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ABSTRACT

Multizone soundfield reproduction with various potential applications has recently drawn attentions in acoustic signal
processing. In this paper, we seek to recreate two or more distinct 2D soundfields simultaneously at different spatial
regions using multiple loudspeaker arrays. The basic ideas from the cross-talk cancelation systems were applied to
determine the loudspeaker weights by the Least Squares method. Simulation results demonstrate favorable performance.

INTRODUCTION

Personalized sound environments are becoming increasingly
important to the entertainment and audio industries. Using spa-
tial multizone soundfield reproduction, an individual sound en-
vironment can be produced to each listener inside an enclosure
without physical isolations or the use of headphones. Spatial
multizone soundfield reproduction is a conceptually challeng-
ing problem in acoustic signal processing, as currently most of
the existing techniques [1, 2, 3, 4, 5, 6] concentrate on a single
zone.

In [7], we have proposed a framework to recreate multiple 2D
(height invariant) soundfields at different locations by analyz-
ing the problem with cylindrical harmonics expansions. The
key concept is to derive an equivalent global multizone sound-
field so that spatial multizone soundfield reproduction can be
reduced to the reproduction of a single soundfield over the en-
tire region. In [8], we have designed spatial band stop filters to
suppress interzone interference in the regions of interests and
pass the desired wavefields with no distortion. The extension
of reproduction of a given spatial soundfield without altering
a nearby quiet zone was shown in [9]. In the above-mentioned
approaches, we attempt to solve the 2D multizone problem us-
ing a single array of loudspeakers. In this paper, we seek to
explore the possibility of recreating two or more distinct 2D
soundfields simultaneously at different spatial regions using
multiple loudspeaker arrays.

We apply the basic ideas from the cross-talk cancelation sys-
tem, where two loudspeakers are used to reproduce soundfields
at listeners’ ears. To perform crosstalk cancelation, the acoustic
transfer functions between each loudspeaker and each ear are
required. The design task is to obtain the filtering weights to re-
produce the desired signals at ears [10]. Most of the crosstalk
cancelation systems [11, 12, 13, 14] are based on Least Squares
techniques [15]. In this paper, we extend this idea in the context
of soundfield reproduction; we intend to determine the loud-
speaker weights by the Least Squares Method so that desired
soundfields can be generated simultaneously at different spa-
tial regions.

From the simulation result, this approach offers a better so-
lution for allocating spatial zone positions than the method
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proposed in [7, 8]. The favorable simulation results of non-
circular loudspeaker arrays demonstrate the fact that circular
loudspeaker arrays are not compulsory requirements for the
loudspeaker configurations as long as the loudspeakers are placed
on or outside the regions of interest.

The paper is structured as follows. In the second section, we
present the system model for multizone soundfield reproduc-
tion using two or more loudspeaker arrays. In the third sec-
tion, the loudspeaker weight design is presented by equating
the desired soundfields to the actual soundfields. Finally, we
present the simulation results of multizone soundfield repro-
duction using multiple circular loudspeaker arrays and multi-
ple non-circular loudspeaker arrays.

Notation

Throughout this paper, we use the following notations: matri-
ces and vectors are represented by upper and lower bold face
respectively, e.g., H and p. The symbol H is used to denote a
sub-matrix. The superscript (@4 used in terms is used to rep-
resent a mathematical relationship between the gth zone and
the ¢’ zone. The imaginary unit is denoted by i(= v/—1).

SYSTEM MODEL

Suppose there are Q non-overlapping 2D (height-invariant)
desired spatial zones and corresponding spatial soundfields to
be reproduced. As shown in Figure 1, the radius and the origin

of the gth spatial zone are denoted as REQ) and O, respectively,

where 0 is (r<qo>7 9<‘10)) with respect to the global origin &.
Any arbitrary observation point within this circular gth spatial
zone is denoted as x(4). Note, there is no specific requirement
for the loudspeaker array configuration as long as the loud-

speakers are placed on or outside the circle of radius qu) for

each loudspeaker array. The weight of the pth loudspeaker of

the gth loudspeaker array is denoted as péq), where k =27 f/c

is the wavenumber, f is the frequency and c is the speed of

sound propagation. We denote y572-,q) as the distance from the

pth loudspeaker at the second zone to the arbitrary observation
point x with respect to the origin of the qth zone, and so forth.
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Figure 1: Geometry of the multizone sound reproduction sys-
tem using multiple loudspeaker arrays. The radius and the ori-

(9)

gin of the gth spatial zone are denoted as R;
tively, where 0 is (r(49), 9(49)) with respect to the global ori-
gin . Any arbitrary observation point within this circular gth
spatial zone is denoted as x(@ . The loudspeaker weight at angle

¢p of the gth loudspeaker array is denoted as p;,q). We denote

(2.9)

yp " as the distance from the pth loudspeaker at the second

and 0 respec-

zone to the arbitrary observation point x4 with respect to the
origin of the qth zone.

Desired Soundfields: Cylindrical Harmonic Expansions

We can express any arbitrary 2D (height invariant) gth de-

sired sound field at a point x, = (J|x(2) H,q))@) inside the gth
region from 0 as [5, 7]

()
sd@) = Y @D E k@ e (1)

m=—oo

where Jy,(+) are the Bessel functions of order m, and a,‘,i@ (k)
are a set of coefficients for the gth desired soundfield.

Note that the representation (1) has an infinite number of or-
thogonal modes, this series expansion can be truncated due
to the properties of the Bessel functions and the fact that the
soundfield has to be bounded within a spatial region where all
sources are outside [16].

Thus, we truncate (1) to

k)Jm ka H) imp.! )

sd@)( Z am

where the desired soundfield of the gth spatial zone is mode
limited to My,

= [keR\? 2]. 3)

Actual Soundfield

As shown in Figure 1, there are P; loudspeakers located at

(9) (p=1,...,P,) from the origin of the gth zone O, on the
gth loudspeaker array. Assume that no loudspeaker is inside
any of the spatial zones of interest. The composite reproduced
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soundfield at the qth zone consists of fields due to loudspeaker

(9)

arrays from zone 1 to zone Q. Let p,"’ (k) be the signal weights
required from the pth loudspeakers of the gth zone to achieve
these desired fields. Thus, the reproduce soundfield within the
gth zone at a point x@) from Oy is given by

s Z P

H“ (klyy? —x D)) @)

+pr LH (k|yy? — X))
p=1
+...
+pr ZHY (|l — ),

where the number of loudspeakers placed around zone 1 to

(Lq)

zone Q is P| to P, respectively, and y, ™' denotes the dis-
tance from the pth loudspeaker at the first zone to the obser-
vation point x with respect to the origin of the qth zone, and
so forth. Here we have assumed that the loudspeakers are in-
finitely long point cylinders. Note, the fundamental solution to
the Helmholtz wave equation [17] in 2D is (i/4)H(§1) (klly—xl|)
where the source is at y and the observation point is at x, and
H,S,l) (+) is the Hankel function of the first kind.

Also, we recall the addition theorem for cylindrical harmonics
[17]
Y(klly—x]) = Z Hy (K1) (Kl )e™ @ if [ly]| > [|x]

me—co
(%)
where ¢y, is the angle between the vectors x and y.

Then we use (5) in (18) to write the actual soundfield in basis
expansion form

sala)( Z o)

m=—oo

ka(q) H)efm% ©6)
where

' ]

o Z

a3kl @ e @)

(2.9)

+ Z Py () H (k][y5 )™
p=1
+..
(4.9)
+ Z P () H (k[ys ey
(Lq)

and we define the notation Ly, ™’ as the angle of the pth loud-
speaker of the first zone with respect to the origin of the gth
zone, and so forth.

If we are to design loudspeaker weights, we can equate the
desired soundfields to actual soundfields at each spatial zone,
ie.,

599 (59 k) = 52D (XD k), forg=1,...,Q and k € [k;,k,],
(3)

where k; and k, are the wavenumbers corresponding to lower
and upper end of the frequency band of interest.
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Thus, using (1), (6), and (7), we have

m Z pr

(1 )
Dkl e )

q)
+ Z Pp m kHJ’p q>”) iy}

+...
(a4)
3 o WD W e,
p=1
form= —eo,...,00,and p=1,..., P, as the condition for exact

reproduction. Required loudspeaker weights can be calculated
from (9) by forming a series of equations.

LOUDSPEAKER ARRAY DESIGN

We would like to achieve Q possibly different soundfields
over Q distinct spatial zones simultaneously without interfer-
ing each other. Thus, we construct (9) for each g as simultane-
ous equations and write them in matrix form

a'(k) =H(k)p(k), (10)

ad (k) =l k), ..o k), ") (), an

v (3 I v 5 Nty 9]

p(k) =[p" (k),....p0" (k ),piz)(k),...,p,@( K, (12

and
2w B Dk
e L ]
A% B . B9
where H'"" (k) is a sub-matrix
5?43 (ky1) Hl“lM” (k,y,)
I?(l‘l)(k)f HEM)+1(kY1) FI(,MIL}( Yp) a4
Dk y,) A (ky,)
and we define
A% teyy) = HY, (D e )

The total number of loudspeakers P = P; + P, + ...+ P spec-
ifies whether the linear system (10) can be solved exactly or
not. For each desired soundfield, we have 2M), + 1 soundfield
coefficients, thus a total of M = ZP (2M), + 1) coefficients is
required to accurately reproduce tﬁe soundﬁeld
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In general the system (10) can only be satisfied exactly if P >
M. Therefore, the number of loudspeakers required for exact
reproduction of the desired soundfield

0
P> 2M,+1. (16)
q=1

The matrix of loudspeaker weights p (k) can be solved by the
following well-known solution

p(k) =H'(k)a(k), (17)

where H' (k) = (H (k)" H(k))~"H (k)" is the Moore-Penrose
Pseudo Inverse of H (k).

However, if H(k) is poorly conditioned, which could be the
case for most multizone systems, there would be no solution to
the matrix. The conditioning of H (k) is determined primarily
by the loudspeaker geometry and positions of spatial regions
relative to one another. However, Single Value Decomposition
(SVD) [18] or regularization [19] may be used to improve the
robustness of the Least Squares solution.

The corresponding reproduced soundfield can be obtained by
D — Y Y @ gD R DD @)
S sl =3 Y, oy (k) Hy (KRS, —x ), (18)

where Hél>(k|| -|1) is the zeroth order Hankel functions of the

first kind, @)Lq) =(1, ¢1()q ) andR q) ) denotes the loudspeaker
position of the qth spatial region.

SIMULATION

Two-zone Soundfield Reproduction using Circular Loud-

speaker Arrays

In the first example, we consider two circular reproduction
zones of radii 0.4 m which are in-line with each other in free
field. Zone 1 and Zone 2 are both 0.6 m away from the global
origin &'. The desired soundfields consist of 50 random plane
waves at 1000 Hz. We use random planewaves to avoid the
system being affected by the incoming wave source directions.
According to the dimensionality of spatial soundfield recon-
struction [5], the number of loudspeakers P, required for array

qis2x (k(Rﬁq)ﬂ + 1. In this case, we equally place 17 loud-
speakers on a circle of 0.4 m for each loudspeaker array. We
calculate loudspeaker weights using the method proposed in
the previous section. The resulting reproduced field is shown in
Figure 2. The top two plots show the real and imaginary parts
of the desired two-zone soundfield, and the bottom two plots
show the soundfield reproduced by the circular loudspeaker ar-
rays. The reproduced two-zone soundfield corresponds well to
the desired multizone soundfield where the zone boundaries of
the two reproduction regions are indicated in two circles.

The reproduction error in the gth zone is defined as
(R k) £ (19)

SR jam sdta) (@) 0@ k) — 524) (R9), Q@)1 k) PaQ@dR)

SR 27 | 5d(0) (R(0), (@) k) PAQ@ IR )

In this case, the reproduction error is 1.53%.
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Figure 2: Reproduction of a 2D two-zone soundfield with ra-
dius 0.4 m each using two circular loudspeaker arrays. The
desired soundfields consist of 50 random plane waves at 1000
Hz. Two zones are located at 8(10) = 135°,r(10) =0.6 m and
6(20) = —45°, r20) =0.6m respectively. (a) Desired field, and
(b) reproduced field. We have equally placed 17 loudspeakers
on a circle of 0.4 m for each loudspeaker array. The reproduced
error in this case is 1.53%.

Reproduction Error with Distance

We investigate the performance of a soundfield with two
reproduction zones of radius 0.4 m each by plotting the repro-
duction errors with different zone separation in distance. The
desired soundfields consist of 50 random plane waves at 1000
Hz. Two loudspeaker arrays each consists of 17 equally placed
loudspeakers on a circle of 0.4 m. We realize that the repro-
duction will not fail as long as these two zones have around
0.1 m separation. As compared to the multizone soundfield re-
production technique proposed in [7, 8], this method offers a
better solution for allocating spatial zone positions.

10

Reproduction Error
=
O\
T
L

1072 1 1
1 15 2 25

Zone Separation (m)

Figure 3: Reproduction error with different zone separation
(in distance) for two circular reproduction zones with radius
0.4 m each using two loudspeaker array. The desired sound-
fields consist of 50 random plane waves at 1000 Hz. We have
equally placed 17 loudspeakers on a circle of 0.4 m for each
loudspeaker array.
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Multizone Soundfield Reproduction using Circular Loud-
speaker Arrays

In this example, we consider three circular reproduction
zones with radius 0.4 m each in free field using three loud-
speaker arrays as shown in Figure 4. We equally place 17 loud-
speakers on a circle of 0.4 m for each loudspeaker array. Three
zones are located at (10) = 45°,r(10) =0.6 m, 9(20) — 165°,
720 = 0.6 m and 8G9 = —75° 30) = 0.6 m respectively.
The desired soundfields consist of 50 random plane waves at
1000 Hz. The top two plots show the real and imaginary parts
of the desired soundfield, and the bottom two plots show the
real and imaginary parts of the reproduced soundfield. In this
case, the reproduction error is 4.6%.

Figure 4: Reproduction of a 2D three-zone soundfield with
radius 0.4 m each in free field using three loudspeaker ar-
rays. Three zones are located at 9(10) — 45°,r(10> = 0.6 m,
012 = 165°,729 = 0.6 m and 3% = ~75° 739 = 0.6 m
respectively. (a) Desired field, and (b) reproduced field. The
desired soundfields consist of 50 random plane waves at 1000
Hz. We equally place 17 loudspeakers on a circle of 0.4 m for
each loudspeaker array. The reproduction error in this case is
4.6%.

Two-zone Soundfield Reproduction using Non-circular
Loudspeaker Arrays

In this section, we seek to recreate the desired soundfields
using non-circular loudspeaker arrays. As mentioned in the
“System Model" Section, circular loudspeaker arrays are not
compulsory requirements for the loudspeaker configurations as
long as the loudspeakers are placed on or outside the circle of

radius qu). For demonstration purpose, we use square-shape

loudspeaker arrays as they provide better performance than the
rectangular-shaped loudspeaker arrays. Based on the same pa-
rameters for the desired soundfields as shown in previous two-
zone example, we use two square-shaped loudspeaker arrays
with 17 loudspeakers on each. The number of loudspeakers
used is the same as the one used in the two-zone example. The
size of the square-shaped loudspeaker array is 0.8 m x 0.8
m. We equally place 5 loudspeakers with 0.16 m separation
on one side of the square-shaped loudspeaker array and the
remaining 12 loudspeakers on the other three sides with 0.2
m separation respectively. The loudspeaker weights of these
two square-shaped loudspeaker array are calculated using the
method proposed in the “Loudspeaker Weights Design” Sec-
tion. The resulting reproduced field is shown in Figure 5. The
top two plots show the real and imaginary parts of the desired
two-zone soundfield, and the bottom two plots show the sound-
field reproduced by the square-shaped loudspeaker arrays. The
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reproduced two-zone soundfield corresponds well to the de-
sired multizone soundfield where the zone boundaries of the
two reproduction regions are indicated in two circles. The re-
production error calculated based on (19) is 1.87%.
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Figure 5: Reproduction of a 2D two-zone soundfield with ra-
dius 0.4 m each using two square-shaped loudspeaker arrays.
The desired soundfields consist of 50 random plane waves at
1000 Hz. Two zones are located at 6(10) = 135°, 719 = 0.6 m
and 60 = —45° (20) — 0.6 m respectively. (a) Desired field,
and (b) reproduced field. The size of the square-shaped loud-
speaker array is 0.8 m x 0.8 m. For each loudspeaker array,
we equally place 5 loudspeakers with 0.16 m separation on
one side of the square-shaped loudspeaker array and equally
place the other 12 loudspeakers on the other sides with 0.2 m
separation. The reproduction error in this case is 1.87%.

CONCLUSION

This paper has investigated the soundfield reproduction per-
formance to recreate two or more distinct 2D soundfields si-
multaneously at different spatial regions using multiple loud-
speaker arrays. The basic ideas from the cross-talk cancelation
systems were applied to determined the loudspeaker weights
by the Least-squares method. From the simulation result, this
approach offers a better solution for allocating spatial zone po-
sitions. The favorable simulation results of non-circular loud-
speaker arrays demonstrate the fact that circular loudspeaker
arrays are not compulsory requirements for the loudspeaker
configurations as long as the loudspeakers are placed on or out-
side the regions of interest.
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