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ABSTRACT

Localization of buried cylindrical shells in presence of sen-
sor phase errors is presented. This method is based on a
new technique [5] that we have developed for buried ob-
ject localization using a combination of acoustical model,
focusing operator and the MUSIC method. The main as-
sumption in [5] is the well known of the sensor positions
that are not always satisfied. Thus, in practice the sensors
move from their original positions during the experimenta-
tion (deformed sensor array) which introduce phase error
in each sensor. Correction of phase errors is necessary to
solve the object localization problem. The method provides
estimation of the bearings and ranges of all buried objects
as well as the phase error of each sensor in the observing
array. This problem is reduced to minimization problem
function using the DIRECT algorithm (DIviding RECTan-
gles) to seek the minimum of this function. Finally, the per-
formances of the proposed method are validated on experi-
mental data recorded during an underwater acoustics exper-
iments.

1. INTRODUCTION

Most array processing techniques are based on the assump-
tion that the shape of the array remains unchanged. This as-
sumption permits the use of simplified array signal process-
ing techniques. Recently we have developed a method [5]
based on the MUSIC method, modified by using the focus-
ing matrix instead of the conventional spectral matrix of the
observations, and by including the acoustic scattering model
of the objects instead of the plane wave model. These well
known methods are modified in order to adapt them to solve
the buried object localization problem. This method is val-
idated using experimental data and the obtained results are
satisfying. However this method needs the well known sen-
sor positions. Unfortunately in practice, the shape of a sen-
sor array, such as flexible towed array and bottom mounted
array, is deformed due to the fluctuations in ship maneuver-
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ing, underwater currents and swells, and so on. These cause
phase errors in the received signals. Several methods, to es-
timate the phase errors related to the use of deformed sensor
array, were proposed in the literature [2], [4]. The proposed
method in [4] uses the sources with known locations as ref-
erence sources to correct the positions of the sensors. In
[1] the authors assume that the shape of the sensor array is
known. Furthermore, those methods consider that the ob-
jects are located in the farfield region of sensor array. In
such case the range objects are infinite and are not taken
into account. This assumption is not valid in the nearfield
region of the array.

In this study, we address the problem of estimating simulta-
neously the bearing and the range objects in presence of sen-
sor random phase errors.Thus, here we extend the method
developed in [5] to the case where the sensors have un-
known (or imprecisely known) phases.The idea is to define
an objective function with multiple variables which repre-
sent the phase errors and the bearing and the range objects.
This objective function is based on the orthogonality prop-
erty between the object subspace and the noise subspace and
to minimize this function, we propose to use the DIRECT
(DIvinding RECTangle) algorithm.

The organization of this study is as follows : problem for-
mulation is presented in Section 2. In Section 3, the objec-
tive function of multiple variables is defined. In Section 4,
the experimental setup is presented. Experimental results
supporting our conclusions and demonstrating our method
are provided in section 5. Finally, conclusions are presented
in Section 6.

Throughout the paper, lowercase boldface letters represent
vectors, uppercase boldface letters represent matrices, and
lower and uppercase letters represent scalars. The symbol
”T” is used for transpose operation and the superscript ”+”
is used to denote complex conjugate transpose.
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2. PROBLEM FORMULATION

We consider a flexible array of /N sensors which received
the wideband signals scattered from P objects (N > P)
in the presence of an additive Gaussian noise and sensor
phase errors. The received signals are grouped in the vector
r given, in the frequency domain, by

r(fn:0,0,0) = Ap(fn,0,p,0)s(fn) + B(fn), (D)

where, n = 1, ..., L, v(fn, 0, p, $) is the Fourier transforms
of the array output vector, s( f,,) is the vector of object sig-
nals, b( f,,) is the vector of white Gaussian noise of variance
02(fn)s Ap(fn,0,p, @) is the transfer matrix (propagation
matrix) given by

Ap(f7l797p7 ¢) = [a(fna olvpl)a cey

a(fn, O, pr) is given by,

a(fna 0P7pP)] ) (2)

a(fn, Ok, pr) = |:1a(fn79k17pk1)7"-7

(3)
where k =1, ..., P, ¢, represents the phase error associated
to the random moving of the i*" sensor from its original
position (we assume that the first sensor does not move). 6y,
and pj, are the bearing and the range of the k' object to
the first sensor of the array, thus, 6, = 01 and pr = pg1.
a( fn, ki, pri) is the exact solution of the acoustic scattered
field by a cylindrical shell, given by

a(fn, Oki, Pri) = Do anozo ijmbmH’ng)(Knlpki)
cos(m(@ki - einc))a (4)
where peo is a constant, €g = 1,61 = €2 = ... = 2, by,

is a coefficient depending on limits conditions and m is the
number of modes, H,,, represents the Hankel function, c; is
the sound velocity and the wavenumber K,,; = 27; fu

The spectral matrix I'(fy, 0, p, ¢) is formed for each nar-
rowband data in each frequency bin and given by

F(fn7€7p> ¢) = Ap(fna6.7pa (b)rs(fn)
where, I's(f,,) is the spectral matrix associated to the object

signals and I is the identity matrix.

The frequency diversity is employed, in order to decorre-
late the signals [6]. The idea is to use the bilinear focusing
operator [7], to transform the narrowband data in each fre-
quency bin into a single reference frequency bin f. Then,
the average of the focused matrices is given by

L
T(fo.0.p, ) Z (fo, )T (f, 0,0, 8)TF (fo, fu),

(6)

e IONDa(f, Ok, PkN)] ,

where T(fo, fn) is the bilinear focusing operator [7]
and fo is the focusing frequency chosen in the frequency
band on interest. Finally, the spatial spectrum is given by

Zp(Ok, p;) = lla(fo, Ok, p)C() Vi (fo)|| 72 (D)

where C is a diagonal matrix containing the sensor phase
errors, given by,

C(d)) :diag[17e_j(¢1)7 7e_.j(¢N71)]7

Vi (fo) is the eigenvector matrix of T'(fy, 8, p, ¢) associ-
ated to the smallest eigenvalues. The goal of our method is
to estimate simultaneously these phase errors and the object
bearings and ranges. Thus, we use the orthogonality prop-
erty between the source subspace and the noise subspace to
form an objective function to minimize using the DIRECT
algorithm.

3. THE OBJECTIVE FUNCTION

The objective function, that we minimize using the DIRECT
(DIviding RECTangles) optimization algorithm [3], is based
on the orthogonality between the two subspaces defined above
and it is given by

F(97p’¢1?"'7¢N_1) = “Vl—;)"_a(f()?e?p)c(d)l?"'7¢N—1)||27
®)
where, Note that Eq. (8) is Lipchizian [3] and satisfies the

following condition
| F(®) - F(2) [< g |-, ©

where ® = [0, p, ¢a,...,on]T and &' = [0/, p/, &), ..., d'\]T
and 0 < 8 < 1. The proposed method allows us to estimate
both the source bearings and the phase errors by minimizing
the objective function defined above.

The following is the step-by-step description of the devel-
oped method:

e dividing the bearing axis into Ly overlapping inter-
vals of length 2A0 , where each interval i is defined
by :

[0; — A6, 0; + Ad),

o dividing the range axis into L, overlapping intervals
of length 2Ap , where each interval j is defined by :
[p; — Ap, pj + Ap],

e form the objective function for each [0; — A,0; +
AG] x [pj — Ap, p; + Ap] interval,
_ F(91>pj7¢llja R 7¢N71 Zj) =
IVEa0;, p)Cij(b1ij,- - - dn-145)1°

where,i =1,...,Lgand j =1, ..., L,,
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e find 0;, Pis ¢1ij7 ey ON—1 ij that minimize the ob-
jective function in each interval, using the DIRECT
algorithm.

The minimum of the objective function in an interval con-
taining sources is smaller than the minimum of that function
in an interval which not containing objects thus the idea is
to calculate it for all the intervals and to make a thresholding
to keep only the smallest objective functions.

4. EXPERIMENTAL SETUP

The data has been recorded using an experimental water
tank ( Fig. 1) in order to evaluate the performances of the
developed method.

The transmitter sensor is fixed at an incident angle 60;,. =
60 ° and has a beamwidth equal to 5 ° . The receiver sensor
is omnidirectional and moves horizontally along the XX’
axis, step by step, from the initial to the final position (
Fig. 2) with a step size d = 0.002 m and takes ten po-
sitions in order to form an uniform linear array of sensors
with N = 10. The transmitted signal has the following
properties; impulse duration is 15 us, the frequency band
is [fimin = 150, fmae = 250] kHz and the sampling rate
is 2 MHz. The duration of the received signal is 700 us.
This tank is filled of water with W; = 0.5 m (Fig. 2)
\

Transmitter

Receiver

Fig. 1. Experimental tank

and its bottom is filled with homogeneous fine sand with
¢s = 1700 m/s, where are buried three infinitely long cylin-
der couples ((O1, 02),(03,04),(05, Og)) ( Fig. 3). Table
1 summarizes the characteristics of these objects. The con-
sidered objects are made of dural aluminum with density
D, = 1800 kg/m?, the longitudinal and transverse-elastic
wave velocities inside the shell medium are ¢; = 6300 m/s
and ¢; = 3200 m/s, respectively. The external fluid is wa-
ter with density D; = 1000 kg/m?® and the internal fluid
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Fig. 2. Experimental setup

Fig. 3. Objects

Couple (01, 02) (03,04) (05, 06)
Outer radius (m) 0.01 0.018 0.02
Length (m) lo, =0.258 | lo, =0.372 | lpg; = 0.63
lo, =069 | lo, =0.396 | log = 0.24
Filled of air water air
Separated by (m) 0.13 0.16 0.06

Table 1. characteristics of the various objects (the inner ra-
dius=the outer radius—0.001 m)

is water or air with density D3zq;,. = 1.2 1076 kg/m® or
Dsyater = 1000 kg/m3,

The experimental setup is shown in Fig.2 where all the di-
mensions are given in meter. First, we have buried the con-
sidered objects in the sand at 0.005 m. Then, we have done
six experiments that we have called Ejo,, 0,;,,), Where
1=1,...,6and iz = 1, 3, 5. Two experiments are performed
for each couple: One, when the receiver horizontal axis
XX is fixed at H, = 0.2 m (E1(0,,0,)» -+ £3(05,0))» the
other when this axis is fixed at H, = 0.4 m (E4(01702), s
Eg(05,04))- RR' is a vertical axis which goes through the
center of the first object of each couple. Thus, for each ex-
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periment, only one object couple is radiated by the transmit-
ter sensor. At each sensor, time-domain data corresponding
only to target echoes are collected with signal to noise ratio
equal to 20 dB. The typical sensor output signals recorded
during one experiment are shown in Fig. 4.

10F [inh
9 ‘}n s
M "
. 8 '
) s o
s T w
=
£ 6 ’
2 5 y‘u‘y" o
c
@ i el
040k (il
3 H Jot
2t -
1 Hp "
0 250 500 750
Time (us)
(a)

Fig. 4. Observed sensor output signals associated to experiment
E1(01,05)-

5. RESULTS AND DISCUSSION

The first step is to add random phase errors on each sensor
output signal. Thus, for the three first experiments (F1(0,,0,),
Es0,,04) and E3(04,0,)) We have used,

bo = [0,30,48,35, —15, —42, —60, —12,6,10] °,

For the three others (E4(01’02), E5(03,04) and EG(OS’OG))
we have used

¢, = [0,12,31,5, —55, —90, —63, —14, 2, 38] °.

The experimental data affected by ¢, associated to the ex-
periment Ey(o, 0,) is shown in Fig. 5 Furthermore, the

10

Sensor indexes

0 250 500 750
Time (us)

Fig. 5. Observed sensor output signals affected by sensor phase
errors ¢, and associated to experiment 10, ,0,)-

average of the focused matrices is calculated using L = 50
frequencies chosen in the frequency band of interest
[150, 250] kHz and the middle frequency is chosen as the fo-
cusing frequency fo = 200 kHz. Furthermore, a sweeping
on the bearing and the range have been applied ([—90 °,90 ° ]
for the bearing with a step 0.1 ° and [0.15, 1] m
(or [0.15, 1.4] m) for the range with a step 0.002 m). The
obtained bearings and ranges before the correction of the
random phase errors are shown in Figs. 6 and 8. Then, after
correction of sensor random phase errors using the minimi-
sation of the objective function, the obtained bearings and
ranges are shown in Figs. 7 and 9.

Furthermore, we have obtained an RMSEy = 1.48° and

1
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-60 02 Lo s

Normalized amplitude of Z(0.p)
Normalized amplitude of Z(0.p)

(b) (c)

Fig. 6. Spatial spectrum in presence of sensor phase errors ¢, : be-
fore correction of the phase errors. (a) E1(0,,0,)- (b) E2(0,,0,)-
(C) E3(O5 ,06) "

RMSE, = 0.04 m between the expected ([.]cp) and the es-
timated ([.]s¢) bearings and ranges by the proposed method
using the following equation,

6
Z [(chpl - Xcstl)? + (chpQ - Xcst2)i2
RMSEx = \| =2

12

where X represents 6 or p, ¢ is the experiment and the the
indexes 1 and 2 represent the first and the second objects of
each couple, respectively.

6. CONCLUSION

In this study, we have proposed a novel method to estimate
both the range and the bearing of buried objects in presence
of sensor phase errors. This approach, does not require any
prior knowledge of the sensor array shape to be able to cor-
rect the data. For that, one combined the method developed
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Fig. 7. Spatial spectrum in presence of sensor phase errors ¢g:
after correction of the phase errors. (a) E1(0,,0,)- (b) E2(0,,04)-
(C) E3(O5,Os)'
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Fig. 8. Spatial spectrum in presence of sensor phase errors ¢: be-
fore correction of the phase errors. (a) E4(0,,0,)- (b) E5(05,04)-
(©) Eg(05,06)-

in [5] with the DIRECT algorithm to estimate simultane-
ously the bearing and the range objects in presence of sensor
phase errors. The performances of this method are investi-
gated through experimental data affected by random phase
errors and associated to many cylindrical shells buried un-
der the sand. The proposed method is superior in terms of
performance to the conventional method.
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