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Noise control of vehicle cabins has been given high consideration owing to the increasing demands for comfort
of ship vehicles. Noise source identification is the precondition of noise control. Conventional methods of noise
source identification are mainly applied in free fields. The performance of noise source identification methods
will be seriously decreased in enclosed space due to the effect of sound reflection. Noise source identification
in enclosed space based on double cylindrical array is researched in this paper. The effect of reflection sound is
removed by using the sound field separation technique. The combined method of near field acoustic holography
and focused beamforming for noise source identification is proposed to identify noise sources having high and low
frequencies. The performance of the proposed method is studied by simulation, and the experiment is carried out
in the submarine cabin model to verify the feasibility of the proposed method. The researching results shows that
the effect of reflection sound can be removed using sound field separation technique based on double cylindrical
array, and the high-resolution identification for high and low frequency signals can be obtained using the combined
method of near field acoustic holography and focused beamforming.

1. INTRODUCTION

Noise source identification is the key step for noise control.
Conventional methods of noise source identification include
near field acoustic holography and focused beamforming, but
the conventional methods are usually used in the free field.1–6

In the enclosed space, such as vehicle cabin, the performance
of noise source identification will be seriously decreased be-
cause of sound reflection of the wall and ceiling.7, 8

Noise source identification in enclosed space is researched
in recent years. In 1956, Pachner first proposed the idea of
sound field separation technique.9 In 1980, the theory of sound
field separation based on spherical wave superposition method
was established by Weinreich.10 In 1993, sound field was re-
constructed using sound field separation technique by Hallman
and Bolton.11–13 In 1995, the equation of sound field separa-
tion was given by Williams by summarizing the research re-
sults of formers.14 In 1996, inversion of reflection coefficients
of arbitrary incident angle based on plane sound field separa-
tion was given by H. E. Yuan-An.15 In 2000, the noise source
was located in cabin using BEM near field acoustic hologra-
phy by Williams.16 In 2003, sound field separation technique
was researched to extend the application range using double
plane array to obtain sound pressure by Yu Fei.17, 18 In 2006,
the method of extended SONAH was used to locate the noise
source in vehicle cabin by Hald.19 In 2007, spherical wave
superposition was applied to measure the directivity and fre-
quency response of low frequency sound equipment in a small
room.20 In 2008, the sound field separation technique based on
equivalent sources was studied to reconstruct the sound field in
bounded space by Bi C. X.21 In 2012, spherical wave superpo-
sition method was used based on a double small half spherical
array to identify the noise source in a car by Melon.22

For solving the problem of noise source identification for

high and low frequency signals in an enclosed space, combined
method for noise source identification is researched based on
double cylindrical array in this paper. The sound field sep-
aration technique is studied to remove the effect of reflec-
tion sound coming from the walls and ceiling. The combined
method of near field acoustic holography and focused beam-
forming are proposed to identify the location of noise source.
Near field acoustic holography is used for low frequency noise
source location, and focused beamforming is used for high fre-
quency noise source location. The high resolution of noise
source identification for low and high frequency signals in an
enclosed space is obtained by using the proposed method.

2. THEORETICAL ANALYSIS

2.1. Overview of Noise Source Identification
in Enclosed Space

The sound field in enclosed space is comprised of direct and
reflected sound because of the refection of walls and ceiling.
As shown in Fig. 1, noise source is in the interior of the double
cylindrical array. The direct radiation sound goes out from the
interior of the double cylindrical array, and the reflection sound
reflected by the walls and ceiling comes in from the exterior
of the double cylindrical array. The information of the sound
field is acquired by the double cylindrical array. The direct and
reflected sounds are separated by using the sound field sepa-
ration technique. The noise sources are identified using near
field acoustic holography and focused beamforming.
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Figure 1. Sketch map of noise source identification in enclosed space using
double cylindrical array.

Figure 2. Cylindrical coordinate system.

2.2. Measurement Data Model of Cylindrical
Array

The data model is given to take a single cylindrical array as
example. The height of the cylindrical array is Z, the radius is
rH , and cylindrical coordinates (r, φ, z) system is established,
which is shown in Fig. 2. The elements are uniformly dis-
tributed along the circumference direction and axis direction.
The interval of elements in circumference direction is ∆φ and
the serial number is n (n = 1, · · · , N), and the number of cir-
cumference elements is N = [2π/∆φ]int, where [·]int repre-
sents round number. The interval of elements in axis direction
is ∆z, the serial number is m (m = 1, · · · ,M), and the num-
ber of axis direction elements is M = [Z/∆z]int.

The relation between cylindrical coordinates and Cartesian
coordinates is x = r cosφ, y = r sinφ, z = z. The point
sound source is in (r0, φ0, z0) and the corresponding Cartesian
coordinates are (x0, y0, z0), as shown in Fig. 2. The expression
of sound pressure is given as:

p(r, t) =
P0

r
e− i(ωt−kr); (1)

where P0 is the amplitude of sound pressure with distance
of one meter to the sound source, r is the distance of ob-
servation point to the sound source, ω is the angular fre-
quency, k is the wave number and t is the observation time.
The coordinates of the element with serial number (n,m) are
(rnm, φnm, znm) and the corresponding Cartesian coordinates
are (xnm, ynm, znm). The output of element with serial num-

ber (n,m) is:

p(rnm, t) = P0
1

rnm
e− i(ωt−krnm); (2)

where rnm =
√

(xnm − x0)2 + (ynm − y0)2 + (znm − z0)2

is the distance of the (n,m) element to sound nm nm 0 nm 0
nm 0source. There are N ×M microphones to compose the
cylindrical array. The complex sound pressure data p of the
cylindrical array is:

p(r, t) = [p11(r11, t) · · · pnm(rnm, t) · · · pNM (rNM , t)]

= P0e− iωt

[
1

r11
ei kr11 · · · 1

rnm
ei krnm · · · 1

rNM
ei krNM

]
.

(3)

When the sound from L point sources is incident on the
cylindrical array, the data acquired by each element is the su-
perposition of L point sound sources. The cross spectrum be-
tween (1,1) and each of N ×M elements are performed to get
the complex sound pressure of the cylindrical array:

p(r, φ, z) =

[p11(r11, φ11, z11), · · · , pnm(rnm, φnm, znm),

· · · , pNM (rNM , φNM , zNM )] =

P0

[
1

r11
ei kr11 · · · 1

rnm
ei krnm · · · 1

rNM
ei krNM

]
. (4)

Double cylindrical array is composed of two cylindrical ar-
rays with the same axis, and the radii of the two cylindri-
cal array are rH1 and rH2 (rH2 > rH1) respectively, the
corresponding complex sound pressures are pI(r, θ, φ) and
pII(r, θ, φ) respectively.

The problem is to identify the noise source using the com-
plex sound pressure data acquired by the double cylindrical
array. The sound field separation technique is performed to
separate the direct and reflected sounds. Noise source is lo-
cated using near field acoustic holography in low frequency
and using focused beamforming in high frequency.

2.3. Sound Field Separation Technique
Based on Double Cylindrical Array

The outgoing wave and incoming wave are separated by us-
ing the sound field separation technique. Sound source of inter-
est lying in the interior of the double cylindrical array generates
outgoing wave, and the incoming wave coming from the exte-
rior of double cylindrical array is generated by the reflection
of the wall and ceiling. For testing the validity of the sound
field separation technique, the sound source of interest lies in
the interior of the double cylindrical array to be identified, and
the external sound sources are looked as the interference sound
sources of reflection, as shown in Fig. 3.

The radii of holography surfaces SH1 and SH2 are rH1 and
rH2 respectively, and the distance between two holography
surfaces is d = rH2 − rH1. Sound source 1 of interest lies
in the interior of holography surface SH1 and the sound source
2 of interference is out of the holography surface SH2. Sound
pressures of holography surfaces SH1 and SH2 are as follow-
ing:
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Figure 3. Sketch map of the sound field separation using double cylindrical
array.

p(rH1, φ, z) = pI(rH1, φ, z) + pII(rH1, φ, z); (5)

p(rH2, φ, z) = pI(rH2, φ, z) + pII(rH2, φ, z); (6)

where pI(rH1, φ, z) and pI(rH2, φ, z) represent, respectively,
the sound pressures of sound source 1 incident on hologra-
phy surfaces SH1 and SH2 , as well as pII(rH1, φ, z) and
pII(rH2, φ, z) represent, respectively, the sound pressure of
sound source 2 incident on holography surfaces SH1 and SH2.

Fourier transform is performed on Eqs. (5) and (6). The
relation of the sound pressure wave spectrum of two cylindrical
holography surfaces is:

Pn(rH1, kz) = Pn
I(rH1, kz) + Pn

II(rH1, kz); (7)

Pn(rH2, kz) = Pn
I(rH2, kz) + Pn

II(rH2, kz). (8)

The relation of the sound pressure of two holography sur-
faces in wave number domain is:

Pn
I(rH2, kz) =

H
(1)
n (krrH2)

H
(1)
n (krrH1)

Pn
I(rH1, kz); (9)

Pn
II(rH1, kz) =

H
(2)
n (krrH1)

H
(2)
n (krrH2)

Pn
II(rH2, kz). (10)

Combine Eqs. (7)– (10) to obtain Eqs. (11) and (12).
P In(rH1, kz) is wave number domain sound pressure of

holography surface I generated by sound source 1, and
P IIn (rH2, kz) is the wave number domain sound pressure of
holography surface II generated by sound source 2. Outgoing
wave and incoming wave are separated, and cylindrical near
field acoustic holography and focused beamforming are per-
formed to locate sound sources of interest.

2.4. Cylindrical Near Field Acoustic
Holography

The cylindrical wave spectrum of reconstructed cylindrical
surface with r = rS is obtained as:

Pn(rS , kz) =
H

(1)
n (krrS)

H
(1)
n (krrH)

P In(rH1, kz). (13)

The sound pressure of reconstructed cylindrical surface
p(rs, φ, z) with r = rs is obtained by space inverse Fourier
transform of Pn(rS , kz) as:

p(rS , φ, z) = F−1
φ F−1

z [Pn(rS , kz)]. (14)

The noise source identification for the interior source of
cylindrical surface when rH > rS , corresponds to the recon-
structed process with sensitiveness to noise in high wave num-
ber. The measurement error will be extremely amplified in
high wave number kz and n/r. The filter function is used to
restrain the error amplification of high frequency wave number
as:

W (n, kz) =


1− 1

2
e(kr/kc−1)/α kr ≤ kc

1

2
e(1−kr/kc)/α kr > kc

; (15)

where kc is the cut-off wave number of filter kr =√
k2
z + (n/rH)2; α is the steep coefficient window function.

The smaller the value of α, the steeper the cutoff of the func-
tion value at kc. The sound pressure of reconstructed cylindri-
cal surface is obtained by two-dimensional Fourier transforms
of the filtered cylindrical wave spectrum. The total expression
of cylindrical surface near field acoustic holography is given
by:

p(rS , φ, z) =

F−1
φ F−1

z

{
W (n, kz)

H
(1)
n (krrS)

H
(1)
n (krrH)

P In(rH1, kz)

}
. (16)

The reconstruction surface is chosen to contain the sound
source for sound source identification.

2.5. Focused Beamforming of Cylindrical
Array

Focused beamforming is performed to identify sound source
in high frequency. Conventional beamforming uses pressure
data measured by single measuring surface to locate the sound
source. When target sound sources and interference sound
sources appear at different sides of the measuring surface at the
same time, the interference sound source generates the false
source on the reconstruction surface, so that the target sound
source cannot be accurately identified. The double layer beam-
forming technique can be used to solve this problem.23, 24 The
particle velocity is obtained by the Euler formula and the finite
difference theory, and sound intensity is obtained by multiply-
ing the particle velocity and the sound pressure.

The section of the double cylindrical array is shown in
Fig. 4. RCnm is the distance from the sound source to the
middle point of the number (n,m) microphones on the two
holography surfaces. SC is the surface of the middle points
of the number (n,m) microphones on the two holography sur-
faces, θCnm is the angle between RCnm and the horizontal
plane. d is the distance between two holography surfaces.

By using the Euler formula and the finite difference theory,
particle velocity approximation can be obtained as:
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P In(rH1, kz) =
Pn(rH1, kz)H

(1)
n (krrH1)H

(2)
n (krrH2)− Pn(rH2, kz)H

(2)
n (krrH1)H

(1)
n (krrH1)

H
(1)
n (krrH1)H

(2)
n (krrH2)−H(1)

n (krrH2)H
(2)
n (krrH1)

; (11)

P IIn (rH2, kz) =
Pn(rH2, kz)H

(1)
n (krrH1)H

(2)
n (krrH2)− Pn(rH1, kz)H

(1)
n (krrH2)H

(2)
n (krrH2)

H
(1)
n (krrH1)H

(2)
n (krrH2)−H(1)

n (krrH2)H
(2)
n (krrH1)

. (12)

Figure 4. Sketch map of the double cylindrical array.

u(rCnm, φCnm, zCnm) ≈
p(rH2nm, φH2nm, zH2nm)− p(rH1nm, φH1nm, zH1nm)

−jk∆RCnmρ0c
;

(17)

where ∆RCnm = d cos θCmn.

u(r, φ, z) =

[u(rC11, φC11, zC11), · · · , u(rCnm, φCnm, zCnm),

· · · , u(rCNM , φCNM , zCNM )]. (18)

The steering vector E of focused beamforming is:

E =
[
r11ei kr11 , · · · , rnmei krnm , · · · , rNMei krNM

]
. (19)

The output of focused beamforming using pressure and par-
ticle velocity of cylindrical array are:

Bp =
1

M ·N
|〈p(r, φ, z) · Ep〉| ; (20)

Bu =
1

M ·N
|〈u(r, φ, z) · Eu〉| ; (21)

where 〈·〉 represents the inner product of two vectors. The
steering vectors of sound pressure and particle velocity are Ep
and Eu, respectively, that are similar to Eq. (19) correspond-
ing to the distance from scan surface to surface SH1 and SC as
shown in Fig. 4. Next, 1/(M ·N) is factor for uniformation of
element number. Focused beamforming scans all the discrete
points in interesting region, and the amplitude and phase of
signals of different elements are compensated simultaneously.

If the scan region includes the sound source points, when the
scan point coincides with the sound source point, the sound
source will be located. Sound intensity beamforming can be
obtained as following:

Spu =
1

2
Re(BpBu∗). (22)

To quantify the location results, the positioning error is de-
fined, expressed as:

l = zc − zt; (23)

where zt is the theoretical location of the sound source, zc
is the position located by an algorithm. In NAH, the Fourier
transform of the discrete space can get the sound pressure value
at the discrete points on the reconstructed surface. For the
two methods to be combined, the scanning point in focused
beamforming should be the same as the position of the discrete
points on the reconstructed surface. Therefore, the positioning
error on the cylinder is affected by the position of the discrete
points, and the positioning error smaller than the position of
the discrete points can’t be obtained accurately. The interval
between discrete points in this simulation is 0.05 m. Position-
ing error is an integer multiple of 0.05 m.

2.6. Frequency Band Separation for Near
Field Acoustic Holography and
Focused Beamforming

The suitable frequency bands of cylindrical near field acous-
tic holography and focused beamforming are studied. The
space distinguish ability for near field acoustic holography is
about a constant with relation of measurement distance and
signal to noise ratio in low frequency, and generally equal to
half of the wave length of signal in high frequency. The space
distinguish ability of focused beamforming is larger than a
wave length in low frequency. In low frequency band, the
space distinguish ability of near field acoustic holography is
superior to that of focused beamforming. In high frequency
band, near field acoustic holography needs more microphones
and shorter distance of microphones to get high space distin-
guish ability, which is difficult to achieve. Therefore, the sound
source is located using near field acoustic holography in low
frequency region and using focused beamforming in high fre-
quency region.

The upper limit frequency of near field acoustic hologra-
phy acts as the divided frequency point of near field acoustic
holography and focused beamforming. If the distance of el-
ement is ∆, according to Nyquist space sample theorem, the
maximum wave number measured is kmax = π/∆ , with the
interference of noise in practice kmax < π/∆; thus, the maxi-
mum frequency of reconstructed signals using near field acous-
tic holography is:

fmax <
πc

2π∆
=

c

2∆
. (24)
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The distance of elements in circumference direction is ∆φ
and the distance of elements in axis direction is ∆z, we get:

f∆zmax <
c

2∆z
; (25)

f∆φmax <
c

2∆φ · rH )
. (26)

The identification performance of near field acoustic holog-
raphy is also related to the measurement distance. The evanes-
cent wave attenuates in accordance with exponent rule. The
measurement distance is less than 1/3 wavelength to effectively
measure the evanescent wave, so the upper frequency limit has
relation to the measurement distance as following:

fdmax <
c

3d
. (27)

The upper frequency limit of near field acoustic holography
is

fmax = |f∆zmax, f∆φmax, fdmax|min. (28)

The frequency range of near field acoustic holography and
focused beamforming is divided according to Eq. (28).

3. SIMULATIONS

The performance of sound source identification using dou-
ble cylindrical array is simulated. The elements are uniformly
delivered along circumference direction and axis direction.
There are 31 elements along axis direction with inner distance
∆z = 0.05m and 36 elements along circumference direction
with angle distance ∆φ = 10. The number of each cylindrical
array is 31 × 36 = 1116 and the radii of double cylindrical
array are rH1 =0.25 m and rH2 =0.3 m respectively. The
distance between the two holography surfaces is 0.05 m.

The upper limit frequency is determined by ∆z = 0.05 m,
∆φ = 10o and measurement distance d, we obtain:

f∆zmax <
c

2∆z
=

340

2 · 0.05
= 3400 Hz; (29)

f∆φmax <
c

2∆φ · π
180 · rH )

=
340

2
(
10 · π

180 · 0.3
) ≈ 3200 Hz;

(30)

fdmax <
c

3 · d
=

340

3 · 0.075
≈ 1500 Hz . (31)

The upper frequency limit of near field acoustic hologra-
phy is the minimum of f∆z max, f∆φmax and fdmax. We get
fmax =1500 Hz. When the frequency is lower than 1500 Hz,
near field acoustic holography is used to identify the sound
source. When the frequency is higher than 1500 Hz, focused
beamforming will be used to locate the sound source.

3.1. Simulations of Location of a Single
Sound Source and Vibrating Cylindrical
Structure

The performance of sound source identification for a single
source is simulated. The sound source of interest lies in the
interior of the cylindrical array and the cylindrical coordinate
of sound source is (0.2 m, 0◦, 0 m) . There are two interference

(a) Sound pressure distribution after separation

(b) Sound pressure distribution of measurement.

(c) Sound pressure distribution of theory calculation.

Figure 5. Comparison of sound pressure distribution of cylindrical holography
SH1.

sources in the exterior of the cylindrical array with cylindrical
coordinates of (0.56m, 45◦, -0.1 m) and (0.35 m, 90◦, 0.1 m),
and frequency of signal of interest and interference sources is
f =400 Hz , with Gaussian noise and SNR = 40 dB.

To quantify the separation result, the relative root-mean-
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square errors of the theoretical sound pressure value on holog-
raphy surface and sound pressure value after separation on the
same surface are defined as the separation error, expressed as:

err =

√∑
|pth − p̂|2∑
|pth|2

× 100%; (32)

where pth is the theoretical sound pressure value and p̂ is
the sound pressure value after separation. The sound field sep-
aration is performed to remove the effect of outer interference
sources. For testing the validity of sound field separation tech-
nique, the sound pressure distribution of separation and mea-
surement are demonstrated in Figs. 5a and 5b. For comparison,
the sound pressure distribution of theory calculation without
the interference sources is shown in Fig. 5c. The results indi-
cate that the sound field separation technique can effectively
remove the effect of exterior interference sources. The sepa-
ration error is 33%. The sound pressure data after separation
will be used for further noise source identification.

The performance of a single source identification using near
field acoustic holography and focused beamforming in differ-
ent frequency is researched. The frequency of signals succes-
sively changes to 1000 Hz, 1500 Hz, and 3000 Hz; the other
simulation conditions remain the same as before. The sound
source identification results of near field acoustic holography
and focused beamforming are demonstrated in Fig. 6. The left
portion of each row is a grey-scale map of near field acoustic
holography identification result with the pressure magnitude
indicated by the shade; increase in darkness indicates increase
in pressure magnitude. The right one is the identification result
of focused beamforming. For comparison, the theory position
of the sound source of interest is shown by the ”+“ in each
map.

Figure 6 shows that f = 1500 Hz is taken as the frequency
separation point. Sound source can be effectively identified
using near field acoustic holography in low frequency and us-
ing focused beamforming in high frequency. High resolution
sound source localization can be obtained. The positioning er-
ror of single source localization is within 0.05 m.

The performance of a single source with wide frequency
band identification is researched. The frequency of signals is
100 Hz–4000 Hz; the other simulation conditions remain the
same as before. The sound source is located using the com-
bined method; when the frequency is below 1500 Hz, NAH is
used, and when it is above 1500 Hz, beamforming is used. The
sound source identification result is demonstrated in Fig. 7.
The result shows that a sound source with a wide frequency
band can be effectively identified and distinguished by using
the combined method.

Vibrating cylindrical structure is typical application for
NAH in cylindrical coordinates. So, the performance of NAH
for a Vibrating cylindrical structure is simulated. A cylindrical
shell with a radius of 0.8m and a length of 2 m is simulated in
COMSOL. A cylinder with a radius of 0.2 m and a length of
0.5 m was placed in the cylindrical shell. Figure 8 shows that
there are some point sources on the cylinder to stimulate it,
which form a vibrating cylindrical structure. The sound pres-
sure distribution of theory calculation on the surface of cylin-
der is shown in Fig. 9. The sound source identification result
of near field acoustic holography is demonstrated in Fig. 10.
The results show that the vibrating cylindrical structure can

be effectively identified and distinguished by using near field
acoustic holography.

3.2. Distinction between Two Sound
Sources

There are two sound sources of interest that lie in the in-
terior of the cylindrical array with the cylindrical coordinates
of (0.15 m, 0◦, 0 m) and (0.15 m, 90◦, 0 m). The frequency
of signals is both 100 Hz, keeping other simulation conditions
the same as the last simulation in Fig. 6. Then the frequency
of signals change to 4000 Hz, keeping other simulation con-
ditions the same as before. The results show that multi-sound
sources can be effectively identified and distinguished by using
near field acoustic holography in low frequency and focused
beamforming in high frequency.

The sound sources are changed to prove the effectiveness of
the combined method. The frequency of sound source with the
coordinates of (0.15 m, 0◦, 0 m) changes to 100 Hz .The fre-
quency of sound source with the coordinates of (0.15 m, 90◦,
0 m) changes to 4000 Hz and the other simulation conditions
remain the same as before. The sound source identification re-
sults using near field acoustic holography and focused beam-
forming are demonstrated, respectively, in Figs. 11 and 12. The
sound source identification result using the combined method
of near field acoustic holography and focused beamforming is
demonstrated in Fig. 13. The output by using NAH in the low
frequency band is added to the output by using beamforming
in the high frequency band. The Fig. 13 is a summation of
Fig. 11 and Fig. 12.

Comparison of Figs. 11, 12, and 13 shows that the sound
sources fail to be distinguished by only using near field acous-
tic holography or only using focused beamforming when the
sound sources include high frequency and low frequency sig-
nals. The combined method can effectively distinguish and
locate the two sound sources.

4. EXPERIMENT

4.1. Test Setup
The objective here is to demonstrate the usefulness of the

combined method of near field acoustic holography and fo-
cused beamforming in identification noise source in an en-
closed space. The experiment of noise source identification
using the double cylindrical array in submarine cabin model
was carried out. Two loudspeakers as two sound sources were
placed in the interior of double cylindrical array. The direct
radiation sound went out from the interior of the double cylin-
drical array, and the reflection sound reflected by the walls and
ceiling went in from the exterior of the double cylindrical ar-
ray. The double cylindrical array comprises 62 microphones
and a steel frame. Two-line arrays constructed with 62(31×2)
microphones were connected with the steel frame. The steel
frame was fixed in the submarine cabin model and it could ro-
tate around one side of the frame to form a double cylindrical
array. The distribution of the double cylindrical scan array and
sound sources in submarine cabin model is shown in Fig. 14.
The diameters of the inner cylindrical array and outer cylindri-
cal array were 0.75 m and 0.85 m, respectively. The length of
the cylindrical array was 1.5 m. There are 31 elements of each
cylindrical array along the axis direction with inner distance
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(a) Near field acoustic holography. (b) Focused beamforming (f = 1000 Hz).

(c) Near field acoustic holography. (d) Focused beamforming (f = 1500 Hz).

(e) Near field acoustic holography. (f) Focused beamforming (f = 3000 Hz).

Figure 6. Comparison of sound pressure distribution of cylindrical holography SH1.
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Figure 7. Sound source identification result of wide frequency band.

Figure 8. Vibrating cylindrical structure in the cylindrical shell.

Figure 9. Sound pressure distribution of theory calculation in COMSOL.

Figure 10. Sound source identification result of near field acoustic holography.

(a) Three-dimensional mesh map.

(b) Gray-scale map.

Figure 11. Sound source identification using near field acoustic holography.
(f1 = 100 Hz, f2 = 4000 Hz).
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(a) Three-dimensional mesh map.

(b) Gray-scale map.

Figure 12. Sound source identification using focused beamforming. (f1 =
100 Hz, f2 = 4000 Hz).

∆z = 0.05 m. The steel frame rotates clockwise with 10 inter-
val to complete cylindrical scanning. A reference microphone
is used to combine data from the different scan positions into
a complete cylinder data. The position of the reference mi-
crophone is fixed. Then the complete cylinder data is used to
locate the sound source by using NAH and focused beamform-
ing.

4.2. Experiment Results
There were two sound sources of interest in the interior of

the cylindrical array with the cylindrical coordinates of (0.3 m,
10◦, -0.15 m) and (0.3 m, 10◦, 0.15 m). The frequency of sig-
nals was 2400 Hz and 315 Hz, respectively. The sound source
identification results using near field acoustic holography af-
ter sound field separation was demonstrated in Fig. 15 and
that using focused beamforming was shown in Fig. 16. The
sound source identification result using the combined method
of near field acoustic holography and focused beamforming
was demonstrated in Fig. 17.

Figure 15 shows that sound source can be located with low
frequency and fails to be located with high frequency when us-
ing near field acoustic holography. Figure 16 demonstrates that
sound source can be located with high frequency and fails to

(a) Three-dimensional mesh map.

(b) Gray-scale map.

Figure 13. Sound source identification using the combined method. (f1 =
100 Hz, f2 = 4000 Hz).

Figure 14. Double cylindrical scan array and sound sources in submarine
cabin model.
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(a) Three-dimensional mesh map.

(b) Gray-scale map.

Figure 15. Sound source identification using near field acoustic holography.

be located with low frequency when using focused beamform-
ing. Figure 17 indicates that the combined method of near field
acoustic holography and focused beamforming can locate and
distinguish sound sources with low and high frequencies in the
submarine cabin model. The validity of sound field separation
and combined method in practice were proved.

5. CONCLUSIONS

Sound source identification in enclosed space is researched
in this paper. The combined method is studied for sound source
identification of low and high frequencies. The divided fre-
quency point can be calculated by Eqs. (25), (26), and (27).
The upper limit frequency of the method is affected by the side
lobes. The simulation and experimental results indicate that
the effect of reflection sound can be removed using sound field
separation technique, and high distinguish ability can be ob-
tained for both high and low frequency signals by using com-
bined method of near field acoustic holography and focused
beamforming. The positioning error of source localization is
0.05 m with double cylindrical array in enclosed space. The
studying results render the technical support for noise control
in enclosed spaces.

(a) Three-dimensional mesh map.

(b) Gray-scale map.

Figure 16. Sound source identification using focused beamforming.
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