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POSITION INDEPENDENT STEREOPHONIC SOUND REPRODUCTION

Summary : In this paper the correction of the degradation of stereophonic illusion dafécentre
listeningis investigated. The main idea here is that the directivity pattern of a loudspeaker array should
have a well defined shape such that a good stereo reproduction is achideegeistening areaDigital

filters are designed and applied to individual drivers of linear loudspeaker arrays in order to obtain a
directivity pattern of a specific shape. This shape is adapted to the time/intensity trading mechanism of the
human auditory system via psychoacoustic experiments within a wide listening area. Therefore, the drivers
are fed by digital filters with coefficients which are calculated by means of a numerical optimisation
procedure. This was done in such a way that the loudspeaker arrays together radiated sound in a broad
range of listening positions in accordance with the time/intensity trading results. This application is
referred to asPosition Independent (PI) Stereo”

INTRODUCTION

The basis of stereophony is the ability to crepteahtoni images. What do we mean by

a phantom image? It is known that the brain locates a mono signal originated from a
single source by comparing the differences in the arrival time and intensity of that signal
at each ear. What if that same mono signal is played through two loudspeakers on either
side of the listener? If this happens, then the sound seems to appear from midway
between the two loudspeakers since the travelling time of the signal arriving at each ear
is the same. This is called pHantori image (see Figure 1) [1].

Generally it is considered as a serious artefact of the traditional stereo system that the
listener is aware of the stereophonic illusion only in a limited region. Optimum stereo
perception only occurs if the listener is placed exactly in the median plane between the
two loudspeakers. If the head is moved away from the median plane then the stereo effect
deteriorates. Thi®ff-centre listeningproblem becomes even more serious when the
distance between the loudspeakers is not large in comparison with the deviations from
the centre position as it occurs in multimedia PC monitor and TV applications; the latter
normally has a wider stereo base but in some cases a smaller stereo base is desired. Thus,
if the head is moved laterally, the sound rapidly seems to come from the nearest
loudspeaker only. This is mainly because of two additional effects: the intensity of the
nearest loudspeaker at the listener’s head is highest, and its wavefront arrives earlier (law
of the first wavefront or precedence effect) (Figure 1) [1, 2].
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Figure 1 Stereo setup and off-centre listening problem when the listener is not in the sweet spot position.

In general, it can be stated that correct localisation within a wide listening area is
beneficial for all applications where a good stereophonic sound image is required: audio,
video and car stereo. The idea of achieving an increase in the listeningveeea gpot
widening in a stereo setup has been introduced and studied at the beginning of the 90’s
and was calledPosition Independent (PI) Stefedn these works, the idea ofithe/
intensity trading, realised by an appropriate directivity pattern for the loudspeakers for a
two channel stereo arrangement, was presented. The main idea was the following: if the
listener moves to the left, the sound intensity from the right loudspeaker must increase,
while that of the left loudspeaker must decrease in such a way that the virtual sound
image remains in the middle. This can also be seen as a aatbofatic balanceontrol
depending on the position of the listener. Here, we will continue this idea and we will
describe robust digital implementations for the Pl-stereo system so as to achieve a better
performance of the system in a large listening area. In summary, we will present the
current state-of-the-art on Pl-stereo sound reproduction to clarify some unclear parts that
appeared in previous works, and we will also describe a digital filtering technique which
will be applied to the individual drivers of the loudspeaker arrays to obtain a directivity
pattern of a specific shape.

BASIS OF POSITION INDEPENDENT STEREO

The PI-stereo system is basically composed of two loudspeaker arrays, each fitted into a
single cabinet, with an optimal directivity pattern which has been designed such that a
good stereo reproduction is achieved in a large listening area [6, 7, 8, 9]. A “standard”
listening setup for Pl-stereo for Hi-Fi audio and TV setups is shown in Figure 2.
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Figure 2 Optimal listening area for Pl-stereo reproduction.

Loudspeaker array design and frequency range splitting

It has been proved that an adjustable directivity pattern for a loudspeaker can be realised
by using an array of drivers positioned at a small distance from each other [9, 10]. In [3]
a clever design of loudspeaker cabinets using several drivers to achieve Pl-stereo sound
reproduction was described. In that work, a pair of loudspeaker cabinets was equipped
with a pair of drivers for each frequency range (high and mid) (see Figure 3). It was also
decided to split the audible frequency band into 3 ranges (Figure 4):

1. Lower than frequency] = 200 Hz: the left and right channels signals are added

(becomes a mono signal). No optimal directivity pattern is required since low
frequencies are hard to localise.
2. Between frequencids = 200 Hz andy = 2 kHz (mid range): Left and right channels

are processed separately.
3. Greater than frequengy = 2 kHz (high range): The same as in the mid range.

A pair of loudspeaker cabinets (left and right) were equipped with a pair of drivers,
which were separated with a given distance to achieve the two frequency ranges (high
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Figure 3 Description of the loudspeaker cabinets for the Pl-stereo system. Optionally, a central
woofer can be added to the Pl-stereo system to reproduce the low frequencies.

and mid), so as to achieve the desired directivity pattern. The low frequencies can be
optionally reproduced by means of a woofer (Figure 3). The drivers were finally fed by
the calculated digital filters in such a way that both loudspeakers together radiate sound
in a broad range of listening positions in accordance with the time/intensity trading
experiments.
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Figure 4 A schematic block diagram for the processing of the audio channels (left and right). The
frequency range splitting is achieved by means of crossover filters. HiltersdHg for the

high frequency range and filtav, andMg for the mid frequency range are obtained by the
proposed method. These filters drive the 2 different arrays of Ioudspe&@is, L%B

and LSMA, LSVIB . Low frequencies of the audio channels (left and right) are reproduced by
a woofer.
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OPTIMAL DIRECTIVITY PATTERN

In order to calculate the optimal directivity pattern for the loudspeakers, listening tests in
an anechoic room were conducted [3, 5]. During these tests, the differences in intensity
levels between rigiR and leftL loudspeakers for different listening positions to obtain a
central sound image were measured (Figure 5). From these experiments, an optimal
directivity pattern for the sound sources of the loudspeakers can be determined. We
introduce next the approach of finding the optimal digital filters to drive the arrays of
loudspeakers so as to achieve the required directivity patdeget functioi.
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Time/intensity trading results from the experiments carried out in [5] in comparison with

Figure 5
other experiments from the literature.

Calculation of the target function
Goossens [3] defined ad hoc mathematical expressiomtafget function § for the
sound pressure levels for the directivity patterns of the loudspeakers. This expression,

which depends on two linear parameteksafdB) and one non-linear paramet&) (
was defined as follows

Ft =20|g[A+ BsinCG] 1)

where@is a set of angles. In order to fit time/intensity trading data to this target function,
we can use the well knowron-linear least squaresiethod and thénear optimisation
problem, which give the values fgk, B and C [11, 12]. Making the following
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t
substitutionLt = 107 /29 the system we have is then:
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Thus, in matrix form this reduces to:
Tx=L" (3)

whereT is the Nx2] matrix of the target function to optimiseis the [Z1] vector of the

linear parameters to find ard is the Nx1] vector of the experimental time/intensity
trading data to fit. This problem can be solved by first finding out the nonlinear parameter
C and then the linear parameté&sandB. This results in the best estimation for the
system which gives thminimum errorin the fit toT by

2

min||T X - L (4)

XOR?
We then obtain the following target function which approximates the correct
directivity pattern for the loudspeakers for a given time/intensity trading data:

2

Ft= 20Iog[0.11+1.51sin39 . (5)

Figure 6 shows the directivity polar plot for the optimised directivity pattern for the
calculated time/intensity trading data.

180
Figure 6 Polar plot of the calculated optimal directivity pattern of Equation (5).
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FILTERING TECHNIQUE FOR DRIVING THE LOUDSPEAKER ARRAYS

In the next section, we focus on the optimisation problem of estimating the required FIR
filter coefficients which achieve the calculated optimal target function in a wide listening
area.

Optimisation problem: Digital FIR filters

We consider here the general case of havifigear array of N equal and equidistant
omnidirectional sound sources separated by a disthics well known that a FIR filter
has a transfer functidd(z) of the form:

N
H@ =S R (6)
n=1

Using the acoustic pressure equation for a simple source and given that each sound
source is driven by a FIR filtéy, ,, of M coefficients withN number of drivers, thiotal
sound pressure lev®| , for a frequencyy, and an anglé, is given by:

. _N+1 d m-10
joy - né,——p

N
P@0)=F Fhwe & 2 EE )

n=lm=1

wheref is the sampling frequency. The last expression can also be written as:

M N+10d . m-10
P(wy.6,) = hy, R:osmk sing, -——I[I
nzlmzl m% %1 He s ®)
0 M N+10d ., m-10H

. _ Sn, -
+jsnguk%1 EE sing, —fs

Since we want to obtain a sound pressure level equivalent to that given by the optimal
target function in Equation (5), we can definertguired sound pressure lev§ ,, for
the target function as:
. m-10
O Jwy |
S, =Rl 2L

0 m-q10 (9)

IS,

whereFft are the sound pressure levels at a anglgisen by the target function
previously described, and the phase term correspondsotustant group delapf
T(M-1)/2. We can now formulate theast squares optimisatigoroblem, so as to find
theh, n FIR coefficients for the different array drivers, as follows:

TOH=S (10)

where the vectad of dimensionsNIM x 1] contains the filter coefficients and the matrix
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T of dimensions [RL x NM] is defined by Equation (8) as:

U M N+10d m-10
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and the vecto8 of dimensions [RL x 1] is defined by Equation (9) as:

-10
Skepers = Fioos kM B (13)
)L+, 5
B O M- 1D

K +k=1)L+01 —‘F/S'ng*)k (14)

This gives the following matrix form system:
Oy O OSa C

DT]_]_ le Tl,NM ] B B B: E
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The resulting FIR coefficients,, ,, from the optimisation method are real for all
frequencies. Hence from Equation (7) it follows that the directivity pattern is symmetric.

|:l %' N+1Dd

5.0
R = Zhne 2 fe” (HD H,z(ee)‘:‘a,z(_ee)‘ (16)

This can cause problems if the optimal target function is strongly asymmetric. The most
practical solution to overcome this difficulty in the optimisation problem is turning the
whole array by an angi®, which simply corresponds to a rotation of the target function
by an angle of 8,, that is replacing al's by 6- 6,.

Therefore, this proposed method results in the calculation of the FIR filter coefficients
h,m (N =2 andm = 20) for the two sound sources or drivers (we will refer to them from
now on as being\ andB). We performed some simulations and it appeared that they
converged to the optimum choice of filter coefficients for each of the two frequency
bands (mid and high).

Figure 7 shows the frequency responses of the calculated digital filters. Figure 8
illustrates the phase difference response between tha amdB filters for both drivers
in the mid and high frequency ranges. We can see that for the mid range filtehagte
difference y= ¢, ¢ ranges from 172.5° (200 Hz) to 134° (2 kHz), and for the high
range filters it goes from 166° (2 kHz) to 126.5° (12 kHz).
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Figure 7 Frequency responses of the digital FIR filters for the two drivermsn@B) with N = 20.
(a) Mid range frequencies and (b) High range frequencies.
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Figure 8 Phase differences between the two drivArar(dB) for the digital FIR filters.
MEASURED DIRECTIVITY PATTERNS AND LISTENING EXPERIMENTS

For the study of the directivity polar plots the right loudspeaker response was considered,
that is the main lobe is on the right-hand side and the minor lobe is on the left-hand side.
Another consideration here is that when listening to the Pl-stereo system the loudspeaker
boxes are face on, not at 30° pointing inwards to the listener as in normal stereo. To
compensate for this, the frequency responses of the loudspeaker boxes were taken at 30
clockwise for the left and 30° anti-clockwise for the right box so that the frequency
response in the middle of the working region was considered as opposed to the response
at the edge.

o
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Figure 9 Theoretical (a) and measured (b) directivity pattern plots for the Pl-stereo system for
frequencies ranging from 200-1250 Hz. Polar plots for higher frequency ranges appeared to
be very close to these ones.

Figure 9(a) shows simulations of theoretical directivity polar plots for the Pl-stereo
system for frequencies ranging between 200-1250 Hz. Figure 9(b) shows the measured
directivity polar plots in an anechoic room using the right loudspeaker box. Note here
that all polar plots have been normalised at 30° which is the centre of the considered
working region. Theoretical and measured directivity polar plots for higher frequencies
appeared to be very close to the ones in this figure and due to space limitations are not
reproduced in this paper.

Preliminary listening experiments have shown that the Pl-stereo system worked as
predicted by the theoretical models. Correct central sound localisation for voices and
other effects have also been demonstrated for a number of listening positions. Both
normal stereo and PI-stereo were reproduced by the same loudspeaker cabinets, so there
was no shift in the stereo image. The degradation of the position independent stereo
image for lateral positions was acceptable and was observed to be of better quality
compared to that for normal stereo. The difference between normal stereo and PI-stereo
for central listening was almost unperceivable. The stereo sound sensation, in particular
the placement of central voices, was independent of the listening position within a large
area.
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CONCLUSIONS

We have described and developed a new stereo sound reproduction system that offers
a natural high quality stereophonic sound image in a large listening area. A digital
filtering technique has been applied to individual drivers of linear loudspeaker arrays in
order to obtain a directivity pattern having an optimal shape. This optimal shape was
adapted to time/intensity trading experiments for enlarging the sweet spot area.

The outcome of this work showed that optimal directivity patterns for loudspeaker
arrays in stereophonic applications can be very useful for sweet spot widening. Pl-stereo
can be applied to any systems where a good stereo sound reproduction in a large
listening area is required, such as: TV-sets, Hi-Fi's, multimedia, home theatre, car stereo
and portable audio.
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