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A reliable acoustic path: Physical

properties and a source localization method∗
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The physical properties of a reliable acoustic path (RAP) are analysed and subsequently a weighted-subspace-

fitting matched field (WSF-MF) method for passive localization is presented by exploiting the properties of the RAP

environment. The RAP is an important acoustic duct in the deep ocean, which occurs when the receiver is placed near

the bottom where the sound velocity exceeds the maximum sound velocity in the vicinity of the surface. It is found that

in the RAP environment the transmission loss is rather low and no blind zone of surveillance exists in a medium range.

The ray theory is used to explain these phenomena. Furthermore, the analysis of the arrival structures shows that the

source localization method based on arrival angle is feasible in this environment. However, the conventional methods

suffer from the complicated and inaccurate estimation of the arrival angle. In this paper, a straightforward WSF-MF

method is derived to exploit the information about the arrival angles indirectly. The method is to minimize the distance

between the signal subspace and the spanned space by the array manifold in a finite range-depth space rather than the

arrival-angle space. Simulations are performed to demonstrate the features of the method, and the results are explained

by the arrival structures in the RAP environment.
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1. Introduction

Besides the surface duct and the deep sound chan-

nel, the reliable acoustic path (RAP) is the third

acoustic duct for sound propagation in the deep ocean.

The RAP conditions occur when the receiver is placed

at the deep ocean where the sound velocity exceeds

the maximum sound velocity in the vicinity of the

surface. The depth where this occurs is referred to

as the critical depth. A typical example and the cor-

responding RAPs are shown in Fig. 1. The concept

of the RAP has been proposed for many decades,

but until recent years many workers began to ana-

lyze the properties and the application of the RAP.

The ONR-sponsored Philippine Sea experiment is a

three-year basic research on deep water ocean acous-

tics. One of the objectives of the experiment was to

examine the multipath structure of RAP propagation

at the seafloor.[1−3] A full water-column-spanning dis-

tributed vertical line array (DVLA) of 5000-m length

makes it possible to give the noise spectrum and

obtain the arrival structures on the receivers near

the seafloor. The RAP environment provides a high

signal-to-noise ratio (SNR) environment for source lo-

calization. First, the RAP is the direct path between

the source and receiver and thus it is insensitive to

the surface scattering and the bottom reflection loss.

The transmission loss (TL) corresponding to the RAP

is much lower than that corresponding to other paths

(e.g., surface reflected path).[4] Second, the ambient

noise accompanying the RAP is much lower than the

average ambient noise in the deep ocean. It was pre-

sented by Gaul et al.[5] that under beginning surface

conditions the ambient noise of low frequency (below

200 Hz) below the critical depth was about 20-dB

lower than that above the critical depth. This phe-

nomenon stems from the fact that the distant ship-

ping (beyond 200 km) noise cannot penetrate to the

depth below the critical depth according to Snell’s

law. For a source within a certain range of the acous-

tic array placed near the sea bottom, it can be de-

tected by taking advantage of the RAP. Westwood[6]
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concluded that the localization performance would be

better when there were arrivals of RAP on the ar-

ray. Heaney et al.[3] also illustrated the advantages

of the RAP for matched-field localization using the

data recorded on a 5000-m depth array in the Philip-

pine Sea 2009 experiment. Although the RAP en-

vironment is good for source localization, little work

dealt with the analysis of its acoustic properties in de-

tail. Thompson[7] has analysed the influences of ocean

depth and sound frequency on the sound field in the

RAP environment. However, the properties determin-

ing the performance of the source localization, such as

normal modes and the arrival structures, were not pre-

sented in the paper. The present paper focuses on the

analysis of the arrival structures to provide the theo-

retical basis for the source localization method. It is

shown that the properties of arrival structures deter-

mine the feasibility and the performance of the source

localization method based on the ray theory.
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Fig. 1. Illustration of the reliable acoustic path. (a) Sound

speed profile as a function of depth, showing that the critical

depth is the depth where the sound speed is the same as that

at the ocean surface. (b) Reliable acoustic paths from shallow

sources to a deep receiver.

As the RAP environment has its own acoustic

properties, the general source localization method is

not effective in this environment. The matched-field

processing (MFP) is a popular method for source lo-

calization in shallow water.[8,9] However, for matched-

field localization, the array aperture is generally com-

parable to the ocean depth to provide a unique repre-

sentation of each propagating mode, which imposes

a severe limitation on its application in the deep

ocean.[10−13] An alternative method is to increase the

signal bandwidth for improving performance.[14] For

an array with a small aperture detecting the narrow-

band signal (line spectrum of a source), the arrival

angle and/or delay structure of multipath arrival are

utilized to accomplish the source localization.[15−20]

In general, two techniques are applied. The first one

is to back propagate the rays, in which the source lo-

cation is determined by the convergence of the rays,

and the second one is to compare the measured arrival

structures with those calculated from a hypothesized

source position, and the source location is determined

by the smallest difference. It is the feature match-

ing method. The first step of the two methods is to

estimate the arrival structure, including the direction

of arrival (DOA) or time delay of arrival (TDOA). In

general, the DOAs of the eigenrays can be very close

to each other and thus the high-resolution method

must be adopted. In some cases, the multiple sig-

nal classification (MUSIC) method is unable to distin-

guish these DOAs[17] and the time-exhausting meth-

ods with higher resolution such as the maximum like-

hood (ML), the weighted subspace fitting (WSF)[21]

must be used. These methods are solved by iteration

and are sensitive to the initial parameters.[21] The re-

sults may be unreliable for the convergence to the local

minimum values. Above all, the ray backpropagation

and feature matching methods are difficult to use in

practice. In this paper, based on the acoustic prop-

erties of the RAP environment a weighted-subspace-

fitting matched-field (WSF-MF) method for source lo-

calization is presented to shorten the array aperture

greatly. At the same time the complicated and in-

accurate estimation of multipath arrival structures is

avoided.

The rest of this paper is organized as follows. In

Section 2 the acoustic properties of the reliable acous-

tic path are analysed. In Section 3, the WSF-MF

method for passive source localization is derived in

detail. In Section 4, simulations of source localiza-

tion are performed to evaluate the performance of the
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WSF-MF method. The properties of the RAP envi-

ronment and the localization method are summarized

in Section 5.

2. Physical properties of RAP en-

vironment

2.1. Shadow zone

The sound in the deep ocean is characterized by

long-range propagation for the features of acoustic

ducts, which are the surface duct (SD) and the deep

sound channel (DSC). However, long-range propaga-

tion always suffers from the shadow zone, which re-

sults in unreliability of the target surveillance in a

medium range. The reliable acoustic path (RAP),

though it cannot realize long-range propagation, does

not have a shadow zone in the medium range, which

contributes to its application for target surveillance.

In the SD, where temperature and salinity are

nearly constant, sound speed increases with pressure

and thus a positive sound speed gradient is formed.

The sound tends to be “trapped” in the surface duct

and therefore is attenuated by cylindrical spreading.

However, as the SD is homogenized by active tur-

bulence generated by the air–sea interchange, the

spatiotemporal variations of the SD are remarkable.

Therefore, the SD is unstable. The DSC is at the

depth where the minimum velocity is found. From

the ocean surface to this depth, the sound speed gra-

dient is negative for the decrease of the temperature

while from this depth to the bottom, the sound speed

gradient is positive, which is caused by the increase

of the hydrostatic pressure. According to Snell’s law,

the sound would propagate around the DSC without

reflections from the surface and the bottom. The DSC

has a typical depth at 1000 m, where the water prop-

erties are much more persistent than the water in the

upper ocean. Therefore, the DSC is stable. Trans-

mission loss (TL) as an example of the SD calculated

by the ray approach is shown in Fig. 2(a), where the

source is placed at a depth of 50-m. The acoustic en-

vironment contains the SD of 120 m. In the SD, the

TL at 60 km in range is fairly low (about 7 dB) indi-

cating the good feature for trapping sound of the SD.

However, a shadow zone with high TL (about 100 dB)

is obvious below the SD which imposes a great restric-

tion on the use of target surveillance. In a static envi-

ronment, the acoustic reciprocity indicates that acous-

tic propagation is bidirectional; thus in terms of the

square law (energy) detector, if the detector is placed

in the SD the target in the SD can be detected much

more easily than the target in the shadow zone. When

the source is placed at the DSC axis (100 m), the TL

is shown in Fig. 2(b). In the range beyond 40 km,

the zone around DSC with low TL indicates that the

main feature of the DSC is that the sound energy is

trapped around the channel. However, the shadow

zone between 10 km to 40 km in range indicates that

the DSC is not suitable for target surveillance in the

medium range. According to the acoustic reciprocity,

placing the detector near the DSC is also not effective

for the target detection in the medium range.
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Fig. 2. Sound fields in the deep ocean in three cases,

when the source is placed (a) 50 m in the 112-m surface

duct, (b) in the deep sound channel, and (c) 4500 m below

the critical depth.

When the source is placed at 4500-m depth, the

sound field in Fig. 2(c) does not have shadow zones in

the medium range (within 40 km) and the low TL zone

is bowl-shaped if the sound field is presented in three-

dimensional (3D) space. The bowl-shaped zone is the

main feature of the RAP environment. It is estimated

that the radius of the surface coverage of this zone is

approximately eight times the water depth. For the

direct arrival from the source to the receiver, the TL in
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this zone is relatively low. Outside this zone, no direct

path arrives at the receiver and the sound suffers from

loss of reflection and scattering on the surface and the

bottom. Therefore, the transmission loss is high. For

acoustic reciprocity, a detector near the bottom can

detect the surface target and the submerged target in

the medium range without any blind zone. It must

be pointed out that the RAP environment cannot be

used for long-range detection or communication as the

sound outside the bowl-shaped zone interacts with the

boundaries and attenuates quickly.

2.2.Acoustic propagation in the RAP

environment

The conventional matched-field methods require

an array aperture comparable to the ocean depth ac-

cording to the normal mode theory. As this work tries

to use a short array to localize a source based on the

ray arrival structure, the ray theory is used to anal-

yse the acoustic propagation that occurs in the RAP

environment.

2.2.1. Propagation path

The eigenrays from a source at a depth of 210 m

to a receiver at a depth of 4450 m are shown in

Fig. 3. Five horizontal ranges of the source are as-

sumed to be 5, 20, 30, 37, and 40 km, respectively.

At each range only those eigenrays within 10 dB of

the strongest are shown. The eigenrays are colour

coded by their normalized amplitudes on the receiver.

The environment is range-independent. The sound

speed profile (SSP) following a Munk profile is shown

in Fig. 1(a). The medium is terminated with a homo-

geneous half-space with a sound speed of 1650 m/s.

The density is 1800 kg/m3 and the attenuation coef-

ficient is 0.5 dB/λ, where λ denotes the wavelength.

The rays penetrating into the bottom are neglected,

so the acoustic properties of the half-space are chosen

to simulate the sediment layer in the deep ocean. The

frequency for the simulation is 30 Hz.

At the shortest range of 5 km, only the direct (D)

and the surface-reflected (S) rays are significant. At

the short range, rays penetrate into the bottom with

large grazing angles and thus major energy is atten-

uated in the substrate. When the source is placed at

20 km in range, besides the D and S rays, the bottom-

reflected (B) and the surface-bottom reflected (SB)

rays become significant. As the rays penetrate into

the bottom with smaller grazing angles, more energy

is reflected into the water. The bottom-surface re-

flected (BS) ray is weak due to the large grazing angle

on the bottom and the additional geometric attenua-

tion. For the source at 30-km range, two new types

of rays become significant. The D, S, and SB rays are

strongly bent, indicating that they are close to be-

ing cut off by the gradient of the SSP. Therefore, at

a range of 37 m, the three types of rays are cut off

and the B ray exhibits strong bending. To a range

of 40 km, the B ray is also cut off and only the rays

with two or more bounces between the boundaries can

arrive at the receiver.
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Fig. 3. Eigenrays from a source at a depth of 210 m to

a receiver at a depth of 4450 m at (a) horizontal ranges

of 5, 20, and 30 km, and horizontal ranges of 37 km and

40 km (b).

2.2.2. Arrival structure

The arrival angles and the time delays of mul-

tipath arrivals are the most important properties of

a source-receiver configuration. The analysis of the

arrival structures changing with source-receiver con-

figuration is important for knowing the feasibility of

the ray-based localization method. In the RAP envi-

ronment where the receiver is near the bottom while

the source is near the surface, the arrival structure has

special properties. The arrival structure on a receiver
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of 4450 m in depth along with a source of 210 m in

depth and 30 km in range is shown in Fig. 4. Five

groups of arrivals with time intervals from two to six

seconds are clearly identified. The time intervals cor-

respond to the propagation time between the surface

and the bottom. In the first group, four arrivals are D,

B, S, and SB arrivals in the order of arrival time. For

the other groups, the arrivals suffer more scattering

losses caused by the surface and the bottom reflec-

tion. Therefore, these arrivals are weak and unstable.

As the D, B, and S arrivals are the strongest and most

stable arrivals, the localization method based on these

arrivals can be robust. Therefore, the properties of

these arrivals are analysed in the following.
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Fig. 4. The arrival structure on a receiver of 4450 m in

depth along with a source of 210 m in depth and 30 km

in range.

Firstly, the arrival angles on a near-bottom re-

ceiver changing with source location are examined. In

the following, the simulations are focused on the re-

gion from 5 km to 40 km in range and 0 m to 1200 m in

depth. Figure 5 displays the arrival angles of D (a), S

(b), and B (c) arrivals on a receiver of 4450 m in depth.

The units are degrees and the degree intervals between

adjacent contours are two degrees. Three important

features of the arrival angles in the RAP environment

are as follows.

1) Firstly the contours for a certain type of ar-

rivals are oriented in the same directions. The ori-

entation of the contours for the S arrival is different

from those of the other two, which indicates that the

sources can be distinguished in the depth direction.

Otherwise, false sources will appear along the contour

where the real source is located.

2) Secondly, the contours become denser and

steeper with the decrease of the range. It demon-

strates that the resolution in the range direction in-

creases with the decrease of the range. Besides, the

calculation results illustrate that the decreasing (D ar-

rival) or the increasing (S and B arrivals) rates of the

arrival angles in the depth direction also increase with

the decrease of the range. Therefore, if a method is

valid in the far region, it can also be valid in the near

region.
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Fig. 5. Contours of arrival angles on a receiver at 4450-m

deep for the cases of (a) direct arrival, (b) surface-reflected

arrival, and (c) bottom-reflected arrival .

3) Thirdly, figure 5 shows that the arrival angles

of the three arrivals are much more sensitive to the

range than to the depth. As a result, the resolution

in the range direction is higher than that in the depth

direction. Figure 6(a) shows the arrival angles chang-

ing with source range (from 20 km to 40 km) when the
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source is at 210-m deep. As the arrival angle is sen-

sitive to the range it is anticipated that if the source

depth has been known the range is easy to determine.

Figure 6(b) illustrates the sensitivity of the arrival an-

gle to the source depth when the source is at 30 km

in range. The arrival angle, especially the B arrival

angle, is more insensitive to the source depth than to

the source range. As a result, the source localization

method based on the arrival angle can be effective to

determine the range but not the depth of the source.

Several examples can be seen in Section 4.

20 25 30 35 40
-14

-6

2

10

Range/kmA
rr

iv
a
l 
a
n
g
le

/
(O

)

 

 
D S B

0 400 800 1200
-10

-5

0

5

Depth/m

(a)

(b)

A
rr

iv
a
l 
a
n
g
le

/
(O

)

Fig. 6. Variations of arrival angles on a receiver at 4450-

m depth with source location for the cases, i.e., when (a)

the source depth is fixed to be 210 m, and (b) the source

range is fixed to be 30 km.

For the source localization method based on the

arrival time, the time delay relative to the D arrival

is important. The time delays of S and B arrivals rel-

ative to the D arrival on a receiver of 4450-m deep

are shown in Figs. 7(a) and 7(b), respectively. The

time delay of S arrival is very sensitive to the source

depth but insensitive to the source range when the

range is beyond 20 km. In the region within 20 km,

the sensitivity to the range increases with the source

depth increasing. The time delay of B arrival shows

to be highly sensitive to the source range increasing

but insensitive to the source depth increasing.

As a result, the localization method combining

the time delays of the S and B arrivals can achieve

high resolution both in the depth direction and range

direction and the source location can be estimated ac-

curately.

However, if only the D, S, and B arrivals are used,

the false peaks would appear in the ambiguity surface

as the source location cannot be determined uniquely

by a pair of time delays. For example, if the time

delays are 0.2 ms and 0.05 ms the source locations

can be 23 km in range and 690 m in depth or 13 km

in range and 130 m in depth. The former is right

when the time delay of S arrival is 0.2 ms. The lat-

ter is right when the time delay of B arrival is 0.2 ms.

More arrivals are required to eliminate the false peaks.

However, the other arrivals suffer scattering from the

boundaries many times and are thus weak and unsta-

ble. An alternative method is to use the arrival angle

information to identify the false peaks.
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Fig. 7. Contours of time delays on a receiver of 4450 m

for the cases of (a) the surface-reflected arrival and (b) the

bottom-reflected arrival.

For the passive localization, as the signal wave-

form is not known, the methods of estimating the

time delay are rather complicated such as blind

deconvolution[22] and cepstrum.[23] A general method

is to extract the time delay from the signal autocorre-

lation. However, the time resolution is inversely pro-

portional to the bandwidth of the signal. Therefore,

the method is not suitable for the narrowband signal.

A simple and direct method is given in Ref. [18], which

is based on the waveform estimation and the cross-

correlation method. However, as the time interval be-

tween arrival groups in Fig. 4 is several seconds, the

sampling time must be several seconds to obtain the

time delay. Furthermore, the correlations between the

multipath arrivals would be weak due to the scatter-

ing effect of the boundaries. Therefore, in the limited
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sampling time the source localization method based

on time delays is not effective in the RAP environ-

ment. In contrast, the arrival angles can be estimated

in the relatively short sampling time and the corre-

lations between the arrivals are not required, so the

method based on the arrival angles is more feasible in

the RAP environment.

3. Source localization method in

RAP environment

As it is noted in Subsubsection 2.2.2, the time

delays of multipath arrivals are hard to estimate with

narrowband signal, especially when the sample time is

limited the source localization method based on arrival

angles is feasible in the RAP environment. However,

as the multipath arrival angles can be very close to

each other, the estimation of the arrival angle is com-

plicated and inaccurate. In this section, a new method

is presented for the RAP environment. The method

stems from the WSF method, which is used to the

estimation of direction of arrival.[21] The theory for

plane waves can be seen in Ref. [21]. In the present

paper, combing the WSF method and the matched-

field theory a new method is presented.

3.1.WSF-MF method

Let an array of M elements receive D nar-

rowband plane waves with arrival angles θ0 being

[θ1, θ2, . . . , θd, · · · , θD]T, where θd is the arrival angle

of the d-th arrival, then, the array outputs will be

x(t) = A(θ0)s(t) + n(t), (1)

where, the array manifold A(θ0) is an M × D ma-

trix whose d-th column a(θd) is the steering vector

for the d-th arrival; D-vector s(t) is the complex sig-

nals; n(t) is the additive noise and assumed to be

a stationary, zero-mean, Gaussian process and it is

uncorrelated with the signals. The WSF method is

that the arrival angle θ0 can be estimated by mini-

mizing the distance between the signal subspace and

the spanned space by the array manifold

θ̃0 = min
∥∥∥UsW

1/2 −A(θ)T
∥∥∥2
F
, (2)

where ∥•∥F denotes the Frobenius norm Us is the sig-

nal subspace given by the eigendecompostion of the

array covariance Rx

Rx= E(x(t)xH(t)) = UsΛsU
H
s + σ2UnU

H
n . (3)

Here, diagonal matrix Λs contains the D′ largest

eigenvalues the columns of the Us are the correspond-

ing eigenvectors, σ2 is the variance of the noise and

the noise subspace Un contains the M–D′ eigenvec-

tors. In Eq. (2), W is a positive-definite weighting

matrix. To give the lowest asymptotic variance, W

equals Λ2Λ−1
s , where Λ is Λs–σ

2I. Solving Eq. (2)

for T and substituting back into Eq. (2), one obtains

θ̃0 = min tr{P⊥
A (θ)UsWUH

s }, (4)

where P⊥
A (θ) = I − PA = I − AA† = I −

A(AHA)−1AH . Here, A is the array manifold in

Eq. (2).

In the RAP environment, it is assumed that the

array aperture is rather small and the source is in the

far field. Therefore, the D multipath arrivals can be

approximately modeled as D plane wave. It is noted

that the D multipath arrivals are correlated, thus the

rank of signal subspace D′ may be smaller than D.

The WSF method is still valid in this condition, so

equation (4) can be solved by the iteration method to

estimate the arrival angles of the multipath arrivals.

However, the initial angle has a significant influence

on the result and thus must be estimated by using

another method such as MUSIC. It imposes a great

limitation on the application of the method, especially

in the case of multipath detection problem, where the

resolution of MUSIC is not high enough to distinguish

the multipath arrival angles in many cases.

It is noted that the source localization is differ-

ent from the multi-source detection in the sense that

source location is restricted in a finite range-depth

space just as the MFP problem. Therefore, the source

location can be directly estimated in the range-depth

space with no need for estimating the arrival angles

beforehand. It is assumed that the array receives the

multipath signals from a hypothesized source, whose

location is denoted by ψh= [z,r] where z is the source

depth from the ocean surface and r is the horizon-

tal range from the array. The arrival angles of the

multipath arrivals on the array each are a function of

hypothesized source location, i.e.,

θh = f(ψh), (5)

where function f(•) is determined by the acoustic en-

vironment and can be calculated by standard ray ap-

proach. Substituting Eq. (5) into Eq. (4), one obtains

ψ̃0 = min tr{P⊥
A (f(ψh))UsWUH

s }, (6)
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where ψ̃0 is the estimated source location. As it has

been pointed out that the space of the source loca-

tion is finite, the estimated source location ψ̃0 can be

given by searching the range-depth space of the source

location to satisfy Eq. (6). Considering the features

of the multipath arrival, equation (6) can be modi-

fied to improve its performance. If the arrival angles

are different, A is full. However, some multipath ar-

rival angles may be so close that if the singular value

decomposition (SVD) is applied to A, some singular

values are significantly smaller than the largest one. It

means that the projections of the components of A on

the subspace corresponding to the small singular val-

ues are very small. As the estimated signal subspace

Us is not accurate, it may not represent the subspace

corresponding to the small singular values in the real

environment. To improve the performance of the lo-

calization, a reduced A can be used. A can be given

by the SVD decomposition,

A =

D∑
i=1

giσivi, (7)

where G = [g1, g2, . . . , gD, . . . , gM ] and V =

[v1,v2, . . . ,vD] are the unitary matrixes and σi is the

i-th singular value. The first P singular values and

the corresponding vectors are used to reduce A,

Ar =

P∑
i=1

giσivi. (8)

Substituting Eq. (8) into Eq. (6), the WSF-MF

method is given by

ψ̃0 = min tr{P⊥
Ar

(f(ψh))ŨsWŨH
s }. (9)

Equations (6) and (9) show that the arrival an-

gles are the transient parameters and are not es-

timated. As a result, the WSF-MF method using

Eq. (6) or Eq. (9) can work automatically unlike the

conventional methods in which the arrival angles of-

fline must be distinguished. Furthermore, in the deep

ocean environment, the SSP varies only in the upper

ocean. Therefore, to reduce the computational cost of

Eqs. (6) and (9), f(•) can be obtained by the standard

ray approach beforehand through using the averaged

SSP rather than the observed SSP.

The energy spectrum of the source locations cor-

responding to the WSF-MF method is defined as

EWSF =
1

tr{P⊥
Ar

(f(ψh))ŨsWŨH
s }

. (10)

In an ideal environment, when the hypothesized

source location ψh coincides with the real source lo-

cation, the denominator would be zero and thus the

power output is infinite. In contrast, if ψh deviates

from the real source location greatly, the energy can

be very small. Therefore, the energy spectrum is a

high-resolution function. The normalized spectrum

(ambiguity surface) in dB is defined as

EN = 10 log10

(
EWSF

max(EWSF)

)
dB, (11)

3.2. Features of the WSF-MF method

From the acoustic properties of the RAP envi-

ronment and the theoretical basis of the WSF-MF

method, the features are summarized as follows.

(i) This method uses the information about multi-

path arrival angles indirectly. Based on the ray prop-

agation model, the arrival angle in Eq. (4) is substi-

tuted by the source location (see Eq. (6)). There-

fore, the complicated estimation of the arrival angles

is avoided.

(ii) As summarized in Subsubsection 2.2.2, the

source location can be determined uniquely by the ar-

rival angles of the D, S, and B arrivals, so the ambi-

guity surface of the WSF-MF method would not have

false peaks.

(iii) The array for the WSF-MF method is rel-

atively short. As the WSF-MF method is based on

the WSF method, which is a high-resolution method

for arrival angles, the long array for the matched-field

method is not required any more.

(iv) The information about the time delays is not

used in the WSF-MF method. The estimation of the

time delays is difficult under the passive localization

of a narrowband source.

These features make the WSF-MF applicable for

the passive localization in the RAP environment and

are verified in the following section.

4. Performance study of the

WSF-MF method

In this section, simulations are conducted to study

the performance of the WSF-MF method in the RAP

environment. The environment is the same as that

for the simulations in Section 2. The array is below

the critical depth with the topmost element being at

4400 m. The array space is half the wavelength.
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To simulate the signals on the array, the ampli-

tudes, arrival angles and time delays of the eigenrays

from the source to all the elements are calculated. The

arrivals with three or more bounces on the sea sur-

face and the sea bottom are omitted as these arrivals

are weak for the scattering effects of the surface and

the bottom. The arrivals are summed to obtain the

composite signal at the elements. As the signals and

the noises on the elements are narrowband Gaussian

stochastic process, the SNR is given by

SNR = 10 log10(σ
2
s /σ

2
n), (12)

where, σ2
s and σ2

n are the mean variances of the signals

and the noises on the elements. Finally, the received

signal is composed of the composite signal and the

additive noise under an SNR. The sample frequency

is 4 kHz and the sampling time is 2 s. The central

frequency of the source signal is 300 Hz.

It must be pointed out that the WSF-MF method

is derived on the assumption that the multipath ar-

rivals on the array are plane waves. In reality, it is

not the case. The received signals simulated by the

above method would give rise to the mismatch be-

tween the simulated multipath arrivals and the plane

waves (the mismatch is called plane-wave mismatch).

As a result, it brings an error to the WSF-MF method

which cannot be corrected by increasing the SNR or

the array length.

In this section, the effects of SNR and element

number (array aperture) on the performance of the

WSF-MF method are analysed. Then the sensitivity

to the the SSP mismatch is analysed to illustrate the

robustness of the WSF-MF method.

4.1. Effects of SNR

In this section, the element number is fixed to

be 16. The source is placed at 210 m in depth and

30 km in range. The replica fields are computed from

1 m to 121 m in depth at 20-m interval and from

5 km to 40 km in range at 0.5 km interval. Under the

SNRs of 30 dB and 10 dB, the ambiguity surfaces for

the source using the WSF-MF method are shown in

Figs. 8(a) and 8(b), respectively. Figure 8 illustrates

three features of the WSF-MF method.

i) The ambiguity surfaces each have a peak value

(denoted by the white square in Fig. 8) around the

real source location. Therefore, it is a valid method

for source localization in the RAP environment. Fig-

ure 8(a) shows that the peak value is at 250 m in

depth and 30 km in range which is very close to the

real source location. The normalized power at the

source location is −2.03 dB. To find the reason for the

error, simulation is conducted under the plane waves.

The peak is right at the source location in Fig. 8(c),

which demonstrates that the error results from the

plane-wave mismatch.

ii) The ambiguity surface of the WSF-MF method

does not have false peaks in the RAP environment. It

is stemmed from the fact that in Subsection 2.2 the

arrival angles at other grids are significantly different

from those at the grids around the source location.
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Fig. 8. Ambiguity surfaces for a source at 210 m in depth

and 30 km in range using an array of 16 elements based

on the WSF-MF method, in the cases, i.e. when SNRs are

30 dB (a), 10 dB (b), and when the environment is ideal,

i.e., without plane-wave mismatch (c).
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iii) As the WSF method can suppress the noise

effectively and can work in the relatively low SNR,

the WSF-MF method can also work in a relatively

low SNR condition. However, the resolution would

decrease with the decrease of the SNR especially in

the depth direction. Figure 8(b) shows that all the

grids at the depth from 10 m to 500 m and around

30 km in range have large power and thus the error of

the source localization may appear in the depth.
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Fig. 9. Curves of probability of correct localization (PCL)

(a) and signal-to-interference noise ratio (SINR) (b) versus

signal-to-noise ratio (SNR), obtained from the WSF-MF

method, element is abbreviated as EN.

To illustrate the SNR effects on the WSF-MF

method fully, a quantitative measure of the source lo-

calization performance, probability of correct localiza-

tion (PCL) is presented in Fig. 9(a). The localization

is right if the computed source location is within 40 m

in depth and 0.5 km in range of the actual source lo-

cation. Furthermore, to show the resolution of the

WSF-MF method, the signal-to-interference noise ra-

tio (SINR) is defined as,

SINR

= 10 log10

(
1/ tr{P⊥

A (f(ψ0))ŨsWŨH
s }

m{1/ tr{P⊥
A (f(ψ))ŨsWŨH

s }}rect

)
, (13)

where m{•} is the mean operator. The numerator is

the power output (see Eq. (10)) at the source location

and the denominator is the mean power output in a

rectangular search space covering the source location.

According to the definition, a higher SINR indicates

that the mainlobe is sharper. The SINR as a function

of SNR is shown in Fig. 9(b), where the rectangular

search space is from 10 m to 510 m in depth and 28 km

to 32 km in range. Under an array of 8 elements, no

matter how high the SNR is, the localization is un-

successful. Under an array of 32 elements, the PCL

reaches 100% at −2 dB SNR while the resolution keeps

increasing until the SNR is 25 dB. Figure 9 shows that

the SNR has significant influence on the performance

of the WSF-MF method especially for a short array

(e.g., 16 elements).

4.2. Effects of array length

In general, the source localization based on the

arrival structure needs to consider both the resolution

of the arrival angles and the plane-wave mismatch, so

the array length is a compromise between the two fac-

tors. The compromise is determined by the acoustic

environment. Under the RAP environment shown in

Fig. 1(a), the arrival time of multipath arrivals varying

with depth is shown in Fig. 10, where the time delay

relative to the arrival time at 4300-m deep is given.

The source is placed at 210 m in depth and 30 km in

range. The D, S, B, and SB arrivals impinge on the

array from the bottom direction, so the time delays

are negative. In contrast, the BS arrival is from the

surface direction, so the time delays are positive.
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Fig. 10. Curves of depth versus time delay relative to

the arrival time at 4300-m deep under the source 210 m

in depth and 30 km in range.

Figure 10 shows that the curves of the depth ver-

sus time delay are not straight lines, which does not
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accord with the case of plane wave. However, if the

array is not too long and not placed near the bot-

tom either, the curves of time delay are approximately

straight lines especially for the BS arrival. Under this

condition, it is expected that the performance of the

WSF-MF method would be better for a longer array.

The ambiguity surface of the WSF-MF method using

an array of 32 elements is shown in Fig. 11, where the

other condition is the same as that in Fig. 8(b). Com-

pared with Fig. 8(b), the resolution in Fig. 11 is much

higher. Another example is shown in Fig. 12 where

the element number is 8 and the SNR is 30 dB. No

highlight near the source location can be observed in

the ambiguity surface and the peak value is at 10 m in

depth and 30.5 km in range. Comparing Fig. 11 with

Fig. 8(a), it is obvious that under the high SNR, the

array length would also influence the performance of

the WSF-MF significantly.
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The curves of PCL and the SINR (see Eq. (13))

versus element number for the WSF-MF method are

displayed in Fig. 13. The PCL curves indicate that

an array with more than 30 elements can work under

the SNR above 0 dB. The curves of SINR demonstrate

that when the element number is small (below 35 in

Fig. 13(b)) the resolution quickly increases and if the

element number is large (above 60 in Fig. 13) the reso-

lution gradually decreases. The decrease results from

the plane-wave mismatch as the array aperture is en-

larged. Under the low SNR (0 dB), the resolution

keeps increasing until the element number reaches 60.

It indicates that a larger array is required to work in

the lower SNR environment.
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Fig. 13. Curves of probability of correct localization

(PCL) (a) and signal-to-interference noise ratio (SINR)

(b) versus element number, obtained from the WSF-MF

method.

Above all, the array length is one of the factors de-

termining the performance of the WSF-MF method.

The array cannot be too long in order to avoid the

plane-wave mismatch. The requirement for the array

length would be more rigid under lower SNR. In the

RAP environment, the ambient noise level is rather

low and thus the SNR is high, so a relatively short ar-

ray can work. An array with 32 elements has a good

performance when the SNR is above 0 dB and thus it

can work in the RAP environment.
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4.3. Sensitivity to the SSP mismatch

The source localization by means of matched-field

method or the ray approach is known to be sensitive

to the environmental parameters, such as SSP, sedi-

ment and bottom properties, sea surface roughness,

etc.[24] In a real environment, the SSP changes with

time and range and thus the mismatch between the

real SSP and the SSP for the replica field calculation

always exists. In this part, the performance of the

WSF-MF method is analysed in an environment with

SSP mismatch.

As is well known the SSP is stable in the deep

ocean. The SSP mismatch is mainly due to the varia-

tion of the SSP in the upper ocean.[24] In the present

paper the SSP for calculating the measurement field

is the same as that shown in Fig. 1(a) and the SSP

for the replica field is simulated by the empirical-

orthonormal-function (EOF) technique.[25] The SSP

can be expressed as the sum of the mean SSP and the

weighted EOFs,

c(z) = c0(z) +
K∑

k=1

αkgk(z), (14)

where c0(z) is the mean SSP, gk(z) is the k-th EOF,

and αk is the corresponding coefficient. The mean SSP

is the one shown in Fig. 1(a). The EOFs are calcu-

lated using the SSP samples around (0◦ E, 0◦ N) from

the year 2002 to 2007, where the water depth is about

5000 m. The ranges of the EOF coefficients are calcu-

lated at the same time. The SSP samples are obtained

from the Simple Ocean Data Assimilation (SODA)[26]

dataset. A set of randomly perturbed SSP is simu-

lated by substituting the coefficients of Eq. (14) with

random values from the ranges of the EOF coefficients.

The root-mean-square (RMS) error of these SSPs as a

function of depth is shown in Fig. 14, where the RMS

error is given by

RMSd =

√√√√ 1

N

N∑
i=1

∣∣∣c(zi,d)− c(zd)
∣∣∣2, (15)

where N is the number of the perturbed SSPs, c(zi,d)

is the sound speed of the i-th perturbed SSP at the d-

th depth grid, and c(zd) is the sound speed of the mean

SSP at the d-th depth grid. The RMS errors from 0 m

to 150 m deep are large, which demonstrates the SSP

variation in the upper ocean.
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different SNRs.

An array with 32 elements is used to localize the

source at 210 m in depth and 30 km in range. To quan-

tify the SSP mismatch, the range of the EOF coeffi-

cient is multiplied by a factor called mismatch factor.

The larger the mismatch factor, the more significant

the mismatch is. Under different SNRs, the PCLs

of WSF-MF method versus mismatch factor are dis-

played in Fig. 15, showing that the performance of the

WSF-MF method deteriorates gradually as mismatch

factor increases. The increase of the SNR cannot im-

prove the robustness of the WSF-MF method when

the SNR is higher than 0 dB. To compare the robust-

ness of the WSF-MF method with that of the Bartlett

matched-field processor[27] which is subjected to high

sidelobes but is robust in the uncertain environment,

the PCLs under 0 dB are shown in Fig. 16, indicating

that the WSF-MF is more robust than the Bartlett

method in the RAP environment. It is because that

the array aperture is small and thus the spatial sample
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length is not enough for the Bartlett method. There-

fore, the Bartlett method is more sensitive to the SSP

variation. For the WSF-MF method, the robustness

results from the large take-off angles of the multipath

arrivals from the source. Snell’s law indicates that the

ray with large grazing angle is insensitive to the varia-

tion of the sound speed. The WSF-MF method makes

full use of the arrival angles and thus it is robust in

this environment.
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Fig. 16. Curves of PCL versus mismatch factor based

on the WSF-MF method and the Bartlett matched-field

processor.

In the SSP mismatch environment, the peak of

the ambiguity surface may deviate from the real lo-

cation. To quantify this error, the RMS error of the

localization is defined as,

RMSDepth =

√√√√ 1

N

N∑
i=1

|zi − zr|2, (16)

RMSRange =

√√√√ 1

N

N∑
i=1

|ri − rr|2, (17)

where RMSDepth and RMSRange are the RMS errors

of the depth and range, respectively; N denotes the

number of the simulation; zi and ri are the estimated

source depth and range for the i-th simulation, respec-

tively; zr and rr are the real source depth and range,

respectively. Under the SNR of 0 dB, the RMS errors

changing with the mismatch factor are shown in Ta-

ble 1. Generally, the depth RMS errors increase with

the mismatch factor increasing, while the range RMS

errors are within 0.5 km for all mismatch factors. The

maximum depth RMS error is 104 m while the maxi-

mum range RMS error is about 1 percent of the real

source range. In conclusion, the estimated source lo-

cation does not deviate from the real source location

very far, especially in the range direction.

Table 1. RMS errors of the localization under different

SSP mismatches.

Mismatch Depth RMS Range RMS

factor error/m error/km

0.00 17 0.00

0.25 21 0.05

0.50 29 0.05

0.75 73 0.35

1.00 94 0.42

1.25 83 0.32

1.50 80 0.36

1.75 82 0.34

2.00 104 0.29

5. Conclusions

In this paper, the acoustic properties of the RAP

are analysed in detail and based on its characteristics

a WSF-MF method for the source localization using

the multipath arrival angles is presented. Four charac-

teristics of the RAP environment are as follows. First,

the RAP is the direct path between the source and the

receiver and thus is insensitive to the surface scatter-

ing and the bottom reflection loss. Second, when the

array is placed below the critical depth the ambient

noise is much lower than that on the array above the

critical depth. Third, in the medium range, when the

RAP is used for surveillance, it does not have blind

zone. Finally, for the passive narrowband source lo-

calization, the methods based on the arrival angles

have higher resolutions in the range direction than

that in the depth direction. The simulations of the

WSF-MF method are consistent with this conclusion.

The methods based on the time delays of multipath

arrivals have high resolutions both in range direction

and in depth direction but it is not applicable for the

RAP environment.

The WSF-MF method is derived for using a short

array in the deep ocean and avoiding the complicated

estimation of the arrival angles at the same time. This

method combines the efficient ray propagation model

with the signal processing technique to accomplish the

source location in a finite range-depth space rather

than the arrival angle space. Some key advantages of

the method when it is used in the RAP environment

are summarized as follows. First, the ambiguity sur-

face of the WSF-MFmethod does not have false peaks.

However, the width of the peak increases with the de-

crease of SNR or array length. Second, the source

localization can be done with relatively short arrays

by using the WSF-MF method. An array with 32 el-
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ements in which the spacing between two elements is

half the wavelength has good performance when the

SNR is above 0 dB. Finally, the WSF-MF method is

more insensitive to the variation of the sound speed

than the Bartlett matched-field processor.

As the deep ocean array is not available, the re-

sults in this paper cannot be verified at present. It

is hoped that the physical properties of the RAP and

the WSF-MF method can be verified experimentally

in the future.
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