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A spectral formulation for 3-D object scattering in a layered medium is described. The formulation

is valid when the source and receiver are sufficiently far from the object that multiple scattering
between the object and waveguide boundaries can be neglected and the scattered field can be
expressed as a linear function of the object’s plane wave scattering function. An analytic expression
is then derived for the field scattered from a spherical object in a stratified medium. Since the
expression is in terms of 1-D wave number integrals, it is computationally efficient to implement,
allows detailed investigation of the scattered field in the vicinity of the object, and enables scattering
of evanescent waves to be incorporated by analytic continuation. Computations for a honcompact
sphere (kka) illustrate the essential characteristics of 3-D object scattering in a shallow but
multi-modal waveguide. Relative to free-space scattering, a significant decrease in the level of the
scattered field in the forward direction as well as a pronounced directional beaming effect in the
vicinity of the sphere are discovered. Another primary finding is that multistatic observations of the
scattered field, distributed over an azimuthal aperture greatly in excesglod), will typically be
necessary to classify an object submerged in a shallow-water waveguide at ranges exceeding the
water column depth. €1998 Acoustical Society of Amerid&80001-49608)01010-§

PACS numbers: 43.30.Dr, 43.30.Gv, 43.30 /A C-B]

INTRODUCTION modal waveguide, is discovered. A significant reduction in

The purpose of this paper is to elucidate some essentié?e relative level of the scattered field in the forward direc-

characteristics of 3-D scattering by potentially noncompact'©": 0ver what would be expected in free space, is also dis-
(1<ka) objects in a shallow-water waveguide. To simplify covered. The spatial _structure of the scattered field at hor_l-
matters, it is assumed that the source and receiver are suffontal ranges greatly in excess of the water column depth is
ciently far from the object that multiple scattering betweentheén analyzed. ImpIicati_ons f'or the remote classi_fication qf
the object and waveguide boundaries can be neglected a#§neral noncompact objects in a shallow waveguide are dis-
the scattered field can be expressed as a linear function of tﬁ‘élSS.ed. Additionally, estimates of the scattered field intensity
object's plane wave scattering function. These assumptior@Ptained by standard, but crude, target strength, and sonar-
are in keeping with both Ingenito’s modal formulatioand equation analysis are found to be in drastic error. The present
the more recent spectral approach of Malgisal. for scat- formulation for a sphere, therefore, is expected to be espe-
tering from an object in a layered meditnthe latter is cially useful in many canonical shallow-water active detec-
adopted in the present paper because accurate solutions di' and estimation problems. For example, the solution has
be obtained for source and receiver locations that are muc@lready been used in simulating the coherent localization of
closer to the object than in the former discrete modal formuhumpback whalésand other submerged objects whose scat-
lation. This makes way for a detailed investigation into thetered fields are buried in surface-generated nbise.
3-D structure of the scattered field from relatively close ~ The problem of scattering from a 3-D object in a strati-
proximity to the submerged object out to horizontal ranges irfied medium has been treated by a number of authdts.
great excess of the water column depth. Ingenito noteSthat work prior to his 1987 paper focuses on
Primary attention is given to the important special caseadapting the T-matrix method to the waveguide problem.
of scattering from a sphere in a layered medium. While thelThe most comprehensive work of this period is that of Hack-
sphere shares many basic 3-D scattering characteristics withan and Sammelmarinwho developed a modal solution
other objects, it also has a solution that is practical to implethat includes the effect of multiple scattering between object
ment. For example, separation of variables is fully exploitedand waveguide boundaries, but which requires use of the
to analytically express the field scattered from a sphere in free-fieldGreen function and is restricted to media with con-
layered medium in terms of 1-D wave number integrals. Thestant sound speed layers. As Hackman and Sammelmann
resulting expression is evaluated numerically to delineatdater note’ Ingenito’s use of thevaveguideGreen function
some fundamental characteristics of noncompact object scagreatly simplifies the problem whemultiple scatteringbe-
tering in a shallow-water waveguide. tween theobject and waveguide boundaries can be ne-
The spatial structure of the scattered field is then comglected. Moreover, Ingenito’single-scattemodet fully ac-
puted as a function of range, depth, and azimuth so near to@unts for waveguide propagation effects, such as multiple
noncompact sphere that a directional beaming effect, appareflections of the scattered field between waveguide bound-
ently peculiar to objects submerged in a shallow but multi-aries, because it is based upon WeveguideGreen function.
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As a result, multiple images of the object will appear at the
receiver. However, there will be no rescattering between

CigiarPiyiar@s 5,
these multiple images in the single-scatter model because it ———- i
employs thefree-spacescatter function for the object. The (o900 20) pn
single-scatter approximation is typically valid when the ob- e
ject is not too close to the waveguide boundaries, relative to .
its scale and the wavelengtf3®~'*and so is useful in many .
practical scenarios. .

The spectral formulation adopted here generalizes In-
genito’s single-scatter model. It was originally introduced to object
investigate the plausibility of detecting and localizing sub- (%, Ve z)
merged objects by their perturbation of an ocean
waveguide’s ambient noise fiefdt has not been previously
applied to the standard 3-D object-scattering problem where .
the source is restricted to an isolated point in the waveguide. .
The primary advantage of the spectral approach is that it
enables the scattered field to be computed much closer to the -
object than in previous modal formulatioh&/°~ More- e !
over, it has an extremely compelling physical interpretation. (¥, 2)
Specifically, the source and receiver are assumed to be suf-
ficiently far from the object that its free-space scattering _ o . _
function can be used to linearize the problem, as implied uﬂﬁ :]'e ;Sr?]mitlrlycgfofgi:;’g‘:st* source and receiver in a horizontally strati-

. p . . . . ystems are centered at the object centroid.
Ingenito’s original modal formulatioh The field emanating  gach layeii is characterized by sound spegd densityp; , and attenuation
from the source is then decomposed into plane waves inck, .
dent on the object. The object scatters each incident plane
wave into all directions by its free-space scattering function.

The scattered field from each incident plane wave themvaveguides. As in the original modal formulation, this ex-
propagates through the waveguide to the receiver in accor@énsion is only valid when the range from the source, and
with the waveguide Green function. The scattered fields fromeceiver, to the object is much greater than the waveguide
each incident plane wave are coherently superposed to foratepth.

the total scattered field at the receiver. Just as the great prac- For economy, the notation of Ref. 2 is used here and in
tical advantage of Ingenito’s modal approach is its ease ofhe remainder of this article. For example, the object centroid
implementation by straightforward modification of existing is at the center of all coordinate systems, as shown in Fig 1.
normal-mode propagation softwaréhe spectral generaliza- Source coordinates are defined by {/o,2o), receiver coor-
tion is advantageous because it can be easily implemented lgynates by X,y,z) and coordinates on the surface of the ob-
straightforward modification of existing wave number inte-ject by (x;,Y;,z;) where the positive axis points downward
gration software. Like the modal approach, the spectral forand normal to the interfaces between horizontal strata. Spa-
mulation can be used to compute the scattered field from atial cylindrical (p,6,z) and spherical systems,@,¢) are
arbitrarily shaped penetrable objeets long as its free-space defined by x=r sinfcos¢, y=r sinésin¢, z=r cosé,
scattering function is known either analytically, as is the caseind p?=x?+y?. Wave number coordinates for the incident
for many simple shapé§,0r experimentally, as in submarine (&ix,&y,7i) and scattered field ,&,,y) are related to po-
target scattering® For example, Perkins, Kuperman, Tinker, lar and azimuthal propagation angleéx,8) by &,
Heaney, and Murphy have employed Ingenito’s modal ap=Kk sina cosB, &=k sinasing, y=Kk cosa, where the
proach to treat the problem of scattering from a prolatéhorizontal wave number magnitude is defined 8= ¢2
spheroid in a deep ocean waveguid& While the spectral +§§ and the wave number magnitutteequals the angular
approach described here is for a harmonic source, it ifrequencyw divided by the sound speed For example, the
readily extended to the time domain by standard Fourier synphasek-r is explicitly written as

thesis.

In_ related work, Collins and _\/Verﬁydescr_ibe_a parabolic & p+ yz=Kkr[cosa cos 0+sin « sin 6 cog B— &)].
equation(PE) method for 3-D object scattering in the ocean. (1)

The advantage of this approach is its ability to handle range-
dependent waveguides. A primary disadvantage is that the
3-D PE must generally be used to properly handle diffraction. AN APPROXIMATION FOR 3-D SCATTERING FROM
about the object so that the entire 3-D field from the objectaAN OBJECT OF ARBITRARY SHAPE IN A
must be marched to the range of the receiver even if the AYERED MEDIUM
receiver is isolated at a single point in range, depth, and
azimuth. Additionally, Perkingt al®° have used the adia- The harmonic fieldb(r) scattered by an object can be
batic approximation to extend Ingenito’s modal approach forexpressed in terms of the medium Green funct®fr|r,)
3-D object scattering to weakly range-dependentand incident fieldd;(r) by Kirchhoff's integral equation

CirPirdy
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and waveguide Green function

AG(r|ry)
o n=- [ [ oo ragrg =5 - | |
N t G(r|rt)=zf_w{‘lﬁ(z)e'ﬂw\P*(z)e*'yzt}
J
F(r) o [T+ O JA, (@) X g2g ©

whereG(r|r,) and ®(r) each satisfy the Helmholtz equa- In terms_ of up and down going pla_me waves. In the for_m(_er
tion, driven by a point source of unit strength at angulareXpreSS'on’ the plane wave amplitudes relate transmission
frequencyw from the layer of the point source to a receiver in the layer of

In many practical applications, however, a number ofthe object. In the latter they relate transmission from the
simplifying assumptions can be made that lead to an approx’f';]‘yerfmc the OtheCt to th‘,it gf th? rr(]acehlve_r. Thely also depetr:d,
mate formulation that is both intuitively appealing and fart edre r?reé) on :je magnét_q eoft i erzopta w:;ve num f]r
less computationally expensive to solve than Kirchhoff's in-and the boundary conditions at the Interfaces between the

tegral equation. This approximation is valid wheg) the layers.

propagation medium is horizontally stratified and range in- _Equatiqns(B)—(4) reveal a simplg pre_scription for com-
dependent(2) the object is contained within a layer whose puting the field scattered from an object in a layered medium

index of refraction can be well approximated as a constant\fvhere pre_liminary propagation and scatfering computations
(3) multiple reflections between thebject and waveguide are made independently. For example, to set up the propaga-
boundaries make a negligible contribution to the scattere{fon component OT the calculation, the up- and down-going
field at the location of a receiver; arnid) the range from the pla}ne wave ampI|tu<_1es are .computed Jus.t as_they are for
object to the source, and receiver, is large enough that th_@omt—source to. pomt—recen@r propa_lganon N a range-
scattered field can be expressed as a linear function of tHgdependent honzpntally stratified media. Any of a number
object’s plane wave scatter function. This last assumptior?f standard technigues can be used for this purpbSeor

often requires that the range from the object is much greatdf'€ Scattering component, the object's plane wave scattering
than the object's spatial extent. function in free space may either be already known, as is the

While the field scattered from an object in a horizontallyca‘s’e for many simple shapEsit may be experimentally

stratified medium can always be expressed in terms of a 4_[51easured, as for example in submarine target scattetiog;

horizontal wave number transform, this approach becomel MY be computed by standard asymptotic mettiédthe

particularly useful when the conditions listed above are sat[eSUItS of this preliminary analysis are then incorporated in

isfied. Then the kernel of the spectral transform can be ap'—Eqs'tES)_.(‘l) anq the scattered field is computed by wave
proximated as a function that is independent of the horizontdlUmPber integration.

positions of the source, potentially noncompact scatterer and Equ'at|on's(3)—(4) are also .Intumvely appeallng. The in-
receiver. In this case, Makrist al? show that the scattered cident field is decomposed into a continuum of up- and
field becomes down-going plane waves in accord with propagation in a

horizontally stratified waveguide, or specifically Ef). Any
1 * - one of these incident plane waves is scattered from the object
N Vel (&-po+Ep) g2& g2
P(r) ak f leF(z,zo,g,g,)e POTER 078 d7E, into a continuum of directions. This continuum of scattered
©) plane waves is then organized into an up-going and a down-
going set, as required by the waveguide Green function in
Eq. (6). When the approximation is valid, the total scattered
F(2,20.£,&) =~V (20) ¥ Y (2)S(7m— a,B;7— a;,Bi) field is then just the integral of all plane wave components
_ scattered from every incident plane wave component.
V(2 V(DS B ;) i P P

where the kernel,

+¥ (20) ¥ (2)S(7— @, B 2, Bi) Il. SCATTERING FROM A SPHERICAL OBJECT IN A
, _ LAYERED MEDIUM
+’\P (ZO)\I} (Z)S(aaﬂval 1Bi)1 (4)

is a function of the object’s plane wave scattering function in
free spacsS(a, B; a; , B8;),*? and down-goingpositive super-
scriph and up-going(negative superscripiplane wave am-
plitudesW¥ *(z,), ¥~ (z0), ¥ (2), and¥ ~(2). These plane 1 (= ° 2m 2w

wave amplitudes depend explicitly on the depth of the source Ps(r)= k fo § dgfo & d& fo ds 0 ds;

or receiver, and implicitly on the depth of the object’s cen- _

troid because the centroid is chosen to be at the origin of the XF(z,29,§,&)e Pt rd, (7)

coordinate system. By spectral transformation, these amplizere each 2-D integral is expressed in terms of polar coor-
tudes can be used to express the incident field dinates over the magnitude and direction of the respective

To derive an expression for the field scattered from a
spherical object in a layered medium, E8g) is first rewrit-
ten as

1 (= _ _ horizontal wave number vector. As a consequence of the
®i(rifro)=5_ f {¥"(z0)e" 2+ W (zg)e™ 7%} spherical symmetry of the object, a number of simplifications
o can be made. To this end, the plane wave scattering function
Xe & (rmpo) g2& (5)  for a spherical object is introduced.
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As shown in Appendix A of Ref. 2, the addition theorem in terms of the vertical wave number magnitudes. These at-
for spherical harmonics can be used to express the plarnebutes are essential for the scattered field to be expressed
wave scattering function for a sphere in free space as exclusively in terms of integrals over the horizontal wave

x L p— number magnitudes. They also enable evanescent waves to
S(a,B;a;,Bi)= E f(n)[ pn<Z) pn(%) +2 E : be incorporated by analytic continuation to horizontal wave
n=0

k m=1 (N+m)! number magnitudes beyord which corresponds to imagi-
nary incident and scattered angles.
X Pm Z) Pﬂn(ﬁ cosm(B—B)) !, ) After substituting this scattering function in Edqd) and
k k (7), integrals over the horizontal wave number’s polar angle
Where are carried out with the aid of the easily proven identities
f(n)=i(—1)"(2n+1)a,, 9) F"dﬁf”dﬁi oi{€ipo COS By~ o)+ ép co B b))
0 0

and the coefficient

Jn(ka)—(pc/pe)lin(k@)/jn(kia)ljn(ka)
an: 7 — 7 - y (10) and
hy(ka) = (pc/pe)ljn(ki@)/jn(k@)] hn(ka)
i; detgrmined by bqundary conditions at the sphere’s surfaCj(ZquIBJ’ZWd'Bi giléipo CoSBi = bo)+ £p cOS B )} cosm( B — B)
given internal density,, sound speed,, and wave number Jo 0
k= w/c, .1® Equation(8) is convenient for two reasons. First, _ 2
it factors the polar wave number components in such a way =(2m)" cosmm cosM( o~ ¢)Im(&ipo)Im(ép). (12
that they can be easily integrated out. Second, it expresséster some straightforward algebraic manipulation, the field
the vertical directionality of the incident and scattered wavescattered from a sphere in a layered medium takes the form

=(2m)2Jo(&ipo)Jo(€p), 1D

2m)? «
arro= 2T i

n=0
Jx %
0
n
%)

[W*<z>Pn(f%

[\If*(zo)Pn(f %)+\If*<zo>Pn(%)}Jo<§ipo>a dgiJ +\1f*<z>Pn(%”Jo<§p>§ dé

0

X
(n—m)!

+2 . mcosm(dy—(ﬁo-&-w)

xlf*(z)an( - %) +\If’(z)an(%)

In(&ipo)&i dfiJ

x: f [«P*(zownm( -2 +«If*<zo>P.2“(%) In(p)E dg] ) . (13
0 0

This formula is particularly useful for computational pur- by an incident plane wave propagating the direction
poses because it is expresses the 3-D field scattered from(a;,;). Since

sphere solely in terms of 1-D wave number integrals. The ikr
fourfold reduction in the dimensionality of the general spec- hiD(kr)~(—i)"*1 e_, (15)
tral transform of Eq.(3) is a consequence of the spherical kr

symmetry of the object. As a matter of practicality, the inte-tor 1.1 andkr>n, the scattered field can be approximated
grals typically converge in shallow-water acoustic applica-,

tions when the horizontal wave number magnitude reaches
an upper limit that exceeds, but is well within an order of _ _
magnitude ofk, while the summations generally converge ~ Ls()~ T S(6: b1, B, (16)

after roughly Xa terms are taken. It is noteworthy that the ) )
first term,n=0, of Eq. (13) is the general solution for an for kr>1 andkr>2ka, orr>2a, since satisfactory conver-

arbitrarily shapectompactobject (\>a) in a waveguide. ~ 9&nce typically occurs afterka terms are taken in Eq14).
To examine the ranges within which Ed.3) is valid, it This approximation, therefore, can be a good one very close

is useful to consider the field scattered from a sphere in freP the s_phere’s s_;ur_face. For_practical applica_tions, itzis usu-
ally valid well within the object’s nearfield since &2</\

eikr

space thresholds onset of the far field. By similar reasoning, the
°C Bessel functions in Eq(13) can be approximated by their
Dy(r)=— ZO i"(2n+1)ahiY (kr)Py(cos 6 cos e asymptotic forms for large arguments.
"~ For objects in a shallow-water waveguide, however, ne-
+sin 0 sin «; cog ¢ — B;)), (149 glect of multiple-scattering from the waveguide boundaries
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along with a standard but crude sonar-equation approxima-
tion for the field scattered from an object in a waveguide

Atmosphere

Receiver

=7}

R ——" .

L]
(x,¥,2)

Source Object
; e— -

(%4,¥0r 2g)
orYor %o (%, YerZe)

4 T T
()~ G(r[0)G(0|rq)S PRL 5,¢>o—7), 17
where the scattering function, which determines target
strength and is plotted for the given object in Fig. 5, factors
from transmission coefficients to and from the object. This
type of approximation has been discussed by Ingénlto.
becomes valid in Eqg3) and(4) when propagation is effec-
tively horizontal, so thaty;~ a~ /2, and the incident and
received fields are effectively planar, so tifats ¢+ 7 and
Sediment B~¢. It also becomes valid for compact objects<{\) re-
gardless of the waveguide’s modal structure, as can be seen
by takingonly the first termn=0, of Eqg.(13) as the general
FIG. 2 Geometry of a spheripal objegt in a Pekeris waveguidfe insonified %ompact—object solution, noting thar; must vanish for a
a point source. To be consistent with subsequent calculations, the point . . .
source and object centroid are shown at the center of the waveguide whe[:éomt target at the origin and that the pIane wave scattering
h=100 m,d=50, and the sphere radiusas-10 m. function reduces té(0) and so becomes independent of the
incident and scattered angles. At 300 Hz, however, propaga-
will sometimes lead to more stringent limitations on thetion in the waveguide of Figs. 2—4 is far from horizontal and
range within which Eq(13) remains a valid approximation. the object is noncompact.
For most practical applications in shallow-water acoustics, It is not surprising then that serious discrepancies arise
however, the effects of multiple-scattering between the obbetween the sonar-equation approximation and the spectral
ject and waveguide boundaries are only expected to be sigormulation of Eq.(13). In particular, the sonar-equation ap-
nificant over horizontal ranges within roughly two diametersProximation drastically overestimates the overall level of the
of the object centroid. They are expected to be most proscattered field, by tens of dB, as is evident in Figg)3(b),
nounced when the object's diameter is on the order of thavhere the scattered field is shown over a horizontal plane
strata thickness, and negligible when the diameter is muchlicing through the center of the water column. Taixsolute
less than the strata thickness. Examples of multiple scatterin@fTor ishighly sensitiveo slight variations in the location of
and errors introduced by neg|ecting it have been given |ﬁhe source, target, and reCEiver, due to the Complex interfer-

Water Column
CirPardy

B R L LR T ey .
o

C2rP2sd,

/

z

Refs. 17 and 2. ence structure within the waveguide. The sonar-equation ap-
proximation also significantly overestimates the level of the
IIl. SCATTERING FROM A SPHERICAL OBJECT IN A scattered field in the forward direction relative to other di-
SHALLOW-WATER WAVEGUIDE rections. But this error isnsensitiveto slight variations in
. _ source, target, or receiver locations because it irelative
A. Pekeris waveguide level.
Equation(13) is used to numerically compute the field Besides the expected forward scatter beam of width

scattered from a spherical object in a shallow-water wavesr/(ka), three other azimuthal beams of similar dimension
guide. For simplicity the waveguide is assumed to be Pekeriare observed in Fig.(B). These fall within roughly two wa-
with water column sound speeri=1500 m/s, densityp;  ter column depths horizontal range of the object, between
=1000 kg/ni, and attenuatiora;=3x10 % m~! overlay- forward and backscatter directions. Since the beams are not
ing a sediment half-space of sound spegd 1700 m/s, den- observed in Fig. 5, they have no analogue in free-space scat-
sity p,=1900 kg/ni, and attenuatiom,=(0.1A\)m~ 1. The tering from an identical object. The beams apparently arise
waveguide geometry is shown in Fig. 2. Analytic expres-as interference from multiple images of the object. Since the
sions for the up- and down-going plane wave amplitudes obeams are intimately related to the object’'s noncompactness,
the incident field and medium Green'’s function are providedthey are not present in the sonar-equation approximation.
in the Appendix. The 3-D nature of these beams can be explored by consider-

Both the point source, of strength 0 dB: 1 uwPa at 1  ing the range-depth plots of Fig. 4, where drastic azimuthal
m, and sphere centroid are located in the middle of the waterariations in the range—depth structure of the scattered field
column so that=h/2 whereh=100 m. The source, located are observed in the vicinity of the object. While multiple
at (xo=-—4000m, y,=0, z,=0), is therefore separated images of the object are accounted for, as is consistent with
from the sphere centroid by 4-km horizontal range. The howaveguide propagation, multiple scattering between these
mogenous sphere is assumed to have a radils=0f0 m  images is neglected in the single-scatter formulation of Egs.
and to satisfy pressure release boundary conditions at its sut3) and (4). The field structure within roughly two object
face. Computations are made at frequehey300 Hz so that diameters of the centroid, or roughly 40-m range, therefore
the number of wavelengths that fit across the sphere’s cimay not be very accurate. But this has no affect on the noted
cumferenceka, is roughly 12.6. beams which extend well beyond this range.

The results of the computations are shown in Figs. 3 and In the forward direction, Fig. &), two vertical beams
4. To help understand their meaning, they are presenteeimerge from the object. The mean directions and relative
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Sonar Equation ‘ b

Single Scatter
in Waveguide

1000 0 1000
range, m

FIG. 3. Horizontal slice of the field scattered from a 10-m radius pressure release sphere, submerged in the middle of a 100-m-deep Pekeris waveguide, by
a harmonic point source also in middle of the waveguidexgt=(—4000 m, y,=0, z,=0) radiating atf =300 Hz. Image plane cuts through the object

centroid placed in the middle of the wavegui@®. For comparison, the sonar-equation approximation following(Ed.is shown for the noncompact object
(ka=12.6). (b) Single-scatter calculation using EG.3).

intensities of these two beams roughly correspond to those @ble by vertical aperturewithin the waveguide, and the
the equivalent up- and down-going plane waves for the mostange-depth structure converges to that of a monopole source
dominant discrete modes of the incident field. The forwardplaced at the object centroid, as is evident upon comparison
scattered beamwidths can be interpreted as the convolutiast Fig. 4(a) with Fig. 4(b)—(d). The full complexityof scat-

of this bimodal incident plane wave spectrum with the Pois+ering from a noncompact object in a multi-modal wave-
son coné;” of angular width/(ka), for an individual guide, howeverjs maintained by the azimuthal structuoé

plane wave. the scattered field regardless of range since no boundaries are
present to provide a similar reduction in bandwidth over azi-

B. Implications for remote classification of general muthal angle.

objects submerged in shallow water At ranges in great excess of the water column depth,

While the range-depth field structure predicted by thetherefore, classifigationiof.the object bysimgle vertical ap-
sonar-equation approximation is in serious error in the vicin-£rturewould requirea priori knowledge of the aspect of the
ity of the object, it becomes better with increasing rangeObject relative to the source and receiver, sioogy the ab-
Apparently, as horizontal range increases, the bandwidth gfolute levebf the field can be used to characterize the object.
the vertical angular spectrum decreases, by bottom transmi¥Vith anazimuthal aperturgon the other hand, classification
sion and attenuation, to the point that it is on the order of occan be made at such distant ranges merely by examining the
less thanw/(ka). Beaming and interference effects arising normalizedspatial structureof the received field.
from the object’s noncompactness are tinerdonger resolv- The implication here is that multistatic observations of
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Sonar Eguatior
at-Backscatter

(b)Back Scatter

(c)Normal Scatter

100 range, m 1000

FIG. 4. Range-depth cross sections of the field scattered from a 10-m radius pressure release sphere, submerged in the middle of a 100-m-deep Pekeris
waveguide, by a harmonic point source also in the middle of the waveguiag=at(4000 m,y,= 0, z,=0) radiating atf =300 Hz.(a) For comparison, the
sonar-equation approximation of E4.7) is shown with levels corresponding to the backscatter azimuth. For the given noncompact objdc) Eqorrectly

yields range—depthtructurethat is invariant over azimuth and identical to point-source structure. To obtain the sonar-equation approximation at the forward
scatter azimuth, uniformly augment the level by 24 dB over the entire Fay. @)—(d) Single-scatter calculation using Ed.3) at azimuths corresponding

to (b) backscatter(c) normal scatter, an¢) forward scatter. Range increases along the negatasds in (a) and(b), along the positive or negatieaxis

in (c), and along the positive axis in(d). In single-scatter calculations, range-depth structure correctly shows drastic variation over azimuth in the vicinity

of the noncompact object.

the scattered field, distributed over an azimuthal rangdoss from the source, the scattered field suffers spreading loss
greatly in excess ofr/(ka), will typically be necessary to from both the source to the object and from the object to the

classify an object submerged in a shallow-water waveguideeceiver. Given airectional sensor, with sufficient spatial

at ranges exceeding the water column depth. By reciprocityaperture, however, the scattered field can be distinguished
such multistatic observations may be made either by varyingrom the incident field even when there is no time separation

the relative azimuth of the source or receiver. by exploiting differences in propagation direction and field
structure, as is done routinely in beamforming and matched

C. Implications for measurement of the scattered field processing.

field For the specific harmonic example described in Sec.

In rea"ty’ source Signa|5 have finite time duration. In Il A, the total field, defined as the sum of the incident and
active sonar systems, time separation between the incidef€attered fields, has a sound pressure level that differs from
and scattered waveform arrivals is generally built-in to thethe incident field by no more than a small fraction of a deci-
operational geometry to insure that the incident field will notbel over the regions shown in Figs. 3—4. In other words,
significantly overlap the scattered field at the receiver, excepelative to the incident field, the scattered field comprises an
in the forward direction where no time separation is possibleextremely small contribution to the total field amplitude. The
Time separation of this kind is often essential for the scatreason for this can be understood better by analyzing the
tered field to be measured by a singleni-directionalsen-  scattered field where it is strongest, namely in the two for-
sor because while the incident field only suffers spreadingvard beams that appear in Figd#twithin roughly one water
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40.0

scattering function. Since these conditions are often satisfied
in active sonar problems, especially those involving remote
objects, and the formulation is relatively simple to imple-
ment, it is of practical value in a wide variety of ocean-
acoustic applications.

An analytic expression is derived for the field scattered
from a spherical object in a stratified medium. Since the
expression is in terms of 1-D wave number integrals, it is
computationally efficient to implement, allows detailed in-
vestigation of the scattered field in the vicinity of the object,
and enables scattering of evanescent waves to be incorpo-
150 [ . rated by analytic continuation.

Computations for a noncompact sphere illustrate the es-
sential characteristics of 3-D object scattering in a shallow
but multi-modal waveguide. For example, a significant de-
crease in the relative level of the scattered field in the for-
FIG. 5. The scattering function magnitud8(y)| for a pressure-release ward direction, compared with free-space scattering, as well

sphere ofka=12.6 is plotted as a function of the angle between an as a pronounced 3-D beaming effect in the vicinity of the
incident plane wavdrom the direction(6,,¢,) of a source and a plane .
sphere are discovered.

wave scatteredn the direction (6,¢) of a receiver, where cog=cos@

35.0

30.0

25.0

200

20log(Scattering Function Magnitude), 20log|S|

100 . . .
180.0 135.0 90.0 45.0 0.0

Scattering Angle Relative to Incident, ¥ , Degrees

— B,)cOS B+ Sin(mr— )sin 6 cOsh— e+ ), and forward scatter occurs at Another primary finding is that on vertical apertures, at
#=0. For exampley=¢ when 6,= /2, ¢o=, and6=m/2, as is relevant ~ sufficiently large ranges from the object, the structure of the
in Fig. 3. scattered field converges to that of a monopole source placed

at the object centroid. This convergence occurs when the

column depth in range from the object. At any point in thesebandwidth of the vertical angular spectrum decreases, by
beams, thencidentfield is theconvergenceof a broad di-  bottom transmission and attenuation, to the point that it is on
rectional spectrunof incident plane waves, in keeping with the order of or less tham/(ka). In this case only a constant
waveguide propagation from a distant point source. At thescale factor is available to classify the object, giepriori
same point within these beams, however, the scattered fiekhowledge of its aspect. As a result, multistatic observations
emanating from the object is in the processdiferging  of the scattered field, distributed over an azimuthal aperture
Moreover, as discussed in Sec. Il A, each beam correspondfreatly in excess ofr/(ka), will typically be necessary to
to the forward scatter of only faction of the incident spec- classify an object submerged in a shallow-water waveguide
trum, due to directional filtering by the object, whereas theat ranges exceeding the water column depth.
incident field is comprised of thentire incident spectrum, Finally, standard sonar equation analysis is found to be a
by definition. highly unreliable method for estimating the level of the field

While the present harmonic analysis can be extended tecattered from noncompact objects submerged in shallow
finite-time duration and broadband source signals by Fouriejyater.

synthesis, without loss of generality, it is already approxi-

mately valid fornarrow-bandwaveforms. For example, dis-

tinct narrow-band conditions can be given for the free-space

scattering and waveguide propagation problems, each &PPENDlX

which must be satisfied for the narrow-band approximation  rqr a Pekeris waveguide of thickndssvith object cen-

to be made in the waveguide scattering problem. In thgsig at vertical distancel from the air—sea interface, as

former, the waveform's bandwidth about the carrier fre-ghown in Fig. 2, the plane wave coefficients for the incident
quency must be much smaller than the ratio of the meage|q ¢ (r) are

sound speed to the object diameter, so that the spatial extent

of the signal pulse is much greater than that of the object. In W (2)= el 7i(zot2d)_ g7z A1)
the latter, the Green function from the source to the object, O 4givy, 1+Re?7h '
and similarly from the object to the receiver, must effectively . ) .
. X . m 7 R_e|27ih e yizo_e—lyi(zo+2d)
be constant within the signal band. This latter condition typi- W (zg) = i (A2)
cally requires the bandwidth to decrease as the bistatic range O 4wy, 1+R;en" ’
from source to object and from object to receiver increasesv\lherm_d>Z >7,, and
=z ,
IV. CONCLUSIONS N 1 [enor2d Re?rine %0
. . . . N4 (ZO): A7 v; 1+ RéZ'yih ' (A3)
A spectral formulation for 3-D object scattering in a Yi
layered medium is described. The formulation is valid when 1 el %o Rd27ihg17i(Zo+2d)
the source and receiver are sufficiently far from the object V7 (zy)=-— Aniy, ( 1T RaZM ) (A4)

that multiple scattering between the object and waveguide
boundaries can be neglected and the scattered field can ldenzy>z=—d. These are in terms of the reflection coef-
expressed as a linear function of the object's plane wavéicient between the water column and sediment

2112 J. Acoust. Soc. Am., Vol. 104, No. 4, October 1998 Nicholas C. Makris: Spectral approach to 3-D object scatter 2112



pavilprvi—1 SWhile it may be the earliest reference on the general subject of scattering
= ﬁ’ (A5) from an object in a waveguide, this paper is not directly relevant to ocean-
P2Yilp1t acoustics since its treatment is restricted to cylindrical waveguides. A.

where the vertical wave number in the sedimeris defined Bostrom, “The T-matrix method for scattering by an obstacle in a wave-
guide,” in Acoustic, Electromagnetic and Elastic Wave Scatteratited

2 —,2 2 . .
by k (Z) =vit & Wate_r column atte_nuatloal 1S mcluded' by V. V. Varadin and V. K. Varadir{Pergamon, New York, 1980pp.
by settingk(z) = w/c,+ia;, wherec, is the sound speed in 221224,
the water column. Sediment attenuatiap is included by  °R. H. Hackman and G. S. Sammelmann, “Acoustic scattering in an inho-
settingk(z) = w/c,+1ia,, wherec, is the sound speed in the = mogeneous waveguide: Theory,” J. Acoust. Soc. A80, 1447-1458

. (1986.
sediment. , . "R. H. Hackman and G. S. Sammelmann, “Multiple scattering analysis for
Conversely for the Green’s functlc@(r|ri ), the plane a target in an ocean waveguide,” J. Acoust. Soc. /A%, 1813-1825
wave amplitudes are (1988.
8M. D. Collins and M. F. Werby, “A parabolic equation model for scat-

iyi(z+2d) j2yha—iyz
‘I’*(Z) _ 1 e +Re*e™!” (AG) tering in the ocean,” J. Acoust. Soc. Ar@5, 1895-19021989.
4riy 1+Rd2"M ' 9J. S. Perkins, W. A. Kuperman, K. D. Heaney, and G. T. Murphy, “Scat-
. . . tering from an object in a three-dimensional ocean,” Proceedings of the
1 e 724 Rd2vhg—iv(z+2d) 20th Annual International Meeting of the Technical Cooperation Sub-
T (2)=—-— —F , (A7) group, Subgroup G, Technical Panel 9, October 1991.
4iy 1+R€“Y 10 ; ; WAt
J. S. Perkins, W. A. Kuperman, L. E. Tinker, and G. T. Murphy, “Active
for h—d=z>z,, and llmatched ﬁeld processing,” J. Acoust: Soc. A®1, 2366(1992. o
. ) The following reference presents a single-scatter modal approach similar
gl v(z+2d) _ g—iyz to Ingenito’s except that it employsmatrix techniques: G. V. Norton and
vt(z)= yp 1T RaZM , (A8) M. F. Werby, “A numerical technique to describe acoustical scattering
Y and propagation from an object in a waveguide,” J. Appl. PHg@.
Rd2 [ gi72_ g=iv(z+2d) 4104-4112199)).
v (z)= (A9) 123.J. Bowman, T. B. A. Senior, and P. L. E. Uslenghi, E&$ectromag-
Aivy 1+Rd2"M ' netic and Acoustic Scattering by Simple Shafdésrth-Holland, Amster-

dam, 1969. While the entire book is relevant, see Chap. 10 for application
for z.>z=—d. to spheres.
18R, J. Urick, Principles of Sound in the Se@icGraw-Hill, New York,

LF. Ingenito, “Scattering from an object in a stratified medium,” J. Acoust. 141983'_ pp. 306-327. o ]
Soc. Am.82, 2051-20591987). K. Aki and P. G. RichardsQuantitative Seismology: Theory and Methods

2N, C. Makris, F. Ingenito, and W. A. Kuperman, “Detection of a sub- 15(Freeman, New York, 1980pp. 273-286.

merged object insonified by surface noise in an ocean waveguide,” J."F- B. Jensen, W. A. Kuperman, M. B. Porter, and H. Schn@tdimputa-
Acoust. Soc. Am96, 1703—17241994. tional Ocean AcousticAIP Press, New York, 1994 pp. 203-270.

3N. C. Makris and D. H. Cato, “Acoustic tracking of non-vocalizing 18p. M. Morse and K. U. IngardTheoretical AcousticgPrinceton U. P.,

whales using the scattered field of vocalizing whales,” in Proceedings of Princeton, NJ, 1986 pp. 418-436.

the Australian Acoustical Society, Sydney, Austrdll®94). 173, A. Fawcett, “Scattering from an elastic cylinder buried beneath a rough
4N. C. Makris, “Bistatic detection of underwater objects using directional water/sediment interface,” ihligh Frequency Acoustics in Shallow Water
surf noise as a source of opportunity,” pp. A16-1-A16-7 ABW Sur- (NATO SACLANT Undersea Research Centre, La Spezia, Italy, 1997
veillance ProgramgOffice of Naval Research, Arlington, VA, 1986 pp. 147-154.

2113 J. Acoust. Soc. Am., Vol. 104, No. 4, October 1998 Nicholas C. Makris: Spectral approach to 3-D object scatter 2113



