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ABSTRACT respectively; and (ii) the crosstalk signals are canceled, i.e., none
Crosstalk cancellation is a signal processing technique wherebyof thepr. signal is received at the right ear, and similarly for the
two (or more) loudspeakers are used to deliver desired signals ex?® S|gna|_ and t_he I_eft ear. _ _
actly at the listener's ears. Such a system is useful for 3D audio  FOr simplicity, it is usual to assume the system is acoustically

applications, and removes the requirement for the listener to wearSymmetric, so that the TFs from the left loudspeakerto the ears are
headphones. However, crosstalk cancelers are notoriously nonin€ same as those for the right loudspeaker. In this case it can be

robust to slight movements in head position, and there currently €asily shown that the required filter responses are given by:

exists no clear method for determining the best loudspeaker place- S(f)

ment in a given situation. In this paper we propose a robustness o (f) = 50 — A2 (F) (1a)
measure to evaluate the performance of crosstalk cancelers as a (f) = A2(f)

function of loudspeaker spacing. Based on this analysis we con- (f) = —A(f) (1b)
clude that certain loudspeaker spacings give far better robustness S2(f) — A%(f)

performance, and provide a simple empirically-derived equation Ha(f) = Ha(f) (1c)
;c;iroc:](.atermlnlng the optimum loudspeaker spacing in a given situ- Ho(f) = Hi(f). (1d)

The main problem with this system is that it is extremely sen-
1. INTRODUCTION sitive to variations in head position. To demonstrate this, consider

the geometry shown in Fig. 1(b), whede represents the loud-
Crosstalk cancellation is an old idea, having been invented in the speaker spacing,z represents the distance from the loudspeaker
1960's by Atal and Schroeder [1]. However, with enormous recent center-line to the default position of the head centgrrepresents
interest in 3D audio applications, it is once again the topic of a the radius of the head, andandy represent the actual position
great amount of current research. of the head center relative to the default position (in the figure,
The classic Atal-Schroeder crosstalk canceler [1] is shown in andy are both zero). The dotted lines represent the TFs from the
Fig. 1(a), in whictpz, andpr are the left and right program signals  loudspeakers to the right ear (a similar set of TFs for the left ear

respectivelyl; andl, are the loudspeakersignals, andndA are are not shown).
the transfer functions (TFs) to the same-side and opposite-side ears  Assume we design a crosstalk canceler according to (1) for a
respectively. loudspeaker spacing @ = 0.3 m, and a default head position
R of di = 0.5 m, and we consider its performance at a frequency
of 2 kHz! Figure 2 shows the amount of right program signal
&/2 &/2 received at the left ear (i.e., the amount of crosstalk cancellation
|2A A Iy achieved) as the head moves in steps of 1 cm within the dotted

/ region. The circles indicate the positions of the loudspeakers. We
/! note that effective crosstalk cancellation is only achieved within
/ a small region surrounding the default headipas of (z,y) =
(0,0).

What is required is a system that will provide reasonable
crosstalk cancellation, and yet allow for some movement of the
head about its default pitien. Although techniques have been
proposed to increase the robustness of the crosstalk canceler (e.g.
[2]), these methods use more than two loudspeakersto provide ad-
ditional degrees-of-freedom to enlarge the cancellation region. In
this paper we only consider the more practical case of two loud-

) speakers, and use the loudspeaker spacing as the means of increas-
Figure 1: Atal-Schroeder crosstalk canceler. ing robustness, i.e., we evaluate the robustness of the crosstalk

The objective is to find the filters, , k2, ha, k4 such that: (i) 1For simplicity, we model the head as two points in space at the ear
the signalsp;, andpr are reproduced at the left and right ears positions, withr;; = 0.0875 m, i.e., no HRTFs are included in the model.

(a) Block diagram (b) Geometry




05— o Considering the response to the signal only, the crosstalk
04 1 cancellation problem reduces to finding the weidhtuch that
02 1 br(0) = 1 (3a)
. L bL(0) = o0, (3b)
- 0 B wherex = 0 is the default head position for crosstalk cancellation.
R Let A = [ar(0),a.(0)] andb = [1,0]. The problem (3) now
s . reduces to
1 h”A =b, 4
o2 ] s which has a solution
h=[A"]7 b ®)
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Figure 2: Demonstration of non-robustness of crosstalk cancella-
tion. See text for details of plot.

For a given loudspeaker spacing, (5) gives the appropriate
weights to achieve crosstalk cancellation for the default head posi-
tionz = 0. The following question naturally ariseldow robust is
the crosstalk canceler to slight movementsin head posititynfh

canceler for varying loudspeaker spacings, and determine the c)p_beamformlng theory it is well known that the spatial response, and

timum loudspeaker placement for any given situation. thus the robustness tc_> head movement, is a phygical property of
An important point to note from Fig. 2 is that cancellation is Fhe Ioudspeaker spacing. Hence,_ a related question akiéeat

more effective as the head moves forwards/backwards, than if it IS the_optlmum loudspeaker spacing Sl.JCh that the_ _crosstal_k can-

moves sideways. For example, if the head moves 5 cm either sideceIer IS robu_st to_ head movement$his is the specific question

of (0, 0), there is less than 5 dB cancellation of the crosstalk signal, we address in this paper.

whereas if the head moves 5 cm forwards or backwards, crosstalk

cancellation of 20 dB is still achievédHence, we will only con- 3. OPTIMUM LOUDSPEAKER SPACING

sider robustness to sideways head movement in this paper. ) ) ) ]
Define the following cost functions for the right and left ears re-

ively:
2. PROBLEM FORMULATION spectively
— 2
We formulate crosstalk cancellation as a beamforming problem as Jr = / [1—br(z)]* d= (6a)
follows. Consider the response to the signal only, i.e.p;, = 0.’ X
From Fig. 1(a) we note that the system reduces to a simple two- I = IbL(x)|2 in. (6b)

channel beamformer with filte#s, andh. on the respective chan-
nels. To simplify development we consider only a single fre-
quency, and hence, we assume that the fikgrandh, consist of
only a single tap each. Referring to Fig. 1(b),dét(z),n = 1,2
denote the TF from theth loudspeaker to the right ear with the
head at a positiofw, 0), and similarly fora); (x) and the left ear.
Without a loss of geneligy, we assume the default head position

X

wherey is a region surrounding = 0. Hence,/r measures

the variation in the right program signal reaching the right ear as
the head moves about the default iios, i.e., how much distor-

tion is introduced. Similarly/;, measures how much of the right
program signal reaches the left ear as the head moves, i.e., how

is (x, y) = (0, 0) effective is the cancellation. Define the combined cost function:
For the head at a positiafx, 0), the spatial response to the J=arJr+ar JL, )
right ear is: . . .
gntearis = wherea r ando . are constants that trade off signal distortion for
br(z) = Z hy az (@), cancellation performance. Using this cost function we can eval-
n=1,2 uate the robustness of a crosstalk canceler designed using (5) for
and similarly for the left ear various loudspeaker spacings.
. Unfortunately, the spatial responskes(z) and bz (z) (and
br(z) = Z b ay (z). hence the cost functiofi) are highly-nonlinear functions of loud-
n=1,2 speaker spacing, and no analytical solution is possible. We there-

fore propose the following numerical procedure:
Leth = [k, ho]¥, an(z) = [of(z), af(z)]", anda(z) = prop 9 P

L L T i 1
[a7 (2), a7 (¢)]" . Hence, we can write the spatial responses as Proposed Method:

H
br(z) = h”ar(z) (2a) 1. GivenaseDs = {dx},k =1,..., K, of K loudspeaker
br(z) = h%ap(z). (2b) spacings which we want to test.
?Note that the region of cancellation is slightly skewed, since we are 2. For_ each va!ue s, use (5) to ca!culate the appropriate
looking at the cancellation at the left ear. If we were interested in the weights to give crosstalk cancellation.
amount of cancellation achieved at the right ear, the cancellation region 3. For each crosstalk canceler, calculate the robustness cost
would be reflected about = 0. @.
3Because of the symmetry of the problem, a similar solution exists for . .
thepy, signal. Without a loss of genditg we will only consider the right 4. The optimum loudspeaker spacing correspondsto the value

program signal here. of D¢ for which the robustness cogtis minimized.
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Figure 5: Variation of optimum loudspeaker spacing with head
distance, at different frequencies.
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Figure 6: Ratio of optimum loudspeaker spacing to head distance,
(b) as a function of wavelength, for various head distances.
Figure 3: Robustness analysis at a frequency of 2 kHz and a head
distance ofdy = 0.5 m. (a) Variation of robustness cost with
loudspeaker separation. (b) Spatial responses at each ear usiniggl responses for several different loudspeaker spacings. In each
optimum loudspeaker separation. case the weighth were calculated from (5). Als = 0.1 m
(see Fig. 4(a)), the beam is very spread out, resulting in a wide
beam and a corresponding large cancellation region.d Afn-
4. SIMULATIONS creases (see Fig. 4(b)), the beam narrows (as does the cancellation
. . . region) and the position of the beam peak moves. This narrowin
4.1. Optimum Loudspeaker Spacing at a Single Frequency angd m)ovement gf the beam continugs udtl = 0.555 m (see ’
Consider the optimum loudspeaker spacing at a frequency of 2Fig. 4(c)) when the beam is precisely wide enough such that both
kHz, withdz = 0.5 m, andrz = 0.0875 m (which is the com- ear positions fall between peaks of the spatial response. At this
monly cited radius of the average adult human head). The defaultloudspeaker spacing, any slight movement in headiposauses
head position igz, y) = (0,0), and we will evaluate the robust-  major variation in spatial response, thereby producing large peaks
ness of the crosstalk canceler within aregiog 2 cm. Initially, in the robustness measurels; and J;.. This corresponds to the
we will assume very simple TFs consisting only of attenuation and large peak in Fig. 3(a). As an aside, the large cancellation region
delay, i.e., no HRTFs are included. shown in Fig. 4(a) is the basis of the “stereo-dipole”, which con-
The variation in robustness cost (7) is shown in Fig. 3(a) as a sists of two closely-spaced loudspeakers [3].
function of loudspeaker spacing, and the spatial responses at the In summary, it is clear from Fig. 3(a) that there is an optimum
optimum spacing od s = 0.18 m are shown in Fig. 3(b), in which  loudspeaker spacing that will give good robustness to head move-
the shaded region correspondste x. Note that, as required, the  ment, but there are also loudspeaker spacings (corresponding to
right ear signal is unity (0 dB) for the default head positioa: 0, the large peak in Fig. 3(a)) which will be extremely non-robust and
and the left ear signal is zero at this position. should be avoided. Note that spacings less than the optimum will
The variation of robustness cost with loudspeaker spacing canalso provide good robustness, although implementation problems
be explained as follows. In the formulation of the crosstalk cancel- will inevitably arise for extremely close loudspeaker spacings.
lation problem (4), all degrees of freedom (i.e., the filtersand . .
hs) are used in imposing the constraints (3). However, it is a phys- 4-2- Variation with Frequency
ical property of beamformers that beamwidth is inversely propor- Justas beamwidth is dependenton element separation, itis also de-
tional to element spacing. Thus, é&s varies and the beamwidth  pendent on frequency. Hence, it is instructive to repeat the above
in Fig. 3(b) varies, the position of the beam will move twater- experiment for different frequencies. We evaluated the robustness
act the beamwidth variation and yet still maintain the constraints. of the crosstalk canceler at several frequencies for several differ-
This is demonstrated in Fig. 4 (over page), which shows the spa-ent values oflz. The results of this investigation are shown in
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Figure 4: Spatial responses at each ear for various loudspeaker spacings, at a frequency of 2 kHz and with a headdlistancs of.

Brown-Duda HRTFs

Fig. 5, plotted as the optimum value &f versusd z for various

frequencies. el §
Observe that, as one might expect, there is an almost linear T DO

variation ofds with dz, and that the slope of each curve is in- o o s

versely proportional to frequency. This effect is more apparent if ° 0t

o +

we re-plot the data, as shown in Fig. 6. The results are displayed
as the ratio of the optimunbs to dz, versus wavelength (assum-
ing a wave propagation speed©of= 340 m/s). A separate set of |
points is drawn for each value df;. We note that, except at large §
wavelengths (or frequencies below about 600 Hz), there is a linear
relationship between wavelength ahd/d z7, which is given by:
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d
= =2, (8) Figure 7: As in Fig. 6, but including HRTFs.

p
and is shown dotted in Fig. 6.

the head from the loudspeaker center-line (see Fig. 1)Aasthe
4.3. Effect of HRTFs wavelength of operation.
For all the results shown so far, we have used a simple delayand at-  For broadband signals, we would ideally like the loudspeaker
tenuation model for the TFs between the loudspeakers and the ea$Pacing to vary with frequency. This suggests use of a loudspeaker
positions. Naturally, in a real environment we must consider the array, with frequency selective filters on each loudspeaker which
effect of the head, and so we now include HRTFs. We use a simpleselectan appropriate loudspeaker spacing for each frequency, anal-
HRTF model proposed by Brown and Duda [4]. This model uses 0gous to the design of frequency independent sensor arrays [5].
a pole-zero TF to approximate the effect of head shadow, based orf\lternately, a more practical solution is to simply use the optimum
calculations made for an ideal sphere. Although the model is very Spacing corresponding to the upper frequency of interest.
simple, it does have the basic features necessary to approximate
a real HRTF. Results from this model are shown in Fig. 7, which
should be compared with Fig. 6 for the delay-attenuation model.
Again we note that (except at large wavelengths) the ratio of op- [1] B.S. Atal and M.R. Schroeder, “Apparent sound source trans-
timum ds to dx is largely independent of ;. The relationship lator”, U.S. Patent 3,236,949, Feb. 1966.
ds = 2Ady is shown dotted in Fig. 7, and again provides @ good 51 £ asano, Y. Suzuki, and T. Sone, “Sound equalization using
approximation for the optimum loudspeaker spacing for frequen- derivative constraints’Acusticavol. 82, pp. 311320, 1996.

cies above about 600 Hz. .
We have found that the results are reasonably independent of3] Y- Watanabe, H. Tokuno, H. Hamada, O. Kirkeby, and P.A.
Nelson, “Subjective investigation of new sound reproduction

the width of cancellation regiog used to calculate (7). Hence, X . ; ;
equation (8) will give a good approximation of the optimum loud- system (stereo dipole)”, iRroc. 3rd Joint Meeting, Acoust.
Soc. Amer., Acoust. Soc. Jap&tawaii, 1996, pp. 307-310.

speaker spacing for most practical situations.

[4] C.P. Brown and R.O. Duda, “A structural model for binaural
sound synthesis”|EEE Trans. Speech Audio Processifig
press).

We have presented an evaluation of the robustness of crosstalk canfs] D.B. Ward, R.A. Kennedy, and R.C. Williamson, “Theory and
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celers for various loudspeaker spacings. From this investigation,
we noted that a good rule-of-thumb for the optimum loudspeaker
spacing is given byls = 2 A dx, wheredy is the distance of

design of broadband sensor arrays with frequency invariant
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