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Acoustic Vector-Sensor Processing in the Presence
of a Reflecting Boundary
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Abstract—\We consider the passive direction-of-arrival (DOA) aero-acoustic applications, for example, battlefield surveillance
estimation problem using arrays of acoustic vector sensors located [12], [13], where reflections from the ground must be taken
in a fluid at or near a reflecting boundary. We formulate a general into account, and microphone arrays for teleconferencing,

measurement model applicable to any planar surface, derive an ex- hich t te i - t with flecti
pression for the Cramér—Rao bound (CRB) on the azimuth and el- which must operate in an environment with many retiecting

evation of a single source, and obtain a bound on the mean-square boundaries.

angular error (MSAE). We then examine two applications of great In this paper (see also [14] and [15]), we derive a general
practical interest: hull-mounted and seabed arrays. For the former, model for the measurements made by a planar array of vector
we use three models for the hull: an ideal rigid surface for high fre- sensors, each of which measures pressure and all components
quency, an ideal pressure-release surface for low frequency, and a ! . . . o

more complex, realistic layered model. For the seabed scenario, weOf partlcl_e velocity aJ_[ asingle pomt, Wh_en itis I_ocated ator near
model the ocean floor as an absorptive liquid layer. For each appli- @ planar interface with an arbitrary solid or fluid half space. We
cation, we use the CRB, MSAE bound, and beampatterns to quan- obtain an expression for the Cramér—Rao bound (CRB) on the
tify the advantages of using velocity and/or vector sensors instead azimuth and elevation of a single source and use it to calculate
of pressure sensors. For the hull-mounted application, we show a bound on the mean-square angular error (MSAE) for a large

that normal component velocity sensors overcome the well-known, | f estimat 16 d 1171, Usina th f
low-frequency problem of small pressure signals without the need class of estimators (see [16] and [17]). Using these measures o

for an undesirable “stand-off’ distance. For the seabed scenario, optimal performance, we study the advantages of L_J§in9 arrays
we also derive a fast wideband estimator of the source location of velocity and vector sensors, as opposed to traditional pres-

using a single vector sensor. sure-sensor arrays, for DOA estimation in a variety of practical
applications.
|. INTRODUCTION A problem of particular practical significance arises in

hull-mounted sonar. At low frequencies, a vessel’s hull becomes

RADITIONALLY, acoustic fields in fluids have been mea- X . . .
ustically flexible or compliant with the result that the

sured using pressure sensors. Recently, the idea of usiif anal th ‘ . | leadi
vectorsensors that measure both pressure and velocity washheSSure sgna on or Tgar 19e sgr ace ;st_very OtW‘ ca |r:g
troduced to the signal processing community in [1] and [2] arfg Poor performance [18], [19]. One solution is to moun

used to solve the passive direction-of-arrival (DOA) estimatidf €SSUre Sensors such that they “stand off” from the surface

problem [1]-[9]. Much work is currently being done on the deSOme distance. A large stand-off distance is highly undesirable

velopment of velocity sensors [5], and complete vector sens@escause it gives the vessel a large profile, thereby increasing
f

have already been constructed and tested at sea [10], [11]. ag and detectability. However, it can be avoided by using

Previous work, e.g., [2]-[9], has only considered arra)gormal—component velocity sensors mounted on the surface.

of acoustic vector sensors in free space; however, there é@ough this solution allows flush-mounted sensors, it cannot,
s we show, outperform an array of pressure sensors at a large

numerous important numerous applications in which it S . . .

required to estimate the DOA of an acoustic wave travel ough stand-off distance. Using anideal pressure-release model

in a fluid in the presence of reflecting boundaries. Exampl r th? hull, we compare the performance of a flush-mounted

include hull-mounted sonar, in which sensors are located gﬂlocny sensor array with a stand-off array of pressure sensors

a vessel's hull, providing a,great operational advantage o d determinethe minimum stand-off distance atwhichthe arrays

towed arrays; bottom-tethered sonar, where arrays of sen € (_:omparable performance. More generally, employing a
8a|IStIC four-layered model of the hull, we show that an

are moored to the ocean floor for long-term surveillance; ah ; lote T ¢ ‘ h
floating sonar arrays, i.e., an array of sensors, each of whiclffgay Of complete four-component veclor Sensors can, when
%unted at a much-reduced distance from the hull, equal

located just below the surface tethered to a buoy. There are dik%
or improve on the performance of a pressure-sensor array,

no matter how large its stand-off distance. We also examine
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vector-sensor arrays with pressure-sensor arrays, mounted b Incident Wave Reflected Wave
directly on the bottom and slightly above it, as in a moored de
ployment, for example. The vector-sensor array’s performanc
is shown to be markedly superior and almost isotropic. For thi
scenario, we also derive and analyze a fast wideband estimai
for use with a single vector sensor.

In Section Il, we derive the measurement model for an arra y - 2=0
located near a reflecting boundary. Then, in Section Ill, we de r
rive general optimal performance results for this model. Sec
tion IV discusses the hull-mounted sonar problem and Section 'Fluid
z=-d

the seabed array. Section VI concludes the paper.
Fluid or SOIV/////
II. MEASUREMENT MODEL

Consider a planewave traveling in a quiescent, isotropic, hog. 1. Schematic illustration of reflection of incident wave at boundary; the
mogeneous, infinite fluid half space, bounded by an infinif@dde”t and reflected waves interfere to form a standing wave pattern. A sensor
. ’ e .. _assumed to lie in the = 0 plane and its position vectar, along with the
planar interface. When the planewave hits the boundary, it pf@sidence angle and bearing vectos of the source, are also shown.

duces a reflected wave traveling back into the fluid and one or

more transmitted waves that continue to propagate past the i coordinate system such that the interface coincides with
face. If the i.ncident planewave is.monochr.or.natic, the reflectggl planez = —d with the » axis pointing into the fluid (see
plgnewave is also monoc_hromanc .but exhibits a change of afly. 1). The reflected wavenumber veciiaris then obtained
plitude and phase. At positianand timet, the (complex) pres- om k; by negating the--component. Suppressing the depen-
sure field in the fluid, due to the incident and reflected wavegence on time, the total pressure and velocity fields in the fluid

is given by atr = [z,y,0]7 are
pi(r,t) =pexpi(wt — kir) p(r) = peeathov) (] 4 Rei2hady (3)
pe(r,t) = pRexpi(wt — k) @)
pmilhaathyy) [ Fa(l+Re?=d)
respectively, wherg is the complex amplitude of the incident v(r) =p————— | k(1 4 Ref2k=4) (4)
wave,k; andk, are the incident and reflected wavenumber vec- “wpPo k(1 — ReiZk=d)

tors, w is the angular frequency, ari is the (complex) re-

flection coefficient, which specifies the attenuation and pha¥dere k., k,, and k. are the components of the incident

change of the reflected wave. Note that the wavenumber vecfvenumber vectak;.

points in the direction of propagation of the wave and has modg- . .

ulusw/c, wherec is the speed of sound in the fluid. Physical™ Reflection Coefficient

considerations require that the normal particle velocities on ei-The reflection coefficienfR expresses the attenuation and

ther side of the boundary are equal, which implies that the inhase change of the reflected planewave. It is highly dependent

cident and reflected waves travel along the boundary with ide@ih the nature of both half spaces and is generally a function of

tical velocities [20]. This means that the reflected wavenumbkeeth frequency and incidence angle. It may be expressed as a

vector k. is obtained by reflecting the incident wavenumbefunction of the boundary’s input impedance, which is defined

vector in the plane of the interface. as the ratio of the (complex) pressure to the (complex) normal
The half space that reflects the wave may be solid or fluidpmponent of particle velocity at the surface [21]

homogeneous or layered, or even have continuously changing

properties. In fact, in order for (1) to hold, the essential char- Zin = =(p(r) /vn(r))]:=-a ®)

acteristic of the second half-space is thafc its materigl propert.' ﬁerevn is the component af normal to the boundary. As long

are constant on any plane parallel to the interface with the flui S the surface is flat, of uniform composition over any plane

Note that this implies that the interface is smooth with resDeﬁ&ralleI to the boundary, and of large extef, is the same at

to the wavelength of the incident wave so that the reflection o points on the surface. As may be derived from (3) and (4)

specular. the reflection coefficient is related b
For both the incident and reflected waves, pressure is relateg ;. by

to particle velocitys by Euler’s equation, which for planewaves R — Zin— 2 ©6)
becomes (e.g., [21])  Zint+ Z
p(r,t) whereZ = poc/ cos~ is the impedance of the incident wave,
v(r,t) = k (2)  and~ is the incidence angle. Equation (6) also appears in the

W
po theory of transmission and propagation of electromagnetic

where p, is the ambient fluid density. The total field in thewaves [22].
fluid is given by the superposition of the incident and reflected In general, for a fixed frequency, the dependencg;gfon~
waves that interfere to form a standing wave pattern. We choaray be quite complex. Fortunately, there are several ideal situ-
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ations of practical interest that simplify the situation consideoutput would be a four-element vector of complex sinusoids

ably. with complex amplitudes

i) If |Zin| — oo, thenR = 1 for all incidence angles. Such
a surface is called ggid boundary and occurs at high ‘ .
frequency in hull-mounted sonar and in room acoustics, [yp} =pelATeos Tt
for example. M

i) If |Zin| — 0, thenR = —1, which is again indepen- (1+R(pp)e )
dent of incidence angle. This surface is callegras- (1 +R(p)e™™) cos pcostp 8
sure-releaséoundary and (to a first approximation) de- | (14 R>p)e=) sin ¢ cos 1P (8)
scribes the reflective properties of a vessel's hull at low (1 = R(3p)e™™) sinp

frequency [18]. It is also a good approximation for un-
derwater sound reflected from the interface with the ajjheres = [cos ¢, sin ¢]7, @ 2 4rdsinp, the velocity mea-

[21, p. 135] and is relevant to a floating or towed arragyrements are normalized byoc, and all lengths are in units
scenario. of wavelengths. Of course, is the omnidirectional pressure
iii) If Zi, is independent of incidence anglg, is a fairly  sensor output, angl, is the3 x 1 output of the velocity sensor
simple function ofy. Such a surface is callddcally re-  triad. By our choice of coordinate system, the incidence angle
actingand occurs with porous sound-absorbing materiad§ee Fig. 1) is just /2 — ; therefore, for a given frequenci,
[13, p. 13] and grass-covered ground surfaces [23]. s a function of;> but not¢. We have expressed this dependence
Somewhat more complex analytic expressionsRoin terms explicitly above.
of incidence angle are available when the reflecting half-spaceThe above model has been developed for monochromatic sig-
is another fluid or a homogeneous or stratified solid [20]. Weals, but it can simply be extended to account for signals of fi-
will use them for modeling reflection at the ocean floor and aste bandwidth, i.ep varying with time. In that case, (8) gives

a second approximation to a vessel’s hull. the complex envelope (phasor representation) of the output of
each sensor. The signg{t) must be such that, for any given
B. Array Measurements angle of incidence, the reflection coefficient is approximately

Consider an array of sensors mounted on or near the interfcgnStant over the bandwidth. Furthermore, reflections coming
y ) §8m strata within the reflecting half-space must die away in a

such that each measures the acoustic pressure and/or acoHﬁS'@h shorter time than the reciprocal of the bandwidth, which

particle velocityin the fluid at its location. We will allow for '

S . . must also be much longer than the round trip travel time from
their distance from the interface to be zero, i.e., the sensors mﬁ%sensor to the boundary and back. The unitsared must
f’#éesigiégjr'g \;elorC(;ty.rz;tthc?n':t[zrlf?iﬁé;r?hzoesﬁcgcvt\f;rﬁ mdak'.Q;Hen be in wavelengths corresponding to the center frequency,

pproximatl uid vig e., the frequency used for demodulation to obtain the baseband

cosity and thermal conduction are negligible and that slip is pogsﬁasor representation.

sible at the boundary, i.e., the tangential particle velocities on .
. . . : . : Now, suppose we have an array consistingnofector sen-
either side of the interface may be discontinuous. In practice, of ;
sors located on or near the boundary in the plane 0 and

course, sensors mounted on the interface should protrude Wﬁh 2. v coordinates aiven by --- 1. Adain. we assume
enough to avoid any boundary layer. To develop the model, we Y 9 Yi,oo,rm. AGAIN,

. ar\;[ the orientations of all sensors are known and that the data
suppose that the array consists of vector sensors, each of Wf?lc N .
rom each sensor has been rotated to align it with the coordi-

is formed from a co-located pressure sensor and triad of orthog-, .

: te axes. We must also make a narrowband assumption that
onal velocity sensors. Arrays of pressure sensors, pressure plus . o )
. . . € reciprocal of the bandwidth is much smaller than time taken
in-plane velocity sensors, and normal-component velocity sen- L . .

. . : . ; or the incident wavandits reflection to propagate across the
sors, all of which we will consider, are just special cases of this Co -
model array. This is slightly more restrictive than the usual free-space

' : . i narrowband assumption; for example, it could be violated by an
Denote the azimuth and elevation of the far-field source caor- P P y

. L : array that is very far from the boundary, even though the array
_res_pondlng o the incident wave yandy), respectively. The itself is very compact. This restriction must be satisfied in ad-
incident wavenumber vector is then

dition to the aforementioned bandwidth limitations. Which of
these considerations actually limits the bandwidth in practice

cos Pcosyp w will depend on the scenario. Stacking the four-element vector
ki=——|sin¢cosy | = U (7)  outputs of each vector sensor intala-element vector gives
sin v the measurement model

wherew is the unit vector pointing toward the source, i.e., the

bearing. Suppose a vector sensor is located irthe0 plane y(t) = a(0)p(t) + e(t) 9)
with z,y coordinates = [r.., ] (the boundary liesin the =
—d plane) and oriented such that its velocity sensors measurefitiet = 1,2,---, where@ = [¢,7]? is the unknown DOA,

velocity components parallel to the coordinate axes. This mayde(¢) is noise. By ensuring that all sensors lie in the same
be achieved by rotation of the data as long as the orientatiplane, we can express the steering vee(é) as the Kronecker
of the sensor is known. Then, using (3) and (4), its noise-freeoduct of the usual steering vector for a pressure-sensor array
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in free space and a vector that incorporates the directional sealocity components provides even greater improvement than
sitivity of each component and the effect of the boundary. Frothe results here indicate. When there is water flow past the sen-

(8), it follows that
a(@) = ap(6) @ h(6) (10)

where

(0) — [Ci27r cos u’;’r‘?’fl,’ . _‘_(7

(1 +R(p)e ™)

(14+R(1p)e™) o 1}

ap Ci?ﬂ' cos u"}’!‘aﬂ]T (11)

h(6) = (12)

(1+ R(z/))e_f? u
(1= R)e™)

where® indicates the element-wise product.

sors, which is the case if the vessel is moving in hull-mounted
sonar, the different sensor types are also differently affected.
For example, in one experiment, it was shown that if the flow
was fast enough to become turbulent on the surface of the
sensor packaging, then velocity sensors were more adversely
affected than pressure sensors [25]. However, [26] showed that
encasing the sensors in elastomer, which was not done in [25],
can significantly reduce flow noise.

Il. OPTIMUM PERFORMANCE
The Cramér-Rao bound (CRB) is a lower bound on the vari-

The vectora, () is the steering vector of a free-space pregnce of all unbiased estimators of a set of parameters and is
sure sensor array and depends only onathe coordinates of achieved asymptotically by the maximum likelihood estimator
the sensors’ locations and not in any way on the closenessuader mild regularity conditions [27]. Using the results of [2],
nature of the boundary. It is mainly affected by the relationshige derive an expression for the CRB on azimuth and elevation

between the azimuth of the incoming wave and the sensor logéden there is a single source.

tions; the effect of the elevation is identical for each term and is Theorem Il1.1: For the measurement model in Section II,
not complex. This vector effectively encodes the phase delay With an arbitrary differentiablé, and coordinate frame chosen
formation resulting from the propagation delays between phygich that the centroid of the planar array is at the origin, the
ically separated sensors. On the other h#(é) depends only CRB on the directional parameters is given by
on the distance and nature of the boundary and not at all on the

relative locations of the sensors. It is strongly affected by how CRB(#) = 5 <
the reflective properties of the boundary vary with elevation (in- 2Nmplh|

cidence angle) but also encodes the velocity field informati%erep = o2/c? is the signal to noise ratio (SNR), afd is

in the relative magnitudes of its components. Note that the 38z number of snapshots. The matrideand K are symmetric
sumption that all sensors lie in the plane is not inherently necess, the former given by

sary; however, it does allow the steering vector to be expressed

1 _
1+W> (J+ K)™' (15)

as a Kronecker product (10). This, in turn, will simplify many _ 4r? cos? 1 Seg sin 1) cos .S gy 16
expressions in the subsequent analysis and allow usto gaina ~ =~ 5, |:Sinz/)COS VS sin? VS } (16)
greater insight into the problem.
1) Statistical Assumptionse assume that botp(¢) and Where
e(t) are independent identically distributed (i.i.d.) complex cir- m
cular Gaussian processes with zero-mean angithipande(7) Spp = Z (T]T%)?
are independent for allandr. These processes are completely J=1
characterized by their covariances _ .
Spw =Y _ (1] vy)
E{p(t)p" (1)} =61 (13) j=1
H 2 m

E{e(t)e" (1)} =0 " Limb: » (14) S = Z (r]T%) (T]TW) 17)
where the superscript represents conjugate transpositiof, j=1
ando? are the signal and noise powers, respectivily, is the ) ) .
4mth-order identity matrix, ané, . is the Kronecker delta func- V¢ ~ [—sin¢,cos¢]" andv, = —[cos ¢, sin¢]". The entries
tion. There are four real unknowns: the two element DOA vect8t * @€
of interestd and the signal and noise power$ ands?, which 1 o2 1 lan¥ 2
are nuisance parameters. The assumed structure of the noise co- K;; = — ‘ = - ==
variance is consistent with electronic sensor noise. Note that we B2\ |9¢ [B|? | O¢
have assumed the same noise power at pressure and velocity ) a2
sensors for simplicity of exposition; however, incorporation of Koy = 1 ‘% 1 oh”
different noise powers for the different types of sensor is quite |h|2 \ | O |h|2 | o9
straightforward [1]-[3].

When ambient noise is the dominant noise source, noisg =~ _ g _ 1 R {ﬁ % 1 ﬁ H@}

. . . 12 — 21 —
powers at the different types of sensor will generally differ. For k|2 dp I |hI* 9¢ N
example, in spatially isotropic noise in free space, the noise (18)

power at each velocity sensor is one third of that at the pressure
sensor, and it is uncorrelated between co-located sensors [J4iis result is the same whethef is known or unknown. The
The lower velocity sensor noise power would mean that addi@RB’s for arrays consisting of pressure plus in-plane velocity
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sensors, normal velocity sensors only, etc., are obtained by swirich does notdepend dvisince the CRB s proportionaltg N
stituting the appropriaté into (15) and (18). fori.i.d. snapshots. We will examine performance interms of this

Proof: Our model is a member of the class ofmeasureaswellasthe CRBforthevariousscenariosthatwe study.
vector-sensor models in [2, Th. 3.1], which presented aWe will simplify our expression further by choosing the con-
general expression for the CRB on the direction parameters &braints

members of this class. The derivation is a generalization of that m
presented in [4] and is given in [28]. Z Tjaljy =0
Observe that the matrix depends only on the location of the j=1
sensors and not the nature of the sensors or the boundary—the m m
vector h describing the response of each individual sensor is 7,21; = 7,2y (23)
not involved. It does so through the terms in (17), which are the i=l1 i=l1

sums of squares and products of projections of the sensors pggithe array geometry. These constraints, which essentially re-
tion vectors onto directions paralte}, and perpendiculas, to  quire the array to be symmetrical about thendy axes, ensure

the projection of the bearing vectaionto ther, y plane. There- that the off-diagonal entry of is zero, as can be seen by evalu-
fore, they essentially describe the squared array aperture “segfing s, s IN (17). In [4], this was argued to be a strong criterion
by the source in these directions (see [4] for a fuller discussigdy array design as it tends to minimize the CRB for a given
of this concept for the free-space scenario). Conversélypes physical array aperture; it also means that knowledge of one of

not depend on the array geometry at all, but it incorporates b arrival angles does not affect the ability to optimally esti-
the directional sensitivity of the velocity sensors and the effegiate the other. With these constraints

of the boundary through the reflection coefficient. We can there- 5 m y
fore think of J as representing that part of the Fisher information J= an” 2, [COS L4 _ 02 } (24)
that is due to the physical aperture, wheréasepresents that mo 0 sin” 1

information resulting from the directional sensitivity of the ve-
locity sensors and the presence of the boundary. This separaﬁ?ﬂe};?ggﬁ’n;h; tco?tBhsr;C;,ir:jgjcteﬁel:gﬁs?iﬁwcp?irpy?n;ihme_

of the Fisher information into the sum of a Iocation—dependeR c )
but sensor-independent term and a sensor/boundary-depenﬁ‘é‘fnﬁpretatlon of results.
but location-independent termis analogous to, and a direct result
of, splitting of the steering vector into the Kronecker product
(10) of a phase delay teray> and a “within sensor” ternh. In this section, we examine the hull-mounted sonar problem.
For our particulah, we can simplify (18) somewhat. If only In Section IV-A, we deal with the high-frequency case in which
one type of component is used in the arfagontains only one the hull behaves like a rigid surface. In Section 1V-B, we then
element, and it follows thak’ = 0. When there is more than examine the low-frequency case in which the hull approximates
one component at each location, as long as both, or neitheragiressure-release surface. Finally, in Section IV-C, we consider
the in-plane velocity components are present a more complex layered model for the hull that is appropriate
over a range of frequencies. Note that although a hull-mounted
array will typically be located on the flank of a vessel, i.e., in
a vertical plane, we still define our coordinate system such that
the array lies in the:, y-plane and use the terms azimuth and
and all other terms in (18)h|?, etc., are independent f[28].  elevation as defined by our coordinate system, rather than an

IV. HULL—MOUNTED SCENARIO

ah”h_ oh' oh

96" =0 ap = 19)

Thus, K becomes diagonal with earth referenced system.
1 |0k 2 20) A. Rigid Boundary
e |h|% | B¢ The rigid boundary condition occurs whenever the reflecting
1 oh |12 1 Lot surface is not acoustically pliable, i.e., it does not move when an
22 =115 ‘_ — = |5 (21) acoustic wave hits it, and is a good approximation to a vessel's
|| Ip R | 9y hull at high frequency. Itis also the case in reflection from walls

and other hard surfaces in room acoustics. Mathematically, the
and depends only on the elevation and the proximity and reflemsndition is expressed Bg = 1 for all incidence angles. Set-
tive properties of the boundary. tingd = 0andR = 1in (3) and (4), we see that the normal ve-

In [16] (see also [17]), a framework is presented for the andbcity componentis zero at such a boundary but that the pressure
ysisof errors in estimating vectors and vector systems. The meand in-plane velocity components are double their values in free
square angular error (MSAE) is proposed as a useful overall erspace. In practice, arrays of pressure sensors flush mounted on
measure for the DOA estimation problem, and abound is deriviek hull are used; therefore, it is of interest to consider whether
onthe MSAE (normalized by the number oftime samplésay) the addition of in-plane velocity sensors offers a significant ad-
that holds asymptotically for alarge class of estimators. Itis giveantage.
by As a result of the pressure doubling, a pressure-sensor array

mounted on a rigid surface is equivalent to a pressure-sensor
MSAEg(8) = N{cos? 1) - CRB(¢) + CRB(z/)} (22) array in free space with an SNR four times as large, assuming
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all noise is nonacoustic (clearly, the pressure of ambient noi
will also be doubled). The CRB is given by (15) with|? = 1,

p = 402/c%, and K = 0. Of course, this is the same as the
expression for a pressure-sensor array in free space [3], exc
that we have an effective SNR @62 /02 instead ofo2 /0?2 at
each sensor—an increase of 6 dB.

For an array of sensors flush mounted on the su-
face, each of which measures the pressure and b
in-plane velocity components, it follows from (12) that$
h = [1,cos ¢ cos1p,sin ¢ cosp]?. Thus, the CRB is given by g
(15) with the effective SNR|A|? = 402(1 + cos? 1)) /o2, and  °

(deg)

cos? 9 /(1 + cos? 1) 0

K= 0 sin® /(1 + cos?¢)?

. (25) osk j

.y . . n 40 50 60 70 80 90
Therefore, the addition of in-plane velocity sensors increases vooB %

effective SNR by(1+ cos? ¢/) because of the greater number o;
meas_urements’ anq_rgsults in the e).(tra additive f€trdue to Fig. 2. Performance (in terms af MSAEg) of pressure-sensor array on a
the directional sensitivity of the velocity sensors. Both these fagid surface (dashed) and effect of adding in-plane velocity sensors at each
tors act to reduce the CRB. The effective SNR increase is largigsation (solid).
(around 3 dB) near grazing incidence and becomes negligible
near normal incidence. This becomes intuitive when we coon elevation (although not azimuth) tends to infinity as the inci-
sider that the signal measured at the velocity sensors is greatisice angletendsto9ee[3]foradiscussion of whatnonfinite-
when the wave is parallel to the surface and zero when itriess of the CRB means in terms of the performance of actual esti
normal. Unlike the free-space case [3], the directional matni®ators). Interestingly, CRE) would remain finite for a planar
K strongly depends on the beariagThis is a result of the de- array of full (four-component) vector sensors in free space [3].
pendence of the velocity-vector SNR (the SNR of the sum of tliénerefore, the lack of an out-of-plane velocity signalmakes a cru-
outputs from the velocity sensors) on the source’s bearing thatial difference to the finiteness of the bound. For a hull-mounted
caused by the lack of a third velocity component, which meafiank array, we expect that most signals of interest willcome from
each vector sensor’s output power is not rotationally invariantithinabout 60 of normalincidence; atgreaterangles, the source
The contribution of the directional term is significant wheneves very nearly directly above or directly below the vessel and is
the entries of( are on the order of those ih This generally oc- better handled by an array on the top or bottom of the hull. Thus,
curs when the array size is not too large; therefore, the greatist problems associated with large incidence angles do not really
relative improvement in CRB due the use of the extra velocitponcern us in this scenario. From Fig. 2, we see that unlike the
components occurs for small array sizes, low SNR’s, or one-giressure-sensor curve, the vector-sensor curve is very flat over
mensional (1-D) geometries, as discussed in [3]. For example,c [0°, 60°]. Thus, we conclude that over the operational in-
a vector-sensor uniform linear array (ULA) on a rigid surfaceidence angles of interest, adding the in-plane velocity compo-
is able to determine both azimuth and elevation. Comparisnents to a pressure-sensor array on a rigid surface improves the
of (25) and (24) shows that the entry &f corresponding to az- optimal performance (in this example by between 16% and 30%)
imuth is larger relative to the corresponding entrydhan isthe and makes it more isotropic.
elevation entry of relative to the elevation entry of. Thus, As shown in [3] an additional advantage of a vector-sensor
in this scenario, adding the velocity sensors improves the abildyray is that it does not suffer from ambiguities in an under-
to estimate azimuth more than it does elevation. This may agaimpled wavefield. In the hull-mounted scenario, we may wish
be attributed to the lack of a normal-component velocity signd use the same array over a wide range of frequencies. It may
on the rigid surface. not be feasible or desirable to place the sensors so close that
Fig. 2 shows/MSAEg forthe above two arrays with four sen-their separation is half a wavelength at the maximum end of the
sors atthe corners of a square with half-wavelength sides. Thisgperating frequency. Indeed, this would lead to considerable
rangement satisfies the condition of Section Ill, thereby makimtggradation in performance at the lower end of the frequency
the bound a function of incidence angle alone. An SNR of O d&and if this band spans many octaves. However, by using the
and 100 snapshots are assumed. Note that for all numericaliexplane velocity components, we can design our array with a
amples, the SNR is defined ag/o?, i.e., the SNR that would separation corresponding to, say, the middle of the frequency
existata pressure sensor if the boundary were absent. The dolitaiald, yet not suffer from ambiguities at the upper end. As an ex-
curveisforthe pressure-sensor array, and the solid is for the areample, Fig. 3 shows the 3-D normalized beampattern of spatially
of pressure sensors plus in-plane velocity components. The lattedersampled vector-sensor and pressure-sensor arrays. The
exhibits a 16% reduction iy MSAEgR for sources atnormal (i.e., sensors are arranged on areg@lar3 grid with 1.5 wavelengths
0°) incidence, and the improvement steadily increases to 35%edween adjacent sensors, and there is a single 0 dB source at an
the source approaches grazing incidence. Both arrays have pmomuth of 45 and an incidence angle of 55.9n the figure,
optimal performance at large incidence angles because the ClRBbeampattern is plotted against azimuth, and elevation is then

Incidence Angle (deg)
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resistance to motion when an acoustic wave hits it. In this case,
R = —1 for all incidence angles; thus, from (3) and (4), we see
that the pressure and in-plane velocity components are zero; this
A | . ; v is the origin of the low signal problem encountered when using
}23:“\"::” R . - fmd  hull-mounted pressure sensors at low frequency. However, the
l":l»‘;m ' normal velocity component is doubled at the surface, and thus,
H an array of normal-component velocity sensors can be mounted
on the surface. To find the CRB, we ugg? = 4sin” ¢ in the
formulae of Section Ill, withK' = 0. Therefore, in terms of
CRB, the array is equivalent to a pressure-sensor array in free
space with a directionally dependent SNR4pfsin? ). As we
| might expect, the SNR tends to zero, and thus, the CRB goes
. "””""m”””” Im to infinity, as the wave approaches grazing quence, since
1 il I »’||‘ il the sensors then make no measurement. There is no geometry
........................................ bl ‘.1uiii|||1lIIl|||||||“|"ll”|"WHHHHWHIHH "I’i""“l.i independent ter&, in spite of the directional sensitivity of the
o % 1% Aoimuth (deg) %0 ®  velocity sensors, because there is no other component against
Fig. 3. Beampattern df x 3 regular spatially undersampled (15wave|engtWhiCh- to reference the ma-gnitUde an-d phase of the normal
sp%ciﬁg) pressure-sensor and vector-sensor arrays (pressﬁre and in-gfgrlgcny measurement,& Tl’_lIS gmphasges that t,he advantages
velocity components only) on a rigid surface. There is a single 0 dB sourceGft vector sensors for direction finding discussed in [3] are due
[45°, 55.5°]. to the use of sensing elements that measure diverse physical
quantities rather than just the use of sensors with a directionally
projected onto the azimuthal axis. It can be clearly seen that @@pendent response.
pressure-sensor array’s beampattern exhibits two indistinguishas giscussed in Section II, the incident and reflected waves
able global maximale_ading to ambigu_ity, as well as several higherfere to from a standing wave pattern. As we move away
secondary peaks, which can cause wide angle errors when Gy the boundary, the pressure and in-plane velocities increase
a finite number of samples are available. In the vector-sensgiile the normal velocity decreases. In fact, from (12), we note
array’s beampattern, however, the ambiguous grating lobeig the pressure and in-plane velocities are proportioriatto
reduced by about 6 dB relative to the mainlobe; the backgrougdw’ whereas the normal velocity is proportionalitg- ¢ .
level (not shown) is also 6 dB lower. Furthermore, the othefs, the pressure and in-plane velocities are double their free-
secondary peaks are suppressed relative to the pressure-sefiQle values, and the normal velocity is zero whea (2k —
plot, reducing the chances of wide angle errors. The amountf% for any positive integek. For a wave that is normally inci-
which they are reduced depends of their position relative to thgnt on the surface, this first occurs at a distance of a quarter
mainlobe; in general, the further they are from the mai”")bﬁfavelength from the boundary. For a wave of arbitrary inci-
the greater the suppression. Naturally, since there is no norjgghce  this situation first occurs wheh = 1/(4cosn), i.e.,
velocity component, the array’s ability to resolve ambiguitiegne greater the incidence angle, the further from the boundary
i.e., to suppress grating lobes, is not as great as in the free-spaeRsure-doubling occurs. Clearly, one solution to the low pres-
scenario [3]. Itis also clear that the achievable suppression, iﬁjre_signa| problem is to mount an array of pressure sensors
decibelreduction, may vary considerably withthe locations of thg 5 “stand-off’ distancel from the boundary. However, the
source and grating lobes sindd” p, which may be thought of as «sang-off” array solution is undesirable because it increases the
the effective combined SNR ateach sensor, varies with incidengg;sel's profile and, hence, drag and sonar visibility. Further-
anglle.Again,this.isin coqtrastto thefreg space situation. more, the longer the wavelength, the larger the stand-off dis-
Finally, by adding the in-plane velocity sensors, we can obsnce required, and it is at low frequency that the pressure-re-
tain a rapid wideband estime_lte of_ the azimuth,_even with a singég,se model is appropriate. Therefore, a question of consider-
vector sensor, based on estimation of the horizontal compongpfe practical interestis to determine the minimum stand-off dis-
of acoustic intensity. In Section V-A, we develop such an egsnce required of a pressure-sensor array in order for it to have

timator for an ocean bottom-mounted array; however, the dgsmparable performance to a hull-mounted array of normal ve-
velopment is equally applicable to the present case. Note, h%’city Sensors.

ever, that unlike the seabed scenario considered in Section V-Aq)  critical Distance: To find the CRB for the stand-off array

the lack of a normal velocity component on a rigid surface prgf pressure sensors, we $&f2 = |1 — e[ and K = 0 in
cludes development of a rapid wideband estimate of elevatiQfyr gerived expressions. Thus, its CRB is equivalent to a free-
Nevertheless, the rapid azimuthal estimate would be very usefhce pressure-sensor array with a directionally dependent SNR
for reducing the search dimension to 1-D and/or providing inkt 4, in2(:9 /2). Comparing this with the CRB of an identical
tial estimates for a high-resolution estimator, such as maximyq)|-mounted normal-component velocity sensor array, we see
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likelihood, that requires numerical optimization. that they merely differ in their effective SNRs. In addition, since
the CRBs of both arrays are monotonic decreasing functions
B. Pressure-Release Boundary of their SNRs, they have identical performance if and only if

The pressure-release boundary condition occurs whenesier(9/2) = sin”<). We therefore define the critical stand-off
the surface is highly acoustically pliable, i.e., it offers ndlistance as the smallest value éffor which the CRB’s are
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Fig. 4. Critical distance (in wavelengths) for a pressure release boundaryF f5. MSAER versus incidence angle for various four-element arrays at

which a stand-off array of pressure sensors and a surface mounted arra % . S
: r re-rel rface. Th nsors lie a regular grid with half wavelength
normal-component velocity sensors have the same performance. The relaf GeSsure-release surlace. 1he Sensors fie a regular g d with half wavelengt

. i0 0f/ MSAE, ; N spacing; a 0-dB source and 100 snapshots are used. The solid line is the pressure
gg:)osrﬂqowr?e’ .e., ratio of MSAEs (pressure over velocity), forp = 9, is array atd = 0.25, the dash-dotted line is a flush-mounted normal-component

velocity array, the dotted line is a pressure array at 0.18, and the dashed
line is a vector-sensor array ét= 0.14.

equal. Itis a function of elevation alone given by

of the intersection of the surface with the unit plane and, as
L_’ (26) nhoted above, does not dependnor p. The flush-mounted
27 sing) velocity-sensor array improves performance by up to 20% over
. o . a large range of incidence angles if the stand-off distance of
and is plot_ted (ve_rsus incidence angle= /2 — 4) in the the pressure-sensor array is reduced to much less than a quarter
upper portion of Fig. 4. Note that the stand-off pressure-senw&velength_
array performs better in the region above the line and the sur

f ted velocit in th ion bel R Fig. 5 gives a numerical comparison of the four-element
ace-mounted velocity-Sensor array In the region below. gc']uare arrays with half wavelength spacing. The arrays have
markably,d..;; is completely independent of the array size, g

. ) 7 es'i“nilar performance when the pressure-sensor array is at
ometry, and signal and noise powers; therefore, this is a resyilt

) , . = 0.18 wavelengths; however, it becomes unacceptable
of considerable generality. Whmsaqu_art_erwavelength, the1E0r v > 60°. Therefore, in most of the useful region, the
stand-off array h_as alower CRB for all incidence angles excepjyt, .o moynted array is to be preferred. This confirms that
Z€ro (normal incidence), where they are equal. As the stand-ﬁ) stand-off distance of less than about 0.2 is required, the
d'StanT? dgc(j:reases, (tjh](cea;]ull—mooijgted arlr ay ?r? es'tb.etts rt?oﬁ‘?uﬁ?mounted velocity sensor array provides a better solution.
normal Incidence an < UAbwavelengins, LIS beter o 5 4150 shows the performance of a full four-component
atall mmd_enqe angles. T_he performance of both arrays 1S PQR¥ctor-sensor array at a distancedof= 0.14 wavelengths. It
when th_e |nC|dent_ wave IS very far from normal (see Fig. 5?3 similar to, but slightly better than, that of a pressure-sensor
but as discussed in Section IV-A, the most useful range for,

. o afray atd = 0.25. Thus, by using vector sensors, we can
huII—mounteq array is up to about §0f incidence. As can be outp):arform the huII—mounteﬁ arrag with a smaller stand-off
seen from Fig. 4, the hull-mounted array does better over m tance.
of this range if the pressure-sensor array’s stand-off distance Is
reduced much below a quarter wavelength. For example, even
with d = 0.2 wavelengths (equivalent to 3 m at 100 Hz), thg' Layered-Hull Model
hull-mounted array is better for all incidence angles less thanin this section, we use a realistic layered model for the hull.
about 25. Here, all three components of acoustic particle velocity and the

The lower plot in Fig. 4 shows the relative performance acoustic pressure are generally nonzero at the surface; therefore,
the two arrays, which is defined as the ratio of the square rosé consider a flush-mounted array of full vector sensors and
of the MSAR; for the pressure-sensor array to that of the flusltompare it with a similar array of pressure sensors. We model
mounted velocity sensor array, against both incidence angle dhd hull as an air-backed steel plate with an absorptive, com-
the stand-off distance of the pressure sensor array. The rglbant coating or baffle. The coating, which is on the outside of
tive performance is actually (very mildly) dependentap, the hull, serves the practical purpose of reducing noise levels
the product of the number of sensors and the SNR; the cuatethe sensors resulting from internal acoustic sources, rotating
is shown formp = 9. The velocity-sensor array has the lowemachinery, etc. The sensors themselves are flush-mounted on
MSAEg and, hence, the better optimal performance when thiee exterior of the coating. References [29]-[31] discuss the de-
curve is above the unit plane. The critical distance is the locsign of velocity sensors for use on compliant baffles for hull-

dcrit =
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Fig. 6. Top: Real versus imaginary component&dbr layered hullat 1 kHz. Fig. 7. +/MSAEg versus incidence angle for various four-element arrays at

Incidence angles (in degrees) of particular interest are indicated. layered hull. The sensors lie a regular grid with half wavelength spacing; a
0-dB, 1-kHz source and 100 snapshots are used. The solid and dashed lines
are flush-mounted vector-sensor and pressure-sensor arrays, respectively. The

mounted arrays, and [32] presents experimental results usingjgmed apd dash-dotted lines are vector-sensor and pressure-sensor arrays at
array of velocity sensors mounted on such a steel backed coaffn:g 0.25.
at a U.S. Naval lake-test facility. _ _ _

We use typical values for the hull and coating paramete_rFQWEVer’ at all frequencies we investigat&dstarts somewhere
as follows: The steel hull is taken to be 2 in thick, with denl the left half of the plane and tends+d. as the wave tends to
sity 7900 Kg/n¥, a longitudinal wave velocity of 5710 m/s, anddfaZing.
shear wave velocity of 3160 m/s. We ignore absorption in the Fig- 7 compares/MSAEg for flush-mounted and stand-off
steel. The compliant coating has a thickness of 4 in and dengf§fFtor-sensor and pressure-sensor arrays. The array shape is
pe = 750 Kg/m?. It is assumed to have a Young’s modulus oftgain four sensors at the corners of a square with half-wave-
E. = 1500(1 — 0.3i) psi—the complex value accounts for ablength sides, an® is calculated at 1 kHz. The flush-mounted
sorption in the materia—and Poisson’s ratio= 0.42. From Pressure-sensor array (FPA) performs very poorly_ because all
these, the (complex) speeds of longitudinal and shear wavedigidence angle® + 1 and, hence, the pressure signal at the

the coating may be determined from boundary are quite small. The performance is particularly poor
aroundy = 26° and near grazing incidence becaudgeap-
\/ E(1— 1) proaches-1 in these regions, and thus, the surface almost be-
c = (27) comes pressure release. The others arrays exhibit no dramatic
pell +ro)(1 = 2v) drop in performance (and even a slightimprovement)at26°
E. for the following reasons.
be = 2p(1 4 ve) (28) i) Flush-mounted vector-sensor array (FVA): The increase
in normal component signal outweighs the drop in pres-
respectively; see [33]. sure and in-plane velocity signals, which are relatively
In order to calculate the CRB, we require the reflection coef- small anyway.

ficient and its derivative as functions of incidence angle. For this ii) Stand-off pressure-sensor array (SPA): The pressure
model, the expressions are very complex. We use the method of ~ signal becomes quite large.

calculation presented in [20] to determiReand extend this pro- i) Stand-off vector-sensor array (SVA): The pressure and
cedure to determin@R /9, which is also needed in the calcu- in-plane signals become bigger and outweigh the drop in
lations. The details are contained in [28]. The upper plotin Fig.6  normal velocity signal, which is relatively small anyway.
showsR as it changes with incidence angle at 1 kHz. It has arhe small but abrupt change’®aroundy = 15° causes a 20%
absolute value of about 0.6 at normal incidence and tendd.to improvement in both vector-sensor array bounds (just visible)
as the wave tends to grazing incidence. It changes very rapidiyt has very little effect on the pressure-sensor arrays. The SPA
and by quite a large amount, betweerf 2Bd 27, reaching has about the same performance as the FVA, except for larger
—0.9 near 26 of incidence. This is due to the fact that the sheancidence angles, where it does worse. Thus, by using vector
wave in the steel reaches its point of total internal reflection asénsors, a flush-mounted deployment can be used with no loss
becomes a surface wave in this region. A much smaller rapid performance. The SVA, however, does improve somewhat
change iR also occurs around T3vhen the longitudinal wave on the FVA, particularly at large incidence, but the increase in
in the steel becomes a surface wave, but it is barely perceptilerformance is probably outweighed by the need to keep the
Note thatR has a fairly small imaginary part relative to its realessel’s profile to a minimum. Note that the stand-off distance
part. In the present scenarig,is also dependent on frequencypf 0.25 wavelengths corresponds to 0.75 m at 1 kHz.
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vector of an incident wave are unaltered on reflection, the hor-
izontal component of the acoustic intensity vector is parallel
to the projection of the incident (and reflected) wavenumber
vector. Furthermore, since the incident wavenumber vector de-
fines the direction to the source, we can use an estimate of the
il horizontal acoustic intensity to determine the azimuth. Note that
[2] used this technique to derive an estimator for the full bearing
' vector using a vector sensor in free space; however, it cannot be
i used to find the elevation when the boundary is present.

T The horizontal component of acoustic intensity measured by
a single vector sensor located a distadcirom a reflecting
boundary is

sqrt ( MSAE ) (deg)

Iu(t) = yp(D)ly, (£), w0, (D] (30)

0 0 =2 4 s e 7 & % Thys, as long as the noise at the various sensors is mutually
Incidence Angle (deg) uncorrelated

Fig. 8. +/MSAEg versus incidence angle for various four-element arrays near Y cos

the seabed arranged as a regular grid with half wavelength spacing with a 0-dB E{IL(t)} = 2|1 + Re™"|2cosyp | . ;) . (31)
source and 100 snapshots. The absorption coeffieieat 0.1. The solid and Si

dashed lines are vector-sensor and pressure-sensor arrays, respectively, at the

surface. The dash-dotted and dotted lines are the same arvays a25. Since this is purely real, we lét= N1 =&, Re{Iy,(t)}, and
by the strong law of large numbers,— E{I}(¢)}. Thus, we
V. SEABED can estimate azimuth from
Passive listening arrays mounted on the seabed have impor- COS(/; A 3 cos ¢
tant military and civilian applications [34]. There are numerous [Sind;} = 3] [Sm A . (32)

ways in which sensors can be bottom mounted: in ballasted

trawl-resistant casings dropped from the surface, tethered twVih appropriate modification, we can apply the analysis of [2,
frame, positioned by a diver or underwater vehicle, etc. [35\pp. B] to this azimuthal estimator to show that its asymptotic
Depending on which design is chosen, it is possible to have tMSAE is

sensors lying essentially at the boundary or at some known dis-

2
tance above it. lim NE(¢3 —¢)? = i + 11 +Zz| p2 (33)
The interface between sea water and the packed sandy ocean N—oo 2p%|1 4 R[* cos?ep
bottom can be approximately modeled as the boundary between . . .
op y y Whe ep = o2/0? is the SNR. Note that this estimator does

two fluids, one of which is absorptive [20], [36]. The reflection . .
coefficient is given by not require a normal velocity sensor or knowledge of the re-

flection properties of the boundary (or even the distance to the
_ mcosy — i(sin? v — n?)t/? 29 boundary).
(29) In contrast, to obtain an estimate of the elevation, we require
a normal velocity sensor, and we need to know the reflection

yvherev_y Is the ratio Of. sand density to water densn_y, a_nd characteristics of (and distance to) the ocean bottom. The ver-
is the index of refraction. The presence of absorption is (|:éal component of acoustic intensify (£) A (#)yf (£) has
counted for by assuming that the index of refraction is com- P (1) = vp(t)y..

plex, i.e.,n = no(1 + éa), with « > 0. We use the typical expected value
valuesng = 0.83,7 = 2.7, = 0.1 [20, p. 11]. Fig. 8 com-
pares vector-sensor and pressure-sensor arrays mounted at or
near the seabed. It can be seen that the vector-sensor arraylgg{ﬁg (31), we note that
forms better than the pressure-sensor array and has a virtually
isotropic performance over almost the whole range of incidence E{L.(t)} 1 — RH iV A

les. The i i f i icularl ine- = — tan = y. (35)
angles. The improvement in performance Is particularly notice [E{TL(®) ] 1+ RH®
able when the array is mounted a quarter wavelength from the
boundary when the pressure-sensor array’s performance is cbhie quantity on the right-hand sidg,say, is a function of)
siderably poorer and highly dependent on the incidence angl&lone, which we estimate from the statistic

R =
™) ncosy +i(sin? v — n2)1/2

E{I.()} = c?(1+ Re ) (1 — RHe")siny.  (34)

A. Fast Wideband Estimator N
. o . I(t
We now present a fast wideband localization algorithm for ; *)
use with a single vector sensor located on the seabed. Acoustic X=tv 1 (36)
intensity is a vector quantity defined as the product of pressure Z Re{I,,(¢)}
and velocity. Since the andy components of the wavenumber Py
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It then remains to solve

1 — R(HHH idrd sin ¢ R
%= () Y ) (37)
1+’]2(1/})Hez47rdsmw

0

tion (deg)

evia

ES

for <. k

In general, (37) must be solved using a 1-D numerica-
search. However, if the sensor lies at the interface,d.es, 0,
the right-hand side of (37) becomesc/Z% (1) cos ). For the
seabed scenario, we can then solve (37) analytically. Using,L
(29), we have ;

1-RH —iy/cos 1) — n? (38)

tany =
H s .
1+R ncosy % 10 20

andard d
w

30 40 50 60 70 80 )
Incidence Angle (deg)

and hence, we obtain a rapid wideband estimate for the elevation _ - _ _
Fig. 9. Comparison of empirical/ MSAE of the fast wideband estimator

using (solid) with the boundy/MSAEg (dashed) for a 3-dB source with 200
snapshots and absorption coefficient= 0.1 The empirical standard error of
R L n the elevation estimate (dotted) is also shown. For each incidence angle, 500
P =Re{cos™ " | ————— (39) realizations were used.
/X2772 + 1

The real value of the inverse cosine is taken to deal with (rar%f?mer'RaOf bOl.de and, hen_cl:_ﬁ, ?ltilound otn dmea(ljn-sqlljaarde an-
cases in which the argument is larger than one, in which Cag%l,art_erroro asing e_dsourge_. q ? 'Iu I;motl;]n i ﬁm seatl g ap-
1 = 0. We determined by numerical simulation that taking alyications were considered in detail. or the hufl-mounted ap-

solute values before the inverse cosine gave slightly greater 8@9”‘“0”' the special cases of rigid (hllgh—frequency_) aqd pres-
curacy than taking real values or applying the inverse cosi re-release (low-frequency) boundaries were studied in detail,

to a complex number, particularly for largé. Note that the as well as a more complex, realistic layered model for the hull.

bandwidth is limited only by the frequency range over which? the_”g'd surface, the use of in-plane and velocity compo-

the input impedance’;,,, or equivalentlyR, is approximately nents improved performance over a pressure-sensor array, par-
' ' ticularly for angles far from incidence. Using the beampatterns,

constant. Sinc& is independent of frequency in (29), it is re . ,
P d yin (29) ve also showed that the addition of the in-plane components

stricted only by the range of frequencies over which the fluid¥ o . )
fluid model is valid for reflection from the seabed. resolved ambiguities caused by spatial undersampling. For the

Fig. 9 shows the performance of this estimator as a functfﬁgssure-release surface, we showed that normal-compone_n tve-
of incidence angle. From Fig. 9, we see that our estimator is ge'ty sensors could be used to overcome the Iow-pres_sure signal
far from the optimal bound over quite a large range of source | [oblf-zm at such a surface; this was a matter of con3|derablg of
cations and approaches it at normal incidenc?. (after about practical |ntere§t in low-frequency hull-mounted sonar. In this
55°, however, the estimator’s performance falls off very rapidlﬁase’ acomparison was made between a surface-mounted array
whereas the bound actually becomes smaller. This is maii%vem.c.'ty SEnsors and a ;tand-off array of pressure-sensors.
e critical distance at which the arrays have the same per-

due to rapid deterioration of the elevation estimate, as indica introduced. and a simol ion d di
by the fact that its empirical standard deviation closely trackdMmance was introduced, and a simple expression depending

the empirical MSAE. Further investigations reveal thas a solely on the incidence angle was derived. Although the pres-
very good estimator of below 55 but becomes highly biased SUre-sensor array performed better at a quarter wavelength, the

at larger incidence angles. Increasing the number of snaps I ac(ej—moun(;ed ar;a%/ \I/vas (’;ozbe favlorecihlf tr::e st:]and—off d[j}
does not seem to solve the problem; therefgrappears to be ance dropped much below ©.2 wavelengtns. Furthermore, the

an inconsistent estimate gfat large incidence angles, thereb s€ oir:/ectgrzgenrs]ﬁ)rs a”.O\;Ved. a rt];um sfmaller stan(cjj—offtdls—
resulting in the poor performance. Despite this, the estimator g ¢€ than 0.25 while maintaining the performance advantage.

very effective over a large range of input angles and would ¢ y using the realistic layered model, we showed that, gener-

tainly be very effective at, for example, locating surface vessély using gflush-mounted array of full four-component vector
since the incidence angle is very unlikely to be more theh 5 ensors, it is possible to outperform a stand-off pressure sensor

Note that because of the symmetry of the problem, the perf@*aY at any stand-off distance.
y y P P For the seabed application, we modeled the ocean floor using

mance is independent of azimuth. A e L
an absorptive liquid layer. We quantified the potential improve-

VI C ment of using vector sensors over traditional pressure sensors
- CONCLUSION when mounted directly on the bottom and when mounted

We have developed a general model for the measuremesitghtly above, as in a moored deployment. We showed that the
made by a vector-sensor array located at or near an arbitraegtor-sensor array fared considerably better, particularly in the
plane reflecting boundary and derived an expression for theored deployment, and had an almost isotropic performance.
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For this scenario, we also derived and analyzed a fast widebamzb] K.F. Sanderand G. A. L. Reefitansmission and Propagation of Elec-
estimator for use with an even Slngle vector sensor. tromagnetic Wave2nd ed. Cambridge, U.K.: Cambridge Univ. Press,

1986.

Future work for th_e hull-mounted Scen‘?r'o_ Cou_ld |nc0rporatq23] T. F. W. Embleton, J. E. Piercy, and N. Olson, “Outdoor sound propa-
the problems associated with nonacoustic vibrations of the sur-  gation over ground of finite impedancel” Acoust. Soc. Amerol. 59,

face,
boundaries. For the seabed, more complex models of the botto

d Pp.267-277,1976.
%4] M. Hawkes and A. Nehorai, “Pressure and velocity correlations in am-
bient noise,”IEEE J. Oceanic Engto be published.

e.g., from machinery noise, as well as consider curve

and near-field sources could be incorporated, as well as prop&s] G. C. Lauchle, J. F. McEachern, A. R. Jones, and J. A. McConnell,
gation models in littoral regions. “Flow-induced noise on pressure gradient hydrophonesAdoustic

Particle Velocity Sensors: Design, Performance and Applicafidhs
J. Berliner and J. F. Lindberg, Eds. Woodbury, NY: AIP, 1996, pp.
202-225.
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