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ABSTRACT

Multizone reproduction has been focused on reproducing sounds in
an empty listening space. However, there are always scatterers such
as human heads in sound zones, generating scattered sound fields
and causing degraded system performance. In this work, we devel-
op a modal-domain method for 2.5D multizone reproduction with a
solid object in the bright zone. Analytical expressions of the inci-
dent and scattered fields are developed. We then propose an active
control strategy to correct the scattering effect. In the reproduction
stage, we use the weighted mode matching approach to achieve the
optimal control over the entire region. Simulation results show that
in comparison with the conventional method which does not con-
sider the scattering effect, the proposed method can achieve higher
acoustic contrast performance over a broadband frequency range.

Index Terms— Multizone reproduction, 2.5D reproduction,
mode matching, scatterer

1. INTRODUCTION

Multizone reproduction aims to reproduce sounds over multiple re-
gions of space without physical isolation using a single loudspeak-
er array [1]. This arrangement allows sound zones to be produced
at any desired location and also the listener to freely move within
space. Thus, it can provide significant flexibility and has a wide
range of audio applications, such as in car audio systems and cre-
ating quiet zones in shared environments [2, 3]. Many approaches
have been developed, which can be broadly classified into four cat-
egories, acoustic contrast control (ACC) [4–9] , pressure matching
(PM) [10–13] , the combination of ACC and PM [14–17] , and mode
matching based reproduction [18–23]. In mode matching based re-
production, the theory is mainly developed for the 2D case. A practi-
cal implementation is known as 2.5D reproduction, that is to control
2D desired fields using 3D secondary sources [24, 25]. A weight-
ed mode matching approach for 2.5D reproduction is developed to
achieve optimal control within the global region [26].

Multizone reproduction has been focused on reproducing sound-
s in an empty listening space. In practice, the listener exists in these
sound zones, resulting in scattered sound fields and deterioration of
system performance. Experimental results further prove that the s-
cattering effect from listeners causes around 8 dB acoustic contrast
loss in multizone reproduction [27]. A modified ACC approach
was developed based on modelling the scatterer in the bright zone
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as a rigid sphere, which can achieve around 1-4 dB gain in acoustic
contrast for frequency above 1000Hz [28]. Based on the same as-
sumption, the scattering effect has been investigated with corrected
solutions proposed in mode matching based sound field reproduc-
tion [29, 30]. Recently, an active control strategy was developed to
control the scattered sound field from a rigid sphere by optimizing
the loudspeaker placement in the 3D reproduction system [31].

In this paper, we develop a modal-domain method for 2.5D mul-
tizone reproduction with a solid object in the bright zone, which was
not considered in the previous work. The object, for example the hu-
man head, is modelled as a rigid sphere. Analytical expressions of
the incident and scattered fields are developed for the global region
and each sound zone. We then propose an active control strategy to
correct the scattering effect. In the reproduction stage, we use the
weighted mode matching approach to achieve the optimal control
over the entire region. The effectiveness of the proposed method is
demonstrated through simulation-based experiments.

2. MULTIZONE REPRODUCTION

In this work, we control sound fields in multiple non-overlapping
regions, on a 2D plane with an assumption that there is a scatterer
of human head in the bright zone as shown in Fig. 1. Each sound
zone q has a radius rq and its center is denoted by Oq with respect
to the global origin O, i.e., the bright zone and dark zone. Any
observation point in a sound zone is represented by xq with respect
to Oq , or x = xq +Oq with respect to O.

2.1. Soundfield model

The soundfield at any point x consists of two parts, i.e. the incident
field and the field caused by scattering from human head,

P (x, k) = P in(x, k) + P sc(x, k). (1)

where superscript in and sc denote incident field and scattered field,
respectively. In the following, we will derive modal-domain repre-
sentation of each part and the corresponding relationship between
the global region and local zones.

2.1.1. Incident sound field

A 3D source-free incoming field at an arbitrary point x = (‖x‖, θ, φ)
can be approximately represented in terms of a harmonic decompo-
sition of the form

P in(x, k) ≈
N0∑
n=0

n∑
m=−n

βin
nm(k)jn(k‖x‖)Y mn (θ, φ), (2)
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Fig. 1. Geometry of multizone sound control with a human head
inside the bright zone.

where k = 2πf/c is the wave number with f being the frequency
and c the speed of sound, jn(·) is the spherical Bessel function of
order n, and Y mn denotes the spherical harmonics of order n and de-
gree m. βnm(k) is the decomposition coefficient and the truncation
order N0 = dekr0/2e [32], where r0 is the radius of the region of
interest, e is the Euler’s number, and d·e denotes the ceiling function.

For 2.5D reproduction, the desired field is on a 2D plane. Thus,
by setting the elevation angle θ = π/2, the sound pressure can be
written as,

P in(x, k) ≈
N0∑

m=−N0

N0∑
n=|m|

βin
nm(k)jn(k ‖x‖)Y mn eimφx , (3)

where Y mn (π
2
, φx) = Y mn eimφx , with Y mn = Cmn P

m
n (0) and

Cmn =
√

2n+1
4π

(n−|m|)!
(n+|m|)! . Analogous to (3), the incident sound field

at any observation point xb ≡ (‖xb‖, φxb) within the bright zone
can be expressed in the form

P in
b (xb, k) ≈

Nb∑
µ=−Nb

Nb∑
ν=|µ|

αin
νµ(k)jν(k ‖xb‖)Y µν eiµφxb , (4)

where αin
νµ is the corresponding soundfield coefficients and the trun-

cation order is Nb = dekrb/2e.
The bright zone soundfield coefficients αin

νµ in (4) can be related
to the global soundfield coefficients βin

nm in (3) using the spherical
Bessel function addition theorem [33], that is

N0∑
m=−N0

N0∑
n=|m|

βin
nm(k)Tmµnν (Ob, k) = αin

νµ(k), (5)

where

Tmµnν (Ob, k) = 4πiν−nW1W2

∞∑
`=0

il(−1)2m−µj`(k ‖Ob‖)×

Y`(µ−m)(θOb , φOb)

√
(2n+ 1)(2ν + 1)(2`+ 1)

4π
,

(6)

W1 and W2 denote the Wigner 3− j symbol, and (·) represents the
complex conjugate.

Using the matrix-vector notation, we can represent (5) as

T bb
in = ain

b . (7)

where bin = [βin
0 , . . . , β

in
n2+n+m+1, . . . , β

in
(N0+1)2 ]

T , ain
b = [αin

0

, . . . , αin
1+ν2+ν+µ, . . . , α

in
(Nb+1)2 ]

T , and T b is the (Nb + 1)2 ×
(N0 + 1)2 translation matrix. Similarly, we can use the matrix T d

to denote translation from the global region to the dark zone.

2.1.2. Scattered sound field

We model the human head as a rigid sphere, which can produce an
outgoing scattered wave when the incident wave hits on it. By apply-
ing the boundary condition on its surface, that is the particle velocity
perpendicular to the surface is zero [34], we can derive the analytical
expression of the scattered field within the bright zone,

P sc
b (xb, k) ≈

Nh∑
µ=−Nh

Nh∑
ν=|µ|

αsc
νµh

(1)
ν (k ‖xb‖)Y µν eiµφxb , (8)

where h(1)
ν (·) represents the outing spherical Hankel functions,

αsc
νµ = − j

′
ν(ka)

h
(1)′
ν (ka)

αin
νµ, (9)

and (·)′ denotes the corresponding derivative. The truncation order
is Nh = deka/2e with a the radius of the human head.

We are particularly interested in the scattered field within the
dark zone, which can be represented as

P sc
d (xd, k) ≈

Nd∑
u=−Nd

Nd∑
v=|v|

ζsc
vujv(k ‖xd‖)Y uv eiuφxd , (10)

where Nd = dekrd/2e and rd is the radius of the dark zone.
Analogous to (5), based on the corresponding addition theorem

for h(1)
µ (k ‖xb‖)Y µν (θxb , φxb) [33], we have

Nh∑
µ=−Nh

Nh∑
ν=|u|

αsc
νµS

µu
νv (Obd, k) = ζsc

vu, (11)

where

Sµuνv (Obd, k) = 4πiv−νW3W4

∞∑
`=0

il(−1)2µ−uh`(k ‖Obd‖)×

Y`(u−µ)(θObd , φObd)

√
(2ν + 1)(2v + 1)(2`+ 1)

4π
,

(12)

the vector Obd = Ob − Od, W3 and W4 denote Wigner 3 − j
symbol.

The matrix-vector notation of (11) is

Sbda
sc
b = csc

d . (13)

where asc
b = [αsc

0 , . . . , α
sc
ν2+ν+µ+1, . . . , α

sc
(Nh+1)2 ]

T , csc
d =

[ζsc
0 , . . . , ζ

sc
v2+v+u+1 . . . , ζ

sc
(Nd+1)2 ]

T , and Sbd is the (Nd + 1)2 ×
(Nh + 1)2 translation matric.
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2.2. Modified formulation and control

In the original formulation, the multizone reproduction problem in
the modal domain is formulated as finding the global sound field co-
efficients b to generate a desired sound field in the bright zone char-
acterised by its local coefficients ain

b with constraints on the sound
energy in the dark zone and the energy of the entire global sound
field [26]. In the modified formulation, we aim to minimize the en-
ergy of both the incident and scattered sound fields in the dark zone.
That is

min
b
‖T bb− ain

b‖2 (14)

subject to ‖(T d +Rd)b‖2 ≤ ed (14a)

‖b‖2 ≤ eg, (14c)

where based on (9) and (13), the scattering components are linked to
the incident sound fields and also the global components, that is

csc
d = Rdb, Rd = SbdQET b. (15)

The matrix Q = diag
(
−j

′
0(ka)/h

(1)′

0 (ka) . . .−j
′
Nh

(ka)/h
(1)′

Nh
(ka)

)
is a diagonal matrix and the matrix E is used to pick the first
(Nh + 1)2 elements of the vector ain

b given the truncation order of
the scattered field in the bright zone is Nh.

We can then use the method of Lagrange multipliers to obtain
the global desired sound field coefficients,

b = [T bT b + λ1(T d +Rd)(T d +Rd) + λ2I]
−1T ba

in
b . (16)

where λ1 and λ2 are positive Lagrange multipliers.

3. 2.5D WEIGHTED MODE MATCHING REPRODUCTION

An array ofL loudspeakers is used for reproduction and its generated
global sound field can be written as

P (x, k) =

L∑
`=1

d`(k)G`(x, k), (17)

where G`(x, k) represents the acoustic transfer function (ATF) be-
tween the `th loudspeaker and the observation point x in the global
system and d` is the loudspeaker weight.

The ATF is parameterised in the modal domain as

G`(x, k) ≈
N0∑

m=−N0

N0∑
n=|m|

γmn (`, k)jn(k‖x‖)Y mn eimφx , (18)

where γmn (`, k) are ATF coefficients for the `th speaker. Note that
each loudspeaker is a 3D point source, there are (N0 + 1)2 coef-
ficients to describe its ATF within the global control region. The
ATF coefficients are assumed to be a prior knowledge obtained from
theoretical solutions or pre-calibration [35]. In anechoic condition
γmn (`, k) = −ikh(2)

n (kr`)Y mn (π/2, φ`).
Then, the generated 3D sound field is

P (x, k) ≈
N0∑

m=−N0

L∑
`=1

d`(k)

N0∑
n=|m|

γmn (`, k)jn(k‖x‖)Y mn eimφx .

(19)
Note that the desired field given in (2) is 2D, or height-invariant,
which needs to be controlled within a global region including mul-
tiple sound zones. We adopt the weighted mode matching approach

for the optimal control [26]. That is, by referring to (3), the cost
function is

J (d, k) = 1

2π

∫
D

∣∣∣P (x, k)− P in(x, k)
∣∣∣2dx. (20)

Writing (20) in matrix form, we have

J (d, k) = dHHd−BHd− dHB + C. (21)

with

[H]`1,`2 =

N0∑
m=−N0

N0∑
n=|m|

N0∑
n′=|m|

ωmn,n′γmn (`1, k)γ
m
n′(`2, k)

[B]`1 =

N0∑
m=−N0

N0∑
n=|m|

N0∑
n′=|m|

ωmn,n′γmn (`1, k)β
in
mn′(k) (22)

where
ωmn,n′ ≡ Y mn Y mn′

∫ r0

0

jn(kr)jn′(kr)rdr (23)

We write
H = ΓHWΓ, (24)

where the ATF coefficient matrix Γ is defined as [Γ]n2+n+m+1,` =

γmn (`, k) and W is a (N0 +1)2-square weighting matrix defined as

[W ]n2+n+m+1,n′2+n′+m′+1 = δm−m′wmn,n′ (25)

Similarly, it can be defined that

B = ΓHWb, (26)

where [b]n2+n+m+1 = βin
mn(k).

Minimizing J in (21), the solution is

d̂ = H−1B = (ΓHWΓ)−1ΓHWb. (27)

4. EVALUATION

4.1. Simulation setup

We simulate two-zone reproduction examples in anechoic chamber.
The radius of the global control region is r0 = 1.4m. The virtu-
al source, which is located in the far field and incident from φV =
2π/3, produce a monochromatic 3D plane wave of frequency 1400
Hz. The bright zone and dark zone are located at Ob = (0.4, 0)
and Od = (−0.4, 0) with respect to the global origin, respective-
ly. Each sound zone has a radius of 0.25m. A scatterer of a rigid
sphere is located at the center of the bright zone and its radius is set
to 0.1m, i.e., approximately the human head size. A 99-element cir-
cular loudspeaker array of radius 2 m is used for reproduction. The
Newtons method [21] is used to solve the Lagrange multipliers λ1

and λ2 in (16). We set the energy constraints in the dark zone and
global region to ed = 0dB and eg = 20dB, respectively.

The performance measures are the acoustic contrast κ(k) be-
tween the bright zone and dark zone, and the bright zone reproduc-
tion error ε(k), i.e.,

κ(k) = 10log10

1
Vb

∫
Db

∣∣∣P (x, k)
∣∣∣2dx

1
Vd

∫
Dd

∣∣∣P (x, k)
∣∣∣2dx (28)

ε(k) = 10log10

1
Vb

∫
Db

∣∣∣P (x, k)− Pd(x, k)
∣∣∣2dx

1
Vb

∫
Db

∣∣∣P (x, k)
∣∣∣2dx , (29)

143



-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Fig. 2. Examples of 2.5D multizone reproduction with a scatterer
at the bright zone center denoted by the blue solid circle. Result-
s are shown for (a) the method without controlling the scattering
effect [26] and (b) the proposed method with active control of the
scattered sound field. The corresponding scale-up results in the dark
zone are shown in (c) and (d). Blue · marks denote the locations of
loudspeakers.The area in the black dashed line and white solid line
correspond to the global region, bright zone and dark zone, respec-
tively.

where P (x, k) and Pd(x, k) represent the reproduced sound field
and the desired sound field at a point within the bright zone Db or
the dark zone Dd. Vb and Vd denote the area of the bright zone and
the dark zone, respectively.

4.2. Simulation Results

The real part of the reproduced results are plotted in Fig.2. The
display is limited to the maximum value of the reconstructed field
within the bright zone. As shown in Fig. 2 (a), using the traditional
method without considering the scattering effect [26], the sound field
scattered by the rigid sphere will enter the dark zone. The wavefront
within the bright zone also distorts. Especially, the effect of the scat-
terer is considerable when the bright zone and dark zone are close.
Compering the results in (c) and (d), we can see that using the pro-
posed method with active control of the scattered sound field, the
sound level in the dark zone can be effectively reduced.

We further evaluate the system performance over a broadband
frequency range of [0.1, 2] kHz. The reproduction setup is the same
as in the example of Fig. 2. The blue, black and red lines correspond
to the case that there is no scatterer (Incident), using the tradition-
al method without scattering control (Scattered) [26], and using the
proposed scattering control method (Proposed). The driving signals
for the first two cases are the same. The results in Fig. 3(a) shows
that the acoustic contrast has 0.5− 4 dB loss when the scatterer is in
the bright zone. Using the proposed method, about 1.5−4 dB gain in
acoustic contrast is achieved in the frequency range of [0.3, 2] kHz.
In Fig. 3.(b), these three methods show roughly the same bright zone
reproduction error performance.

Fig. 3. Plots show (a) acoustic contrast and (b) bright zone repro-
duction error over a broadband frequency range.

Fig. 4. Plots show (a) acoustic contrast and (b) bright zone repro-
duction error over 180◦ angle range.

Finally, we compare the performance of these three methods
over a 180◦ angle range. As shown in Fig. 4 (a), for the plane wave
coming from 20◦ to 160◦, its incidence on the scatterer produces
considerable effects into the dark zone with around 2-5 dB loss of
the acoustic contrast. The proposed method is quite effective for this
angle range, and the biggest improvement is nearly 8 dB at the di-
rection of 100◦ incidence. However, the proposed method does not
improve the acoustic contrast within the angle range of 140◦ to 180◦.
This is analogous to the occlusion problem with a large amount of s-
cattered waves going into the dark zone. For this angle range, adding
additional constraints also causes the bright zone reproduction error
to increase.

5. CONCLUSION

A modal-domain approach to 2.5D multizone reproduction with ac-
tive control of scattered sound fields was presented. The scatterer,
i.e., the human head, was modelled as a rigid sphere located at the
bright zone center. Based on wave modelling theory and translation
theorem, we developed analytical expressions of the incident and s-
cattered fields for the global region and each sound zone. We then
proposed an active control strategy to correct the scattering effect
and used the weighted mode matching approach for reproduction.
Simulation results showed that the proposed method can achieve
higher acoustic contrast performance over a wide frequency range.
Future work will extend the method to reverberant environment with
experimental validation.
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