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Expectations of recent audio technologies include the capability to present 3D spatial sound with
high levels of realism. Sound field reproduction methods, which physically re-create the sound
pressure field of a target acoustic space, outperform other techniques, such as the multi-channel
surround systems, from a theoretical stance. However, their implementation often requires a large
loudspeaker array with an impractical number of loudspeakers. The situation worsens if multiple
listeners are considered since the sound field must be controlled over a region large enough to
cover them all. Multi-zone sound field reproduction attempts to sidestep this problem by control-
ling the sound pressure inside small and disconnected regions, one for each listener. Traditionally,
however, multi-zone sound field reproduction systems attempt to present a different acoustic space
for each listener. This can impose unrealistic constraints for some listener positions, which affects
reproduction accuracy. A shared sound field reproduction method recently proposed by the au-
thors seeks to overcome these limitations. The proposal defines a multi-zone transfer function and
uses a phase correction stage to present a single, underlying sound field at multiple disconnected
regions. Its formulation is, however, limited to plane waves which cannot convey distance-related
information. The present research extends the shared sound field reproduction approach by gen-
eralizing the phase correction stage as a translation operator in the spherical harmonics domain.
This new signal processing can present a point source field at multiple listening regions, as veri-
fied through several numerical simulations evaluating its performance. These simulations assume
the presentation of a 1 kHz point source at two listening regions using 192 loudspeakers arranged
on an almost regularly sampled sphere. Simulations show the successful reproduction at the target
regions, both reaching a reproduction error level below −6 dB. Furthermore, the observation of
parallax effects between regions confirms that the proposal can effectively convey distance-related
information.

Keywords: sound field control, multi-zone sound field reproduction, sound field reproduction,
spatial sound, spherical acoustics

1. Introduction

Advances have been recently made in audio technology for presenting highly accurate spatial
sound to listeners. One proposed approach which physically re-creates the sound pressure field is
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termed sound field reproduction or sound field synthesis [1, 2, 3]. This technique can present high-
definition spatial sound to the listener better than other conventional audio technologies such as the
multi-channel surround system, but may require many loudspeakers. Practically, this may demand
an impractical number of loudspeakers when multiple listeners use a sound field synthesis system
simultaneously because of the need for control over an extended listening region.

On the other hand, an approach to re-create sound fields for each of the listeners, named multi-
zone sound field reproduction, has been proposed [4, 5]. Multi-zone sound field reproduction seeks
to synthesize the individual spatial sound around each listener; this is called personal sound zone [6].
Personal sound zones provide significant benefits in that the system presents a different spatial sound
for each listener. However, this has several limitations. One of the limitations is that it causes inter-
ference when listening areas are close to each other. To overcome the limitations, we have previously
proposed a multi-zone sound field reproduction method named shared sound field synthesis [7]. This
proposed system attempts to re-create multiple portions of a single, underlying sound field in multiple
disconnected regions. It focuses on sharing spatial sound information of a common underlying sound
field, but at different positions. This proposal was, however, limited to synthesize plane wave sound
fields, resulting in the absence of distance effects between sound sources and listeners. To deal with
this, we proposed an advanced shared sound field synthesis method which is capable of synthesizing
a point source including distance effects [8]. In the present paper, we report evaluation results of this
new shared sound field method obtained by numerical simulations to show that the proposed method
can provide the distance effects in terms of auditory parallax at the target regions.

2. Shared sound field synthesis including distance effects

In this paper, we assume the coordinate system shown in Fig. 1.

Figure 1: Spherical coordinate system.

Shared sound field synthesis is similar to the reproduction of High-Order Ambisonics (HOA) [2]
because both methods use spherical harmonic analysis to decompose the sound field. Here, a sound
pressure field p can be decomposed as the following series, where Y m

n are the spherical harmonic
functions and jn represents the spherical Bessel functions for order n and degree m,

p(r, θ, φ, k) =
∞∑
n=0

n∑
m=−n

[B]mn (k)jn(kr)Y
m
n (θ, φ). (1)

The set of coefficients [B]mn fully characterizes the sound field p. However, the series of Eq. 1 must
be truncated at a maximum order N . To synthesize the sound field, shared sound field synthesis uses
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the mode matching approach [2], expressed as follows,

L∑
l=1

[Cl]
m
n (k)wl = [B]mn (k). (2)

Here, wl denotes the l-th loudspeaker weight l ∈ [1, L], k = 2πf/c represents the wavenumber
of a frequency f sound source; the sound speed c = 343 m/s. [Cl]

m
n (k) stands for one harmonic

component of the transfer function between loudspeaker l located at rl = (rl, θl, φl) and the center of
the loudspeaker array. This is expressed by a spherical Hankel function corresponding to an outward
spherical wave h

(out)
n and the spherical harmonic function Y m

n as follows:

[Cl]
m
n (k) = ikh(out)

n (krl)Y
m
n (θl, φl)

∗. (3)

Shared sound field synthesis seeks to synthesize sound fields by introducing a translation operator
and a multi-zone transfer function [7, 8].

2.1 Translation operator

The translation operator aims to obtain the spherical harmonic coefficients for each of the listening
areas from the original one. This operator considers that the observation point for the calculation of
the spherical harmonic coefficients is shifted from the center of the loudspeaker array to each listening
zone. Assuming the coefficients can be shifted one-by-one, this defines the following formula:

[Bz]
m
n (k) = [Tz]

m
n (k)[Bz]

m
n , (4)

where the spherical harmonic coefficients of the original source are denoted by [B]mn and those of
the z-th listening area are written as [Bz]

m
n . Here, [Tz]

m
n (k) is an element of the translation operator

taking the expansion coefficients at the center of the loudspeaker array to the listening zone z. In this
paper, we assume the desired sound field to be that of a point source, and thus the translation operator
is expressed as following formula [8]:

[Tz]
m
n (k) =

h
(out)
n (krsz)Y

m
n (θsz, φ

s
z)

∗

h
(out)
n (krs)Y m

n (θs, φs)∗
. (5)

Here, the vectors rs = (rs, θs, φs) and rs
z = (rsz, θ

s
z, φ

s
z) represent the position of the point source and

the center of each the listening area, respectively. All coordinates are measured from the center of the
loudspeaker array.

2.2 Multi-zone transfer function

The mode matching approach of Eq. 2 aims to re-create a sound field inside a single target area.
However, the shared sound field synthesis requires simultaneous control of multiple regions. To
achieve this, the shared sound field synthesis proposal uses a multi-zone transfer function obtained by
modifying the transfer function of Eq. 2 as follows:

[Cl]
m
n (k) → [Cl→z]

m
n (k). (6)

Here, the coefficient [Cl→z]
m
n (k) denotes the transfer function between the loudspeaker l and the

listening zone z ∈ [1, Z] using the following formula:

[Cl→z]
m
n (k) = ikh(out)

n (krl→z)Y
m
n (θl→z, φl→z), (7)

where rl→z = (rl→z, θl→z, φl→z) stands for the position of l-th loudspeaker as seen from the z-th
listening zone, given here in spherical coordinates.
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2.3 Matrix form

Introducing Eq. 5 and Eq. 6 in Eq. 2 yields

L∑
l=1

[
[Cl→z]

m
n (k)

]
wl(k) = [Tz]

m
n (k)[B]mn (k). (8)

Due to its construction, operator Tz is diagonal, leading to the following formula,

L∑
l=1

[
[T−1

z ]mn (k)[Cl→z]
m
n (k)

]
wl(k) = [B]mn (k). (9)

[T−1
z ]mn (k) stands for an element of the inverse operator of Eq. 5, which is defined by [8]

[T−1
z ]mn (k)[Tz]

m
n (k) = 1, (10)

where

[T−1
z ]mn (k) = ([Tz]

m
n (k))

∗ =
h
(in)
n (krsz)Y

m
n (θsz, φ

s
z)

h
(in)
n (krs)Y m

n (θs, φs)
. (11)

Here, h(in)
n represents the spherical Hankel function corresponding to an inward spherical wave of

order n and the superscript ∗ denotes complex conjugation. Summarizing the shared sound field
synthesis including distance effects for Z zones, is given as

L∑
l=1

[
1

Z

Z∑
z=1

[T−1
z ]mn (k)[Cl→z]

m
n (k)

]
wl(k) = [B]mn (k). (12)

This formula can be expressed in matrix form as follows:

Cw = B, (13)

where C denotes the (N + 1)2 × L matrix of the multi-zone transfer functions, w represents the
L column vector of loudspeaker signal weights and B is the (N + 1)2 column vector of spherical
harmonics coefficients. Calculating the Moore-Penrose pseudo-inverse matrix C† of the multi-zone
transfer function matrix C, we can obtain the following formula for the loudspeaker signal weights to
synthesize the sound fields inside multiple regions:

w = C†B. (14)

3. Evaluation

We consider the synthesis of a point source field inside two zones to evaluate the accuracy of
the proposed method through numerical simulations. This evaluation assumes a reproduction system
which consists of 192 loudspeakers distributed on the surface of a sphere with radius of 2.5 m, as
shown in Fig. 2. The reproduction zones are located 0.5 m to the left and right of the center of the
loudspeaker array. The spherical harmonic coefficients [B]mn are calculated up to a maximum order
of 4. Moreover, we define the error between ideal field p(i) and the synthesized field p(r) as follows:

E(r)=max
t

{
10log10

[{
p(r)(r, t)− p(i)(r, t)

}
|r − rs|

]2}
[dB]

(t= t0 +
α

fM
,α=0, 1, . . . ,M − 1).

(15)
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Here, t is the selected time for simulations, t0 represents the time it takes for the sound waves radiated
by the loudspeakers to cover the entire evaluation zone, and M denotes the number of evaluated
instants. Multiplication by |r − rs| in Eq. 15 is done to avoid the apparent enlargement of the error
due to the attenuation of the wave front as the distance to the sound source increases. In this paper, we
assume the number of evaluated instants M to be 5 and the listening zone to be defined as the region
where the error, calculated by Eq. 15, does not exceed −6 dB.

Figure 2: 192-channel spherical loudspeaker array used in numerical simulations. The loudspeakers
are assumed to behave as ideal monopoles (point sources) and are distributed on the surface of a
sphere with a radius of 2.5 m.

3.1 Simulation

Figure 3 shows the results of reproducing a 1 kHz point source located 2.0 m away from the
center of the loudspeaker array. The synthesized sound pressure field and the target field are shown
in panel 3(a) and panel 3(b), respectively. Panel 3(c) shows the error calculated by Eq. 15. In these
results, the radii of the listening zones are approximately 20 cm and 21 cm.

Next, the simulation considers the effects related to the position of the target point source. Figure 4
shows the radii of the listening zones in relation to the azimuth of the source. The results show that the
listening zones are of roughly the same size and independent of the direction of incidence. However,
the zones significantly shrink when the zones and source are aligned.

The accuracy in relation to the distance between the center of the loudspeaker array and the target
source is shown in Fig. 5. Both listening zones maintain the same size, irrespective of the distance.
However, reproduction accuracy decreases rapidly if the translation distance is greater than the dis-
tance between the target source and the origin. This implies that the assumptions leading to the
proposed translation operator only hold outside a region containing all listening zones.

Finally, we evaluated the performance at multiple frequencies. Figure 6 shows the radii of the
listening zones in relation to the target source frequency. The proposed method and HOA achieve a
similar performance when a single listening zone is synthesized. The radius of validity R for HOA
reproduction is approximated by the rule of thumb

R ≈ N

k
. (16)
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Comparing Eq. 16 and the results of Fig. 6, it can be confirmed that the proposed method can synthe-
size sound fields as accurately as single-zone HOA.

4. Conclusion

In this paper, we have presented the evaluation of a shared sound field synthesis method, includ-
ing distance effects, through numerical simulations. These results demonstrate that the direction of
incidence does not significantly affect reproduction accuracy, except when the listening zones and
target source are aligned. The separation between the sound source and the listening zones also has a
negligible impact on sound field reproduction accuracy. Moreover, it was confirmed that the proposed
method can synthesize sound fields inside two zones as accurately as single zone reproduction using
High-Order Ambisonics.
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(a) Synthesized sound pressure field at α = 1 (b) Ideal field at α = 1

(c) Synthesized error calclated for all of evaluated
instants (M = 5)

Figure 3: Results of two zone reproduction of a 1 kHz point source, located 2.0 m away from the
center of the loudspeaker array at an azimuth of 60 ◦ and an elevation of 0 ◦.

Figure 4: The radii of the listening zones with respect to the direction of the target point source. The
azimuth of the source is changed from 0◦ to 359◦ every 1◦, while remaining at an elevation of 0◦.
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Figure 5: The radii of the listening zones with respect to the distance between the target source and the
center of the loudspeaker array. The azimuth and elevation of the source are 60◦ and 0◦, respectively.
The distance between the center of the loudspeaker array and the source is changed from 0.05 m to
5 m every 0.05 m.

Figure 6: The radii of the listening zones with respect to the target source frequency. The azimuth
and elevation of the source are 60◦ and 0◦, respectively. The distance between the center of the
loudspeaker array and the source is 2.0 m. The source frequency is changed from 20 Hz to 2000 Hz
every 20 Hz.
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