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Abstract 
This paper proposes a spatial sound reproduction approach 
for subjective assessment of interior car sound. The sound 
reproduction is based on wave field synthesis technology 
(WFS). This technology enables holophonic audio 
reproduction and an enhanced immersion of the listener into 
a spatially extended sound field without using headphones. 
In past publications [15], [16], the basic principles of interior 
car sound simulations using WFS have been outlined. This 
paper gives technical details on implementations and 
proposes spatial processing approaches for a WFS 
reproduction compatible to existing binaural simulation 
environments for NVH engineering.  

1. Introduction 
Virtual prototyping has become a common NVH 

engineering tool to reduce development time and to increase 
prediction capability in product development processes. A 
number of simulation systems have been presented up to now 
and field reports have been published (e.g. [14], [1], [22]). 

In the past years, several authors reported on the 
influence of spatial audio reproduction for the assessment of 
product sound quality. Investigations on binaural 
reproduction methods have shown influence of spatial audio 
reproduction on physiological responses as well as perceptual 
attributes such as loudness, sharpness roughness or 
unpleasantness [5], [6], [11]). 

These effects are related to binaural masking effects, 
generally expressed by binaural masking level differences 
(BMLD). The BMLD is defined as the difference of the 
masked threshold level obtained from a reference masking 
experiment with diotic masker (identical input signals at 
both ear drums) and probe comparison to the same 
experiment but using a dichotic masker and probe (different 
input signals at the two ear drums). Results of such 
experiments generally show that a probe is less masked if 
masker and probe appear at different azimuth angles in the 
horizontal plane [4], [8]. 

Such binaural masking effects are important for virtual 
prototyping and sound simulation since e.g. the disturbing 
component of a signal may become audible if it is sufficiently 
separated in space from a masking signal. Comprehensive 
hearing models for perceptual attributes of interior car 
sounds affected by spatial reproduction have not yet been 
developed. Still, the existing results give a clear indication 
that spatial reproduction influences the judgment of product 
sound quality and gives reasons for spatialisation in 

simulation environments in order to guarantee reliability of 
evaluations and target setting processes. 

2. Simulation Approaches 

2.1. Physical Approach 

Most vehicle sound simulation systems presented up to now 
use diotic or dichotic (binaural) reproduction over 
headphones or stereophonic loudspeaker reproduction e.g. 
with a 4.1-set-up. 

The general and straightforward approach for sound 
simulation is to reproduce physically correct ear input signals 
in order to create a spatial sonic image. Usually, this concept 
is implemented by head related transfer functions (HRTF) 
and headphones reproduction. The main advantage of this 
approach is to provide in theory a localization of sound 
sources in all three spatial dimensions. 

In practice this approach shows several drawbacks. The 
spatial image is very sensitive e.g. to inter-individual 
differences of HRTFs. Localization is disturbed by front-back 
confusions, out-of-head localization is limited and distance 
perception does not necessarily match the intended real 
image [4]. One solution can be to provide head-tracking for 
the binaural reproduction. Still, the feeling of wearing a 
headphone remains and reduces the immersion into the 
virtual environment. The sonic image seems to move with 
the listener’s head since it is fixed by the headphones. The 
listener cannot approach e.g. the vibrating surfaces of the car 
interior. 

This degradation of spatial audio reproduction quality 
poses problems especially with untrained test persons (e.g. 
possible customers). The aim of such tests is, to provide a 
correct stimulation within the correct context. Here, with 
headphones reproduction, we find differences in the 
perceptual context due to haptic influences of the 
headphones and due to the biased out-of-head localization. 

2.2. Quality of Spatial Reproduction 

The aim of a perfect simulation would be, in principle, to 
approach the real impression of an environment at the best, 
such that the simulation will be undistinguishable from the 
real environment. 

In any case, an auditory virtual environment (AVE) will 
never be able to simulate such an authentic perception as a 
given real environment since technical restrictions, limited 
processing capacities, measurement errors, etc. will degrade 
the quality of reproduction. Therefore, several authors 
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have considered quality features of AVEs in order to give 
relative measures for a classification of reproduction 
capabilities in a certain context. We have to consider quality 
of spatial reproduction in relation to the perceptual purpose 
of the environment. The spatial audio reproduction for an 
interior vehicle sound should provide the same perception on 
determinant parameters of sounds than a real environment. 
This refers to the term “fidelity of the environment” as 
introduced by Leplat in [17].  

One further important aspect of sound reproduction 
quality is the ability of the system to immerse the listener 
into a virtual environment. In the ideal case the medium 
should not be perceivable on its own but only reproduce the 
desired impression of the virtual environment. This refers to 
the “illusion of non-mediation” according to Lombard and 
Ditton [18], meaning “a person fails to perceive or 
acknowledge the existence of a medium in his/her 
communication environment and responds as he/she would if 
the medium were not there.” This feeling of “immersion” 
within a virtual environment is a key aspect especially when 
untrained listeners are asked to judge intuitively certain 
sounds (e.g. to include the customer’s opinion into the 
development process). 

2.3. Perceptual Approach 

Since the “perfect” spatial simulation is difficult to achieve 
by strictly physical approaches, perceptual approaches can 
possibly provide better results, since they enable a separate 
control of perceptual parameters of the stimuli under test. 
The idea of a perceptual approach is to guarantee that 
perceptual parameters are influenced in a similar way by the 
audio simulation compared to a real environment. This does 
not necessarily mean to reproduce exactly all physical 
properties of a given sound field. The idea is to focus on 
certain perceptual parameters, which are important for the 
aim of the simulation. [19], [4] 

We can identify the following perceptual parameters of 
spatial reproduction interesting for the discussed application: 
localization, distance, source width, distance, and room size. 

Following the idea of an “illusion of non-mediation”, the 
simulation requires a reproduction method that is 
“transparent” in the sense that the medium itself is ideally 
not perceivable. This also includes an interactive aspect, in 
the sense that the user should be able to move at least his 
head within the sound field. This proprioceptive cue of head 
movements provides important additional information for 
sound localization and source segregation [2] as well as the 
impression of perspective in extended sound fields 
(holophony). 

 
 

 

3. Application of Wave Field Synthesis 
In previous publications, the principles of WFS have been 
outlined and applied to car sound simulations [15], [16]. 
Therefore, the following paragraph only resumes very briefly 
the principles of WFS and focuses on the implementation of 
such systems. 

Wave field synthesis (WFS) has been introduced first by 
Berkhout [2] and is based on the Huygens’ principle. WFS is 
able to reproduce holographic sound images and homogenous 
sound fields without sweet spot. WFS creates the effect of 
“perspective“ for the reproduction of sound sources. The 
sound field closely approximates the field emitted by a real 
source. The listener can freely move his head within the 
sound field as if in a real vehicle. 

Although WFS has often been presented in the past years 
as to reproduce sound sources physically correct, we will 
focus here on perceptual parameters of WFS and especially 
on the extraction of perceptual information from binaural 
recordings for WFS reproduction. 

In principle, WFS is able to provide a close physical 
approximation of a given sound field. But in car sound 
simulations, this approach poses several challenges 
especially on the recording or modeling side, where the real 
sound field would need to be measured and spatially 
decomposed before being processed by a WFS system. 
Measurement and rendering techniques are available for 
such purposes, however the size of microphone arrays limits 
the practical relevance of such methods [12], [13]. 

Today, binaural recording and simulation devices are 
available and accepted for interior car sound [14], [1], [22]. 
This concerns measurement set-ups with artificial heads or 
stereo microphones as well as simulation environments for 
transfer path analysis. 

To overcome the drawbacks of binaural headphones 
reproduction such as limitations in terms of out-of-head 
localization, distance perception, and interactivity 
(headphones fixed at the listener’s head), the authors 
propose to extract the perceptually relevant parameters for 
spatial reproduction from binaural recordings and to use 
WFS processing for spatial reproduction. 

4. Processing of Binaural Material for WFS 
Perceptually motivated processing methods for spatial 
information of binaural signals have been disclosed by Faller 
in [10]. They apply interaural parameters (ITD, ILD, IC) to 
extract spatial information from audio signals. For WFS 
reproduction we are interested in reproducing perceptually 
correct the direct sound in terms of localization and source 
width as well as the diffuse sound field stimulating distance 
perception, source width and room size perception. 

One can identify parameters of binaural recordings 
(inter-channel time difference ICTD, inter-channel level 
difference ICLD, and inter-channel coherence ICC), which 
can be mapped to perceptual parameters of the spatial sonic 
image. ICTD and ICLD determine the localization of the 
auditory event. The width of the auditory event increases as 
the ICC between the left and right signals decreases since it 
is directly related to the interaural coherence, at least for 
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headphones reproduction. As Faller points out [10], the IC 
can also be related to the listener envelopment (referring to 
the early and late part of binaural room impulse responses) 
and a direct mapping with the respective perceptual 
parameters is thus not straightforward for complex audio 
signals. Still, in interior car sound simulations, we have to 
deal with relatively stationary signals and constant impulse 
responses of the transfer path. This allows a substantial 
enhancement of the processing results for blind synthesis of 
spatial cues approximating the corresponding cues of the 
original audio signal. This concerns especially the separation 
between diffuse sound field and direct sound. 

The binaural signals are processed in subbands and the 
spatial cues, ICTD, ICLD, and ICC are estimated 
independently for each subband. They result in an audio data 
stream and additional side information containing the spatial 
cues for each subband. From this information, a spatial audio 
signal on n independent channels is decoded. Since the front-
back orientation of the binaural recording is known in this 
application (seating position of the driver), front back 
confusions, which would occur in headphones reproduction, 
can be avoided using the loudspeaker system. A complete 
review of the binaural coding and decoding process in all 
details would go beyond the scope of the paper and the 
reader is referred to [10], [9], and [3] for further details. 

 

5. Implementations 
Such processing of binaural signals is possible with 
recordings of a complete interior car sound but is of 
particular interest in combination with transfer path 
synthesis. In this case, we are able to process separately each 
source and transfer path spatially and thus provide a well-
defined localization, source width and envelopment for each 
modeled source including the transfer path to the listener’s 
ears (engine mounts, road noise, tire noise, wind noise, etc.). 
This processing is outlined in the following block diagram 
(fig. 1). 

The spatial cues are estimated from binaural signals for 
each source and transfer path in subbands. From the obtained 
audio information and the spatial parameters, an upmix on 
e.g. 8 or 16 independent channels is performed. These 
signals are fed to a WFS processing and reproduced as 
independent plane waves. From a physical point of view, 
these plane waves refer to a spatial decomposition in 
spherical harmonics. They provide a homogeneous 
reproduction of the diffuse field and a stable localization of 
the apparent phantom sources within the plane waves. Thus, 
a complete surrounding sonic image of the car sound is  

Figure 1: Spatial processing from binaural signals using WFS. The binaural signals of sources and transfer 
paths are spatially processed and fed into a WFS system. Here, 32 loudspeaker channels are used to recreate a 

homogeneous sound field from 8 plane waves.  

Optional 
control i

 

Exemplary apparent sound 
sources (localization and 
source width) 

Diffuse field 

... 

n binaural input signals 
(from transfer paths) 

ICTD, ICLD, ICC 
estimation 

(in subbands) 

Upmixing in subbands 

Σ 
Output matrix on  

plane waves 

WFS processing 

32 

8 

2nd ISCA/DEGA Tutorial and Research Workshop on Perceptual Quality of Systems

36



achieved. The sonic image remains stable in the whole 
listening area regardless of the seating position. Even in 
multi-listener scenarios (jury testing, full vehicle simulator – 
see fig. 2) the reproduction guarantees a constant sonic 
image for all listeners and a free communication between the 
listeners without disturbing headphones. For further details 
on the WFS processing the reader is referred to [20], [23]. 

Informal listening tests have shown that the processing 
provides a plausible reproduction without undesired 
coloration, a clear out-of-head localization and envelopment 
compared to binaural reproduction. From a practical point of 
view, restriction of the sound field reproduction to a 
horizontal array of loudspeakers seems reasonable since 
investigations have shown a strong localization blur in the 
median plane [4]. In principle, additional loudspeakers e.g. 
above the listener are feasible but not necessary for a 
plausible simulation. 

Even though WFS provides a correct phase control of the 
sound field only up to the so-called spatial aliasing 
frequency, listening tests have proven that a loudspeaker 
distance in the range of 15-20cm for this application is 
sufficient to stimulate a clear localization of sound sources 
[21]. The spatial aliasing frequency is mainly determined by 
the loudspeaker distance but also by the position of the 
virtual sound source and the listener. It may reach minimum 
values around 1,5kHz depending on the loudspeaker 
distance. Still, above the aliasing frequency, a spatially 
homogeneous sound color is achieved due to multi-channel 
filtering according [7] and further localization cues are 
provided by the precedence effect. 

In principle, direct reproduction of the 8 or 16 output 
channels from the binaural upmix processing by 8 or 16 
loudspeakers would also be feasible. However, the effect of 
plausibility is substantially degraded since the loudspeakers 
will be directly perceivable due to their directivity 
characteristics. The “transparency” of the medium in terms 
of non-mediation is enhanced with WFS, since the sound 
field reproduction provides the effect of an “acoustic 
window”. The single loudspeaker within the WFS system 
blends into the overall impression of the sound field, 
providing homogeneity of the sound field and plausibility of 
the environment.  

WFS requires a certain minimum number of 
loudspeakers to create a plausible environment. “Desktop”-
systems are feasible starting at 24 loudspeakers surrounding 
the listener (fig. 3). Also more sophisticated solutions have 
already been implemented with loudspeaker arrays 
integrated into the car (fig. 2). Such systems are driven by 
parametric models of car sounds controlled by rpm, throttle 
and speed. The system is based on a WFS-rendering engine, 
calculating in real time the required loudspeaker signals for 
sound field reproduction.  

In principle, WFS works with any loudspeaker type. Flat 
panel loudspeakers (distributed mode loudspeakers) have 
proven to provide enhanced blending of the holophonic 
sound field into a homogeneous wave front. Furthermore, 
these loudspeakers may be integrated invisibly into other 
surfaces. They provide solutions for “desktop simulators” 
and also for invisible integration into full vehicle simulation 
systems.  

To control the WFS from external applications, a network 
layer has been implemented. This network provides control 
of the positioning of virtual sound sources from the driver 
interface (e.g. pass-by noise of further cars in virtual driving 
scenarios). Also audio data may be distributed to the WFS 
rendering machines using this network. Further details can 
be found in [20]. 

 

  

Figure 2: Full vehicle simulator using WFS. 
Loudspeakers are integrated into the car interior, see 

[15] for further details. Picture provided by 
“Volkswagen Forschung”. 

 

 

Figure 3: Virtual car simulator with flat panel 
loudspeakers for WFS. Each panel comprises 8 

exciters on the back of the white surface acting as 8 
independent loudspeaker channels. 

6. Summary 
A reproduction system for interior car sound using binaural 
signals and Wave Field Synthesis (WFS) has been presented. 
Perceptual parameters for sound quality assessment are 
derived from spatial cues of binaural signals and correctly 
reproduced in a WFS set-up. Out-of-head localization and 
immersion are improved, headphones are not required. 
Experiences have shown that WFS provides a reliable and 
intuitive tool for sound quality assessment in virtual 
prototyping. A plausible virtual environment is created, 
matching the impression of a (possible) real environment. 
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WFS provides solutions for extended sound fields, multi-
listener scenarios, and may also act as an intuitive and 
convincing demonstration tool. Further investigations on 
practical implementations and their evaluation for car sound 
applications are in progress. 
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