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The high sidelobe level of the ambiguity surface has been a major drawback of matched field
processing in ocean waveguides compared to the free space beamforming. In this paper, a
contrast-maximized optimization scheme that enhances the contrast between the acoustic power
output of the source region and the power output of the total region of interest is presented. The
method utilizes the signal vectors determined from the contrast-maximizing formulation. Through
numerical simulation and oceanic data analysis, the presented algorithm is shown to be effective in
improving the contrast between the target and the averaged background sidelobe level. It was also
shown that, even when the resolution of the source region in conventional matched field processing
is degraded due to severe bottom attenuation, the resolution of the source is not affected in the
contrast-maximized method. The same principle and method can be applied to the time-reversal
processing to maintain the focal size in an ocean environment with high bottom attenuation. © 2005
Acoustical Society of America. [DOL: 10.1121/1.1993131]

PACS number(s): 43.60.Kx, 43.30.Wi [AIT]

I. INTRODUCTION

Matched field processing (MFP) is an approach for lo-
calizing acoustic sources by comparing acoustic data with
solutions of the wave equation. MFP can also be viewed as a
generalized beamforming technique that takes advantage of
the spatial structure of the sound field of a signal propagating
in the ocean to provide improved localization performance
compared to the conventional plane wave beamformer.' One
of the advantages associated with the use of the MFP is that
the ambiguity surface provides the localization result in
range and depth terms, while the plane wave beamformer
gives only the direction.

However, since the matched field processor exploits the
spatial complexities of the acoustic field in the waveguide,
the ambiguity surface produced by MFP typically contains,
in addition to the signal peak, false peaks or sidelobes, which
make the localization of an acoustic source ambiguous. The
conventional MFP (CMFP) in an ocean waveguide tends to
suffer from higher sidelobe levels than the conventional
beamforming in free space. where the sidelobe level is
around 13 dB less than the mainlobe level.

In order to avoid the ambiguity or to reduce the sidelobe
effects, incoherent and coherent processors are widely
used.>™® Sidelobe effects are additionally mitigated by using
adaptive MFP (AMFP)7' 10 which minimizes the beamformer
energy interfering with the signal by imposing a constraint
that a signal in look-direction is passed without distortion.

The purpose of this paper is to present a method to sup-
press the sidelobe level of ambiguity surface produced by
MFP in an ocean waveguide. In order to achieve lower side-
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lobes level, an adaptivity was introduced to find the signal
vector to be correlated, or to be beamformed in the case of
plane wave beamforming. The signal vector was determined
from an optimization scheme to maximize the contrast be-
tween the source region and the search region of interest.
The same principle has been applied to the generation of an
acoustically bright spot in active noise control based on the
contrast-maximizing optimization scheme using multiple
sources in a free space.” In this paper, an optimization
method for contrast maximization was extended to MFP in
an ocean waveguide. The same principle and method can be
applied to the time-reversal processing in order to reduce the
focal size in an ocean waveguide with high bottom attenua-
tion.

The remainder of this paper is organized as follows. In
Sec. 1I, the two optimization schemes, maximization of
power and contrast, are reviewed and the issues in
waveguides are discussed. The simulated results of MFP in
an ocean waveguide are presented and discussed in Sec. I1L
In Sec. IV, ocean acoustic data arc analyzed to show the
effectiveness of the contrast-maximized method in MFP.
Section V summarizes the work.

Il. THEORY

The conventional MFP is reviewed in Sec. I1 A, and then
reformulated from the view point of power-optimization
problem in Sec. lI B. Finally, the theory on the contrast-
maximized optimization method in MFP is presented.

In order to demonstrate the applicability of the contrast-
maximized optimization method in MFP, two regions were
defined as shown in Fig. 1. The search region was denoted as
V,, and the source region as V,, which was assumed included
inside V,.
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FIG. 1. (Color online) Schematics of acoustic regions in an ocean wave-
guide.

A. Review of the conventional MFP

Defining the received acoustic pressure at the jth array
element as d(F(’“"M) in frequency domain, MFP can be for-
mulated as a correlation process between the replica gener-
ated from the propagation model and the data measured at an
array:

N
PN =2 d"(FOF)g(AR) = d*g(Fr,) = d*w, ()
j=1

where the subscripts « and s denote the array and source,
respectively, and g(r‘|;}1’]) represents the normalized Green’s
function at the arbitrary location 7 propagated from the jth
array element location Fg) as shown in Fig. 1. The number
of the array elements is denoted as N. The superscripts ()
and ()* denote complex conjugate and Hermitian trans-
pose, respectively. In a vector notation, the data vector, d,
and the replica vector, w, which is mathematically equiva-
lent to the normalized Green’s function g, are (N X 1) col-
umn vectors. Note that the position vectors are written in
italic letters with arrows and column vectors and matrices
are written in boldface letters.

B. Conventional MFP as a power optimization
problem

Now, in order to introduce the “acoustical contrast” con-
cept to MFP, the space-averaged power output is defined as
the acoustical brightness of a given region. Replacing the
signal vector d by x, which is a more generalized form of the
data vector to be correlated with the replica vector, the space-
averaged power output g, and o, in the regions V, and V, can
be formulated as

o,= 1 j P(AHP' (A dV=x'Rx, 2
Vslv,
1 .
o, = —j P(AP'(F) dV=x"Rx, (3)
Vr v,
where
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1 1

R =— f g(r.)g" (Flry) dV=— f wwhdv, ()
Vs Vs VJ Vs
1 I

R=— f g(lr.)g" (Ar,) dv=— f wwhdv. (5
Vt v, V’ Vi

Each element of R, and R, represents the spatial correlation
of the Green’s functions, g, in the two regions produced by
each array element. 1t is worth noting that the correlation
value in Eq. (2) has a maximum at the point source, where V,
is given by a point located at 7. For this reason, R, is the
covariance matrix of the replica vector for the acoustic field
at the array propagated from the sources. In a similar way,
the covariance matrix R, can be constructed from replica
vectors derived from the propagation model as shown in
Eq. (5).

The conventional matched field processor or the Bartlett
processor can be considered as a power optimization scheme,
which gives a maximum power in a source region for given
input power. In order to have maximum power at the source
region, the problem can be stated as

max o, =x*Rx subjected to Py =x*x. (6)
X

The above equation may also be formulated as a pure (un-
constrained) optimization problem using a form known as
the Rayleigh quotiem.'z‘l3 Therefore, maximizing the o, un-
der given input power constraint is equivalent to maximizing
the following ratio:

o, X'Rx

a=—"=

Py, x*x

™)

The ratio « represents the quantity of space-averaged output
power generated in the source region by unit input power.
The optimum data vector x,, which maximizes the Rayleigh
quotient in Eq. (7), corresponds to the eigenvector having the
largest eigenvalue of R,. In conventional MFP, the optimum
data vector x, reduces to the unprocessed data vector at the
array d with a rank equal to one.

C. MFP as an acoustical contrast optimization
problem

While the optimization problem in Sec. H B is to maxi-
mize the correlation in the source region, another optimiza-
tion scheme to maximize the contrast between the source
region and the search region can be formulated. The deriva-
tion of the contrast-maximized matched field processor is
very similar to that of the maximum signal-to-interference
ratio (SIR) for adaptive beamforming.'?

The signal vector can be chosen to directly maximize the
contrast between the source region and the search region.
Assuming that R, and R, are known [which are the cross-
spectral density matrix calculated from the replica vector in
Egs. (4) and (5)], we may choose to maximize the ratio of
the space-averaged power output in the source space (o) and
the space-averaged power output in the search space (o).
That corresponds to the maximization of the following cost
function:
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FIG. 2. (Color online) Setup for numerical simulation in the Pekeris waveguide.

o, X'Rx

b’: (8)

g, x'Rx’
This function, expressed as the ratio of two quadratic forms,
essentially determines the ratio of the spaced-averaged out-
put power in V, to that in V, (Fig. 1) and is well known as
Rayleigh quotient. Now the problem is reduced to the deter-
mination of the optimum signal vector, which maximizes the
Rayleigh quotient. Taking the derivative of Eq. (8) with re-
spect to X and setting it to zero, we obtain

@
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(b) Range (km)

FIG. 3. (Color online) Simulation results. (a) Ambiguity surfaces by con-
ventional MFP. (b) Ambiguity surfaces by contrast maximized MFP.

Rx = pBRx, 9

which appears to be a joint eigenproblem. The value of 3 is
bounded to the minimum and maximum eigenvalues of the
symmetric matrix R{'IR.,. The signal vector that maximizes 8
is given by the following form:
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FIG. 4. (Color online) Ambiguity surfaces as function of range for point
source case: (a) unnormalized plot and (b) normalized plot. The solid and
dashed lines represent results by conventional MFP and contrast maximized
MFP, respectively.
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FIG. 5. (Color online) Simulation results for various bottom attenuation. (a), (c), and (¢) were with the conventional signal vector. (b), (d), and (f) were with
a contrast signal vector. The attenuation for (a) and (b) is 0dB/X, and 0.5dB/A, for (c) and (d), 1.0dB/A, for (¢) and (f).

(R:IR_‘)XI;= .BmuxxB- (]0)

The solution to the above Eq. (10) is well known and is equal
to the engenvcctor corresponding to the maximum eigenvalue
of R/ 'R,. Thus, if the pressure fields produced by each con-
trol source can be predicted within V,, which is inherently
assumed in MFP, it is possible to construct the covariance
matrix R; and R, based on Eqs. (4) and (5). Now, the optimal
signal vector x4 obtained from the data vector d can be cal-
culated and used as the signal vector to be correlated in the
contrast-maximized optimization scheme.

In summary, we define the variables and state how they

are found. The data vector measured at the array is denoted
as d, and the processed data vector to be used for a different
optimization scheme, such as contrast maximization, is ex-
pressed as x. The processed data vectors, x, and x g in Secs.
II B and I C, represent the generalized data vectors for con-
ventional MFP and contrast-maximized MFP and can be cal-
culated from the eigenanalysis. Finally, the covariance matri-
ces R; and R, are found from Egs. (4) and (5), respectively.

lil. SIMULATION IN AN OCEAN WAVEGUIDE

In Secs. II B and II C, two types of signal vector were
considered. One is the conventional data vector x,, which

a
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FIG. 6. Variation of (a) peak value and (b) PBR as functions of the bottom
attenuation. The solid and dashed lines represent results by conventional and
contrast signal vector, respectively.

gives a maximum power in a source location for given input
power of x*x. The other is the contrast signal vector Xg
which is to maximize the contrast between the finite region
containing source and the entire search region. In this sec-
tion, we show that the peak-to-background resolution (PBR)
of a contrast-maximized matched field processor with the
contrast signal vector is improved by about 3 dB compared
to the Bartlett processor.

The experimental sctup for a numerical simulation is
shown in Fig. 2. The center frequency of the sound source
was 500 Hz with unit strength. The field was sampled by a
vertical line array containing 17 hydrophones spaced 5 m
apart ranging from 10 to 90 m in depth. The ambiguity sur-
faces were computed for source ranges between 5.5 and
6.5 km away from the array and at source depths of
10 to 90 m. As propagation model, KRAKEN' was used
throughout the simulation.

A. Statistical quantification of the ambiguity surface

To quantify the performance of overall sidelobe reduc-
tion or background suppression for two types of signal vec-
tors, a measure of peak value (P) relative to mean back-
ground level (u) was used. It was called peak-to-background
resolution (PBR) and was defined as'>

P
PBR=10]0gm( “) dB, (1)

where the mean background level was calculated by exclud-
ing source region. We did not infer statistical behavior from
them, but merely used them as a measure of “goodness.”

B. Interpretation and analysis

Figure 3(a) shows the ambiguity surface produced by
the conventional signal (data) vector in the case of the point
source. The main peak was seen at the true source location:
50-m depth and 6000-m range. A value of PBR=9.60 dB
was obtained for this surface. Figure 3(a) was compared with
Fig. 3(b), which is the ambiguity surface obtained by
contrast-maximized optimization scheme. Figure 3(b) clearly
illustrates that the main peak was still accurately located at
the true source location, and ‘additionally the size of the
source resolution was greatly improved. Also, it can be seen
that PBR is about 12.03 dB, and therefore has improved by
about 3 dB.

Figure 4 shows the ambiguity surface as a function of
range for the Bartlett processor (solid line) and the contrast
method (dashed line) in the case of point source. This figure
describes the important difference between two optimization
techniques. In Fig. 4(a), the power output of the contrast-
maximized processor is approximately 5 dB lower than the
power output of the Bartlett processor at the source location.
This was due to the fact that the contrast-maximized tech-
nique did not maximize the power output at the source loca-
tion, but maximized the contrast between the two regions.
Figure 4(b) shows that the contrast-maximized processor had
an excellent sidelobe suppression in an average sense com-
pared to the Bartlett processor.

C. Effect of bottom attenuation

The physical principle on the size of resolution for time-
reversal mirror (TRM)'® is the same as the MFP. While a
propagation model was used to match the source-generated
sound fields in MFP, the time-reversed signal was physically
backpropagated to the original source position using a
source-receiver array in a TRM. Hence, the focal size real-
ized with a TRM can be considered as the maximum achiev-
able resolution of a conventional MFP for a given wave-
guide.

The excited acoustic field can be decomposed into
modes. and each mode propagates with its own group speed.
During the propagation between the source and the array,
some high-order modes that had more interactions with the
ocean bottom were removed by waveguide attenuation. The
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FIG. 7. The location and bathymetry for SwellEx-96 Event 59.

focal size or the resolution'' of a MFP was determined by the
remaining effective modes. The focal size in depth and range
can be estimated roughly as

D
A =—, 12
= (12)
2
Ap=—, 13
™ (13)

where D is the water depth, M is the number of effective
modes, and k,; and k,, are the horizontal wave numbers of the
first and last effective modes, respectively. The vertical reso-
lution is determined by the mode functions while the hori-
zontal resolution is determined by the difference of wave
numbers that is the smallest interference pattern of the
acoustic field. The waveguide attenuation increases the focal
size by reducing the number of effective modes. As a con-
sequence, the ambiguity surface is expected to become more
blurry and to have higher sidelobes than in the ideal lossless
situation.

In this section, the result of numerical experiments on
the effects of bottom attenuation on the size of resolution cell
and the sideobe level is presented. For simulation purposes,

the bottom attenuation was varied between 0 and 1 dB/A
under the point source assumption, while keeping all other
parameters unchanged as shown in Fig. 2.

Figure 5 shows the ambiguity surface produced by the
Bartlett processor for three bottom attenuation cases. The
results by the conventional MFP are shown in Figs. 5(a),
5(c), and 5(e): the depth and range focal size increased with
increasing bottom attenuation. The results by the contrast-
maximized MFP, illustrated in Figs. 5(b), 5(d), and 5(f),
show that there was no changes of focal size although the
bottom attenuation increased. Figure 6 shows the peak value
and PBR where the bottom attenuation varied from
0 to 1 dB/\. The solid and dashed lines represent the results
by the conventional MFP and the contrast-maximized MFP,
respectively. In Fig. 6(a), the peak values by the conventional
processor do not change with the attenuation, but the peak
values by the contrast-maximized processor rapidly fall
down approximately ~9 dB at 1-dB/\ attenuation. However,
in Fig. 6(b), the PBR by contrast-maximized processor is
consistently greater than PBR by the conventional processor.
Therefore, it was concluded that the contrast-maximized
MFP suppressed the sidelobe levels by about 3 dB when
compared to the conventional MFP.
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FIG. 8. (Color online) The sound speed profile and geoacoustic parameters for replica vector calculation.

IV. APPLICATION TO OCEANIC DATA

This section describes the application of the contrast-
maximization technique to the SwellEx-96 data'’ to verify
the applicability of the technique to the matched field pro-
cessing in a shallow water waveguide. In Sec. 1V A, the de-
scription of the experiment is given. In Sec. IV B, the results
of the contrast-maximized technique in MFP are presented
and the quantitative analysis utilizing PBR is described.

A. Description of SWellEx-96 Event 59

The detailed description of the experiment can be found
in Ref. 17. Figure 7 shows a plan view of the SwellEx-96
experiment with towed source ship. The solid circle marks
on Fig. 7 shows the track of the towed source every 5 min.
In order to apply the contrast-maximization technique, the
following eight frequencies were used: 49, 64, 79, 112, 130,
148, and 166 Hz. The field was sampled by a vertical line
array containing 21 hydrophones spaced 5 m apart and rang-
ing from 94.125 to 212.25 m in depth. The towed source
was located between 0.5 and 4 km from the array and at a
depth of 60 m.

The KRAKEN'* normal mode program was used to
generate the matched field replica vectors. The depth covered
in generating the replica vector was 40 to 80 m with I-m
increment and the range covered was 0.5 to 4 km with 20
-m increment. The sound speed profile and relevant param-
eters used in creating the replica vectors are shown in Fig. 8.

B. Data analysis

In order to track the underwater acoustic source, the am-
biguity surface at estimated source depth was displayed
based on the procedure described in Ref. 12. First, the am-
biguity surfaces for range versus depth were constructed for
each frequency and the surfaces were incoherently summed
over the eight frequency components. Then, the frequency
average of the ambiguity surface was generated for every
time step and was displayed at the estimated source depth.

Figure 9(a) shows the ambiguity surface from the Bar-
tlett processor at estimated source depth and Fig. 9(b) illus-
trates the results of the Bartlett processor with contrast signal
vector. The source trajectory is clearly visible in both figures.
However, the ambiguity surface from the Bartlett processor
had higher sidelobes than the contrast-maximized Bartlett
processor.

In order to perform the quantitative analysis of each am-
biguity surface, PBR was calculated over the search region
for every time step as shown in Fig. 10. The mean back-
ground level was calculated by excluding the 100-m range
X 10-m depth surrounding the peak location. Figure 10 dis-
plays the variation in PBR from 0 to 30 min, for ambiguity
surfaces. The solid and dashed lines refer to the PBRs by the
conventional and the contrast signal vector, respectively. Fig-
ure 10 shows that the PBR significantly improved by about
2 dB.
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V. CONCLUSION

A concept of contrast-maximized optimization was in-
troduced to the matched field processing (MFP) in order to
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FIG. 10. Variation of PBRs as functions of the time using Bartlett incoher-

ent broadband MFP. The solid and dashed lines represent results of PBRs by

conventional and contrast signal vector, respectively.
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reduce the sidelobe level of ambiguity surfaces. The signal
vectors were determined from an optimization scheme to
maximize the relative space-averaged power in the source
region to that in the search region of interest. The application
of the developed algorithm to numerical simulation and
ocean experimental data showed that the peak-to-background
resolution (PBR) is improved by about 3 dB. It was also
observed that, even when the resolution of the source region
in conventional matched field processing was degraded due
to severe bottom attenuation, the resolution of the source was
not affected in the contrast-maximized method. The same
principle and method can be applied to the time-reversal pro-
cessing to maintain the focal size in an ocean environment
with high bottom attenuation.
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