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Derivation of an optimal directivity pattern for sweet spot
widening in stereo sound reproduction

Josep A. Rodenas,® Ronald M. Aarts,” and A. J. E. M. Janssen
Philips Research Laboratories Eindhoven, Professor Holstlaan 4, NL-5656 AA Eindhoven, The Netherlands

(Received 12 March 2002; accepted for publication 27 Septembern 2002

In this paper the correction of the degradation of the stereophonic illusion during sound reproduction
due to off-center listening is investigated. The main idea is that the directivity pattern of a
loudspeaker array should have a well-defined shape such that a good stereo reproduction is achieved
in a large listening area. Therefore, a mathematical description to derive an optimal directivity
pattern £, that achieves sweet spot widening in a large listening area for stereophonic sound
applications is described. This optimal directivity pattern is based on parametrized time/intensity
trading data coming from psycho-acoustic experiments within a wide listening area. After the study,
the required digital FIR filters are determined by means of a least-squares optimization method for
a given stereo base set(tpo pair of drivers for the loudspeaker arrays and 2.5-m distance between
loudspeakeps which radiate sound in a broad range of listening positions in accordance with the
derived( o Informal listening tests have shown that thg, worked as predicted by the theoretical
simulations. They also demonstrated the correct central sound localization for speech and music for
a number of listening positions. This application is referred to Besition-Independent (PI)
stereo” © 2003 Acoustical Society of Americ4aDOI: 10.1121/1.1527928

PACS numbers: 43.38.Ar, 43.38.Hz, 43.38.\&_E]

I. INTRODUCTION In general, it can be stated that correct localization
This paper presents a mathematical derivation of a |Oud\_/vithin a wide listening area is beneficial for all applications

speaker array to achieve correct localization for stereophoni/nére & good stereophonic sound is required: audio, video,
sound reproduction in a wide listening area. An ideal stere®" Car stéreo. The idea of achieving an increase in the sweet

phonic sound reproduction system is one which is capable 6iPOt aréa in a stereophonic setup has been recently intro-
reconstructing the wavefront from a given sound scene in afuced and studied at the Philips Research Labs in Eindhoven
exact form over a region in space occupied by the head of 1d the stereo sound system has been callBdsition-
listener. The use of two spatially separated loudspeakers infdependent (Pl) stere@odenas and Aarts, 20014, b; Aarts,
poses restrictions on the ability of stereophony to reconstruct992- The main idea is that the directivity pattern of a loud-
the correct acoustic field so that a sharp image can be pepPeaker array should have a well-defined shape such that a
ceived. Such a system can provide a well-defined image for good stereo sound reproduction is achieved in a large listen-
centrally located listener mainly at low frequencies, depending area. Optimal digital filters are then designed and applied
ing on the geometrical displacement of the speakers relativé® individual drivers of linear loudspeaker arrays in order to
to the listenerBlumlein, 1958. obtain a directivity pattern of a specific shape. This shape has
The basis of stereophony is the ability to crepitantom  to be adapted to the time/intensity trading mechanism of the
sources It is known that the brain locates a monophonichuman auditory system via psycho-acoustic experiments
signal originated from a single source by comparing the dif-within a wide listening aregAarts, 1992.
ferences in the arrival time and intensity of that signal at ~ The goal here is to derive an optimal directivity pattern
each ear. If the same monophonic signal is played througiop: for the Pl-stereo system, which is based on parametrized
two loudspeakers on either side of the listener, then théme/intensity trading data, and then to find, by means of an
sound seems to appear from midway between the two louddsptimization process, the corresponding FIR filter coeffi-
speakers since the traveling time of the signal arriving atients that achieve this optimal directivity pattern. It has
each ear is the same. This is called a phantomvirtual) been proved that an optimal directivity pattern for a loud-
source(Blumlein, 1958; Makita, 1962; Blauert, 1983n the  speaker can be realized by using an array of drivers posi-
present work we will discuss how to enlarge the regiontioned at a specific distance from each otfRauer, 1960;
within which the image remains reasonably fré@auer, Kates, 1980; Davis, 1987In our case we used the param-
1960; Crabbe, 1979We consider only image localization in etrized time/intensity trading data. Hence, achieving a prac-
the horizontal plane since we are primarily interested in stetical design for Pl-stereo sound reproduction, which is a pair
reo sound reproduction. of loudspeaker cabinets each equipped with a pair of drivers,
which are separated at a given distance to achieve two fre-
guency rangeshigh and mid, so as to obtain the desired

aCurrently with Hewlett-Packard, Avda. Graells 501, 08190 Sant CuQat’Optimal directivity pattern
Spain. Electronic mail: josep_rodenas@hp.com . . ) i L
YAuthor to whom correspondence should be addressed. Electronic mail: We start first, in Sec. Il, describing the limitation of

ronald.m.aarts@philips.com having a sweet spot and the need to improve the stereo-
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phonic sound reproduction system. Section Il describes the  LeftLS Right LS
human auditory localization, since it is the sound field as | | AN . @ (2)()
perceived by the listener that determines the apparent phan-
tom source. In Sec. IV we introduce briefly the Pl-stereo :
system. Then, in Sec. V, we present the mathematical de- |
scription to obtain the optimal directivity pattern that gives !
the best localization performance. We also describe the opti- :
mization method to derive the required FIR filter coefficients : ! P
|
|
|
1

to drive the loudspeaker cabinets. Later, in Sec. VI, we
present the time, frequency, and polar responses of the opti-
mal FIR filters for a practical implementation of two drivers

] ) 1

! i ! |
for the loudspeaker arrays. In Sec. VII we present the mea- ‘ @ @ ‘ .
sured directivity patterns in an anechoic room. Some prelimi- @ @ @

nary listening tests and discussion on the performance of the Sweet Spot

implemented PI-stereo system will be described in Sec. VIII.

: : : - - . FIG. 1. Conventional arrangement of loudspeakers exhibiting the apparent
Finally, the main conclusions will be summarized in Sec. IX'motion of the phantom sound imagg for several listener positioris,, .

Thus, if the head is moved laterally, the sound rapidly
Il. SWEET SPOT LIMITATION seems to come from the nearest loudspeaker only. As pointed
. . . . out, this is mainly because of two additional effects: the in-
.G'enerally it is considered as a Serious qrﬂfapt of thetensity of the nearest loudspeaker at the listener’'s head is
traditional stereo system that the stereophonic illusion Workﬁighest, and its wavefront arrives earligaw of the first

only in a I|m|t_ed region. Optimum ster_eo percept_lon Onlywavefront orprecedence effectBlauert, 1983
occurs if the listener is placed exactly in the median plane

between the two loudspeakdsveet spot

One reason that t_here is a_sweet spot is_ that in twoy, AUDITORY LOCALIZATION
loudspeaker reproduction, the signals at the listener’s ears
are formed by the interference of acoustic waves emanating By comparing the signals at the ears, the brain is thought
from the loudspeakers. With two loudspeakers, the field cato derive two primary psycho-acoustic cues that determine
be controlled precisely at only two poinfsinless unusual the perceived horizontal position of a sound source. These
acoustical conditions exist, such as the presence of resonamtoad mechanisms involve the detection of timing or phase
structures For the present application, those points are atlifferences between the edliateraural time differencesr
the listener’s ears. If the listener moves his head so that thE'Ds), and of amplitude or spectral differences between the
ears are no longer at the designated positions, sound imagars(interaural intensity differencer IIDs), which explains
distortion will appear, caused by unintended signals createdll major phenomena of frequency-dependent localization
by unanticipated interference. Primary causes of the chandStevens and Newman, 1936; Leakey, 1959; Franssen).1960
ing interference are differing times of arrival due to differing They are caused by the wave propagation time difference
loudspeaker listener distances, amplitude variations of thérimarily below 1.5 kHz and the shadowing effect of the
impinging waves due to these same varying distaf@ggra- head(primarily above 1.5 kHy, respectively.
vated by the listener sitting close to the loudspegkersd The binaural system is mainly sensitive to 11D cues for
uncompensated secondary reflectigimsproved by the lis- frequencies above about 500 Hz. IID cues become large and
tener sitting close to the loudspeaketseakey, 1960; Jor- reliable for frequencies above 3000 Hz, making IID cues
dan, 1971; Lipshitz, 1986 most effective at high frequencies. In contrast, the binaural

These problems are illustrated with one example asystem is capable of using ITD cues only at low frequencies,
shown in Fig. 1. The localization performance of a listenerbelow about 1500 HzKates, 1980
using a conventional stereo setup can be quite poor for a We will use these binaural differences by employing the
listener positioned off-center. Consider a center-front soloistphenomena ofime-intensity tradingthe ability to compen-
or, equivalently, assume that the two loudspeakers are radéate for a left or right bias in the time of arrival by introduc-
ating exactly the same sound pressure precisely in phasig a counterbias in amplituggFranssen, 1960; Blauert,
When the listener is equidistant from the two loudspeakers1983; Aarts, 1992 As the listener gets closer to one loud-
the apparent phantom source is perceived to be centered bgpeaker and sounds arrives sooner, sound from the far loud-
tween the loudspeakers. This is illustrated in the figurespeaker should become louder by a certain amount. This
wherel q is the centered listener arig is the intended cen- means that the loudspeaker should radiate more loudly in
tered image. As the listener moves to the right, the perceivedome directions than in others. In theory, if the pattern of
image also moves to the right. This is shown by the succedevel as a function of angle is chosen properly, the imaging
sion of perceived imagds throughl,, which correspond to  will be rendered stable for listening positions in a wide lis-
listener positiond ; throughL,. Finally, at listener position tening area. This is actually the goal of the Pl-stereo system,
L,, what is intended to be a centered image is perceivednd therefore we are now in a position to introduce the basis
instead as coming from the right loudspeaker. of the Pl-stereo sound system.
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IV. THE POSITION-INDEPENDENT STEREO SYSTEM

The current Pl-stereo svstem is basically composed EIG. 3. Time/intensity trading results from the experiments in comparison
u y ! I y p ith other experiments from the literatufafter Aarts(1992].

two loudspeaker arrays, each fitted into a single cabinet, to-
gether with an optimal directivity pattern which has t?eendrivers for each of the loudspeaker arrays that are separated
designed such that a good stereo sound reproduction li/adistance of 2.5 m
achieved in a large listening aré@odenas and Aarts, 200143, D
b). A standard listening setup for Pl-stereo sound reproduc\-/ MATHEMATICAL DERIVATION
tion is shown in Fig. 2. '

The main idea here is the following: if the listener A. Definition of the problem
moves to the left positiomA), the sou_nd intensity f_rpm the_ We wish to find the optimal directivity patterfy, that
right loudspeaker increases at the listener’s position, whilg,cieyes a correct sound localizati@abust Pl-stereo effert
that of the left loudspeaker decreases in such a way that thi§ 5 wide listening area for a specific stereo base distance.
intensity difference compensates the time arrival differencerpe pi_stereo problem is considered to be symmetrical and it
from both loudspeakers. Thus, the phantom source remains,, pe described in the setup shown in Fig. 4.
in the middle. This can also be seen as a sort of automatic  The sound pressurep, and pg at a given points
balance control depending on the position of the Iistener:(r,a) due to the left and right loudspeaker arrays, respec-
However, the Pl-stereo system we propose here is passi\fﬁ,ay are given by
and does not depend on the position of the listener. ’

In order to calculate the required directivity pattern, that e ioryc M im0
is the amount of intensity level compensation required for PL(QL,0,r)= r—m?M XLm€ @)
the loudspeakers, listening tests in an anechoic room were -
conducted(Aarts, 1992. During these tests, the differences g iorgc M _
in intensity levels between right and left loudspeakers  Pr(Qg,0,lr)= r—m_EM Xpme ™R, 2
R £

needed to obtain a central sound image for several listening
positions were measure@ee Fig. 3 From these experi- wheredis the angle of observatiod,is the distance between
ments, which were done by using broadband signals, théhe drivers in each loudspeaker ardycm<d<10 cm), D
required differences for the sound-pressure values at diffelis the distance between the centers of the two loudspeaker
ent angles for the loudspeakers were determined and thus therays (1 m<D<5 m), Q =wd sin¢_/c with 0<¢g_
time/intensity trading data. <ml4 and Qr=wd sin pr/c with 0<¢r<w/4, w is the

In the next section, we will introduce the approach con-angular frequency of the sound wittc/10d< w<wc/d, r is
sisting of a mathematical derivation, which is based on pathe distance from the origin to the observation pomt
rametrized time/intensity trading plots, to derive an optimal=(r, ), r_ is the distance from the center of the left loud-
directivity patternt, for the loudspeaker array and, conse-speaker array te andrg is the distance from the center of
qguently, to obtain the optimal FIR filter coefficients for a the right loudspeaker array & c is the velocity of sound
specific stereo sound reproduction setup consisting of twgc=343 m/3, x, , is the complex coefficient for theth
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Point s

driver of the left loudspeaker array amd , is the complex
coefficient for themth driver of the right loudspeaker array
with |X{E},m|$1, xeC, andN=2M+1 is the number of
drivers in each loudspeaker array, with the constrai¢s
andd<D. In this caseN is odd; however, for the cad¢ is
even we arrive at similar formulas and we will uSe=2 as
an example in Sec. VII.

The sound pressure at poistdue to both loudspeaker
arrays is

Ps=PL+Pr- 3

We want to determinel{h},m(w) such that

J €(r,0,x_ Xp)W(r,0)dA 4)
A

is minimal, whereA is the listening areay(r, ) is a weight
function, the error

e=AL—f(AT), (5
andAL=20 logpgr/p.| . The parametrized functioh(AL)

is depicted in Fig. 5 and it is based on time/intensity trading

AL|dB]

-

FIG. 5. Parametrization of the time/intensity trading data.
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FIG. 4. Setup for the mathematical derivation of robust
Pl-stereo.

experiments as given in Fig. 3. This function has the follow-
ing form:

a AT for O<AT=<t,

(6)
where f(—=AT)=—f(AT), AT=(rg—r.)/c, andt; is in
ms, a; and a, are in dB/ms.

B. Solution of the problem

We fix w e[ rc/10d, 7rc/d]. When solving the described
problem we consider the geometrical description shown in
Fig. 6. We should then deal with the symmetrical setup, in
which a given sound pressuFeis

F(ri,e0)=p(Q,6,r) and F(rg,er)=pr(2,0,r), (7)
where
-iD 0 3D

FIG. 6. Trigonometrical geometry for solving the mathematical derivation.

Rodenas et al.: Sweet spot widening/stereo reproduction



g iorle o €(¢)=20log G(w sin ¢), (17
F(r,<p) — 2 Xme(lmwd sin (p)/c_ (8)
r m and
We set D sinl/2¢— )
h(e,)=f| —————— (18)
. c cosl/Zo+ i)
G(2)=| 2 Xme'lmz9/e], 9
m for O=<¢, ¢=<m/2. Sincef is odd, we have
so that h(e,)=—h(y,¢). (19
G(w sin ¢) We then seek to minimize the average value of
F(rg)| =———. (10 R
[€(@)—€(p)—h(e,)|*, with o=¢r,p=¢_ (20

. The d!stance ternt in Eq. (10 compensqtes for the  oyer gl square integrable functiorfs (with respect to the
intensity difference causes by the corresponding pathlengt\rlqleight functionw). Having found thistoy, we must find

to the observation poird These distances are already INCOr- e coefficientst,, as in Eq.(9) such that the average value
porated in the experimental data on the time/intensity tradg;

ing. Since we are interested in finding only the optimal di-
rectivity pattern at the left and right loudspeaker arrays, we | €(@)—20 log G(w sin ¢)|?
should not now include this term in the derivation. Then, Ed.is minimal.

(10) becomes:

|F(¢)|=G(w sin ¢).

Therefore, as previously described in E§), our objec-
tive is to minimize the average value of

2
20 IO% F(er) —f( rR_rL)
FleL) c

while maximizing the total average power. Note that the
right-hand side of Eq(12) is invariant with respect to mul- over all square integrable functioisThe restriction to of
tiplication of F by a constant. Hence, one should aim to findthe particular form in Eq(22) is made to facilitate the de-

(21)

In order to minimize the average value of E80), we
introduce a weight function of the form

W(e, i) =w(e)wW(¥), (22

with w(¢) a bounded, non-negative function @&[0,7/2],
and we seek to minimize

(11)
O<o,y<ml2

(oL, pr)= , (12

w2 (w2
JO fo [€(@)— () —h(e, )P W(e,¢)de diy (23)

anF that minimizes Eq(12) such that may|x,,| =1 in order
to maximize power.

We note that the erros in Eq. (12) is just a function of
¢, ¢r, and the distancex andr| being determined by,
and ¢g. We can eliminate r andr by expressing them in
terms of ¢, and ¢g by using thesine ruleas follows(see
also Fig. 6:

sin(m/2—¢|) _ sin(m/2— ¢g) _ sin(eL+ ¢Rr)

, (13
IR re
so that
D cos D cos
rL=.—¢R; rR=.—¢L- (14
Sin(¢L + ¢Rr) sin(e| + ¢Rr)
Consequently, we have
D(cos¢ —cosepr) D sinl/Zor—¢|)
rR—r = = (15

sin(e. + ¢Rr) cosl/Zeor+ o)

Hence, the erroe is given by

€’(¢L,¢r)=|20log G(w sin ¢r) —20 log G(w sin ¢, )
D sinl/Z er— o) ||
- R TU. (16)
c cosl/2or+ @)
We now let

J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003

velopments in the Appendix. Since the functional, as given
by Eq.(23), depends oif through the differencé(p)—€(y),

so that adding a constant t yields the same value, we
require that

/2
fo {(e)W(@)de=0. (24

In the Appendix we show that the minimizifg= ¢, is
given by

1 (=2
tol)= | " o pmwdy, 25
where
2
C=f w(p)de. (26)
0

Furthermore, we show in the Appendix that the evalua-
tion of the integral on the right-hand side of E@5) with h
given in Eq.(18) can be done according to

w2

h(e, p)w()dy

fl —x

tan1/2¢ [ D
Cc

=2 cos<pf

><W((p—arctar(x cos ¢/(1—x sin ¢))) dx. 27

1—2x sin p+x?
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FIG. 7. Weight function to emphasize the region over which the optimiza- 15m
tion is carried out. — 1.26m
1m
5 10 % 2 0 50 B0
where Gsp=n/2. Withf a piecewise linear function as in Eq. Angle [deg]

(6) andw a piecewise constant function as, for instance, in

Fig. 7, the evaluation of o, reduces to applying the appro- FIG. 8. {ys in the working region(0°~60? for several stereo base dis-
priate analytic formulas for integrals involving low-degree tances

rational integrands.

The function,, found above is, in general, not of the distances, some approximation curves were derived to esti-
special form as in Eq17) with aG as given in Eq(9) where ~ mate the parameters. The stereo base distances used for the
we use the coefficients,,. Hence, we describe the approach simulations are presented in Table I.
to derive thex,, used in Eq.(9) in the next section. Figure 9 shows the resulting time/intensity trading plots

obtained from the estimatefi,y’s for the two stereo base

distances(1 and 2.5 m compared with the time/intensity
C. Optimization to find the optimal filter coefficients trading plots given by Aart$1992. It can be seen that for
Xm very small time differencegthat is, for middle anglgsthe

2

—Copl @)| W(e)de

20 |0% E g(m(w)e(imw sin ¢)/c

m

To find the required FIR filter coefficients, we use a @pproximation is quite good; however, for larger time differ-
least-squares optimizatiomethod (Marquardt, 1963; Den- €nces the approximation becomes slightly worse. The reason
nis, 1977 such that for these approximation errors in the time/intensity trading
- data comes basically from the fact that we are trying to
2C f T achieve an optimal directivity pattern for a wide area, thus
0 giving an approximate optimal directivity pattern at all posi-
(28)  tions in the listening area. Since we have applied the weight
is minimal. Note here that the coefficierts(w) depend on  function at the intermediate angles, the approximation in this
the frequencyw. The optimalx,, are then found as region is better.
Xm=S¥n, (29)
wheremiis the driver index and the scaling const&is such
that ma, . r|Xm, opf = 1-

VI. OPTIMAL FIR FILTER RESPONSES

We have used the optimization method described in Sec.
V C to obtain the optimal FIR filters,, which achieve the
derived optimal directivity patterd,,; using MATLAB. We
D. Simulation results used thel, previously found for a 2.5-m stereo base dis-
We show here some simulations for the optimal direc—tance.' We also usa=2 as a number of drivers for the left
tivity pattern .., obtained from the computation of E@5) and right loudspeaker array_wg will refer to these drivers
. opt . P — o from now on asA andB). It is important to note here that
Figure 7 shows the type of weight function used in this study.
This function depends on three weights( w,, andws) at TABLE |. Stereo base distanc& and parametrized time/intensity trading

given angles (Dl and ‘PZ)' In this case we Choswl:w? parameters&,, a,, andt,) for the function given in Eq(6) used in the
=0 andw;=1 at anglesp;=24.35° ande,=37.25°. ThiS  simulation OF€ oot

choice emphasizes the middle andliesrelation to the work-

ing region 0°—60F over the extreme angles. _ Parametrized (AT)

Figure 8 shows the results from the simulations fgg Distance(m) @1 (dB/mg @2 (dB/mg t (M9
for several stereo base distances going from 1 to 2.5 m for 1 15.62 3.54 0.64
angles in the working regiofi0°—~609 for Pl-stereo. The 125 13 2.27 0.75
parametrized time/intensity trading parameters have been ob- ;'5 1;'2157 1152 3'85
tained from the data plotfor stereo base distances of 2.5 25 s 0.7 1

and 1 m) coming from Aarts(1992, and for the remaining

272 J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003 Rodenas et al.: Sweet spot widening/stereo reproduction
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FIG. 9. Time/intensity trading approximations for the parametrized time/intensity trading plot coming fraig,tbempared with the time/intensity trading
plot given by Aarts(1992. (a) Stereo base of 1 ntb) Stereo base of 2.5 m.

since the processing of Pl-stereo is split into two frequencyectivity patternt , is quite large. This is due to the fact that

bands(200-2000 Hz for midrange and 2000—12 000 Hz forin our case we are limited to the use of only two drivers to

high range, the optimization has been computed for theseachieve the desirei,,, which is obviously not good enough.

two frequency rangetsee Fig. 10 Indeed, the more driverghus filters we use in the optimi-
Figure 11 shows the results for the estimated FIR filterszation method, the better the approximation we get to the

for 40 coefficients. Figure 1&) shows the impulse and fre- €opt in the directivity pattern simulatiofsee Fig. 13

guency responses of th& and B drivers for the midrange

filters, and Fig. 1(b) shows the responses of tiheand B

drivers for the high-range filters. We can see that the impuls€||. MEASUREMENT RESULTS OF THE DIRECTIVITY

responses of filter®\ and B are odd-symmetric; thus, the PATTERNS

magnitudes of the transfer functions are the same, only the )

phase differs. This can be observed from the frequency re- e have measured the impulse responses at stated

sponses of the filters. We notice that the filters generally hav@ndles of the Pl-stereo system using the computed FIR fil-

a low-pass behavior ters. The impulse response measurements were done with a

Figure 12 presents the theoretical sound pressures aryStem for acoustical measurements which is based on a
the obtained polar plots when using the estimated FIR filtefurntable for loudspeaker rotation and on a maximum-length

coefficients. Figure 1@) shows the plots for the midrange
and Fig. 12b) for the high range. It can be easily observed
that the final approximation error to the desired optimal di-

I

biis
Highpass

Audio
e
Channel

JoeTa
Bandpass

Crossover Filters

FIG. 10. A schematic block diagram of one array for the processing of one

of the audio channels. The frequency range splitting is achieved by means
crossover filters. Filtersl , andHg for the high-frequency range and filters
M, and Mg for the midfrequency range are obtained by the propose
method. These filters drive the two arrays of Ioudspealtesﬁh, LSHB and

LSy, LSu,.
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sequencéMLS) measurement system.

The PI-stereo cabinet to be measured was placed on the
turntable facing a microphon@/2-in. 4133 free-field B&K.
Impulse response measurements were done every 5° so that a
total of 72 measurements was realized in one revolution.

Figure 14 shows the measured directivity patterns nor-
malized at half of the working regions for Pl-ster@e., 309
for the right response PI-stereo cabinet in an anechoic room
at different frequencies. For comparison purposes, we should
focus our attention on the working region for Pl-stereo for
angles going from 0° to 60°. Although the intent of the PI-
stereo implementation of this paper is to generate frequency-
independent directivity patterns, it is clear that there are sig-
nificant deviations at higher frequencies.

VIII. INFORMAL LISTENING TESTS AND DISCUSSION

We have tested the Pl-stereo system for a distance of
Yround 2.5-m separation between the left and right Pl-stereo

4cabinets. A listening room was used to study the influence of

room boundaries, and despite room reflections, the Pl-stereo
effect remained.
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FIG. 11. Impulse and frequency responses of the 40-tap FIR fil@r#lidrange.(b) High range.

A group of experienced listene(g subjects tested the central placement of voices was specially appreciated when
Pl-stereo system in comparison with normal stereo at differlistening to the Pl-stereo system for a TV setup. When lis-
ent on- and off-axis listening positions. Some of the paramiening to normal stereo at lateral positions, listeners experi-
eters considered for comparison were: sound localization, agenced an annoying spatial distortion in that the sound did not
parent source widtllASW), coloration, and loudness. come from the same position as the TV image. The differ-

Both normal stereo and Pl-stereo were reproduced bgnces between normal stereo and Pl-stereo depends some-
the same loudspeaker cabinets, so there was no shift in thvehat on the type of the music recording; however, for PI-
stereo image at the sweet spot. Some informal listening testtereo the sound was well localized, coming from the same
were undertaken to investigate the sound localization perfotocation as the TV image.
mance and robustness of the obtained optimal directivity pat- In conclusion, we can summarize the main results ob-
tern €, and the associated FIR filters. From the experi-tained from the listening tests
ments, it was observed that the influence of the stereo baﬂe)
distance was not critical to notice the Pl-stereo efféainly
became slightly overdone, for narrower distances, or unde
done for wider distancés

The listener’'s observations showed that the Pl-stere
system worked as predicted by _theIS|muIat|on plete Sec. IX. CONCLUSIONS
VI). Correct central sound localization for speech and music
was demonstrated for a number of on- and off-axis listening ~ We have introduced a new position-independent system
positions. The difference between normal stereo and Plfor stereophonic sound reproduction ensuring correct sound
stereo at the sweet spot was very modest. The stereo soufatalization in a large listening area. A mathematical deriva-
sensation, in particular the placement of central voices, wagon to achieve an optimal directivity pattern which offers a
independent of the listening position within a large area. Thignore robust and natural high-quality stereo sound in a large

Robust sound image in terms of sound localization;

#_ii) Well-localized and clear centered phantom source;
and

(giii) Better spatial images at lateral positions.
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FIG. 12. Sound pressures and polar plots at different frequencies in the working region for the required FIRafilididrange.(b) High range.

listening area has been presented. This optimal directivity g Sptmition jesilor ATeentnImben RIS

pattern has been adapted to parametrized time/intensity trac -

ing data for enlarging the sweet spot area. i f
It has also been illustrated that imaging in the traditional Bt } ]

stereophonic system is restricted to an extremely narrow lis- ni / g o —

tening area. Outside this area, spatial distortion of the sountg

image occurs. ? 2r 1
A digital filtering technique for Pl-stereo has been de- % ol - |

signed and applied to the individual drivers of loudspeaker & -~

arrays in a cabinet in order to achieve the optimal frequency- 3 2F ]

independent directivity pattern. b / e
Preliminary listening tests have shown that the Pl-sterec 5 =pz |

system, based on the optimal directivity pattégp,, worked ' __ mj

as predicted by the theoretical simulations. The system alst NeB |

demonstrated correct central sound localization for speect i ; i

and music for a large listening area. Pl-stereo images appes 30 40 50 &0

to be more robust with lateral movement than images in ARG [oea]

normal s_tereo. The stereo Sound_ sensation was listeningyg, 13. optimization results for the approximation of th, for different
position independent, thus enlarging the sweet spot areaumber of driverN in the loudspeaker array.
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FIG. 14. Measured directivity pattern plots at different frequencies normalized at 30° for the right Pl-stereo cabinet.

The outcome of this work has shown that an optimalAPPENDIX: OPTIMAL DIRECTIVITY PATTERN €y

directivity pattern for loudspeaker arrays in stereophonic ap-  Given a functionh(e,) with ¢,e[0,7/2], satisfying
plications can be very useful for sweet spot widening. Eq. (19), we seek to minimize

d2(¢(@)—€(p)—h(e,P)):
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over all square integrable functioifisp) (with respect to the
weight w(p) with ¢[0,7/2]), satisfying Eq.(24). In Eq.
(A1) the weight functiorw is bounded and non-negative.
We consider the linear subspabk of all square inte-
grable functiongwith respect to the weighw(¢)w() as in

Eqg. (Al)] of the form:

k(‘P:d/):g((P)_e(lﬂ)! ¢1¢/E 0

T
2

with ¢ satisfying Eq.(24). Furthermore, we leP,, be the
orthogonal projection operator of the space of all square in-
tegrable function$ (¢, ) satisfyingh(#,¢)=—h(¢,y) as

in Eq. (19 onto the spacél. Then, minimizing the func-
tional in Eqg.(Al) amounts to finding the orthogonal projec-

tion Py,h of h as

(PMh)(@-’ﬂ)zeopt(QD)_eopt(w)1 ¢, pe

wheref = €, is square integrablgvith respect to the weight

w(¢)], satisfies Eq(24), and minimizes Eq(Al).
We compute for arf as above

G2(€(0)— () —h(,1)
w2 (w2
=J f (o) P+ €2
0 0
—20(0)E()W(@IW () dg dip

w2 (w2
—2f f h(e, )€ (e)W(e)W(i)de di
0 0

w2 (72
+2f f h(e, ) E(ww(e)w(y)de dy
0 0

2 71'/2
0 0

Now we have

h(e, ) |2 w(e)w(y)de di.

w2 [ 7l2
f f [€(@)|PW(@)w()de dys
0 0
w2 [ mwl2
=f f [€()[Pw(@)W()de di
0 0

/2
=Cf [€(@)[PW(@)de,
0

whereC is given by Eq.(26), and

J 1

w2 2
=(f0 f(cP)W(cP)O'sD) =0

() (P)w(e)w()de diy

by Eq. (24). Also, using Eqs(19) and (24), we have
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(A2)

O,E} , (A3)

(Ad)

(A5)

(AB)

w2 (w2
J J h(e, ) €(@)W(@)W()de di
0 0

Jﬂ'/ZJ‘fn’/Z
0 0

w2
=JO ()M (¢)de, (A7)

h(e,p)C(P)wW(e)W(y)de di

where we have set

w2
mw(fp)=JO h(e,p)w()dy, o¢e

0,5} . (A8)

It follows that

di(€(@)—€(p)—h(e,¥))
w2 1 2
=2CfO (6(90)— mw(qo)) w(e)de

w2 (w2
+f f (@, )| 2w(@)w(y)de dy
0 0

2 72
—= f maw(¢)de. (A9)
C Jo

Hence, the minimal value of the functional occurs for

my(¢), ¢e

T
€opt(¢): C O'E , (A10)

whereC andm,, are given by Eqs(26) and(A8). The func-
tion €, is unique on the set of alp with w(¢)>0.
In Sec. V B[Eq. (18)] we haveh of the form

D sinl/2¢— )
ccosliZe+y))’

a
h(tp,w):f( pue 0,5} (A11)
with f(x) an odd, piecewise linear function afe R. Such
anh indeed satisfies Eq19). Furthermore, the integral rep-
resentation o, (¢), as needed in EqA10) for €, can
be rewritten by introducing for any [ 0,7/2] the new vari-

able

_ sinl/2 o— i)
~ cosl/Ze+ )

=sin p—cose tans(e+ ) e[—1tanie]. (Al2)

Solving  from Eq. (A12) [which is most easily done by
using the second right-hand side member in @&d4.2)], we
find

B 5 X COS ¢ AL3
b=em2acan ) (A13)
and
—2C0oS¢
dyp= ————dx. (A14)

1—2x sin p+x2

This then yields Eq(27).
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