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ABSTRACT

Cross-talk cancellation makes the reproduction of binaural audio possible through loudspeakers. This is typically
achieved by employing a digital signal processing network that controls the acoustic pressure at the listener’s
ears. Although this can be achieved by using only two loudspeakers, there has been a recent tendency of using
loudspeaker arrays, which increase the robustness to source errors and reduce room’s response influence. This
document presents a numerical study on the trade-off between cross-talk cancellation performance and the number
of channels of a loudspeaker array. Special attention is given to the conditioning of the array and how this is
affected by inaccuracies in the driver response for different numbers of loudspeakers: 2, 3, 4, 5, and 7.

1

Introduction

Cross-talk cancellation allows for the reproduction
of binaural signals through loudspeakers. This is
typically achieved by using a set of inverse filters
that are created for a given listening position. The
inverse filters facilitate the delivery of two signals at
the listener’s ears that are meant to match a desired
binaural signal. This method represents an alternative
to binaural reproduction over headphones and it can be
beneficial for some situations in which the user also
requires interaction with the real world.
The first examples of cross-talk cancellation were
developed using stereo set-ups, with the control
network implemented using analogue electronics [1].
The development of digital signal processing saw an
outbreak in the amount of research on stereo-based

cross-talk cancellation systems [2, 3], with emphasis
put around finding optimum spans to maximise sound
field control along the whole frequency range [4, 5].
Studies showed that a wider span was required at low
frequencies than at high frequencies, which motivated
the use of frequency dependent arrangements of stereo
systems to obtain uncoloured audio reproduction along
the whole frequency range [6]. Later technology
development used three-way systems to further
improve the robustness of the solution at critical
frequency bands [7].

Recent research trends have turned towards the use of
linear loudspeaker arrays comprising of more than two
loudspeakers [8, 9]. The shift towards loudspeaker
arrays is motivated by their proven robustness towards
inaccuracies in the responses of the individual filters
[10, 11] and also by their limited interaction with the
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room acoustics [11, 12]. This improved robustness is
of special importance when the array filters are created
using analytical models and assuming each driver is
behaving identically [13, 14].

fixed inter-driver distance.
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Fig. 1: Miniature loudspeaker array for cross-talk cancellation laptop audio.

This work analyses the performance of cross-talk
cancellation systems based on different numbers
of speakers i.e.; 2, 3, 4, 5 and 7 drivers, with the
motivating application of finding the minimum
number of speakers required to obtain a robust 3D
immersive experience in a close listening distance
(<1m) miniature array for laptop binaural audio, as
shown in Fig. 1. The paper introduces a basic analysis
that looks at the amount of cross-talk cancellation
obtained by the different array geometries along the
whole frequency range, and also at the influence of
loudspeaker phase and sensitivity mismatches among
the array units of varying channel count.

Section 2 of the paper introduces the signal processing
required for the cross-talk cancellation soundfield control, and Section 3 focuses on the free-field cross-talk
cancellation performance along the whole frequency
range. Section 4 analyses the effect of mismatches
on the individual driver response and Section 5
summarises the paper outcomes and introduces some
future work. An appendix is also added to review the
effect of increasing the number of array drivers using a
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Fig. 2: Geometry of a loudspeaker array used to control
the pressure at two field points corresponding to
the ears of a listener. The various blocks of the
signal processing scheme used for the acoustic
control are depicted.

Considering a Cartesian coordinate system,
x = (x1 , x2 , x3 ), Fig. 2 shows a loudspeaker array of L sources with coordinates yl = (y1 , y2 , 0)
whose radiated acoustic pressure field is controlled at
two points in space, x1 and x2 , which simulate the ears
of a listener. The notation pm ≡ p(xm , jω) is used to
denote the complex radiated pressure as a function of
radian frequency, ω = 2π f , at each control point.
The transfer functions between the array loudspeakers
and the two control points are contained in a matrix, C,
which is defined as
 
c
C= 1 .
(1)
c2
It is assumed that each loudspeaker behaves
as an ideal monopole source,
such that

cm = cm1 e− jkrm1 , · · · , cmL e− jkrmL , where an e jωt
time dependence is assumed, k = ω/c0 and c0 is the
speed of sound. The quantity cml = 1/rml is a distance
attenuation factor where rml = kxm − yl k2 .
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The vector of reproduced signals at the listener’s ears,
p, is defined as
 
p
p= 1 ,
(2)
p2
and is found from the relation
p = CHv,

(3)

where H is a set of cross-talk cancellation filters given
by

−1
H = CH CCH + β I
,
(4)
and v is the vector of desired binaural signals
 
v
v= 1 .
v2

(5)

The above acoustic control problem can be stated as a
minimisation problem of the form,
min{k(CH − I2 ) vk2 + β kHvk2 },

(6)

where I2 is a 2 × 2 identity matrix. The objective of
the above problem is to minimise the cross-talk due
to the contralateral binaural signal at the ipsilateral
ear. The parameter β is the Tikhonov regularisation
factor that is used to limit the energy used by the array
by reducing kHvk2 . The addition of regularisation
in turn improves system conditioning and increases
system robustness with respect to inaccuracies in the
speaker response [12]. However, regularisation does
also introduce a bias in the minimisation of CH − I2 in
Eq. 6, and it must be chosen carefully as otherwise it
can lead to compression in the perceived virtual stage
[15].

control the soundfield at frequencies at which the system is ill-conditioned [6]. The array effort is defined
as the norm of the control filters, divided by the norm
of the input signal, hS , that a single loudspeaker requires to obtain the same pressure as that produced by
the cross-talk cancellation system in a given ear. The
normalised array effort (AE) is thus defined as
!
∑Ll=1 |Hl1 |2 + |Hl2 |2
AE = 10 log10
. (8)
|hS |2
This quantity is proportional to the amount of electric
power employed to maximise the response in one
ear and reduce it on the other ear, assuming the
electroacoustic interaction between the transducers
of the array is negligible. The magnitude of the array
filters can be controlled by constraining the array effort
to be lower than a given value at each frequency, which
is achieved by varying the regularisation parameter,
β . By limiting the array effort, the negative effect of
ill-conditioning of the propagation matrix is mitigated.
, and so the array is made more robust to changes in
the environment [10], at the expense of reducing the
cross-talk cancellation.

3

Free-field performance and
robustness

For the results presented in this paper, the channel
separation is used as an initial performance metric.
The channel separation of the reproduced signal is expressed in terms of the cross-talk cancellation (CTC),
which states the ratio between the absolute acoustic
pressure at the two control points p1 and p2 . This is
written as


|p1 |
CTC = 20 log10
.
(7)
|p2 |

Fig. 3: Different loudspeaker geometries considered
for the studied performed on the miniature loudspeaker array.

Another metric employed throughout this paper is the
array effort. The array effort characterises how much
energy the cross-talk cancellation filters require, as
often they need large boosts of acoustical energy to

Using the formulation and the free-field propagation
model described in Section 2, array control filters
were created according to the geometries described
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in Figure 3, considering a listener placed on the axis
of symmetry of the array at a distance of 0.6 m. The
array filters have been created using a value for the
regularisation parameter of β = 0.005.

by many other authors and is an effect well understood
for two channel cross-talk cancellation systems [6, 16].
If a third channel is added, the inter source separation
is now minimised and the position of the first minima
is moved up to about 7 kHz, double of that found in
the 2 speaker case [7]. Adding a fourth channel causes
a similar effect, the inter-source separation is further
reduced and the first minima is not found until above
10 kHz. The addition of a fifth channel places the
minima on the cross-talk cancellation spectrum outside
of the audible range. Using all the drivers sources
of the prototype array in Fig. 1 yields a cross-talk
cancellation prediction similar to that found by the five
channel speaker array. It is also possible to observe in
Fig. 4 that at the frequencies at which the cross-talk
cancellation is minimum the array effort peaks.
The low frequency cross-talk cancellation is limited
both by the maximum aperture of the array [17], which
is kept constant for all the array geometries, and by
the amount of regularisation used. The same amount
of regularisation, β = 0.005, was used for each set
of inverse filters. This value of the regularisation
parameter yields a similar low frequency performance,
except for some differences at low frequency for the 7
source array, which produces a lower array effort and
produces a slightly larger cross-talk cancellation at low
frequencies.

Fig. 4: Simulated cross-talk cancellation and array effort for the different subarrays considered in
Fig. 3.
Fig. 4 shows the cross-talk cancellation performance
for the loudspeaker array geometries of Fig. 3,
calculated as per Eq. 7. Starting with the two-channel
loudspeaker array, it is possible to observe how the
solution presents consecutive minima at frequencies
at which the control filters struggle to minimise the
cross-talk and still attempting to produce a flat response
at the listener’s ears, in this case these frequencies are
about 3.6 kHz, 7.2 kHz and successive multiples of 3.6
kHz. The cause of these notchs was studied previously

As a general trend, it is observed that increasing the
number of sources in the array reduces the minimum
array effort above 2kHz while still maintaining high
crosstalk cancellation. This trend indicates that
more channels can benefit the system by reducing
the array effort and at the same time improving the
cross-talk cancellation performance. The array effort is
proportional to the conditioning of the control system,
therefore, a lower array effort makes the control
problem more robust to source mismatches as shown
in the next section.

4

Effect of driver mismatches

It is important to analyse the effect that sensitivity and
phase mismatches between the different loudspeakers
has on the cross-talk cancellation response. The formulation described in Section 2 assumes each loudspeaker
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to work as an ideal point source monopole and, therefore, differences in the response will see the whole array response varying from an ideal, free-field, case. To
analyse this further, a set of simulations adding Gaussian random noise to the free-field transfer impedances
is first used. The results of the simulations is then contrasted with performance measurements of the practical
array shown in Fig. 1.
4.1

Simulating the effect of driver mismatches

Variations in speaker sensitivity and phase can be simulated by adding random noise to the loudspeaker freefield transfer functions. A variation of the matrix of
transfer function C that is contaminated with noise
to simulate mismatches in the nominal free-field ree can be defined as
sponses, C,
e = C (1 + γΨ)
C

(9)

where C is the free field value as defined in Eq. 1, γ
is a number from a Gaussian random noise generator
and Ψ controls the signal-to-noise ratio (SNR) of the
root-mean-square (RMS) level of the added noise.
For the simulations presented below, array inverse filters are calculated according to Eq. 4, using nominal
transfer impedances C as defined in Eq. 1, but the
forward pressure problem is evaluated using the “mismatched" transfer impedances defined in Eq. 9. The
“mismatched" forward problem is hence evaluated as:
e
e = CHv.
p

(10)

Simulations were carried out by running the forward
problem 200 times and averaging the final solution,
using a SNR that introduces errors of up to 10 dB in
the speaker responses. Fig. 5 shows the cross-talk
cancellation obtained after calculating Eq. 10 for
the different array configurations, together with a
frequency averaged version that allows for an easier
visualisation.

channels yields a larger cross-talk cancellation. It can
be observed that the amount of cross-talk cancellation
is inversely proportional to the array effort, as shown
in the lower plot of Fig. 4, suggesting that a better
conditioning of the plant matrix makes the array
systems more robust with respect to errors in the
loudspeaker response. It is also possible to observe
that the cross-talk cancellation increases considerably
when more than two loudspeakers are used, the three
and four channel cases, but that there is little difference
between employing five or seven loudspeakers.

4.2

A practical example of the effect of mismatches on
drivers can be analysed by looking at the measured
performance of the laptop-array shown in Fig. 1. The
upper plot of Fig. 6 shows the free-field frequency
responses for the different loudspeakers of the
laptop-array. These were measured in an anechoic
chamber for the left channel of a Neumann KU
100 binaural microphone placed 0.6m in front of
the array. The individual loudspeaker responses
are far from being identical, with differences in
response between each loudspeaker of more than
10 dB at some frequencies. A set of cross-talk
cancellation filters was created using Eq. 4 for the
different geometries of Fig. 3. The performance was
measured by capturing the pressures at both ears of
the binaural microphone. Eq. 7 was then employed
to calculate the results shown in the lower plot of Fig. 6.
The results of Fig. 6 show an irregular cross-talk
cancellation response that is severely compromised,
reaching almost 0 dB in the high frequency region.
Increasing the number of loudspeakers the cross-talk
cancellation performance also rises, as predicted in the
simulations of Fig. 5.

5
The plots presented in Fig. 5 show how the cross-talkcancellation performance increases with the number
of sources above 1 kHz. This is different from the
free-field simulations presented in Fig. 4, where the
maximum cross-talk cancellation was constant for the
different geometries, but the introduction of errors
in the loudspeaker responses shows that using more

Performance of a practical system

Summary and Further Work

A study was carried out on the crosstalk cancellation
performance of a loudspeaker array with a fixed aperture and varying number of employed loudspeakers
(2-7) for a listener seated in the near-field of an array.
It has been shown that the free-field cross-talk cancellation presents a more uniform response along the
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(a) L = 2

(b) L = 3

(c) L = 4

(d) L = 5

(e) L = 7

(f) Comparison

Fig. 5: Simulated CTC plots for arrays of different channel count when Gaussian noise is added to introduce errors
of up to 10 dB in the individual loudspeaker responses. The noisy peaks are caused by errors introduced by
the mismatches.
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The study was carried out for the case fixed, nonlistener adaptive systems, but the findings presented
below could also be extended to listener adaptive
systems as those described in other works [18, 13, 19].
Future work will look at the effect of increasing the
number of loudspeakers on the room-array interaction,
and how this affect the perceived binaural impression
over loudspeakers, in terms of the reproduced crosstalk cancellation response and also on reproduced
psycho-acoustical cues.

6
(a) Loudpeaker responses.

Acknowledgements

The authors would like to thank the support of the
EPSRC Programme Grant S3A: Future Spatial Audio for an Immersive Listener Experience at Home
(EP/L000539/1) and the BBC as part of the BBC Audio Research Partnership.

7

Appendix - Array performance with
increasing number of loudspeakers

The analysis presented in Sections 3 and 4 is now
repeated considering loudspeaker arrays with an
increasing number of loudspeakers at the same
inter-source separation, i.e. same separation between
loudspeakers, as shown in Fig. 7a. These results were
calculated using a value of the regularisation parameter
equal to β = 0.005.
(b) Measured CTC.

Fig. 6: Individual driver responses for the array shown
in Fig. 1 (a), and measured cross-talk cancellation for the different laptop-geometries (b).

audible frequency band if the number of loudspeakers
is increased.

Robustness simulations have shown that the effect
of source sensitivity and phase mismatches in the
cross-talk cancellation is minimised if the number of
loudspeakers in the array is increased between 2 and
7 loudspeakers. The same effect has been observed
in practical measurements on a 7 driver laptop-array
using unmatched commercial off-the-shelf miniature
speakers.

The results shown in Fig. 7b are calculated under
free-field conditions and predict an increase in the low
frequency cross-talk cancellation proportional to the
number of sources. It is of special importance to note
at the minimum in cross-talk cancellation found around
7kHz, is due to spatial aliasing. It is noteworthy to see
that the effect of this peak is reduced when the array
employs 5 loudspeakers or more. The corresponding
array effort plots, shown in Fig. 7c, predict a reduction
proportional to the increase in the number of speakers.
It is noteworthy to observe that the aliasing effect is
also minimised with the increasing number of speakers.
If using random Gaussian noise to simulate the effect
of loudspeaker sensitivity and phase mismatches in the
response, as for the results in Fig. 7d, it is observed
that the maximum amount of cross-talk cancellation
does not increase with the number of speakers, but the
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(a) Geometry

(b) Free-field

(c) Array effort.

(d) Mismatched drivers.

Fig. 7: Simulated cross-talk cancellation performance and array effort of an array with fixed inter source separation
for varying number of sources, L = 2, 3, 5 and7. The lower
effect of the spatial aliasing is reduced around the 7
kHz frequency range.

[4] Ward, D. B. and Elko, G., “Effect of loudspeaker position on the robustness of acoustic crosstalk cancellation,”
Signal Processing Letters, IEEE, 6(5), pp. 106–108,
1999, ISSN 1070-9908, doi:10.1109/97.755428.

References

[5] Parodi, Y. L. and Rubak, P., “Objective evaluation of
the sweet spot size in spatial sound reproduction using
elevated loudspeakersa),” The Journal of the Acoustical
Society of America, 128(3), pp. 1045–1055, 2010, doi:
http://dx.doi.org/10.1121/1.3467763.

[1] Atal, S. and Schroeder, R., “Apparent sound source
translator,” 1966, uS Patent 3,236,949.
[2] Kirkeby, O., Nelson, P. A., and Hamada, H., “The
“Stereo Dipole": A Virtual Source Imaging System Using Two Closely Spaced Loudspeakers,” J. Audio Eng.
Soc, 46(5), pp. 387–395, 1998.
[3] Kirkeby, O. and Nelson, P. A., “Digital Filter Design for
Inversion Problems in Sound Reproduction,” Journal of
Audio Engineering Society, 47(7/8), pp. 583–595, 1999.

[6] Takeuchi, T. and Nelson, P. A., “Optimal source distribution for binaural synthesis over loudspeakers,” The
Journal of the Acoustical Society of America, 112(6),
pp. 2786–2797, 2002, doi:http://dx.doi.org/10.1121/1.
1513363.
[7] Takeuchi, T. and Nelson, P. A., “Extension of the opti-

AES Conference on Immersive and Interactive Audio, York, UK, 2019 March 27 – 29
Page 8 of 9

Simón et al.

Robustness for low channel CTC

mal source distribution for binaural sound reproduction,”
in Proceedings of the Institute of Acoustics Reproduced
Sound Conference, 2008.
[8] Kurabayashi, H., Otani, M., Itoh, K., Hashimoto, M.,
and Kayama, M., “Development of dynamic transaural
reproduction system using non-contact head tracking,” in Consumer Electronics (GCCE), 2013 IEEE
2nd Global Conference on, pp. 12–16, 2013, doi:
10.1109/GCCE.2013.6664768.

[18] Masiero, B. and Vorlander, M., “A Framework for the
Calculation of Dynamic Crosstalk Cancellation Filters,”
IEEE/ACM Transactions on Audio, Speech, and Language Processing, 22(9), pp. 1345–1354, 2014, ISSN
2329-9290, doi:10.1109/TASLP.2014.2329184.
[19] Xiaohui Ma, C. H. and Ahrens, J., “Listener-Position
Adaptive Crosstalk Cancelation Using A Parameterized
Superdirective Beamformer,” in 2018 IEEE 10th Sensor
Array and Multichannel Signal Processing Workshop
(SAM), 2018.

[9] Hamdan, E., Allen, A., Melgar, R., and Otto, P., “Bridging Near and Far Acoustical Fields: a Hybrid Systems Approach to Improved Dimensionality in MultiListener Spaces,” in Audio Engineering Society Conference: 2016 AES International Conference on Sound
Field Control, 2016.
[10] Elliott, S. J., Cheer, J., Choi, J.-W., and Kim, Y., “Robustness and Regularization of Personal Audio Systems,” IEEE Transactions on Audio Speech and Language Processing, 20(7), pp. 2123–2133, 2012, ISSN
1558-7916, doi:10.1109/TASL.2012.2197613.
[11] Simón Gálvez, M. F. and Fazi, F. M., “Loudspeaker
Arrays for Transaural Reproduction,” in Proceedings of
the 22nd International Congress on Sound and Vibration, Florence, Italy, 2015.
[12] Simón Gálvez, M. F., Elliott, S. J., and Cheer, J., “The
effect of reverberation on personal audio devices,” The
Journal of the Acoustical Society of America, 135(5),
pp. 2654–2663, 2014, doi:http://dx.doi.org/10.1121/1.
4869681.
[13] Marcos F. Simón Gálvez, R. M., Takashi Takeuchi
and Faz, F. M., “Low-complexity, listener’s positionadaptive binaural reproduction over a loudspeaker array,”
Acta Acustica united with Acustica, 103, pp. 847–857,
2017.
[14] Xu, H., Xia, R., Li, J., and Yan, Y., “An improved
free-field cross-talk cancellation method based on the
spherical head model,” Applied Acoustics, 123, pp. 47 –
54, 2017, ISSN 0003-682X, doi:https://doi.org/10.1016/
j.apacoust.2017.03.003.
[15] Fazi, F. M. and Hamdan, E., “Stage Compression in
Transaural Audio,” in Audio Engineering Society Convention 144, 2018.
[16] Roginska, A. and Geluso, P., Immersive Sound, chapter 5, Focal Press, first edition, 2018.
[17] Fahy, F. and Walker, J., Advanced Applications in
Acoustics, Noise & Vibrations, Spon Press, London,
2004.

AES Conference on Immersive and Interactive Audio, York, UK, 2019 March 27 – 29
Page 9 of 9

