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ABSTRACT The array gain degrades significantly suffering from a decrease of signal spatial coherence
caused by imperfectly correlated acoustic channels with spatial and temporal fluctuations. For a long linear
array collecting signals in the range-dependent ocean waveguide, the amplitude and phase of the received
signals show more viriation over the elements, which causes the signal coherence to attenuate seriously.
The gain of traditional beamformers, such as the conventional beamformer (CBF), minimum variance
distortionless response beamformer (MVDR-BF), and eigenvalue beamformer (EBF), will deviate from
their ideal values. In this paper, a matched-phase weighting beamformer (MPBF) is proposed to obtain high
gain in an ocean waveguide. The variational phase of acoustic channel transfer functions over the elements
can be compensated for by matched-phase weighting, and then, the acoustic channel spatial coherence can
be restored to achieve a high gain. The weighting-matrix of MPBF is obtained by the received signals;
hence, environmental parameters or channel transfer functions do not have to be estimated. Simulations
and experiments considering a long horizontal uniform linear array (HLA) in the slope region receiving a
narrow-band signal from a deep-water source (upslope waveguide) are performed. The results demonstrate

that MPBF can achieve a higher gain than CBF, MVDR-BF and EBF in a complex ocean waveguide.

INDEX TERMS Array gain, ocean waveguide, spatial coherence, matched-phase weighting.

I. INTRODUCTION

A long linear array has a great advantage in detecting weak
signals from underwater targets. One of the major factors is
that a long linear array can achieve a high array gain (AG)
by using a beamformer on the receiving data. AG is defined
as the improvement in the signal-to-ratio (SNR) at the output
of beamforming compared with the input SNR. AG depends
on the sum of the correlation coefficients between all pairs
of elements of the array, for both the noise and signal [1].
Under ideal assumptions, such as the noise between two
arbitrary elements being uncorrelated and the signal having
perfect plane wave (far field) or spherical wave arrivals (near
field), AG can have the ideal value of 10log;, M, where
M is number of elements in the array. However, both of
the assumptions in the mathematical model are violated in
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sonar signal processing in the ocean waveguide. The real
ocean waveguide always manifests as a complex acoustic
channel with spatial and temporal fluctuations subject to the
topography and acoustic properties of the sea-floor, as well
as eddies, tides, internal wave, and surface gravity waves [2].
The coherence of the signal on two spatially separated ele-
ments will decrease [3]-[5], after the sound wave propagates
through imperfectly correlated acoustic channels. Moreover,
in the continental slope area, the variation of an acoustic chan-
nel introduced by the range-dependent waveguide is more
serious. In this case, AGs of traditional beamformers, such
as the conventional beamformer (CBF), the minimum vari-
ance distortionless response beamformer (MVDR-BF) [6],
and the eigenvalue beamformer (EBF) [7], [8], deviate from
the ideal value. For a long linear array, AG will no longer
increase after the number of elements reaches a certain value,
which is the limiting gain [9]. Ultimately, the advantages
of using a long linear array to detect targets will be greatly
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weakened or the targets will not be able to be successfully
detected.

To weaken the impact of the multipath arrival on AG, two
representative beamforming methods based on the acoustic
field model are proposed: the matched-field beamform [10]
and the matched-mode beamform [11]. Both methods try
to use the information of the sound field and waveguide
environment to optimize the output of the processor. Hence,
these processes require the hydrological parameters of the
ocean waveguide and an accurate model of sound field
to accurately calculate the replica vector. For the range-
dependent waveguide, however, the replica fields have to be
updated regularly to maintain a high gain [12]. The accu-
racy and speed of the acoustic field calculated are often
not guaranteed due to the complex changes of hydrological
and seabed parameters. In addition, the coupled modes in
the range-dependent waveguide makes it difficult to extract
modes, and matched-mode processing is difficult to realize.
A number of studies have discussed the effects of coherence
attenuation on AG [13]-[15], and subarray processing is
provided to achieve a higher AG. Green gave the optimum
number of subarrays for a given length array considering the
linear and exponential decay of coherence [16]. However,
the subarray division needs to predict the signal coherence
length. In addition, this process attenuates the gain of the
whole array, which weakens the advantage of the detection
using a long linear array. Some researchers have developed a
method based on the linear phase relationship of the waveg-
uide invariance to improve the acoustic channel coherence to
obtain a higher AG [17]. In the range-dependent waveguide,
the frequency-phase-shift between the frequency response
functions at two received positions is not linear with hori-
zontal separation. Hence, this method is not effective for a
range-dependent waveguide.

Sound waves transferring in the range-dependent ocean
waveguide is neither a plane wave nor a perfect match to a
multipath mode, caused by the variational acoustic channels.
Previous research has investigated the effect of phase fluc-
tuations on AG in the stochastic ocean [18], [19]. Based on
this understanding, we have derived the analytical expression
of the AG of a uniform linear array (ULA) using acoustic
channel transfer functions. The theoretical analysis demon-
strates that AG will be close to the ideal value, if the difference
between two arbitrary A s values (A is the phase differ-
ence between the channel transfer function and the weight
coefficient of the element) approximates 2nw ( where n is
a integer), in which case all the received signals are phase
congruent [20]. In other words, the acoustic channels at two
arbitrary elements after weighting are completely correlated,
and AG can achieve the ideal value. Taking CBF as an
example, the weighting phase of CBF will compensate for
the phase difference if the phase difference between two adja-
cent acoustic channels is constant, i.e., it is a phase-matched
weighting. However, in the range-dependent ocean waveg-
uide, the received signals have nonuniform amplitude/phase
(the phase difference is not constant) over the elements
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and the signal coherence decreases with element separation.
In this case, the conventional method is unable to compensate
for the phase difference. Actually the conventional weighting
is a kind of phase mismatched weighting. This paper intro-
duces a matched-phase beamformer (MPBF) that utilizes the
phase differences between the signal at the reference element
and those at the other elements in the array to design complex
weighting coefficients. MPBF can compensate for the phase
of acoustic channels and improve acoustic channel coherence
to obtain a high gain. Both the simulation and experimental
results for a low-frequency narrowband signal propagating in
the upslope waveguide indicate that the MPBF has a higher
gain than the CBF, MVDR-BF and EBF.

The remainder of this paper is divided into four sections.
Section II outlines the beamformers based on the plane
waves and the influence of wavefront distortion or correlation
attenuation on AG. The mechanism of the gain attenuation
in the ocean waveguide is given in Section III. On this
basis, the matched-phase weighting method and the MPBF
are proposed. In Section IV, AG is calculated as a function
of the element number utilizing numerical simulations and
the experimental data collected by a long horizontal uni-
form linear array (HLA) in the South China Sea. Compar-
ing the performances of CBF, MVDR-BF, EBF and MPBE,
the results demonstrate that MPBF can restore acoustic chan-
nel coherence and improve AG in the range-dependent ocean
waveguide. Finally, we provide a short summary and draw
conclusions in Section V.

Il. ARRAY GAIN FOR PLANE WAVE
Array gain is defined as

SNRarray
SNRhyp ’
where SNR;;ray is the SNR at the array output, and SNRyyp
is that at a single element. For a beamformer, AG can be
obtained as follows [21]

M M

Do wisi Yo win;
i=1 i=1
Mo / Mo
> lsil > Inil
i=1 i=1

where w; is the weighting coefficient of the i th element, and s;
and n; are the signal and noise at the i th element, respectively.
Assuming the ambient noise is uncorrelated and the noise
powers on the elements are equal, AG can be simplified as

M 2 ywm M
o 2 2 3
Wis; [wil I, 3)
i=1 i=1 i=1

One can infer from (3) that the optimal weight coefficients
(reaching the ideal gain) make w;s; on each element accu-
mulate coherently. We take three representative beamformers
(CBF, MVDR-BF, EBF) for ULA as examples to investigate
the influence of weight mismatching on AG.

The weighting coefficient of CBF at the i th element is

WcBE,; = exp [—j2nf (i — 1)d cos ¥/c], 4)

ag = ey

2 2

, @)

ag =M
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where f is the signal frequency, c is the sound speed of in the
seawater, d is the spacing between two adjacent elements in
the array, and ¥ is the direction of signal arrival (measured
from the endfire of the array). The weighting amplitude is
uniform, WCBF,,-| =1/M.

The weighting vector of the MVDR-BF is

R~ 'a(®)
al (MR 'a(®)’

where R is the covariance matrix of the array receiving data
and a () is the array steering vector. The constraint of no
distortion implies that |w1\/[VDR_BF|2 =1.

The weighting vector of the EBF is obtained by
eigen-decomposition of the signal covariance matrix Rj

&)

WMVDR-BF =

riei =Rse;, i=1,2,...r =rank(Ry), (6)

where A; and e; are the i th eigenvalue and the corresponding
eigenvector, respectively. The eigenvector corresponding to
the largest eigenvalue is taken as the weighting vector wggp,
and |wggp|? = 1.

The gains of the CBF and MVDR-BF can be calculated
according to (3), respectively, as follows

agcpr = M?

M 2 M
Z WMVDR-BE;iSi / Z Isil®. (7)
i=1 i=1

It is clear from (5) and (6) that the weights of the CBF
and MVDR-BF are related to the angle of the incoming wave.
In free space, the sound wave reaches the array as plane wave
with a determined arrival angle, and the time-delay (time
domain) or phase difference (frequency domain) between two
adjacent acoustic channels is constant, i.e., the acoustic chan-
nels are completely correlated. The signals on all elements
can accumulate coherently after weighting (as (7)) to obtain
the ideal gain. However, for a sound wave propagated in
a nonuniform waveguide, the wavefront is distorted, or the
signal arrives as multipath. In this case, the weight phases of
the CBF and MVDR-BF are mismatched, and AG deviates
from the ideal value.

Assuming that the ambient noise is uncorrelated, the gain
of EBF is determined by the ratio of Apax to the sum of all
eigenvalues [8],

AgMVDR-BF = M

H
M AmaxWEREWEBF _ M Amax
H - M ’
WegpWEBFTT(Ry) 377 A

The symbol Tr(-) denotes the matrix trace. Equation (8) seems
to be not affected by the wavefront distortion. However,
the coherence attenuation due to the ocean waveguide will
change the distribution of the eigenvalues [13], as demon-
strated by the decrease of the ratio of the largest eigenvalue
and the sum of all eigenvalues. Ultimately, the gain of the
EBF is less than the ideal value.

®)

A8EBF —
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We have outlined the performances of the CBF, MVDR-BF
and EBF, thus demonstrating that AGs are affected by wave-
front distortion or coherence attenuation. The above three
beamformers have poor performances in processing the sig-
nals after propagating in a complex ocean waveguide, espe-
cially for a wide-aperture array. Indeed, the purpose of the
time delays or phase shifts that can be introduced into the
array for steering is to compensate for the phase differences
between acoustic channels. One can estimate Green’s func-
tions of the ocean waveguide to match the phases of the
acoustic channels [22]. However, this estimation is difficult
to conduct in the range-dependent waveguide, and the its
accuracy may not work for phase matching. In practice,
the phases of the acoustic channels are not necessary, but the
phase differences between all pairs of acoustic channels are
determinant in beamforming. In the following, we present the
mechanism by which the nonuniform amplitude and phase of
acoustic channel transfer functions affect AG. On this basis,
we propose the matched-phase weighting method, which is
valid for compensating the phase variation of the acoustic
channel transfer function and enhancing the spatial coher-
ence of acoustic channels to obtain a higher gain in the
inhomogeneous ocean waveguide.

Ill. MATCHED PHASE BEAMFORMING

A. ARRAY GAIN IN AN OCEAN WAVEGUIDE

The ocean waveguide has different impacts on the signal field

and the noise field, and the elements in the array have differ-

ent outputs. We take the average of the SNRs at all elements

as the single element reference required in the definition of

(1) and divide AG into signal gain and noise gain [23],
Narray asg

SNR
= = / == O
SN, Raverage S average Naverage ang

S array

ag

where

Sarray 18 the signal power of the array output,

Saverage 18 the average signal power of all elements,

Narray is the noise power of the array output,

Naverage 18 the average noise power of all elements,

asg is the array signal gain: asg = Sarray / Saverage>

ang is the array noise gain: ang = Naray / Naverage-

Assuming that the ambient noise is isotropic, ang has been
derived in [24]

M M—-1 M . .
5 W Sin[2m (i — k)d /A]
= 249 w , (10
B T 7

where the superscript “*” denotes the complex conjugate
operation. From (10), when d = A/2, ang = Z?il w?.
We are only concerned with this special case in this paper.
The propagation of sound waves in the ocean waveguide
is described by the wave equations that can be solved
using different models, such as the normal mode, ray,
direct finite-difference and parabolic equations [25]. For a
short-duration pulse, the acoustic channel can be regarded
as linear time-invariant and characterized by the channel
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impulse response A(¢) in the time domain or the transfer
function H (f) in the frequency domain. The receiving signal
in the frequency domain at the i th element can be described
as

Si(f) = X(HHHi(f), (11)

where X (f) is the source spectrum and H;(f) is the acoustic
channel transfer function between the source and the i th
element at frequency f.

We derived the expression of AG with uniform weighting
amplitude via the acoustic channel transfer functions as [20]

M 2 M 2
> Ajexp(—jy) exp(jo;) > Ajexp(jA;)
i=1 i=l1
ag= m = m , (12)
> A2 > AR
i=1 i=1

where A; and ; are the amplitude and the phase of H;(f),
respectively; 6; is the phase of the weighting coefficient;
and A; is the phase difference between the channel trans-
fer function and the weight coefficient of the i th element,
ie., A; = 60; — ;. It has been demonstrated that the
non-uniform amplitude of the acoustic channel transfer func-
tion has a slight effect on AG; however, the phase mismatch
is a major factor that leads AG to further deviate from its ideal
value. Hence, the weighting amplitude can be uniform, and a
suitable weighting phase should be designed to compensate
for the phase of the channel transfer function.

According to (12), AG will be close to the ideal value if
0; = v or A; = 0 for all elements, i.e., the weighting phases
are matched with those of the channel transfer functions.
However, for a passive sonar system, ; is difficult to estimate
by the received signal since the signals have been modulated
by the acoustic channels (as in (11)) which have spatial and
temporal fluctuations.

We can expand (12) utilizing the Euler formula, exp(GA;) =

cos(A;) +jsin(A;), as
2 M
/ AR (13)
i=1

M 2

ZAi cos(A;)

i=1
to further investigate the influence of the weighting phase.
After some manipulations, we obtain the expression of AG
as,

ag= +

M
ZAi sin(A;)
i=1

M M

ag = Z ZA,-Ak cos(A; — Ay)

i=1 k=1

M
dTIAR (4
i=1

From (14), we can infer that the matched phase condition
will be satisfied if A; — Ax = 0 for all elements. Switching
“Aj— Ay =0 as
Ai=Ar=Oi—¥i) — Ok — Vi) = (0 — k) — (Yi — Y) =0.

(15)
we can see that a higher gain is obtained when the phase

difference of the weighting coefficients on two arbitrary ele-
ments is equal to the phase difference of the transfer functions
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on the corresponding elements. According to the theoretical
result discussed above, we can design the weighting coeffi-
cient of the MPBF.

B. MATCHED-PHASE WEIGHTING METHOD
According to (11), we can obtain the phase difference of the
acoustic channel transfer functions on two elements,

vi — Y =angle [Hi(HH(f)*] =angle [S;(H)Sk(H)*]. (16)

We take the element at the front-end of the array as a ref-
erence and set the weighting phase on the reference element
to 0. According to (15) and (16), we can design the weight
phase on the i th element as

0i (f) = i — o = angle [Si(HSo ()] . 7)

where S;(f) and So(f) are the receiving signals (in the fre-
quency domain) on the i th element and the reference element,
respectively.

Using the uniform weighting amplitude, the weight
coefficient on the i th element is written as by its phase

1
wap(i) =+ exp ()] (18)

The subscript MP denotes matched-phase. We demonstrate
that the variational phases of the acoustic channel trans-
fer functions over different elements in the array can be
compensated for by this method.

We assume that the phase weighting on the reference ele-
ment is 6, i.e., Op(f) = 0 and the phase of the corresponding
acoustic channel transfer function is yo(f). Then, the phases
of weighting coefficients on the i th and k th element can be
obtained, respectively,

0:(f) = i (f) — Yo (f) = angle [Si(H)So(f)*]
O () = Y () — Yo (f) = angle [Sk(H)So(F)*]. (19)

Therefore, the phase difference between the weighting
coefficient and the transfer function on the i th element is

Ai=0)—vi()=vi(f) —vo () —¥i (f) = —vo (f).
(20)

Similarly, the phase difference of the reference element and
the k th element can be calculated, respectively, as follows

Ay = Oo(f) — Yo (f) = —vo ()
Ap = 0c(f) — Y () = Yo (f) . 21

From (20) and (21), we can observe that the matched-
phase weighting method using (17) and (18) enables the
phase difference A between two arbitrary elements in the
array to be equal to —vo(f). As a consequence,

A = Aj — A = =0 (f) + Yo (f) = 0. (22)

This approach satisfies the condition that the difference of A
is equal to O; thus, a higher gain can be obtained.

We have demonstrated how to implement matched-phase
weighting and proved that the weight phases obtained by
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(17) and (18) are valid to compensate for the variational
phase of the channel transfer functions. Generally, received
signals have a certain bandwidth. In this case, the weight
vector of a single in-band frequency is first obtained by this
method, and then the weight vectors of all the frequencies
in the bandwidth can be formed into a weighting matrix for
beamforming. In the following section, we apply the phase
matching approach to the narrow-band signal, and propose
the corresponding beamforming method MPBF.

C. MATCHED-PHASE BEAMFORMING FOR A
NARROW-BAND SIGNAL

We assume that the array receives a narrow-band signal
with frequencies from fi, to fy. First, the fast Fourier trans-
form (FFT) is applied to the received data of each element,
and the spectra can be obtained and the frequency bins in the
narrow-band is Q. Then, we can obtain the weight coefficients
at the frequency in the narrow-band [f, fi1], according to (17)
and (18). Finally, the weight matrix of the MPBF can be
obtained by composing the weight vectors at all frequencies,

wap(1, f1) wap(1, £;) wap(1, fo) "

Wwmp = WMP&iafl) WMPéi»fq) . WMP(M»fQ) )
wap (M f)) - wapMLfy) -+ wap(M. fp)

(23)

where the superscript “T” denotes the transpose operation.
The matched-phase weight on the i th element is

, 1 .
wwmp(i, fy) = 3 &P (6 ()« fq € .Sl
WMP(iqu) = I/Ms fq ¢ [fL’fH]

0: (fy) = angle [Si(f)So(f)"] . (24)
where S;(f;) and So(f,) are the spectra of the received signal
by the i th element and the reference element at the fre-
quency f,, respectively. The weighting phases on the refer-
ence element are set to 0, i.e., wyp(1, f) = 1.

In the passive sonar detection, the received data usually
contain a noise component. One can use the received data
to obtain the weight matrix Wyp. Assuming the signal and
noise are uncorrelated, the spectrum of the received data on
the i th element P; is

P;=S;+N;, (25)

where S; and N; are the spectrum of the signal and noise,
respectively. Equation (24) can be rewritten as

1
wmp(i, fg) = 3 &P (6:()) Sy € o ful
wme(i, fg) = 1/M,  fq & [fr,fH]
6i (f;) = angle [Pi(fy)Po(fy)*] . (26)

where P;(f;) and Py(f,) are the spectra of the data on the
i th element and the reference element at frequency f;,
respectively.
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FIGURE 1. Flow chart of the MPBF.

The outputs of all elements weighted by Wyp are summed
to obtain the output of the MPBF,

M
Byp = Z (Wwmp o P)), (27)
i=1
where the symbol “o” represents the Hadamard product.
Based on the above analysis, the flowchart of the MPBF
can be obtained, as shown in Fig. 1.
In summary, the MPBF algorithm can be implemented in
three steps:
1. Apply the FFT operation to the data and obtain P;
2. Calculate Wyp according to (26);
3. Obtain the beam output of Byip by summing all the data
on the elements after weighting by Wyp, as given in (27).
According to the definition of AG in (9), the gain of
Zl 1 SMP,i

MPBF is
/ S e
‘Zl | Nwp,i Zl 1|N|2

where Svp and Nyp are the beam output of the signal and
noise on the i th element, respectively, after weighting by
phase matching

AgMPBF —

Smp,i = Wwp,i 0 S;
Nwmp,i = Wwmp,ioN;. (29)

In the following section, we verify the performance of the
MPBF using the simulation and experimental data of HLA in
the upslope waveguide. Comparative analysis of the AGs for
various processors are conducted to verify that MPBF has a
higher gain in the upslope ocean waveguide.

IV. SIMULATION

The ocean geometry in the continental slope (range-dependent
ocean waveguide) is illustrated in Fig. 2. The whole area
can be divided into three different regions: an abyssal plain,
a continental slope area, and shallow water. The abyssal plain
extends for 2 km with a water depth of 5000 m. Assuming
that the oblique angle of the slope is 3.5°, the continental
slope covers a range from 2 km to 90 km with the water
depth varying from 5000 m to 229 m. Finally, a 20 km
distance in shallow water is considered with a depth of 229 m,
making the whole distance in the three regions 100 km in
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FIGURE 2. Simulation environment and parameters.
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FIGURE 3. Sound speed profiles of the upslope waveguide at 10 km
intervals.

the simulations. The bottom absorption coefficients for all
three regions are assumed to be the same 0.5 dB/A. Assuming
that the sound speed profile (SSP) of the shallow water has a
negative gradient speed profile and that the SSP of the abyssal
sea is a standard Munk curve with a deep sound channel
axial at 1300 m, the SSPs of the continental slope region are
presented every 10km, as shown in Fig. 3.

The source is at a fixed depth of 550 m, radiating
a narrow-band signal with a center frequency of 190Hz.
An HLA with 100 elements (M = 100) is suspended in
the slope region at a depth of 120 m. The spacing between
adjacent elements is 4 m, approximately equal to half the
wavelength corresponding to 190 Hz. The acoustic channel
transfer functions are obtained by the RAM program based
on the split-step Padé algorithm for the parabolic equation
[26]. The average SNR at the elements is —10 dB. Taking the
receiving distance of 30 km as an example, we first compare
the acoustic channel coherence before and after weighting by
the MPBF. And then, the gain of the MPBF is compared with
that of the CBF, MVDR-BF and EBF.

A. ACOUSTIC CHANNEL SPATIAL COHERENCE

The spatial correlation coefficient of the acoustic channels
at the i th and the k th elements is calculated in frequency

177442

Element number

Element number

gos
2
35
206
o
=
S
= 04
© 02
( C) = After matched phase
==="* Without matched phase
0
0 20 40 60 80 100

Element number

FIGURE 4. Correlation coefficients of the acoustic channels in the
upslope waveguide: (a) and (b) results without and with matched-phase
weighting, respectively; (c) the correlation coefficients between the
reference element and the other elements without (blue dash-dotted
line) and after matched-phase weighting (red solid line). The source is at
a depth of 550 m, and the HLA is 30 km away from the source at a depth
of 120 m.

domain as [17]
Re [ [ Hi(HHi(f e v af |
pik = max
© e Par P a

where t is the time compensation and Re[-] represents
taking the real part. At a receiving distance of 30 km,
the correlation coefficients between all pairs of elements
are shown in Fig. 4(a). The correlation coefficients decrease
with the increase of element spacing and then present an
oscillating downtrend, due to the multipath propagation man-
ifested as the nonuniform amplitude and phase of the channel
transfer functions. This outcome ultimately leads to the gains

., (30)
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FIGURE 5. Simulated array gains with the number of elements for the
CBF (red solid line), MVDR-BF (green solid line with “Q"), EBF (blue
dash-dotted line) and MPBF (purple solid line with “+"), respectively.

of the CBF, MVDR-BF and EBF being lower than the ideal
value.

Utilizing the received data of the HLA, Wyp is obtained
according to (26), and the correlation coefficients are calcu-
lated after a matched-phase operation. Fig. 4(b) shows the
correlation coefficients between all pairs of elements. All
the correlation coefficients are greater than 0.7, although the
coherence is still attenuated. In comparison, the correlation
coefficients between the reference and other elements in
the HLA are shown in Fig. 4(c), including the correlation
coefficients after matched-phase weighting. The sum of all
the correlation coefficients in Fig. 4(c) is 67.59 (the mean
value is 0.6759), yet the sum is 84.41 (the mean value
is 0.8441) after matched-phase weighting. It is clear from
Fig. 4 that the correlation coefficients with matched-phase
weighting are greater than those without it, which verifies
that the phase variation of the channel transfer functions can
be compensated for by the matched-phase weighting method,
and then, the acoustic channel coherence can be significantly
improved.

B. THE GAINS OF VARIOUS BEAMFORMERS

According to (9), the gains of the four kinds of beamformers
at a distance of 30 km are calculated as a function of element
number, as shown in Fig. 5. In contrast, the solid black line in
Fig. 5 shows the ideal value of AG, i.e., 10log;y M. We can
observe that the gains of the CBF (red solid line), MVDR-BF
(green solid line with “(0”’), EBF (blue dash-dotted line) and
MPBF (purple solid line with “+4’) are the same and equal
to the ideal value when the number of elements is less than 7.
Then, the gains of the four kinds of beamformers increase
with the number of elements, but all of them are less than
the ideal value, due to the degradation of acoustic channel
coherence. The gain of the MPBF starts to be larger than that
of the other three beamformers when the number of elements
reaches 40 (the array length is 156 m). In addition, when the
number of elements reaches 75(the array length is 296 m),
the gains of the three traditional beamformers almost no
longer increase with the number of elements, but the gain of
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FIGURE 6. Source-receiver configuration of experiment.

the MPBF continues to increase. For the whole HLA with 100
elements, the gains of the CBF, MVDR-BF, EBF and MPBF
are 16.27 dB, 16.54 dB, 17.03 dB and 19.23 dB, respectively.
The gain of the MPBF is significantly higher than that of
the other three beamformers and close to the ideal value
of 20 dB.

The acoustic channel coherence and performances of the
CBF, MVDR-BF and EBF and MPBF are simulated when
the long HLA operates in the upslope waveguide. The results
show that the acoustic channels are affected by the ocean
waveguide, leading to the degradation of coherence. The
gains of the CBF, MVDR-BF and EBF deviate from the ideal
value and do not increase with the number of elements if
the element number reaches a certain value. However, the
matched-phase weighting method compensates for the phase
variation of the acoustic channel transfer function, improves
the coherence, and finally, can obtain a higher gain. Next,
we verify the performance of the MPBF utilizing experimen-
tal data collected by a long HLA in the northwest of the South
China Sea.

V. EXPERIMENT RESULT

A. EXPERIMENTAL REVIEW

The experiment was carried out using two ships in the South
China Sea in July 2014. The source ship maintained its
position in shallow water, and the source transducer was sus-
pended at a normal depth of 96 m, radiating a pseudo-random
signal with frequencies from 50 Hz to 360 Hz. The signal
was transmitted twice every 1210 s with a duration of 1200 s
and propagated through an upslope waveguide. A long HLA
(receiving array) was towed by the receiving ship away from
the fixed source ship at a speed of 4.4 knots. The array had
192 elements uniformly spaced at 1.5 m, and the sampling
frequency was 12 kHz. We chose the collected data when the
array was 24 km away from the source and towed at a depth
of 120 m. Fig. 6 and 7 show the source-receiver configuration
and the station diagram in the experiment, respectively.

The following analysis requires confidence that there is
no interference signal in the received data and that the SNR
is relatively high. First, we operate a narrow-band filter
with a frequency from 115 Hz to 125 Hz on each element,
and a narrow band signal with a central frequency 120 Hz
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FIGURE 7. Station diagram of the source and the HLA.
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FIGURE 8. CBF swept-beam analysis using signals without (blue
dash-dotted line) and after signal collection (red solid line), respectively.

(bandwidth 10 Hz) is obtained. Then, the towed array is
divided into several subarrays overlapping each other, and
the optimum beamforming is carried out for each subarray to
improve the SNR of the received data and suppress interfer-
ence. The subarray output is taken as the signal on the element
at the front-end of the subarray. In this paper, the subarray
has 20 elements, and the number of elements overlapping
adjacent subarrays is 19. For the HLA with 192 elements,
the received signals of 172 elements can be obtained, and
the spacing between adjacent elements in the array is also
1.5 m. The data from the 10th to the 110th elements are
chosen to analyze the signal collected. The beam powers of
the CBF (as an example) are shown in Fig. 8 using data
without (blue dash-dotted line) and after signal collection
(red solid line). The bearing of the target is 76° measured
from the end-fire of the array. It is found that the signal
power is almost 13 dB higher than the noise power, and
the interferences (at 110°, 125° and 138°) are suppressed.
Finally, the received data are obtained by adding the Gaus-
sian noise with equal power on each element. The average
SNR is —10 dB, the same as the simulation. We investigate
the acoustic channel coherence and the performances of the
CBF, MVDR-BF, EBF and MPBF using the data after signal
collection.
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FIGURE 9. Correlation coefficients of signals in the experiment: (a) and
(b) results without and with matched-phase weighting, respectively;

(c) correlation coefficients between the reference element and the other
element without (blue dash-dotted line) and after matched-phase
weighting (red solid line). The source is at a depth of 96 m, and the HLA is
24 km away from the source at a depth of 120 m.

B. SIGNAL SPATIAL COHERENCE
Generally, the acoustic channel correlation coefficient can be
a measure of the corresponding signal coherence [27]. In the
experiment, it is difficult to estimate the acoustic channel
transfer function accurately. Here, we calculate the signals
coherence instead of the spatial coherence of the acoustic
channel transfer functions. Following the analysis in the
simulation, the correlation coefficients between all pairs of
signals are calculated, as shown in Fig. 9. We observe that
the coherence rapidly decreases with the increase of element
spacing, as shown in Fig. 9(a).

The weight matrix of matched-phase Wyp is obtained
according to (26). The signal correlation coefficients after

VOLUME 8, 2020



L. Xie et al.: MPBF to Improve the Gain of a Long Linear Array in the Range-Dependent Ocean Waveguide

IEEE Access

20
o
= 15
N—
g
&
10
]
< 10logM
5 —+— MPBF
=== EBF
=== CBF
MVDR
0
20 40 60 80 100

Element number
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matched-phase weighting are shown in Fig. 9(b) which shows
that the correlation coefficients are almost greater than 0.7.
For comparative analysis, Fig. 9(c) shows the correlation
coefficients between the reference element and the other
element in the HLA before and after the matched-phase
weighting. The sum of all the correlation coefficients without
matched-phase weighting is 57.09 (the blue dots draw lines),
yet the sum is 83.59 (the red solid line) after matched-phase
weighting. It is clear that the signal coherence can be
improved (the acoustic channel coherence be restored), after
compensating for the phase of the channel transfer function
by the matched-phase weighting method with a uniform
amplitude weighting.

C. THE GAINS OF VARIOUS BEAMFORMERS

From Fig. 9., we can be speculated that the gains of the CBF,
MVDR-BF and EBF will be less than the ideal value, due
to the degradation of the signal coherence. According to (9),
we calculate the gains of the four kinds of beamformers as
functions of the element number, as shown in Fig. 10. One
can observe that the gains of the CBF, MVDR-BF, EBF and
MPBF are equal to the ideal value when the number of ele-
ments is less than 5. Then, the gains increase with the number
of elements but reach less than the ideal value. The gains
of the CBF and MVDR-BF are approximately equal but less
than the gains of EBF when the number of elements exceeds
20. When the number of elements reaches 7 (the array length
is 9 m), the gain of the MPBF starts to exceed that of the
other three beamformers. For the HLA with 100 elements, the
gains of the CBF, MVDR-BF, EBF and MPBF are 16.10 dB,
15.85 dB, 16.68 dB and 18.81 dB, respectively. It is clear
that the gain of the MPBF is significantly higher than that
of the three traditional beamformers. Hence, the MPBF can
be expected a high gain in the real ocean waveguide.

Vi. SUMMARY AND CONCLUSION

The mechanism of array gain degradation caused by the
imperfectly correlated acoustic channels in the range-
dependent ocean waveguide is studied, based on which the
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MPBEF is proposed to improve AG. The performance of the
MPBF has been investigated using simulated and experimen-
tal data received by a long HLA in the upslope waveguide.
The results of the acoustic channel coherence and the cor-
responding AG are presented as a function of the element
number (or array length).

The acoustic channel is affected by the nonuniform ocean
waveguide, which leads to the distortion of the wave-
front or multipath arrival. For the plane-wave beamformers
(CBF, MVDR-BF, EBF), the weighting phase cannot com-
pensate for the phase of the acoustic channel, i.e., phase mis-
match. The phase mismatch is the major factor that results in
the decrease of AG. Assuming the ambient noise is isotropic,
the analytical expression of AG considering the acoustic
channel is derived as (14), which shows the influence of the
phase difference (A) between the weighting phase and chan-
nel transfer function phase on AG. This finding indicates that
AG will be close to the ideal value if the difference between
two arbitrary As approximates 2nm (n is an arbitrary integer).
Based on the above analysis, the matched-phase method is
proposed. The phase difference between two acoustic channel
transfer functions can be extracted using the received data in
the frequency domain. And then, the matched-phase beam-
forming can be carried out using this phase difference as the
weighting phase.

Numerical simulation and experimental data of a long
HLA in the upslope waveguide are processed. First,
the acoustic channel correlation coefficients without and
after matched-phase weighting are calculated, as shown
in Fig. 4 and 9. These figures demonstrate that the correlation
coefficients after the matched-phase weighting are greater
than 0.7, which verifies that matched-phase weighting can
compensate for the phase of the acoustic channel transfer
function and restore the acoustic channel coherence. Then,
the performances of the CBF, MVDR-BF, EBF and MPBF
are compared with the data received by the HLA. The gains
of four kinds beamformer are calculated as a function of the
element number, as shown in Fig. 5 and 10. The gains of
the three traditional beamformers increase with the number
of elements when the number of elements is small (the array
length is short enough). However, the gains do not increase
further when the number of elements exceeds a certain value,
which is caused by the attenuation of the acoustic channel
coherence. The gain of the MPBF is larger than that of
the CBF, MVDR-BF and EBF and close to the ideal value,
101log;o M. Both the results of the simulation and experiment
demonstrate that the MPBF can avoid the decrease of AG
caused by imperfectly correlated acoustic channels in the
range-dependent ocean waveguide.

Overall, this research demonstrates a new beamforming
method, termed matched-phase weighting beamforming, that
can obtain a high gain in a complex ocean waveguide.
Based on the phase matching with the acoustic channel
transfer functions, the MPBF overcomes the influence of
imperfectly correlated acoustic channels on the array out-
put. Additionally, the received data usually contain a noise
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component; hence, the extraction of the phase difference
between channel transfer functions is subject to the SNR of
the data.
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