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Abstract: Ship noise observation is of great significance to marine environment research and national
defense security. Acoustic stealth technology makes a variety of ship noise significantly reduced,
which is a new challenge for marine noise monitoring. However, there are few high spatial gain
detection methods for low-noise ship monitoring. Therefore, a high Signal-to-Noise Ratio (SNR)
MEMS noise listener for ship noise detection is developed in this paper. The listener achieves
considerable gain by suppressing isotropic noise in the ocean. The working principle and posterior
end signal processing method of the listener are introduced in detail. A gain of 10 dB over the sound
pressure detector is obtained by detecting the standard sound source. In addition, the traffic vessel
noise monitoring experiment verifies that the listener can detect the ship noise. The results show that
the listener has a very broad application prospect in the field of low-noise ship observation.

Keywords: MEMS sensor; ocean noise; high gain; noise monitoring; source level

1. Introduction

Remote monitoring of the radiated noise of various types of aircraft in the ocean is an
important measure for maritime surveillance and tactical defense. This long-term ocean
monitoring provides a research basis for ocean remote sensing applications, including
active sonar and passive sonar [1–3]. With the development of acoustic stealth technology,
the radiated noise of various ships is significantly reduced, which puts forward new
requirements for noise measurement technology. Therefore, it is of great national defense
significance to study the measurement method of radiated noise of underwater targets
and improve the detection ability of quiet targets. The measurement of ship radiated noise
abroad was carried out earlier. In 1969, Wenz et al. analyzed data collected from a Point
Sur hydrophone array located approximately 40 km west of Cape Sur, California. This
system is now a retired US Navy Sound Surveillance System (SOSUS) receiver [4]. In 1989,
D. Ross proposed that, from 1950 to 1975, marine environmental sound levels increased by
15 decibels due to shipping. He further predicted that ship noise levels will only increase
by about 5 decibels for the rest of the century [5]. From July 1998 to June 1999, the North
Pacific Acoustics Laboratory enhanced the existing ATOC acoustic network by installing
a sparse two-dimensional receive array west of Surridge, California. The NPAL array
consists of four 20-element vertical arrays with an array aperture of 700 m and a 40-element
vertical array with an aperture of 1400 m [6]. In 1999, Curtis et al. collected the time series
of the environmental sound spectrum through 13 hydrophones deployed in the North
Pacific, focusing on the distribution characteristics of [7]. In 2011, Chapman and Price
investigated low-frequency deep ocean environmental noise trends in the Northeast Pacific.
They reported trends in low-frequency (10–400 Hz) ambient noise levels and described tests
conducted at deep-sea sites in the Northeast Pacific from 1978 to 1986 using multivariate
volume arrays [8]. In 2016, Brooker et al. presented ship radiated noise data measured
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using three hydrophone arrays during a recent sea trial conducted as part of the SONIC
project [9].

In order to obtain the necessary array gain, the measurement array of conventional
acoustic pressure hydrophones is often a large number of elements when measuring low-
noise targets, which results in difficulty in the field deployment and tedious data processing
in the later stage. The vector hydrophone can simultaneously measure the sound pressure
and vibration velocity of the particle at the same point, thereby effectively suppressing
the isotropic noise. At the same time, it has a good low-frequency directivity. Compared
with the traditional sound pressure measurement method, the vector hydrophone can
obtain a higher far-field measurement Signal-to-Noise Ratio (SNR) under the same test
conditions. After the 1970s, vector hydrophones began to be used as receiving transducers
for underwater radiation target measurements. In 1983, the Soviet Union developed a
vector hydrophone low-noise target detection system, CFAC-496. Then, on this basis, it was
improved to the FHA-201 system with better performance. From the late 1980s to the early
1990s, Russia used the TAIIC-8 vector hydrophone sonobuoy noise measurement system
to conduct long-term ship radiated noise measurements in the Sea of Japan, Sakhalin
Island, and the waters near the Kamchatka Peninsula. The United States also developed the
SWALLOW buoy system in the early 1990s and tested it in the waters off California. In 1990,
the US Marine Physical Laboratory (MPL) developed two vector hydrophone buoy systems
and conducted sea trials in the Atlantic Ocean. In 1995, the vector hydrophone shallow sea
target trajectory tracking system SWTR was also developed, and sea trials were carried
out. The low-noise measurement system designed with vector hydrophones has become
a new development direction of underwater acoustic technology. Some achievements
have been made in this field abroad, but most of the research on ship radiated noise
measurement in China is still based on single-point acoustic pressure hydrophones or
acoustic pressure vertical and horizontal arrays. The research on the application of vector
hydrophone technology to ship radiated noise measurement has just started. Harbin
Institute of Technology conducted research in this field earlier and carried out research on
one-dimensional vector hydrophones during the 8th “Five-Year Plan” period. Five years
later, the one-dimensional vector hydrophone was applied to the test of radiated noise
measurement for the first time in China. Since 1997, it has carried out research on the
three-dimensional vector hydrophone, and has carried out many experiments based on the
vector hydrophone noise measurement system.

In 2006, the MEMS vector hydrophone based on the principle of bionics and developed
at the North University of China has the advantage of small size and low cost, and has good
detection performance for low-frequency signals [10,11]. Later, several others conducted
related research to improve the sensitivity of hydrophones [12–16]. Recently, Zhu et al.,
Shang et al., and Zhang et al. studied the orientation estimation algorithm for MEMS vector
hydrophones [17–19].

With the emergence of low-noise targets in the ocean, new technologies must be
adopted to obtain sufficient spatial gain to detect the noise of ships under low Signal-
to-Noise Ratio (SNR) conditions. In order to improve the SNR of measurement, a high
SNR MEMS noise listener for ship noise detection is developed for the first time, which
is compact, flexible, and has high gain. At the same time, a radiated noise analysis algo-
rithm based on MEMS vector sensor is proposed, which can obtain considerable gain by
suppressing isotropic noise.

2. Materials and Methods
2.1. Composition of MEMS Noise Listener

The MEMS noise listener is mainly composed of a MEMS vector-sensitive probe and
an electronic cabin. The overall structure of the listener is shown in Figure 1. The sensitive
probe of MEMS vector sensor is connected to the electronic cabin through a watertight
connector, and the circuit board and lithium battery are sealed in the electronic cabin. The
electronic cabin communicates with the host computer via USB for user control before and



Remote Sens. 2023, 15, 777 3 of 19

after deployment. In order to accurately record oceanic noise, the sampling frequency of
the listener is set to 40 k samples/s and the sampling depth is 24 bits. All channels are
equipped with high-precision clocks to achieve synchronous sampling. The listener adopts
a low-power design, and the equipped lithium battery can ensure that the listener can work
continuously for more than 48 h underwater. The working sketch of the MEMS monitor
is demonstrated in Figure 2. The listener is placed from the measuring ship to monitor
the marine environmental noise. The radiated noise of ships, submarines, and underwater
vehicles can be monitored. The monitored data can be transmitted to the aircraft or satellite
after being processed on the measurement ship.
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Figure 1. Overall structure diagram of the listener. (a) Electronic cabin structure; (b) MEMS vector
sensor package structure.

2.2. MEMS Vector-Sensitive Probe Sensing Principle

MEMS vector-sensitive probe contains two vector channels and one acoustic pressure
channel. The sensitive structure of the vector channel is shown in Figure 3a. It mainly
consists of a cantilever beam with a “cross” structure and a cap-shaped biomimetic cilia [15].
In the figure, the piezoresistive and Wheatstone bridge are enlarged and displayed, and the
details are marked with red arrows. The sensitive principle is: when the cilia swing under
the action of sound waves, the cantilever beam will deform due to the force. According
to the piezoresistive effect, the resistance value of the varistor on the cantilever beam also
changes. Finally, the variation of the varistor is converted into a voltage variation output
through two Wheatstone bridges [11]. The sensitive structure of the acoustic pressure
channel is shown in Figure 3b, which is made of a piezoelectric ceramic tube. The sensitive
principle is: when the acoustic pressure acts on the ceramic tube, the inner and outer
walls of the ceramic tube will generate charges of opposite polarities, and then output the
voltage value through the circuit. After the standing wave tube calibration experiment, the
vector channel sensitivity is −182 dB@1 kHz (0 dB~1 V/µPa), and the scalar sensitivity is
−181 dB (10–1000 Hz). (0 dB~1 V/µPa) The sensitivity curve is shown in Figure 4a. The
directivity diagram measured at 315 Hz is shown in Figure 4b. The calibration results show
that the sensor has good low-frequency performance, the null depth of the “8”-shaped
directivity diagram of the two vector channels is more than 30 dB, and the directionality
and consistency are good.
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3. Measurement Principle of Ship Radiated Noise
3.1. Sound Intensity Estimation Principle

The composite MEMS vector sensor is adopted as a receiving sensor, which can
synchronize the acoustic pressure and vibration velocity information at the common mea-
surement receiving points [20]. Through the processing of acoustic pressure and vibration
velocity, the active sound intensity can be calculated, and then the isotropic noise can be
used to cancel each other to improve the SNR [21,22]. Since the sensor used in this listener
is a two-dimensional vector sensor, the following sound field analysis occurs in the case of
two-dimensional plane incidence.

The acoustic pressure and vibration velocity signals measured by the composite MEMS
vector sensor at the receiving point are Equation (1):

p(t) = x(t)
vx(t) = v(t)cosθ
vy(t) = v(t)sinθ

(1)

Among them, θ ∈ (0, 2π), is the horizontal azimuth angle of the received signal.
Assuming that the sound field satisfies the plane wave Ohm’s law, it can be expressed

as Equation (2):

v(t) =
1
ρc

p(t) (2)

Substituting Equation (2) into Equation (1) gives
p(t) = x(t)

vx(t) = 1
ρc x(t)cosθ

vy(t) = 1
ρc x(t)sinθ

(3)

When discussing signal processing problems, the acoustic impedance ρc in Equation (3)
is generally omitted and set to 1 (it cannot be omitted when discussing acoustic problems
and physical dimensions are involved). So Equation (3) can be simplified to Equation (4):

p(t) = x(t)
vx(t) = x(t)cosθ
vy(t) = x(t)sinθ

(4)
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Considering the actual reception situation, the collected signal generally contains a
certain amount of noise. Generally, it is approximated as white Gaussian noise, and the
actual acquired signal model is

p(t) = x(t) + np(t)
vx(t) = x(t)cosθ + nx(t)
vy(t) = x(t)sinθ + ny(t)

(5)

where ni(t)(i = p, x, y) represents noise, which is not related to the signal x(t).
Sound intensity is the average sound energy flow per unit area perpendicular to the

sound propagation direction, also known as the average sound energy flow density. It
can be expressed by the work done by the sound wave per unit time and unit area to the
adjacent medium in the propagation direction, shown as Equation (6):

I =
1
T

∫ T

0
p(t)v(t)dt (6)

For the traditional scalar hydrophone, the vibration velocity v(t) is calculated by
Equation (2), and the noise is also calculated as a part of the signal during the acquisition
process. The sound intensity is shown in Equation (7):

I =
1
T

∫ T

0
p(t)

1
ρc

p(t)dt =
1
T

∫ T

0

(
x(t) + np(t)

)2dt =
1
T

∫ T

0
x2(t) + np

2(t)dt (7)

For the vector hydrophone, v(t) is calculated by the vector sum of vx(t) and vy(t).
Assuming that its noise is nv(t), uncorrelated with np(t) and is uncorrelated with x(t), so
it can effectively reduce the interference when calculating the sound intensity, as shown
in Equation (8):

I =
1
T

∫ T

0
p(t)v(t)dt =

1
T

∫ T

0

(
x(t) + np(t)

)
(x(t) + nv(t))dt =

1
T

∫ T

0
x2(t)dt (8)

It can be seen from Equations (7) and (8) that the vector sensor can effectively reduce
the interference when calculating the sound intensity. Considering the actual situation, it is
less likely to completely eliminate the noise, but using the vector sensor to calculate the
sound intensity is obviously effective for reducing isotropic noise.

The complex sound intensity is equivalent to the frequency spectrum of the sound
intensity, which often has better applications in engineering. The complex sound intensity
can be calculated from the cross-spectrum of sound pressure and vibration velocity. The
formulas for calculating the complex sound intensity of the traditional hydrophone and
the vector sensor are shown in Equations (9) and (10), respectively.

Ip(ω) = Re
{

1
ρc

P(ω)P∗(ω)

}
= ‖X(ω)‖2 + ‖Np(ω)‖2 (9)

Iv(ω) = Re{P(ω)V∗(ω)} = ‖X(ω)‖2 (10)

Like the sound intensity in the time domain, the complex sound intensity calcu-
lated by the vector sensor can also effectively improve the SNR. It can be seen from
Equations (9) and (10) that the complex sound intensity calculated from the acoustic pres-
sure and vibration velocity output by the vector sensor does not contain noise energy [23];
that is, it has the ability to resist isotropic noise, which is advantageous for signal detection.
Through this measurement, isotropic noise is cancelled, which will effectively improve the
measurement SNR, so that the original weaker signal can be measured.
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3.2. Radiated Noise Sound Source Level Calculation Method

In the quantitative analysis of target radiation noise, the analysis should focus on
parameters such as the line spectrum signal radiated by the target and the acoustic pressure
level and sound source level of the broadband signal. The analysis process is shown in
Figure 5. First, the power spectrum of the radiated noise signal obtained by the listener
at different times is calculated, and the frequency characteristics of the sound source are
analyzed. Then, determine the sliding window length and the center frequency of the
1/3 octave bandpass filter. According to the recommendation of the International Organiza-
tion for Standardization (ISO), select: (1.0, 1.25, 1.6, 2.0, 2.5, 3.15, 4.0, 5.0, 6.3, 8.0) ×10mHz,
(m = 0, 1, 2, . . .) [24]. In this paper, according to the working frequency band of the MEMS
vector sensor, all 1/3 octave points within 10 Hz-1000 Hz are selected for analysis. Next,
the noise signal is frequency domain transformed and filtered using a 1/3 octave bandpass
filter. Finally, the filter output is inversely transformed in the frequency domain to obtain
the effective value of the signal, and the 1/3 octave band sound pressure level Lp(i) of the
radiated noise is calculated through sensitivity compensation. The reference standard of
sound pressure is 0 dB ∼ 1 µPa.
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The 1/3 octave frequency band sound source level of ship radiated noise is defined as
the frequency band sound pressure level at a distance of 1 m from the equivalent sound
center in the direction of the ship’s target sound axis within the specified bandwidth, and
can be calculated according to Equation (11):

Lp0(i) = Lp(i) + 20lg
(

d
d0

)
(11)

where Lp0(i) is the sound source level in the 1/3 octave frequency band, in dB; Lp(i) is the
sound i pressure level of the frequency band in the direction of the sound axis of the output
of the ith filter, and away from the sound equivalent center d, in dB; d is the distance of the
vector sensor from the equivalent sound center, m; d0 is the reference distance, d0 = 1 m.

When analyzing the broadband noise signal in the direction of the target sound axis,
the broadband sound pressure level from the equivalent sound center d can be obtained
by Equation (12):

Lp = 10lg

(
n

∑
i=1

100.1Lp(i)

)
(12)

where Lp is the broadband sound pressure level, in dB, Lp(i) is the 1/3 octave band sound
pressure level, in dB, obtained by the 1/3 octave band-pass filter; n is the number of
1/3 octave filter included in the broadband.

Similarly, the broadband sound source level can be obtained by converting the broad-
band sound pressure level and distance, as shown in Equation (13):

Lp0 = Lp + 20lg
(

d
d0

)
(13)

where Lp0 is the broadband sound source level, in dB, and Lp is the broadband sound
pressure level, in dB.

When measured with a 1/3 octave filter bank, the acoustic pressure spectrum level at
the center frequency of the No. i filter can be calculated according to Equation (14):

Lps(i) = Lp(i)− 10lg
(

∆ f (i)
∆ f0

)
(14)

where Lps(i) is the acoustic pressure spectrum level of radiation noise, in dB; Lp(i) is the
acoustic pressure level of the 1/3 octave frequency band, in dB; ∆ f (i) is i the effective
bandwidth of the ith filter, Hz; ∆ f0 is the reference bandwidth, ∆ f0 = 1 Hz.

The acoustic pressure spectrum source level of radiated noise is defined as: in the
direction of the sound axis, the acoustic pressure spectrum (density) level at a distance of
1 m from the equivalent sound center, the acoustic pressure spectrum source level can be
calculated according to Equation (15):

Lps0(i) = Lps(i) + 20lg
(

d
d0

)
(15)

where, Lps0(i) is the acoustic pressure spectrum source level, in dB, and Lps(i) is the acoustic
pressure spectrum level, in dB. where the 1/3 octave frequency band sound pressure level
should be calculated according to Equation (16) in combination with the sensitivity of
the sensor:

Lp(i) = 20lg
(

Vi
V0

)
−Mi − Ki (16)

where i is the serial number of the 1/3 octave filter; Vi is i the output voltage of the ith filter,
V; V0 is the reference voltage, V0 = 1V; Mi is the sensor sensitivity at the center frequency
of the ith filter, dB, the reference is 1 V/µPa; Ki is the electronic system gain at the center
frequency of ith filter, in dB.
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Important parameters such as frequency band acoustic pressure level, frequency band
sound source level, broadband sound pressure level, broadband sound source level and
sound-pressure spectrum level of radiated noise can be obtained by Equations (11)–(16).
Similarly, 1/3 octave spectrum analysis is performed on the background noise, and its
acoustic pressure spectrum level is obtained according to Equation (14). According to
the requirements of the national military standard GJB273-87 for the measurement of
underwater radiated noise of ships, when the SNR is greater than 10 dB, it is considered
that the intensity of ship radiated noise is much greater than the background noise, and
the contribution of the background noise can be ignored. When the SNR is greater than
6 dB and less than 10 dB, the calculation results should be corrected according to Table 1,
specifically by subtracting the corrected value from the calculated sound pressure level
and sound source level. When the SNR is less than 6 dB, it means that the ship radiated
noise received by the vector sensor is similar to the environmental noise, and the data is
considered invalid and should be discarded.

Table 1. Noise level correction table.

SNR (dB) Radiation Noise Level Correction (dB)

10 0.5
9 0.5
8 1.0
7 1.0
6 1.0

<6 Invalid

4. Results
4.1. Error Calibration Experiment

The calibration experiment of the MEMS noise listener was completed in a standing
wave tube. The experiment adopted the comparative method to test the error of the listener,
using a standard hydrophone as a reference. The experimental equipment is marked with
yellow arrows, and the test process is explained with blue arrows in Figure 6. The test
process is as follows: First, hang the MEMS vector sensor and the standard hydrophone in
the standing wave tube at the same time, and lower the sensors to a position 48 cm away
from the sound source through the controller. Then, the 1/3 octave single-frequency signal
in the frequency band of 10 Hz-1000 Hz is sequentially transmitted through the sound
source at the bottom of the standing wave tube, and the sound signals picked up by the
two sensors are collected by the listener at the sampling rate of 40 k samples/s. The test
site is shown in Figure 7. The test equipment is marked with red arrows, and the sensor
being tested is magnified in the red dotted frame. After the experiment, the radiation
noise measurement algorithm is used to analyze and calculate the sound source level of
the transmitted signal in turn. The experimental results are shown in Figure 8. The two
curves in the figure are the sound source levels measured by the standard hydrophone and
the MEMS vector sensor at different frequency points, and the upper right corner is the
measurement error. The sound source level measured by the MEMS vector sensor is within
3 dB (0 dB ∼ 1 µPa) of the sound source level measured by the standard hydrophone. The
listener is calibrated according to the calibration results in the standing wave tube to reduce
the measurement error.

4.2. Outfield Experiment

In order to further verify the monitoring ability of the MEMS noise listener for ship
noise, outfield experiments were carried out in the Fenhe No. 2 Reservoir in Taiyuan
City. The average depth of the experimental waters is 35 m, and the open area is 1 km2.
There is no interference from noise sources such as operating ships in the waters, and the
experimental environment is ideal.



Remote Sens. 2023, 15, 777 10 of 19

Remote Sens. 2023, 15, x FOR PEER REVIEW 9 of 15 
 

 

marked with yellow arrows, and the test process is explained with blue arrows in Figure 
6. The test process is as follows: First, hang the MEMS vector sensor and the standard 
hydrophone in the standing wave tube at the same time, and lower the sensors to a 
position 48 cm away from the sound source through the controller. Then, the 1/3 octave 
single-frequency signal in the frequency band of 10 Hz-1000 Hz is sequentially 
transmitted through the sound source at the bottom of the standing wave tube, and the 
sound signals picked up by the two sensors are collected by the listener at the sampling 
rate of 40 k samples/s. The test site is shown in Figure 7. The test equipment is marked 
with red arrows, and the sensor being tested is magnified in the red dotted frame. After 
the experiment, the radiation noise measurement algorithm is used to analyze and 
calculate the sound source level of the transmitted signal in turn. The experimental results 
are shown in Figure 8. The two curves in the figure are the sound source levels measured 
by the standard hydrophone and the MEMS vector sensor at different frequency points, 
and the upper right corner is the measurement error. The sound source level measured by 
the MEMS vector sensor is within 3 dB (0 dB~1 μPa) of the sound source level measured 
by the standard hydrophone. The listener is calibrated according to the calibration results 
in the standing wave tube to reduce the measurement error. 

 
Figure 6. Test process diagram of error calibration experiment. 

 
Figure 7. MEMS noise listener calibration site. 

Figure 6. Test process diagram of error calibration experiment.

Remote Sens. 2023, 15, x FOR PEER REVIEW 9 of 15 
 

 

marked with yellow arrows, and the test process is explained with blue arrows in Figure 
6. The test process is as follows: First, hang the MEMS vector sensor and the standard 
hydrophone in the standing wave tube at the same time, and lower the sensors to a 
position 48 cm away from the sound source through the controller. Then, the 1/3 octave 
single-frequency signal in the frequency band of 10 Hz-1000 Hz is sequentially 
transmitted through the sound source at the bottom of the standing wave tube, and the 
sound signals picked up by the two sensors are collected by the listener at the sampling 
rate of 40 k samples/s. The test site is shown in Figure 7. The test equipment is marked 
with red arrows, and the sensor being tested is magnified in the red dotted frame. After 
the experiment, the radiation noise measurement algorithm is used to analyze and 
calculate the sound source level of the transmitted signal in turn. The experimental results 
are shown in Figure 8. The two curves in the figure are the sound source levels measured 
by the standard hydrophone and the MEMS vector sensor at different frequency points, 
and the upper right corner is the measurement error. The sound source level measured by 
the MEMS vector sensor is within 3 dB (0 dB~1 μPa) of the sound source level measured 
by the standard hydrophone. The listener is calibrated according to the calibration results 
in the standing wave tube to reduce the measurement error. 

 
Figure 6. Test process diagram of error calibration experiment. 

 
Figure 7. MEMS noise listener calibration site. Figure 7. MEMS noise listener calibration site.



Remote Sens. 2023, 15, 777 11 of 19

Remote Sens. 2023, 15, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 8. Error calibration result diagram. 

4.2. Outfield Experiment 
In order to further verify the monitoring ability of the MEMS noise listener for ship 

noise, outfield experiments were carried out in the Fenhe No. 2 Reservoir in Taiyuan City. 
The average depth of the experimental waters is 35 m, and the open area is 1 km2. There 
is no interference from noise sources such as operating ships in the waters, and the 
experimental environment is ideal. 

4.2.1. Standard Sound Source Emission Experiment 
Standard sound source emission experiments were performed on a cross-shaped 

floating platform in the center of the reservoir. The transmitter equipment included: 
mobile power supply, signal generator, power amplifier, and fish-lip transducer. The 
receiver equipment included: a MEMS noise listener and a computer. Considering that 
the motion noise will be introduced when the vector sensor moves underwater, a flexible 
suspension method is used to isolate the motion noise of the system and the motion noise 
is further eliminated by the baseline drift removal algorithm later [25]. The experimental 
process is shown in Figure 9. In the picture, the orange box is the transmitting device, and 
the yellow box is the receiving device. Before the experiment, the listener was controlled 
by the host computer to start the work with a delay of 15 min, and then the listener was 
lowered at a depth of 15 m underwater. The transmitting system is built at a distance of 
15 m from the receiving end, and the depth of the sound source is consistent with the 
listener. The experimental site is shown in Figure 10. The red circles in the figure are the 
location of the transmitting equipment and the receiving equipment respectively, and the 
details are shown in the red dotted frame. The sound source used in the experiment is an 
overflow cavity flextensional transducer (model: FM300-19#) driven by rare earth 
materials. During the experiment, according to the frequency points in the performance 
parameter table of the fish-lip transducer, the specific frequency points are (200, 230, 250, 
280, 300, 330, 350, 380, 400, 430, 450, 500, 550, 600, 650, 700, 800, 900, 1000) Hz. After the 
experiment, the data were sent back to the computer for analysis and processing through 
the USB interface. As shown in Figure 11, the sound pressure and sound intensity power 
spectra of four frequencies of 200 Hz, 500 Hz, 800 Hz, and 1000 Hz are shown, 
respectively. The blue curves in the figure are acoustic pressure curves, and the red curves 
are all sound intensity curves. The power spectrum of sound pressure is calculated only 
by the sound pressure channel, while the sound intensity is calculated by the sound 
pressure channel and vibration velocity channel of vector sensor. Theoretically, the signal 
multiplication of multiple channels can suppress uncorrelated noise in each channel to 
improve the SNR. It can be seen from the figure that under the premise of the same target 

10 100 1000

140

145

150

155

160

165

170

10 100 1000

-3

-2

-1

0

1

2

3

Frequency(Hz)

Error curve

Er
ro

r(
dB

)

So
un

d 
so

ur
ce

 le
ve

l(d
B)

(0
dB

~1
μP

a)

Frequency(Hz)

 MEMS Vector Hydrophone
 Standard hydrophone

Figure 8. Error calibration result diagram.

4.2.1. Standard Sound Source Emission Experiment

Standard sound source emission experiments were performed on a cross-shaped
floating platform in the center of the reservoir. The transmitter equipment included: mobile
power supply, signal generator, power amplifier, and fish-lip transducer. The receiver
equipment included: a MEMS noise listener and a computer. Considering that the motion
noise will be introduced when the vector sensor moves underwater, a flexible suspension
method is used to isolate the motion noise of the system and the motion noise is further
eliminated by the baseline drift removal algorithm later [25]. The experimental process is
shown in Figure 9. In the picture, the orange box is the transmitting device, and the yellow
box is the receiving device. Before the experiment, the listener was controlled by the host
computer to start the work with a delay of 15 min, and then the listener was lowered at
a depth of 15 m underwater. The transmitting system is built at a distance of 15 m from
the receiving end, and the depth of the sound source is consistent with the listener. The
experimental site is shown in Figure 10. The red circles in the figure are the location of
the transmitting equipment and the receiving equipment respectively, and the details are
shown in the red dotted frame. The sound source used in the experiment is an overflow
cavity flextensional transducer (model: FM300-19#) driven by rare earth materials. During
the experiment, according to the frequency points in the performance parameter table of the
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fish-lip transducer, the specific frequency points are (200, 230, 250, 280, 300, 330, 350, 380,
400, 430, 450, 500, 550, 600, 650, 700, 800, 900, 1000) Hz. After the experiment, the data were
sent back to the computer for analysis and processing through the USB interface. As shown
in Figure 11, the sound pressure and sound intensity power spectra of four frequencies of
200 Hz, 500 Hz, 800 Hz, and 1000 Hz are shown, respectively. The blue curves in the figure
are acoustic pressure curves, and the red curves are all sound intensity curves. The power
spectrum of sound pressure is calculated only by the sound pressure channel, while the
sound intensity is calculated by the sound pressure channel and vibration velocity channel
of vector sensor. Theoretically, the signal multiplication of multiple channels can suppress
uncorrelated noise in each channel to improve the SNR. It can be seen from the figure that
under the premise of the same target frequency amplitude, the noise of the sound intensity
spectrum is obviously lower than the noise of the sound-pressure power spectrum, and the
sound intensity of each frequency point has a gain of at least 10 dB relative to the sound
pressure. Figure 12 shows the sound source level test results of the fish-lip transducer. The
blue curve in the figure is the sound pressure level at the position of the vector sensor, the
black curve is the sound source level restored by the listener according to the test distance,
and the red curve is the theoretical sound source level in the fish-lip performance parameter
table. The experimental results show that the MEMS noise listener has high SNR gain and
can accurately monitor the sound source level of the standard transducer. The maximum
measurement error is 2.6 dB.
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4.2.2. Traffic Ship Radiation Noise Monitoring Experiment

The radiated noise of a small traffic ship in the reservoir is detected by an MEMS noise
listener. The red dotted frame in Figure 13a are the experimental waters, and the test site
and equipment are marked with red arrows. The monitoring system is again being built
on a cross-shaped floating platform. The experimental process is as follows: the listener is
started after a delay of 20 min and then lowered at a depth of 5 m underwater. The traffic
ship starts to travel back and forth from point A to point C according to the set trajectory
in Figure 13b when it reaches a position about 180 m away from the receiving equipment.
During the experiment, the precise distance between the transportation ship and the listener
was obtained by converting the position information recorded by two GPS locators. The
experimental site is shown in Figure 14. The collected radiated noise is analyzed and
processed, and a data segment with a length of 20 s near point B, where the target ship
is closest to the listener during the voyage, is selected for analysis. Figure 15 shows the
acoustic pressure and sound intensity power spectrum of the traffic ship. It can be seen
that the sound intensity spectrum obtained by the joint processing of the acoustic pressure
and the vibration velocity has a gain of about 4 dB in the low frequency band relative to the
sound pressure spectrum. The SNR is about 10.38 dB. Then the background noise before
and after the test is analyzed, and the calculated 1/3 octave acoustic pressure spectrum
level curves of the background noise and the radiated noise of the traffic ship are shown in
Figure 16. According to the correction method in Section 3.2, when the SNR is greater than
10 dB, it is not necessary to correct the sound source level of the target. However, if the
sound source level of the monitoring object is too low, or the sound intensity propagated
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to the location of the listener is too low due to the distance between the monitoring object
and the listener, then the ship noise will be submerged in the environmental noise. When
the measured SNR is less than 6 dB, the test results are considered invalid. The histogram
of the 1/3 octave acoustic pressure level of the traffic ship is shown in Figure 17, and the
broadband sound pressure level of the radiated noise of the traffic ship is calculated to
be 114.91 dB (0 dB ∼ 1 µPa). The GPS recording results show that the closest distance
between the traffic ship and the listener is 173.6 m, and the restored sound source level
is 159.71 dB (0 dB ∼ 1 µPa). The results show that the MEMS noise listener can monitor
underwater targets for a long time, and test results are reliable.
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Figure 17. 1/3 Octave sound pressure level histogram of traffic ship.

5. Conclusions

This paper presents a high-SNR MEMS noise listener for ship noise detection. A
MEMS vector sensor is applied to ocean noise detection for the first time, which makes
the listener have the ability to suppress isotropic noise. A higher SNR is obtained by
joint processing of sound pressure and vibration velocity. Then, the error caused by
the equivalent sound center is effectively reduced by increasing the monitoring distance.
The standard sound source experiment obtained a gain of 10 dB higher than the sound-
pressure detection method, and the measurement error is within 2.6 dB. The traffic vessel
monitoring experiment verifies the ability of the listener to detect ship noise, which is of
great significance to ocean noise monitoring. In conclusion, the MEMS ocean noise listener
proposed in this paper has the advantages of high SNR, high spatial gain, and small size,
which has broad application prospects in the field of low-noise ship monitoring.
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