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ABSTRACT

Sound reproduction systems are limited in theitigbio create sound fields over large areas and
over wide bandwidths, because the required numblkerudspeakers becomes prohibitive. This limits
the ability of surround systems to create sounlfisi¢arge enough to be heard by multiple listeners.

This paper considers an alternative approach tcctbation of a single sound field for multiple
listeners in which reproduction is accurate in anber of small zones of sufficient size for each
listener. This results in a significant reductioioudspeaker requirements compared to the creafion
a single zone that encompasses all listeners.

The approach is based on conversion of the sowhdi doefficients of the global field into localized
coefficients within each zone and a mode-matchirghmd for simultaneously reproducing the local
fields in each zone. The theory is developed f@& D case, for simplicity, and simulations are
presented to demonstrate the effectiveness ofpheoach.

Such a system would require a tracking system terdeéne the position of each listener, but the
tracking requirements would be less stringent t@nrequired for binaural reproduction using a sros
talk canceller.
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1. INTRODUCTION

Sound reproduction systems aim to reproduce a ekssound field using a finite number of
loudspeakers placed in some geometry around aedkseproduction volume. There are two common
approaches (1). Wave Field Synthesis (WFS) is based the implementation of the
Kirchhoff-Helmholtz integral or — the simplified 2Bbrm — Rayleigh integrals (2). Higher order
Ambisonics (HOA) is based on the representationsofind fields in cylindrical or spherical
coordinates and the recording and reproductiohefassociated modes (3).

In an ideal sound reproduction system the sourd &ian be produced throughout the interior of the
loudspeaker array allowing multiple listeners t@hthe same program. However, because there are a
finite number of speakers, this is only possible topthe spatial Nyquist frequency where the
loudspeakers are spaced half a wavelength apart.tygocal installations the spatial Nyquist
frequency is low and so wide band sound fields oarre generated over large areas for multiple
listeners.

One way to overcome this problem is to identify kiseener positions within the loudspeaker array
and to reproduce the desired sound field only atlibtener positions. If the listeners are moving
around, then their positions must be tracked, simailar manner to what is required for binaural
reproduction over loudspeakers (4). However, beedhe sound field is reproduced over a region
around each listener, instead of only at theircarals, the tracking requirements are less stringen
than for the binaural case.

This paper introduces a mode-matching approackemneting a sound field accurately at a number
of separate regions within a loudspeaker arrayshuoplicity we consider the 2D case. The soundifiel
at each listener location is represented with restmea global origin using an addition theorem ¢l
loudspeaker weights are then determined to matehldbal fields at each listener location. The
reproduction at multiple regions may be termed imadhe reproduction, but in the case considered
here, the same sound field is produced in everiore(b)—(8).
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2. THEORY

2.1 Local and global coordinates

The solution to the wave equation in 2D at a pesifrequency» for a region in which there are no
sound sources (the interior solution) has the gdrferm (9)

p(R,(o)=m:ZN_|:M 3., (KR) A, (k)€™ (1)

Where k=w/ ¢ is the wave numbecthe speed of sound),,(.) themth Bessel function andA, (k)

is themth sound field coefficient. If the sound field is deibed over a limited region and bandwidth,
thenkR is finite and the maximum mode orddrrequired to represent the field is given approxeha

by M =[kR], where .| denotes rounding up to the next highest integ®).(Reproducing this

spatially and band limited field thus requires tledproximately 2kR+1 modes are accurately
reproduced. If reproduction is carried out usingegular circular array of monopole loudspeakers,
positioned at radiu®k , over the entire region within the loudspeakeragrithen the number of
loudspeakers must exceed the required number ofemod=2kR +1. Setting L=2kR +1
produces the modal form of the spatial Nyquist treqgcy
c(L-1
v =—ElnRL) (2)
For example, with 50 loudspeakers at a radius mf he Nyquist frequency is 265 Hz. If reproduction
is only required for a single listener at the omigand the zone radius iR, , then the required number

of modes reduces to approximate®kR, +1 and the spatial Nyquist frequency rises to
_c(L-1)
WaZ AR,
Consider now the case where the reproduction reigianthe arbitrary IocatiorF”{‘ = (&,q@) (Fig. 1).

(3)

The sound field with respect to the local origirthwpolar coordinates(pq,é’q) has the form

M imé,
Py (24:6) = D 3n(koy) B, (k)€™ (4)
m=-M
Using the addition theorem (11) each term in E¢.c@h be written in terms of global coordinates as
30 (kp,) €™ = 3, (kR) 3, (KR, )& 5)
» n=—o
Pq
eq
x N
Rz/
¢ 9
X

Figure 1: Coordinate systems
Hence the global expansion of the pressure in &Exis(

P, (R9)= ZJ (KR)E™ S B, (K) 3, (KR, )& ™ ®)

m=-—co

Comparing this with Eq. (1), the global coefficierdre obtained from the local coordinates as
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Av(K) = X B (K) 3y (KR, )& (7)
Using the identity mm
23w (2)3nn(2) =0, (8)
the local coefficients can be related to rtnhe glatzfficients as
B,(K)= 37 A, ()3, (KR, )™ ©)

2.2 Sound reproduction in local regions
Consider now the reproduction of a general sourddfiEq. (1)) at a Iocatioan using L
monopole sources positioned in a regular circulaayawith source positionsR :(RL,gq) where
@ =12m/L and 10[0,L-1]. The sound field due to a single source is (11)
p(RY =D I, (kR)e™H (kR )e™ (10)

m=—co

where H_,(.) is the cylindrical Hankel function of second ordéfe require the sum of the fields due
to theL sources, weighted by coefficienty , to closely approximate Eq. (1)

p(R z 3. (KR)€™H, (KR, 2we""‘¢f = p(R9) (11)

m=-oco

The approximate sound field can be written in teohthe Iocal coordmates using Eq. (9)
. L-1 )
B(e,.6,)= Z 3,(kp, )€™ [Z 3o (KR, H (kRL)e'"’“‘Zvv.e"ﬂ (12)
=— 1=0
where the term in square parentheses is the appaigilocal coefficientén(k) and where we have

assumed that the reproduction is required for aimam N :(kpq]. Equating these to the ideal
coefficients in local coordinates (Eqg. (9)), yiellrhne mode matching equations

> o (KR )€™ H, (kRL)Zwe"”‘W = Z Jon (KR, A, (K) €™ (13)
which must be satisfied fonO(-N,N). In practice the sum im can be truncated to a maximum order

M =[N+kR,].
If there areQ listeners then there ar® separate regions, each with its local mode matchin
requirement having the same form as Eq. (13). Matethe sound fields in a{) zones produces a set
of mode matching equations which can be writtematrix form

Hw=d (14)
whereH is aQ(2N+1) by L matrix,w is anL by 1 vector of loudspeaker weights ashis aQ(2N+1)
vector of desired local coefficients.
For sufficiently largel, Q(2N+1) <L and there are infinitely many solutions to Eq.)(IPhe solution
with the minimum weight energy is

w=H(H"H) d (15)
where superscript denotes the conjugate transpose. In practice, dbligstion may produce large

weight magnitudes which can produce non-robusttgms in the presence of perturbations from ideal
loudspeaker performance (12). Therefore, Eq. (1&Y be regularized as

w=H(H"H +A )" d (16)

wherel is a regularisation parameter, which in the sirtiates to follow was set to a fractiess0.001
of the maximum squared singular valuetbf
A simple measure of robustness is the total loudkpeweight energy (LWE) (12)(13),
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LWE =Y |w[’ (17)
1=0

2.3 Spatial Nyquist frequency
The spatial Nyquist frequency of the multi-zone raghuction system may be determined in the
same manner as used to derive Eq. (2). Reproduitiazone of radiusRk, requires 2kR, +1 modes.

There areQ of these zones and therefore approximat@lf2kR, +1) local modes must be controlled
by L loudspeakers. The spatial Nyquist frequency isithe

quZ:w:qui (18)
" AnR, " QR,

Hence if QR, is less than the loudspeaker radRjs then the multi-zone system provides a higher

Nyquist frequency. This equation generalizes thetispNyquist frequency for a single listener at th
centre of the reproduction region, with zone rad®gEq. (2)), to the case f@ listeners, where the
Nyquist frequency reduces by approximatel®1The minimum number of resources are used for a
given number of listeners.

The spatial Nyquist frequency is shown in Fig. daircular array of 50 loudspeakers at radius 5m
and up to 8 listeners, each requiring a zone oiusa@.2 m. The spatial Nyquist frequency is 6.6 kHz
for a single listener, 3.2 kHz for two and 2.1 kfdz three listeners. The Nyquist frequency without
tracking would require reproduction throughout thierior, yielding a value of 265 Hz.
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Figure 2: Spatial Nyquist frequency vs no. of listeers,R; = 0.2 m

3. SIMULATIONS

Numerical simulations were carried out to evaluaitee mode matching technique. A circular array
of 50 loudspeakers was used, unless otherwisedstatt@ radius of 5m with listener zone radii ¢t n.

The desired source was a single line source atiposi; =(Rs,@ ), which has the modal expansion

in Eq. (10) with R replaced byR,. A source angle ofg =30 degrees was used for all simulations.
For brevity we typically plot only the normalizedwared error

p(R9)- PR
p(Re)f

(R = | (19)

This is well defined at all points since(R,¢) is complex.

We first consider a single zone of radius 1 metré mvestigate the effect of moving the zone from
the centre. Figure 3 shows the real part of thexddield and Figure 4 the reproduction error infoB
a zone at the center of the array and a desireteat a radius of 5.1 m, and at an angle of 30aky
radiating at 1 kHz. The LWE is 0.76. The numbesofirces exceeds the required number of modes
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(Q(2|'kRZ—|+1) = 39) and the error is below -30 dB within the zoneisTperformance is attained for
any source angle and for any source radius grelager the loudspeaker radius

y(m)

X (m)

Figure 4: Reproduction error in dB at 1 kHz, Rs= 5.1 m, R=1m at origin. LWE = 0.76

Figure 5 shows the error for a zone at 3m fromdtigin, for the same source position. The error is
higher than that in Figure 4, and the LWE is 1.3akhs around twice the value for reproductionfet t
origin. Itis harder to create a sound field ndar @rray sources than at the origin due to thena&ton

of sound from the far sources and the increasedeviiant curvature from the near sources.
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X (m)

Figure 5: Reproduction errorin dB at 1 kHz,Rs=5.1 m, R=1m. LWE = 1.3

Figure 6 shows the error for a source radius of Hdwd a zone angle of 30 degrees, equal to the
source angle. The error is higher since the weggliution must not only cope with the relative
asymmetry of the sources but must also alter theeweont curvature more significantly than in the
previous example. While the condition number of th&trix H was similar, the LWE is 8.7 which is
over six times that of the previous example.
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Figure 6: Reproduction error in dB at 1 kHz, Rs = 10 m, R.=1m, ¢,=30°. LWE = 8.7

Figure 7 shows the error for twice the number ofirees [=100) and 10 reproduction zones
positioned in a spiral configuration, with each edraving a radius of 0.2 m. The number of sources
just exceeds the required number of modes (90)¢ctheesponding Nyquist frequency is 1.3 kHz and
the sound field is accurately produced in all 16em The LWE is 1.2.
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x (M)

Figure 7: Reproduction error in dB at 1 kHz, fyyq = 1.3 kHz, 10 zonesRs = 5.1 m,L = 100, LWE=1.2

Finally, the technique can be used to create alanggle zone of non-circular shape. For example,
Figure 8 shows the error for 5 zones, each of i@ m, placed adjacent to each other, which eseat
a single, approximately elliptical, region which wd allow 5 people to sitin a line. The LWE is 8.5

Figure 8: Reproduction in dB at 1 kHz,fnyg = 1.2 kHz, 5 adjacent zonesks = 5.1 m. LWE = 0.53

4. CONCLUSIONS

This paper has introduced a method for reprodueirsingle global sound field in multiple local
zones. This allows the effort required by the art@ye minimized as the sound field need only be
accurate within the zones. Simulations have shdwam the technique works well in the 2D case, and
the weight energy values suggest that reproductgimg practical arrays would be reasonably robust.
However, the technique produces larger errors éores near the loudspeakers and when significant
alteration of wave front curvature is required.
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