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ABSTRACT

We present a time domain analysis and comparison of spatial discretization artifacts in near-field compen-
sated higher order Ambisonics and wave field synthesis. Simulations of both methods on the same circular
loudspeaker array are investigated and the results are interpreted in terms of fundamental psycho-acoustical
properties of the human auditory system, most notably the precedence effect. It can be shown that both
methods exhibit fundamental different properties regarding the synthesized first arriving wave fronts as well
as additional correlated wave fronts (echoes). The properties of both types of wave fronts are a consequence
of the combination of the spatial bandwidth of the loudspeaker driving function and the fact that a finite
number of spatially discrete loudspeakers are employed.

1. INTRODUCTION AND MOTIVATION

Wave field synthesis (WFS) and near-field compensated
higher order Ambisonics (HOA) constitute the two best
known representatives of analytical methods for sound
field synthesis. Both methods have been derived from
very different directions and have not been formulated in
a common framework until recently [1].

HOA was developed from rather intuitive yet physical
considerations [2]. The theory was later extended [3]
and recently a solid physical interpretation in terms of
the single-layer potentialsolution was found [4] which
retroactively justifies the approach. The loudspeaker
driving signals in order to reproduce a given desired
sound field are obtained via a straightforward solution
of the reproduction equation.

WFS on the other hand directly implements fundamen-
tal physical principles like the Rayleigh integrals or the
Kirchhoff-Helmholtz integral [5, 6]. While HOA is
restricted to spherical and circular loudspeaker arrays,
WFS may be employed with planar, linear, and arbitrary
convex loudspeaker contours.

It has been shown that the solutions obtained by both
HOA and WFS are not essentially different from a phys-

ical perspective when continuous spherical and circu-
lar secondary source (i.e. loudspeaker) distributions are
considered. The only notable difference is the fact
that WFS constitutes a high-frequency approximation
of HOA [7]. The psycho-acoustical consequences of
this circumstance are not clear but are assumed to be
marginal.

What essentially distinguishes the two approaches is the
way they are implemented: The loudspeaker driving
function in WFS typically exhibits infinite spatial band-
width (or infinite order), the driving function in HOA is
spatially bandlimited to a given order [1]. To put it in
one sentence, WFS constitutes a high-frequency approx-
imation of infinite order HOA. For convenience, we will
not use the spatial bandwidth in order to refer to the dif-
ferent types of synthesis as it is done in [8], but will use
the terms WFS and HOA as representatives for infinite
spatial bandwidth and finite spatial bandwidth synthesis
respectively.

It has recently been shown by the authors in [1, 8] that
the spatial bandwidth of the loudspeaker driving signal
has fundamental influence on the properties of the syn-
thesized sound field when spatially discrete loudspeaker
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setups are considered. More explicitly, the spatial band-
width of the driving function has a fundamental influence
on the properties of the desired components of the syn-
thesized sound field as well as on the structure and en-
ergy distribution of spatial discretization artifacts. How-
ever, analyses of the consequences on human percep-
tion are only partly available, e.g. in [9]. Note that
we exclusively consider the physical synthesis of sound
fields in this paper. At this stage, we do not take into
account any psychoacoustic optimizations such as per-
formed e.g. in [10, 11].

The analyses available in the literature such as [1, 8] fo-
cus on monochromatic scenarios and therefore on spec-
tral characteristics of spatial discretization artifacts. But
it has recently been shown in [12] that the temporal char-
acteristics of spatial discretization artifacts in sound field
synthesis can have essential influence on the perceived
quality. In the temporal domain such artifacts can occur
as correlated signals arriving before (pre-echoes) or after
(echoes) the desired virtual source signal. So far, pre-
echoes have only be observed in the synthesis of focused
virtual sound sources in WFS [13]. Time domain simu-
lations of WFS have also been presented in the classical
WFS literature such as [14] and HOA simulations have
been presented in [3]. However, detailed analysis and
comparison have not been performed.

The critical property of the human auditory system to
mention at this point is theprecedence effectwhich is a
fundamental mechanism in spatial hearing [15, 16]. The
precedence effect describes the phenomenon that the di-
rection of a perceived sound is not altered by echoes of
this sound which may arrive from different directions in
a time window of 1–40 ms after the leading wave front.
Also, the echoes are not perceived as such but as a room
impression, so that in the time window of 1–40 ms fu-
sion to one auditory percept occurs. In the case of virtual
sources the possibility hence exists that the spatial dis-
cretization artifacts have no influence on the perceived
direction of the auditory event and are not perceived as
echoes. This means also that pre-echoes are more critical
than echoes, because they arrive before the desired wave
front and can influence the perceived direction due to the
precedence effect. On the other hand, the precedence
effect only occurs if the relative level of the repetition
occurring after the leading wave front is not higher than
10–15 dB. So if the amplitude of the wave front from
the virtual source is much higher than the amplitudes of
the pre-echoes, the pre-echoes will be audible as an ad-

ditional auditory event.

2. FRAMEWORK

For the simulations analyzed in Sec. 3 a loudspeaker ar-
ray is assumed using parameters which correspond to
those of the loudspeaker array installed at the Usabil-
ity Laboratory at Deutsche Telekom Laboratories. It is
composed of 56 equiangularly spaced loudspeakers on a
circle with a nominal radius of 1.495 m. For simplicity,
we assume omnidirectional loudspeakers and free-field
conditions in the simulation.

This paper does not introduce new aspects of the theory.
A review of the theory is therefore waived in favor of
a compact analysis of the properties of the synthesized
sound field (references are mentioned below).

The scenario investigated in this paper is so-called2.5-
dimensionalsynthesis. The term 2.5-dimensional refers
to the fact that loudspeakers with a three-dimensional
spatio-temporal transfer function are used and synthe-
sis in a plane, i.e. in two dimensions, is targeted. This
is the scenario which is mostly implemented in practice,
e.g. [17, 18].

2.5-dimensional sound field synthesis exhibits a num-
ber of restrictions compared to three-dimensional sound
field synthesis. Most notably, only sound fields propa-
gating in the target plane, typically the horizontal plane,
can be synthesized. Furthermore, the amplitude decay of
synthesized sound fields typically deviates from the de-
sired one. Both restrictions do not play a fundamental
role in the presented investigation. It can be shown that
spatial discretization artifacts have similar fundamental
properties in three and 2.5 dimensions. The reader is re-
ferred to [19] for a detailed treatment of the theory of
2.5-dimensional HOA and to [5, 6] for treatments of 2.5-
dimensional WFS. A brief description of the preparation
of the simulations follows below.

The WFS solution for the individual loudspeaker driving
signals is directly available in time domain apart from
the well known pre-filter which has to be designed in
temporal frequency domain. The HOA solution is ex-
clusively available in temporal frequency domain. Infi-
nite impulse response representations of the HOA driv-
ing signals in time domain are available [20] which are
not convenient to be employed in the presented simula-
tions. We therefore performed a sampling of the analyt-
ical temporal frequency domain representation and ob-
tained the (finite-length) time domain representation via
an inverse numerical Fourier transform [21].
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As mentioned above, we assume the loudspeakers to be
omnidirectional. They do thus not alter the input sig-
nals. If the response of the system at a specific position
is desired, the individual loudspeaker signals have to be
delayed and attenuated according to the distance of the
position under consideration to the individual loudspeak-
ers. Finally, the delayed and attenuated loudspeaker sig-
nals have to be added.

In the remainder of the paper the synthesis of a virtual
plane wave sound field which propagates inside the hor-
izontal plane is considered.

3. RESULTS

Fig. 1 shows still images of the spatio-temporal impulse
response of the loudspeaker system under consideration
when driven in order to reproduce a virtual plane wave
with propagation directionθpw =− π

2 (i.e. downwards in
the plots) for different time instances. A cross-section
through the horizontal plane is shownn. Fig. 1(a), 1(c),
and 1(e) show HOA, Fig. 1(b), 1(d), and 1(f) show WFS.

Fig. 2 shows impulse responses of the loudspeaker sys-
tem for a specific listening position for HOA (Fig. 2(a)
and 2(c)) and WFS (Fig. 2(b) and 2(d)). Fig. 2(c)
and 2(d) show the impulse responses from Fig. 2(a)
and 2(b) respectively but lowpass and highpass filtered
with cutoff frequenciesfcutoff as indicated. In all figures
the absolute value of the sound pressure is shown in dB.
The timet is chosen such that the virtual plane wave front
passes the center of the loudspeaker array att = 0 ms.

As described in Sec. 3.1, the major findings which can
be deduced from time domain simulations are the prop-
erties of the first arriving wave fronts and the occurrence
of additional and correlated wave fronts (echoes) which
are a consequence of the chosen spatial bandwidth of the
driving function in combination with the fact that a finite
number of spatially discrete loudspeakers is employed.
As stated earlier this leads to spatial discretization arti-
facts above thespatial aliasing frequency fal. In WFS
reproduction,fal is approximately constant over the en-
tire listener area. For the present loudspeaker array, it lies
betweenfal = 1400 Hz andfal = 2500 Hz depending on
the listening position.

This situation is more complicated for HOA reproduc-
tion. Here, spatial aliasing in the strict sense does not
occur but a reconstruction error which is also referred to
as spatial aliasing [19]. In HOA it is such that an almost

artifact-free region evolves around the center of the sec-
ondary source distribution which gets smaller with fre-
quency. For frequencies below 1400 Hz, this artifact-free
region fills the entire receiver area and reaches the size
of a human head at approximately 10 kHz for the present
loudspeaker array [1].

Sec. 3.1 summarizes the observations deduced from the
illustrations in Fig. 1 and Fig. 2. Sec. 3.2 interprets the
observations in terms of perception.

3.1. First wave front and echoes

WFS exhibits a pronounced first wave front at all lis-
tening positions. Above the spatial aliasing frequency
this first wave front is slightly distorted but keeps its pla-
nar shape. Spatial aliasing artifacts in the form of high-
frequency echoes (> fal) follow the first wave front for
all listening positions. As pointed out in [5], WFS can be
seen aswave front synthesis. The broadband first wave
front is followed by a dense sequence of echoes of ap-
proximately similar amplitude for 0 ms< t < 0.2 ms (re-
fer to Fig. 1(d)). This dense sequence is followed by a
slightly sparser sequence of high-frequency echoes for
0.2 ms< t < 6 ms with decreasing amplitude. The time
interval between successive echoes in the sparser part of
the impulse response is in the order of some hundredµs.
These high-frequency echoes arrive from various direc-
tions and are rather homogeneously distributed over the
entire receiver area. It can be shown that each of the
active loudspeakers produces one of these echoes. Con-
sequently, larger loudspeaker setups lead to longer im-
pulse responses and a larger loudspeaker spacing leads
to longer intervals between the echoes.

In HOA the plane wave front is accurately synthesized
around the central listening position (refer to Fig. 1(c)).
At other listening positions, especially at positions lat-
eral to the center, the synthesized sound field consists of
a number of echoes which impinge at different times and
from different directions on the listener. Comparison of
Fig. 1(c) with monochromatic simulations from [8] re-
veals that the first wave front arriving carries the tempo-
ral low frequency content. This is also confirmed by the
impulse response of the loudspeaker system driven with
HOA, as depicted in Fig. 2(c). The thick red curve repre-
sents energy belowfcutoff = 2200 Hz, the thin blue curve
represents energy abovefcutoff. The virtual plane wave is
accurately synthesized at these low temporal frequencies
whereby it exhibits a slightly concave shape containing
some distortion for positions lateral to the center. After
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(a) HOA,t =−2.7ms
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(b) WFS,t =−2.7ms
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(c) HOA, t = 0ms

 

 

−2 −1 0 1 2
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

−30

−25

−20

−15

−10

−5

0

x (m)

y
(m

)

(d) WFS,t = 0ms
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(e) HOA,t = 2.7ms
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(f) WFS,t = 2.7ms

Fig. 1: Impulse responses of the loudspeaker system in the horizontal plane when driven in order to reproduce a
virtual plane wave with propagation directionθpw = − π

2 (downwards in the plot). The absolute value of the time
domain sound pressure is shown in dB for different instancesof time. The left column shows HOA, the right column
shows WFS. The marks indicate the positions of the loudspeakers.
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(c) HOA, fcutoff = 2200Hz
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(d) WFS, fcutoff = 2000Hz

Fig. 2: Impulse responses of the loudspeaker system at positionx = 1 m,y = 0 m when driven in order to reproduce a
virtual plane wave with propagation directionθpw =− π

2 . Fig. 2(c) and 2(d) show the impulse responses from Fig. 2(a)
and 2(b) but highpass (’hp’) and lowpass (’lp’) filtered witha cutoff frequency offcutoff. The absolute value of the
sound pressure is shown in dB. The plane wave passes the center of the array att = 0 ms with amplitude 0 dB.

the first wave front, a number of echoes arrive succes-
sively from a direction which approximately coincides
which the direction of that loudspeaker at which the vir-
tual plane wave first “touches” the loudspeaker contour.

Comparison of Fig. 1(c) with monochromatic simula-
tions from [8] reveals that these echoes contain temporal
high frequencies. Again, this is confirmed by Fig. 2(c).
Note that the loudest echo is almost at 15 dB above the
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first wave front (Fig. 2(a)). The distance in time between
the adjacent wave fronts is significantly lower than 1 ms
for the loudspeaker system under consideration. A wider
loudspeaker spacing leads to a larger distance between
the wave fronts.

It is evident from comparing Fig. 1(c) and 1(f) (and
Fig. 2(a) and 2(b)) that the impulse response of the sys-
tem is significantly shorter for HOA than for WFS for a
given listener position. While no considerable energy is
present at all positions fory> 0 m in HOA fort = 2.7 ms
in Fig. 1(c) the discretization artifacts in WFS are still
obvious (Fig. 1(d)).

For completeness we mention here one property of HOA
which is not evident in Fig. 1 or 2 but has to be deduced
from the monochromatic simulations in [8]. It is the fact
that the energy distribution over the entire listening area
is very inhomogeneous for frequencies above the spa-
tial aliasing frequency. At certain locations dependent
on the considered frequency, the synthesized sound field
exhibits a significantly lower amplitude than desired.

3.2. Perception

The accurate synthesis of the first wave front in WFS
leads to very good auditory localization for non-focused
sources over the entire listening area [22, 23, 24]. This
is in accordance with the conclusion that can be drawn
from Sec. 3.1 based on the precedence effect. The high-
frequency echoes due to spatial discretization are not per-
ceivable as echoes nor do they change the perceived di-
rection of the virtual plane wave. Recall that the echoes
arrive in a time window smaller than 6 ms, are lower in
amplitude, and contain fewer spectral components than
the first wave front. Informal listening1 confirms ab-
sence of perceivable echoes, but the echoes do add some
sense of spaciousness. This is another well known phe-
nomenon of the precedence effect and enables us to per-
ceive rooms. Due to the unnatural pattern of echoes and
the corresponding comb filter spectrum also slight col-
oration is perceivable.

For HOA we have a temporal separation between the
wave front for low and high frequencies, therefore it ex-
ists no spectral overlap between the first wave front and
the later echoes. This leads to a weaker precedence ef-
fect [26]. Also the high-frequency echoes are 15 dB

1Audio examples including all binaural cues can be downloaded
from [25].

greater in amplitude than the first wave-front. This sug-
gests that the high temporal frequency content of the vir-
tual source is localized in direction of the loudspeakers
producing these echoes (see above) in contrast to the low
frequency content which impinges from the desired di-
rection. Informal listening shows that high and low tem-
poral frequency content are indeed localized at different
directions for listening positions lateral to the center. The
virtual source is thus split into two sources. One source
emits exclusively the high temporal frequency content,
the other source emits the low temporal frequency con-
tent.

In general, HOA provides a less homogeneous percep-
tion than WFS when the entire listening area is consid-
ered. On the other hand, at the center of the loudspeaker
array HOA is expected to cause less coloration than WFS
due to the absence of any echoes at this location in HOA.

4. CONCLUSIONS

We have presented a time domain analysis of arti-
facts occurring in 2.5-dimensional near-field compen-
sated higher order Ambisonics (HOA) and wave field
synthesis (WFS). Based on numerical simulations it was
shown that the wave fronts in WFS are properly synthe-
sized and are followed by discretization artifacts which
resemble echoes from various directions. These echoes
contain energy exclusively above the spatial aliasing fre-
quency. Based on existing literature on the precedence
effect, it was concluded that these echoes are inaudible,
but that they add some sense of spaciousness and timbral
coloration. The interpretation from [5] that WFS is actu-
ally wave front synthesisis thus confirmed. This fact is
also supported by the close relation of the WFS theory to
Huygens’ principle.

The first wave front in HOA on the other hand is split
into a low-frequency first wave front and high-frequency
echoes which arrive from different directions for some
listening positions. Since there is no spectral overlap
between the first wave front and the echoes we expect
that the virtual source is split into two sources at differ-
ent positions. One of the perceived sources emits the
low-frequency content, the other source emits the high-
frequency content.

Informal listening confirms above described conclu-
sions1. A formal perceptual experiment in order to con-
firm the presented analysis is in preparation.
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