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ABSTRACT

Active control of sound can be employed globally to reduce
noise levels in an entire enclosure, or locally around a listener‘s
head. Recently, spherical loudspeaker arrays have been studied
as multiple-channel sound sources capable of generating sound
fields with high complexity. In this paper, several aspects of
using a spherical loudspeaker array for local active control of
sound are investigated. The first topic under investigation in
this paper is the feasibility of creating sphere-shaped quiet zones
away from the source. These can be useful in practice to cover
the space around a listener‘s head. However, zones of quiet cre-
ated away from the source tend to force the secondary source to
produce zones of amplification away from the quiet zone. It is
shown that by designing quiet zones in the form of a shell around
the source, sound amplification can be significantly reduced. Fi-
nally, the combination of several spherical sources to enlarge the
quiet zone will be demonstrated.

1. INTRODUCTION

Active control of sound has been employed to reduce noise lev-
els around listeners‘ heads using destructive interference from
noise-canceling sound sources [1]. Local active control of sound
with a single secondary source typically creates a quiet zone with
an extent of a tenth of a wavelength for a reduction of 10 dB in
the noise level [2]. An increase in the extent of the quiet zone
was shown to be possible when two closely-located secondary
sources were used to cancel both pressure and particle veloc-
ity [3]. The use of a larger number of secondary sources may
produce larger zones of quiet, but active control systems with
multiple sources usually require the positioning of multiple loud-
speakers in the space around the quiet zone, creating an overall
complex and unattractive system.

Recently, spherical loudspeaker sources composed of an ar-
ray of loudspeaker units mounted around the surface of a sphere,
have been used as multiple-channel sources by driving each
loudspeaker unit individually [4] [5]. Due to its multiple-channel
nature, the spherical loudspeaker array is capable of producing
high-order sound fields, in spite of the fact that it is a spatially-
compact source. This attractive property of the spherical loud-
speaker array may become useful for local active control of
sound, facilitating a multiple-channel yet compact system, gen-
erating extended quiet zones.

In previous work by Rafaely [6], and Peleg and Rafaely [7],
it has been shown that relatively large quiet zones can be gener-
ated by the spherical loudspeaker source in various regions near

the source, and some ways to limit sound amplifications away
from the quiet zone have also been presented. In this paper, the
ability to generate a practical 3-D quiet zone is investigated. A
spherical shaped quiet zone is investigated first, which is ideal
for positioning around a listener‘s head. Then, shell-shaped
quiet zones, which are characterized by very low amplification
away from the quiet zone are studied. Finally, the combination
of several spherical loudspeaker arrays is investigated, showing
the potential for producing large quiet zones without significant
amplification.

2. LOCAL ACTIVE CONTROL USING SPHERICAL
ARRAY

A spherical loudspeaker array is composed of a set of loud-
speaker units mounted around a sphere; by driving each loud-
speaker individually, this array becomes a multiple-channel
source. The spherical array has been recently studied for lo-
cal active control [6], and was shown to achieve zones-of-quiet
larger than the well known limit of a tenth of wavelength when
using a secondary monopole source [2].

First, we will observe the primary sound pressure field, as-
suming multiple plane waves scattered from a rigid sphere of
radius 7o centered at the origin, representing a spherical source
turned off, producing a total sound field (incident and scattered)
at radius r written in the spherical harmonics domain as [6]
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where Y,;" (0, ¢) are the spherical harmonics [8], and anm (k)
is the spherical Fourier transform of the amplitude of the plane
waves a(k, 0w, ¢ ) propagating towards (6w, ¢w); bn(k,7,70)
has been previously presented [6]. A primary sound pressure
field composed from 40 plane waves propagating in various di-
rections is shown in Fig. 1, for a harmonic plane wave at 500H z,
with £ = 9.16. The secondary sound pressure field produced by
the spherical loudspeaker array operating with radial surface ve-
locity ., is given by [8]:
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where wnm (k, 7o) is the spherical Fourier transform of a spheri-
cal radial surface velocity, h, (-) is the spherical Hankel function
of the first kind, and h;, (-) represent derivative. The total sound
pressure field is a superposition between the primary sound pres-
sure field (1) and the secondary sound pressure field (2):

i En: 478" anm (k)br (k, 74, 70)

n=0m=—n

X Y, (0q, bq)

s = hg(kr
+ zpocz Z %unm(k,ro)

n=0m=—n

ptvt(k7rm€f17¢f1) =

X Ynm(oqv bq) 4

where (rq, 04, ¢q) are the sample points. Equation 4 can be writ-
ten in a matrix form [6]:

p=s+ Au 5)
where p is a @) X 1 vector of the total pressure samples, given
by:

pP= [pOaplw"?pQ—l]T (6)
with

Pq = Prot(k,7q, 04, ¢q) 0
and s is a Q x 1 vector of the primary pressure sound field sam-
ples, but also includes scattering from the source under rigid
boundary condition (4nm = 0) , given by:

s = [so,sl,...,SQ,l]T 8)
where each element is given by the first summation in (4)
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The radial surface velocity, wnm , is of order IV, and so vector u
is of dimensions (N + 1)? x 1, given by:

W = [U00, U1 (— 1), U10, UL, ooy UNN] (10)

Matrix A of dimensions Q x (N +1)? is defined by the elements
A,; given by:

. hn(kr ) m . 2
A‘U = ZpOchTZ)Yn (eqv ¢q) ,J=n"+n+m,
n<N,—n<m<n. (11)

In order to find the radial source velocity that minimizes the 2-
norm of the total sound pressure level a least-square solution will
be used [9]:

u=-A's (12)

where AT is the pseudo-inverse of A.

3. SPHERE SHAPED QUIET ZONES

Sphere shaped quiet zones designed away from the spherical sec-
ondary source are interesting and can be used, for example, to
cover a space around a listener‘s head. To ensure zero sound
pressure in an enclosure, according to the Kirchoff-Helmholtz
theorem, the sound pressure level and the particle normal ve-
locity should be zero on the surface of the enclosure [1]. Since
velocity measurements are not commonly used, to simplify the
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Figure 1: Magnitude in decibels of a multiple plane-waves pri-
mary sound field with secondary source switched off.
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Figure 2: Magnitude in decibels of the sound attenuation with a
spherical secondary source designed to minimize the total pres-
sure on a sphere centered at (r, 0, ¢) = (0.5m, 907, 0); the pri-
mary sound field is as in Fig. 1.

system, only the sound pressure on the surface of the quiet zone
sphere will be minimized. To find the source radial velocity
that minimizes the sound pressure, a numerical optimization as
shown in (12) will be used. Sound attenuation level due to min-
imization of the sound pressure level on a 0.3m sphere centered
at (1,6, ¢) = (0.5m,90°,0) is shown in Fig. 2.

From Fig. 2 it can be seen that sound pressure minimization
on the surface of the quiet zone did not lead to adequate pressure
reduction inside the sphere. In order to determine the causes,
we will observe the spherical Bessel function that describes the
sound pressure level around an open sphere [8]. Since some
of the spherical harmonics coefficients can be zero due to the
zeros of the spherical Bessel function, two concentric spheres
are used in an approach similar to the dual-sphere microphone
array [10]. The minimization of sound pressure on two closely
located spheres is similar to the minimization of radial surface
velocity, and therefore leads to a solution that may satisfy the
Kirchoftf-Helmholtz conditions. The ratio between the radius of
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Figure 3: Magnitude in decibels of the sound attenuation with a
spherical secondary source designed to minimize the total pres-
sure on a dual sphere centered as in Fig. 2, the primary sound
field as in Fig. 1; source order is N = 12.

the outer sphere (7.+) and the inner sphere (7;nternat) is defined
by [10]:

Tout
_— 13
T (13)
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Sound attenuation level due to dual sphere sampling points with
an outer sphere as in Fig. 2 and an inner sphere defined by (13)
is shown in Fig. 3, presenting an improved sound attenuation.
Another aspect that needs to be determined is the require-
ment from the spherical loudspeaker array in order to produce
such a sound pressure field. The source requirement is defined
by the effective spherical-harmonics order of the primary sound
pressure field. Therefore, the secondary source order will be
equal to or greater than the primary field order. According to (1)
the primary sound field depends on j, (kr’) and h., (kr'). Since
the effective order of those functions is N’ = kr’, where k is the
wave number and 7’ is the radius of the spherical quiet zone; the
effective spherical-harmonics order of the primary sound field is
N’ = kr’. Now, using the translation theorem, the spherical
harmonics decomposition of the primary sound field can be cal-
culated relative to the origin of the secondary spherical source.
According to the theory of translation of spherical harmon-
ics, the coefficient of each spherical harmonic after the trans-
lation is a function of all the coefficients existing before the
translation [11]. The translation process typically leads to an
increase in the effective spherical-harmonics order, depending
on the size of the translation and the wavelength. To investi-
gate the effective spherical-harmonics order we focused on the
spherical Bessel function j,(kr). The effective order of the
spherical Bessel function is N =~ kr, if we assume that 7’ is
the radius of the zone of quiet, r” is the distance between the
center of the spherical source and the center of the sampling
sphere, and 7 is the distance from the source’s center and the
sampling point on the quiet zone surface, as shown in Fig. 4.
Then r is upper bounded by 7’ + r'' and the harmonics of or-
der above N =~ kr = k(r' + r”) can be neglected. This
relation shows that the translation caused an increase in the
effective spherical-harmonics order of the primary sound field
from the secondary source point of view of about kr”’; there-
fore the spherical source order will be N = kr. Fig. 5 repre-
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Figure 5: Magnitude in decibels of the sound attenuation with a
spherical secondary source designed to minimize the total pres-
sure on a dual sphere centered as in Fig. 3, the primary sound
field as in Fig. 1, but source order is reduced to N = 4.

sents the sound attenuation level when the sampling points are
as in Fig. 3, but the secondary source is of limited order at
Nsource = 4 < N = 8, and the primary sound field is of lim-
ited order at N = k(' +r'") = 9.16(0.3 + 0.5) = 7.33. The
figure shows that indeed results are poorer due to the insufficient
order.

However, due to the high amplification of the high harmon-
ics produced by the spherical source, zones of quiet created away
from the source tend to force the secondary source to produce
zones of amplification away from the quiet zone. It has been pre-
viously shown [6] that by designing a more natural quiet zones
in the form of a shell around the source, sound amplification can
be significantly reduced.

4. SHELL SHAPED QUIET ZONES

The spherical nature of the secondary source led to shell-shaped
quiet zones around the source. Contrary to the spherical quiet
zone case, where the minimization points are located at a
bounded zone and there are no limits on the secondary sound
field outside this zone, the design of a shell-shaped quiet zone
around the spherical source defines the secondary source in all
directions. Therefore the solution did not generate directions
with high amplification level. Due to the relation between the
source radial velocity and the pressure on the surface of the
sphere defined in (2), the choice of shell radius defined the radial
source velocity. Sound attenuation levels due to shell-shaped
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Figure 6: Magnitude in decibels of the sound attenuation with a
spherical secondary source designed to minimize the total pres-
sure on a shell shape at 7 = 0.6m around the source, and the
primary sound field as in Fig. 1.

sampling points at radius 7 = 0.6m are shown in Fig. 6.

There is a reduction in the amplification level far from the
spherical source, compared to the spherical quiet zone cases, but
close to the spherical source amplification still exists, as can be
seen in Fig. 6. In order to investigate this phenomenon, we fo-
cused on the relation between the source radial velocity and the
sound pressure present in (3). The radius and order dependency
is affected by the ratio between the spherical Hankel function
and the derivative of the spherical Hankel function. This ratio,
presented in Fig. 7, shows that large amplification of upym, is
needed to produce high order harmonics; in addition, there is a
direct relation between the amplification needed to produce each
harmonic and kr. Therefore, an even higher amplification of
high orders is required for quiet zones further from the source.
Since in order to achieve a quiet zone the effective spherical-
harmonics order is N ~ kr, increasing the radius of the shell
causes an increase of the effective spherical-harmonics order,
and according to (3) causes a high amplification level. The am-
plification needed may lead to ill-conditioning of the solution
in (12) or reduced robustness and potential for amplification of
electrical noise in practical systems. Fig. 8 represents the sound
attenuation level due to shell-shaped sampling points at radius
r = 0.4m; the amplification level presented is lower than the
amplification level present in Fig. 6.

According to this analysis, in order to achieve a well-
conditioned quiet zone, the quiet zone should be a non-practical
quiet zone located very close to the surface of the spherical loud-
speaker source as shown in Fig. 9.

In order to define the conditioning of the solution, the con-
dition number of matrix A from (12) is calculated. For compar-
ison, Table 1 represents the condition number of matrix A for
each of the above solutions, showing that high condition number
is associated with high sound amplification.

5. SEVERAL SPHERICAL SOURCES

The difficulty to produce practical and natural quiet zones led
to the use of several spherical sources to control the shape of
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Figure 7: Magnitude of hy, (kr)/h;, (kro) forn =0,1,...,12 as
a function of kr, for kro = 0.916.
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Figure 8: Magnitude in decibels of the sound attenuation with a
spherical secondary source designed to minimize the total pres-
sure on a shell shape at » = 0.3m around the source, the primary
sound field as in Fig. 1.

Case N | Figno. | Cond. no.
Single sphere quiet zone 12 2 1.5 x 10™2
Dual sphere quiet zone 12 3 5.7 x 10"
Dual sphere quiet zone 4 5 1.1 x 10*
Shell shaped quiet zone » = 0.6m 7 6 5.4 x 10°
Shell shaped quiet zone 7 = 0.3m 4 8 203
Shell shaped quiet zone » = 0.12m 2 9 3.25
Two sources, Shell shaped r = 0.2m | 4 10 78

Table 1: Comparison between the condition numbers of matrix
A for several cases.

the quiet zone and simultaneously prevent high amplification re-
gions. The principle is to create a natural shell-shaped quiet zone
around each of the spherical sources. At the overlapping area
the extent of the quiet zone will increase compared to the extent
achieved by a single spherical source. Numerical optimization
will be used to find the optimal source velocity, where all sources
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Figure 9: Magnitude in decibels of the sound attenuation with a
spherical secondary source designed to minimize the total pres-
sure on a shell shape at » = 0.12m around the source, and the
primary sound field as in Fig. 1.

are solved simultaneously. Sound attenuation level was deter-
mined as a result of placing two spherical loudspeaker arrays at
a distance of 0.5m, designed to minimize total pressure on the
shell-shaped quiet zone around each source, and each shell at a
radius of » = 0.2m, as shown in Fig. 10. The figure shows that
the use of two spherical loudspeaker arrays enlarges the extent of
the quiet zone and simultaneously prevents a high amplification
level.

6. CONCLUSION

Several aspects of the use of a spherical loudspeaker array for
active control of sound have been investigated. The conclusion
of the investigation is focused on three aspects, the extent of
the quiet zone, the conditions of the solution, and the amplifi-
cation level away from the quiet zone. Using the spherical quiet
zone led to a practical and large quiet zone, but at the expense
of unreasonable condition numbers and amplification level. The
use of a shell-shaped quiet zone around the spherical source led
to a small quiet zone; the solution conditioning and amplifica-
tion level increase as the radius of the shell increases, but not as
high as in the previous case. The use of two spherical sources
achieves a reasonable extent of quiet zones and presents a con-
dition number and amplification level similar to the shell shape
solution.

7. ACKNOWLEDGEMENT

This work was supported in part by the Ministry of Industry and
Trade, grant no. 40161.

8. REFERENCES

[1] P. A.Nelson and S. J. Elliott, Active control of sound. Lon-
don: Academic Press, 1992.

[2] S.J. E. P. Joseph and P. A. Nelson, “Statistical aspects of
active control in harmonic enclosed sound fields,” J. Sound
and Vib., vol. 172, pp. 629-655, 1994.

May 6-7, 2010, Paris, France

y [m]

-1 -0.5 0.5 1

0
x [m]

Figure 10: Magnitude in decibels of the sound attenuation with
two spherical secondary sources, designed to minimize the total
pressure on the shell around each source; the primary sound field
as in Fig. 1.

[3] J. Garcia-Bonito and S. J. Elliott, “Active cancelation of
acoustic pressure and particle velocty in the near field of
a source,” J. Sound and Vib., vol. 221, no. 1, pp. 85-116,
March 1999.

[4] G. K. Behler, “Sound source with adjustable directivity
(a),” J. Acoust. Soc. Am., vol. 120, p. 3224, 2006.

[5] R. Avizienis, F. Adrian, P. Kassakian, and D. Wessel, “A
compact 120 loudspeaker element spherical loudspeaker
array with programmable radiation patterns,” in Proceed-
ings 120th meeting, Audio Eng. Soc. (AES), Paris, no.
6783, May 2006.

[6] B. Rafaely, “Spherical loudspeaker array for local active
control of sound,” J. Acoust. Soc. Am., vol. 120, no. 5, pp.
3006-3017, May 2009.

[7]1 T.Peleg and B. Rafaely, “Local active control of sound us-
ing a spherical loudspeaker array with spatial windowing,”
Symposium on active control of sound and vibration, Au-
gust 2009.

[8] E. G. Williams, Fourier acoustics: sound radiation and
nearfield acoustical holography. New York: Academic
Press, 1999.

[9] G. H. Golub and C. FE. V. Loan, Matrix computations,
3rd ed. Maryland: The John Hopkins University Press,
1996.

[10] Balmages and Rafaely, “High-resolution plane-wave de-
composition in an auditorium using a dual-radius scanning
spherical microphone array,” J. Acoust. Soc. Am., vol. 122,
no. 5, pp. 2661-2668, November 2007.

[11] W. C. Chew, Waves and fields in inhomogeneous media.
New York: IEEE Press, 1995.



