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A theoretical and experimental study on the separation method of the incident sound field based on a small-scale vector sensor is
proposed in this study, with the aim of resolving the problem of separation and acquisition of an incident sound field under the
interference of near-field sound scattering from a cylindrical shell in water. *e method of identifying and separating sound waves
obtained under plane wave conditions is extended to complex sound-field conditions. Simulation and experimental results show that the
vector separation method can greatly reduce the sound pressure amplitude and the phase deviation of the incident sound field, which is
affected by near-field scattering from the cylindrical surface. *e separation accuracy is related to the deviation angle and the distance
from the target surface.*emaximum deviation of the pressure amplitude is less than 1dB, and the phase deviation is less than 3°.*is
method can effectively suppress the near-field scattering of the cylindrical shell and improve the separation accuracy of the incident
sound field. *e research results have reference value for a range of practical engineering applications.

1. Introduction

*e cylindrical shell structure is the most common form of
an underwater sports platform. Due to the influence of
scattering near the shell surface, the incident acoustic signal
received by a sensor on the shell surface in the sound field
will display severe distortion. Incident sound field separation
is used to study the suppression of near-field scattering on
the surface of the shell and accurately obtain the amplitude
and phase information of the incident sound field. Active
acoustic feature control [1, 2], accurate response measure-
ment [3, 4], underwater acoustics for underwater target
positioning, and other factors are instructive for guiding the
sound field separation process [5, 6].

At present, the near-field acoustic holography (NAH)
method ismainly used to examine the distribution of the sound
field and perform the separation of the incident sound field on
the surface of the cylindrical shell [7]. Reference [8] is based on
a two-sided NAH technology. When the incident sound field
and the axis of the holographic plane are not parallel, the

separation of the incident sound field and the scattered sound
field was achieved Based on the boundary element method
(BEM), the separation method of incident and scattered
acoustic fields is studied [9, 10]. For the incident and scattered
sound fields, wave-field extrapolation theory in the wave-
number domain and the scalar superposition principle of
sound pressure was used to establish a dual-holographic
surface sound field separation method and a single-layer near-
field, based on the principle of vector velocity superposition
[11, 12]. For the holographic sound-field separation method, Li
et al. established the separation formula of incident and
scattered sound fields in spherical coordinates in the wave-
number domain through the sound pressure decomposition of
two concentric spheres [13]. *is overcomes the ill-posed
nature of the inverse problem of acoustics. However, these
methods need to build a near-field acoustic holographic array
with a certain scale and density, which is difficult to achieve for
targets at sea, especially underwater.

Acoustic vector sensors can simultaneously obtain a
scalar sound pressure and a three-dimensional particle
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velocity. *e combined processing of scalar and vector
components has advantages over individual processing.
Based on the underwater acoustic buoy in the form of a
hollow ball, the distortion of the sound field caused by
diffraction on the surface of the underwater acoustic device
carrier was studied [14]. Studies on the basis of joint in-
formation processing, such as the correlation and directivity
of sound pressure and vibration velocity in underwater
acoustic fields, have also been conducted. *ese works
identified the coherent interference synthesis problem of
energy flow suppression technology [15–17]. *e effect of
scattering by a spherical shell baffle on vector directivity and
far-field incident acoustic signal measurement has also been
theoretically and experimentally studied [18]. *e above-
mentioned literature focuses on the surface of spherical
structures. *e influence of the sound-field distribution and
its scattering on the incident sound field has not been
studied for the common distribution of the sound field on
the surface of a cylindrical shell, including the precise
separation of the incident sound field.

*e acoustic field on the surface of a cylindrical shell is
the superposition of the far-field incident wave and the
surface near-field scattered wave. Based on the distribu-
tion of the surface acoustic field of the cylinder, this study
proposes a method to separate the incident sound field by
combining the processing of the sound pressure and the
particle velocity. *e obtained sound wave identification
and the separation theory are extended to complex sound-
field conditions, with the important characteristic of
retaining the amplitude and phase information of the
sound field. *e relationships between the sound-field
distribution on the surface of the cylinder and the sep-
aration error of the incident sound field with the devi-
ation angle as well as distance are analyzed theoretically
and numerically. *e separation method of the incident
sound field is verified using an actual cylindrical shell

model sea test, and the measured separation error is
given.

2. Methods: Sound Field Distribution on
Cylinder Surface

*e acoustic field calculation of the near-field of the un-
derwater target mainly uses the classical Rayleigh normal
series solution and numerical solution. *e normal series
solution can be used to obtain the accurate sound-field
solutions of several targets with regular geometric shapes.
*is can deeply reflect the physical mechanisms affecting the
sound field and is a test benchmark for other numerical
calculation methods.*ere is no strict analytical solution for
the scattered sound field of a finite-length cylindrical shell.
Nevertheless, the main source of near-field scattering of the
shell is adjacent to the local surface. *erefore, when the
wavelength of the sound wave is much smaller than the length
of the cylindrical shell and the research object is far away from
the end face of a cylindrical shell, the analytical solution of an
infinitely long cylinder can be used to analyze the near-field and
sound-field distribution law of a finite-length cylindrical shell.

As shown in Figure 1(a), the center of the cylindrical
section is used as the origin of the coordinate system, and the
incident plane wave is vertically aligned with the infinite
rigid cylinder along the x-axis. *e scattering field is in-
dependent of the z-direction; it is symmetric with respect to
the azimuth angle ϕ and is simplified to a two-dimensional
problem in the plane x-y as shown in Figure 1(b). *e
expression of incident sound pressure (pi) and scattered
sound pressure (ps) is given by the following equation:

pi(r, ϕ) � 2 
∞

m�0
ζmimJm k0r( cos(mϕ),

ps(r, ϕ) � 
∞

m�0
AmH(1)

m k0r( cos(mϕ),
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Figure 1: Model of the surface acoustic field of an infinitely long rigid cylinder. (a) *ree-dimensional. (b) Two-dimensional.
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where ζm �
0.5, m � 0,

1, m≥ 1 , k0 � ω/c0, A0 � − (J1(k0a))/

(H
(1)
1 (k0a)), Am � − 2im((Jm

′(k0a))/(H′(1)
m (k0a))), ω is

omega, c0 is speed of sound, k0 is wavenumber, and a is radius.

*e derivatives of the Bessel function and the Hankel
function of the first kind are obtained by the recursive formula.

By deriving the potential function corresponding
to equation (1), the radial and tangential vibration velocities

x (m)

y (
m

)

–4 –2 0 2 4

–4

–3

–2

–1

0

1

2

3

4

Pa

0

0.5

1

1.5

2

(a)

x (m)

y (
m

)

–4 –2 0 2 4

–4

–3

–2

–1

0

1

2

3

4

Pa

0

0.5

1

1.5

2

(b)

Figure 2: Distribution of the sound field near the cylinder surface for a wave incident from the left. (a) Scattered sound field. (b) Total sound
field.
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Figure 3: Azimuth characteristics of the near-field sound field at typical distances. (a) Scattered sound field. (b) Total sound field.
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were obtained. From this, the incident (vi) and scattered (vs)
sound velocities in the incoming direction are

vix(r,ϕ) �
1

iρ0c0
− J1 k0r(  + 2 

∞

m�1
i
m

Jm
′ k0r( cos(mϕ)⎡⎣ ⎤⎦cos(ϕ) − 2m 

∞

m�1
i
m

Jm k0r( sin(mϕ)sin(ϕ),

vsx(r, ϕ) �
1

iρ0c0
− A0H

(1)
1 k0r(  + 

∞

m�1
AmH

(1)
m k0r( cos(mϕ)⎡⎣ ⎤⎦cos(ϕ) − 2m 

∞

m�1
AmH

(1)
m k0r( sin(mϕ)sin(ϕ).

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(2)

*e total field of the target surface acoustic pressure and
incoming wave velocity is

p(r, ϕ) � pi(r, ϕ) + ps(r, ϕ),

vx(r, ϕ) � vix(r, ϕ) + vsx(r, ϕ),
 (3)

Considering the physical model geometry parameters
and experimental verification frequency in practical

applications, the cylinder radius is taken as 0.45m, and the
analysis frequency is selected as 4 kHz. *e sum of the
normal series of finite orders will produce a certain error
depending on the number of terms used. However, it is
generally considered best practice to take the highest
number of terms as mmax ≥ ka + 5 to guarantee the accuracy
of the calculation. In this study, mmax � 30, the magnitude of
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Figure 4: Distribution characteristics of the sound-field pressure after the cylindrical surface with distance (k is wavenumber; r is the
distance from the geometric center of the target). (a) Amplitude. (b) Phase.
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the error in the numerical calculation is less than 5%, and the
phase error is less than 2°.

For the distribution of the scattering sound field and
total sound field of the cylinder (a� 0.45m, ka � 7), the
difference between the forward and reverse sound fields is
significant, as shown in Figure 2. For the case shown, where
the wavelength is comparable to the target radius, the
forward scattering sound field (negative x-axis directions)
is far greater than the reflected sound field (positive x-axis
directions). However, due to the spatial amplitude, and
especially the phase difference between the incident wave
and the scattered wave, the total sound pressure in the
forward space (negative x-axis directions) is far smaller
than the total sound pressure in the back space (positive x-
axis directions). Around the cylinder, the total sound field
shows regular fluctuations between the strong and weak
fields emitted by the cylinder, thereby forming interference
fringes; behind the cylinder (negative x-axis value), the
total sound field weakens and forms a shadow area.

Since the sensor is generally installed near the surface of
the cylinder, the positions of 0.2m, 0.3m, and 0.4m on the
surface of the cylinder are selected, and the quantitative
change of the sound field is observed, as shown in Figure 3.
*e extremely near-field forward and backward scattering
sound fields are monotonically attenuated. However, after
superimposition with the incident waves, the total sound
pressure in the back space (positive x-axis directions) al-
ternates with strong fluctuations.

We focus on the sound-field distribution on the side of
the incident sound field of the cylinder. From the distri-
bution of sound pressure and phase with distance, we can
clearly observe and understand the change and superposi-
tion of the three sound fields (incident pi, scattered ps, and

the superposition ps + pi). Figure 4 shows the change of
amplitude and phase of the three sound fields with hori-
zontal distance (return to cylindrical surface) and kr (di-
mensionless distance, factor of deduction frequency) in one
side of the incident sound field (positive x-axis directions).
*e near-field backscattered sound field is monotonically
attenuated. When the incident wave and the scattered wave
are in phase, the total sound pressure is the sum of the two,
and the total sound field has a peak maximum value (when
they are 180° out of phase, the total sound pressure is the
difference between the two, and there is a trough minimum
value). Because the amplitude of the scattered sound is
smaller than that of the incident sound, the phase position of
the total sound field is mainly controlled by the incident
sound field. However, the maximum phase fluctuation of the
sound field is about 50° due to the influence of the scattered
sound. With the increase in distance from the target, the
amplitude and phase difference between the total sound field
and the incident sound field gradually decreased. When kr is
approximately 17.6 (i.e., 0.6m from the cylinder surface), the
phase fluctuation value decreased to 20°. Nevertheless, the
amplitude fluctuation still exceeded 50%.

2.1.Methods: Incident SoundFieldSeparationon theSurface of
aCylinder. According to the distribution of the incident and
backscattered sound fields around the cylinder surface, the
coordinate system shown in Figure 5 was established. *e
plane wave was incident in the x-axis direction towards the
origin, the sound pressure and vibration velocity are 180° out
of phase, and the horizontal azimuth angle is measured
relative to the x-axis. Focus was placed on the area on one
side of the incident sound field. *e receiver was located at
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Figure 6: Variation of the separation error of the sound pressure amplitude of the incident sound field with distance. (a) 0 degrees. (b) 30
degrees.
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point A or point B near the cylinder surface. When it was
located at point B, the receiver deviated from the x-axis, and
the horizontal azimuth deviation was ϕ.

Under the condition of plane wave incidence, the re-
lationship between sound pressure and particle velocity is as
follows:

v � −
1
ρ


zp

zt
dt �

p

ρc
. (4)

Regardless of frequency, the wave impedance is
Z � p/v � ρc. Considering only the x-axis, assuming sound

pressure x(t), the relationship between vibration speed and
sound pressure is given by

p(t) � x(t),

vx(t) �
x(t)

(ρc)
· cos(ϕ),

vy(t) �
x(t)

(ρc)
· sin(ϕ).
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Figure 7: Separation results of the incident sound field on the surface of a cylinder. (a) Separated sound field. (b) Time-domain waveform.
(c) Change in incident sound field at 0.75m with azimuth.
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According to the mathematical expression linking the
scalar sound pressure and the vibration speed, the linear
weighted joint processing was used. *at is,

px(t) �
p(t) + ρcvx(t)

2
�

(1 + cos(ϕ))

2
x(t). (6)

*e vibration velocity was multiplied by the imped-
ance ρc. *e physical unit is consistent with the sound
pressure. *e directivity of the joint processing is shown
in Figure 6.

For the incident sound field, if ϕi � 0, then px(t) � pi(t).
When the azimuth (ϕi) of the incident sound field is not the
same as the direction (vx) of the vector sensor, it can be
processed by vx and vy. *is means the vector beam was
rotated in order to ensure that the direction of the unilateral

cardioid was consistent with the direction of the incident
sound field. By using this principle, plane waves in different
directions can be obtained.

*e sound field on the surface of a cylinder is the su-
perposition of a far-field incident plane wave and a near-field
scattered wave. *e near-field scattered wave does not have
the characteristics of a plane wave. *e above equation (6)
therefore becomes

px(t) �
pi(t) + ps(t)(  + ρc vix(t) + vsx(t)( 

2

�
pi + ρcvix(t) 

2
+

ps + ρcvsx(t) 

2

� pi(t) +
ps + ρcvsx(t) 

2
.

(7)

As the propagations of the incident and backscattered
sound fields are in opposite directions, the joint treatment of
sound pressure and vibration velocity forms a unilateral di-
rectivity.*e direction of the maximum pressure is very small
(near ϕs � 0) for the incoming direction of the incident
sound, and the second term in equation (7) is related to the
azimuth and distance. Although the scattered wave in the
near-field does not have the characteristics of a plane wave,
equation (7) is still meaningful. Based on this, the separation
of the incident sound field under the condition of a complex
sound field on the surface of a cylindrical target was analyzed.

2.2. Results and Discussion: Separation Results of the Incident
Sound Field on the Surface of a Cylinder. Using equation (7),
we obtained the incident sound field on an infinitely long
cylindrical surface and analyzed its separation effect. Fig-
ure 7 shows the two-dimensional distribution of the incident
sound field separation, the separation waveform at 0°
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azimuth (positive half-axis azimuth of the X-axis, that is, the
direction of the sound wave). For the relationship between
the separation value of the incident sound field and the
theoretical value (free field conditions), the typical distance
is 0.75m, which is a function of the angle.

*e main scattered wave in the range of ±30° around the
x-axis is aligned with the direction of the smallest directivity,
and the separation of the incident sound field is good. *e
smaller the angle, the higher the separation accuracy. *e
time-domain waveform of 0° azimuth separation is shown in
Figure 7(b). When the azimuth is greater than 30 degrees,
the separation result becomes worse, as shown in
Figure 7(c).

Due to the attenuation of the scattering field, the sound
pressure amplitude and phase separation error (deviation
between the separation value and the theoretical value) of
the incident sound field will decrease with the distance from
the cylindrical surface. *e calculation results for the am-
plitude and phase error at the deviation angles of two typical
receiver points are shown in Figures 6 and 8, respectively. As
a result of the phase modulation of the scattering and in-
cident sound fields, the amplitude of the separation error
fluctuates under the attenuation trend and is almost zero
when the phase is similar. It must be noted that the greater
the phase difference, the greater the separation error. With
the increase in the angle of deviation, the fluctuation of the
amplitude error also increases. On the targeted surface, the
maximum error of the 0° azimuth position is nearly 0.5 dB,
while that of the 30° azimuth position is 1.3 dB. After 0.3m
from the target surface at 30° azimuth, the amplitude error is
less than 0.5 dB.

*e phase separation error shows a similar trend. For the
30° azimuth deviation angle, the separation amplitude error is
less than 5° after 0.3m from the targeted surface as shown in
Figure 8.

3. Model Verification and Analysis

In order to further verify the vector separationmethod of the
incident sound field, a physical model of a single-layer
cylindrical shell with a spherical cap on both sides and a
finite length was examined by numerical and sea tests.

3.1. Model Numerical Verification. *e near-field scattering
of a finite-length axisymmetric cylindrical shell can be ob-
tained by converting the weak form volume fraction in a
three-dimensional space into the area fraction on a two-
dimensional surface to obtain the scattered sound field [19].

*e cylindrical shell model is shown in Figure 9. *e
geometric parameters include the following: outer radius
a � 0.45m, shell thickness h � 0.01m, cylindrical shell length
l � 1m, and crown height� 0.26m; material parameters in-
clude the following: ρ � 7850 kg/m3, Poisson’s coefficient
σ � 0.28, and elastic modulus E � 2.1 × 1011 N/m2; the
density and sound velocity of the medium inside and outside
are as follows: ρ1 � 1.29 kg/m3 and c1 � 346m/s, and ρ2 �

1000 kg/m3 and c2 � 1500m/s.
Taking the geometric center of the cylindrical shell as the

origin, the plane wave was incident along the negative x-axis
direction, and the frequency was 4 kHz. *e scattered sound
pressure and vibration velocity in the horizontal direction
(A1-A2 direction) of the shell surface were calculated. *e
sound pressure and vibration velocity of the incident sound
field were given according to the steady-state signal of the
plane wave, and the total sound field was obtained by
equation (3).

Similar to the calculation results of infinitely long col-
umns, the total sound pressure amplitude scattered from the
surface of the finite cylindrical shell fluctuates with distance,
and the phase value varies relative to the incident sound
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Figure 10: Distribution of sound pressure and phase with distance from the model. (a) Amplitude. (b) Phase.
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field. As the distance from the cylinder increases, the am-
plitude and phase fluctuations decrease. At a distance of
0.6m (kr � 17.6) from the target surface, relative to the
theoretical value of the incident sound field, the amplitude
difference is still more than 50%, and the phase difference is
20° as shown in Figure 10. However, due to the elasticity of
the shell, the initial phases of the incident sound field and
scattered sound field from the targeted surface are no longer
in phase, and the positions of the maximum and minimum
values are also shifted.

Further analysis of the time-domain waveform and error
of the incident sound field separation in the horizontal
direction (A1-A2 direction) from the finite cylindrical shell
surface are shown in Figure 11. *e results are consistent
with that of the analytical solution for the infinite cylinder

and the errors in the amplitude and phase decrease with
distance. Due to the finite calculation steps and overall
modeling accuracy, the separation error curve is not as
smooth as the analytical solution.

3.2. Model Test Verification. Based on the numerical anal-
ysis, the single-layer cylindrical shell was used as the target to
perform the incident sound field separation test. *e layout
of the offshore test system is shown in Figure 12. *e water
depth in the sea area is 8m, and the test frequency is 4 kHz.
*e sound source and target were fixed below the lifting
device of the twin-body measurement ship, located 4m
underwater, andmeet the far-field conditions. A comparison
between the sound source and the target was used for the
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Figure 13: Time-domain signal of the incident sound field separation test. (a) 0°. (b) 30°.
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Figure 14: Amplitude error of the incident sound field separation test. (a) 0°. (b) 30°.

10 Mathematical Problems in Engineering



comparative analysis of the sound field. According to the
previous analysis, the two test conditions of 0° and 30°
azimuth deviation of the receiving point were considered.

In the test, in order to reduce the influence of other
scatterings, the pulse width of the transmitted signal was
reduced to 2ms. Compared with the monitoring signal,
affected by the near-field scattering of the target surface near
the receiving point, the sound-field signal received by the
test vector sensor is significantly superimposed.

Figure 13 shows the time-domain signal of the sound
field separation test on the surface of a cylindrical shell.
Because the vector sensor received the incident wave before
it was scattered from the cylindrical shell, it shows a pure
incident wave in the first 0.4ms (approximately 2 signal
periods); thereafter, the target scattered wave arrives at the
sensor, and the signal amplitude varies significantly. After
the vector separation process, the signal contaminated by the
shell scattering basically reached the level of the first two
cycles. Affected by the target scattering, the amplitude of the
incident wave sound pressure varies by 3–5 dB, and the
maximum phase variation reaches 35° as shown in Figures 14
and 15. After the vector processing, the deviation of the
sound pressure amplitude is less than 1 dB for the two re-
ceiver positions (the overall deviation of the 0° position is
slightly less than that of the 30° position). *e phase devi-
ation is also greatly reduced. *e phase deviation is less than
3° at the 0° position and less than 5° at the 30° position.*is is
consistent with the calculation results.

*e results of the numerical and sea tests show that the
combined treatment of sound pressure and vibration ve-
locity can effectively suppress the scattering interference of
the cylindrical target surface. High-precision information of
the amplitude and phase of the sound pressure in the in-
cident sound field was obtained by separation.

4. Conclusion

*is paper presents a vector processing method for the
separation of the incident sound field after scattering from
the surface of a cylindrical shell and further analyzes the

influence of the received sound between the double-layer
cylinder and the scattering of the sensor itself. *e theo-
retical analysis and experimental verification show that the
linear combined processing of scalar sound pressure and
vector vibration velocity can effectively suppress the scat-
tered sound field from the cylindrical surface and, hence,
separate and obtain high-precision incident sound field
pressure amplitude and phase information. *e separation
effect in front of the cylinder (0° direction) is better com-
pared to off-axis positions. As the distance from the cy-
lindrical surface increases, the amplitude and phase
separation deviation of the incident sound field gradually
decreases. At a typical distance acceptable for practical
applications, the amplitude deviation of the measured in-
cident sound pressure is less than 1 dB, and the phase de-
viation is less than 3°. It has certain engineering application
value in underwater acoustic measurement, navigation, and
so on.
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