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Abstract—Sound reproduction methods based on the physical
resynthesis of a desired field using loudspeaker arrays are ell- P(x,w)
established nowadays. Their physical basis allows to resghesize
almost any desired wave field, even the field of sound sources
positioned in between the loudspeakers and the listener. b X
sources are known as focused sources. This paper will predea X
novel approach to the reproduction of focused sources withiiear T
loudspeaker arrays. Its formulation is based on a represerttion L . o £ .
of the respective fields in the spatio-temporal frequency doain. ‘ T T
The derivation of the loudspeaker driving function is discussed, To Ax
as well as a number of practical limits, the role of evanescen

contributions and the connections to other established témiques. Fig. 1. Geometry underlying the reproduction of focusedrees with a
linear distribution of secondary point sources. The yellakga denotes the

listening area.

I. INTRODUCTION

The accurate resynthesis of a sound field using Ioudspea{jg(ng linear loudspeaker arrays.

h . . f hin th It is organized as follows
arrays has been a quite active area of research in the @8ktion || outlines the SDM, while Section Il extends it

decades. Well known approaches in this context are wave figld - 45 the reproduction of focused sources. Section IWsho
synthesis (WFS) [1], higher-order Ambisonics (HOA) [2] anggt5 discusses the effects of spatial sampling andatien,

a number of least-squares approaches e.g. [3]. Recenly, Iy 4 jjstrates the links to WFS. The paper is summarized and
authors have proposed a novel technique, the spectralalhwssome conclusions are drawn in Section VI

method (SDM) [4], [5].

An interesting property of these approaches is that thay pri Il. THE SPECTRAL DIVISION METHOD

cipally allow to reproduce the wave field of a source which is The spectral division method, presented in [4], [5], uéiza
positioned in between the loudspeakers and the listeneselhformulation of the sound reproduction problem in the Faurie
are known adocused sourcesiue to their strong relation to domain. It is applicable to planar and linear loudspeaker
acoustic focusing. arrays. In this paper the considerations are limited to #s=c
Acoustic focusing refers to a variety of techniques to focust linear loudspeaker arrays due to their practical releean

acoustic wave fields. These have been developed in divesggind reproduction. The following section outlines theibas
application areas like e.g. material analysis or medicBie [ theory.

[8]. The basic concept underlying most of the techniques is )

the principle of time-delay law focusing or more generallf)- Basic Concept

of time-reversal acoustic focusing. Typically, a concatitn Without loss of generality, the geometry depicted in Fig. 1
of acoustic energy at the focus point is desired. For soumdll be assumed for the following considerations. An appro-
reproduction, the goal is to create the illusion of an adouspriately driven continuous distribution of monopole sasc
source that is situated in front of the loudspeaker arraigecondary sources) is located along thaxis. The repro-
Note, that this condition implies an important constraimt iduced wave fieldP(x,w) is given as

comparison to the traditional time-reversal principle.yOn

contributions emerging from the desired focused sourcalgho P(x,w) =
be reproduced at the listener position in order not to canfus

the auditory impression by other contributions. Time reaér wherew = 27 f denotes the angular frequensy= [z y 2]7
techniques may result in additional contributions, esgci an arbitrary position in space angdy = [zo 0 0] a
for curved or closed loudspeaker arrays. position on the secondary source distribution. The wavd fiel
So far, the SDM has been applied to the reproduction of plaok the secondary sources is denoted@s — xo,w), and
waves with planar or linear loudspeaker arrays [4], [5].sThiheir weights (driving function) byD(xg,w). For the sake of
paper extends the SDM for the reproduction of focused ssura@mplicity it is assumed that the listeners ears are located

D(x¢,w)G(x — xg,w)dxq , (1)
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the upper half-planey(> 0) of the planez = 0. Please refer and HOA, that 2.5-dimensional reproduction techniquetesuf
to [5] for a generalization. The-coordinate will be discarded from artifacts [13], [14]. Most prominent are amplitude and
in the remainder of this paper. spectral errors in this context. For the SDM these artifhatse
Equation (1) essentially constitutes a spatial convotutibthe been analyzed in detail for the reproduction of plane wasgs [
driving function with the field of the secondary sources glon
the xz-axis. Hence, the convolution theorem [9] of the Fourier Ill. FOCUSEDSOURCES USING THESDM
transformation can be utilized. Applying a spatial Fourier So far the spectral division method, as outlined in Sectipn |
transformation with respect to the-coordinate to Eq. (1) has been applied to the reproduction of plane waves. This
yields section presents the extension to focused sources.

Pk, y,w) = D(ke,w) Glks,y,0) | (2) A. Model of Focused Source

wherek, denotes the wavenumber indirection. Quantities  |n order to derive the driving function, a model for the
in the spatial Fourier domain are indicated by a tilde. Equgesired wave fieldP(x,w) is needed. A point source placed
tion (2) can now be solved easily with respect to the drivingithin the listening area is not a suitable model in this
function D(k,,w) when the spectra of the desired wave fieldontext. The resulting solution would have to violate céitysa
P(ks,y,w) and the secondary sourc€$k., y, w) are known. pelow the focus point, since the secondary sources can only
The former is derived in the following section. emit a wave field which travels towards the focus point. A
suitable model for a focused source can be formulated by

prescribing the field above the focus point as a point source.
Although the SDM allows for the employment of secondarype jmpression of a source within the listening area is hence

sources with complex radiation characteristics we assume, &y conveyed for focus points located in between the listen

point source model for simplicity. Loudspeakers with ctdse;q the secondary sources. However, this is a well known

cabinets apprt_mmately have the properties of & point $Unitation in the context of auralization. The resultingténing

Hence, the point source is a practical modgl fo_r the secondal o, is indicated by the yellow area in Fig. 1.

sources. The associated transfer function is given as [10] Modeling an acoustic point source above the focus point
1 e~ 3% x—xol y > yrs yields

3)

wherec denotes the speed of sound. The Fourier transforma-
tion with respect tar can be derived from [11] as

B. Secondary Source Model

Gx —xp,w) = ————,

( 0 ) 47 |X*X()| R 1 e—j%|"—xfs|

Pis(x,w) = Pis(w) e 7|X o fory >wys >0, (5
- S

wherexis = [zts ys)” denotes the position of the focused

Sk - _%Hém (VEZE—R2y) |, |k < |2] source (focus point) ands(w) the temporal spectrum of the
w YW= LKO( K2 (2)2 y) |g‘ < lka| focused source. Based on the model (5), the driving function
2 roote vl * (4) s derived in the next section.

where H{”(-) denotes the zero-th order Hankel function 0B, Derivation of Driving Function

second kind andK,(-) the zero-th order modified Bessel . ~
function of second kind [12]. Note that (4) is valid only for 1 N€ SPatial spectruns(k,, y, w) of the focused source (5)
§Srequwed in order to analytically derive the driving ftioo

y > 0. The spectrum of the secondary sources (4) consi% o )
: : oo w y application of (2). The spatio-temporal spectrum can be
of two parts: a traveling contribution fdk,| < || and an derived from (4) by applying the shift-theorem [9] of the

evanescent contribution fqr§| < |kg|. fier transformation. It is aiven
Evanescent waves are waves which exhibit no phase variatﬁ)%u er transformation. 1t 1S given as

in at Ieast_ one spatial dimension and decay exponentlallypfs(kx,yw) _ Pfs(w) eTketis o
in these directions [10]. They emerge from solutions of the

acoustic wave equation with exhibit at least one imaginary,, —2HP (VET =R (y—us) . kel < |2 (©)
wave number. =Ko (VEZ—= (22 (y—ws) o |4] <lkal
C. 2.5-dimensional Reproduction which is valid fory > y > 0. The driving function is given

From a physical point of view, the natural choice for th&Y @ division of the spectrum of the desired figld(k.,y,w)
characteristics of secondary sources used for two-dirneabi @nd the spectrum of the secondary souiGes., y,w)
reproduction would be the elementary solution of the wave - s s
equation in two dimensions. The resulting transfer functio Dis(ka, w) = Bs(w) e x

is given by the two-dimensional free-field Greens function, _HP (VPR (v-uw) ks < |£]

which can be interpreted as the field produced by a line source v, 1y (/(£)7=k2y) o L
Using point sources as secondary sources for the reproducti Ko(VEE—(2)7 wuw)) 2] < Tk

in a plane results in a dimensionality mismatch, therefamhs Ko(Vi2=(2)%) ‘

methods are often termed 2$-dimensional reproduction It is easy to conclude from Eq. (7) that the driving function
It is well known from other reproduction techniques, e. g.8VFdepends on the (listener) distangdo the secondary source



distribution. This is a property of 2.5-dimensional repod results in the following modified driving function
tion. The wave field can only be reproduced correctly on _ R e
a reference liney = yrr parallel to the secondary source Dmodts(ka,w) = Pis(w) /™5 x

distribution [5]. In the remainder of this papey, will be _HP (V(E)2=R2 (yet—uss)) kol < |2]
replaced byy.er whenever the driving function (7) is used. X HS? (V/(2)2=k2 yrer) P el (9)
Even though we are only matching the spectra of the repro- 0 , \%\ < |k

duced and the desired wave field fpr> s, the wave field for
0 < y < yss Will be determined uniquely. This follows from
the Rayleigh integrals [10]. It is nevertheless straighfard
to repeat the steps above for the regiprc yss, in order to

As a consequence, the evanescent part of the focused source
will not be resynthesized. However, this modification resul

in a more stable driving function, as will be shown in the next
section. To the knowledge of the authors, the role of evardsc

derive an alternative formulation of the driving function. L ; .
L T ' contributions in human perception seems to be unclear at the
Note, the driving function is not defined fafet — yis = 0
current state of research.

due to the properties of the involved functions. The driving
function (7) is composed of a propagating and an evanescent IV. RESULTS

part..The Iattgr is su_bject to gxcessive IeyeIS in the dgvin The following section discusses the properties of the pro-
function, as will be discussed in the following. posed approach and illustrates its relations to WFS.

C. Near-Field Contributions A. Reproduced Wave Field
The reproduced wave field is given by introducing the

Using large argument approximations of the modified Bessgrliving function Drs(ks,w) together with the spectrum of
S\ v,

function and the Hankel function [12] yields the foIIowing[h
approximation of the spectrum of the driving function (7)

o€

olE

)2_k.2

T

(yref - yfs) >1.

~ 5 ik Yref frequency domain. Performing these steps for a position on
Dis(kz,w) = Ps(w) €’ ”zfﬂ/mx the reference ling = yrr yields that the desired wave field
ref — S
eVk2—(2)%uss ' |g‘ < kgl ' numerical simulations of (2) and the inverse spatial Fourie
function Dxs(k., w) including the evanescent contributions (7)
of a focused source at positions = [0 1]7 m emitting a
Hence, for large distances of the focus point to the secgndzg chosen tayes = 2 m (dashed line in Fig. 2)
re —_ . .
high temporal/spatial frequencies in case of the prc)pagfi‘gntributions produces excessive amplitudes in the rejed
and distances (bigger than some ten centimeters) usedin a tifacts. However, these excessive contributions willdier
function becomes very large for focused sources far aWR¥ntributions used in Fig. 2(b) does not show these prohlems
when considering the exponentially decay of the evanesc%%facts in the reproduced wave field above the focus point
- . . A more in-depth analysis of the reproduced wave fields shown
D. Modified Driving Function P y P
evanescent contributions in the driving function (7) is taot equal the decay of a point source placed at the focus.point

e secondary sources into (2). Inverse Fourier transforma
tion yields then the reproduced wave field in the temporal
o is indeed reconstructed perfectly there. In order to ifhtst
" {6_” (B =R k| < |2 (®) the properties of the reproduced wave field at other position
transformation have been performed.
The approximation given by (8) holds for Fig. 2(a) shows the reproduced wave field for the driving
/‘( )2 — k2| yer > 1, and and Fig. 2(b) for the modified drivin.g functioﬁmod,fs(kw,_w)
excluding the evanescent contributions (9). The repradoct
‘( monochromatic signal witlf; = 1000 Hz using a continuous
secondary source distribution is considered. The referéne
sofurce d'slt.”bu?or][#fs f>> 1) anc_i for large dlstarlwces Off theAs; already predicted in Section 1lI-C and clearly visible in
reference line to the focus poinfyer — 1) > 1), or for Fig. 2(a), the driving function (7) including the evanescen
ing/evanescent part. The appr_oximation has shown to be qlw ve field below the focus poing (< yis). Above the focus
accurate for typical frequencies (above some hundert Hejag?im @ > uw), the field is resynthesized without visible
reproduction. . L :
' . .. this approach unfeasible in practice.
It is evident from (8) that the evanescent part of the drlVmghe modified driving function (9), excluding the evanescent
from the secondary source dis_,tribution and for high_spa_mi_al The amplitudes are bounded to reasonable levels. However
low temporal frequencies. This can be concluded IntuUZIVekhe hard truncation proposed in Section IlI-D, seems to&aus
contributions of the individual secondary sources withatise (y > us). The amplitude of the wave fronts shows some
to the secondary source distribution. d?{aviatigf;s. from the desired field
in Fig. 2 revealed that the amplitude decay with distance to
A solution to overcome the potential problems with théhe secondary source distribution of the focused source doe
model the focused source without these. As first approadrtis is a well known artifact of 2.5-dimensional reprodaoati
the evanescent contributions in (6) are simply neglectéis T However, in the case of focused sources the amplitude decay
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Fig. 2. Reproduced wave field for a monochromatic focusedcsowith f; = 1000 Hz, xts = [0 1}T m andyef = 2 M using a continuous secondary
source distribution. The level is normalized to the refeeefine, values are clipped.

seems to differ not so much as for the reproduction of plai
waves. The detailed analysis of artifacts and the improveme
is subject to future work.

Practical implementations of the proposed approach wil u:
a finite number of loudspeakers placed at discrete positiol
This implies a spatial sampling and truncation processithat
discussed in the following two subsections.

y —>[m]

B. Spatial Sampling

The discretization of the secondary source distribution
modeled by spatial sampling of the driving function. This i
performed by multiplyingDss(x,w) with a series of spatial
Dirac functions at the positions of the loudspeakers. For
equidistant spacing this reads

1 (oo}
Dy s(z,w) = Dis(z,w) - Az ;Ooé(ac — Azp), (10)
"= o ] Fig. 3. Wave field reproduced for a monochromatic focusedcgousing
where Dy, s(z,w) denotes the sampled driving function anmed ke, w) with fs = 2000 Hz, xts = [0 1] m andyet = 2 m by

Az the distance (sampling period) between the sampliﬁg‘:r'ﬁg{g:digct%gdféérzziﬂfﬁin‘gsggﬂg‘;”aygﬁp:eg20 m. The level is
positions (indicated by the doasin Fig. 1). Applying a spatial ’
Fourier transformation to (10) results in

= > - 27
Dys,s(ky,w) =27 Z Drs (ka: — A—xn,W> . (11)

n=-00

used for a detailed analysis of sampling artifacts for WFg,[1
[16]. It is straightforward to apply these methods also here
Equation (11) states that the spectrtlﬁ}s,s(kx,w) of the Fig. 3 shows a numerical simulation of the wave field re-
sampled driving function is given as a superposition of theroduced by a spatially discrete secondary source disiitou
shifted continuous spectrds(k, — i—’;n,w) of the driv- with Az = 0.20 m using (11) and the modified driving
ing function. Introducing the spectrum of the sampled driiunction Dmog (k. ,w). The focused source emits a monochro-
ing function D, s(k,,w) into (2) results in the spectrummatic signal withf, = 2000 Hz. Sampling artifacts are clearly
Pfs,s(kz,y,w) of the wave field reproduced by a spatiallyisible in the reproduced wave field, especially close to the
discrete secondary source distribution. secondary sources. However, no sampling artifacts arbleisi
Above considerations can be used to qualitatively and quan-the vicinity of the focus point. This is an interesting pesty
titatively discuss the effects of spatial sampling for feed of focused sources that has been observed also in the context
sources. The same methodology as outlined above has beEWFS [16]. An in-depth analysis is subject to future resbar



C. Truncation transformation. It was shown that the evanescent conioibsit
Practical implementations will not only be realized b>pf the desired focused source cannot be reconstructedwtitho

spatially discrete distribution of individual secondanusces accepting high levels in the driving signals of the secopdar
but will also be of finite length. This constitutes a trunoatbf SOUrces. Hence, in practice it is favorable to neglect the
the secondary source distribution. Mathematically, tatiom ~€vanescent contributions of the focused source. Howekver, t
can be modeled by multiplying the secondary source drivirﬂ?ychoacoustlc implications seem to be unclear at the murre
function Dys(z,w) with a suitable window functionu(z). Stage. _ o _ _
Incorporatingw(z) into (1) yields the wave field%s q(x, w) The der!ve(_j results in conjunptlon with the results in [_16]
reproduced by a truncated linear array [5]. further. indicate that the artifacts of 2.5D reproduction
Quantitatively, truncation will have two consequencey: g1 &€ different for focused sources than for plane waves.
limited listening area and (2) an enlarged focus point. THBterestingly, acoustic focusing as used currently in W&8 c
effective listening area can be approximated quite well ¢ régarded as an approximation of the presented approach.
geometric means. It is given by the area in front of thgence, the presented approach will have beneflt_s fpr f(_)cused
loudspeaker array which is bounded by lines through thesfoctPurces placed close to the secondary source distribution a
point passing the secondary source distribution at its en@ low frequencies. Furthermore, extensions to the spectr
in a tangent like manner [16]. Severe truncation artifaces adivision method like explicit consideration of the seconda
present outside this area and some minor deviations aremqgregource directivity can be applied straightforwardly.

in the listening area. The second consequence of truncatigif Presented approach can also be applied to other

is well known from optics and there often referred to adpplication areas like e. g. ultrasonic imaging. Futureaesh
diffraction limited system. will include a more detailed analysis of the physical and

psychoanalytical properties of the presented approach.

V. COMPARISON WITHWAVE FIELD SYNTHESIS
Focused sources are a basic feature of WFS [13]. The links
between the proposed approach and acoustic focusing by WFS

ial i ; ; [1] A. Berkhout, “A holographic approach to acoustic cohtrdournal of
are of special interest, since the properties of these hega b the Audio Engineering Societyol. 36, pp. 977-995. December 1988,
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