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A new technique which enlarges the sweet spot of three-dimensional audio when using
loudspeakers is described. The technique, a modified short-baseline array comprising horizon-
tally distributed multiway driver configurations plus specially designed imaging filters, sub-
stantially enlarges the listening sweet spot without requiring the very large low-frequency
signal excursions of prior methods. While the technique is particularly well suited to applica-
tions that use a television or video monitor, it also provides an alternative to the conventional
stereophonic loudspeaker pair and the front loudspeakers in multichannel and home the-

ater applications.

0 PROBLEM DESCRIPTION

A common perception of loudspeaker-based three-
dimensional audio systems is that of a limited sweet
spot,! the listening region where the imaging is best or,
at least, acceptably good. However, extensive experi-
ence with well-designed systems has shown that the
sweet spot of such systems is similar in size to the sweet
spot of conventional stereo schemes [1]. The perception
of a smaller sweet spot is apparently due to this sweet
spot being much sweeter than with conventional stereo,
and therefore the listener feels relatively more deprived
upon moving out of it. In any case (that is, regardless
of the style of audio system), a larger sweet spot is
desirable.

One reason that there is a sweet spot is that with
reproduction using two or more loudspeakers, the sig-
nals at the listener’s ears are formed by the interference
of acoustic waves emanating from the loudspeakers.
With two loudspeakers, the field can be controlled pre-
cisely at only two points (unless unusual acoustical con-
ditions exist, such as the presence of resonant struc-

* Manuscript received 2000 May 12; revised 2000 Decem-
ber 4. The paper is based on “A New Loudspeaker Technique
for Improved 3D Audio,” presented at the 14th International
Conference of the Audio Engineering Society, Seattle, WA,
1997 June 13-15. This work is the subject of one or more
patent applications.

! In this paper, the phrase “sweet spot” may more usefully
be replaced by “sweet region,” especially in connection with
the new technique. However, the former phrase is the one with
which most readers are more comfortable.
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tures). For the present application, those points are at
the listener’s ears. Whether the ear signals are a result
of a so-called three-dimensional system or any other
method of stereophony, if the listener moves his or her
head so that the ears are no longer at the designated
positions, image distortion will appear, caused by unin-
tended signals created by unanticipated interference. Pri-
mary causes of the changing interference are differing
times of arrival due to differing loudspeaker—listener
distances, amplitude variations of the impinging waves
due to the same varying distances (aggravated by the
listener sitting close to the loudspeakers), and uncom-
pensated secondary reflections (improved by the listener
sitting close to the loudspeakers). Still another source
of changing interference becomes significant when the
listener’s movement is back and forth, along the center-
line bisecting the loudspeaker baseline. This style of
movement changes the angle subtended by the loud-
speakers, causing the actual head-related transfer func-
tions (HRTFs) to differ from those for which the system
was designed.

An important aspect of this diffraction problem is that
it is wavelength-dependent—for a given amount of
movement of the listener’s head from the designed-for
position, ear signals at higher frequencies are affected
relatively more than those at lower frequencies because
the given amount of movement is a larger fraction of a
wavelength at the higher frequencies.

Cooper and Bauck have described a method (which
is independent of the present one) of alleviating the per-
ceived sweet spot problem by modifying the responses
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of the acoustically specified imaging filters at the higher
frequencies, effectively allowing gradual transition to
“default” imaging of the affected frequencies toward
the loudspeakers [2]—[7]. Informal observations have
shown that listeners do not seem to notice, and appar-
ently prefer greatly having the very highest frequencies
remain mostly stationary with head movements rather
than flitting around or be otherwise poorly imaged. In-
deed, the sweet spot can in fact be enlarged by modifying
the filters down to lower frequencies, but at the expense
of more and more of the higher frequencies “defaulting”
into the loudspeakers. Poorly designed systems can actu-
ally diminish the size of the sweet spot, for example,
by creating beaming lobes which listeners find objection-
able for even slightly off-center positions; undesirable
colorations usually occur as well.

Since the main culprits of image distortion, that is,
variable propagation times and amplitudes, for a listener
who is away from the centerline are caused by variable
distances to the loudspeakers, the situation in these re-
spects is improved with loudspeakers placed close to
one another, a practice advocated for some applications
in [8] and [1], recently analyzed in [9], and tested experi-
mentally in [10].2

A simple low-frequency analysis was presented in [1],
showing contours of equal time-of-arrival differences at
a single point for two baseline distances. These contours
are a family of hyperbolas with the loudspeakers at the
foci. The contours are shown in Fig. 1. Even this simple
analysis points to the problem and potential solution by
means of short baselines. A somewhat more accurate
analysis would represent the ears as two points in space,
but the remainder of this paper uses a substantially more
realistic head model, making the two-point model less
useful by comparison.

Head diffraction errors that are caused by listener dis-
placement along the centerline, and subsequent incorrect
HRTFs due to incorrect loudspeaker angles, are also
reduced by close loudspeaker spacing. This can be un-
derstood by noting that, for example, a displacement that
causes 3° of angular error for loudspeakers nominally at
+30° would cause only approximately 1° of angular er-
ror for loudspeakers placed at +10°. Without a precise
definition of “diffraction error,” this argument lacks pre-
cision but seems intuitively correct. The sequel relieves
this precision deficiency with a specific error function.
It is interesting to speculate that the relative subtlety of
this kind of error, compared to the errors caused by off-
center placement of the listener, explains why listeners
always find the sweet spot to be relatively long along the
centerline and quite short in the perpendicular direction.

Obviously, shortening the baseline narrows the stage
width of ordinary stereo. This application calls for a
speaker spreader to restore the stage width, implement-
ing two virtual loudspeakers at positions wider than the
angle of the actual loudspeakers.

While the use of a short baseline substantially allevi-

2 Herein the distance between loudspeakers is called the
baseline distance, or simply baseline.
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ates the sweet spot problem, another problem arises [2],
[9]. The degree of the problem depends on frequency
and virtual image location. For example, if a natural
image containing large amounts of low frequencies ap-
pears at some distance on a listener’s right-hand side
(—90°), the dominant air particle motion in the vicinity
of the head location is to and fro, parallel to a line
through the ear locations. In order for two front-placed
loudspeakers to recreate this low-frequency motion,
simulating the side source, perhaps as a virtual loud-
speaker, they must operate with substantially opposite
polarity, each on the same signal. This constitutes, at
the lower frequencies, an approximation to an acoustic
dipole, the acoustics of which is covered in many text-
books on acoustics. (See, for example, [11, pp. 368—
369] where the claimed particle motion is described.)
The problem with this arrangement is that the two loud-
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Fig. 1. Contour plots of approximate equal time-of-arrival
differences for loudspeaker layouts of two baseline distances.
(a) Baseline 1.5 m. (b) Baseline 0.5 m. Times are in ms.
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speakers tend to cancel one another’s low-frequency
sound—relatively little low-frequency energy is radi-
ated toward the listener. Consequently, large signals
must be applied to the loudspeakers, requiring large am-
plification factors and large excursions of the loud-
speaker radiating surfaces, a practical problem in appli-
cations such as virtual home theaters and video games
reproducing side-placed low-frequency sound effects.
Another undesirable feature of this example is that a
large amount of low-frequency energy is radiated in di-
rections away from the listener, generating a large
amount of reflected sound which is modified by interac-
tion with the listening room.

A related scenario is that of a binaural recording being
played over a crosstalk canceler and loudspeakers. In
this application, the low-frequency problem at first ap-
pears to be even worse since the filter specification is
for even more bass gain for a virtual source toward the
listener’s right. Depending somewhat on the loudspeaker
angle (as seen by the listener), the bass component of
the left-minus-right (L — R) signal at first inspection
seems to be such as to make the whole enterprise nearly
impractical, showing a first-order increasing slope with
decreasing frequency, and with the onset of the slope
occurring at a higher frequency with more closely spaced
loudspeakers [2]. However, it is important to realize
that a naturally occurring image at —90° must contain
relatively little L — R amplitude in the low frequencies
since the ear signals are similar in both amplitude and
phase. Therefore, although a large L — R gain might
be specified, the L — R signal is small so that the net
result is a filtered signal that is the same size as that for
the source simulator of the previous paragraph. The only
additional practical problem here is keeping a good
signal-to-noise ratio as the smaller bass signals are am-
plified more, but ordinary well-designed analog or digi-
tal implementations are quite capable in this respect.

More severe scenarios are easily imagined. It is quite
easy to create a stereo signal that does not correspond
to any natural sound image. For example, a bass guitar
in one channel with silence in the other channel, when
played over a crosstalk canceler, is highly unnatural.
The playback system attempts to place a bass guitar
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sound in one ear of the listener and silence in the other
ear, an extremely demanding task at any reasonable lis-
tening level.

Another problem compounds with short-baseline
arrays. To overcome the large low-frequency excursion
requirements, one might decide to use larger woofers.
However, if the woofers are round, to a degree it be-
comes rather nonsensical to find a way to place them
close together. One may resort to oval or rectangular
radiating surfaces, but these tend to have still other prob-
lems. Also, placing large loudspeakers close together
may unacceptably compromise the aesthetic design of a
product such as a television or a computer video monitor.

The rest of this paper will discuss a method to enlarge
the listening sweet spot. It is based on a new array design
along with a suitably adapted crosstalk canceler and dif-
fers from the “toe-in” concept whereby the main radia-
tion lobes of loudspeakers are aimed to cross in front of
the listener [12], attempting to correct the precedence
effect of time-of-arrival differences with offsetting am-
plitude differences. A more sophisticated version of this
concept, which uses a multiband phased array to approx-
imate optimized radiation patterns, is described in
[13]-[15]. It is possible that such practices could en-
hance the present concept if used with it, but this combi-
nation is not explored in this paper.

1 MODIFIED SHORT-BASELINE ARRAY

A solution to the problems described in the preceding
section is available. Fig. 2 shows a modified short-
baseline array which achieves the benefits of an enlarged
sweet spot without the signal excursion problems of a
short baseline. The essential parts of the modified array
are a horizontally oriented multiway loudspeaker system
and three-dimensional imaging components adapted for
use with the horizontal array and its crossover filters.

The operation of the device is straightforward. In the
example of Fig. 2 a two-way loudspeaker and crossover
system is shown, being the simplest example. The tweet-
ers are close together. With their high-pass crossovers,
they receive little low-frequency signal energy and thus
are not subject to the large-excursion signals that would
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Fig. 2. Modified short-baseline array with associated loudspeaker crossover filters and three-dimensional imaging circuitry,

shown with coordinate system used for simulations.
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otherwise be required of loudspeakers at that spacing
operating in the bass region. High-frequency character-
istics of HRTFs from the tweeter angles are generally
such as to provide enough transfer function differences
between the tweeters and ears as to provide a nonprob-
lematic solution to the required equations [1], [8]. Thus
at the higher frequencies where the sweet spot for wider
spaced loudspeakers would be the smallest, the close
tweeters provide an enlarged sweet spot.

The woofers, spaced farther apart than the tweeters,
receive little high-frequency energy due to their low-
pass crossover filters. Thus they do not impose the small
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array as measured from the center of the head is +3°.

* The angular displacement of the woofers of the new
array as measured from the center of the head is +20°.

+ The angular displacement of the full-range loudspeak-
ers of a conventional array used for comparison is
+20°.

+ The angular displacement of other full-range loud-
speakers of a conventional array used for comparison
is £3°,

The various loudspeakers are assumed to lie in a
straight line. However, the use of a consistent phase
reference in the Ravleigh diffraction calculation of the
























