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Creation of a single sound field for multiple listeners  

Mark Alister POLETTI1; Terence BETLEHEM1 
1 Callaghan Innovation, New Zealand 

ABSTRACT 
Sound reproduction systems are limited in their ability to create sound fields over large areas and 

over wide bandwidths, because the required number of loudspeakers becomes prohibitive. This limits 
the ability of surround systems to create sound fields large enough to be heard by multiple listeners. 

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

The approach is based on conversion of the sound field coefficients of the global field into localized 
coefficients within each zone and a mode-matching method for simultaneously reproducing the local 
fields in each zone. The theory is developed for the 2D case, for simplicity, and simulations are 
presented to demonstrate the effectiveness of the approach.  

Such a system would require a tracking system to determine the position of each listener, but the 
tracking requirements would be less stringent than are required for binaural reproduction using a cross 
talk canceller.  
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1. INTRODUCTION 
Sound reproduction systems aim to reproduce a desired sound field using a finite number of 

loudspeakers placed in some geometry around a desired reproduction volume. There are two common 
approaches (1). Wave Field Synthesis (WFS) is based on the implementation of the 
Kirchhoff-Helmholtz integral or – the simplified 2D form – Rayleigh integrals (2). Higher order 
Ambisonics (HOA) is based on the representation of sound fields in cylindrical or spherical 
coordinates and the recording and reproduction of the associated modes (3). 

In an ideal sound reproduction system the sound field can be produced throughout the interior of the 
loudspeaker array allowing multiple listeners to hear the same program. However, because there are a 
finite number of speakers, this is only possible up to the spatial Nyquist frequency where the 
loudspeakers are spaced half a wavelength apart. For typical installations the spatial Nyquist 
frequency is low and so wide band sound fields cannot be generated over large areas for multiple 
listeners.  

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

This paper introduces a mode-matching approach to generating a sound field accurately at a number 
of separate regions within a loudspeaker array. For simplicity we consider the 2D case. The sound field 
at each listener location is represented with respect to a global origin using an addition theorem and the 
loudspeaker weights are then determined to match the local fields at each listener location. The 
reproduction at multiple regions may be termed multi-zone reproduction, but in the case considered 
here, the same sound field is produced in every region (5)–(8). 
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2. THEORY 

2.1 Local and global coordinates 
The solution to the wave equation in 2D at a positive frequency ω for a region in which there are no 

sound sources (the interior solution) has the general form (9) 
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= ∑       (1) 

Where /k cω=  is the wave number, c the speed of sound, ( ).mJ  the mth Bessel function and ( )mA k  

is the mth sound field coefficient. If the sound field is described over a limited region and bandwidth, 
then kR is finite and the maximum mode order M required to represent the field is given approximately 
by M kR≈    , where .    denotes rounding up to the next highest integer (10). Reproducing this 

spatially and band limited field thus requires that approximately 2 1kR +  modes are accurately 
reproduced. If reproduction is carried out using a regular circular array of L monopole loudspeakers, 
positioned at radius RL, over the entire region within the loudspeaker array, then the number of 
loudspeakers must exceed the required number of modes, 2 1LL kR≥ + . Setting 2 1LL kR= +  
produces the modal form of the spatial Nyquist frequency  
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For example, with 50 loudspeakers at a radius of 5 m, the Nyquist frequency is 265 Hz. If reproduction 
is only required for a single listener at the origin, and the zone radius is ZR , then the required number 

of modes reduces to approximately 2 1ZkR +  and the spatial Nyquist frequency rises to  
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Consider now the case where the reproduction region is at the arbitrary location ( ),q q qR R φ=
�

 (Fig. 1). 

The sound field with respect to the local origin with polar coordinates ( ),q qρ θ  has the form 
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Using the addition theorem (11) each term in Eq. (4) can be written in terms of global coordinates as 
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Figure 1: Coordinate systems 

Hence the global expansion of the pressure in Eq. (4) is 
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Comparing this with Eq. (1), the global coefficients are obtained from the local coordinates as 
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Using the identity 
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the local coefficients can be related to the global coefficients as  
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2.2 Sound reproduction in local regions 

Consider now the reproduction of a general sound field (Eq. (1)) at a location qR
�

 using L 

monopole sources positioned in a regular circular array with source positions ( ),l L lR R φ=
�

 where 

2 /l l Lφ π=  and [ ]0, 1l L∈ − . The sound field due to a single source is (11) 
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where ( ).mH  is the cylindrical Hankel function of second order. We require the sum of the fields due 

to the L sources, weighted by coefficients lw , to closely approximate Eq. (1) 
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The approximate sound field can be written in terms of the local coordinates using Eq. (9) 
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where the term in square parentheses is the approximate local coefficient ( )ˆ
nB k  and where we have 

assumed that the reproduction is required for a maximum qN kρ =   . Equating these to the ideal 

coefficients in local coordinates (Eq. (9)), yields the mode matching equations 
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which must be satisfied for ( ),n N N∈ − . In practice the sum in m can be truncated to a maximum order 

qM N kR = +  . 

If there are Q listeners then there are Q separate regions, each with its local mode matching 
requirement having the same form as Eq. (13). Matching the sound fields in all Q zones produces a set 
of mode matching equations which can be written in matrix form 

w d=H        (14) 
where H  is a Q(2N+1) by L matrix, w is an L by 1 vector of loudspeaker weights and d is a Q(2N+1) 
vector of desired local coefficients.  
For sufficiently large L, Q(2N+1) < L and there are infinitely many solutions to Eq. (14). The solution 
with the minimum weight energy is 

( ) 1Hw d
−

= H H H        (15) 

where superscript H denotes the conjugate transpose. In practice, this solution may produce large 
weight magnitudes which can produce non-robust solutions in the presence of perturbations from ideal 
loudspeaker performance (12). Therefore, Eq. (15) may be regularized as 

( ) 1Hw dλ
−

= +H H H I       (16) 

where λ is a regularisation parameter, which in the simulations to follow was set to a fraction ε=0.001 
of the maximum squared singular value of H .  
A simple measure of robustness is the total loudspeaker weight energy (LWE) (12)(13), 
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2.3 Spatial Nyquist frequency 
The spatial Nyquist frequency of the multi-zone reproduction system may be determined in the 

same manner as used to derive Eq. (2). Reproduction in a zone of radius ZR  requires 2 1ZkR +  modes. 

There are Q of these zones and therefore approximately ( )2 1ZQ kR +  local modes must be controlled 

by L loudspeakers. The spatial Nyquist frequency is then 
( )
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Hence if ZQR  is less than the loudspeaker radius RL, then the multi-zone system provides a higher 
Nyquist frequency. This equation generalizes the spatial Nyquist frequency for a single listener at the 
centre of the reproduction region, with zone radius RZ (Eq. (2)), to the case for Q listeners, where the 
Nyquist frequency reduces by approximately 1/Q. The minimum number of resources are used for a 
given number of listeners. 

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

3. SIMULATIONS  
Numerical simulations were carried out to evaluate the mode matching technique. A circular array 

of 50 loudspeakers was used, unless otherwise stated, at a radius of 5m with listener zone radii of 0.2 m. 
The desired source was a single line source at position ( ),S S SR R φ=

�

, which has the modal expansion 

in Eq. (10) with lR
�

 replaced by SR
�

. A source angle of 30Sφ =  degrees was used for all simulations. 
For brevity we typically plot only the normalized squared error 
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This is well defined at all points since ( ),p R φ  is complex. 

We first consider a single zone of radius 1 metre and investigate the effect of moving the zone from 
the centre. Figure 3 shows the real part of the sound field and Figure 4 the reproduction error in dB for 
a zone at the center of the array and a desired source at a radius of 5.1 m, and at an angle of 30 degrees, 
radiating at 1 kHz. The LWE is 0.76. The number of sources exceeds the required number of modes 
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( ( )2 1 39zQ kR + =   ) and the error is below -30 dB within the zone. This performance is attained for 

any source angle and for any source radius greater than the loudspeaker radius. 

 
Figure 3: Sound field at 1 kHz, RS = 5.1 m RZ=1m at origin 

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

Figure 5 shows the error for a zone at 3m from the origin, for the same source position. The error is 
higher than that in Figure 4, and the LWE is 1.3 which is around twice the value for reproduction at the 
origin. It is harder to create a sound field near the array sources than at the origin due to the attenuation 
of sound from the far sources and the increased wave front curvature from the near sources. 
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Figure 5: Reproduction error in dB at 1 kHz, RS = 5.1 m, RZ=1m. LWE = 1.3  

Figure 6 shows the error for a source radius of 10m and a zone angle of 30 degrees, equal to the 
source angle. The error is higher since the weight solution must not only cope with the relative 
asymmetry of the sources but must also alter the wave front curvature more significantly than in the 
previous example. While the condition number of the matrix H  was similar, the LWE is 8.7 which is 
over six times that of the previous example. 

 

Figure 6: Reproduction error in dB at 1 kHz, RS = 10 m, RZ=1m, φq=30º. LWE = 8.7 

 

Figure 7 shows the error for twice the number of sources (L=100) and 10 reproduction zones 
positioned in a spiral configuration, with each zone having a radius of 0.2 m. The number of sources 
just exceeds the required number of modes (90), the corresponding Nyquist frequency is 1.3 kHz and 
the sound field is accurately produced in all 10 zones. The LWE is 1.2. 
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Figure 7: Reproduction error in dB at 1 kHz, fNyq = 1.3 kHz, 10 zones, RS = 5.1 m, L = 100, LWE=1.2 

Finally, the technique can be used to create a large single zone of non-circular shape. For example, 
Figure 8 shows the error for 5 zones, each of radius 0.2 m, placed adjacent to each other, which creates 
a single, approximately elliptical, region which would allow 5 people to sit in a line. The LWE is 0.53. 

 
Figure 8: Reproduction in dB at 1 kHz, fNyq = 1.2 kHz, 5 adjacent zones, RS = 5.1 m. LWE = 0.53 

4. CONCLUSIONS 
This paper has introduced a method for reproducing a single global sound field in multiple local 

zones. This allows the effort required by the array to be minimized as the sound field need only be 
accurate within the zones. Simulations have shown that the technique works well in the 2D case, and 
the weight energy values suggest that reproduction using practical arrays would be reasonably robust. 
However, the technique produces larger errors for zones near the loudspeakers and when significant 
alteration of wave front curvature is required. 
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