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Accurately estimating the bearing of a target with two hydrophones requires knowing the precise distance between
them. However, in practice, it is difficult to measure this distance accurately due to the influence of current. To solve this
problem, we propose a method for extracting the time-domain Green’s function between two points in multi-ship scenarios
and for extracting the time-domain waveform arrival structure between two hydrophones in real-time based on long samples
of ship radiation noise cross-correlation. Using the cross-correlation function of the radiated noise from any ship located
in the end-fire direction of the two hydrophones, we can estimate the distance between the hydrophones in real-time. To
verify the accuracy of our estimation, we compare the result of azimuth estimation with the actual azimuth based on the
azimuth estimation of a cooperative sound source in the maritime environment. Our experimental results show that the
proposed method correctly estimates the distance between two hydrophones that cannot be directly measured and estimates
the position of a cooperative sound source 4 km away with an average deviation of less than 1.2°.

Keywords: ocean ambient noise, the time-domain Green’s function, cross-correlation

PACS: 43.30.4+-m, 43.60.+d, 92.10.Yb, 92.10.Vz

1. Introduction

In the actual environment, it is difficult to accurately mea-
sure the distance between the two hydrophones due to the in-
evitable influence of wind, wave, surge and flow, which leads
to the deviation of azimuth estimation.!'! During operation,
the synchronous measurement of a sonar array is crucial to
ensure accurate estimates of the target azimuth estimation re-
sults. Currently, research on this problem can be classified
into two categories: active and passive methods. The basis
of these methods is to measure the distance between the two
hydrophones by acoustic method. The traditional active mea-
surement method needs to use the active sound source. How-
ever, considering the multipath effect in the shallow sea envi-
ronment and the interference of other irrelevant signals, it is
difficult to measure accurately. The empirical Green’s func-
tion method is a main method used in passive measurement
methods. It does not require active sound source cooperation
during use, and it is not limited by time and space. During the
process, this method does not cause sound pollution and can
reduce the difficulty of measurement. Additionally, it is more
convenient in engineering practice.

Extracting Green’s function from noise originated from
seismological research.?! Sabra and Roux er al. found that
the time derivative of the time-domain noise cross-correlation

function (NCF) is related to the time-domain Green’s function
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(TDGF) between two points from the ocean ambient noise. )
Then they proved this phenomenon in theory* and extended
it to the case of homogeneous media with attenuation, 151 which
greatly promoted the development of this research in the field
of underwater acoustics. Godin extended this theory to the dif-
fusion acoustic noise field in any inhomogeneous fluid!®! and
used it to evaluate the velocity and sound velocity between two
points.!”! Fried and Kuperman!®! extracted TDGF in the hor-
izontal array. Since then, the research has been widely used.
Siderius!®! and Harrison!'%! conjectured the layered structure
of the seabed. G F Lil'!l and J Lil'>13] realized passive imag-
ing of scatterers and inversion of seabed geoacoustic parame-
ters. X L Lil'"*! detected quiet targets. Zhou!'>! applied vec-
tor hydrophones to suppress the interference of non-stationary
noise sources in the distance. Sabral'® and Yang!!'”! combined
the least squares method and the multi-dimensional scaling
method to achieve the calibration of the formation. Tan!!%1°]
inverted the dispersion curve of passive measurement, and
Guo!?”! used the method of sub-band binary weighted accu-
mulation to improve the signal-to-noise ratio of broadband ex-
traction.

In many applications, the measurement of hydrophone
spacing is an important parameter that directly affects the ac-
curacy of target azimuth estimation. The TDGF between two
points can be extracted by using the ocean ambient noise, and
the time arrival structure between two points can be obtained.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Then the distance information between two hydrophones can
be obtained under passive conditions. However, due to the
inhomogeneity of the spatial distribution of ocean ambient
noise, in order to meet the requirements of the general em-
pirical Green’s function method,*'->3! a long-term cumula-
tive signal is required. The purpose of time accumulation is
that on the one hand, the inhomogeneity of spatial distribu-
tion can be compensated by multi-shot data. On the other
hand, the longer the accumulation time is, the more signifi-
cant the delay peak in the end-fire direction is, and the more
accurate the time arrival structure is. By numerical analysis,
Derode?¥ pointed out that the time-domain waveform arrival
structure between two hydrophones can be obtained by ex-
tracting the main features of TDGF. Roux [>! studied the prob-
lem of extracting TDGF from the radiated noise of a moving
ship, and indicated that the main characteristics of TDGF be-
tween two hydrophones can be obtained by using the cross-
correlation function of the ship noise, when the ship is located
in the end-fire direction of the two hydrophones. Therefore,
increasing the length of the signal sample for calculating the
cross-correlation can highlight the cross-correlation function
characteristics of the ship, when it is located in the end-fire di-
rection of the two-hydrophone connection. The main features
of TDGF are extracted by ship noise, so as to calculate the
distance between two hydrophones, which is suitable for ap-
plication scenarios with high real-time requirements such as
target detection.

In the experiment discussed herein, two hydrophones
were hoisted on the experimental platform with a cable, with
no connection between them. The measured distance between
the lifting points was 32.7 m. Accounting for measurement er-
rors caused by the swing of the hanger arms and water flow, the
actual distance between the two hydrophones is estimated by
the method of this paper to be about 25 m. The method is ap-
plied to the two hydrophones to achieve the azimuth estimate
of the cooperative sound source at a distance of 4 km, and the
average deviation is less than 1.2°, which could improve the
accuracy with which the azimuth of two hydrophones is esti-
mated in real-time.

2. Theory and simulation

2.1. Basic principle of time-domain Green’s function be-
tween two points for extraction of ambient noise

According to Ref. [24], when considering only absorption
loss of water body for any two receiving points A and B in the
underwater space and a sound source C, the cross-correlation
function of the signal received at points A and B can be ex-
pressed as

Corrpg (7) = /sA (t)sg(t+7)dr

= hac(T)@hpc (—7)® f (1), (D

where s (1) and sp (¢) are the receiving signals of points A and
B, respectively, hac (T) and hpc (T) are the impulse response
functions from point A to sound source C and from point B
to sound source C, respectively, and f(7) is the autocorrela-
tion function of the signal from sound source C. If the space
is a closed and empty cavity, we have hac (T) ® hpc (—7T) =
hag (T) ® hee (—1); thus, equation (1) can be rewritten as

Corrap (’L’) = haB (T)@hcc (—T)@f(f). )

The TDGF between two points represents the impulse re-
sponse between them. Equation (2) shows that the cross-
correlation function of the received signal between points A
and B in a closed cavity can recover the TDGF between two
points.

When the sound source C is a group of coherent noise
sources evenly distributed on a plane that completely encom-
passes the receiving points A and B, then there is a relationship
between the receiving points A, B, and such a group of sound

sources:
Y hac (—7) @ hep (T) = hpa (T) +ha (— 7). 3)
C

Assuming that the transmission path between any two points I
and J in the underwater space is completely reversible, that is
hyy (t) = hy (), sound waves can propagate in both directions
without loss of information. The combination of Eqs. (1) and
(3) shows that, by averaging the cross-correlation function of
the signals received at points A and B from each sound source,
it is also possible to restore the time-domain Green’s function
between points of A and B. However, the accuracy of the re-
covery is proportional to the number of sound sources.

2.2. Theoretical model of TDGF between two points con-
sidering ship-radiated noise extraction

It is found that the existing ocean ambient noise models
only consider the uniform distribution of noise sources on the
ocean surface. However, the models do not cover the impact
of many unevenly distributed ship-radiated noises nearby.

The cross-correlation function of the two receiving points
calculated by the K/I ocean ambient noise field model pro-
posed by Kuperman?® is as follows:

2 2
Cw(RaZ17Z2) = M;WH(ZI)V,”(ZZ) II;’;(Iiﬂ)
% 1" )~ 1 ()| @

where Q) (@) is the power spectrum of the sea surface noise
source, O, is the imaginary part of the eigenvalue, K, is the
real part of the eigenvalue, W, ,(z) is the normal wave eigen-
function, k,,, is the eigenvalue, 7’ is the noise source depth,
p(Z') is the density, and k(®) is the wave number.
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To address this limitation, we introduce the influence of
ship-radiated noise sources. We consider two receiving points,
denoted as R; and R;, which are located at horizontal distances
from the ship noise source. The noise field at points (r(,z;),
(r2,72) can be expressed as follows:

¢(V1,Z1):Sl(r)g(rl,r,m,z), )
(P(rz,zz):Sl(r)g(rz,r,zz,z). (6)

In the above equations, g(ri,r,z1,7'), g(r2,r",22,7') are the
Green’s functions, and S is the noise source level of the ship-
radiated noise.

The Green’s function of the point source sound pressure
can be expressed as the sum of the normal modes of each or-
der.

g(r',z1,2) = 4PZWn 21) Y (2)H ()(knr/)' 7

According to this, the ship radiated noise field can be calcu-
lated, the cross-correlation function of the two receiving points
can be expressed as

Co(r1,r2,21,22) = S1(r)S71(r)g(r1,1,21,2)8" (12, 1,22,2). (8)

knRoHY (k, R )H>

Letting R = r| —rp, we get

1?,2) ZZ‘V 21) Wi (22) W (2) Wi (2)

Hy ’(kan)Hé  (—knRy), ©)

Cw(R721 7Z2) =

where Q5 (@) is the power spectrum of the ship-radiated noise.

In addition, when considering the multi-ship scene in an
actual environment, numerous ship trajectories pass through
the end-fire direction of the two receiving points. Equation (9)
is integrated along a ship trajectory of length L. The average
of the results after integration can be obtained as follows:

2

ZZ‘I’n 21) Y (22) W (2 )‘Vm(zl)z

Q2
16p%(
L/Z

(Co(R,z1,22)) =
H." (k,R)HY (—knuR2) d2Ry. (10)

The integral part of Hankel function is calculated separately.
By using the properties of Hankel function, it can be obtained
as follows:

L2

) (kR2) — kR ™) (ko RH (K R2)

2 rL2 1 1 2
Fan = 7 [ H (aROHE (ne) Ry =

When the ship is located in the end-fire direction of the
— R>| = R. Substituting
it into Eq. (11), it can be obtained that after separation and

two receiving points, we can get |R;

simplification
_sin((ky —kn)5) HY (k,R) 12
mn (kn _ km)% /fkm
We have . .
_ sin((k, —kin)5)
mn (kn — km)% P
when it satisfied L >> 1/miny », (kn — ki),
[0, m#n,
fmn—{L P (13)

After normalizing the cumulative average of the multi-
ship trajectory integration results, the cross-correlation func-
tion is extended to the multi-ship scene

()
(Co(R,21,22)) = 16020 an 21)¥(22)
x mHf)‘)(k,,R). (14)

Vkn

It can be observed that the cross-correlation function de-
rived in the multi-ship scenario has a structure similar to that

11
e (n

of surface sound sources. Through cumulative averaging of
multi-ship scenarios, the correlation function after averaging
can compensate for the contingency of ship-radiated noise,

thereby supplementing the far and near ship-radiated noise.

2.3. Simulation of TDGF theoretical model between two
points for ship-radiated noise extraction

A shallow ocean ambient is simulated under the condi-
tion of simulation experiment. The environmental parameters
The sea depth is 46 m, the sound
velocity in seawater is 1500 m/s, and the density is 1 g/cm?.

are depicted in the Fig. 1.

The sound speed profile is uniform throughout the water col-
umn. The seabed is a semi-infinite space covered with a layer
of sedimentary material 20-m thick. The sound velocity of the
sedimentary layer is 1600 m/s, and its density is 1.8 g/cm?.
The seabed attenuation coefficient is 0.45 dB/A. The noise
source is a point source uniformly distributed on an infinite
plane parallel to the sea surface at a depth of 0.1 m. The sim-
ulated frequency range is 100 Hz to 1500 Hz.

First, in the ocean ambient sound field depicted in Fig. 1,
a simulation of the traditional model is performed under sur-
face sound source conditions. A hydrophone is placed at a
depth of z; = 24 m, and a vertical receiving array is positioned
at a horizontal interval of R = 32.7 m, extending from the sea

124301-3
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surface to the seabed. The depth of the hydrophone in the
vertical receiving array is set to z;. Using Eq. (4), the cross-
spectral density of the hydrophone and each hydrophone on
the vertical receiving array is calculated under surface sound
source conditions, and the correlation function of the two re-
ceiving points is obtained by inverse Fourier transform to re-
store the time-domain arrival structure, as shown in Fig. 2(a).
Equation (7) gives the expression of the Green’s function, the
inverse Fourier transform of the Green’s function between two
points is used as a comparison, as shown in Fig. 2(b).

Surface noise

3k 3k 3k >k >k 3k 3k %k %k ok ok %k %k ok sk sk k ok 3k 3k %k ok ok %k kK k
Z=0.1m L4
°
°
® H=46 m
c1=1500 m/s @€«—R =327 m—>e®
pr=1.0 g/cm3 z1=24m e 22
°
Seabed ° v
c2=1600 m/s

p2=1.8 g/cm?

Fig. 1. Diagram of simulation environment.

Secondly, the ship-radiated noise sources are simulated
in the same ocean sound field environment as shown in Fig. 1.
By averaging the integral normalization of ship’s trajectory,

1.0
0.9 5
0.8 10

- 0.7 _ 45

& 06 E o

4 0.5 =

Q s 25

] 0-4 2 30
0.3 )
0.2 35
0.1 40

45

0.015
Time delay (s)

0.005 0.025 0.005

0.015
Time delay (s)

the cross-spectral density expression between the two points is
calculated by Eq. (14) with considering the ship-radiated noise
source. Then, the cross-spectral density of the reference hy-
drophone and each hydrophone on the vertical receiving array
is calculated respectively, and the correlation function of the
two receiving points is obtained by inverse Fourier transform.
Finally, the time domain arrival structure can be restored, as
shown in Fig. 2(c).

Comparing Figs. 2(a) and 2(b), it can be seen that the
Green’s function between the two points is basically consis-
tent with the time arrival structure under the surface sound
source model. However, when the two receiving points are at
a depth of 24 m, the arrival structure of both has a certain de-
gree of bending, which deviates from the true value. By com-
paring Figs. 2(a)-2(c), it can be found that the ship-radiated
noise source model is basically consistent with the time ar-
rival structure of the former two at a depth of 24-m except for
the two receiving points. However, at the depth of 24 m at
both receiving points, there is no bending, and it is restored to
near the true value. This suggests that when a large number of
ships near the two receiving points pass through the end-fire
direction of the two receiving points, after the integral average
normalization of the ship’s trajectory, the accuracy of the time
arrival structure of the two receiving points at the same depth

using the ocean ambient noise calculation is improved.

1.0 0 1.0
0.9 5 0.9
0.8 10 0.8
0.7 — 15 I 0.7
06 &, 0.6
05 g 0.5
0.4 > 0.4
03 R 30 0.3
0.2 35 0.2
0.1 40 0.1

0.015  0.025
Time delay (s)

0.025 0.005

Fig. 2. Comparison of traditional surface source model, Green’s function, and ship-radiated noise model in the same ocean ambient: (a) surface source,

(b) Green’s function, and (c) ship-radiated noise.

2.4. Fast method for extracting main features of TDGF

According to a literature analysis, estimating the distance
between two hydrophones without further in-depth analysis
requires only extracting the main characteristics of the TDGF
between the two hydrophones. The most direct way to achieve
this is to arrange a broadband transmitting transducer in the
end-fire direction of the two hydrophones and calculate the
distance between them through the cross-correlation of the re-
ceived signals of the two hydrophones. If a ship is located
in the end-fire direction of the two hydrophones, the distance
can also be calculated based on the cross-correlation of the

radiated noise of the ship. However, laying the required coop-

erative sound source or cooperative ship as discussed above is
not feasible in most passive-sonar working scenarios.

In the multi-ship scenario, there is a situation where the
ship sails around the two hydrophones, and the ship’s motion
will cause changes in the correlation of the received signals of
the two hydrophones. When the ship is located in the end-fire
direction of the two hydrophones, the correlation between the
received signals of hydrophone varies slightly with the ship’s
movement. And the cross-correlation coefficient remains high
under long sample cross-correlation. When the ship’s azimuth
is closer to the abeam direction of the two hydrophones, the

ship’s movement leads to a faster weakening of the correla-
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tion between the signals received by the hydrophone, which
is reflected in the decrease in the cross-correlation coefficient
of the long sample. Therefore, through the processing method
of long sample cross-correlation, the cross-correlation func-
tion of ship-radiated noise can be filtered out from the signal
processing results of the hydrophone when the ship is just in
the end-fire direction of the two hydrophones, and the time-
domain waveform between the two hydrophones can be ob-
tained to calculate the distance between the two hydrophones.

Let B(6,6) be the change in the correlation coefficient
of the two-hydrophone signal caused by the ship sailing from
azimuth 6 to azimuth 6. In Fig. 3(a), the schematic diagrams
of the end-fire direction, the abeam direction, and the non-end-
fire direction are given by the horizontal top—down diagram.
According to the derivation of B(0, 6y) in Ref. [25], when the
ship is located in the end-fire direction of the two hydrophones,
the change in correlation of the two hydrophones caused by the

ship motion is given by

86* (R\*[ , Aw?
B(59,0)B(59,n)18(c) (w +12), (15)

where 60 < 0 is the small change in ship azimuth caused by
the ship motion.

Abeam direction

(a) A

Non-end-fire
direction
o< »o End-fire direction
1st 2nd
hydrophone hydrophone
v
(b) r=327m Floating platform
[ 1 y
h=24m
1st 2nd
hydrophone hydrophone
H=46 m
- m [oad
A

Fig. 3. (a) Horizontal top—down diagram, (b) layout of experimental
offshore hydrophone.

When the ship is located in the non-end-fire direction of
the two hydrophones, we get

862 [2Rsin(60)1% [ , Aw?
B(90+66,7r)_1—2[c} (w +12).(16)

According to the calculation results of Ref. [25], the ra-
tio of normalized Eq. (15) to Eq. (16) can reach up to 25 dB,

which is basically consistent with the experimental results. It
can be verified that when the ship is located in the end-fire di-
rection of the two hydrophones, the effect of Green’s function
extraction is better than that in the non-end-fire direction. In
Fig. 2(c), the time domain arrival structure between two points
can be accurately obtained in the end-fire direction, but there is
a large interference in the non-end-fire direction. However, the
difference between the end-fire direction and the non-end-fire
direction is not seen in Figs. 2(a) and 2(b).

On October, 2018, the sea experiment was conducted in
the Yellow Sea, approximately 50-km southeast of Shidao,
Shandong Province. The water depth of the experimental area
was approximately 46 m, and the sea state was about 1-2 lev-
els. The sound velocity profile of the seawater changed grad-
ually, and there was no evident thermocline, approximated at
1500 m/s. The two hydrophones were hung on the same side
and fixed under a floating metal platform. There were 150 kg
of weights hanging below to ensure that the two hydrophones
were approximately horizontal underwater. The depth direc-
tion of the two hydrophones was about 24 m below sea level.
The vertical slice diagram is shown in Fig. 3(b).

The data preprocessing involves several steps: trend
term removal, mean value, normalization, band-pass filtering,
and whitening processing. The resulting preprocessed sig-
nal is utilized for cross-correlation processing, and the cross-
correlation results are averaged multiple times to obtain a
single output result. Finally, the time history of the cross-
correlation function is normalized. Figure 4 shows the pro-
cessing flow.

In the data preprocessing, removing the detrend item can
eliminate the influence of the offset generated by the receiver
when obtaining data on the later calculation. The mean re-
moval makes each dimension of the input data centralize to 0.
The band-pass filter separates the data with an analysis band-
width of 500 Hz-1000 Hz. The purpose of whitening is to
remove the correlation between data and homogenize the vari-
ance. After data preprocessing, the analysis can be concen-
trated on the fluctuation of the data trend itself, and the effect
has been better improved. Figure 5 shows the effect of data
preprocessing on the results of Green’s function extraction.

Comparing Figs. 5(a) and 5(b), it can be seen that due to
the large interference of the original data, there will be rela-
tively strong interference at the time domain arrival structure,
and the accurate Green’s function cannot be extracted. After
data preprocessing, the analysis can be focused on the fluc-
tuation of the data trend itself, which significantly improves
the extraction effect of the Green’s function. By comparing
Figs. 5(b)-5(d), it can be seen that the extraction effect of
Green’s function is obviously improved with the increase of
sample lengths, and the side lobes near the time domain ar-
rival structure are gradually reduced.
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Ist

Preprocessing

receiving signal

2nd

Y

Eliminate trend term
Remove mean value
Band-pass filtering

Whitening process

Preprocessing

receiving signal

Y

Eliminate trend term
Remove mean value
Band-pass filtering

Whitening process

Ist
output signal

Cross-
correlation

Multiple
averages

Output

2nd

output signal

results

Fig. 4. Diagram of data processing flow.

data as triangles.
According to the AIS data collected in the experiment, the
20-minute data of a cargo ship sailing around the experimental

© (b)
E 0 platform were selected for analyses. And the cross-correlation
T;m © processing was performed on sample lengths of 5 s, 30 s, and
c . . . . .
< 0 60 s. Figure 7 shows the resulting normalized time history
diagram.
50
—0.2 —0.1 0 0.1 0.2
Time delay (s) . 25F A
Fig. 5. The effect of extracting Green’s function under different pro- E Floating platform
cessing conditions (a) The sample length without data preprocessing is ;/ : §
5s. (b)—(d) The sample lengths after data preprocessing are 5 s, 30 s, ?:D or fﬁ Q@
60 s, respectively. th 45
. . . . _25 B A
Based on the signal received by the AIS receiver installed
on the experimental platform, several ships are present within _50 , | |
50 km of the experimental platform, distributed as shown in —50 —25 0 25 50
Range (km)

Fig. 6. The figure shows the experimental platform as the cen-

tral dot and the position of the ships obtained from the AIS

source transmits signal.

Fig. 6. Ship distribution on the sea surface when the cooperative sound
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Fig. 7. Normalized time history of the cross-correlation function of two-hydrophone signals when a ship target sails around the experimental
platform: (a) sample length of 5 s, (b) sample length of 30 s, and (c) sample length of 60 s.

Figure 7 shows that the correlation of ship-radiated noise ~ diagram of the cross-correlation function of the long sample

between two hydrophones and the ship azimuth change is con-  has distinct features only when the ship is situated in the end-
sistent with the above analyses. The normalized time history  fire direction of the two-hydrophone connection, and these
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features weaken when the ship is oriented in other directions.
This characteristic reveals the time-domain waveform arrival
structure between the two hydrophones, which can be used
to estimate the distance between them. Compared with the
traditional empirical Green’s function extraction method, this
method can estimate the distance between two hydrophones in
near-real-time in a multi-ship scenario, without requiring long-
term cumulative averaging of the cross-correlation function of
ambient noise.

2.5. Experimental verification of marine cooperative
sound source

This part does not aim to use a cooperative sound source
for measuring the distance between the two hydrophones di-
rectly, as such a kind of active measurement would lead to
significant errors compared with the real value. Instead, we
adopt the passive method, using the distance between the two
hydrophones measured by the ship-radiated noise source in the
ocean ambient to estimate the target azimuth of the cooperat-
ing sound source. Next, the target azimuth measured by the
distance between the two hydrophones is compared with the
actual results from the target azimuth. Hence, the accuracy of
the distance between the two hydrophones would be verified.
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Fig. 8. Analysis of received signal when the cooperative sound source
transmits single-frequency signal (a) power spectrum of received signal
and (b) LOFAR diagram of received signal.

One subject of the experiment involves bearing estimation
of the cooperative sound source at sea. A launching ship car-
ries the cooperative sound source and emits a single-frequency
signal of 190 Hz at a distance of about 4 km from the real plat-
form. The experimental system’s sampling frequency is 5 kHz.

The sound source emits a continuous 190-Hz single-frequency
signal, and we selected 3 min of data from the received signal
for analyses. Figure 8 shows the power spectrum and LOFAR
results, respectively.

Based on the distance measured between the two hy-
drophones shown in Fig. 8, the cross-spectral phase compar-
ison method was used to calculate the azimuth of the coop-
erative sound source, which was then compared with the true
value of the cooperative sound source azimuth calculated by
the GPS carried by the launch ship. The results are presented
in Fig. 9.

Figure 9 reveals a significant difference between the esti-
mated value and the true value of the azimuth of the coopera-
tive sound source. We conclude that the direction-finding task
of the cooperative sound source cannot be completed based
on the measured value of the two-hydrophone distance. One
reason for this problem is that a cable suspends the two hy-
drophones, and there is no rigid connection between them.
Under the influence of water flow, the actual distance between
the two hydrophones and the measured value of the lifting
point have changed significantly. Therefore, the measured
value of the lifting point cannot be used as the distance be-
tween the hydrophones when estimating the sound source ori-
entation.

120

* Uncalibrated bearing estimation
* GPS calculation

0 20 40 60 80 100 120 140 160 180
Direction (°)

Fig. 9. Cooperative sound source azimuth estimated based on the mea-
sured value of the deployment point compared with its true value.

According to the processing flow shown in Fig. 4, the
received signal of the hydrophone is processed, and a time
history analysis of the cross-correlation function of the re-
ceived signal of the two hydrophones is performed. To ana-
lyze the results more intuitively, the pseudo-color image, sim-
ilar to Fig. 7, is binarized, and only the peak points higher
than 0.6 after normalization of the cross-correlation function
are extracted. The binarized time history diagram is shown in
Fig. 10.

Based on Fig. 10, a nearly continuous line is observed
at approximately 0.015 s. As per the previous analyses, the
correlation characteristics of the moving ship in the end-fire
direction of the two hydrophones are the most significant, and
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the distance between the hydrophones will not change dras-
tically in a short period. The time-domain waveform arrival
structure between the two hydrophones, extracted by any ship
sailing in the end-fire direction of the two hydrophones, is con-
sistent. Thus, the distance between the hydrophones during the
observation time can be estimated based on the line character-
istics shown in the figure. The results are illustrated in Fig. 11
and differ significantly from the measurement results of the
hydrophones.

140
120
100
80
60

Sample number

40

20

—00.10 —0.05 0 0.05 0.10

Time delay (s)

Fig. 10. Binarization time history of normalized cross-correlation func-
tion of two-hydrophone signals.
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Fig. 11. Change in array distance of two hydrophones over a duration
of 110s.

To verify the accuracy of the aforementioned estimation
results for the two-hydrophone distance, the azimuth of the co-
operative sound source was estimated based on these results.
The corresponding outcomes are presented in Fig. 12.
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Fig. 12. Cooperative sound source azimuth calculated from the esti-

mated distance between the two hydrophones compared with its true
value.

Figure 12 shows that the azimuth of the cooperative sound
source can be accurately estimated based on the estimated
value of the two-hydrophone distance. The average deviation
from the true value of the sound source azimuth is less than
1.2°, indicating the accuracy of the two-hydrophone distance
estimated by this method.

3. Conclusion

This paper addresses the issue of estimating the distance
between two hydrophones. To achieve this, a theoretical
model is established for extracting the TDGF between two
points in a multi-ship scenario, and a method is proposed
for extracting the time-domain waveform arrival structure be-
tween two hydrophones using ship-radiated noise in a similar
scenario. The method employs long sample cross-correlation
processing to extract the cross-correlation characteristics of
ship-radiated noise when any ship is located in the end-fire
direction of the two hydrophones from the time history dia-
gram of the received signal cross-correlation of the two hy-
drophones. Subsequently, the time-domain waveform arrival
structure between the two hydrophones is obtained, and the
distance between them is calculated. Compared with other
methods that use the cross-correlation function of ocean am-
bient noise to extract the empirical Green’s function between
two hydrophones over a long time, the proposed method has
the advantage of achieving near real-time distance estimation
and being more suitable for specific underwater acoustic de-
tection engineering applications. The results of the sea ex-
periment also demonstrate the effectiveness of the proposed
method in solving the real-time estimation of the distance be-
tween two hydrophones. The next key area of this research is
to expand the universality of noise sources.
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