {ree Fig. 27) thet 85 the roughness
(the Rayleigh parapeter which for & plane surfece 18 zeiv) incresses.

the Fraunhofer field zone moves in fyom infinity to same finite distsnce
from the rough surface, Figure 27 of Chapter VI shows roy the numerical
example cited that for values of tne hayleigh paraseter groater than &
the Fraunhofer approximati.r predicts quantities that are well vithin

1 dB of the values cbtained using the Fresnel approxizstiocu. The
interpretation of this behavior is that for very rough surfaces the
irregularities on the surface act as individual scatterers. Thus, one
should not insert intc Egs. {A-10) and (A-12) the dimensions of the
active scattering region, &2 and £, but showld substitute the dimensions
of the surface irregularities, For example, if one took the correlation
length 3 (2,55 in. for three of the model surfaces) for the maximum x and
y dimensions, Ey. {A-10) wvouwld give for the previocusly cited example for
o grazing angle of 40 dleg

!120 >>» 15 ian. R

for the Fraunhcfer field zoue,

In summary, for Rayleigh parwmeters much less than one the
dimensions of the active scattering region are used in Egs, (A~1Q) and
{A=12), uhen only s few Fresnel zones on the aurface are ingenified the
dimenalons of the active scattering ragion arc taken to be the dimensions
of the insenifled area (see Appendix B). For Ruyleish perwseters much
groster than one the dimeasions of the irregularities on the surinee are
used, A satisfactory approximation of the slze of the irregularities le
the worrelation length, 8.
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ACTIVE SCATTERING REGION

What regions of the scattering surface are the most important in

contributing to the total field at a given receiving point when the surlace

is illuminated by a source at a given point? Beclmann (1963) has stated
thet the answer is "the first few Fresnel zones" located on the scattering- .
surface, For an omnidirectional source one would use the dimencsionse of k
the first few Fresnel zones as the limits on the integrals appearing in
Chapter II.

In the evperimental work a directional source was used, which has
8 directivity pattern illustrated in Fig. B-l. Only a finite portion of the

scattering surface is insonified. The insonified area will be defined as :

the intersection of the half-power points (-3 dB) of the main lobe of the
directivity pattorn with the scattering surfece, It is of interest to
determine both the dimensions of tha first few rresnel zones and the dimen-
sions of the irradisted surface.
The length of the irradi:ced surface ls deterrined by the angular '
width of the directivity characteristic of the transmitter, the slope ef its g
axis, ana ne distance from th@»trgnsmiﬁter to the seattering surfuace. :
‘ The dimensione of the insonified area can ve derived in the following manner.
From Fig. B-l

i

A= 180 deg v = = ¥

2 1
where ?l is the grazing angle and © i the beamwidth measured at the half-

it

1

pouer poiats of the major lebe. The relatiens

aaz&aeg-m%url . sad

doz « B wl s abe g
B = 1@' d@é - 2 ‘C b S V}. »
give for the linear disensions &, and A, in the ¥, directien

@3 % ai@ cos @l “ 7y @@é(wl * g) » and

&y w vy wos{V) «2) « Ry woe ¥,

&
v
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From the law of sines

R].O sin tLrl

sin(\lrl + %)

L RlO sin Wl
sin(¥, - %)
give for Al and AE’
Al = Ry l:cos ¥, - cot(\,irl + %)sin \Lrl-J N (B-1)
A, = Rlo[- cos \[Jl + cot(\irl- Sg)sin \[I]J . (B-2)

With the projector confined to the x -z plane the linear dimensions cf the

1
inscunified area in the y direction is calculated easily from the right
triangle in Fig. R-2a to give

i _ -
{=Rgtany . . (B-3)

The insonified area, shown in Fig. B-Zb, is an ellipse with ’a"'"

semimajor axis given by

®
U
el

(g +8) (B8

and & semiminor axis given by

The ar¢a of an ellipse is nab, se that

Lt ) B
/ 5 fo e (B6)
2 1m0, - 3o+ 2] s

Kerr (1951) gives formulas for the caleulation of the dimgnsions

. {4
areg =

of the Fresnel zones. The geometrical arrangement of source and receiver

for these calculations isr,vsho‘wn in Fig. B-3. The origin 1ies on the




(b) THE ELLIPTICAL INSONIFIED AREA

" FIGURE B-2
INSONIFIED AREA
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FIGURE B-3
THE FRESNEL ZONES ON A REFLECTING PLANE
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reflecting plane directly below the source., The receiver is in the specular
direction. The locus of all points in the x - y plane, from which the sec-
ondary radiation arrives at the receiver with a constant phase difference &

with respect to the direct radiation along r, is given by the relation

Ri + Ré ~r=29 .

“he path difference 60 via the geometrical pcint of reflection is

RlO + RQO

The nth ellipse (Fresnel zone) is determined from

~r=29 .
o ,

-~ . — }‘
i ) o -8, =n3
or ‘
. = - N
=Rt Ry T FR3 (8-7)
where A is the wavelengih of the incident radiation. Expressing the
© ellipses in t.umms of I, §n,vzl, and 2z, ope obtains for the X coordinate
of the cexter of the el.ilpse '
< -~ La}i ( _8)
X .. % - o e » B
o Qé R

wvhere the oripin uopleted in Flg. B} has been transformed to the polnt of
geometrical reflection by wesns of BEg, (A-l) in Appendix A. The semiminoy
axie is

(5.9}
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. amw! the semimajor axis is

a =b /1 + L ) (B-10)
n n - oy
. 42
Eﬂ + 1+ 2 -1
T T )|
The X intercepts relativef§o'tﬁéggéemgtrggalrppiqp of reflection are
N = a - . o T .

A, =8 - %, o oand (B-11)

(B-12)

A?n =8 * *on '

From Eq. (B-5) the y intercepts are

b G -
= e o, - 38 4 (3-13)

These three equations for the Fresnel zones correspond to Egs. (B-1),
(B-2), and (B-3) for the irradiated ares.

Caonsider a numerical calculation of the dimensions of the
insonified aren and the dimensions ¢f the {irst three Fresnel zones, The

source is placed 60,0 in. (R,.) from the surfuce and the recelver is main-

"o
talned in the speculur dlvection st the distance of €0.0 in. (RQU) from
;h& surface, The bpewmwldth of the projzetor (source) is 9 deg. The results
are depleted in Flg, Bed for a frequency ef 95,8 Rz for grazing angles &0
and & dez. The caloulations show that the dimensions of the insonifled
srea are tlightly lapger than the dimentions of the flrst Freane. zons,
The sesttepring surfaes boundary chows the yelative siue of the model surtaces
te the insesirled aren.

I the peamuidth of the source lg variod from & deg %o 12 dup fop
the situntion jgurt deseribed, the infon Fled aren will enclose alligh¥ly
taze than one Freenel 2one to aimont tw Freanel zones,

v de 4irfieult to ascertadn with smmlgtienl preclzdon the part
of the asatbering surfaee that should be taken ne the aotive doatteving

roglon,  However, zince ~aly a fou Freonol gonag are insoaified dn the experi-

mental 2tudy in thiz paper, thr insonificd aren w31l be taken ny the active
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scattering region.

area Al,

of the insonified areas 2 and b.
grating over a rectangular area, which approximates closely the elliptical

area.

wherszas the area for grazing angles from 22 deg degrees to 80 deg is

2

21(&1 + Ag)

calculated from Eq., (B-6).

Thus, the limits of the integrals appearing in
Chapter II and III will be taken as the values of Ai’ A?, and £ calculated
from Egs. (B-l), (B-2), and (B-3), respectively.

It is noted that the approximate dimensions of the insonified

A, and £ are used as the limitc rather than the exact dimensions
This approximation is equivalent to inte-

Table B-T lists the values for Ai’ A?, and £ for grazing angles
from 6 deg to 80 deg for the previous cited numerical example for a 9 deg
beamwidth of source. The dimensions Ai’ AQ’ and £ are calculated from

Ers. (B-l), (B-2), and (B-3), respectively.
Yor grazing angles from 6 deg through 20 deg is calculated from the relation

The irradiated surface area

.
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LUTE Bel
DIMENSIONS OF INSONIFIED AREA FOR VARICUS GRAZING ANGLES

G:\‘:; i:e; Al AE . I Ins:x;: Z‘ied
Degrees Inches Inches Inches Sq. Inches

6 16.00 16,00 L.72 302.21

8 16.00 16.00 472 302,21

10 16.00 16,00 4,72 302,21

12 16.00 16.00 b.72 302.21

b 14.84 16.00 4.72 _eql.e2

16 13,44 16.00 L.72 278,06

18 12.30 16.00 .72 - 267.28

20 11.3%5 16.00 I 258,32

; 22 10.55 15.65 L.72 211,05
: 24 9.87 14,10 b.72 190,06
i 26 0.28 12.684 ' ] 173,35
28 8.76 11.8 4.72 159.72
A 30 8.3 210,93 .72 18,38
i 52 7.9 10.20 4,72 138,30
34 T.56 9.56 .72 130,61
36 7.2 9.01 L.72 123.53
34 6.91 8.53 L.72 117,36
i 40 .12 8.11 472 111,94
62 6.49 7.138 4,72 107.1%
& w 6.29 7.0 N 102,80
" .10 7.10 Lr2 9,10
: WA 5 it 6,84 L.77 9%.71
30 Yyt 6,60 L. 72 9g.66

¥ 5,69 £, 4,72 83,92

A §.9% 6.9 k.72 87,49

an 5.kl € .02 L. 72 85 .28

»# 3.4 5. R L7 8%.21

€ 3.2 5.1 6,72 81.%

5 5.1¢ 5.8 k72 .1

Gh 5.6 .6 L.72 78,26

e L. oo 5.% k.22 76,96

v k9% 5. % Wt 5,74

“ W B §.17 b T2 2]

. A 5 .10 L.72 13,80

* " 5.08 WP 12.99

* L 7t &6 L ¢4 72.28

24 Lt w08 W (- .68

W Wt L% L. 12 117




TABLE B-1
DIMENSIONS OF INSONLIFIED AREA FOR VARIGUS GRAZING ANGLES

Gx;;:g Al A2 ‘ ] Inszr;:;‘ied
Degrees Inches Inches Inches Sq. Inches

6 16,00 16,00 4,72 302,21

8 16.00 16.00 4,72 302,21

10 16,00 16.00 .72 302.21

12 16.00 16.00 472 - 502.21

14 14.84 16.00 472 _ 201,02

16 13.44 16.00 472 278,06

16 12.30 16.00 b2 267.28

20 11.%5 16.00 872 258.32

22 10.55 15.65 472 211.0%

2L 9.87 14,10 L.72 190,06

26 9.28 12.84 .72 173,35

28 8.76 11.81 L7 159.72

30 8.5 10.93 L.72 Ih8, 34

32 7.9 10.20 L2 138,30

4 7.56 9.56 L2 130,61

30 7.2 9.01 4,72 123,33

3 6.97 8.53 T2 117.%6

W 6,17 8,11 8,12 111,94

k2 6,49 7.3 L, 72 107,15

b 6,29 R L7z 1wz2.%

LE 6.10 7.10 L, 72 98,10

Z ¥ 9, ¢ 6,3, L. 72 9.7
¥ =0 3.1 6,60 6,72 92,66
§ 3,65 6.5 W 85,92
. % sk 5.3% 6,19 L2 1.3
§ 541 é.02 2 8y.22
B 3 3.4 5.8 k.78 3.2
t N 3,98 5.7 L2 8l.%0
& 5.1 5,39 &,72 5,16
ok 3,06 N S L,72 8.2

o k. 3.% L7 R

A W0k 5.% Lz 3.0

0 L5 5.47 L.t e i3

. 3 3.0 w2 AR

sr. = K% 5.08 &, 78 2.0

74 b ¥t L, 96 b, 72 ‘ T8.28

3 ! w0 w12 s

S 4,08 . k12 N T X
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- &nd higher order terms in the expansion of the teym R} + R, appearisy iz -

S P T S A RSTTE ISES e Y Y Sy U e K LM e L i e i i

’ S&t ;ﬂ;\, 2 @ R?{\‘ aln ¢ . kA
s

«5 '=.'R_;__!O in the denominator of kg, ('C-l). one obtains

EVALUATION OF THE PRESSURE REFLECTED FROM A PLANE SURFACE

In Chapter II, Eq. (17), we encountered the intefral

_ ik /‘ 1 ( 1. % .
~ = To i ot int T ey
T S KRG R R

1
Lk(RI +R})

any , (1)

where the li_mits'Al, Ag, aid ? are the dimensions of the active scattering
region defined in Appendix B, Calculatione shall be limited to the
specular direction,

The Fraunhcfer approximation is the neglect of the quadx\"g
1
the exponential of g, (€-1), For the specular direction and for the
Frauntofer approximation Bg. (A-14) in Appendix A reduces to

&1+.3=R +R20 .

10

R, =in ¢ and R' o R

_“1 Tt 1 10 7

- r “
T - ) 3
(s e ot st b e wk(BeR)| A
-.1 . i ) - v
Py T £ .o (C-2)

0

&, 48 Siw ampittude, and

£ {8 -tk phage,
a S o
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The pressure squared 1 p , which is proportional to the intensxty reflected
from o plane surface s 1s

o K )y

PP 2 ‘ (¢-3)
® RlO 20

For ﬁhe"?resnel spproximation the quadratic terms are retained
in the expansion of Bl + Ry. The desired expansion given by Eg. (A-19)
in Appendix A

1 2 2 2
+-§(xlsin v+y) ,

Ry + By = Ry + Ry

reduces BEq. (C-1) to

532 x?s ing\&‘ /]
1ki—
d

ik(R, 4*R ) 1 R ' i'lsl"
weig e [T e [ e
-A.'L -

The integmls can not be {ntegrated in closed fomm bub yield infinite
gebes. They are called Fresnel integrals and are defined as

u
clu) = | cos {% ug)&u ’

(¥4

(e-7)
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Integration of Eq. (C-6) yields

- (el o) -l Sagﬁf B
° f0*

CA& C(“’\l in sin q’) ’

<
o

o

[#]
o5
‘a‘\w
Pt §on
o

e

=
‘.——E’




- and ¢ are very musll coupared to the distamee Proa the surface %o the

109
The amplitude is
c,jc, +¢C,}-8,S, +8 2+[?c +C. )+c,/8 +8 '\21/2
A = [ l( AJ. A’é) ‘{ A.'l. AZl]f ’( %. A2} l{ A]. AQ)J ’(0-10)
° | (Byp + Hao)
and the phase is
cic, +¢C -8 18 +8
1% * %) " 8 ~ )
B vy "EZ S R
ol
The pressure squared is '11
. ["g(CAl AR TLN SAJ]"’ . [s!(cal N C"z) . c!(sAl . SAE)]&
Poo - - B— =3 . (c-12)
(RlO * R&O) 1

The amplitude and phase cbtained in the Fraunhofer approximation
can be obtained from the amplitude and phage derived in the Fresnel
spproximation if it is assumed that the argument of the Fresuel integrals
is very small so that | '

Cf{ul *u , and

S(u) = O . .
Pt\;:ﬁsically; this ‘apémimaticﬁ impiies (hat both the source and seeeldver
must be moved to infiaity with the restriction that the gouree have & very
marrov beam spresd so that the dimensions of the insonified ares, &, 4,

souree. ‘

) These statemetite assert that it is theoretieally impogsible
prediet the istensity reflected from » plane surface in the spedular
firection in the Fraushofer approxisstion. A cosparizon of Egs. (C<4)

and {C-11) vill substuntiate the iovelidity of the Mraushofer apprexizatica




in predicting the correct phase. One wowld expect » phase change at
the receiver relalive to the scvrce of n radians at the surface and
k(Rlo + REO) redians as a result of the travel path, Figure C-1 depicts
the phase in the Fraunhofer and Fresunel approxmat lon tor the case
where

f = 9.8 kiz,
= 10.328 in.7%,
R = Byg = 60.0 ta.

The values for Al’ A?’ aund ¢ for a 9 deg beamwidth of source are given ia
Appendix B, The term n + k(nm + RE‘O) ir. not included ip the calculations.
Por this numerical example the Fresnel phase lies between 20 and 30 deg
for grazing angles grester than 30 deg. Tuhe Fraunhofer phase is -Q0 deg
for all grazing angles,

The asmplitude in the Fraunhofar approximation, Eg. (C-3), and
the smplitude {a the Fresnel appruximation, Eq. (€«10), are plotted for
this nuserical exanple on a relative seale for various grazing angles in
Fig. C=2, Gver a wide range of grazing angles (L0 to 80 deg) the
Fraunhofuor xaplitude is spproxizately 4.1 tines the Fresnel amplitude,

The ters Py p that is proportional to thﬁ iz:tensit.: ta the
Fraunhofer app.“exmntmu, . (C=5), and the tomm pp in the Fresnel
approxization, By, (C-12) are plotted for this auserical exauple in
Flg, €«5. The Frauaholer inteasity 18 over 16 times the iutensity ia
the Prosael approxisation ror graziug angles gofeater than 20 deg,
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INTEGRATION OF J 1 TERM

In Chapter I1I, Eq. (68), we encountered the integral

2 | . [("1"‘; “s(y-y" )]1/2

i 4
AL ff -

O°Oo--

(D-1)

k .2 [2 2
¥ cos|= sin W\xl-xl

Xk, 2 ,2 tat
5 * 5 (y- vy i]dxldydxl_dy S

“*" Making the change in variables defined by Eq. (58), one finas for 9

N ALl > 5 1/2
<F > sin ¥ -—[(u-u’) +(y-y‘)]

9y ® 7 f!f J . [ea

A

J -
2n R].O REO AC O .Z -2

o

) < n 3
X COS[" (u” - u"?)sin2 ¥ o+ % (A, &, )u - u')sin® :

=

(v -y ]duaiu'dydy’ .
Intmd.uclng: relative and center of gravity coordinates defined by
~Eas. (61) and (62), one obtains

i 6 W O 1A ey Ly .,}1,’:2
Ryt oy ppop - w{874n"
J*‘-fs*-r‘("-s““*r"!f Fo [
PR R A 0T adex ) 2(iey )
@ 2 i
. " - ; AW vi* . {‘{ l.

X cna[‘gis;in“ Hx@ Sl LIl ]a.x 4y dhdn ,

3 iat) g la)
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Making the assumption (see Eg. 6l4) that
a << 24,21

onhe can write for J+

(D-2)

1/2
b2y b, A 44 1 2
k <FO> sin Y [\ -;(£C+T\)
5= [[ [ [
+ J
“ZRlo RBode o0 =
A
% .2 | > 8 .
X cos[ﬁ— sin™ ¥ z te - £ +-§—- yoﬂ d,-codyodgdn .

Consider the double integral

C12
oo
+0 40 _}';(gb_*_ﬁ._) o . ! A:‘
I = [[e‘ cosE——sin w(x + o
J ~ R O [
»w® W0

I

p nos @

A

p oein @

-
i

to get

S
I= ff Q-@/ﬂ & ::Es(M sos 9 + N aln (32] pdode
8 ©

where

fleat, et

to ohtain

- i\,g + .E_k. rﬂdgdq
T r Yo ’
(D3)
(Dek)

HGERE

W aen i ita )
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The term (® - ¥) ranges from - ¥ to 2n = ¥ as @ goes through its range
of o to 2r; the integrand assumes all the values that it would if the value

of 7y were zero, Thus,

en o

I = ffe’p/a cosE’M2+I\32 cos qudpdcp :
JJ
[eJe)

From Gradshteyn and Ryzhii. !integral 3.715-19, p. 402) one finds for the
integral ‘

21
r =2 | C 2 .2
cos{o /M" + N° cos {!d@fEﬂJolf) M° o+ N ,

where Jo is the zeroth ordered Bessel function, The expression for I ’

becomes
-]

- el 2
1:2«[ eo/&oJOE) NS+ N }ap .
v

Q
Using un integral solution (6.623<2, p. T12) in Gradshteyn and Ryzhik,

one obtainsg for ¥

37
3 (De5)

. {2.6)
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Integrating over yo by employing the table of integrals by Gradshteyn
and Ryzhik (integral 2.271-5, p. 86), one gets
w (7)1
J -
* knang Ry A sin” v
A dx
« | 2 " (0-7)
v 2 2 2 2
5 5, & R 8, ﬂ . R |2, _t
X + ?’ - emm|  $ P ° + -")— - 2 2 } 4
° 2 2ka sin® ¥ ke sin° |  sin v
Set
V=X + :3_2_ -A—L-
Tt 2 T2
to get for J,
2\ L3
. k! <F0> R
v 2.2 2 2
hrta.RlO RQO AO sin ¥
A, (D-8)
r dv
x H - .
A , . 2 o 2 2
‘\:‘ Lo "( &f'é } \/v“'+( R’). } + iﬂ
P Zka sin” ¢ 2ka sin v sin ¢
Set
Zka gin” W
2 3 (D"‘g)
Zka sin” ¢ sin ¥
to get
ke ‘\Eg> R r av

I () e :

8ty (v ¢ &) ¥ o B
2




Integrating over v, by employing the table of integrals by Gradshteyn

and Ryzhik (integral 2.271-5, p. 86), one gets

2
al §F2> 1
O

J, = -
+ 2, 2,2 .2
L\ﬂaﬂlo ch Ao sin” ¥

A ax
r ° * (D-7)

ol AP TR- T /AT | YT R

2ka sina sin ¥

X

to get for J,

Zha ein ¢

2 5 (8-9)
E = Ei’ 2 ‘ & K _
285 3in vi ain ¥
“0 get
et ¥y R ;"2 "
I,y 0lp) = = 22@*2 z J’ ——
“‘RIQ “90 :‘Q sin ¢ ﬁ?-@" (\1'2 & R) Vﬁfz #_?ﬁ

€




From this equation one can write

k! <F2> R

ha'RlORQOA sin v

dv

(v +A)\/v2+}3

3,(85,0,) =

“’L?(\FP

and since
3y = 3,(80) + 3, (0 )

one obtains

k! <F2> R B2 oy
2 *
ha.RlOREAsinle IRV

J

17

Jl can be written as

ke (Fi) R
Jy = — -
1 U-:taR;é Rég—Ag sin” ¥

& A
% f /‘—2 dv

gv
+
5 2 N
° (‘*‘é*é)v/;‘*ﬁ ¢ (v2¢£‘}g/-u«»2*3

Chatige the varisble of integration te
2

¥ =

i

, L
2
v

to get for "Fl
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With the use of

J’l becwnes | :

; /2

o (F) 8

g, "‘( - ) R
e T3 AT A
kﬁﬂali)%}()aa sin o
e N l[?

-

i
/p { mov B
A

Wi :
Y@\ 3 !
« RICLAG A 8-

=%
i ( xl»}-' e
= nreLnh * 1 B . l.\,}




0%

e, T o T 7 Wy et i v - )

R b T N L2 G R R S R TR

RO R S N R e

The substitution of the expressions for A and B, Eq. (Db-9)}, and the
expression for A_, Eq. (€-10) of Appendix £, iato J, gives

. 2 2
X { urccot! B 5= I+ & sin %+ =% j
[2kas £ sin” v

r 1. R B
+ arccotl i - Sin ¢ ¥ <em—

%) LoTr ¥ J
- oo < I
ek, slu ¥ by , -

where ¢ and € wre the Fresae’ integrals defined by Bg. (C-9) in Appenaix C.

For the speclal ocuse whera

Sow Al w h
? v N
oL, PoUman
{
I " ;
}Q ?53\ 4
23 :
E%s it
L oo N
" Taogte o Lol * SR S e a R
,R i Y f k £ .
W o _ e
o LAy
(oWl
, 18
ot et e
¥ AgTent . auannd f SN SRSYES SRS I ¢ T S .
H o 5 W (IR .
Pkl Wi ’ WRom
L :

Por waiueg of Lhe argusent of the Fresael dntearsde, boand U

much laggey than unlty

.
N Y e
N fewe gin g S| ,
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S and C both approach one-half, and Eq. (D-ll) reduces to

2 1.2 . 2
Ly <Fc> sin ¢ (D-12)
Jl = " ,
~ L2
RC
X arccot 2 3 £2+A§ sin y + =53 , s
Ckadd sin” ¥ Lk a :

which can be compared with the Jl term obtainei by Gulin (1962), the

result of using a Gaussian covariance function.
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DISCUSSION OF J,, TERM

2

In Chapter LIy, Eq. (69), we encountered the integral

=
o
S’
o0
-
o3
.‘:_..
N
LY
N
[

oo

wal
~3
n
+
&3
e
L]

X ¢ ol-ksin ‘(1“‘1 -

Making the chﬂ.né;e of integratina varisbles as deplcted in Fig. &, the

author could not ind an analytical expressicn for 5., but approximate

a)
expressions shoved ‘}'2 to be very small campared to Jl.
The conolu:.on that JI. is much less than .}‘e ig korne out by

exfining the work of Guiin (1562) who has evaluated the latograls Iy

Yo

of blg expressions are iliuetpated in Py, E-l for the oussge

b 8 é’-‘.‘" . .
R'}.D R?C* £« oQ,0 in

ke 1030 in. R

oo usany of 95,500 kil and s wnvelesg sy of
:u £ e Listed iﬁ 'rr;;.’é;ie B

whiayk corfespoid b
8,803 taeh. The wvalues uged for & - L‘d

.

and

I, for the Gausstan fom of the ecavarisnce funetlion, ‘ﬁtmeric.ai evalustions
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fluctuations are approximately of the same magnitude, Gulins' expressions

for Jl and J2 show, for the example cited, that

N
Iy << dy

Figure E-2 shows that the Jl term for the case of an exponential
covariance function does not differ much from the Jl term for the case

of an Gaussian covariance function, especially in the regicn of Rayleigh
parameters less than one where the theory is wvelid. Thus, one concludes
that the Gulin result of J2 << J, for the Gaussian case is applicable

also to the exponential case.

1
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