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Radiated Noise Measurement of Ships Based on Stochastic Resonance
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Abstract: The radiated noise of ships involves strong low-frequency line spectrum, which is greatly related with the
working states of auxiliary equipment and the rotation of propeller, and then regarded as the important basis in feature
extraction of ships. Moreover, the stochastic resonance has special advantages in the extraction of weak signal. Aiming at
the multi-frequency components in radiated noise of the ship with four-blade propeller, and the characteristic without
adiabatic approximation assumption, a sweep-frequency stochastic resonance detection system is established in this paper.
Meanwhile, a kind of detection method on multi-frequency signal with partitioning large parameters is proposed, in order
to identify the components of low-frequency line spectrum in radiated noise of ship. The analysis and simulation results
present that, under the strong noise background, the proposed method can still effectively detect the low-frequency line
spectrum, which lays the solid foundation for the subsequent target recognition and speed estimation of the ship.

Keywords: Low-frequency line spectrum detection, multi-frequency signal with large parameters, ship radiated noise,

stochastic resonance.

1. INTRODUCTION

Through the researches on generation mechanism of ship
radiated noise [1], its source can be divided into three types,
including mechanical noise, propeller noise and
hydrodynamic noise. Concretely speaking, the hydrodynamic
noise belongs to irregular noise. The mechanical noise,
generated from the mechanical vibration of working units in
ship, is the main component of ship radiated noise in the
condition of low ship speed. Meanwhile, the propeller noise,
generated from the blade resonance when the propeller blade
flaps and cuts the water flow, belongs to a type of mixed
noise radiated by propeller, and its main component is
“singing” [2]. Moreover, the propeller noise is the main
component of ship radiated noise in low-frequency band 1-
100 Hz. It is investigated that [3], when the cavitation
appears during the enhancement of ship speed, the line
spectrum related to propulsion system moves towards high-
frequency zone, and its magnitude increases. However, the
line spectrum of auxiliary equipment is basically unchanged,
and this low-frequency line spectrum is an important basis
for target recognition and speed estimation of the ship.

In 1981, the idea of stochastic resonance was proposed
by the physicist Benzi in Italy and the physicist Suterz in
USA, et al. [4], in order to explain the periodicity of earth
glacier. Stochastic resonance, produced by nonlinear system,
stochastic force (noise) and input signal, is a peculiar
synergetic phenomenon, which reflects the positive role of
the stochastic force.
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Hu Gang et al. proposed the adiabatic approximation
theory [S] and proved that the stochastic resonance effect
was suitable for detecting the small parameters signal.
However, in the low-frequency line spectrum of ship
radiated noise, it always contains multi-frequency
components, most of which do not meet the adiabatic
approximation assumption, i.e., the signal frequency is far
less than 1 Hz. Therefore, the traditional stochastic
resonance system cannot meet the requirements any more.
As a result, we put forward a sweep-frequency stochastic
resonance detection system in this paper. In first, we analyze
the low-frequency line spectrum signal, and estimate the
frequency range of the signal to be measured. Then, in this
range, we carry out partitioning adjustment on the frequency
of carrier sweeping signal, which guarantees that the
frequency mixing signal can satisfy the adiabatic
approximation assumption in order that the stochastic
resonance is generated. Subsequently, we estimate the power
spectrum of the output signal, and detect the low-frequency
line spectrum signal.

2. THEORETICAL ANALYSIS
2.1. Bistable System and Its Performance Analysis

Stochastic resonance is a typical nonlinear system, and its
classical model is the following bistable system [6]:

%:ax_bx3+Acos(27rft)+n(t) )

In Eq. (1), a and b are the system parameters of
bistable system, Acos(2zwft) is the weak signal to be
measured, where A is the magnitude of signal, and f is the

frequency of signal. Here, the weak signal is not only
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drowned in the noise signal in time domain, but also presents
no obvious signal spectrum peak to distinguish signal and
noise in frequency domain. n(t) is the Gauss white noise,
whose mean value is E[n(t)]=0 and autocorrelation
function is E[n(t)n(t—7)]=2D6(7). Here, D is the noise
intensity, and the noise variance is equal to 2D .

We usually use the output signal-to-noise ratio (SNR) as
an index to measure the degree of resonance [7], where SNR
is defined as the ratio of signal power at the measured
frequency point and the remainder total power except for this
frequency point:
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where, P

> . 1s the noise power, and it is obtained by
calculating the average of noise powers in a certain scope of
corresponding signal frequency. However, because of the
randomness of stochastic resonance system, it is not tenable
to use the output SNR as a index to measure the degree of
resonance. Subsequently, in this paper, we use the SNR gain

as the index to measure the strength of stochastic resonance:
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Adjusting the noise intensity D or system parameters
can both make the SNR gain reach a maximum value, and
the effect of these two methods are identical [8]. However,
these two regulation methods have both advantages and
disadvantages. In concrete, parameter adjustment involves
the two system parameters with mutual influence, and there
is no explicit mathematical expression on the relationship of
them. Moreover, the regulation of noise is very difficult in
practical engineering, and being continued to increase the
noise becomes meaningless when the noise intensity exceeds
the cooperative scope of system and signal. As a result, in
order to reach the best state of stochastic resonance system,
system parameters and noise must be simultaneously
adjusted [9].

2.2. Model and Analysis of Ship Radiated Noise

The low-frequency line spectrum component is
associated with the propulsion system, propeller and
auxiliary equipment. The line spectrum quantity produced by
auxiliary equipment is generally quite stable, and it is
independent of the ship speed [10]. Moreover, the bandwidth
of this line spectrum is generally proportional to the
frequency, and its scope is 0.03%-0.3% of the center
frequency. In view of the above-mentioned characteristics,
this paper adopts the model of four-blade propeller ship as
the experimental object, whose shaft frequency is f, =5Hz.

Then, the model of ship radiated noise is established as
follows:
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5,(t)=4.9cos(2r f, t)

5,(t)=29cos(4rxf,t—7.1)

s5(t)=1.5cos(67 f, t—9) 4
5,()=0.9cos(8x f, t+2)

s5(t)=15n(t)

where, n(t) denotes Gauss white noise. As can be seen from

the model, low-frequency line spectrum contains four
frequency components and stronger random noise. The four
frequencies are 5 Hz, 10 Hz, 15 Hz and 20 Hz respectively,
and each frequency component is larger than 1 Hz. At this
time, the conventional stochastic resonance cannot meet the
requirements any more. Meanwhile, the time scale
transformation method for large parameters has the
shortcoming of over-large errors [11].

2.3. System Calculation

In the simulation experiment, we adopted four-order
Runge-Kutta algorithm to implement the numerical solution
of system, and the specific calculation process is shown as
follows:

k1= h*[a* y(n)—b* y(n)’ + x(n)]

k2 = h*[a* (y(n)+ k1/2)—b* (y(n)+ k1/2)* + x(n)]

k3= h*[a*(y(n)+k2/2)=b*(y(n)+k2/2)° + x(n+1)] (5)
k4 = h*[a* (y(n)+ k3)—b* (y(n)+ k3)* + x(n+1)]

y(n+1):y(n)+é*(k1+2*k2+2*k3+k4)

where, y(n) is the output signal with the initial value
¥(0)=0, x(n) is the input signal, and % is the calculation
step, i.e., the reciprocal of the sampling frequency.

2.4. Sweep-Frequency Stochastic Resonance

According to the as-built model of ship radiated noise,
we can see that the low-frequency line spectrum contains the
large parameter signals totally. In order to detect such
signals, we will employ the sweep frequency stochastic
resonance. The measured signal is shown as follows:

S® =Y, A cosrf, t+@,)+15n(0) (6)

i=1

Then, we add a frequency sweeping carrier signal to
modulate the measured signal, where the frequency
sweeping carrier signal is given as follows.

Y(t)=cos2rmf. t)

At this time, the modulation signal output is obtained as
follows.
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The above equation is composed of three parts. The first

4

part is X, =%ZA,. cos[2m(f; + f.)t+¢,], which is the sum
i=1

value of the frequencies of measured signal and sweep-

frequency carrier signal. Moreover, with regard to this part

of signal, its frequency is far more than the applicable scope

of stochastic resonance. Therefore we will use the low-pass

filter to remove this part of signal in the next section. The

. 1 ¢ Lo

second part is X, =52Ai cos[2x(f. — f.)t+¢,], which is
i=1

the difference value of the frequencies of measured signal

and sweep-frequency signal. We intend to constantly

approximate the signal frequency f; to be measured through

adjusting the sweeping frequency f,. In the approximation

process, if the difference value is small enough to satisfy the
adiabatic approximation theory, the system will produce the
effect of stochastic resonance, i.e., the output signal
spectrum corresponding to each f, will exist a obvious non-
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zero peak. Especially when there is f, = f;, the effect of

stochastic resonance does not exist, and the corresponding
maximum power spectrum peak is close to 0, i.e., its
reciprocal is infinite. Therefore, we can use this feature to
extract the frequency components contained in the low-
frequency line spectrum. The third part is the modulation
noise X, =15n(t)cos(2r f.t), and we can find that it still

belongs to Gauss white noise through obtaining its
autocorrelation function and power spectrum [12]. In the
process of adjusting the sweep-frequency carrier, we make
partitioning and adaptive selection on system noise strength
according to the SNR gain. Moreover, we estimate the power
spectrum of the output signal of stochastic resonance system,
and extract the reciprocal of the corresponding spectral peak,
whose curve will be drawn along with the change of
frequency sweeping carrier. In this curve, each sharp peak
corresponds to the frequency components of low-frequency
line spectrum. The block diagram of the concrete system is
illustrated in Fig. (1).

3. SIMULATION ANALYSIS
3.1. The Detection of Single-Frequency Weak Signal

We assume a sinusoidal signal, whose magnitude is
A=0.3 and frequency f=0.01 Hz. The system parameters
are a=0.7434 and b=0.1, the noise intensity is D=4,
and the sampling frequency is f,=5 Hz. As seen from Fig.
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Fig. (1). The block diagram of sweep frequency stochastic resonance system.
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Fig. (2). Single-frequency stochastic resonance.

(2a, b), the general spectral method cannot get the measured
signal when the noise intensity reaches to 4. Fig. (2d) shows
the frequency spectrum of system output, and we can find
that there is an apparent sharp spectral peak at f=0.01Hz,

which greatly improves the output SNR. Moreover, Fig. (2¢)
shows the time-domain characteristic of output signal, and
we can find that the output obviously presents the periodicity
as the input sinusoidal signal after being processed by the
stochastic resonance system. We set the constant parameters
b=0.1 and D=4, and regulate the parameter a from 0.1
to 5. Then, we can clearly see the phenomenon of stochastic
resonance which is resulted from parameter regulation, just
as shown in Fig. (2). When the parameter a is gradually
increased, the output SNR monotonously increases in first,
and then decreases monotonically. When there exists
a=0.7434 , the best state of stochastic resonance is
achieved. At this time, the SNR gain is SNR_, =142.3

gain

3.2. The Detection of Multi-Frequency Weak Signal

In view of the above model, we set the sampling
frequency f, =100 Hz, b=1, and the remainder parameters are

unchanged. Then, the relationship curve between SNR gain
and parameter is shown as in Fig. (3).

As seen in Fig. (4), the SNR gain of multi-frequency
signal presents a disorganized change along with the change
of system parameter a, which reflects that the stochastic
resonance system did not play an effective role. We take the
value of peak in Fig. (4) as the system parameter value, i.e.,
a=1.733, and then observe the time/frequency domain
characteristics of input and output signals, which are shown
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Fig. (3). The SNR gain of single-frequency weak signal along with
the change of system parameter a.

in Fig. (5). As seen in Fig. (5b), we can find that low-
frequency line spectrum component is completely
submerged in the background noise. Meanwhile, Fig. (5d)
presents that line spectrum component is completely not
recognized from the spectrum after the treatment of
stochastic resonance system. Moreover, we can also see that
the high-frequency noise transfers to the low-frequency
band, which verifies that the stochastic resonance system
totally losses its effectiveness at this time.

3.3. The Detection of Sweep Frequency Stochastic Resonance

The system model is shown as Eq. (4), and we can find
that the radiated noise model includes four frequency
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components, where the amplitude and the phase of each
frequency component are not the same. It is difficult for us to
find an optimal system parameter or noise strength just to
meet all the frequency components. Based on the
characteristics that the shaft-frequency signal has base
frequency, and the rest line spectrum is the low-frequency
line spectrum of doubling shaft frequency, we first estimate
the range of shaft frequency, and then adaptively adjust the
noise intensity of partitioning system according to this range.
According to the model, we first estimate the range from 4
Hz to 6 Hz, and then orderly divide three regions
[6Hz,12Hz], [12Hz,16Hz] and [16Hz,21Hz] . We solve the
optimal system noise intensity for each region, where the
system parameters are a=7.2 and b=1, the sampling
frequency is f,=5 kHz, the interval frequency is f, =0.02

Hz, the range of noise intensity is [0.1,50], and the step size
is 0.1. Then, the simulation results are shown in Fig. (6).

As seen in Fig. (6), there appear obvious sharp peaks at
multiple frequencies 5 Hz, 10 Hz, 15 Hz and 20 Hz. Then,
the low-frequency line spectrum submerging in strong noise
is detected, and the effectiveness of the proposed method is
also verified. Furthermore, after the fast regulation, the
corresponding noise intensities in different partitions are 37,
26, 18 and 0.8, respectively.

CONCLUSION

In this paper, starting from the stochastic resonance
system, we firstly carried out the theoretical analysis on
stochastic resonance, and described its applicable scope.
Subsequently, we established the radiated noise model of
four-blade propeller ship and analyzed its characteristics.
Based on these characteristics, we proposed a sweep-
frequency stochastic resonance detection system, which can
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quickly select the system noise for corresponding partition,
according to the SNR gain. Simulation results present that,
the proposed system can detect the multi-frequency signal
with large parameters quickly and accurately. Under the
strong noise background, it can still successfully detect the
low-frequency line spectrum component in ship radiated
noise. Therefore, it has great application value and
development prospect, meanwhile it lays the solid
foundation for the subsequent target recognition and speed
estimation of the ship.
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Fig. (4). The SNR gain of multi-frequency weak signal along with
the change of system parameter a.
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