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Abstract: Improving the line-spectrum detection capability of a single hydrophone is of great sig-
nificance for the passive detection of small underwater platforms. In this paper, we propose a
single-hydrophone cross-power spectrum (SHCS) method based on time-domain coherence. This
method uses the coherence of the line spectrum and the non-coherence of the continuous spectrum
noise to obtain coherent gain and improve the signal-to-noise ratio (SNR) of the line spectrum. The
effects of the input SNR, number of averaging operations, and overlap ratio on the performance of the
SHCS method under a background of Gaussian white noise are simulated and analyzed. The results
show that when the overlap ratio is 0 and the number of averaging operations reaches saturation, the
SHCS method can achieve the best performance and about 15 dB coherence gain is obtained. The
performance of the SHCS method was verified by sea experiments. Under the extremely low input
SNR, in which the line spectrum was almost completely submerged in the marine environmental
noise, the SHCS method can obtain about 10 dB coherence gain. Under the conventional input SNR,
in which the line spectrum could be observed, the SHCS method can obtain about 13 dB coherence
gain. The results of processing the radiated noise from an actual cargo ship also demonstrate the
effectiveness of the SHCS method.

Keywords: passive detection; line-spectrum enhancement; single-hydrophone cross-spectrum method;

coherence gain; sea experiment

1. Introduction

Underwater noise radiated from ships on the water is a significant component of low-
frequency ambient noise (<100 Hz) in the ocean [1]. During actual navigation, the vibrations
of the rotating machinery of a ship’s power system and propeller blades will inevitably
result in the radiation of periodic noise that will spread to surrounding sea areas [2]. Usually,
the noise radiated from a ship consists of a combination of a line spectrum and a continuum
spectrum [3,4]. The line spectrum is an important part of this noise, and it describes the
periodic part of the target radiated noise signal, such as the periodic noise generated by
propellers and auxiliary machines [5,6]. A ship’s line spectrum is stable and can improve
the detection distance of passive sonar [7]. Therefore, in passive-sonar signal processing,
the detection and extraction of a ship’s line-spectrum features has always been a topic of
intensive research in the field of underwater acoustics; it has important application value
in the field of ocean observation and national defense. With the development of vibration-
and noise-reduction technology, the noise levels radiated from ships have been greatly
reduced and they continue to decrease. Improving the detection ability for weak signals is
thus of great significance for detecting such quiet underwater targets [8]. The frequency
characteristics of the line spectrum are related to the physical characteristics of the targets,
which means it is an important feature for passive sonar target detection. Burenkov et al. [9]
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conducted an experimental study for the propagation characteristics of the line spectrum,
and their results showed that a continuous wave (CW) signal with the features of a line
spectrum can propagate for 9000 km and still retain a stable phase.

Generally, when attempting to enhance the signal-to-noise (SNR) ratios of sonar
signals, designers target spatial or time processing gains [10]. Passive detection systems
based on modern spectral-estimation algorithms (such as MUSIC [11] and ESPRIT [12])
all use array-processing methods. This approach can result in spatial processing gains,
but it has problems such as high system overhead, difficult array design, and inflexible
deployment, and these systems cannot be installed in the case of limited platform size.
Small underwater platforms such as underwater gliders, unmanned underwater vehicles,
and submersible buoy systems have the advantages of small size, flexibility, and easy
concealment, and they are widely used in the field of underwater target detection. Generally,
only a single hydrophone can be carried on these small platforms. Underwater target-
detection methods based on a single hydrophone mainly use the line spectrum. The SNR of
the line spectrum thus directly affects the detection capability of such passive sonar systems.

Researchers around the world have invested significant efforts to improve the line-
spectrum detection capability of passive sonar. Firstly, the average periodogram method
was proposed [13], which divides the received signal sequence into several segments,
calculates the periodogram for each segment separately, and then takes the average of
each periodogram as an estimate of the power spectrum. This method reduces the random
fluctuations of the traditional periodogram method. Then, the Welch method [14], which
combines windowing and average processing, was proposed. In the Welch method, the
segmented data are multiplied by a window function, their periodograms are calculated
separately, and then they are averaged. The spectral-estimation curve obtained by this
method is smoother and has less variance, which is beneficial for the extraction of the
line spectrum.

Background-equalization technology can effectively filter the random fluctuations of
background noise, and it is widely used to smooth the background noise on a power spectrum
curve. Struzinski and Lowe [15] studied four background-equalization algorithms—the
two-pass mean, the split three-pass mean (also called the two-pass split-window [16,17]),
the order truncate average, and the split average exclude average method—and compared
their performances. Using the differences in the autocorrelation function between the line
spectrum and the background noise, the adaptive background-equalization algorithm can
be applied to estimate the mean value of the background noise in a shallow sea multipath
channel [18]. This algorithm improves the detection ability of the line spectrum under
background noise. For detection in a high-clutter environment, an efficient constant false-
alarm rate normalizer has been proposed [19] and this has excellent detection performance.
Passive detection of targets under ice has been studied and an x-comparator [20] based
on a one-dimensional Kalman filter was proposed. This smooths the background noise
and improves the detection ability. In addition, the use of a Kalman filter combined with
fast-Fourier-transform processing [21] has been shown to improve the weak line spectrum
of ships.

Most of the above methods smooth the continuous spectrum from the perspective of
background equalization to extract the line spectrum. However, their performance is poor
in the case of a low input SNR. Under a low input SNR, adaptive line enhancement (ALE)
is usually used to preprocess received passive-sonar signals [22]. The basic idea of adaptive
line-spectrum enhancement is to extract the periodic line spectrum from the broadband
noise by using the difference in correlation length between the narrowband line spectrum
and the broadband noise. Initially, a traditional ALE [23,24] based on a least-mean-square
algorithm was designed to process the time-domain signal and obtain a certain gain. In
the ideal case, the SNR gain obtained by traditional ALE is proportional to the number of
filter taps [25]; at low input SNR, a larger gain can be obtained by increasing the number of
filter taps. However, each adaptive weighting of the traditional ALE technique will have
an impact on the weight-noise component: the larger the number of taps, the greater the
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mean-square error of the traditional ALE output, and this will affect the SNR gain. More
recently, a sparsity-induced frequency-domain ALE technique was developed [26,27], and
this incorporates a sparsity penalty into the frequency-domain adaptation, suppressing the
weight-noise component and improving the SNR gain.

In summary, in single-hydrophone passive detection, there are currently two main
methods for improving the line-spectrum SNR: background equalization and ALE. Back-
ground equalization techniques are generally suitable for normal SNR. Additionally, back-
ground equalization techniques are less effective when the signal amplitude is not sig-
nificant relative to the noise amplitude. The ALE is an adaptive spectrum estimation
technique for detecting single-frequency signals or narrowband signals in the background
of broadband noise, but the method converges slowly under the low SNR. Moreover, when
there are multiple line spectra in the frequency spectrum, the enhancement range of the
weak line spectrum is smaller than that of the strong line spectrum. In this paper, to
improve the line-spectrum detection ability of a single hydrophone, the SHCS method is
proposed. This method uses the coherence of the line spectrum and the non-coherence
of the continuum spectrum noise. Compared with the two methods, the SHCS method
has its own advantages. It is suitable for extremely low SNR conditions where the line
spectrum is almost submerged in noise. When there are multiple line spectra in the power
spectrum, after SHCS processing, the gains obtained by the strong and weak line spectrum
are basically same. This method divides the received signal into N > n + m > n segments
in the time domain, letting the segment from 1 to n be signal 1 and the segment from (1 + m)
to (n + m) be signal m, where m > 1 is the offset. In addition, this approach uses the Welch
method to calculate the cross-power spectrum of signal 1 and signal m. After the offset
of m, the line spectrum is still coherent, and the continuous spectrum noise is incoherent
between signal 1 and signal m. Therefore, the level of the line spectrum on the calculated
cross-power spectrum is basically unchanged, and the level of the continuous spectrum
noise decreases, thus improving the SNR of the line spectrum.

The contributions of this paper are as follows:

(1) We propose the SHCS method based on time-domain coherence. This method uses
the coherence of the line spectrum and the non-coherence of the continuous spectrum noise
to obtain coherent gain and improve the SNR of the line spectrum.

(2) The CW signal is used to simulate line spectrum in ship radiated noise, the effects
of the input SNR, the number of averaging operations, and the overlap ratio on the perfor-
mance of the SHCS method under a background of Gaussian white noise were analyzed.

(3) We use the SHCS method to process the CW signals propagating in a long distance
in the actual marine environment and the line spectrum signals of sailing cargo ships. The
experimental results show that under the condition of an extremely low input SNR (In-band
SNR < 3 dB), the proposed SHCS method have a good performance and a coherence gain
of about 10 dB can be obtained. The processing results of the radiated noise of sailing cargo
ships also prove the effectiveness of SHCS.

(4) Compared with the array signal processing method, the SHCS method improves
the detection capability of a small underwater platform and results in better detection
and observation of industrial devices in the ocean such as ships. This method is suitable
for observing not only ship-radiated noise but also any signal in the ocean with line-
spectrum characteristics.

The remainder of this paper is structured as follows. The theoretical approach is
described in Section 2. The simulation results and experimental results are presented in
Section 3. The Discussion is presented in Section 4. Finally, the conclusions obtained during
the study are given in Section 5.

2. Methods

In the SHCS method, we first need to segment the received signal. The segmentation
process is shown in Figure 1, in which x(#) is the signal received by the single hydrophone,
x1(t) and x,, (t) (m > 1) can be regarded as two received signal channels after segmentation.
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Step 2: Segment 1-7 is defined as
signal 1, segment 1+m-n+m is defined
as signal m
L I

- 12 n-l n
I T O I

1+m 2+m n-1+m ntm

Step 1: Signal is divided into N segments

Step 3: Do FFT for each segment of signal 1 and signal m, get:
X(0) X(0) - X, (o) X,(0)
X (@) X, (0) X (0) X, (0)

v

Step 4: Conjugate multiplication of signal 1 and
corresponding segment of signal m, get:
Xi(0)Xi,(0) X, (0)X;,(0) - X, (0)X],(0) X,(0)X,,(0)

v

Step 5: Perform coherent averaging on each segment obtained
in step 4, and then the cross-power spectrum is obtained.

Figure 1. Schematic diagram of SHCS method.

In general, the received signals x1(t) and x,, () can be expressed as:

x1(t) = s1(t) +ny(t)

Xm (£) = s (£) + 1y (£) @

where s (t) and s,,(t) are the line spectrum, 17 (t) and n,,(t) are the continuous spectrum
noise. The auto-power spectrum of the two signals is, respectively, defined as:
X1(w)Xi (w) = S1(w)S7(w) + Ni(w)Ny (w) 2
Xin (@) X (w) = Sp(w) (@) + Nin (@) Ny (@) ®)
For convenience, Equations (2) and (3) can be abbreviated as:
Px1(w) = Psi(w) + Pn1(w) (4)
Pxm(w) = Psy(w) + Pnm(w) ®)
The cross-power spectrum of the two signals can be defined as:
X1 (@) X5y (w) = 51(w) Sy (w) + N1 (@) Ny (@) ©6)

where Xj(w), Xa(w), S1(w), S2(w), N1(w), and Np(w) are the Fourier transforms of x1(t),
x2(t), s1(t), sa(t), n1(t), and ny(t), respectively, and * represents the complex conjugate.
For convenience, Equation (6) can be abbreviated as:

Pxim(w) = Psip(w) + Pnim(w) ()

Coherent averaging of Px1,,(w) calculated for different segments gives us:

(Pxim(w)) = (Psim(w)) + (Pnim(w)) 8)

For the p; and p; signals, the formula for calculating the coherence coefficient is:

o (p1(w)p3 () o
V(P (@)p; (@) (pa(@)p3 (w))
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Substituting Equation (9) into Equation (8), we obtain:

(Pxim) = psim(w)/(Ps1(w)) (Psm(w)) + pnim(w) v/ (Pn1(w)) (P (w))
= ps1m(w)Ps(w) + pn1im(w) Py (w)

(10)

where pg1,, (w) is the coherence coefficient of the line spectrum in the two received signals,
pN1m(w) is the coherence coefficient of the continuum noise in the two received signals,
and Ps(w) and Py (w) represent the average power spectrum of the line spectrum and the
continuum noise, respectively. Before the SHCS processing, the input SNR (the original
power-spectrum SNR) can be defined as:

Ps(w)
R.. = 11
SNRin = 5 an
After SHCS processing, the SNR becomes:
SNRoyut = pSlm(w) . Ps((d) _ pSlm(w) -SNR;, (12)

pnim(w) Py(w)  pnim(w)

After the signal received by the single hydrophone is divided into signal 1 and signal
m, the coherence coefficient of the line spectrum in the two signals is much larger than the
coherence coefficient of the continuous spectrum noise; that is, ps1,, (w)/pN1m(w) >> 1.
Therefore, the SNR of the line spectrum is improved and the gain obtained by the SHCS

method on the original power spectrum can be expressed as Gy, = 101g("51"7’(w)).

ON1m (w)
When m takes different values, an SHCS matrix P can be constructed, in which different

columns represent the SHCS results under different offsets m:

P = [(Px12) (Px13) - - (Pxim-1) (Pxim)] (13)
When m takes different values, the gain G obtained by the SHCS is:
G=[Gi2 Giz - Gim-1 Gin (14)

Through theoretical derivation, it can be found that the origin of the gain of the SHCS
is mainly the coherence of the line spectrum in signal 1 and signal m and the non-coherence
of the continuum noise.

In the process of obtaining the cross-power spectrum between signal 1 and signal
m, the cross-power spectrum Px1,,(w) corresponding to different segments are obtained,
and then coherent averaging is used in Equation (8). Due to the coherence of the line
spectrum, the phase of Py, (w) obtained from different segments will be constant, while
the continuous spectrum noise will be incoherent; the phase of Py, (w) obtained from
different segments will obey a uniform distribution of [—7, 7t]. In the coherent averaging
process, the line spectrum is unchanged, the noise is canceled, and the coherent gain is
obtained (see Appendix A for the coherent averaging process).

3. Results
3.1. Simulation Data Analysis
3.1.1. Parameter Setting

To analyze the performance of the SHCS more intuitively, the effects of the input
SNR (the SNR mentioned later in this paper are all in-band SNR; see Appendix B for the
definition of in-band SNR), the number of averaging operations, and the overlap ratio
(when the signal is segmented, the ratio of the same part of two adjacent segments to one
segment is defined as the overlap rate) on the performance of the SHCS method under
a background of Gaussian white noise were simulated. The ocean environment noise is
approximately Gaussian [28] in some frequency bands, so in the simulation, Gaussian
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white noise can be used to simulate the ocean environment noise. In the simulations, a
CW signal with the features of a line spectrum was transmitted; the frequency was 30 Hz
and the sampling rate was 5 kHz. Firstly, in Section 3.1.2, the processing time (length of
each segment) is T = 1 s, input SNR of 10, 1 dB was simulated. Then, in Section 3.1.3, the
input SNR is 10 dB and the SHCS method performance of a different number of averaging
operations was simulated. Finally, in Section 3.1.4, the input SNR is 10 dB and the SHCS
method performance of different overlap ratios was simulated.

3.1.2. Effect of Input SNR

The performance of the SHCS method for processing the received signal was simulated,
and the results were compared with the original power spectrum obtained by the Welch
method. The calculation results are shown in Figures 2 and 3.
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g 3
L Lk
: Ad sl 080kl
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% Original power spectrum g Original power spectrum
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Figure 2. SHCS processing results with input SNR = 10 dB: (a) power-spectrum estimation
(re 0.67 x 10718 W/Hz); (b) coherence-coefficient calculation results; (c) gain.
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Figure 3. SHCS processing results with input SNR = 1 dB: (a) power-spectrum estimation;
(b) coherence-coefficient calculation results; (c) gain.

According to the simulation results, the line-spectrum SNR on the original power spec-
trum obtained by the Welch method for the received signal is low. The SHCS method uses
the coherence of the line spectrum and the non-coherence of the noise to obtain coherent
gain, which improves the SNR of the line spectrum. Under a background of Gaussian white
noise, the coherent gain is the difference between the line-spectrum coherence coefficient
(in dB) and the noise coherence coefficient (in dB), which is consistent with the gain matrix
G obtained in the theoretical derivation. As shown in Figure 2, under the conditions of
10 dB conventional input SNR (the line spectrum can be clearly observed on the original
power spectrum), the coherence coefficient of the line spectrum decreases very little, and
the noise coherence coefficient decreases by more than 10 dB; the SHCS method has excel-
lent performance and can obtain a gain of about 13 dB. As shown in Figure 3, under the
condition of an extremely low input SNR of 1 dB (the line spectrum is almost completely
submerged by noise on the original power spectrum), the coherence coefficient of the line
spectrum decreases by about 5 dB, and the coherence coefficient of the noise decreases
by more than 10 dB. The SHCS still has good performance and a gain of about 8 dB can
be obtained.

The offset m has basically no effect on the results of the SHCS method. Whenm =1,
the noise coherence coefficient drops to a minimum and continuing to increase m will not
increase the gain. This is because the SHCS method divides the received signal into signal
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1 and signal m, and signal m can be considered to be obtained after signal 1 is delayed
by m. The CW signal is a stable periodic signal, so when m takes any values, the phase
difference between signal 1 and signal m is constant, which shows that signal 1 and signal
m have strong coherence and the coherence coefficient does not change with delay m. The
background Gaussian white noise is a stationary random process; m takes any value and
the noise phase difference between signal 1 and signal m changes randomly, which means
that the noise in signal 1 and signal m is non-coherent, and the coherence coefficient is equal
to Gaussian white noise coherence coefficient. Therefore, in this simulation, the coherence
coefficient of the CW signal and the coherence coefficient of the noise have nothing to do
with m, so the gain obtained by the SHCS method has nothing to do with m.

3.1.3. Effect of Number of Averaging Operations

From Equation (8), the SHCS method requires coherent averaging of the cross-power
spectrum calculation results of each segment. In this section, to study the effect of the
number of averaging operations on the SHCS, the performance of the SHCS method
with different numbers of averaging operations was calculated in the case of m = 1. The
calculation results are shown in Figure 4.

0
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—
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80
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Number of averaging operations

(c)

Figure 4. SHCS processing results with different numbers of averaging operations: (a) power-
spectrum estimation with T = 1 s; (b) coherence-coefficient calculation with T =1 s; (¢) gain.
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From Figure 4b, it can be seen that the coherence coefficient of the line spectrum
does not change with the number of averaging operations and the noise coherence coef-
ficient gradually decreases to its minimum value as the number of averaging operations
increases. With an increasing number of averaging operations, the gain obtained by the
SHCS method gradually increases and then tends to a stable value of around 15 dB. As
shown in Appendix A, the SHCS gain comes from the coherent averaging process and is
independent of the integration time T. From Figure 4c, it can be seen that when the number
of averaging operations is fixed, the gains obtained using different integration durations
T are basically the same. Under the condition that the total time of the received signal is
constant, increasing the processing time T can increase the frequency resolution, but it also
reduces the number of averaging operations. When the number of averaging operations
has not reached the saturation value, reducing the number of averaging operations will
reduce the gain obtained by the SHCS method. Therefore, the processing time T needs to
be reasonably selected according to actual requirements.

3.1.4. Effect of Overlap Ratio

In the process of signal segmentation presented in Figure 1, to improve the number
of averaging operations, a certain overlap ratio can be set. In this section, we simulate the
effect of different overlap ratios on the performance of the SHCS method. The calculation
results are shown in Figure 5.

|
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Figure 5. SHCS processing results with different overlap ratios: (a) coherence coefficient; (b) gain.

From Figure 5a, it can be seen that the coherence coefficient of the line spectrum
calculated by the SHCS method remains basically unchanged with the overlap ratio, while
the noise coherence coefficient increases with the increase in overlap ratio. Figure 5b shows
that the gain increases with the decrease in overlap ratio. When the offset m is 1, the SHCS
process is as follows. The cross-power spectrum of the 1 to n and 2 to (n + 1) segments
are taken and then coherently averaged. Because the added Gaussian white noise is a
stationary random process, when the overlap ratio is 0, the corresponding two segments
will also be stationary random processes, and the coherence coefficient will be very small.
With an overlap ratio, some points of the two segments will become deterministic, so the
coherence of the two segments will increase. The larger the overlap ratio, the stronger the
noise coherence of the two segments and the smaller gain obtained by the SHCS method.
In the extreme case, the overlap ratio is 1, and the (1 — n) segment will be cross-power
spectrum averaged with itself. The coherence coefficient between the line spectrum and
the noise will be 1, and the gain obtained by the SHCS will be 0.
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3.2. Experimental Data Analysis
3.2.1. Experiment Description

To explore the performance of the SHCS method in an actual marine environment,
an experiment was carried out in the Yellow Sea at a water depth of 46 m in the southeast
of Shidao, Shandong Province. As shown in Figure 6, the receiving hydrophone was
lowered into the sea to the side of the receiving ship and the transmitting ship carried the
transmitting transducer gradually further from the receiving ship.

Transmitting ship

Surface

T'ransmitting
transducer

Bottom

(a) (b)
Figure 6. Schematic diagram of the sea experiments: (a) layout diagram; (b) satellite image.

A schematic of the transmitting system is shown in Figure 7a and a schematic of the
receiving system is shown in Figure 7b. In this experiment, a CW signal produced by
the signal generator was sent to the transmitting transducer through the power amplifier.
The signal received by the receiving hydrophone was stored in the computer through the
signal collector.

Gasoline engine
powered

> Signal generator Computer -
+ + Gasoline engine
powered
B —— Power amplifier Signal analyzer l——————
Transmitting transduer Hydrophone
(a) (b)

Figure 7. Schematics of experimental equipment: (a) transmitting system, (b) receiving system.

The transmitting ship gradually moved away from the receiving ship, and when
reaching a preset position, signals of different frequencies were transmitted. The receiving
ship monitored and collected these signals using the receiving hydrophone. The positions
of the transmitting and receiving ships, as obtained by Global Positioning System receivers,
were recorded in real time.

3.2.2. Data Analysis

After completing the experiment, the received signals were processed by the SHCS
method. The depth of the hydrophone was 12 m, the frequency of the transmitted signal
was 190 Hz, the sampling rate was 5 kHz, the total signal time was 600 s, the processing
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time was T = 1 s, and the overlap ratio was 0. Firstly, the performance of the SHCS method
under the conditions of a conventional input SNR were analyzed and the signals received
at distances of 10 and 50 km were processed. The results are shown in Figures 8 and 9.

5 T T T T 16
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0 14
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Figure 8. SHCS processing results at 10 km with different values of m: (a) time domain waveform;
(b) power-spectrum estimation; (c) coherence coefficient; (d) gain.

From the calculation results, it can be seen that in an actual marine environment,
coherence gain can be obtained by using the SHCS method to process the received signals.
As shown in Figures 8 and 9, when the overlap ratiois 0, m =1, and T =1 s, the SHCS
method can obtain a gain of about 13 dB with a conventional input SNR. At the two
receiving distances, an obvious spectrum peak can be observed on the original power
spectrum. The SNR of the line spectrum can be greatly improved by using the SHCS,
and the ease of line-spectrum extraction and subsequent detection is improved. This also
increases the detection distance of a single hydrophone.

Next, the performance of the SHCS under the extremely low input SNR was analyzed;
signals received at a distance of 100 km between the two ships were processed. The results
are shown in Figure 10.
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Figure 9. SHCS processing results at 50 km with different values of m: (a) time domain waveform;
(b) power-spectrum estimation; (c) coherence coefficient; (d) gain.

As shown in Figure 10, under the extremely low input SNR, almost no spectrum
peak can be seen on the original power spectrum and it is impossible to use the single
hydrophone to perform line-spectrum detection using the original power spectrum. After
using the SHCS method, a coherence gain of about 10 dB is obtained, and the line spectrum
can be clearly observed on the power spectrum after processing. As a result, the weak signal
can be detected. The experimental processing results show that the ocean environmental
noise coherence coefficient has been reduced to a minimum at m = 1, and continuing
to increase m does not increase the gain obtained by the SHCS method. Therefore, it is
sufficient to use the SHCS method to process the received signals in an actual marine
environment using m = 1.

During the experiment, a cargo ship named Zhongsu 19 passed near to the receiving
ship. This cargo ship was 189 m long, 32 m wide, and had a draft of 11 m. The radiated
noise received by the single hydrophone was processed using the SHCS method and the
results are shown in Figure 11.



Remote Sens. 2023, 15, 659

13 of 18
50 T 7 7 ; 7 T 130 T T
30
40 120 90 i
W
N
& AN T
3
3 2 1
=
g g
= 2 210}
= 51
< 710 §‘ -
-20 % Original power spectrum
A —— SHCS,m=1
30 s0p SHCS,m=2
—40 40 F SHCS,m=3
— SHCS,m=4
~50 L L L L L 30 . L 1 1
0 100 200 300 400 500 600 0 500 1000 1500 2000 2500
Time (s) Frequency (Hz)
(a) (b)
5 T T T T 16 T T T T T T T L}
0 — Calculation by power spectrum
0 14F — — — - Calculation by coherence coefficient |4
)
2
g
= g
2 z
o il J ‘ E
2 1 ‘ ‘ ! ]
£ {uadl a0 i -
< —— Original power spectrum
© ———— SHCS,m=1 4r .
SHCS,m=2
— SHCS,m=3 2F i
SHCS,m=4
| L L i n | 0 L 1 L 1 1 1 1 . 1
0 500 1000 1500 2000 2500 10 20 30 40 50 60 70 80 90 100
Frequency (Hz) m
(c) (d)

Figure 10. SHCS processing results at 100 km with different values of m: (a) time domain waveform;
(b) power-spectrum estimation; (c) coherence coefficient; (d) gain.
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Figure 11. SHCS processing results for the Zhongsu 19 radiated noise: (a) power-spectrum estimation;
(b) gain.
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From these results, it can be seen that after SHCS processing, the line spectrum of the
cargo ship received by the single hydrophone is slightly reduced; the background noise
is reduced by about 10 dB, and about 9 dB gain can be obtained when m = 1. As we all
know, the ocean channel is time-varying and space-varying, it means that the same location
receives different signals at different times, and different locations receive different signals
at the same time. Generally, the ocean channel changes slowly with time, and in a relatively
short time we can assume that the received signal does not much change. However, the
ocean channel changes dramatically with spatial variation. For a stationary target, the
received signal only introduces the time-varying feature of the ocean channel from the
transmitting location to the receiving location. The transmitting location of the signal
arriving at different times is the same, and the signal received at different times changes
very little. It can be seen in Figure 8 that the coherence of the signal is basically unchanged
over time. Figure 11 is the line spectrum of the radiation of a moving cargo ship processed
by the SHCS method. Due to the movement of the cargo ship, the signal introduces time-
varying and space-varying features of the ocean channel from the transmitting location
to the receiving location, and the transmitting locations of the signals arriving at different
times are different. The signal received at different times varies greatly, and the coherence
of the signal decreases with time. At this time, the larger m is, the worse the coherence
of the signal is and the smaller the gain. Therefore, it can be said that when dealing with
actual moving ships, the SHCS method has the best performance when m = 1.

4. Discussion

Simulation results show that the SHCS method has excellent performance under the
different input SNR conditions. When the overlap ratio is 0 and m = 1, the noise coherence
coefficient decreases to a minimum and no additional gain can be obtained by continuing
to increase m. The gain obtained by the SHCS method increases with the increase in the
number of averaging operations and gradually tends to a stable value. With the increase in
overlap ratio, the coherence coefficient of the noise increases, the coherence coefficient of
the line spectrum does not change, and the gain obtained by the SHCS method decreases.

Experimental results show that the SHCS method has excellent performance in actual
marine environments. Under the extremely low input SNR, in which the line spectrum
was almost completely submerged in the marine environmental noise, the SHCS method
was found to obtain a coherence gain of about 10 dB. Under the conventional input SNR,
in which the line spectrum could be observed, the SHCS method was found to obtain a
coherence gain of about 13 dB. The results of processing the radiated noise from an actual
cargo ship also demonstrate the effectiveness of the SHCS method.

Our study shows that the SHCS method has excellent performance and can signif-
icantly improve the SNR of weak line spectrum. The SHCS method improves the line
spectrum SNR through the coherence of the signal and the non-coherence of the noise,
which is essentially different from the background equalization and ALE method. The
background equalization technology [15-18] is based on the difference between the signal
and the noise amplitude. This technology sets an appropriate threshold, filters the signal,
and filters out the background noise and protects the signal. However, at low SNR, where
the signal is almost buried in the noise, background equalization techniques usually work
poorly. The ALE method [22-27] is an essentially adaptive filter that enhances the signal by
self-adjusting the errors between the desired signal and the output signal, but the method
converges slowly under low SNR. Moreover, when there are multiple line spectra in the
frequency spectrum, the enhancement range of the weak line spectrum is smaller than that
of the strong line spectrum. Next, the SHCS method and ALE method were used to process
experimental data, respectively, and the results are shown in Figure 12. The results show
that the SHCS method, as a new method, can achieve roughly the same gain as the ALE
method and can significantly improve the line spectrum SNR. Compared with the ALE
method, the SHCS method has its own advantages. It can quickly process signals with
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different SNR when there are multiple line spectra in the power spectrum and after SHCS
processing, the strong and weak line spectrum obtained basically same gains.
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Figure 12. SHCS method compared with ALE method: (a) 10 km; (b) 100 km.

After SHCS processing, the detection range of passive sonar is improved and this
increases the ability of small-sized platforms to observe surface ships and underwater
submarines in the ocean at long distances. The SHCS method is suitable for observing not
only radiated ship noise but also any signals with line-spectrum characteristics. In future
work, we hope to use the SHCS method to observe other industrial activities in the ocean,
and we hope that it can be applied to a vector hydrophone.

5. Conclusions

To improve the line-spectrum detection ability of a single hydrophone, we propose the
SHCS method to obtain coherence gain and improve the SNR of the line spectrum based on
the coherence of the line spectrum and the non-coherence of the noise. The effects of input
SNR, number of averaging operations, and overlap ratio on the performance of the SHCS
method under a background of Gaussian white noise were simulated. The simulation
results showed that when the overlap ratio is 0, the SHCS can achieve the best performance
when the number of averaging operations reaches saturation, and about 15 dB coherence
gain can be obtained. Finally, we used the SHCS method to process a CW signal in an actual
marine environment. The experimental results showed that the SHCS method has excellent
performance in an actual marine environment, and it greatly improves the line-spectrum
detection capability of a single hydrophone. Under the extremely low input SNR, when the
spectrum peak is almost completely submerged in the marine environmental noise, about
10 dB gain can be obtained by using the SHCS method to process the weak signal in an
actual marine environment. The results obtained from processing the noise radiated from
an actual cargo ship also demonstrate the effectiveness of the SHCS method.
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Appendix A. Coherent Averaging Process

According to Equation (8), for the two-channel signal segmented in Figure 1, the
SHCS method needs to obtain the cross-power spectrum of the corresponding segment
and then performs coherent averaging. Assuming that the lengths of signal 1 and signal m
are 300 s and the processing time is T = 1 s, they are each divided into 300 segments. The
300 cross-power spectra of the corresponding segments are then calculated along with their
phases, and the variation of the phases of the line spectrum and the noise can be plotted
with respect to the segment, as shown in Figure Ala.

It can be found that the phase of the line spectrum does not change with the segment,
and it will thus not be canceled during the coherent averaging; the noise phase, however,
varies randomly. A histogram of the noise phase on the cross-power spectrum is plotted in
Figure Alb. It can be seen that this obeys a uniform distribution of [—7t, 7], so the noise will
be coherently canceled during the coherent averaging process. After coherent averaging,
the level of the line spectrum on the power spectrum remains unchanged, but the level of
the noise spectrum decreases due to coherent cancellation, thereby improving the SNR of
the line spectrum on the power spectrum.

Phase (rad)

—_———— Line spectrum signal phase
* Noise phase

* * % .
E R

The number of samples

100

Different segments

150 200 300

Noise phase (rad)

(b)

(a)

Figure A1l. Phase distribution on the power spectrum: (a) phase variation with segment; (b) noise
phase histogram.

Appendix B. In-Band SNR

In line-spectrum detection, the in-band SNR is usually used to describe the relative
magnitude of the line spectrum and the continuum spectrum noise. The in-band SNR is
defined as the ratio of the power at a line-spectrum frequency point to the average power
of the noise within a certain bandwidth. The calculation method is shown in Figure A2.
The noise is additive white Gaussian noise, and only the frequency point at which the
line spectrum peak is located is selected; then, noise frequency points within a certain
bandwidth around this are used to calculate the in-band SNR. The red boxes in Figure A2
show the range of the frequency points selected to calculate the in-band SNR. The in-band
SNR equation is:

Ps(fo)

SNR = (A1)

n
_ k()
where Py (f) is the power of the noise on the power spectrum, P, = £—— is the average
power of the noise within a certain bandwidth B, and Ps(fy) is the power at the line-
spectrum frequency point on the power spectrum.
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