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ABSTRACT

This paper provides a 3D localized sound zone generation method
using a planar omni-directional loudspeaker array. In the proposed
method, multiple co-centered circular arrays are arranged on the
horizontal plane and an additional loudspeaker is located at the ar-
ray’s center. The sound field produced by this center loudspeaker
is then cancelled using the multiple circular arrays. A localized 3D
sound zone can thus be generated inside a sphere with a maximum
radius of that of the circular arrays because the residual sound field
is contained within the sphere. The resulting sound fields are de-
composed into spherical harmonic spectra and the driving function
of the array is then obtained. Compared with the conventional ap-
proach that uses monopole pairs to control the even and odd spher-
ical harmonic spectrum components, the proposed method can be
simply realized with a practical planar omni-directional array be-
cause it is sufficient to control the O-th order component. Computer
simulations confirm the effectiveness of the proposed approach.

Index Terms— Sound field synthesis, localized sound zone,
circular loudspeaker array, spherical harmonic expansion, Am-
bisonics.

1. INTRODUCTION

Generation of a personalized sound zone using loudspeakers is an
attractive and important acoustic application. Many methods to
realize personalized sound zones have been investigated and can
be broadly categorized into two main schemes. The first scheme
controls either the acoustic contrast or the energy between two
spaces [1-8]. In contrast, the second approach controls multiple
sound fields [9-18] such that they are simultaneously synthesized
for different zones in space. These approaches typically control
sound zones located away from the loudspeakers.

In an alternative approach, a localized sound zone is generated
near loudspeakers such that the audible sound pressure only prop-
agates close to the loudspeakers, while it propagates at very low
amplitudes beyond a reference distance. This approach is called
localized sound zone generation [19-21]. This technique is better
suited to actual implementation than the other methods mentioned
above, which control sound zones located away from the loudspeak-
ers, because the sound pressures are not radiated at the walls and no
sound reflections occur. Several localized sound zone generation
methods have been proposed.

One such method is based on evanescent wave reproduc-
tion [22] using linear or circular loudspeaker arrays [23,24]. In
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these methods, however, the distance attenuation properties at
high frequencies are too short, and the listening area becomes too
small because the evanescent waves decay in less than one wave-
length [22].

Additionally, analytical approaches using linear, circular or
spherical arrays along with an additional loudspeaker have also
been proposed [19-21]. In these methods, the sound field produced
by the additional loudspeaker is cancelled by the sound fields of
the linear, circular or spherical arrays and a localized sound zone
can thus be generated as a residual sound field. However, undesired
sound pressures propagate toward the vertical angles in the methods
using the linear or circular arrays [19,21] because they are based
on 2.5D sound field synthesis [25,26] and only sound pressures on
the horizontal plane can be controlled. While the method using the
spherical array can realize 3D localized sound zone generation, this
method is impractical in terms of both array configuration and lis-
tening area because large numbers of loudspeakers are required to
form the surrounding spherical array and the listening area is lo-
cated inside this spherical array [20].

To address the aforementioned problems, this paper provides a
3D localized sound zone generation method with a practical planar
omni-directional loudspeaker array. The proposed method is based
on 3D exterior sound field synthesis using a planar array [27,28].

In [28], undesired sound pressures caused by acoustic noise
sources are cancelled using multiple co-centered circular arrays lo-
cated on the horizontal plane. In this case, only the sound pressure
outside a sphere with a maximum radius of that of the circular arrays
can be cancelled in principle; however, the residual sound pressures
remain inside the sphere as in [28]. Using this property, an addi-
tional loudspeaker is introduced in place of noise sources in [28]
and the sound field produced by the loudspeaker is then cancelled
using the circular arrays in the proposed approach, as in [19-21].
3D localized sound zone generation can thus be realized inside a
sphere with a maximum radius of that of the circular arrays.

In [27,28], however, both omni-directional and first-order loud-
speakers are required to control B[ for n + |m/| even and odd
spherical harmonic spectrum components of the 3D exterior sound
field. For actual implementation, first-order loudspeakers are ap-
proximately realized using monopole pairs [27, 28] as 3D sound
field recording with a planar microphone array [29]. In the approach
proposed here, the additional loudspeaker is located on the horizon-
tal plane and the sound field produced by this loudspeaker contains
only even components, as noted in [28,30]. This means that it is
sufficient to use omni-directional circular arrays. Additionally, by
locating the additional loudspeaker at the array’s center, the sound
field produced by the loudspeaker only contains the O-th order com-
ponent and the driving function for the circular arrays can then be
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Figure 1: Scheme for proposed 3D localized sound zone generation method using planar omni-directional loudspeaker array: (a) sound field
produced by monopole loudspeaker located at origin with driving function Dy that only contains 0-th order spherical harmonic spectrum
component BY for r > 0; (b) —BJ for r > r¢ can be synthesized using multiple circular arrays with maximum radius 7o and driving
function D (c) 3D localized sound zone that can be generated as a residual sound field for » < r¢ by simultaneously driving Do and D.

simplified. Compared with the existing approaches using monopole
pairs [27,28], the proposed method can be simply realized using a
practical planar omni-directional array with half the typical number
of loudspeakers. Additionally, the array configuration and listening
area in the proposed method are more practical than those of the
conventional evanescent and residual approaches [19-21, 23, 24].
The scheme for the proposed method is shown in Fig. 1.

2. 3D EXTERIOR SOUND FIELD PRODUCED BY POINT
SOURCE ON HORIZONTAL PLANE

In this paper, the spherical coordinates relative to Cartesian coordi-
nates are defined as used in [22].

The exterior expansion of the 3D sound field for regions exte-
rior to any sound sources is given as:

S(r,0,¢) = ZZBhker(9¢) 1)

n=0m=—n

where B™ and h., are the spherical harmonic spectra of the exterior
sound field and the n-th order spherical Hankel function of the first
kind, respectively, and k is the wavenumber [22];

xmaw=¢”%fﬁjjzmmwwwnm¢ @

P,‘Lw d (cos 0)
represents the spherical harmonics; Py, ™! is the associated Legen-
dre function [31]. Under the free-field assumption, the transfer
function of a point source located at 7o = [r, 6o, gf)g]T to a point
r = [r,0,¢]" is given by the 3D free-field Green’s function [22]:

eIkIT=T0]
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n (k)Y (60, ¢0) Y, (0, 6), (3)

for r > 7o, where j = +/—1 and j, is the n-th order spherical
Bessel function [22]. When the point source is located on the hori-

zontal plane with 8y = 7/2, (3) is represented by:

G(r,mo ‘90*77/2

—jkz Z Jn(kro)h

n=0m=-—n

(k)P (0)e IOV T(0, ).

From (4), the sound field produced by the point source located on
the horizontal plane only includes the spherical harmonic spectra for
n + |m)| even because Py (0) = 0 when n + |m/| is odd [27-30].
Therefore, to synthesize a complete 3D exterior sound field using
loudspeakers on the horizontal plane, both monopole and vertical
dipole components are required. These vertical dipole components
include the vertical derivatives of le‘( 0) and can control the odd
spectra. To approximately implement the vertical dipole compo-
nents using actual monopole loudspeakers, monopole pairs are in-
troduced [27,28]. Therefore, the conventional approach requires
double the number of loudspeakers.

In the proposed approach, the sound field produced by a point
source located at the origin only including the O-th order spherical
harmonic spectrum component (Fig. 1(a)), is cancelled using multi-
ple co-centered circular loudspeaker arrays on the horizontal plane
(Fig. 1(b)). As a result, the proposed method can be simply real-
ized using a practical planar omni-directional array with half the
number of loudspeakers required for the conventional method using
monopole pairs [27,28].

3. PROPOSED 3D LOCALIZED SOUND ZONE
GENERATION

From (3), the sound field produced by a monopole loudspeaker with
driving function Dy located at the origin (Fig. 1(a)) is given as:

So(r0.9) =
ejkr

—DOZ Z Y (0,6) = Do (5

n= Om——n

D()G(T To = 0)

where jo(0) = 1, jn(0) = 0 for n > 0, P§(0) = 1/v/47 and
ho(kr) = €’*"/jkr [22]. Subsequently, Dy is set at 1 for sim-
plicity. From (1), So only has the B) = jk/+/4m component for
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(a) Method with monopole pairs (b) Proposed method

Figure 2: Arrangements of loudspeakers with three radii 71,23 =
0.1, 0.15 and 0.2 m, where these circular arrays contain five, seven
and nine loudspeakers, respectively: (a) conventional method using
monopole pairs (Az = 0.05 m) with 43 loudspeakers, where the
loudspeaker for Dy is located at [0, 0, — 0.1]" in Cartesian coor-
dinates; (b) proposed method with planar array of 22 loudspeakers.
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Figure 3: Results of conventional method using monopole pairs for
f = 500 Hz: (a) residual sound field So+1(x,y = 0, z) produced
by Do and D®*"*°%: () sound pressure level of residual sound
field 20 log, |So+1(z,y = 0, 2)|.

r > 0. In the proposed approach, Sy is cancelled using multiple
co-centered circular arrays.

A sound field synthesized using a continuous circular sound
source with radius 74 on the horizontal plane is given as:

27

Sl(T797¢) = D(Tqv¢0) G(T7TQ)|90:71—/2 d¢07 (6)

where D(rq, ¢o) is the circular source driving function and rq, =
[rq,00 = 7/2, do]. Asin [27,28], D(r4, ¢o) is decomposed into
the 2D cylindrical harmonic spectra as follows:

D(rq, $0) = Z Din,ge’™?. (7)

m=—0o0

From (4) and (7), and by introducing multiple radii (i.e., ¢ =
1,2,---,Q), (6) can be represented as:

Q 27
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In [28], the primary sound field B;;" is cancelled using the multiple
circular arrays. In this case, the relationship

Q
B+ 21k > Din g (krg) P (0) = 0 9)

q=1
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Figure 4: Results of proposed method for f = 500 Hz: (a)
sound field Sy (z,y = 0, z) produced by D using 21 loudspeak-
ers; (b) residual sound field So+1(z,y = 0, z) produced using Do
and D; (c), (d) sound pressure levels for the residual sound fields
201og,, |So+1(z,y, 2 = 0)] and 20log;, |So+1(z,y = 0, 2)|, re-
spectively.

is obtained from (1) and (8). When the maximum order in (8) is IV,
(9) can be represented in matrix form as:

1 even ~_even
— B~ D 1
ok ~U\mDrn s (10)
where
= even Sm Sm 5m1T
B, =—[Bin, B2 -y BY] (11)
olrle) o) U re)
U U\‘m ||+2 ( ) U||m ||+2 (TQ) U|I:Z\‘+2 (TQ)
m| — . . . )
Nty U () U ()
(12)
UY" (rq) = jn(krg) P (0), (13)
and
o_even o ° o T
Do = [Dm,l, Dz, -, Dm,Q} , (14)

in the case where both NV and m are either odd or even; otherwise,
replace NV in (11) and (12) with N — 1. Then, the driving function
of the circular arrays to synthesize the sound field — B;* for n+|m)|
even can be obtained as [28]:

°_even

m 27T]k:
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(U\m|U\m\)7 Ul B (15)
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Figure 5: Sound pressure level distributions for simple point source, the conventional method using monopole pairs, and the proposed method.

In the proposed approach, the synthesized sound field is not
(11) but (5). By, thus only contains the 0-th order component as:

y ik T
By =—|=—=,0,---,0 . 16
-7 } (o

Then, the driving function also only contains the O-th order 2D
cylindrical harmonic component and can be simply obtained as:

1 - -1
Dy=D = - (UO Uo) Jo, (17
where
D= [D(r17¢0)7 D(T2,¢0), Tty D(TQ7¢O)]T7 (18)
Y T L I ¥ 1} 19)

NZT VT ST
Jo = [o(kr1), jo(kra), -+, jo(kro)]™, (20)

and D is obviously independent of ¢o and can be represented us-
ing real number coefficients. The proposed approach is thus a spe-
cial case of the conventional method [28] when only cancelling
38 = jk/ V. Compared with Sy, however, the 738 produced
by D in (17) only holds for > rq, where rq is the maximum cir-
cular array radius because the sound sources are located in r < 7.
Consequently, by simultaneously driving Do and D, a 3D local-
ized sound zone can be generated inside a sphere with rg as the
residual sound field between Sy, given by (5), and Si, given by
(17) (Fig. 1(c)). In the proposed method, the listening area is en-
tirely inside the sphere, except for the horizontal plane on which
the loudspeakers are arranged.

4. COMPUTER SIMULATIONS

Computer simulations were performed to evaluate the proposed
approach and compare it with the conventional method using
monopole pairs [28]. In all simulations, a 3D free-field was as-
sumed and the speed of sound ¢ was 343.36 m/s. Three co-centered
omni-directional circular loudspeaker arrays were introduced on the
horizontal plane and their radii were set to 0.1, 0.15, and 0.2 m. The
target frequency band ranged up to 800 Hz, as in [28]. The num-
bers of loudspeakers on these circular arrays were calculated to be
five, seven and nine, respectively, using an array design procedure
given in [28,29]. The total numbers of loudspeakers for the conven-
tional and proposed methods were thus 43 and 22, respectively. In
the conventional method using monopole pairs, both the B and
Bou components were controlled, as in [28]. In the simulations
of the conventional method, the loudspeaker for D was located at
[0,0,—0.1]T in Cartesian coordinates. In this case, the sound field

produced by Dy contains only BY" and B3 components and the

driving function for the conventional method, D**"*°%, was also
independent of ¢o. The maximum order N in (12) was set at 100.
The loudspeaker arrangements for both the conventional and pro-
posed methods are depicted in Fig. 2.

The results for sound fields S (z, y, z) and So+1(x, y, ), and
their sound pressure levels, 20 log; |So+1(z,y, )|, produced us-
ing the conventional approach with monopole pairs and using the
proposed method with a planar omni-directional array at a fre-
quency of f = 500 Hz are shown in Figs. 3 and 4, respectively.
Additionally, the results for the sound pressure levels on the z-axis
(0.1m < z <1.0m) for 50 Hz < f < 800 Hz produced using a
simple point source and the conventional and proposed approaches
are plotted in Fig. 5. In Figs. 3 to 5, 201log,, |So+1(z = 0,y =
0,z = 0.1)] was set at 0 dB for all frequencies.

These results indicate that both the conventional and proposed
methods can generate 3D localized sound zones near the loudspeak-
ers. Specifically, the proposed method’s listening area ranges up to
approximately rq = 0.2 m and the proposed method can also re-
alize steeper sound pressure attenuation than the conventional ap-
proach at all frequencies. This means that Sy can be more ac-
curately cancelled when using the proposed method as compared
to the conventional approach because Sy in the proposed method
only includes the 0-th order spherical harmonic spectrum compo-
nent and is easily synthesized. Additionally, the proposed method
does not require monopole pairs that include the approximation er-
rors of dipole components.

Consequently, the proposed method can be simply realized us-
ing a practical planar omni-directional array with half the num-
ber of loudspeakers of the conventional method using monopole
pairs [28]. Additionally, the results indicate that the listening area
provided by the proposed method is more practical than those of the
conventional evanescent and residual approaches [19-21,23,24].

Future work will include a detailed analysis of the relationships
among the number of circular arrays, their radii and the listening
area shape, and experiments using practically implemented arrays.

5. CONCLUSIONS

This paper has proposed a 3D localized sound zone generation
method using a planar omni-directional loudspeaker array. In this
approach, the sound field produced by the central loudspeaker is
cancelled using multiple circular arrays and a 3D localized sound
zone can then be generated. The resulting sound fields were decom-
posed into their spherical harmonic spectra and the driving function
of the array was derived. The results of computer simulations vali-
dated the effectiveness of the proposed approach compared with the
conventional method using monopole pairs.



2019 IEEE Workshop on Applications of Signal Processing to Audio and Acoustics

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

6. REFERENCES

J.-W. Choi and Y.-H. Kim, “Generation of an acousti-
cally bright zone with an illuminated region using multiple
sources,” J. Acoust. Soc. Am., vol. 111, no. 4, pp. 1695-1700,
Apr. 2002.

J.-H. Chang, C.-H. Lee, J.-Y. Park, and Y.-H. Kim, “A real-
ization of sound focused personal audio system using acous-
tic contrast control,” J. Acoust. Soc. Am., vol. 125, no. 4, pp.
2091-2097, Apr. 2009.

M. Shin, S. Q. Lee, F. M. Fazi, P. A. Nelson, D. Kim, S. Wang,
K. H. Park, and J. Seo, “Maximization of acoustic energy dif-
ference between two spaces,” J. Acoust. Soc. Am., vol. 128,
no. 1, pp. 121-131, July 2010.

S.J. Elliott, J. Cheer, J.-W. Choi, and Y. Kim, “Robustness and
regularization of personal audio systems,” IEEE Trans. Audio,
Speech, Lang. Process., vol. 20, no. 7, pp. 2123-2133, Sept.
2012.

P. Coleman, P. J. B. Jackson, M. Olik, M. Mgller, M. Olsen,
and J. A. Pedersen, “Acoustic contrast, planarity and robust-
ness of sound zone methods using a circular loudspeaker ar-
ray,” J. Acoust. Soc. Am., vol. 135, no. 4, pp. 1929-1940, Apr.
2014.

Y. Cai, M. Wu, and J. Yang, “Sound reproduction in personal
audio systems using the least-squares approach with acous-
tic contrast control constraint,” J. Acoust. Soc. Am., vol. 135,
no. 2, pp. 734-741, Feb. 2014.

T. Okamoto, “Analytical methods of generating multiple
sound zones for open and baffled circular loudspeaker arrays,”
in Proc. WASPAA, Oct. 2015.

T. Okamoto and A. Sakaguchi, “Experimental validation of
spatial Fourier transform-based multiple sound zone genera-
tion with a linear loudspeaker array,” J. Acoust. Soc. Am., vol.
141, no. 3, pp. 1769-1780, Mar. 2017.

Y. J. Wu and T. D. Abhayapala, “Spatial multizone sound-
field reproduction: Theory and design,” IEEE Trans. Audio,
Speech, Lang. Process., vol. 19, no. 6, pp. 1711-1720, Aug.
2011.

N. Radmanesh and I. S. Burnett, “Generation of isolated wide-
band sound fields using a combined two-stage Lasso-LS algo-
rithm,” IEEE Trans. Audio, Speech, Lang. Process., vol. 21,
no. 2, pp. 378-387, Feb. 2013.

M. A. Poletti and F. M. Fazi, “An approach to generating two
zones of silence with application to personal sound systems,”
J. Acoust. Soc. Am., vol. 137, no. 2, pp. 598-605, Feb. 2015.

T. Betlehem, W. Zhang, M. Poletti, and T. Abhayapala, “Per-
sonal sound zones: Delivering interface-free audio to multiple
listeners,” IEEE Signal Process. Mag., vol. 32, no. 2, pp. 81—
91, Mar. 2015.

W. Jin and W. B. Kleijn, “Theory and design of multizone
soundfield reproduction using sparse methods,” IEEE/ACM
Trans. Audio, Speech, Lang. Process., vol. 23, no. 12, pp.
2343-2355, Dec. 2015.

N. Radmanesh, I. S. Burnett, and B. D. Rao, “A Lasso-LS op-
timization with a frequency variable dictionary in a multizone
sound system,” IEEE/ACM Trans. Audio, Speech, Lang. Pro-
cess., vol. 24, no. 3, pp. 583-593, Mar. 2016.

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

October 20-23, 2019, New Paltz, NY

M. A. Poletti and F. M. Fazi, “Generation of half-space sound
fields with application to personal sound systems,” J. Acoust.
Soc. Am., vol. 139, no. 3, pp. 1294-1302, Mar. 2016.

W. Zhang, T. D. Abhayapala, T. Betlehem, and F. M. Fazi,
“Analysis and control of multi-zone sound field reproduction
using modal-domain approach,” J. Acoust. Soc. Am., vol. 140,
no. 3, pp. 2134-2144, Sept. 2016.

M. Buerger, C. Hofmann, and W. Kellermann, “Broadband
multizone sound rendering by jointly optimizing the sound
pressure and particle velocity,” J. Acoust. Soc. Am., vol. 143,
no. 3, pp. 1477-1490, Mar. 2018.

J. Donley, C. H. Ritz, and W. B. Kleijn, “Multizone soundfield
reproduction with privacy and quality based speech mask-
ing filters,” IEEE/ACM Trans. Audio, Speech, Lang. Process.,
vol. 26, no. 6, pp. 1041-1055, June 2018.

T. Okamoto, “Horizontal local sound field propagation based
on sound source dimension mismatch,” J. Inf. Hiding Mul-
timed. Signal Process., vol. 8, no. 5, pp. 1069-1081, Sept.
2017.

——, “Localized sound zone generation based on external ra-
diation canceller,” J. Inf. Hiding Multimed. Signal Process.,
vol. 8, no. 6, pp. 1335-1351, Nov. 2017.

——, “2.5D localized sound zone generation with a circu-
lar array of fixed-directivity loudspeakers,” in Proc. IVAENC,
Sept. 2018, pp. 321-325.

E. G. Williams, Fourier Acoustics: Sound Radiation and
Nearfield Acoustic Holography.  London, UK: Academic
Press, 1999.

H. Itou, K. Furuya, and Y. Haneda, “Evanescent wave repro-
duction using linear array of loudspeakers,” in Proc. WASPAA,
Oct. 2011, pp. 37-40.

——, “Localized sound reproduction using circular loud-
speaker array based on acoustic evanescent wave,” in Proc.
ICASSP, Mar. 2012, pp. 221-224.

J. Ahrens and S. Spors, “An analytical approach to sound field
reproduction using circular and spherical loudspeaker distri-
butions,” Acta Acust. Acust., vol. 94, no. 6, pp. 988-999, Nov.
2008.

——, “Sound field reproduction using planar and linear arrays
of loudspeakers,” IEEE Trans. Audio, Speech, Lang. Process.,
vol. 18, no. 8, pp. 2038-2050, Nov. 2010.

P. Chen, P. N. Samarasinghe, and T. D. Abhayapala, “3D exte-
rior soundfield reproduction using a planar loudspeaker array,”
in Proc. ICASSP, Apr. 2018, pp. 471-475.

B. Bu, C. Bao, and M. Jia, “Design of a planar first-order
loudspeaker array for global active noise control,” IEEE/ACM
Trans. Audio, Speech, Lang. Process., vol. 26, no. 11, pp.
2240-2250, Nov. 2018.

H. Chen, T. D. Abhayapala, and W. Zhang, “Theory
and design of compact hybrid microphone arrays on two-
dimensional planes for three-dimensional soundfield analy-
sis,” J. Acoust. Soc. Am., vol. 138, no. 5, pp. 3081-3092, Nov.
2015.

T. Okamoto, “Horizontal 3D sound field recording and 2.5D
synthesis with omni-directional circular arrays,” in Proc.
ICASSP, May 2019, pp. 960-964.

D. Colton and R. Kress, Inverse Acoustic and Electromagnetic
Scattering Theory. Berlin: Springer, 1998.



