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ABSTRACT

Wave Field Synthesis (WFS) is a physical based sound reproduc-
tion technique. It relies on linear arrays of regularly spaced om-
nidirectional loudspeakers. A fundamental limitation of WFS is
that the synthesis remains correct only up to a corner frequency
referred to as spatial aliasing frequency.

This paper addresses irregular spacing of loudspeaker array for
WES. Adapted driving functions are defined. New formulations
of the spatial aliasing frequency are proposed. It is shown that
the use of logarithmically spaced loudspeaker arrays can signifi-
cantly increase the spatial aliasing frequency for non focused vir-
tual sources.

1. INTRODUCTION

Wave Field Synthesis (WES) is a holophonic technique that relies
on the reproduction of physical properties of sound fields in an ex-
tended listening area [[1]]. Its original formulation relies on simpli-
fications of the Rayleigh 1 integral. These approximations reduce
the amount of required loudspeakers to a finite number of regularly
spaced loudspeakers on a segment. They enable for the synthesis
of the target sound field within a large portion of the horizontal
plane up to a corner frequency referred to as "spatial aliasing fre-
quency".

Irregular or "random" transducer spacing is currently employed
in sound reproduction [2]] or sound recording [3|]. However, they
have not been considered in the context of Wave Field Synthesis.
This paper proposes to explore the potential benefits of the use of
irregularly spaced arrays for WFS. Two test geometries are consid-
ered: "randomly spaced arrays and "symmetrical logarithmically"
spaced arrays.

First, WFS driving functions for irregularly spaced arrays are pro-
posed and the performance of the test arrays at low frequencies are
analyzed. Accurate definitions of the spatial aliasing frequency
are then given for finite length arrays considering both regular and
irregular spacing of the transducers. Finally, potential improve-
ments on the value of the spatial aliasing frequency compared to
regular loudspeaker spacing are studied for various types of irreg-
ularly spaced loudspeaker arrays.

2. WAVE FIELD SYNTHESIS FOR IRREGULARLY
SPACED LOUDSPEAKER ARRAYS

2.1. Wave Field Synthesis for continuous loudspeaker array

WES relies on simplifications of the Rayleigh 1 integral [4]. This
surface integral defines an infinite plane of “secondary” sources
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Figure 1: Synthesis  of a virtual source using WFS,
source/loudspeakers geometrical description.

that splits the space into two subspaces (cf. figure [I): a source
subspace g in which “primary” or virtual sources W are, and a
reproduction subspace 2 where the sound field they radiate is
to be synthesized. WES filters are derived by using the so-called
stationary phase approximation as:

Uz, k) = F(k)Gy () FreEL)e) (1)

for a given loudspeaker located at x = x1, on an infinite horizontal
line for the synthesis of an omnidirectional source ¥ (cf. figure[T).
F(k) is a filter introduced by the stationary phase approximation,
which realizes a 3dB per octave attenuation and 7 phase shift:

F(k) = \/gej

7w (z ) is a delay that accounts for natural propagation of the wave
front from W:

NE)

@)

8%
TV (mL) = 7 3)
Gy (zr) is a gain factor that stands for the natural attenuation of
W and compensates for level inaccuracies due to the natural atten-
uation characteristics of a linear array:

YL = yroul @
[YRay — Yu|rw

Gu(zr) = cos (0w)

By definition, the synthesized level is thus only correct at an aver-
age listening depth yr,,, -
In a limit case, sources ¥ may also be located in {2y by inverting
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natural propagation delays. Synthesized wave fronts are converg-
ing to the target source position and thus propagate from this posi-
tion in the rest of the reproduction subspace (2. Such sources are
therefore referred to as focused sources.

2.2. Wave Field Synthesis for sampled loudspeaker array

We consider a finite length continuous loudspeaker array parallel
to the x axis (z = 0,y = yr) such that ¢ € [xa,xp]. Its fre-
quency response Hy (7R, k) at position 7% for the synthesis of a
virtual source ¥ using WFS filters (cf. equation[)) is given by:

e JkAT(rR.zL)

zpB
Hq;(’/‘?{,k‘)z/‘ U(mL,k‘)idfﬁL (5)

oa dwAr(rg,zL)

We define N sampling positions z,,, positions of the loudspeakers,
and rewrite the previous equation as:
- N ntAzl
H\I/(T.R7 k) = anl fz Z_ U(l’L, k) X
Tn—Azy,
e—ikAT(rR L)
At Ar(rr,xr,)

dzrp, ©)

where Az, and Ax;’ determine a certain interval around x,,. The
sum of these intervals spans the entire line L. Sampled driving
functions Usamp(Zn, k) may therefore be derived such that:

o IRAT (T )

A Ar(ri, Tn) =

/17L+Az;t e—jkAr(rﬁ,;vL)
x

Usamp (Iny k)

n—Axy,
The latter should remain valid at any listening position 7% in Qg
and for a certain frequency range.
We propose here to consider simple sampled WES filters expressed
as:

Usemp(n, ) = () 2= 20t gy (g o matbratenrs,

(®)
These driving functions account for the local spacing of succes-
sive loudspeakers on the array. For regularly sampled arrays, the
proposed formula remains coherent with known WFS filters. Ad-
ditional attenuation factors may be introduced for loudspeakers
located at extremities of the loudspeaker array in order to limit
diffraction effect due to finite length of the array [4].

3. WAVE FIELD SYNTHESIS AT LOW FREQUENCIES

In this part, performances of irregularly spaced loudspeaker ar-
rays for WFS rendering at low frequencies (below 1000 Hz) are
compared with those of a reference regularly spaced loudspeaker
array. The analysis considers a large number of sources and lis-
tening positions. The comparison is realized using perceptually
relevant criteria.

3.1. Rendering accuracy evaluation

We simulate and compare for a listening position 7 (x;, y;) the
frequency response of the system Hyg (75, k) with an “ideal” WFS
response Ay (75,t) :

Aw(7, k) = AL (75 )e 90 ©)

where Att$f * stands for the real attenuation of a WFS source syn-
thesized with a linear loudspeaker array [S]:

Attw,fS(r—;) _ ‘yL — yRav' |y1 — y‘I" 1 . (10)
v lyr = yil \ |YRa, — Yol dmd,

A quality function Qw (75, f) that describes the deviation of the
synthesized response from an ideal response can be defined in the
frequency domain as:

Qulr, k) = 22 (n
N

Magnitude deviation M AGw (7}, m) and group delay deviation
GDy (75, m) are then calculated for ERBx (m) frequency bands
[6]. They are simply obtained by averaging the corresponding
quantities derived from Qu(7;,k) in the equivalent frequency
band.

The calculation considers 96 £ RBy bands for the entire audible
frequency range. For the low frequency evaluation, it is however
limited to frequency bands having their center frequency between
100 and 1000 H z.

3.2. Test setup

We consider a test setup of 24 loudspeakers arranged in a 3.6 m
long array. This corresponds to a regular spacing of 15 cm. Two
alternative loudspeaker arrays of same length are considered:

e a "randomly" spaced loudspeaker array,
e a symmetrical "logarithmically" spaced array.
The latter is defined such that loudspeaker positions x,, are ob-

tained from:

Tn41 — Tn (Tn — Tp—1) X alifn > 12

Tntl —Tn = (Tn —Tn-1) X a”? otherwise, (12)
We define a "loudspeaker spreading coefficient" [Sspreqq. In the
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Figure 2: loudspeaker spacing for the three array type.

case of the randomly spaced array, lsggffad is simply defined as

the ratio between the maximum and the minimum loudspeaker
spacing. In the case of "logarithmically" spaced array, lsl:pgrea 418
defined as the ratio between the spacing of the loudspeakers at the
extremities of the array and the spacing of the loudspeakers at the
center of the array. a and b are then calculated considering a given
value of Isspread and the total length of the array.

rand

In the following, we consider Isgp,c.q = 2 and lsl;;gread =05
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Figure 3: Top view of loudspeakers (black *), microphones (red
0), and test sources (blue dots) configuration for regularly spaced
loudspeaker.

(smaller spacing of the loudspeakers to the sides). The corre-
sponding loudspeaker spacings are displayed in figure[2}

A test ensemble of 15 omnidirectional virtual sources (cf. figure
B) is composed of 5 centered and off-centered focused sources
(sources 1/2/3/4/5), 8 centered and off-centered sources (sources
6/7/8/9/10/11/12), and 2 “plane waves” at 0 and 30 degrees
(sources 14/15). The chosen test ensemble represents typical WES
sources reproduced by such a loudspeaker array. Figure [3] also
displays measuring positions (microphone positions) at which the
quality function Qv is evaluated for each source and loudspeaker
array type.

3.3. Results

Tables 1 and 2 show mean values and standard deviation of
MAGEgRrpB and GDEgRrp calculated for all listening positions and
virtual sources for the three loudspeaker array types between 100
and 1000 H z.

regular | log rand
mean (dB) -144 | -140 | -1.43
standard deviation (dB) 2.59 2.57 2.61

Table 1: Mean value and standard deviation of M AGgrp con-
sidering all microphone positions and virtual sources between 100

and 1000 H z.

regular | log | rand
mean (ms) 0.13 0.13 | 0.13
standard deviation (ms) 0.88 0.87 | 0.88

Table 2: Mean value and standard deviation of GD grp consider-
ing all microphone positions and virtual sources between 100 and
1000 H z.

The reproduction errors at low frequencies are due to known lim-
itations of Wave Field Synthesis rendering (stationary phase ap-
proximation limitations, diffraction) that may be reduced using
multichannel equalization methods such as described in [3] [7].
It can be seen that the three loudspeaker arrays show very similar
performances in terms of both magnitude and group delay devia-
tion. It can be expected that observed differences have no signifi-
cant perceptual impact.

4. ALIASING FOR WAVE FIELD SYNTHESIS

The spatial sampling of the loudspeaker array limits the recon-
struction possibilities of WES at high frequencies. Contributions
of individual loudspeaker do not fuse into a unique wave front as
they do at low frequencies [8]. The synthesized sound field thus
exhibits complex temporal and frequency characteristics [9] [8].
The spatial aliasing frequency corresponds to the corner frequency
above which this phenomenon is noticeable. It is a key parameter
for the analysis of the performances of a given loudspeaker array.
Most available expressions of the aliasing frequency for WES are
given for infinite arrays of regularly spaced loudspeakers [9]] [S].
They suggest that the aliasing frequency is independent of the lis-
tening position which is not true for finite length arrays [5].

In this section, alternative formulations of the spatial aliasing fre-
quency are proposed that remain valid both for finite length and
irregularly spaced loudspeaker arrays.

4.1. Frequency based evaluation of the aliasing frequency
4.1.1. Proposed criterion

We propose to extract the frequency response of the "aliased con-
tributions” HE' (1%, k) from the frequency response of the consid-
ered array at position % for the synthesis of source ¥ using:

HY (i, k) = Hu (1R, k) = Hy™ (77, k), (13)
where H3°% (7, k) is the frequency response of a continuous lin-
ear array of same length for the synthesis of source ¥. The exact
response of a continuous array may be estimated as the frequency
response of a regularly closely spaced (typically 1 cm) loudspeaker
array. It is expected that for such an array aliasing artifacts are ob-
served only above audible frequencies.

The aliasing frequency can thus be defined as the lower frequency
for which the level of the aliased contributions exceeds a certain
threshold 77574

Fa ™ (R, 0) = ming (|HG (7R )| > Triy™ ™ (1%, 1))
(14)
‘We propose to define this threshold as:

) Attwfs —
Trz;mFreq(,r?{’ ‘IJ) — \112 (TR)7 (15)

which corresponds to half of the expected level at low frequencies.

4.1.2. Simulations

HE (&, k) is evaluated for the three loudspeaker array types
for a centered omnidirectional source located 3 m behind the
loudspeaker array (source 10 in figure B). Considered listening
positions 7z are microphone positions at y = 0 m in ﬁgure
Figures[d] ] and[f]display the corresponding frequency responses.
The frequency based aliasing criterion (cf. equation [T4) is
displayed on the figures as a magenta dashed-dotted line.

For both regularly spaced and logarithmically spaced loudspeaker
arrays (cf. figures ] and ), a clear distinction can be observed
between a low frequency response and high frequency response.
At low frequencies, the level of the response is generally low
(= —30 dB) whereas it raises quickly at higher frequencies
and established a complex response with relatively high average
level (= 0 dB). The frequency based criterion establishes thus
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Figure 4: Frequency responses of the aliased field HE!, source 10,
regularly spaced array.
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Figure 5: Frequency responses of the aliased field H', source 10,
logarithmically spaced array.
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Figure 6: Frequency responses of the aliased field HE, source 10,
randomly spaced array.

a clearly defined aliasing frequency. The same simulations were
achieved considering other source/listening positions and have
shown similar results.

For randomly spaced loudspeaker arrays, there is no such clear
separation between low and high frequency responses. It can
be seen that the "aliased field" has significant contributions
(= —15/ — 5 dB) from frequencies as low as 1000 Hz.
The aliasing frequency is thus hardly defined for that kind of
loudspeaker array. The proposed sampled version of the WFS
filters (cf. equation EI) is probably not completely valid for
randomly spaced loudspeaker arrays. An alternative WES filter
definition may provide increased reconstruction performances at

higher frequencies but is out of the scope of this paper.

4.2. Temporal based evaluation of the aliasing frequency

The proposed frequency based criterion provides an accurate def-
inition of the aliasing frequency. However, it requires the simula-
tion of the aliased field response which is a computationally ex-
pensive task.

In this part, we propose a computationally efficient evaluation of
the aliasing frequency which relies on sampling of the temporal
response of the loudspeaker array at a given listening position.

4.2.1. Temporal response of a finite continuous array

In the following, the virtual source W is located in Q2¢ and the 3
dB per octave filter f(¢) is omitted from the WFS filters to clarify
the demonstration.

We define tw (7R, xr) as the arrival time at the listening position
R of the contribution radiated by a secondary source at xr.:

. A
to(rk, L) = 7’“ + r(ar). (16)

The impulse response h$f ® of the continuous linear L for the syn-
thesis of the source U at r'% is thus expressed as:

NG / G (o) NIRRT gy 19
4mAr

We introduce ¢~ () and t*(z 1),

Var €]ra, o),
Vor, G]xo, :EB[,

) ty(rR,2L) (18)
t+(mL) = t\p(T‘_fz,.’EL)
where g is the intersection of L and the line joining the source ¥
and the receiving position R (cf. figure[T). Similarly, we define:

2= (t7(z1)) = =z Var €]za, w0, (19)
z(tt(zr)) = = Var €lro, zs[
Furthermore, we introduce:
_ 0(t —t (z1))
h‘p(TR7 / G\Il .TL)W()CZ.’KL,
t—t (TR,I‘L))
3 (Rt / Gu(zrr) InAr(zr) dxr. (20)

By definition, the function ¢~ (x 1) is a strictly increasing function
for z;, < xoand t* (zr) is a strictly decreasing function for 7, >
xo. The impulse response h'/* is thus the sum of the impulse
responses of the two parts of the loudspeaker array separated by
xo (hy and hY).

By substituting ¢~ (zr.) and t*(21) to 1, into equation [20 and
using the fundamental property of the direct distribution:

B (rf,t) = Y(t — to) ( t)) dz*(t)

(
A ) a e D

where Y is the Heavyside function.
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4.2.2. Derivation of aliasing criterion

Let’s consider an array of /N ideal omnidirectional loudspeakers
located at x,,n = [1...N] such that xp+1 > zn and T4 <
ZTn < xp,i = [1...N]. We define no = min,(x, > xo). The
impulse response hg' """ (rk, t) of this array for the synthesis of
source W can be obtained from WFS filters (cf. equation|[g) as:

5(t =t (zn))

A Ar(xy) +

ng
nmr i, = 3 =l gy )
n=1

N
‘x'rH»l - xnfll 5(t — t+($n))
Gy (Tn) = (22
n=ng
Thus, it appears as the sum of time sampled versions of hy, (7%, t)
and h{ (rk, t):

hy " (rR,t) = (23)
hy (1, 1) (g2, et memtl 4G 54— ¢ (20)) ) +

- Ln —Tn— dtt n
B (7, t) (0 2ottt 406t — ¢ (2,)))

The spatial sampling of the loudspeaker array is thus equivalent
to irregular time sampling of both A} (v%,t) and hy (%, t). The
minimum Nyquist frequency associated to each of the irregular
temporal sampling therefore corresponds to the spatial aliasing fre-
quency evaluated at R.

As for regular sampling, the Nyquist frequency is linked to the
sample distribution, and especially to the time difference between
successive samples. Two temporal distributions have to be consid-
ered: t () forn < ng and t*(z,) for n > no. The arrival time
differences A7} (n) can be defined as:

{ATg(n) = t (zn-1) —t (zn) for
AtE(m) = tT(zny1) —tT(x,) for

na <n<ng
no <n<ng.

24
We propose to define the spatial aliasing frequency f17™” derived
from this analysis of the temporal response of the array as:

em d Gal
fé P(rg,¥) = , (25)
! maX,en,,, (1w |ATx (1)

where g,; is a weighting factor and Ns¢; (W, 7%) is a subset of
n =[1...N] defined as:

Gu(zn)

TAmwAr(zy,) > trat -

max

]V;el(r;i7‘p) = {71

where trq; is a threshold value used for the selection of loudspeak-
ers that contribute significantly to the sound field at position R, re-
calling that ;Z%{75)5 is the level of the contribution of loudspeaker
i at R for the synthesis of .

Both g, and try; are free parameters of the proposed calculation
method. Optimization is proposed in the following.

4.2.3. Validation

The free parameters of the time domain method have been set so
as to minimize the root mean square error of the time based esti-
mation compared to the frequency based estimation of the aliasing
frequency. Only regularly and logarithmically spaced loudspeaker
arrays were considered. The obtained values are go; = 0.95 and

(26)

Array type Mean error | Standard deviation
Regular -1.92% 7.69%
Logarithmic 1.12% 4.38%
Random 2.92% 22.58%

Table 3: Error of aliasing frequency using time based compared to
simulation based estimation for the three loudspeaker array types,
considering all sources and microphone positions, cf. figure|3]

traq = —13dB.

Table [3] presents mean values and standard deviation of the es-
timated error of the aliasing frequency using the temporal based
criterion compared to the frequency based criterion. It can be seen
that for finite length and/or logarithmically spaced loudspeaker ar-
rays, the aliasing frequency can be reliably estimated using tem-
poral based criterion which is computationally more efficient than
frequency based criterion.

For the randomly spaced loudspeaker array, both criteria provide
rather dissimilar results. However, for this type of array, the alias-
ing frequency is difficult to define (cf. section[d.1.2).

5. ALIASING FREQUENCY DEPENDENCY ON
LOUDSPEAKER SPACING

In this section we compare irregularly spaced loudspeaker
arrays with regularly spaced arrays in terms of obtained aliasing
frequency. The test parameter is the loudspeaker spreading
coefficient that determines the amount of irregularity introduced
in the loudspeaker spacing.

5.1. Aliasing for randomly spaced loudspeakers

Figure [/| shows quantiles (0.1, median, 0.9) of the aliasing fre-
quency estimated with the frequency based criterion. The analysis
is performed on "random" loudspeaker spacing for different values
of lsggfedad. For each defined loudspeaker array all sources and all
microphone positions of the test setup (cf. figure[3) are considered
for the evaluation. We recall that lsZZfedad = 1 corresponds to a
regularly spaced loudspeaker array.

It can be seen that the aliasing frequency is generally lower for
randomly spaced arrays than for regularly spaced arrays. A deeper
analysis considering each source and listening position separately
did not show any particular improvement. One should consider
however that the aliasing frequency is not properly defined for this
kind of array.
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Figure 7: Quantiles of aliasing frequency, randomly spaced ar-
rays, all sources and microphone positions, spreading coefficient
dependency.
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5.2. Aliasing for logarithmic loudspeaker arrays

For logarithmically spaced loudspeaker arrays, a spreading coeffi-
cient below 1 corresponds to a larger spacing to the sides compared
to the center, whereas a spreading coefficient above 1 implies a
smaller spreading to the sides.

Figure [8] shows quantiles (0.1, median, 0.9) of the aliasing fre-
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Figure 8: Quantiles of aliasing frequency, logarithmically spaced
arrays, all microphone positions, loudspeaker spreading coeffi-
cient dependency, all sources.

quency estimated with the time based criterion for different values
of lsls‘;%ea 4, considering all sources and all microphone positions of
the test setup (cf. figure[3). It can be seen that all spreading coeffi-
cients above 1 generally decrease the aliasing frequency, whereas
spreading coefficients around 0.5 provide a slight increase of both
median and 0.9 quantile.

Figures[9]and[T0]show respectively quantiles of aliasing frequency
considering non-focused sources only (sources 6 to 15 in[3) and
focused sources only (sources 1 to 5 in[3). This analysis shows
significant increase of the aliasing frequency using a logarithmi-
cally spaced loudspeaker array for non-focused sources for a loud-
speaker spreading coefficient of 0.5. Most significant increase is
for the 0.9 quantile value which raises by more than 20 % com-
pared to regularly spaced loudspeakers.
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Figure 9: Quantiles of aliasing frequency, logarithmically spaced
arrays, all microphone positions, spreading coefficient depen-
dency, non-focused sources only.

However, it can be seen from figure [I0] such loudspeaker
spreading coefficients lower the aliasing frequency for focused
sources.

6. CONCLUSION

In this paper, the potential use of irregularly spaced loudspeaker
arrays for WES has been addressed. Two test arrays have been
compared to a regularly spaced loudspeaker array of same length.
It has been shown that the three arrays have similar performances
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Figure 10: Quantiles of aliasing frequency, logarithmically spaced
arrays, all microphone positions, spreading coefficient depen-
dency, focused sources only

at low frequencies. New formulations for aliasing frequency have
been introduced. They provide accurate results for finite length
arrays with both regular and irregular loudspeaker spacing. It has
been shown however that the aliasing frequency is difficult to de-
fine for randomly spaced loudspeaker arrays. It was also shown
that, for the considered loudspeaker arrays (24 channels, 3.6 m
long), dual logarithmic spacing allows for a significant increase in
the aliasing frequency considering non focused virtual sources. If
both focused and non focused sources need to be rendered on the
same array, regular spacing remains most effective.
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