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Matched-field processing is a passive range and depth source localization technique that has
been extensively used in shallow-water environments. A vertical array of sensors is used to
spatially sample the acoustic waveguide where the source signal embedded in additive ambient
noise propagates. The array outpat is then matched with the signal replica field generated by a
normal-mode model based on the environmental parameters that characterize the waveguide.
Recent results obtained from real data show the feasibility of the technique and give evidence
of its strong dependence both on the array aperture and on the knowledge of the environmental
parameters used in the model. This paper describes a modified matched-field technique, called
normal-mode matching, that is applied to real shallow-water data. Tts performance is
compared to that obtained by conventional matched-field processing using the same data set.
Unlike conventional matched-field processing, the results indicate that unambiguous
localizations can be obtained even for “'shorl"™ arrays spanning only half of the water column,

PACS numbers: 43.30.Bp, 43.30.Wi

{TRODUCTION

Passive range and depth localization of an acoustic
wirce in shallow water is a difficult, yet interesting problem
1at has received a great deal of attention in the last few
sars.' The simultaneous estimation of range and depth
xquires the use of numerical propagation models. The clas-
cal approach to this problem is to “match™ the received
:pustic data with the sound field predicted by the propaga-
on model for a number of hypothetical range/depth source
cations. This technigue is called matched-field processing.

It is commonly accepted that the wave propagation and
wundary interaction dominating shallow-water propaga-
on can be well described by a normal-mode model. Accord-
i to this model, the acoustic pressure measured at the re-
siver can be expressed asa linear combination of the natural
iodes (or mormal modes) of vibration of the waveguide.
he complex weights associated with the normal-mode
:pth functions of the waveguide, herein designated as nor-
al-mode amplitudes, fully characterize the source-medium
teraction and contain the source location information. Re-
mitly, techniques have been suggested that use the normal-
iode amplitudes to extract the source location parameters,
wirce depth,® and source range.” A unified framework al-
wing simultaneous estimation of source range and depth
ropased by Yang® has been used ina very similar fashion by
filson er al.” Modified versions of this technigue have also
:en proposed recently by Smith ez al.® and Shang.' This
chnigue uses the linearity of the normal-mode propagation
odel to perform a change of variables from the cylindrical
ace coordinates to the normal-mode space coordinates.
he idea pursued is to measure the degree of similarity
stween the estimated and the model-generated normal-
ode amplitudes. The maximum of the similarity function
ill give an estimate of the range/depth source parameters.

also called matched-mode processing. Yang® derived ran,
depth estimation patterns from simulated data and sueey
fully applied the method to experimental data obtained fr
a long-range source signal propagation in the Arctic surf
duct. In studies by Yang® and Wilson et al.,” the sound fi
was unresolvable by the receiving array; i.e., there werem
modes than sensors, but the array still spanned a large p
tion of the sound channel. Other studies™'® emphasized
range/depth estimator detection and resolution perl
mances.

The present study examines the real data performal
of the normal-mode matching technique in a shallow-wg
environment. The results are compared to those obtained
conventional matched-field processing in the same data s
Particular emphasis is made on the array geometry, sou
depth, source frequency and bottom characteristics,

. THEORY

The ocean environment is modeled as a stratified wa
guide with an arbitrary sound-speed profile in the verti|
Long-range sound transmission in such an environment |
be described by the discrete normal-mode model."! Gi
the acoustic pressure predicted by a sufficiently acour
propagation model, range/depth estimation of a submer)
source is an inverse problem. The impossibility of obtain
a numerical or analytical inverse solution make us resor
approximate solutions by forward modeling predicti
Matched-field processing belongs to this category of forw:
modeling techniques. Matched-field processing can
viewed as a two-dimensional (range and depth) generali;
beamformer; each “steering” vector is the model repl
field formed by the point solution to the wave equation t
describes the propagation between the source and the recy
er for a given “look direction™ in the range/depth space.



* an “infinite” number of source range/depth combina-
ns gives rise 10 an ambiguity surface. The coordinates of
s+ maxirnum of this surface are the matched-field estimates
the actual range and depth source location. Normal-mode
itching proceeds by direct inversion of the propagation
el in order to estimate the normal-mode amplitudes.
rward modeling is then applied to estimate the source pa-
neters by matching the estimated and the model predicted
rmal-mode amplitudes for a number of source range/
pth combinations. Again, the range/depth coordinates of
: maximum level of the ambiguity surface obtained gives
: normal-mode matching estimate of the source location,

Normal-mode modeling

The solution of the wave equation for a narrow-band
int source exciting a horizontally stratified, parallel wave-
ide is commonly expressed as a linear combination of the
veguide normal-mode depth functions. The normalized
atial dependence of the acoustic pressure measured at a
rtical array of L sensors due to a unit power narrow-band
arce at location 8 - = (2,74 ), where superscript £ stands
s transpose and subscript T indicates the true source loca-
n, may be expressed as'!

pid) = Ax(fy), (1)

iere p{d,) is the L-dimensional vector of array output
=ssures, A is an L < M real matrix whose columns are the
rmal-mode depth functions expressed for all sensor
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A=[a8;,..8y] (2a)
e
a, = [a,(z2,)a,,(2;)s0, (2. )] (2b)

d M is the number of modes supported by the waveguide.
ie M-dimensional complex vector x(&,) s the normal-
wde amplitude vector for the true source parameter loca-
n, @, the mth element of which is defined by

X (07) = [a, (z0)7\ [k, |e T, (3)

iere ¢, is the mth mode attenuation coefficient. The two
s {a (zim=1,.M0<z=H} and {k, ;m=1,..M}
: the mode depth functions and the corresponding mode
rizontal wave numbers characterizing the propagation
annel of depth A. Note that these expressions have been
tained by normalizing out the range dependence, a phase
ift and an arbitrary constant. The SACLANTCEM nor-
il-mode model, sNap,'? is a computer program well-suit-
for calculating the acoustical pressure defined in (1).
AP has been used in this study to calculate the mode depth
1ctions, the corresponding horizontal wavenumbers and
: mode attenuations.

Normal-mode amplitude estimation

Assuming that the acoustical pressure p( @) is corrupt-
by additive zero-mean Ganssian noise €,

y(0;) =p(d;) + ¢, (4)

x(60r) = [A'R. ’A.] "A'R,: y(dy), (1
where the noise and the acoustical pressure are assumed ur
correlated and R, = E{¢ €]} is the noise covariance m:
trix. In practice, the white noise assumption reduces (5) t
%(6,) = [A'A] ~"A'y(8,), which requires the inverse (
A'A, ie., requires matrix A to be full rank. If A is a ran}
deficient matrix (our case), r{A) = & with & < min( LM
then %(& ) is not unique and the optimal least-squares soly
tion of (1) is

&(8;) = A *y(0;), (6
where A" is the psendo-inverse of A. Equation (6) is als
referred to as the minimum (Euclidean) length solution ¢
{ I}rll

C. Source range/depth estimation

The approximate forward solution to the inverse prol
lem is obtained as the range/depth coordinates for which th
direct match between the measured and the model predicte
quantities is maximum. For the normal-mode matchin
{(NMM ) technique, this is written as

RDg 0 (0) = E{|&7 (0 ) w(8)|*], (7

where w(5) is the model replica normal-mode amplitud
vecior at the source location &, In the expression of w{d]
given by (3}, the compressional-wave attenuation coeff
cient exp { — a,ry) has been dropped as suggested b
Yang® and confirmed by our own tests in our shallow-wate
environment.

A similar expression is obtained for the convention:
matched-field processor {MEP),

RDyyep (9) = E{|5"(87)p18) ), (8

where y and p have been defined above. If the sound field |
correctly sampled, i.e., if the array is sufficiently dense t
resolve even the higher-order modes and it spans the signif
cant part of the sound channel, matrix A will be colum
orthonormal in which case, (7) and (8) will be equivalen
In that case, {7), or (8), will be the optimum receiver of
single point source in white noise. In practice, the spati:
observation of the sound field is often restricted to some i
perfectly, spatially sampled portion of the water colume
This and the fact that in shallow water a large amount ¢
energy is often last by bottom-sound wave interaction resull
in a rank deficiency of matrix A. Thus expression (6) mu
be used as the normal-mode amplitude estimator. By subst]
tuting (6) into (7) and using (1), this estimator gives
normal-mode matching processor response of the form

RD\ana (0) = E{|x"(8-) ¥V, Viw(9)
+e/[AY 'w(B)|}, (9

where the decomposition A = UZV' has been nsed an
where V, isa M Xk eigenvector matrix carresponding toth
k largest singular values of A. Reducing the number of no
mal modes improves the quality of the match, since th
maodes that have been rejected are those having the larges
estimator variance [smallest eigenvalues of the covariand
matrix of the maximum-likelihood estimator (5)]. Th



w Yang® and solved in an subjective way by rejecting the
imaller e¢igenvalues of an augmented version of matrix A'A.
'n this case, the & modes being selected are not necessarily
he k lower-order modes but are the most energetic modes
hat are resolvable by the array. The way normal-mode
natching adapts to the array configuration contrasts with
.onventional matched-field processing where the replica
woustic pressure is computed for all the scan source loca-
ions using all the modes, regardless of the array configura-
jon. As we will see below, this difference will have a strong
mpact on the estimated range/depth ambiguity surface for
nany practical situations and in particular in shallow wa-
ers.

I. REAL DATA RESULTS

Real data have been acquired in the area north of Elba
(sland off the west coast of [taly. This area is characterized
sy a water depth of 118 to 125 m above a sandy bottom
‘armed by a 2.5-m-thick medium/hard sediment layer and a
iemi-infinite homogeneous subbottom (Fig. 1). The water
wound-speed profile (see Fip. 1) is the typical September—
Detober Mediterranean downward refracting profile with a
high-temperature surface layer extending to 40-m depth.
The environmental model described above and the corre-
sponding bottom parameters have been established in Ref.
14. The receiving system was a free-drifting 62-m-long verti-
zal array with 64 unequally spaced hydrophones (Table I)
with the uppermost hydrophone situated at depth of about
40 m. The signal was simulated by an acoustic sound source
emitting a continous wave tone at one of the following fre-
quencies: 180, 332, or 740 Hz. The source was stationed al
gither 6 or 71 m, or was towed by an auxiliary ship at a depth
of approximately 61 m. Ranges between the source and the
receiving array varied from 5 to 27 km. The signals received
at the array were transmitted via a high-density radio link to
the ship. After sampling at a rate of 4000 Hz, all the 64
channels were fast Fourier transformed with a block size of
1024 samples. The interval between each time snapshot was
approximately 1.5 s due to the time needed for processing.
Three frequency bins, 4 Hz apart, in the neighborhood of the
source frequency were saved for each time snapshot. Anap-
proximate array-averaged signal 4 noise-to-noise ratio was
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TABLE L. Vertical array configuration.

—

Hydrophone no. Spacing
From To (m})
1 B’ 2 |
] Iy I
16 48 0.5
4 56 1
56 L 1

estimated by comparing the power received at the sou
frequency to that received on a contiguous frequency &
This value was of the order of 20 to 30 dB.
The real data set acquired in the area north of Elba
sists of more than 12 h during a 3-day period. From the th
source frequencies (180, 332, 740 Hz) only 332 Hz g
acceptable results. Occasionally accurate results could
obtained at 740 Hz for the deep source locations (61 and
m) and short ranges ( < 10 km); in these cases the sou
localization was very unstable (in time) and the sidel
rejection {i.e., the difference, in dB, between the maxim
and the highest sidelobe in the surface) was very low. At
Hz, a 20-min period of relatively stable results was obtai
at the end of a tow at 5-to 7-km range. Figure 2, extrac
from that 20-min-perind, shows two range/depth ambigy
surfaces obtained from the match of the complete set
modes supparted by the channel. Figure 2(a) (simu
data) shows a sharp peak at the correct source location
a sidelobe rejection of 3.5 dB and a relatively small side
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3.3 Rangeddepth ambiguity surfaces in the scenaria of Fig. 1. Expected
ree depth/range is 61 mA12.57 km: perfect match with simulated data
and real data { b) where estimated sourcedepth/range is 63 m//1 2.2 km.

rerage concentraled below the thermocline (depth = 40
. This is in contrast with the real-data range/depth ambi-
ity surface [Fig. 2(b) |, which shows a large number of
elobes (even above the thermocline ) with levels up to |

below the maximum. The maximum is obtained for a
wrce located at 39-m depth and 5.9-km range. This is very
se to the expected values (61 m and 6.29 km).

Most parts of the other runs were made at longer ranges,
m 10-25 km. Figare 3 shows one occasional result ob-
ned at a range of 12.5 km und for a source depth of 61 m.
e range/depth surface of Fig. 3(a) (simulated data) is
iilar to that of Fig. 2{a), however, it shows some higher
elobes up to 2.5 dB below the maximum, due to the longer
ige of propagation. Figure 3(b) (real data) shows a pre-
ely located source with a sidelobe rejection of 1.5dBand a
v small range-depth estimation error of 396 both in depth
i in range. Note here, however, thal in contrast to the
ult of Fig. 2(b), no significant sidelobes appear above the
rmocline, considerably reducing the surface ambiguity.
1s reduction is due to the fact that only a reduced number
modes have been used for the range/depth match: 8
des out of the 17 supported by the channel.

DISCUSSION

The real data performance of the normal-mode match-
processor will be discussed on the basis of simulated data
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FIG. 4. Range/depth ambiguity surfaces abtained from simuloted daga i
the scenano of Fip. 1. Source depth/range s &0 my/10 kme: at {a) 130 H3
() 332 Ha, and (c) 740 Hz

environment and receiver mismaich tesis. Comparison i
made with the performance and robustness of the matched
field processor in the same conditions.

Before starting the discussion of each particular envi
ronment or system parameter, let us look at the expecte
performance of the normal-mode matching processor in th
real source-medinm-receiver conditions free of both nois
and mismatch. For this test, two source depths were select
ed: a shallow source at 6 m and a deep source at 60 m. A
miean range of 10 km was chosen for this test. The result
obtained for the three source frequencies are shown in Fig. 4
Al 180 Hz only nine modes exist, which results in a sma
sidelabe rejection of 1 dB for the shallow source {not shown
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FIGi, 5, Range/depth ambiguily surfaces obtained from simulated data in
ihe scenario of Fig. 1. True source depih/range of 6 m/10 km at 740 He
Estimated source depth/range is 6.6 m/10 km.

increased to 3.5 and 6 dB respectively, for the deep source
position {60 m). Severe localization problems were encoun-
tered for the shallow source at 740 Hz (Fig. 5). These prob-
lems can be explained by noting that from the 38 modes
supported by the channel at 740 Hz only the first 30 modes
can be resolved by the array (estimated rank of the mode
depth matrix A). However, the remaining eight high-order
mades carry a non-negligible amount of information for
sources situated in the surface layer and it is therefore diffi-
cult to obtain a reasonable localization. For the 6-m depth
source at 332 Hz (not shown ), the estimated source depth is
in error by (.6 m and the sidelobe rejection is of 1.5 dB. In
general, the best results were obtained at 332 Hz for the deep
source location. The assessment of the relative performance
of the normal-mode matching and matched-field processors
using the real data set of Fig. 2 follow in the next sections.

A. Environmental effects

The bottom characteristics established in Ref. 14 as-
sume a 2.5-m-thick fuid sediment with density 1.75 g/cm’®
and compressional-wave atlenuation of 0.13 dB/A. The
sound speed in the sediment varnies from 1530 to 1600 m/s.
The subbottom hasaslightly higher density ( 1.8 g/cm’) and
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FIG. 6. Range/depth ambiguily surfaces obtained from simulated data in
the scenario of Fig. 1 with subbottom sound speed masmatch: troe 1300

an attenuation of 0.15 dB/4. The sound speed in the s|
tom is assumed equal 1o 1600 m/s.

In previous studies,™'” it was mentioned that bo
normal-mode matching and the matched-field proc
were relatively insensitive to mismatches on bottom p
ties. This conclusion was based on simulated tests PJ
array of sensors spanning the total 120-m water colum)
a sound source emitting a continuous wave at 740 Hz

Using the scenario of Fig. 1, and a frequency of 3]
it has been found that even small changes in some
parameters could significantly degrade the resalt. T
mainly due to the reduced array aperture, the dow
refracting profile and the lower source frequency (33
Among the several tests, the results obtained with mis
on the subbottom sound speed is particularly inter
Figure 6 shows the range/depth ambiguity surface ob
from the normal-mode matching of the true field with
tom sound speed €, = 1800 m/s and a replica field
ted with C, = 1600 m/s. Note the striking resem!
between this result and the real data result of Fig. 2(
this case, the sidelobe coverage at shallow depths is
the bottom sound speed mismatch which resalts in
number of unresolved modes: 17 modes are assu
C, = 1600 m/s while 29 modes do exist on the tr
obtained with C, = 1800 m/s. The result of processi
real data record of Fig. 2(b) with C,, = 1700 m/5 issho
Fig. 7. The sound source is unambiguously located o
sidelobe rejection greater than 1 dB at 56-m depth an
km range. The overall aspect of the range/depth surfal
tained in this case is much closer to that expected fro
perfect match case [Fig. 2(a)]. Changes in other en
mental parameters such as water depth and bottom
ment atlenuation, showed no improvement,

B. System effects

In Fig. 2(a) and (b), the source location is pre
pinpointed. This high resolution indicates that a rela
high number of accurately estimated modes were used
ing the match process. However, Fig. 2(b) exhibits a
number of high-level sidelobes at shallow depths th
absent in the perfect match case of Fig. 2(a). These
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FI1G. 7. Range/depih ambiguiiy surface obiained with real data of
and in the scenario of Fig. | with hattom sound speed of 1 700m/5, i
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6 m/6. 19 kmy;, J-m array depth mismaich and normal-mode matching ( b),
simated source depth/range 10 m/9.2 km. (c) shows the rangs/depth
nbiguity surface obtained with conventional maiched-held processing an
ie real data set of Fig. 2({b) and in scenario of Fig. 1. Expected source
eprth/range is 61 my/6. 29 km, estimated 532.5 m/6.0 km.

ibes, found almost continuously during that 20-min run,
re responsible for a number of losses of source localizations
nd may be due to sensor position errors which induce mode
stimation inaccuracies. The higher-order modes and those
rith the lowest signal-to-noise ratio are the most sensitive to
1ese errors. The relatively short range (5-7 km) implies
1at these modes still carry a non-negligible quantity of
surce Jocation information needed for the range/depth lo-
abzation process. This is apparently not the case shown in
fig. 3. The longer range {12 km) attenuates the higher-or-

depth match, enhancing the source localization by red
the sidelobes at shallow depths [Fig. 3(b) ].

Tests done with the real data record [Fig. 2{b)] w
the array has been raised by 1 or 2 m with respect to
assumed array depth of 40 m, and/or tilted by a few degr
showed that the sidelobe structure above the thermocl
could be, in some cases, enhanced. In these cases, the sou
location was lost or ambiguous with a very low sidelobe
Jjection. This raises the question: How sensitive are matchi
field technigues to errors on the sensor location? From sy
thetic data studies,'"' it was deduced that bol
normal-mode matching and the matched-field processo
have equivalent sensitivity tosensor position mismatch, T
sensitivity is claimed to be of the order of one wavelength
accuracy in sensor depth and about 0.5 deg of tili, for
array spanning the total water column. In our case, wh
the array spans only halfthe water column, one may exped
higher sensitivity. This is illustrated by first showing w
simulated data [ Fig. 8(a)], the range/depth ambiguity s
face obtained by maiched-field processing in the s
source/receiver environment used for Fig. 2. The suurzj
estimated roughly at the correct location (66-m depth, 6.
km range) with, however, a large ambipuity (sidelobe rejt
tion (.5 dB; localization accuracy + 11 m in depth, + |
km in range). If the replica field is generated for an arr
raised by I m, the result using normal-mode matching i
loss of the source location [Fig. B(b)] while with t
matched-field processor the result is still poor but very cl¢
to that obtained in the perfect match case of Fig. 8(a).
other words with short arrays, a conventional matched fi
is more robust than normal-mode matching to sensor d
mismatch. This result can be easily undersiood by noti
that the main difference between the two processors
cerns the number of modes that can effectively be resolv
a given situation. The influence of sensor depth errors
mode estimation is higher for the highest-order modes. [
short-array configuration, this penalizes normal-
matching when compared to conventional matched fie
This is confirmed by looking at the matched-field result
tained from the real data record of Fig. 2, shown in Fig. 8(
This range/depth ambiguity surface is consistent with t
of Fig. 2(b) (sidelobes at shallow depths) with, howeve
poorer localization (sidelobe rejection of 0.4 dB and sou
Incation estimate 52.5-m depth, 6.1-km range ). The effect
an horizontal sensor displacement degrades in the s
manner for both processors. To some extent, the uncertai
al sensor position can be taken into account on both
sors by introducing the appropriate correction factors
range and depth.

A few other remarks can be made when comparing
mil-mode matching results presented here and those g
tained with conventional matched-field on the same n
clita set.? In general, the localizations abtained with canve
tional matched-field are poorly defined, i.e., small resoluti
both in depth and range as well as poor sidelobe rejectid
typically 0.3 dB, compared to | or 1.5 dB with normal-mo
matching. However, with a conventional matched field so
resulis have been shawn for the highest frequency (738 H.|
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wcasional and poor results could be obtained with normal-
node matching under similar conditions. This performance
if the conventional matched-field processor is certainly due
0 its robustness to errors in the sensor location a particular-
y important concern both for shallow sources (in our par-
deular environment) and for high frequencies. The main
imitation of a conventional matched field 1s the small num-
ser of modes that can be resolved. This number depends
ssentially on the configuration of the receiving system, i.e.,
he effective aperture of the array relative to the acoustic
hannel in which the source energy propagates. To illustrate
‘his point, we deviate from the receiving array structure of
:he real data study in order to simulate a 118-m array that
ipans the total water column (60 hydrophones at 2-mn spac-
ng). Figure 9 shows that the result is, as expected, identical
‘or both processors and shows approximately the same per-
‘ormance as that obiained with normal-mode matching in
the 62-m-long array case [ Fig. 2(a) |. This result shows that
the normal-mode matching, unlike the conventional
natched field, takes into account the effective aperture and
geometry of the array in the range/depth match process and
wdapistoit [see Eq. (9) and related remarks ], This featureis
sarticularly important in shallow-water environments
where the sound wave strongly interacts with the bottom,
mnd therefore leaks a large amount of energy.

|V. CONCLUSION AND PERSPECTIVES

The performanee of the normal-mode matching source
localization method has been analyzed through a real data
study. The two main issues for performance characteriza-
lion are the sidelobe behavior of the range/depth ambiguity
surface and the robustness of the method to environmental
md source/receiver parameters mismatch. The dependence
sl the method on the precise knowledge of the receiving sys-
tem geometry has also been studied. A comparison has been
made with results obtained by the conventional matched
field in the same conditions.

The resulis obtained with real data confirm the ability of
pormal-mode matching to handle short vertical arrays.

meclal alha acal data cnmclia ahtcodaad ke aaatabhad

sulting in some cases in a unambiguous estimate of
source position. However, a relatively high sensitivity to s
sor position and/or noise has been noticed, leading in sd
cases to ambiguous and/or inaccurate source location e
mates. It is believed that normal-mode matching is less
pendent than the conventional matched field on the num
of modes that significantly contribute to the acoustic fi
therefore, it is weakly affected by known changes in the
vironmental and source parameters;’® the results obtail
with normal-mode matching mainly depend on the accur.
of the normal-mode amplitude estimates which, in turn,
pend on the configuration of the receiving system. When {
configuration is precisely known, the method adapts to i
order to achieve the optimum result according o the
sumed data model. The performance of normal-my
matching mainly depends on the number of accurately e
mated modes. As a consequence, better results can be
tained by selecting an optimum number of accurately &
mated modes for a given source-medium-recei
configuration, rather than by using all of the modes in
matching process. To some extent, the suggestion of sel¢
ing an optimum number of modes is reinforced by som¢
the results obtained with real data where detections co
only be obtained when matching a subset of the modes s
ported by the acoustic channel. Another possibility would
to make a weighted normal-mode match where the wei
function was a monotonic decreasing function of increag
mode order.

A better knowledge of the array position and the maod
ing of the noise background will represent a possibility
further improve the robustness and detection ability of n
mial-mode matching and therefore, its reliability in practs
siluations where the model describes well the real physi
propagation characteristics of the medium. In practical sh
low-water situations, due to the strong bottom-sound w
interaction, the sound field is often undersampled mak
normal-mode matching the technique of choice for ran
depth source localization.
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