Analysis of Near-Field Effects of Wave Field
Synthesis using Linear Loudspeaker Arrays

Sascha Spors and Jens Ahrens
1peutsche Telekom Laboratories, Ernst-Reuter-Platz 78T@erlin, Germany

Correspondence should be addressed to Sascha Spetsié . Spors@telekom.de)

ABSTRACT

Wave field synthesis (WFS) is a technique allowing the reproduction of sound fields in an extended listening
area. This paper describes the theoretical fundamentals of WFS using linear loudspeaker arrays. A spatio-
temporal frequency domain analysis of the reproduced wave field reveals that not only the desired wave field
is present in the listening area but also an additional near-field component. This component is analyzed in
detail and the resulting wave fields are illustrated. Practical realizations of WFS impose certain technical
constraints, namely the application of a finite number of discrete loudspeakers. The impact of this spatial
discretization and truncation of the secondary source distribution on the near-field component is derived.

1. INTRODUCTION speaker array.
Spatial sound reproduction systems with a high num-This paper proceeds as follows: First the theoretical
ber of loudspeakers (massive multichannel sound reprasackground of WFS is introduced in Section 2, then a
duction systems) have increasingly been used in the lagstetailed analysis of the near-field effects is given in Sec-
decade. The use of more and more loudspeakers has ition 3. This is followed by a generalization of the results
creased the reproduction quality considerably in the pasto point sources as secondary sources in Section 4. Fi-
However, most systems still suffer from several artifactsnally, Section 5 gives a short summary, some conclusions
present in the reproduced wave field. This contributionand an outlook on further research directions.
discusses one of these artifacts, namely near-field effec? 1 Nomenclature
of linear arrays where each loudspeaker is realized by & = . . .
line array. he following con\{entlons are used throughout thls pa-
Typical sound reproduction systems aim at reproducingﬂ}er} For scalar variables lower case denotes the_tlme do-
the wave field at the level of the listeners ears only. ain, upper case the temporal frequency domam._ vec-
Hence a two-dimensional formulation of sound repro—torS are denot_ed_ by lower case b(_)ldface. The spatial fre-
quency domain is denoted by a tilde placed over the re-

duction is suitable for most applications and will be ap- tive svmbol. The two-dimensional tion vector in
plied in this paper. The presented principles can pePeCtive Symbol. The wo-dimensionalposition vecto

. . . . T _
generalized straightforwardly to three-dimensional re_Ca_lrt(_agan coordmate_s IS given as= [xy". The anal
production. ysis is performed entirely in the temporal frequency do-

One of the reproduction systems proposed in the conteiﬁam_ by transfor_mlng all signals and wave fields from

of massive multichannel systems is wave field synthesi% e time QOmam Into thg frequency domain by a (tempo-
(WFS). It is intuitively based on the Huygens principle raI). Four.|er transformation [5]. The temporal frequency

or more mathematically on the Kirchhoff-Helmholtz in- variable is denoted bgo = 27f.

tegral [1, 2]. Previous studies [3, 4] of the wave field re-

produced by a WFS system using a linear Ioudspeakera?—' WAVE F_lELD SYNTHES_'S

ray revealed that there are additional artifacts reproduce '€ following section provides the fundamentals of

besides the desired wave field of the virtual source. HowS0und reproduction and WFS as required within this pa-
ever, to the knowledge of the authors these artifacts havRe'- For more details please refer to [6, 7, 1, 2].

not been analyzed for WFS in detail up to now. Thisp 1. Fundamentals of sound reproduction

paper complements this finding by suggesting that thesghe theoretical basis of most loudspeaker-based sound
additional contributions are near-field effects of the loud reproduction systems is given by the Kirchhoff-
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Helmholtz integral [8]. It states, that the acoustic pres-2.2. Wave Field Synthesis

sure inside a closed regidhcan be controlled by a con- Wave field synthesis is typically a two-dimensional spa-
tinuous monopole and dipole source distribution on thetial sound reproduction technique which uses loudspeak-
boundarydV enclosing the regiol. These sources are ers with closed cabinets as secondary sources [7, 1, 2].
termed asecondary sourcds the following. The wave Closed loudspeakers can be regarded as approximations
field to be reproduced will be denoteddgual source  of point sources. The acoustical field of a point source
wave field. is provided by the three-dimensional free-field Green’s
It is desirable to remove the secondary dipole sourcefunction Gsp(X|Xo,w). However, line sources would
for a practical realization of spatial sound reproductionbe more appropriate as secondary sources for a two-
systems. The reproduced wave field for monopole-onlydimensional sound reproduction system. In order to an-
reproduction is given as [6, 7] alyze and compensate the error introduced by this sec-
ondary source mismatch a closer look at the properties
of point and line sources is taken. The asymptotic ex-
pansion of the Hankel function for large arguments [9] is
used to approximate the two-dimensional Green’s func-
(1) tion Gyp(X|Xo, w) as follows

7}
P(x,) == ) 2a(x0) 2-Six0. @) Glx]ro, @) 4.
—_———

D(Xo,b))

where S(xo, w) denotes the wave field of the virtual g, 1y ()~ AoJ2m 1 ikxexol )
source at the boundaV, a(xo) a window function ’ 4\l K /X —Xo

which determines which secondary sources are excite
andG(x|xp, w) a suitably chosen free-field Green’s func-
tion representing the secondary sources. The operat
% denotes the gradient in direction of the inward point-
ing surface normah. A relevant secondary source, in

this context, is a source whose propagation direction co
incides with the local wave field of the virtual source.

dComparing Eq. (4) with Eq. (3) reveals that the given ap-
groximation ofGzp(X|xo, w) is similar to a point source

but with a different spectrum and amplitude decay. This
reveals that a frequency and amplitude correction can
be applied in order to compensate for the secondary
source mismatch. For WFS both corrections are typi-

The secondary source driving functibiix, w) abbrevi- cally included into the secondary source driving function
Y

ates the terms constituting the strength of the secondalg(xo’ ). Ingeneral, the amplitude can only be corrected
sources. xactly for one listener position in the listening area. For

For two-dimensional sound reproduction the requiredOther positions, gmplitude errors are present in th_e re-
Green’s function is given by the two-dimensional free_produced wave field [10, 11]. Note that the corrections
field Green’s function outlined above assume that the large argument approxi-

mation K|x — Xp| > 1) holds.

Gap(X|Xo, W) = %Héz)(k|x —Xo|) , (2)  2.3. Linear loudspeaker arrays
Practical implementations of WFS systems facilitate lin-

WhereHéZ)(-) denotes the zeroth order Hankel function €ar Or circular loudspeaker arrays. We will focus on
of second kind ankl = w/c the wave number. The phys- linear secondary line source distributions in this paper.
ical interpretation ofGyp(x,w), in three-dimensional Without loss of generality, the geometry depicted in
space, is the wave field produced by a line source. AFig. 1is assumed: alllnear secondary source d|str|bu—
practical realization of a line source is a line array. Thelion located on thecaxis § = 0) of a Cartesian coordi-
three-dimensional free-field Green’s function is requireg@te system. The reproduced wave field is derived from

for three-dimensional reproduction. It is given as Eq. (1) by degenerating the closed contolf to a line
on thex-axis with infinite length. This line divides the
1 e ikix=xol xy-plane in two-regions. The upper half planex 0) is
Gsp(X|x0, w) = an x—xo| (3)  chosen as the listening area. Please note that for this spe-

cialized geometry only those virtual source wave fields
The physical interpretation @zp(x, w) is the field pro-  can be reproduced where the local propagation direction
duced by a point source. A practical realization of a pointat the secondary source distribution has a contribution in
source is a loudspeaker with closed cabinet. the direction of the positivg-axis. The window function
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I

Fig. 1: Geometry used to derive the reproduced wave field of a liremoredary source distribution. Thelenote the
sampling positions of the secondary sources for a discootis secondary source distribution (loudspeaker array).

T‘ ,T AL(?V Hx
AX

a(xp) = Llin this case. of the reproduced wave field is derived by applying a
Specializing Eq. (1) to the geometry depicted by Fig. 1two-dimensional spatial Fourier transformation to the
yields signals and wave fields given in the temporal frequency
" domain. The applied two-dimensional spatial Fourier

P(X,w) = _/ D(Xo, w) G(X — Xp,w) dxy , (5) transformation is defined as follows

[S(ka w) - ‘QX{P(Xv w)}
wherexo = [ Xo 0 ]T and G(x|xo, w) = G(X — Xo, W) o oo .
for typical Green’s functions used in this context. The :/ / P(x, w)e 1 *dkdk, ,
integral (5) is also known as Rayleigh integral [8]. e
The next section will derive the near-field effects for awhere the vectok = [ k¢« ky |7 denotes the spatial fre-
linear secondary line source distribution. quency vector (wave vector). It is related to the tempo-
ral frequency byk| = k= w/c for acoustic wave fields,

3. NEAR-FIELD EFFECTS OF LINEAR LOUD- wherec denotes the speed of sound. Applying the two-
SPEAKER ARRAYS ) i dimensional spatial Fourier transformation (6) to Eq. (5)

For the following analysis of the near-field effects of yields the spatio-temporal spectrum of the wave field re-

linear loudspeaker arrays the idealized case of secondagoguced by a linear secondary source distribution as
line sources will be assumed in order to discard the am-

plitude and spectral errors of WFS. The near-field effects P(k,w) = —D(ky, w) G(k, ) . 7

of linear line arrays are derived by a spatio-temporal fre-

guency domain analysis of the reproduced wave field!n order to compute the reproduced spectrum, the
This analysis is based on the frequency domain repregpatio—temporal spectrums of the secondary line sources

(6)

sentation published by one of the authors in [3, 4]. Gop(k,w) and the driving functio (k,, w) have to be
A monochromatic plane wave is assumed as the wavéonsidered. Introducing the spectrum of the secondary
field of the virtual sourceS(xo,w) in the following.  line sources and the driving function for a plane wave
The derived results can be generalized straightforwardlynto Eg. (7) yields the reproduced spectrum as [3]
since arbitrary wave fields can be represented as the su- w w

perposition of monochromatic plane waves [8, 6]. Pow(k, ) = HE sinapw O(kx — < COSUpw) X
3.1. Spatio-temporal frequency-domain repre- 1 w 1
sentation of the reproduced wave field x| = (/K + k§ —)ti5——a3 | - )

X . : k c k2 +ki—(£)2
The spatio-temporal frequency-domain representation X c
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The reproduced spectrum consists of a real and an imad=vanescent plane waves are solutions of the wave equa-
inary valued part. Throughout this paper these will betion in the form of plane waves, where one of the ele-
denoted as follows ments of the wave vectdt,, is imaginary. The ampli-
~ ~ L= tude of the evanescent wave decays exponentially in this
Pow(k, ) = D{Row(k, )} + ] D{Rw(k, )} . (9) direction, as a consequence. Evanescent waves can be
Pow,pr(K, @) Powev(K,0) observed in problems involving e. g. vibrating plates or
wave reflection and transmission between two different
media. They are also termed as near-field of a source
due to their local structure given by the exponential de-
cay of amplitude.
The evanescent plane waligy ev(X, w) generated by the
linear secondary source distribution oscillates parsdlel
- w W . thex-direction and its amplitude decays exponentially in
Powpr(K, @) = 110 (kx — < cosapw) 6(ky+ < Sindpw) - they-direction. The wavenumber of the oscillation in the
(10) x-direction is similar to the wavenumbkyp, of the de-
sired plane wave in this direction, the exponent of the de-
cay in they-direction is proportional to the wavenumber
kypw Of the desired plane wave in thedirection. Us-
ing results from [8] it can be derived that the power flow
is parallel to thex-axis, decaying exponentially in the
direction.
Figure 2 shows the propagatifgpr(X, w) and evanes-
Kpw =1 kepw Kypw ]T cent partshwev(X, w) of the wave field reproduced by
]T . (12) a continuous linear secondary source distribution. The
reproduced wave field for the desired reproduction of a
Inspection o, pr(X, w) reveals that the real part of the monochromatic plane wave with frequernicy= 1000 Hz
spectrum of the reproduced wave field constitutes the deand two different incidence anglegy = {45°,90°} is
sired plane wave. It propagates into the direction of theshown. Note that the amplitude of the wave fields has
positivey-axis with the incidence angley. This con-  been normalized by discarding th¢4ir factor present
tribution is therefore termed gsopagatingpart. in both fields.
The reproduced spectruﬁpw(k, w), however, consists Figure 3 illustrates the amplitude decay of the evanescent
also of the additive imaginary valued pei?m,ev(k,w) part along the-axis for two different frequencies and in-
besides the real part identified as the desired plane waveidence angles. The dependence on these variables can
The question arises what influence this part has on thee seen clearly. It is also evident that the amplitude of
field reproduced by a sound reproduction system. It willthe evanescent part of the reproduced wave field at some
be derived in the following sections that this part can befixed distance from the array is higher for lower frequen-
identified as the near-field contribution. cies and incidence angleg,, different from 90 degrees.

3.2. ldentification of near-field contributions
The inverse spatial Fourier transformation of the imag-
inary valued partspwye\,(k, w) of the spectrum of the re-
produced wave field is calculated in order to derive an in-3.3.  Spatial sampling of continuous secondary
terpretation of this part. The inverse Fourier transforma-ssource distributions
tion Oflf’pw,ev(k,w) fory>0is givenas [12, Eq. 3.354-5] Practical implementations of sound reproduction and
WES systems utilize loudspeakers placed at discrete po-
Powev(X, W) = 1 g IxpwX g=kypwy (13)  sitions. The influence of this spatial sampling of the sec-
am ondary source distribution on the reproduced wave field
whereky pw andky,pw are defined according to Eq. (12).  will be investigated in the following.
The field Pyyev(X,w) exhibits the form of a two- The reproduced spectruspy(k,w) for a discontinu-
dimensional evanescent plane wave [8]. ous secondary line source distribution has been derived

We will first analyze the real part in detail.

Applying the sifting property of the Dirac function to the
real parﬁpw,pr(k, w) and rearranging the argument of the
second (circular) Dirac line yields the following alterna-
tive form for Pow,pr(K, w)

Inverse spatial Fourier transformation &fw,pr(k, )
yields fory >0

1 T
Pperr(Xa OJ) = ET € jkaX 5 (11)

where

=[ kcostpw K sinapw
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(a) propagating wavefieldpy = 90° (b) evanescent wavefielay, = 90°
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(c) propagating wavefieldyy = 45° (d) evanescent wavefielay, = 45°

Fig. 2: Propagatindw,pr(X, w) and evanescent paiw.ev(X, w) of the wave field reproduced by a continuous linear
secondary source distribution for the reproduction of ax@lavave with frequency = 1000 Hz and two different
incidence angleapw. The reproduced wave field is given as the superposition i dantributions.
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Near-Field Effects of WFS
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Fig. 3: lllustration of the amplitude decay of the evanescent matfo different frequencies = {500,1000} Hz and

incidence angleapy = {45°,90°}.

in [3]. Itis given as

FN)S,pW(kv w) =

W . 2n .
T Sindpw > Ok ~ ¢ COSOpw) X

aliasing artifacts will always be present in the near-field
contributions of the reproduced wave field. However,
this is not the case for the propagating part of the repro-
duced wave field.

Inverse spatial Fourier transformation of the imaginary

n=—o

( (1/ K2+ k% +Jk2+ky2;g>, (14)

valued partPspwev(k, w) using [12, Eq. 3.354-5] for
y > 0 yields

where Ax denotes the distance between the secondary Pspw.ev(X,w) = =— SInO!pr

sources (see Fig. 1), the ind8indicates a sampled sec- ® 1

ondary source distribution. Spatial sampling leads to ad- Z J(En+ ¢ cosapwx = g=[any] , (15)
ditional propagating plane waves in the reproduced wave n=-c an

field. The effect of spatial sampling on the propagating

part and anti-aliasing conditions have already been dlswherea,, Is given as

cussed in [3, 4]. In this contribution we will focus on ) 277 © ©

the effects of spatial sampling on the near-field contribu- a = (g n+2 CoSapw)? — (E)Z : (16)

tions.

The reproduced wave fie@pw(k,w) is splitinto areal Please note that Eqg. (15) is equal to Eq. (13) fjoe
and an imaginary valued part, according to Eq. (9). Fig-0. The inverse Fourier transformation of the imaginary
ure 4 illustrates the structure of the imaginary valued parvalued partPspyev(X, w) for a sampled secondary line
Pspwe\,(k w) of the reproduced spectrum in the spatial source distribution consists of a superposition of evanes-
frequency domain. This part consists of a series of Diracent plane waves. The wavenumber of the oscillating
lines parallel to thek-axis weighted by a contribution part in thex-direction is given by the wavenumber of the
which is inversely proportional t& -+ k§ The desired plane wave in thedirection and its repetitions
poles of this weighting contribution lie on a C|rcle with at Axn due to the spatial sampling. The exponent of the
radiusw/c, the values are negative inside the circle anddecay in they-direction is proportional to the factey, .
positive outside. No exact anti-aliasing condition can beThe factora,, given by Eq. (16) can be interpreted as the
derived for the imaginary valued part since the weightingcathetus of a right angled triangle, as shown in Fig. 4
of the Dirac lines never becomes zero. As a consequencér a;. Hence,a, is imaginary for alln were the Dirac
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A ky
(ke + 2T — © cosapy) (ke — 3T — © cosarpy)
Qpw
1 1 >
- -z © kx
(e
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Fig. 4: lllustration of the imaginary valued part of the reproducsqaelctrurrif’spW by a discrete secondary line source
distribution for the reproduction of a plane wave with irede angl@py.

lines intersect with the circular pole and real otherwise.3.4. Truncated linear arrays

Please note, that additional Dirac lines intersect with theJp to now, the linear secondary source distribution was
circular pole in Fig. 4 if the frequency of the monochro- assumed to be of infinite length in tikedirection. How-
matic plane wave or the secondary source distétxds  ever, practical implementations of linear loudspeaker ar-

increased. rays will always be of finite length. In [3] truncation
For the x-axis fy = 0) Eq. (15) can be rewritten as a of a linear secondary source distribution was only dis-
Fourier series with respect to thkecoordinate cussed on a qualitative level by considering a limited re-
production area. The limitation is based on a geometric
jow . approximation of the truncation effects. This approxima-
Pspw.ev(X,0,w) = e SiNApwx tion states that a plane wave will only be reproduced in a
1 v © 1 tilted rectangular area in front of the array, whose width

X g ) cosdpwX Z a—e‘J ™ (17) s equivalentto the aperture of the array in xhdirection
n==c < and whose length in thedirection is infinite. The area

is tilted by the incidence angle,, of the plane wave to
Hence, the factorg% can be regraded as the Fourier se-be reproduced.
ries coefficients of the reproduced field on thaxis. We will now give some details on the quantitative de-
Figure 5 shows the evanescent part of the wave fielgcription of the truncation effects. Truncation is typi-
reproduced by a continuous and a sampled secondagally modeled by multiplying the secondary source driv-
source distribution. Again the reproduction of a planeing functionD(xo, w) with a suitable window function
wave with a frequency of = 1000 Hz and incidence W(Xo) [1]. Incorporatingw(xo) into Eq. (5) yields the
angle apy, = 45° is considered. The secondary sourcewave fieldPy(x, w) reproduced by a truncated linear ar-
distance was chosen to Ag = 10 cm. This way no spa- ray as
tial sampling artifacts will be present in the reproduced
propagating part [4]. Figure 5(a) is a zoomed version of ®
Fig. 2(d) to allow a better visualization of the decaying Rr(x @) = 7/,WW(X°>D(X°’(‘))G(X7X°’@> dx -
evanescent part. Please note that the amplitude of the (18)
wave fields has been normalized. The aliasing artifacts
for the evanescent part are clearly visible in Fig. 5(b). Spatial Fourier transformation d®(x,w) yields the
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(a) continuous secondary source distribution (b) sampled secondary source distribution

Fig. 5: Comparison of the evanescent part of the wave field repratibgea continuous and sampled secondary
source distributionZx = 10 cm) for the reproduction of a plane wave with frequeiicy 1000 Hz and incidence
angledpy = 45°.

spectrum of the reproduced wave field as the case of a truncated sampled linear array derives the
reproduced wave field as follows

~ 1, . - ~
Pr(K, w) = — > (W(kx) *k, D(ky, 0)) G(k,w), (19) .
PS,tr,pW(ka w) =
Bir (ke,00) w > L 2 w
. _ ~ mm—sinapy|L| z S|no(§(kx—A—r7 — — COSApw)) X
wheresx denotes convolution with respect to the spatial  © n=o X c

frequencyky-variable. A secondary source distribution 1 w 1
with finite lengthL can be modeled by a rectangularwin- X (E O(4/K2+ k§ ——)+] m) . (22)
dow. In this case the window functiam(xy) is given by ¢ k= ()

the rect-function [5] Hence, the Dirac lines in Fig. 4 will be replaced by

X 1 ,ifx<b shifted sinc-functions at the positions of the Dirac lines.
rect(E) = { ' -2 (20)  The spectrum of the reproduced propagating wave field
0, otherwise. is derived by applying the sifting property of the circular

The spatial Fourier transformation of régy with re-  Dirac line o(y, K+ — %) in Eq. (22) to the shifted
spect to the-variable can be computed as sinc-functions. The result is a circular Dirac function
which is weighted in théx-direction by the shifted sinc-
functions. Fom = 0 (continuous case) this will result in
the reproduction of a plane wave superimposed by trun-
cation artifacts. For a sampled secondary source distri-
Other window functions can also be applied to limit trun- bution, the repetitions of the sinc functions%‘m will
cation effects caused by the hard truncation in space [1jalso interfere with the baseband, since the sinc-function
We will outline the formulation of the reproduced spec- has contributions at all spatial frequencigs As a con-
trum at the example of the rect-window in the following. sequence, no exact anti-aliasing conditions can be given
However, the same principles apply also to other win-for the truncated linear array. However, an aliasing-to-
dow functions. Applying the procedure outlined in [3] to signal (ASR) ratio [4] could be used to characterize the

. k—XL - ke
Fdrect(T)} =1L S'”éxi ) _ LsingSL) . (21)
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aliasing contributions. However, the ASR willdepend on5.  SUMMARY AND CONCLUSIONS
the choice of the particular window functiav(xg) used This paper presented a detailed analysis of the sound
for truncation. Here might be some potential for opti- field reproduced by a linear secondary line source dis-
mization with respect to aliasing artifacts of finite length tribution. The analysis was based on a spatio-temporal
linear arrays. The same procedure as outlined above capectral analysis of the reproduced wave field. Investi-
also be applied to the imaginary valued part of the specgation of the spectral components revealed that beside
trum. the desired wave field also evanescent contributions are
emitted by the secondary sources. In the continuous case
4. POINT SOURCES AS SECONDARY an evanescent plane wave was reproduced with similar
SOURCES parameters as the desired wave field, but with decay-
Most practical implementations of WFS systems useNd @mplitude perpendicular to the array axis. Due to
closed loudspeakers (point sources) as secondary sourcdddS amplitude decay the evanescent wave will only have
for the reproduction in a plane. The consequences offfluence in the vicinity (near-field) of the secondary
this secondary source mismatch have been pointed of°Urces. It was further shown that for a sampled sec-
in Section 2.2. This section will derive the reproducedO”dary source distribution no anti-aliasing condition can
spectrum and will outline its interpretation. be given for this part since aliasing is always present
The reproduced spectruﬁgw(k, w) is derived by intro- 1N 'Fhe reproduced gvanes.ce.nt plane wave. This result is
ducing the spectrum of the three-dimensional Green'§luite remarkable since this is not the case for the prop-
function GgD(k,w) and the driving functiorﬁ(kx,w) agating part. The analysis of the reproduced wave field

into Eq. (7). Applying the procedure shown in Sec- Was complemented by quantitatively considering trunca-
tion 3.1 yields tion of the array and indicating the consequences of us-

ing point sources as secondary sources. Most WFS sys-
tems are built using closed loudspeakers (point sources)

F3pw(k,w) = %)Sinapwx as secondary sources. However, the use of (truncated)
w 1 line arrays, where several closed loudspeakers are used
x O0(ky — — cosapy) ———=—-=, (23) for one secondary source, has proven to be a promising

¢ kZ + k§ —(9)? concept with several benefits [14, 15].

The results presented in this paper together with the pre-
where the spectrum of the Green’s functiégD(k,w) vious publications [3, 4] provide the theoretical link be-
given in [3] was used. A detailed analysis of the repro-tween the wave field reproduced by a continuous and a
duced wave field for point sources as secondary source@mpled (loudspeaker array) secondary source distribu-
could be performed, similar as for the secondary linetions used for sound reproduction. The derived results
sources, by computing the inverse spatial Fourier transcan be generalized straightforwardly to other massive
formation of the real and imaginary valued parts of themultichannel sound reproduction systems (e.g. higher-
reproduced wave fielt(k, w). However, the detailed order Ambisonics) by modifying the driving function ac-
solution and its implications go beyond the scope of thiscordingly and performing the steps shown in this paper.
paper and is topic of ongoing research. First results indiBesides sound reproduction only, WFS has also been ap-
cate that no near-field artifacts (evanescent plane waveg)ied to active control applications like active noise con-
are reproduced for point sources as secondary source0! (ANC) or active listening room compensation. The
Interestingly this finding seems to be in conjunction with Presented near-field effects of linear arrays will limit the
other research results in the area of numerical simulatioferformance of such applications in the vicinity of the
of sound propagation [13]. loudspeaker array. The presented results allow to quan-
A first approximation of the reproduced field can be tify the performance degradations in practical situations
gained from Eq. (4) fok|x —xo| > 1, hence for a rea- by considering sampling and truncation.
sonable distance from the array (far-field) or high fre-However, an open question still is the audibility of the
quencies. The reproduced propagating part will not havélerived near-field effects. The physically based analy-
equal amplitude throughout the entire listening area, iSis presented here revealed their evanescent nature. The

will be superimposed by a decaying amplitude over dis-question remains if evanescent plane waves are audible
tance to the array. to humans, and if this is the case, how they are perceived
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by them. The authors did not find conclusive literature
on the topic to finally answer this question.

Further research topics and directions are the exact anal-
ysis of near-field effects for point sources as secondary
sources, the use of more sophisticated models for the secl8l

ondary sources (e.g. a piston radiator model [16]) and
experimental validation of the results.

The results derived in this paper have some indica- g

tions on the theoretical background of sound reproduc-
tion systems that are essentially based on the Kirchhoff-
Helmholtz integral. It is often assumed that it is suffi-

cient to use the directional gradient of the virtual source[10]

on the boundary of the listening area as driving signal in
order to perfectly reproduce the wave field of the virtual

source inside the listening area. This paper revealed a po-

tentially undesired additional near-field effect for linea

arrays. There is strong evidence that these results holfj

also for arbitrary secondary source contours.
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