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Abstract—Multizone soundfield reproduction in the 
reverberant room is a complex problem in acoustic signal 
processing. In this paper, we introduce a method of recreating a 
3D multizone soundfield for reverberant environments. Based on 
spherical addition theorem for Bessel function, we derive the 
desired global soundfield by translating local desired soundfields 
to a single global coordinate system. We cast the global 
soundfield reproduction into a least squares framework and 
introduce the modal space approach to derive the loudspeaker 
weights. A practical method is used to determining the Acoustic 
Transfer Function (ATF) between each loudspeaker and every 
point of reproduction region. The simulation results indicate that 
the proposed method can reproduce the target 3D multizone 
soundfield accurately. 

Index Terms—Acoustic signal processing, 3D multizone 
soundfield, reverberant, Acoustic Transfer Function 

I. INTRODUCTION 

Multizone soundfield reproduction has various applications 
such as entertainment systems in cars and surround sound 
systems in exhibition centers, where the aim is to provide 
listeners individual sound environment without physical 
isolations or use of headphones. However, in practical 
acoustical environments, the performance of multizone 
soundfield reproduction techniques is significantly degraded 
by the reverberation in the room. 

The origin of work in this area can be traced to 2008, when 
Poletti proposed least squares pressure matching method to 
generate 2D multizone surround sound systems [1]. However, 
the investigation was mainly performed based on simulation 
results. Further investigation was made in [2], where a 
constrained optimization problem was formulated to control 
the sound in each zone individually. A method for using 
spatial band stop filters to suppress the unintended inter-zone 
sound interference and pass the desired soundfields with no 
distortion was introduced in [3]. The desired 2D multzone 
soundfield was described as an orthogonal expansion of basis 
functions over the reproduction region in [4]. 

However, the aforementioned approaches do not take into 
account the reverberant environments in multizone soundfield 
reproduction. The reverberant case is made difficult by the 
rapid variation of the ATF over the room [5]. A common 
approach for spatial sound reproduction in reverberant setting 
is to design some inverse filters for equalizing the ATF over 

multiple points [6]. However, the resulting room correction of 
this technique is poor away from the design points. 
Alternative dereverberation techniques are the measurement 
of the ATF at a finite set of sample points which are later 
incorporated to the sound processing algorithm [7]-[8].  

The techniques with regard to single zone soundfield 
reproduction in the reverberant room were proposed in [9]-
[10]. A method of parameterizing the RTF between two 
arbitrary points from a predefined source and receiver regions 
was introduced in [9]. In [10], a practical method was 
provided for determining the ATF between each loudspeaker 
and every point in the reproduction region. This work was 
extended to the 2D multizone sound case in [11] using the 
translation of spatial harmonic coefficient between coordinate 
systems to achieve a global control of the multizone 
soundfield. In addition, a method of 2D multizone soundfield 
reproduction in reverberant rooms using compressed sensing 
technique was proposed in [12].  

In this paper, we propose a method for reproducing a 
desired 3D multizone soundfield in reverberant environments 
using a single spherical loudspeaker array. First, the desired 
local soundfield coefficients are mapped into the equivalent 
global soundfield coefficients based on the spherical addition 
theorem of Bessel function [13]. Thus, the complicated 
multizone soundfield reproduction problem can be translated 
into a reproduction of single zone soundfield. Then, the 
optimal least-squares solution for the loudspeaker weights 
that minimize the reproduction error are derived based on the 
modal space approach [14]. We also describe a practical 
method to precisely measure the ATFs between each 
loudspeaker and the reproduction region. Simulation results 
show that the proposed approach can reproduce the target 3D 
spatial multizone soundfield in a reverberant room accurately. 

II. MULTIZONE SOUNDFIELD’S GLOBAL CONTROL 

A. Spherical Harmonic Expansion of Soundfield 
As illustrated in Figure 1, the desired reproduction region 

Ω is the smallest sphere that encloses all spatial zones of 
interest with a radius of R. We first assume that there are Q 
non-overlapping 3D spherical zones at radius R(q0) from the 
global spherical origin O. The origin and the radius of the qth 
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zone are denoted as Oq and Rz
(q), where Oq is located at the 

polar coordinate ( 0) ( 0) ( 0) ( 0)( , , )q q q qR θ ϕ=R with respect to O. The 
arbitrary observation point within the qth zone is denoted 
as ( ) ( ) ( ) ( )( , , )q q q qr θ ϕ=x with respect to the local origin Oq. 
       

 
Fig. 1. Geometrical structure of the 3D multizone soundfield reproduction 

system in a reverberant room. 
 

The desired soundfield of the qth zone can be represented 
by the following spherical harmonic expansion representation 
[14] 

d( ) ( ) d( ) ( ) ( ) ( )

0

( ; ) ( ) ( ) ( , )
qV v

q q q q q q
vu v vu

v u v

S k k j kr Yβ θ ϕ
= =−

=∑∑x    (1) 

where 2k f cπ= is the wave number, f is the frequency, c is the 
speed of sound propagation, ( )( )q

vj kr represents the spherical 
Bessel function of order v, d( ) ( )q

vu kβ are a set of coefficients 
uniquely representing the qth soundfield, which are mode 
limited to ( )q

q zV kR⎡ ⎤= ⎢ ⎥ , the superscript “d” represents the 

desired soundfield, and ( ) ( )( , )q q
vuY θ ϕ denotes the spherical 

harmonic of order v and degree u. 
We attempt to find an equivalent global soundfield which 

consists of Q non-overlapping individual multizone 
soundfield. Thus, we can reproduce the global desired 
soundfield over the entire region instead of multiple local 
spatial soundfield. Let the set of coefficient d ( )nm kα represent 
the desired global soundfield. The sound pressure at an 
arbitrary observation point ( , , )r θ φ=x  inside the entire 
region can be given with respect to the global origin O as 

d d

0
( ; ) ( ) ( ) ( , )

N n

nm n nm
n m n

S k k j kr Yα θ φ
= =−

=∑ ∑x            (2) 

where d ( )nm kα are mode limited to N kR= ⎡ ⎤⎢ ⎥ . 
Similarly, we write the reproduced sound pressure as 

   a a

0
( ; ) ( ) ( ) ( , )

N n

nm n nm
n m n

S k k j kr Yα θ φ
= =−

=∑ ∑x            (3) 

where a ( )nm kα are the coefficients of the reproduced soundfield 
and the superscript “a” represents the actual soundfield. 

B. Translation of Spatial Harmonic Coefficients  
The relationship between the desired local soundfield 

coefficients d( ) ( )q
vu kβ and the equivalent global soundfield 

coefficients d ( )nm kα can be derived based on the spherical 
addition theorem for Bessel function [13].  

d ( 0)(

0

d ) ˆ) ) ( )( (
N n

mu q
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q
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m n
u k k Sαβ
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where
( 0) 2 ( 0) ( 0) ( 0)
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π
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with 
     

1 0 0 0
n v l

W ⎛ ⎞
= ⎜ ⎟
⎝ ⎠

  and  2

n v l
W

m u u m
⎛ ⎞

= ⎜ ⎟− −⎝ ⎠
          

represent Wigner 3-j symbols. 

III. SOUNDFIELD REPRODUCTION  

After obtaining the desired soundfield coefficients for the 
global region, the multizone soundfield reproduction problem 
can be reduced to reproduction of the soundfield (2) over the 
entire regions. In this section, we introduce a modal space 
approach [14], which uses an efficient parametrization for 
ATFs to derive the loudspeaker weights. 

A. Modal Space Approach 
We assume all loudspeakers are placed on the sphere of 

radius Rl with respect to the global spherical origin O. Each 
loudspeaker l transmits an output signal Gl(k). We define the 
acoustic transfer function Hl(x;k) as the frequency response 
between loudspeaker l and point x. The pressure produced by 
the loudspeakers at any point x can be written as [13] 

a

1

( ; ) ( ) ( ; )
L

l l
l

S k G k H k
=

=∑x x                      (5) 

Since the room response is equal to the sound pressure 
generated by the unit input signal Gl(k), we can also write it as 

       
0

( , , ; ) ( , ) ( ) ( , )
N n

l nm n nm
n m n

H r k l k j kr Yθ φ γ θ φ
= =−

=∑∑             (6) 

where ( , )nm l kγ are the modal coefficients of the ATF for 
loudspeaker l, which can be measured by microphone 
recordings. Next we describe a method of measuring ( , )nm l kγ . 

The sound pressure inside Ω  generated by loudspeaker l 
outside Ω in a reverberant enclosure as the modal expansion is 

0
( ; ) ( , ) ( ) ( , )

N n

nm n nm
n m n

S k l k j kr Yγ θ φ
= =−

=∑ ∑x              (7) 

As the sound pressure can be recorded by M microphone, 
the soundfield coefficients are calculated by,  

[ ]
1

1 ( ; )( , ) ( , )
( )nm nm t

M

tn

l k YS
r

sk
j k

θ φγ ∗

=

Δ= ∑ x              (8) 

where 4ts MπΔ = . 
Substituting (3) and (6) into (5), the modal coefficients of 

the reproduced soundfield are related to ( , )nm l kγ through 

5 m

R(q0

)
θ(q0) 

zone 2 

zone 1 

zone q 
R Oq 

Rz
(q) 

y 

z 

x 

φ(q0) 

6 m 

4m 
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a

1
( ) ( ) ( , )

L

nm l nm
l

k G k l kα γ
=

=∑                         (9) 

The design task of our 3D soundfield reproduction is to 
choose the loudspeaker weights Gl(k) to minimize the 
normalized reproduction error η , 

2 2d a 2

0 0 0
( , ) ( , ) sin

R
S k S k r drd d

π π
θ θ φ

η
ε

−
= ∫ ∫ ∫ x x

           (10) 

where the energy of the desired soundfield ε  is: 
2 2d 2

0 0 0
( , ) sin

R
S k r drd d

π π
ε θ θ φ= ∫ ∫ ∫ x  

An expression for the normalized error as a function of the 
modal coefficients can be derived 

2d

0

a
3
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n
n
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m n
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ε
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2

3
0
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where the modal coefficient weighting function is given by 

[ ]2 2

0
( ) ( )

kR

n nw kR j x x dx= ∫                         (12) 

B. Least Squares Solution 
We now derive the least squares solution for the 

loudspeaker weights that minimizes the error in (10). 
Defining the vector of loudspeaker weights g = [ G1(k), 
G2(k),…, Gl(k)]T, where [ ]T⋅ is the matrix transpose operator, 
the vector of the coefficients of the reproduced soundfield 

a a a
00 ,...,

T

NNα α⎡ ⎤= ⎣ ⎦A , and the matrix of the modal coefficients 
for the ATF is 

00 00(1, ) ( , )

(1, ) ( , )NN NN

k L k

k L k

γ γ

γ γ

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

γ                      (13) 

Thus, (9) can be rewritten as a =A γg . Additionally, define 
the vectors of the coefficients of the desired soundfield,

 d d d
00 , ...,

T

NNα α⎡ ⎤= ⎣ ⎦A  , and the diagonal weighting matrix 
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where Onm is the n m× zero matrix. 
We rewrite (10) in terms of matrix as 

a d a d

d d

( ) ( )
( )

H

Hη − −= A A W A A
A WA

                     (14) 

where ( )H⋅ is the matrix Hermitian operator. 
Since a =A γg , (14) is written as a quadratic form in the 

vector g of loudspeaker weights 

( )1 H H H d
d

η = − − +g Bg b g g b                    (15) 

where H=B γ Wγ , dH=b γ WA and d d( )Hd = A WA . 
The least squares solution to (15) is 1−=g B b . 

IV. SIMULATION RESULTS 

In the following example, we illustrate reproduction of a 
plane wave originating from direction ( ) ( )( , )pw pwθ φ , the 
desired soundfield coefficients are given by [13] 

d( ) ( ) ( )4( ) ( , )q pw pw
vu v

v
uik Yβ θ ϕπ ∗=                      (16) 

 We consider a multizone reproduction in Q = 2 zones with 
Rz

(q) = 0.4 m, a zone radius assumed to be sufficient for a 
single listener. Zone 1 and zone 2 are both 1.3 m away from 
the global spherical origin O. Source 1 is a plane wave 
originating from ( ) ( ) o o[ , ] [0 ,0 ]pw pwθ φ = at a frequency of 500 Hz, 
and the target zone for this signal is zone 1. Zone 2 is set to be 
a silent zone. As shown in Fig. 1, the reverberant room is 
rectangular (size 6 5 4× ×  m) with a wall absorption coefficient 
of 0.51. The number of loudspeakers, L is equal to 169 and 
the radius of this spherical loudspeaker array is 2 m. To 
measure the modal coefficients for the ATF, we use M = 64 
pressure samples on a spherical of 0.4 m. 

The reverberation is generated with a 3D adaptation of the 
image-source method [15] including image-sources up to the 
fifth order, which defines the ATF in terms of 

1

( ; )
pikik P

p
p p

ie ieH k
k k

ς
− −− −

=

= +
− −∑

x yx y

x
x y x y

           (17) 

where yp and pς are the position and accumulated wall 
reflection coefficient of the pth image source. 
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Fig. 2. Reproduction of a 3D two-zone soundfield with radius 0.4 m in a 
reverberant room. Two zones are located at R(10)

 = 1.3 m, θ(10) = 0°, φ(10) = 0° 
and R(20)

  = 1.3 m, θ(20) = 240°, φ(20)  = 0°, respectively. (a) Desired field, (b) 
reproduced field in a free field, (c) the same free field design in the 
reverberant room, and (d) reproduced field with the reverberation design. 
 

The resulting reproduced field is shown in Fig. 2, displayed 
as slices through the sphere at height of 0 m. The top-left plot 
(a) shows the real part of the desired soundfield, the top-right 
plot (b) shows the real part of the reproduced soundfield in a 
free field, the bottom-left plot (c) shows the real part of the 
same free design in the reverberant room, and the bottom-

Proceedings of APSIPA Annual Summit and Conference 2015 16-19 December 2015

978-988-14768-0-7©2015 APSIPA 25 APSIPA ASC 2015



right plot (d) shows the real part of the reproduced field with 
the reverberant design. The unattended region is set to -0.5 in 
order to observe the performance of soundfield reproduction 
better. 

60 90 120 150 180 210 240 270 300
-40

-20

0

20

40

Angle separation (degrees)

M
S

E
(d

B
)

 

 
(a) free field

(b) free field design in reverberant room
(c) with reverberant design

 
Fig. 3. Mean square error for two zones as function of different zone 
separation (in angles) θ(20) － θ(10).  
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Fig. 4. Mean square error for two reproduction zones as function of different 
zone separation (in distance).  
 

Fig. 3 illustrates the reproduction error (10) as a function of 
angle difference between zone 1 and zone 2. The angle 
difference between two reproduction zones is varied by 
changing their azimuth angle and making the elevation angle 
constant. We set 60°<(θ(20)－θ(10)) <300° in order to reproduce 
two non-overlapping soundfield. The results show that the 
angle separation of two zones affects the system performance 
and the worst performance is achieved when the plane wave is 
in line with both zones.  

Fig. 4 demonstrates the reproduction error as a function of 
the distance between the two zones. We can observe that the 
reproduction error decreases when zones are further apart. 
However, the error will not reduce once the zone separation 
beyond a certain threshold. In addition, we also provide the 
error with a free field design and the same free field design in 
the reverberant room. The results show that the reverberant 
performance of the free field design is poor, and the 
reverberant design performs well. 

V. CONCLUSIONS 

In this paper, we propose a new method for recreating a 3D 
multizone soundfield in reverberant rooms using a single 
spherical loudspeaker array. We present a novel approach to 
derive the loudspeaker weights for the desired multizone 
sound reproduction. We also investigate the reproduction 

error in terms of the angle and distance difference between the 
zones. The simulation results confirm the accurate spatial 
multizone soundfield reproduction in a reverberant room. 
Reducing the number of loudspeakers required for 3D 
multizone soundfield reproduction shall be addressed in 
future research. 
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