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ABSTRACT

There are several methods aiming at sound field recon-

struction a sound field, such as Higher-Order Ambisonics

and Boundary Surface Control (BoSC) method. While the

BoSC system aims to reconstruct a sound field within a

volume surrounded by the boundary surface, some previ-

ous studies suggest that a reconstructed area, so-called a

sweet spot, would be generated even outside of this con-

trolled area. The authors investigated that the radius of

a sweet spot for a BoSC system consisting of a spheri-

cal controlling surface and a loudspeaker array placed on a

sphere. The results show that the radii of the microphone

array do not affect the radii of the sweet spot, whereas the

number of microphones could affect it. Furthermore, a

simplified implementation only with sound pressure con-

trol could affect the radius of sweet spot.

1. INTRODUCTION

Sound field reconstruction techniques are very effective

tools for a sound system of live-viewing or acoustical de-

sign in architecture. In a live-viewing system, listeners

can enjoy highly realistic sound through the system. In

addition, the system would allow acoustical designers to

evaluate sound fields simulated in architectural spaces be-

fore their completion. There are several methods to real-

ize sound field reconstruction, such as Higher-Order Am-

bisonics [1], Wave Field Synthesis [2], and Boundary Sur-

face Control (BoSC) [3]. It is important to reconstruct a

sound field within a broad region in order to allow a lis-

tener to look and move around, or to allow multiple listen-

ers to experience the sound field at the same time, whereas

reconstruction of sound field in a broad region necessitates

a large number of microphones and loudspeakers. Fortu-

nately, it has become easier and less expensive to handle a

large number of devices thanks to the progress of computer

technologies and network audio technologies, which con-

tributes to a realization of broader reconstruction region,

i.e. a broader sweet spot. In the BoSC system, both sound

pressure and particle velocity on the boundary surface of

a reconstruction region are controlled using inverse filters
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Figure 1. The concept of sound field reproduction using

inverse filtering.

to reconstruct a sound field. While the BoSC system aims

to reconstruct a sound field in a region surrounded by a

boundary surface, some studies suggest that a sweet spot

would be formed outside of this controlled region [4, 5].

However, the size of sweet spot in sound field reconstruc-

tion using inverse filtering is yet to be revealed. In this

work, the authors numerically investigated the radius of

sweet spot in sound field reconstruction with a spherical

controlling surface and a spherical loudspeaker array.

2. SOUND FIELD RECONSTRUCTION SYSTEM
BASED ON INVERSE FILTERING

In this paper, the principle of boundary surface control

[3] is employed as a theory for sound field reconstruction

based on inverse filtering . Figure 1 illustrates the concept

of sound field reconstruction by using inverse filtering. A

sound field in a volume V in the primary field is recon-

structed in a volume V̂ in the secondary field by recon-

structing both sound pressure and particle velocity on the

boundary ∂V of the volume V at the corresponding posi-

tion on the boundary ∂V̂ of the volume V̂ using secondary

sources. It should be noted that particle velocity on the

boundary ∂V̂ is automatically reconstructed when sound

pressure on the boundary ∂V̂ is reconstructed, except at

the frequencies associated with the internal Dirichlet prob-

lem of the volume V̂ . Therefore, generally, only sound
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pressures are reconstructed in this type of sound field re-

construction system.

Let Xi(ω)(i = 1, · · · , Q) be the components of the

angular frequency ω of the signals observed by Q micro-

phones placed on the boundary ∂V in the primary field,

and X̂i(ω) be the components of the angular frequency

ω of the observed signals by Q microphones placed on

the boundary ∂V̂ in the secondary field. The input sig-

nals Yj(ω)(j = 1, · · · ,M) to the M loudspeakers in the

secondary field are designed to match X̂i(ω) to Xi(ω).
Gji(ω) is the transfer function between the j-th secondary

loudspeaker and the i-th microphone in the secondary field.

Using matrix representation, the system can be written as,

Y = HX (1)

X̂ = GY = GHX (2)

where,

Y = [Y1(ω) · · ·YM (ω)]
T

(3)

X = [X1(ω) · · ·XQ(ω)]
T

(4)

X̂ =
[
X̂1(ω) · · · X̂Q(ω)

]T
(5)

H =

⎡
⎢⎣

H1,1(ω) · · · H1,Q(ω)
...

. . .
...

HM,1(ω) · · · HM,Q(ω)

⎤
⎥⎦ (6)

G =

⎡
⎢⎣

G1,1(ω) · · · G1,M (ω)
...

. . .
...

GQ,1(ω) · · · GQ,M (ω)

⎤
⎥⎦ . (7)

Finding H that satisfies X = X̂ leads to

GH = I. (8)

In this paper, Moore-Penrose generalized inverse matrix

G+ is used as H,

H = G+. (9)

Kajita et al. [4] reported that a sweet spot could be larger

than the boundary of the reconstructed region in the BoSC

system. Further, Fazi et al. [5] suggested that sweet spot

could be larger than boundary surface in the sound recon-

struction based on an integral equation of the first kind.

3. SWEET SPOT

In this paper, the reconstruction performance of the sys-

tem is evaluated by normalized reconstruction error (NRE)

defined as

NRE(x) =
|p̂(x)− p(x)|2

|p(x)|2 × 100 [%], (10)

where p(x) and p̂(x) are the sound pressure signals at the

observation point x in the primary field and the secondary

field respectively.

The sweet spot is defined as the area in which NRE is

smaller than 4 % [6].

Kajita [4] defined the sweet spot as the area in which the

S/N ratio is greater than 15 dB. This means that they de-

fined the sweet spot as the region in which NRE is smaller

than 3.16 %.

4. NUMERICAL SIMULATIONS

The numerical simulation assuming a free field was per-

formed to investigate the size of the sweet spot in the

sound field reconstruction based on inverse filtering. A

122-channels spherical loudspeaker array was assumed as

secondary point sources, which located at the vertexes of a

geodesic dome of 2.5-meter radius [7]. Further, a Q chan-

nels spherical microphone array was assumed as micro-

phone capsules on a spherical surface, which located on

a sphere with radius of RV meters. The positions of mi-

crophone capsules were determined by the spherical Fi-

bonacci spiral [7]. The center of the geodesic dome of the

secondary sources was set to the origin, which also corre-

sponds to the center of spherical microphone array.

A point source in the primary field was assumed at a

random position whose distance to the origin was more

than 2.5 meters. Transfer function between a point source

x and a microphone capsule y is calculable as the free-field

Green’s function,

G(ω) =
ej

ω
c |x−y|

4π|x− y| , (11)

where ω is an angular frequency; c is the speed of sound; j
is the imaginary unit. In the primary field, sound pres-

sures X were calculated at the positions of the micro-

phone capsules. In the secondary field, transfer functions

Gji(ω)(j = 1, · · · ,M, i = 1, · · · , Q) between the j−th

secondary source and the i−th microphone capsule were

calculated to obtain H = G+. Finally, the input signal Y
to the secondary sources were derived as Y = HX. In this

section, sound pressures were calculated in the frequency

domain and its frequency interval was 7.8125 Hz.

To evaluate the sweet spot size, sound pressures were

calculated inside V in the primary field and V̂ in the sec-

ondary field at the grid points of 5.0 cm intervals in x and

y-directions in a square with a 2.5 meters sides and cen-

tered on the origin.

Figure 2 depicts NRE [%] for the point source at

(−8, 0, 0) in the primary field. The group of gray-color

points drawn around the origin in Figure 2 represents the

microphone capsules, that is a 64-channels microphone ar-

ray of RV = 0.05 m. The radius of the sweet spot is

defined as the minimum distances between the origin and

the point where NRE is smaller than 4 %.

Figure 3 demonstrates the radii of the sweet spot for a

64 channels spherical microphone array of radius RV =
0.05 m. The gray lines indicate the radii of the sweet spot

of the sound field reconstruction system for point sources

placed at the randomly generated positions in the primary

field. The thick line represents the average of these radii of

sweet spot. In the following sections, the radius of sweet

spot is defined as the average of the radii of the sweet spot

among 100 randomly generated point sources.
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Figure 2. NRE (%) at 2kHz for spherical microphone ar-

ray of RV = 0.05 m, Q = 64.

Figure 3. Radii of the sweet spot for the spherical micro-

phone array of RV = 0.05 m, Q = 64. The thick line

shows the average of these radii.

4.1 Effects of radius and number of microphone
capsules on sweet spot radius

Figure 4 illustrates radii of the sweet spot for 64-channel

spherical microphone arrays of RV = 0.05 m, 0.10 m and

0.20 m. The radii of the sweet spot do not differ among the

three radii of the microphone array at frequencies below

1.1 kHz.

When RV = 0.1 m and 0.2 m, the radii of the sweet

spot drop suddenly at around 2.4 kHz and 1.2 kHz respec-

tively. The minimum microphone intervals of the spherical

microphone array of RV = 0.1 m and 0.2 m are 0.0386 m
and 0.0772 m, respectively. These lengths correspond to

a quarter of the wavelength λ for 2.4 kHz (λ = 0.0354 m)

and 1.2 kHz (λ = 0.0773 m). Therefore, these frequen-

cies could be regarded as the upper limit frequencies for

the sound reconstruction system using the spherical micro-

phone array of RV = 0.1 m and 0.2 m.

Figure 5 depicts the radii of the sweet spot for the spher-

ical microphone array of radius RV = 0.05m with number

of the microphone capsules Q = 16, 32, 64, 96, 128 and

256. Generally, the radius of the sweet spot increases as
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Figure 4. Radii of sweet spot for 64-channel spherical mi-

crophone arrays of various RV .
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Figure 5. Radii of sweet spot for the sperical microphone

array of RV = 0.05 m with various Q.

the number of the microphone capsules Q increases. How-

ever, the radii of the sweet spot do not increase prominently

when Q > 96. In this study, the number of secondary

sources is 122, and the system defined as equation (8) is

overdetermined when Q = 128 and 256. Therefore, the

sound reconstruction system does not have an exact solu-

tion and this is considered to be the reason why the radii of

the sweet spot do not increase when Q > 96. Thus, when

the interval between microphone capsules of the spheri-

cal microphone array is greater than a quarter of the wave-

length, the radius of the sweet spot depends on the number

of microphone capsules of the spherical microphone array

and does not depend on its radius [8].

Fazi [5] formulated a sound field reproduction system

that reconstructs only the sound pressure on the bound-

ary with an integral equation of the first kind, and sug-

gested the correspondence of the Higher-Order Ambison-

ics (HOA) by expressing it using spherical harmonics. As

described above, usually only sound pressures are recon-

structed in the BoSC system. This corresponds to the

method proposed by Fazi [5]. It is known that the size

of the sweet spot of HOA depends on the number of di-

visions of the surface of the spherical microphone array
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Figure 6. Radii of sweet spot for double-layered spherical

microphone array of RV = 0.05 m with a variety of Q.

(corresponding to the number of microphones). Therefore,

the size of sweet spot in a sound field reconstruction that

reconstructs only the sound pressure on the boundary can

be regarded similar to one in HOA, which corresponds well

with the above results in the current paper.

4.2 Effects of double-layered microphone arrays on
the radii of sweet spots

Based on the BoSC principle, in order to reconstruct both

the sound pressure and the particle velocity on the bound-

ary, a double-layered microphone array has been proposed

with the microphone capsules arranged at positions with

offset both inward and outward from the boundary [3]. As-

suming that the boundary surface is discretized by QS con-

trol points, a double-layered microphone array uses twice

as many microphones as a single-layer microphone array

that is used to reconstruct only the sound pressure on the

boundary. Thus, Q = 2QS for a double-layered micro-

phone array whereas Q = QS for a single-layer one.

Figure 6 shows the radii of the sweet spot for a spherical

double-layered microphone array of radius RV = 0.05 m
with Q = 16, 32, 64, 96, 128 and 256, where the offset

of inner and outer layers of the microphone capsule from

the boundary is 2.5 mm. It is observed that the radii of

the sweet spot in the sound field reconstruction using a

double-layered spherical microphone array are very sim-

ilar to that using a single-layer spherical microphone ar-

ray in Figure 5. However, considering the number of di-

visions of the surface of the spherical microphone array,

QS = Q/2 = 8, 16, 32, 48, 64, and 128, it appears that for

the same number of divisions of the surface of the spherical

microphone array, the size of the sweet spot of the sound

field reconstruction system can be made greater by using a

double-layered spherical microphone array. This indicates

that a microphone array implemented using a less-dense

array of microphone capsules can yield a larger sweet spot.

5. CONCLUSION

The size of the sweet spot in a sound reconstruction system

using inverse filtering was investigated.

A sweet spot was generated not only inside but also out-

side of the controlled region by reconstructing sound pres-

sures on the boundary of the volume. The numerical re-

sults revealed that, when the interval between microphone

capsules of the spherical microphone array is greater than

a quarter of the wavelength, the size of sweet spot in the

sound field reconstruction depends on the number of mi-

crophone capsules in the spherical microphone array, and

it does not depend on the radius of the spherical micro-

phone array. Furthermore, the results also show that the

size of sweet spot in the sound field reconstruction can be

expanded by using a double-layered spherical microphone

array to reconstruct both sound pressures and particle ve-

locities on the boundary of the volume. This suggests that

a larger sweet spot can be generated even when using a

sparse (less dense) microphone array.
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