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Abstract. In this paper, in view of the characteristic that UUV radiation
noise is low and easily interfered by strong noise, the complementary
Ensemble Empirical Mode Decomposition (CEEMD) combined with
symmetric correlation processing is proposed, which can improve the
extraction performance of UUV’s propeller features. First, the CEEMD
decomposition combined with symmetric correlation processing was used
to reduce the radiated noise of the target, then the signals after the noise
reduction were demodulated and computed to obtain the DEMON
spectrum, and finally features such as the rotational speed of the UUV’s
propeller were extracted from the DEMON spectrum. The Sea trials signal
processing results prove that the method has better noise suppression
performance under low SNR conditions, and can clearly and
comprehensively extract the DEMON information of the radiated noise,
and then accurately extract the propeller features of the UUV. Compared to
conventional demodulation techniques, this technique has a greater ability
to suppress noise and does not require manual selection of the modulated
frequency band.

1 Introductory
UUVs in the course of navigation will radiate noise to the water, the main components
of the radiation noise for mechanical noise, hydrodynamic noise and propeller noise. UUV
propeller beat to its noise radiation has obvious amplitude modulation [1], can be
demodulated from the high-frequency components of UUV radiation noise DEMON
(Detection of Envelope Modulation On Noise) spectroscopy is a technique to analyze the
modulation component of a propeller at low frequencies, i.e., the harmonic clusters in a
DEMON spectrum are rich in characteristic information such as spindle speed, number of
blades, target speed and target type. UUV's navigational status and is an important basis for
target classification identification.
For modulated signal detection under low SNR conditions, domestic scholars have
studied the use of modern signal processing methods to extract DEMON spectra [2], such as
*

Corresponding author: 280827373@qq.com

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).

MATEC Web of Conferences 336, 02006 (2021)
CSCNS2020

https://doi.org/10.1051/matecconf/202133602006

high-order statistics [3-4] and time-frequency analysis [5-6] and singular value analysis, these
methods have improved the extraction performance of modulation characteristics, but most
of these methods are used in the signal detection of large targets such as ships. For UUVs
with smaller size and lower radiation noise, it is difficult for the above methods to achieve
good detection results. Usually, the radiated noise of UUV is weak signal, easily interfered
by the noise of large targets such as ships, or submerged in the noise of the marine
environment, and the signal with low signal-to-noise ratio is obtained in the receiving
device. In this case, the calculated DEMON spectrum often has the disadvantages of
inconspicuous line spectra, many interfering line spectra, and poor noise suppression ability,
so it is difficult to accurately extract the propeller characteristics of UUV from the DEMON
spectrum.
In this paper, CEEMD decomposition combined with symmetric correlation processing
algorithm is used for joint denoising and then extracting the radiated noise modulation
features of UUV, and the actual UUV radiated noise processing results prove that under
low SNR conditions, the method has better noise suppression performance and can clearly
and comprehensively extract the DEMON information of radiated noise, and then extract
the propeller features of UUV from the DEMON spectrum.

2 Traditional propeller feature extraction method
The traditional modulation feature extraction process is shown in Figure 1,and the basic
steps are: firstly, select the frequency band of interest for band-pass filtering of underwater
target radiated noise, square the filtered signal or absolute value operation, i.e.,
demodulation of the envelope of the noise signal, then downsampling of the envelope
signal, and finally spectral analysis to extract the modulation characteristics of the
underwater target radiated noise [7]. However, the actual underwater target radiated noise
often has non-uniform characteristics [8], the modulation depth and intensity in different
frequency bands are obviously different, and with different navigational conditions, it is
impossible to automatically filter out the frequency bands with concentrated modulation
information; on the other hand, if the envelope of the noise signal is demodulated in the full
pass band, the effect is often not very satisfactory.
Radiate
Bandpass
Envelope
Downsam
Spectral
detection
d noise
filtering
pling
analysis
Fig. 1. Block diagram of the DEMON spectrum calculation process.

3 CEEMD combined with symmetric correlation processing for
propeller feature extraction
3.1 Complementary approaches to decomposition of the overall empirical
model
Empirical Mode Decomposition (EMD) has the function of adaptive frequency band
delineation, with orthogonality, completeness and adaptivity, and its physical meaning is
clear, which is suitable for processing non-stationary nonlinear signals [9]. However, when
EMD method is used to process the signal containing intermittent, there are mode mixing
and energy leakage phenomena, making the physical meaning of Intrinsic Mode Function
(IMF) unclear. In this regard, the paper [10] proposes a complementary total empirical mode
decomposition (CEEMD) on the basis of EEMD (Ensemble Empirical Mode
Decomposition) [11], which takes advantage of the uniform distribution of white noise power
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spectral density to add positive and negative pairs of white noise to the original signal
several times. The scale has continuity, and then the influence of auxiliary noise is
eliminated with fewer average times, finally making the decomposition process noiseresistant. The method not only solves the problems of modal overlap and energy leakage of
EMD method well, but also has a high computational efficiency.
3.2 Definition of the symmetric correlation function
The methods for offsetting noise in the signal are correlation methods, such as the ESPRIT
[12]
method, MUSIC method, Pisarenko method, etc., the correlation method is more
sensitive to noise; there are also higher-order accumulation methods [13], such as the BMU
method, the wavelet transformation method, DFT method, 1.5-dimensional spectral method,
etc., the wavelet transformation method will produce certain errors; although the 1.5dimensional energy The spectral analysis method can remove the uncoupled frequency
component to some extent and strengthen the fundamental frequency component at the
same time, but the noise reduction effect is still unsatisfactory and computationally
expensive for the mixed uncorrelated additive random noise in the UUV radiated noise.
This method is based on the special case of Wigner-Ville Distribution (WVD), which can
preserve the modulation characteristics of the original information at zero frequency and
has a good noise suppression effect [3].
Symmetric correlation is defined as, assuming that given a harmonic real signal:
=
s (t ) A cos(ω0 t + ϕ )
(1)

where A is the amplitude, ω is the angular frequency, and ϕ is the phase, all three of
which are constants. The analytical form of the signal s (t ) is:
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It can be seen that when ω = 0 , the SVD transformation of the periodic real signal is
still a harmonic signal, and the cross term at zero frequency contains all the information of
the original signal, it should be noted that the frequency of the signal obtained after the
transformation and the initial phase become twice as much as the original signal, then the
symmetric correlation function of the real signal s (t ) is defined as follows.
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The power spectrum of the symmetric correlation function Ws (t ) is called the
symmetric power spectrum:
Pws (t ) =

∫

where ω is the angular frequency of the signal.
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3.3 Noise reduction mechanism of symmetric correlation functions
Set a noise-bearing harmonic signal =
as x (t )

M

∑ A cos(ω t + ϕ ) + n(t ) ,
n

n =1

n

n

where the

fundamental frequency of the signal is ω0 , the corresponding period is T , the mean value
of the additive noise n(t ) is 0, the variance is σ and the period of the signal is not
associated with random noise. The symmetric correlation function is defined by
1 T2
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From the above formula, the intensity of random noise in the signal is inversely
proportional to the observation time, i.e., the longer the signal, the closer the sequence is to
the symmetric correlation process, and the smaller the noise pollution in the periodic signal,
thus showing the unique noise suppression ability.
3.4 CEEMD decomposition combined with symmetric correlation processing
The CEEMD decomposition technique can decompose the signal into several inherent
modal components with clear physical meaning according to the inherent modal
characteristics of the signal to be decomposed to achieve adaptive division of the frequency
band, and at the same time has the features of orthogonality, completeness and adaptivity
The CEEMD decomposition is now combined with symmetric correlation processing to
perform noise reduction on the UUV radiated noise signal and then extract the modulation
features of the signal, the basic flow of which is shown in Figure 2.
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Fig. 2. Block diagram of the new method of DEMON spectrum extraction.

The radiated noise signal sequence of the UUV is x ( n)，n =0,1,..., N − 1 , the sampling

rate of the signal is fs , the data length N ≥ fs .
(1)Firstly, the original signal AA is standardized and pre-processed:
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x ( n) − E [ x ( n) ]

2

std [ x ( n) ]

(7)

where E [ x ( n ) ] is the mean value of x ( n) , std [ x ( n ) ] is the standard deviation of

x ( n) .

(2) CEEMD decomposition of x1 ( n) as an input signal to obtain a number of IMF
components.
(3) A correlation method is used to remove the interference modes as a quantitative
description of the correlation between each of them and the original signal, and the
correlation coefficient reflects the richness of the modulation information contained therein.
The correlation coefficient is calculated as follows:
N −1

RI , x =
1

∑ x (i) IMF (i)
1

i =0

(8)
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2

1
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2

The range of the correlation coefficient is [0,1] , its physical meaning is clear, when

RI , x = 0 , it means that the IMF of this order is not related to the original signal, only when
1

the original signal is exactly the same as the IMF is established, the larger the value of RI , x1
it means that the correlation between IMF and original signal is stronger, that is, the
information components in IMF are more similar to the original signal. When RI , x is lower
1

than the set threshold value, the IMF is judged to be an interference component.
(4) Several of the interference components are removed to obtain the reconstructed
signal.
(5) The reconstructed signal IMFs ( n) is symmetrically correlated to remove the noise
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(8) Power analysis of the amplitude function and extraction of modulation information
from the power spectrum.
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4 Sea trials validation
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The algorithm proposed in this paper is applied to the propeller feature extraction of the
measured target at sea to verify its anti-noise effect. The verification test is carried out in
the East China Sea with a water depth of 80 m. The hydrophone array is used to collect the
target radiated noise, the distance between the receiving end and the UUV is about 1800 m,
and the sampling rate of the signal is 48 kHz. 20 s are used to process the target radiated
noise using the method proposed in this paper. The radiated noise from the ship severely
interferes with the detection of UUVs.
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Fig. 3. CEEMD decomposition results of UUV radiation noise.
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Fig. 3 shows the CEEMD decomposition results of the received signal, and the
decomposition yields the 8th order IMF and the remaining components, and the correlation
coefficients between each order IMF component and the original signal are shown in Fig. 4.
In this test, the correlation threshold is set at 0.35, and only the correlation between the 2nd
to 4th order IMF components and the original signal exceeds the preset threshold in the
figure, so only the 2nd to 4th order IMF is reconstructed, and then the reconstructed signal
is demodulated and feature extracted. Figure 5 shows the DEMON spectrum obtained from
the demodulation and spectral analysis of the received signal directly by the traditional
method, a set of harmonics can be obtained from the DEMON spectrum: 6.18Hz, 12.35Hz,
18.53Hz, 23.35Hz, 30.72Hz. The propeller shaft frequency is 6.18Hz, which corresponds to
a propeller speed of 370.8 rpm.
However, there are two noise sources at the same time in the observed position, and the
DEMON spectrum obtained by the traditional method has only one set of harmonics, which
only reflects the characteristics of one target, obviously this set of harmonics belongs to the
characteristics of the vessel with higher noise source level and faster speed, that is to say,
the traditional method does not detect the UUV with weaker signal. for comparison, the
received signal is processed by the new algorithm proposed in this paper. The results
obtained are shown in Figure 6. Observation of the DEMON spectrum shows that the
results of the new method are richer than those of the traditional method in the lowfrequency band (1-7 Hz) and also in the high-frequency band (7-35 Hz) at the same time.
The maximum convention number of these harmonics is 1.37Hz, from which we can obtain
the propeller shaft frequency of 1.37Hz, which corresponds to the propeller speed of 82.2
RPM. Verify that this speed is the same as the actual speed of the UUV.
Comparing the DEMON spectra calculated by the traditional method and the new
method, the latter has fewer interfering components, richer line spectrum of the target, and
more complete spectral structure, which is conducive to the extraction of physical
parameters such as propeller speed, and effectively detects another weak target, i.e., UUV,
which is mixed in the strong signal. Therefore, it can be said that the new method is more
effective in suppressing the noise and can effectively improve the propeller feature
extraction ability of UUV.
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Fig. 5. DEMON spectra obtained by demodulation of UUV radiation noise by conventional methods.
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Fig. 6. DEMON spectrum obtained by the new method for UUV radiation noise demodulation.
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Fig. 7. DEMON spectrum obtained by the new method for demodulation of UUV radiation noise.

5 Conclusion
The sea trials signal processing results demonstrate that in the presence of strong target
interference, i.e., low SNR conditions, the new method proposed in this paper can detect the
modulated signal of the UUV's propeller from the complex background noise and exhibits a
strong noise suppression capability. Based on CEEMD and symmetry-correlation noise
reduction techniques, the suppression of interference noise is better, the target line-spectral
components are significantly enhanced, and the calculated DEMON spectral harmonics are
rich and the line-spectral structure is clear, which can clearly and comprehensively extract
the DEMON information of the radiated noise and create favorable conditions for the
accurate extraction of physical features such as the propeller speed.
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