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(54) A method for determining a noise reference signal for noise compensation and/or noise

reduction

(57)  Theinvention provides amethod for determining
a noise reference signal for noise compensation and/or
noise reduction, comprising the steps of: receiving a first
audio signal on a first signal path and a second audio
signal on a second signal path, filtering the first audio
signal using a first adaptive filtering means to obtain a

first filtered audio signal, filtering the second audio signal
using a second adaptive filtering means to obtain a sec-
ond filtered audio signal, and combining the first and the
second filtered audio signal to obtain the noise reference
signal, wherein the first and the second adaptive filtering
means are adapted such as to minimize a wanted signal
component in the noise reference signal.
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Description

[0001] The present invention relates to a method for determining a noise reference signal for noise compensation
and/or noise reduction.

[0002] Noise compensation and/or noise reduction in acoustic signals is an important issue, for example, in the field
of speech signal processing. The quality of an audio signal, e.g. of a speech signal, is often impaired by various inter-
ferences stemming from different noise sources. Hands-free telephony systems or speech recognition systems, for
instance, may be used in a noisy environment such as in a vehicular cabin. In this case, the voice signal may be interfered
by background noise such as noise of the engine or noise of the rolling tires. Noise compensation methods may be used
to compensate for the background noise thereby improving the signal quality and reducing misrecognitions.

[0003] Common methods for noise compensation and/or noise reduction usually involve multi-channel systems. For
example, two-channel systems are used, wherein a first channel comprises a disturbed audio signal and a second
channel comprises a noise reference signal.

[0004] Figure 6 shows an example of such a system. Two microphones 605 are configured to detect a wanted signal
of a wanted sound source, for example, a speech signal. A first microphone signal is output by a first microphone on a
first signal path and a second microphone signal is output by a second microphone on a second signal path. The first
and the second microphone signal comprise a noise component 603 and 604, respectively, originating from one or more
noise sources and a wanted signal component originating from the wanted sound source. The transfer between the
wanted signal and the first and the second microphone signal may be modeled by a first and a second transfer function
601 and 602, respectively. The second microphone signal is filtered by an interference canceller 609, which comprises
an adaptive filtering means and determines an estimate for the noise component in the first microphone signal based
on the second microphone signal. The output of the interference canceller 609 is subtracted from the first microphone
signal by a combining means 610, thereby obtaining an output signal with reduced noise. The quality of the output signal
depends on the wanted sighal component in the second microphone signal.

[0005] In an ideal case, the second microphone signal and hence the output of the interference canceller 609 do not
comprise a wanted signal component. The quality of noise compensation in the output signal with reduced noise,
however, also depends on the correlation between the noise components 603 and 604. A low correlation implies that
the estimate of the interference canceller 609 is a bad estimate for the noise component of the first microphone signal
and that therefore the quality of the output signal with reduced noise is low. To achieve a higher correlation, and hence
a better estimate for the noise reference signal, the two microphones 605 should have a small relative distance from
each other. As a consequence, however, the second microphone signal will also comprise a significant wanted signal
component.

[0006] Inorderto solve this problem, current multi-channel systems primarily make use of a so-called "blocking matrix"
in order to block a wanted signal component in the second signal path.

[0007] Figure 7 shows such a system comprising two microphones 705, an interference canceller 709 and a first
combining means 710 configured to subtract the estimate of the noise component from a first microphone signal. The
first microphone signal from a first signal path may be used as input for an adaptive filtering means 715. The output of
the adaptive filtering means 715 may be combined with a second microphone signal using a second combining means
7186, thereby obtaining a noise reference signal on a second signal path. This noise reference signal may be used as
an input for the interference canceller 709 and the output of the interference canceller 709 may be subtracted from the
first microphone signal using combining means 710 to obtain an output signal with reduced noise. The first and the
second microphone signal may comprise a noise component 703 and 704, respectively.

[0008] A first transfer function 701 modeling the transfer between a wanted signal and the first microphone signal on
the first signal path may be denoted by G,(ei?) and a second transfer function 702 modeling the transfer between the
wanted signal and the second microphone signal on the second signal path may be denoted by G,(e/?). Here j denotes
the imaginary unit and Q denotes a frequency variable. In order to obtain a noise reference signal with little or no wanted
signal component, a transfer function, H, of the adaptive filtering means 715 may read

H(ejQ) — G2 (ejQ)G]_I(ejQ)

[0009] Inother words, the above-described transfer function of the adaptive filtering means 715 comprises an inverse
of the first transfer function. This can yield an impaired noise reference signal if the value of the first transfer function
approaches zero.

[0010] Other known methods for determining a noise reference signals may similarly yield an impaired noise reference
signal. The quality of noise compensation and/or noise reduction, however, depends to a large extent on the quality of
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the noise reference signal. Therefore, there is the need to provide a method for determining a more accurate noise
reference signal for noise compensation and/or noise reduction.

[0011] It is therefore the problem underlying the present invention to overcome the above mentioned drawback and
to provide a method and a system for determining an accurate noise reference signal for noise compensation and/or
noise reduction.

[0012] The problem is solved by a method according to claim 1 and by a system according to claim 14.

[0013] According to the present invention, a method for determining a noise reference signal for noise compensation
and/or noise reduction, comprises the steps of:

receiving a first audio signal on a first signal path and a second audio signal on a second signal path,

filtering the first audio signal using a first adaptive filtering means to obtain a first filtered audio signal,

filtering the second audio signal using a second adaptive filtering means to obtain a second filtered audio signal, and
combining the first and the second filtered audio signal to obtain the noise reference signal,

wherein the first and the second adaptive filtering means are adapted such as to minimize a wanted signal component
in the noise reference signal.

[0014] By using two adaptive filtering means to determine the noise reference signal, a wanted signal component in
the noise reference signal can be effectively minimized. In this way, the quality of the noise reference signal can be
improved compared to prior art methods.

[0015] The method may be performed in the frequency domain, in particular in a sub-band domain. In the frequency
domain, each of the first audio signal and the second audio signal may correspond to one or more short-time spectra.
In this case, the first audio signal and the second audio signal correspond to a first audio signal spectrum and a second
audio signal spectrum, respectively. The first and the second audio signal may be determined using short-time Fourier
transforms of time-dependent audio signals. In this case, each of the first and the second audio signal correspond to a
plurality of short-time Fourier coefficients, in particular for predetermined frequency nodes.

[0016] Each of the first and the second filtered audio signal and the noise reference signal may correspond to a short-
time spectrum as well.

[0017] Alternatively, the method may be performed in the time domain, in particular in a discrete time domain.
[0018] The first and the second audio signal generally comprise a noise component and may comprise a wanted
signal component. Consequently, also the first and the second filtered audio signal generally comprise a noise component
and may comprise a wanted signal component.

[0019] The wanted signal component may be based on a wanted signal originating from a wanted sound source. In
particular, the wanted signal from the wanted sound source may be received by a microphone array, in particular wherein
the microphone array comprises at least two microphones. The wanted sound source may have a variable distance
from the microphone array. The first and the second audio signal may correspond to or be based on microphone signals
emanating from at least two microphones of the microphone array.

[0020] One or more short-time spectra of the first and the second audio signal may comprise only a noise component.
In this case, the wanted sound source may be temporarily inactive. The method may comprise detecting whether the
first and/or the second audio signal comprise a wanted signal component. In other words, the method may comprise
detecting whether the wanted sound source is active, in particular based on the noise reference signal. If no short time
spectrum of the first and the second audio signal comprises a wanted signal component, the wanted sound source is
inactive. In this case, no noise compensation may be performed.

[0021] If the first and the second audio signal comprise a wanted signal component, also the noise reference signal
may comprise a wanted signal component, wherein the first and the second adaptive filtering means are adapted such
as to minimize the wanted signal component in the noise reference signal. A wanted signal component in the noise
reference signal may be minimized such that it vanishes or that it falls below a predetermined detection threshold.
[0022] The first and the second adaptive filtering means may be adapted according to a predetermined criterion, in
particular according to a predetermined optimization criterion. The predetermined criterion may be based on anormalized
least mean square method or on a method based on a minimization of the signal-to-noise ratio of the noise reference
signal. In particular, the predetermined criterion may be based on the signal-to-noise ratio of the noise reference.
[0023] Filtering the first audio signal may be performed on an intermediate signal path, wherein the intermediate signal
path connects the first and the second signal path. In other words, the first adaptive filtering means may be arranged
on an intermediate signal path connecting the first and the second signal path. Filtering the second audio signal and
combining the first and the second filtered audio signal may be performed on the second signal path.
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[0024] A first transfer function may model a transfer from a wanted signal originating from a wanted sound source to
the first signal path and a second transfer function may model a transfer from the wanted signal originating from the
wanted sound source to the second signal path, wherein the transfer function of the first adaptive filtering means may
be based on the second transfer function and/or wherein the transfer function of the second adaptive filtering means
may be based on the first transfer function.

[0025] In general, a transfer function may model a relation between an input and an output signal of a system. In
particular, the transfer function applied to an input signal may yield the output signal of the system. In this case, the first
transfer function may model the relation between a wanted signal originating from a wanted sound source and the first
audio signal, in particular the wanted signal component of the first audio signal. The second transfer function may model
the relation between the wanted signal originating from the wanted sound source and the second audio signal, in particular
the wanted signal component of the second audio signal.

[0026] A transfer function in the frequency domain may correspond to or be associated with an impulse response in
the time domain.

[0027] The transfer function of the first and/or the second adaptive filtering means may be further based on a prede-
termined or arbitrary transfer function. In particular, the transfer function of the first adaptive filtering means may be
based on a combination, in particular on a product, of the second transfer function and a predetermined or arbitrary
transfer function. The transfer function of the second adaptive filtering means may be based on a combination, in
particular on a product, of the first transfer function and the predetermined or arbitrary transfer function. In other words,
the transfer function of the first adaptive filtering means may model a combination of the second transfer function and
an arbitrary transfer function and the transfer function of the second adaptive filtering means may model a combination
of the first transfer function and the arbitrary transfer function. The predetermined or arbitrary transfer function may be
the same for the transfer function of the first adaptive filtering means and the transfer function of the second adaptive
filtering means.

[0028] Forexample, the transfer function of the first and the second adaptive filtering means, H, and H,, respectively,
may read:

H, (e’ k) = G, (e’ k) -G (e’ k),

and

H, (" k) = G, (e, k)-G(e’, k).

[0029] Here G,(&, k) denotes the first transfer function, G,(e/, k) denotes the second transfer function and é(dQ,
k) denotes the arbitrary or predetermined transfer function. The parameter Q denotes a frequency variable, for example
a frequency node or frequency sampling point of a sub-band, j denotes the imaginary unit and k denotes the time.
[0030] The arbitrary or predetermined transfer function may be constant. In particular, the arbitrary transfer function
may be equal to 1. In this case, the transfer function of the first adaptive filtering means models the second transfer
function and the transfer function of the second adaptive filtering means models the first transfer function.

[0031] The transfer function of the first and/or the second adaptive filtering means may be modeled by filter coefficients
of the first and/or the second adaptive filtering means. In other words, filter coefficients of the first and the second adaptive
filtering means may be adapted such as to model an above-described transfer function of the first and the second
adaptive filtering means. In particular, the filter coefficients of the first and the second adaptive filtering means may be
adapted such as to minimize a wanted signal component in the noise reference signal by modeling a transfer function
as described above.

[0032] The above-described methods for determining a noise reference signal may comprise adapting the first and
the second adaptive filtering means. Adapting the first and the second adaptive filtering means may comprise modifying
or updating a filter coefficient or a set of filter coefficients of the first and/or the second adaptive filtering means to obtain
a modified filter coefficient or a set of modified filter coefficients. Adapting the first and the second adaptive filtering
means may be based on a predetermined criterion such as the above-described predetermined criterion, in particular
on a predetermined optimization criterion.

[0033] Adapting the first and the second adaptive filtering means may be based on a normalized least mean square
method or on a method based on a minimization of the signal-to-noise ratio of the noise reference signal. In other words,
the predetermined criterion may be based on a normalized least mean square method or on a method based on a
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minimization of the signal-to-noise ratio of the noise reference signal.

[0034] The normalized least mean square method may comprise modifying a set of filter coefficients of the first and/or
second adaptive filtering means based on the noise reference signal and/or based on the power or power density of the
first and/or the second audio signal. The power density may correspond to a power spectral density. The normalized
least mean square method may comprise determining a product of the first or the second audio signal and the noise
reference signal, in particular, the complex conjugate of the noise reference signal. In particular, the normalized least
mean square method may comprise modifying one or more filter coefficients of the first and/or the second adaptive
filtering means by adding an adaptation term.

[0035] The adaptation term may comprise a ratio between the product of the first or second audio signal with the noise
reference signal, in particular, the complex conjugate of the noise reference signal, and the power or power density of
the first and second audio signal, in particular the sum of the power or power density of the first and second audio signal.
The adaptation term may comprise a free parameter, in particular corresponding to an adaptation step size. The value
of the free parameter may lie within a predetermined range. The sign of the free parameter may be different for the
adaptation terms associated with the filter coefficients of the first and the second adaptive filtering means.

[0036] The method based on a minimization of the signal-to-noise ratio may comprise determining a power or power
density of the first and of the second audio signal and/or determining a power or power density of the noise component
of the first and of the second audio signal. The first and the second audio signal may be combined to an audio signal
vector. In particular, the audio signal vector may comprise the one or more short-time spectra of the first and the second
audio signal. In this case, the power or power density of the first and of the second audio signal may correspond to the
power or power density of the audio signal vector.

[0037] The filter coefficients of the first and the second adaptive filtering means may be combined to a filter coefficient
vector. In this case, the noise reference signal may correspond to a product of the Hermitian transpose of the filter
coefficient vector and the audio signal vector. The Hermitian transpose of a vector may correspond to the transposed
and complex conjugated vector.

[0038] The power density of the audio signal vector may correspond to the expectation value of the product between
the audio signal vector and the Hermitian transposed of the audio signal vector. Inthis case, the power density corresponds
to a power density matrix.

[0039] The audio signal vector may correspond to a sum of a wanted signal vector and a noise vector, wherein the
wanted signal vector comprises the wanted signal components of the first and of the second audio signal and the noise
vector comprises the noise components of the first and of the second audio signal. If the wanted sound source is inactive,
the audio signal vector corresponds to the noise vector. In this case, a power density matrix of the noise vector may be
estimated or determined.

[0040] An average or mean power or power density of the noise vector, in particular of the noise components of the
first and of the second audio signal, may be determined based on the trace of the power density matrix of the noise vector.
[0041] The signal-to-noise ratio of the noise reference signal may correspond to a ratio between a wanted signal
component in the noise reference signal and a noise component in the noise reference signal, in particular between the
power or power density of the wanted signal component in the noise reference signal and the power or power density
of the noise component in the noise reference signal.

[0042] The method based on a minimization of the signal-to-noise ratio may comprise minimizing the signal-to-noise
ratio of the noise reference signal. In this way, a wanted signal component in the noise reference signal can be minimized.
In other words, the predetermined optimization criterion may correspond to a minimization of the signal-to-noise ratio
of the noise reference signal.

[0043] Minimizing the signal-to-noise ratio may comprise determining the signal-to-noise ratio based on the power or
power density of the first and the second audio signal and on the power or power density of the noise component of the
first and second audio signal.

[0044] Minimizing the signal-to-noise ratio of the noise reference signal may be based on the power or power density
of the first and the second audio signal and on the power or power density of the noise component of the first and second
audio signal. In particular, minimizing the signal-to-noise ratio of the noise reference signal may be based on the power
density matrix of the audio signal vector and on the power density matrix of the noise vector. In this case, the method
may comprise determining the power density matrix of the audio signal vector and the power density matrix of the noise
vector.

[0045] Minimizing the signal-to-noise ratio may be based on a constraint for the power or power density of the noise
component in the noise reference signal. In particular, the power or power density of the noise component in the noise
reference signal may be equal to the mean power or mean power density of the noise components in the first and second
audio signal.

[0046] Minimizing the signal-to-noise ratio may be based on a Lagrangian method, i.e. based on Lagrange multipliers,
and/or on a method based on a gradient descent. In particular, a Lagrangian method may be used for minimizing the
signal-to-noise ratio using a constraint.
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[0047] Adapting the first and the second adaptive filtering means may comprise normalizing modified filter coefficients
of the first and/or the second adaptive filtering means using a predetermined normalization factor. In particular, a set of
filter coefficients may be modified based on a normalized least mean square method or on a method based on a
minimization of the signal-to-noise ratio of the noise reference signal as described above and thereafter, as a second
step, normalized using a predetermined normalization factor. By normalizing the modified filter coefficients, an attenuation
of the amplitude of the first and the second filtered audio signal may be avoided.

[0048] The predetermined normalization factor may correspond to a scalar. The predetermined normalization factor
may be based on one or more filter coefficients or on one or more modified filter coefficients of the first and/or the second
adaptive filtering means. In particular, the predetermined normalization factor may correspond to the value of a prede-
termined modified filter coefficient of the first or the second adaptive filtering means. In this case, the predetermined
normalization factor can be complex valued.

[0049] The predetermined normalization factor may be based on an absolute value of a modified filter coefficient of
the first or the second adaptive filtering means. In particular, the predetermined normalization factor may correspond to
the absolute value of a predetermined modified filter coefficient of the first or the second adaptive filtering means. In this
case, the predetermined normalization factor is real valued.

[0050] The predetermined normalization factor may correspond to the maximum value of the absolute values of the
modified filter coefficients of the first and the second adaptive filtering means.

[0051] Alternatively, the predetermined normalization factor may be based on a linear combination of absolute values
of modified filter coefficients of the first and the second adaptive filtering means. In particular, the predetermined nor-
malization factor may correspond to a norm of the modified filter coefficients of the first and the second adaptive filtering
means. In this case, the predetermined normalization factor may correspond to the square root of the sum of the squared
absolute values of the modified filter coefficients of the first and of the second adaptive filtering means.

[0052] If the wanted sound source is inactive, i.e. if the first and/or the second audio signal comprise no wanted signal
component, the step of adapting the first and the second adaptive filtering means may be omitted.

[0053] The first and the second adaptive filtering means may each correspond to adaptive finite impulse response
(FIR) filters. The first and the second audio signal may correspond to a sequence of short-time spectra, in particular to
a consecutive sequence. In particular, the first and the second audio signal may comprise a temporal sequence of short-
time spectra. The number of short-time spectra in the sequence may correspond to the filter order or filter length of the
employed filter. In other words, the number of short-time spectra in the first audio signal may be equal to the filter order
of the first adaptive filtering means and the number of short-time spectra in the second audio signal may be equal to
the filter order of the second adaptive filtering means.

[0054] The first and the second audio signal may each be a microphone signal or a beamformed signal, in particular
emanating from different microphones or beamformers. In other words, the first signal path may comprise at least one
microphone and the second signal path may comprise at least one microphone, in particular wherein the at least one
microphone of the second signal path differs from the at least one microphone of the first signal path. The first and/or
second signal path may further comprise a beamformer. The first audio signal may correspond to an output signal of a
microphone or to an output signal of a beamformer in the first signal path and the second audio signal may correspond
to an output signal of a microphone or to an output signal of a beamformer in the second signal path.

[0055] The predetermined normalization factor may be based on the power or power density of the noise component
in the first or the second audio signal, in particular wherein the first or the second audio signal is a beamformed signal.
In other words, the predetermined normalization factor may be based on the power or power density of a beamformed
signal. The predetermined normalization factor may be proportional to the ratio between the power or power density of
the noise component in the beamformed signal and the power or power density of the noise component in the noise
reference signal. In particular, the predetermined normalization factor may be proportional to the square root of the ratio
between the power or power density of the noise component in the beamformed signal and the power or power density
of the noise component in the noise reference signal.

[0056] If adapting the first and the second adaptive filtering means is based on a minimization of the signal-to-noise
ratio of the noise reference signal, a normalization of the modified filter coefficients may be implicit in the constraint used
for the minimization. In this case, a normalization of modified filter coefficients using a predetermined normalization
factor may be omitted. The constraint for the minimization may be based on the power or power density of the beamformed
signal.

[0057] Combining the first and the second filtered audio signal may comprise subtracting the first filtered audio signal
from the second filtered audio signal. In this way, the wanted signal component can be blocked in the second signal
path. In other words, combining the first and the second filtered audio signal may correspond to blocking the wanted
signal component in the second signal path. The noise reference signal may correspond to a blocking signal.

[0058] The combination of the first and the second filtered audio signal to obtain the noise reference signal may be
modeled by a blocking matrix. In this case, the blocking matrix applied to the first and the second audio signal yields
the noise reference signal. In other words, the invention also provides a blocking matrix, wherein the blocking matrix
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comprises a transfer function of the first adaptive filtering means and a transfer function of the second adaptive filtering
means, and wherein if the blocking matrix is applied to a first and a second audio signal a noise reference signal is
obtained according to one of the above-described methods.

[0059] The above-described methods may be performed for a plurality of audio signals, in particular stemming from
different microphones of a microphone array. In this case, a blocking matrix applied to microphone signals of the micro-
phone array may yield a plurality of noise reference signals, i.e. two or more noise reference signals. In particular, the
first filtered audio signal may be combined with further audio signals, in particular pairwise, to obtain further noise
reference signals. For example, the first filtered audio signal may be combined with a third filtered audio signal to obtain
a second noise reference signal.

[0060] The above-described methods may be performed repeatedly, in particular for subsequent audio signals. In
particular, the first and the second audio signal may be associated with a predetermined time or time period. The above-
described methods may be performed for a plurality of times or time periods, in particular for subsequent times or time
periods.

[0061] In this context, noise compensation may correspond to noise cancellation or noise suppression. In particular,
a method for noise compensation may be used to cancel, suppress or compensate for noise in an audio signal, for
example in the first audio signal.

[0062] The invention further provides a method for processing an audio signal for noise compensation, comprising
the steps of:

determining a noise reference signal according to one of the above described methods, using a first audio signal
on a first signal path and a second audio signal on a second signal path,

filtering the noise reference signal on the second signal path using a third adaptive filtering means to obtain afiltered
noise reference signal, and

combining the first audio signal from the first signal path and the filtered noise reference signal to obtain an output
signal with reduced noise.

[0063] In this way, the noise component in the first audio signal may be minimized. In particular, combining the first
audio signal and the filtered noise reference signal may comprise subtracting the filtered noise reference signal from
the first audio signal.

[0064] The first audio signal and the output signal with reduced noise may each comprise a signal component and a
noise component, wherein the third adaptive filtering means is adapted such as to minimize the noise component in the
output signal with reduced noise. The third adaptive filtering means may correspond to an FIR filtering means, in particular
an adaptive FIR filter.

[0065] By determining the noise reference signal according to one of the above described methods, the quality of
noise compensation in the first audio signal may be improved compared to noise compensation based on a noise
reference signal determined using prior art methods.

[0066] The invention further provides a computer program product, comprising one or more computer readable media
having computer executable instructions for performing the steps of one of the above described methods, when run on
a computer.

[0067] The invention further provides a system for audio signal processing, in particular configured to perform one of
the above described methods, comprising receiving means for receiving a first and a second audio signal, a first adaptive
filtering means to obtain a first filtered audio signal, a second adaptive filtering means to obtain a second filtered audio
signal, and combining means for combining the first and the second filtered audio signal.

[0068] The system allows to determine a noise reference signal according to one of the above described methods.
In particular, the first and the second adaptive filtering means may be adapted such as to minimize a wanted signal
component in an output signal of the combining means, i.e. in the noise reference signal.

[0069] The system may be further configured to perform one of the above described methods for noise compensation.
[0070] Inparticular, the system may further comprise a third adaptive filtering means to obtain afiltered noise reference
signal. The combining means may correspond to a second combining means and the system may further comprise a
first combining means for combining the first audio signal and the filtered noise reference signal. An output signal of the
first combining means may correspond to an output signal with reduced noise. In particular, the third adaptive filtering
means may be adapted such as to minimize a noise component in the output signal with reduced noise.

[0071] In particular, the system may comprise:

a microphone array comprising at least two microphones,
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wherein an output of a first microphone of the microphone array is connected to a first combining means on a first
signal path and connected to a first adaptive filtering means on an intermediate signal path,

an output of a second microphone of the microphone array connected to a second adaptive filtering means on a
second signal path,

an output of the first adaptive filtering means and an output of the second adaptive filtering means, both connected
to a second combining means on the second signal path,

an output of the second combining means connected to a third adaptive filtering means on the second signal path, and
an output of the third adaptive filtering means connected to the first combining means.

[0072] Such a system allows to compensate for noise in a first signal path based on a noise reference signal, wherein
the noise reference signal may be obtained by blocking a wanted signal component in a second signal path. In particular,
the second combining means and the first and the second adaptive filtering means may be configured such as to yield
a noise reference signal according to one of the above-described methods. In this case, the output signal of the first
microphone may correspond to the first audio signal and the output signal of the second microphone may correspond
to the second audio signal.

[0073] The third adaptive filtering means and the first combining means may be configured to yield an output signal
with reduced noise according to one of the above-described methods.

[0074] The system may further comprise a beamforming means, in particular an adaptive or a fixed beamformer,
and/or an echo compensation means, in particular an adaptive echo canceller or acoustic echo canceller. A beamformer
may be used for spatial filtering of audio signals. In this case, the microphone array may be connected to the beamformer.
The beamformer may be arranged in the first signal path. In this case, an output of the beamformer may be connected
to the first combining means on the first signal path and connected to the first adaptive filtering means on the intermediate
signal path. In this case, an output signal of the beamformer in the first signal path corresponds to the first audio signal.
Additionally or alternatively, a beamformer may be arranged in the second signal path. In this case, an output signal of
the beamformer in the second signal path may correspond to the second audio signal.

[0075] The system may further comprise means for speech synthesis or speech recognition.

[0076] The system may be a hands-free system, in particular for use in a vehicle. The hands-free system may be a
hands-free telephone set or a hands-free speech control set.

[0077] Additional features and advantages of the present invention will be described with reference to the drawings.
In the description, reference is made to accompanying figures that are meant to illustrate preferred embodiments of the
invention.

Figure 1 shows a system for noise compensation comprising two adaptive filtering means for determining a noise
reference signal;

Figure 2  shows a system for determining a noise reference signal comprising two adaptive filtering means;

Figure 3  shows a system for determining a noise reference signal comprising two adaptive filtering means and a
beamformer;

Figure 4  shows a system for noise compensation comprising a beamformer, a blocking matrix and an interference
canceller;

Figure 5 shows a system for noise compensation comprising a fixed beamformer;
Figure 6 shows a system for noise compensation comprising a first signal path and a second signal path;

Figure 7  shows a system for noise compensation comprising one adaptive filtering means for determining a noise
reference signal;

Figure 8  shows the mean reduction of the wanted signal component in the noise refer- ence signal in different systems
for noise compensation; and

Figure 9  shows the mean reduction of the wanted signal component in the noise refer- ence signal as a function of
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the filter order of the employed adaptive filtering means.

[0078] Toimprove the signal quality of an audio signal, a method for noise compensation may be performed (see e.g.
"Adaptive noise cancellation: Principles and applications" by B. Widrow et al., in Proc. of the IEEE, Vol. 63, No. 12,
December 1975, pp. 1692 - 1716). In particular, the audio signal may be divided into sub-bands by some sub-band
filtering means and a noise compensation method may be applied to each of the sub-bands. The method for noise
compensation may utilize a multi-channel system, i.e. a system comprising a microphone array. Microphone arrays are
also used in the field of source localization (see e.g. "Microphone Arrays for Video Camera Steering” by Y. Huang et
al.,inS. Gay, J. Benesty (Eds.), Acoustic Signal Processing for Telecommunication, Kluwer, Boston, 2000, pp. 239 - 259).
[0079] Figure 4 shows the general structure of a so-called "general sidelobe canceller" which comprises two signal
processing paths: a first (or lower) adaptive signal path with a blocking matrix 412 and an interference canceller 413
and a second (or upper) non-adaptive signal path with a fixed beamformer 411 (see e.g. "Beamforming: a versatile
approach to spatial filtering", by B. Van Veen and K. Buckley, IEEE ASSP Magazine, Vol. 5, No. 2, April 1988, pp. 4 -
24). An adaptive beamformer may be used instead of the fixed beamformer 411. A combining means 414 may be used
to subtract an output signal of the interference canceller 413 from the beamformed signal. The blocking matrix 412 may
be used to estimate noise reference signals, wherein a noise reference signal comprises a minimized wanted signal
component. In particular, the blocking matrix 412 applied to microphone signals may yield the noise reference signals.
The blocking matrix 412 may be realized by adaptive filtering means and combining means as described above. Different
kinds of blocking matrices may be used.

[0080] One example is a fixed blocking matrix (see, e.g. "An alternative approach to linearly constrained adaptive
beamforming" by L. Griffiths and C. Jim, IEEE Trans. on Antennas and Propagation, Vol. 30, No. 1, January 1982, pp.
27 - 34). The fixed blocking matrix, however, relies on an idealized sound field, in which the wanted signal reaches the
microphones of the microphone array as a plane wave from a predetermined direction. In practice, however, variations
from the predetermined direction can occur, for example, due to reflections. As a consequence, the output signal of the
combining means 414 may comprise a significant wanted signal component. One example for a fixed blocking matrix
is the so-called "central difference matrix" which realizes a subtraction of audio signals from neighboring or adjacent
channels or signal paths. For four microphone signals stemming from four different microphones, the fixed blocking
matrix may read:

1-100
B={01-10
001 -1

[0081] Deviations from an idealized sound field may be compensated for by an adaptive blocking matrix which may
be realized using adaptive filtering means. An example for a generalized sidelobe canceller with an adaptive blocking
matrix, i.e. with adaptive filtering means is shown in Figure 5. In particular, a fixed beamformer 511 is used on a first
signal path in order to determine a beamformed signal from a plurality of microphone signals. A combining means 514
and an interference canceller 513 may be used to compensate for a noise component in the beamformed signal. The
interference canceller 513 may use noise reference signals to provide an estimate for the noise component in the
beamformed signal. The noise reference signals may be determined using adaptive filtering means 515.

[0082] Anadaptive blocking matrix is described in"Arobust adaptive beamformer for microphone arrays with a blocking
matrix using constrained adaptive filters" by O. Hoshuyama, A. Sugiyama and A. Hirano, in IEEE Transactions on Signal
Processing, Vol. 47, No. 10, October 1999, pp. 2677 - 2684). In the frequency domain, without using constraints, this
structure is described in "Computationally efficient frequency-domain robust generalized sidelobe canceller” by W.
Herbordt and W. Kellermann, Proc. Int. Workshop on Acoustic Echo and Noise Control (IWAENC-01), Darmstadt,
September 2001, pp. 51 - 55.

[0083] Due to constraints for the filter coefficients of the adaptive filtering means associated with an adaptive blocking
matrix, deviations from an idealized sound field may be compensated for only to a certain degree.

[0084] Another example for a transfer function is given by a so-called "transfer function GSC", which considers an
arbitrary transfer function from the wanted sound source to the microphone signals (see e.g. "Beamforming methods
for multi-channel speech enhancement" by S. Gannot et al., Proc. Int. Workshop on Acoustic Echo and Noise Control
(IWAENC-99), Pocono Manor PA, September 1999, pp. 96 - 99)

[0085] In this approach, the transfer functions between a wanted signal originating from a wanted sound source and
the microphone signals are being estimated by adaptive filtering means, i.e. inserted into a blocking matrix:
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iQ

[0086] Inthis way, afirst microphone signal is combined with the other microphone signals by subtraction. In particular,
the first microphone signal is divided by a transfer function modeling the transfer between the wanted signal and the
first microphone signal and multiplied by a transfer function modeling the transfer between the wanted signal and the
neighboring channel or microphone signal. This approach is similar to the adaptive blocking matrix, the first audio signal,
however, corresponds to a microphone signal in this case, while to a beamformed signal in the former case.

[0087] As such a blocking matrix comprises an inverse of a first transfer function modeling the transfer between the
wanted signal and the first microphone signal, undesired artifacts in the noise reference signal may occur if the first
transfer function approaches zero.

[0088] As an alternative, systems with distributed microphones are known (see e.g. "Multichannel cross-talk cancel-
lation in a call-center scenario using frequency domain adaptive filtering" by A. Lombard and W. Kellermann, in Proc.
Int. Workshop on Acoustic Echo and Noise Control (IWAENC-08), Seattle, September 2008). In this case, it is assumed
that a primary microphone receives the wanted signal from the wanted sound source in a more efficient way than the
other microphones. A method similar to the one based on an adaptive blocking matrix may be used, wherein the
microphone signal of the primary microphone instead of the beamformed signal is used as the first audio signal.
[0089] Figure 1 shows a system for noise compensation in an audio signal comprising microphones 105. The micro-
phones 105 are configured to detect a wanted signal of a wanted sound source, for example, a speech signal. In
particular, a first microphone outputs a first audio signal on a first signal path. The first signal path connects the output
of the first microphone with a first combining means 110. A second microphone 105 outputs a second audio signal on
a second signal path. The first signal path branches off to an intermediate signal path comprising a first adaptive filtering
means 106. The first audio signal is used as input for the first adaptive filtering means 106. The first adaptive filtering
means 106 is used to filter the first audio signal to obtain a first filtered audio signal. The second audio signal on the
second signal path is filtered by a second adaptive filtering means 107 to obtain a second filtered audio signal. The first
filtered audio signal and the secondfiltered audio signal are combined using a second combining means 108. In particular,
the first filtered audio signal may be subtracted from the second filtered audio signal. The output of the combining means
108 may correspond to a noise reference signal, wherein the first and the second adaptive filtering means 106 and 107
are adapted such as to minimize a wanted signal component in the noise reference signal.

[0090] The noise reference signal is used as input for a third adaptive filtering means 109 in the second signal path
to obtain a filtered noise reference signal. The filtered noise reference signal may correspond to an estimate of the noise
component in the first audio signal. The first combining means 110 may be used to subtract the filtered noise reference
signal output by the third adaptive filtering means 109 from the first audio signal on the first signal path. In other words,
the third adaptive filtering means 109 may be adapted such as to minimize the noise component in the first audio signal.
In this way, the combining means 110 yield an output signal with reduced noise.

[0091] The first audio signal may comprise a wanted signal component, wherein the wanted signal component is
associated with a wanted signal originating from a wanted sound source. A first transfer function 101 may model the
transfer between the wanted signal and the first signal path, in particular the wanted signal component of the first audio
signal on the first signal path. The first audio signal may comprise a noise component 103 originating from one or more
noise sources. Similarly, the second audio signal may comprise a wanted signal component associated with the wanted
signal, in particular the wanted signal associated with the wanted signal component of the first audio signal. A second
transfer function 102 may model the transfer between the wanted signal and the second signal path. The second audio
signal may further comprise a noise component 104. The first and the second adaptive filtering means 106 and 107
may be adapted such as to minimize a wanted signal component in the noise reference signal, in particular according
to a predetermined criterion.

[0092] The adapted filter coefficients of the first and the second adaptive filtering means 106 and 107 may model the
transfer function of the first and the second adaptive filtering means 106 and 107, respectively, which may read:

10



10

15

20

25

30

35

40

45

50

55

EP 2 237 270 A1

H,(e"*) = G, (e) - G(e™)

H,(e") =G, (") G(e?),

wherein G denotes an arbitrary or predetermined transfer function. In other words, the solution for the transfer function
of the first and second adaptive filtering means may not be unique. The predetermined or arbitrary transfer function may
be constant, in particular, the arbitrary or predetermined transfer function may take a constant value of G = 1. In this
case, the first adaptive filtering means models the second transfer function and the second adaptive filtering means
models the first transfer function, i.e. the transfer function of the adjacent signal path or channel.

[0093] Figure 2 shows a system for determining a noise reference signal comprising a first adaptive filtering means
206 and a second adaptive filtering means 207. The two adaptive filtering means may correspond to adaptive finite
impulse response (FIR) filters. An output signal of the first adaptive filtering means 208, i.e. a first filtered audio signal,
may be combined with an output signal of the second adaptive filtering means 207, i.e. a second filtered audio signal,
using a combining means 208 to obtain a noise reference signal. The filter coefficients modeling the transfer function
of the first and second adaptive filtering means 206 and 207, respectively, may read:

H ,(e"™,1,k),

and

H,(e’™,p,k),

wherein / denotes the filter order variable of the second adaptive filtering means 207, with /=0,...,L-1, and p denotes the
filter order variable of the first adaptive filtering means 206, with p=0,...,P-1, with L and P denoting the filter order of the
first and second adaptive filtering means. Here and below, €, denotes the j.-th sub-band, in particular frequency nodes
of the w-th sub-band.

[0094] The filter coefficients may be written as a vector, i.e.

H (¢’ k) = [H ("™ ,0,k),... H ("™ , L~ LK),
and

H, (e k) =[Hy(e’™ 0,k),.. Hy (e’ , P~ LK)

[0095] Inthis case L and P denote the filter order of the adaptive filtering means, k corresponds to a time variable and
the operator denoted by T corresponds to a transposition operator. The first and the second adaptive filtering means
may be used to filter a first and a second audio signal, wherein the first audio signal is denoted by Xg(e+, k) and the
second audio signal is denoted by X,(e/% k). A noise reference signal, U (€%, k), may be determined as:
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, L=l , )
U™ ky=Y H, ("™, 1,k)- X (" k=1

1=0

P-1 ) )
~ > Hy(e"™,p,k)- X, (™ k= p).

p=0

[0096] Here the operator * denotes a complex conjugation. The first and the second audio signal may correspond to
microphone signals. In particular, in an array comprising M microphones, two arbitrary microphone signals may be used
to determine a noise reference signal, i.e.

X (" k)= X, ("™ k),

and

X, k)= X, (", k),

[0097] With m = n, denoting microphone m and n, respectively, in particular with m, ne {1,...,M}.

[0098] Alternatively, the first or the second audio signal may correspond to an output signal of a beamformer, i.e. to
a beamformed signal. The beamformed signal may be determined by a beamformer based on microphone signals from
a microphone array. For determining the noise reference signal the beamformed signal may be used as a first audio
signal, while the second audio signal may be an arbitrary microphone signal from the microphone array, i.e.

XA(ejQ”, k):= X,,,(e’n”, k),

and

X (ejQ” , k): =X (e’n“ , kl

where Xgge denotes a beamformed signal stemming from a fixed beamformer and m denotes a predetermined or
arbitrary microphone from the microphone array. Such a system is shown in Figure 3 comprising a fixed beamformer
311, afirst adaptive filtering means 306, a second adaptive filtering means 307 and a combining means 308, configured
to combine the first filtered audio signal and the second filtered audio signal to yield a noise reference signal, U.
[0099] The noise reference signal may be determined for a particular time, e.g. denoted by k. The first audio signal
and the second audio signal may cover a predetermined time period.

[0100] A noise reference signal may be determined repeatedly, in particular for different audio signals or for audio
signals associated with different time periods and/or sub-bands.

[0101] The filter coefficients of the adaptive filtering means may be updated or modified. In this way, the first and
second adaptive filtering means may be adapted for a subsequent time.

[0102] Adapting the first and the second adaptive filtering means may be based on a predetermined criterion, in
particular, on a predetermined optimization criterion. This adaptation may comprise a gradient descent method, also
known as steepest descent or method of steepest descent.

[0103] In this way, updated or modified filter coefficients may be obtained, i.e.
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H, (™, 1 k)—> 8, [, 1k +1)

Hyg (e’n“,p, k)——) ﬁB (e’n“,p,k+l)

[0104] The modified coefficients may be normalized using a predetermined normalization factor, i.e.

B, ™ L k+1)>H, ("™, Lk +1)

H, (e’Q”,p,k+1)—>HB (ejQ”,p,k+1)

[0105] Adapting the first and the second adaptive filtering means may be performed after the steps of filtering the first
and the second audio signal.

[0106] In particular, adapting the first and the second adaptive filtering means may be based on the normalized least
mean square algorithm (NLMS, see e.g. "A sub-band based acoustic source localization system for reverberant envi-
ronments" by T. Wolff, M. Buck and G. Schmidt, in Proc. ITG-Fachtagung Sprachkommunikation, Aachen, October
2008). The normalized least mean square method is computationally efficient and robust. This algorithm may read:

X, @ k-nu*le™ k)
P, (e’n“ , k)

b

B, ™ kv 1)=H, (1 k)- g™, k)

)XB (em“, k-p)U*(ejQ”,k)

H, (ejn“,p,k+1)=HB (e’n",p, k)+,3(ejn”,k P, (e’n”,k)

wherein [} denotes a free parameter, in particular corresponding to an adaption increment or adaptation step size. This
parameter may be determined or chosen from a predetermined range, in particular between 0 and 1, for example 0.5.
While the wanted sound source is inactive, i.e. if the first and the second audio signal do not comprise a wanted signal
component, the parameter  may be chosen equal to zero. The adaptation terms comprise the power or power density
of the first and the second audio signal in the denominator, which reads:

e )= S ] S k)
p=0

1=0

[0107] Alternatively, the predetermined criterion for adapting the first and the second adaptive filtering means may be
based on optimizing, in particular minimizing, the signal-to-noise ratio of the noise reference signal. In this case, a filter
coefficient vector may be defined as:
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e k)=[m, €%, 0 k) i, € L-18), 1,y (%, 0,8) B, (e, P-L k)

and an audio signal vector may be defined as:

X k) =[X ("™ k), X ("™ k =1}y, X , (e’ k= L+1),...
o X (@ )y X (&7 k= P41

[0108] The filter coefficient vector and the audio signal vector may be augmented by further audio signals, X, and
further filter coefficients, H, for further adaptive filtering means, respectively, with ¢ € {C, D,...}. In this case, the com-
bination of the filtered audio signals to obtain noise reference signals, may be determined by the sign of the filter
coefficients.

[0109] A noise reference signal, U, may be determined as

U™ ky=H" ("™ X @™ k).

[0110] From the audio signal vector, a power density matrix, in particular a power spectral density matrix, may be
determined, i.e.

D, (€™, k) = E{X (™™ k) X" (™, k)}.

where the operator E{...} denotes an expectation value and the operator H denotes an Hermitian transpose (i.e. complex
conjugate transpose).
[0111] In this way, the power spectral density of the noise reference signal may be written as

B (€™ k) = EQU(™™ ,K)U * ('™ , )}

= "™, b)® , (e, k)H ('™ k).

[0112] The first and the second audio signal may comprise a wanted signal component and a noise component, i.e.
the audio signal vector may correspond to a sum of a wanted signal vector and a noise vector, i.e.

X (@™ ,k)=8"™ k) + N@e"™ k).

[0113] The wanted signal component and the noise component may be statistically independent. Consequently, the
power spectral density matrix of the audio signal vector may read:
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D, (" k) = D ("™ k) + D, (¢”™ k).

[0114] The method may comprise detecting whether the wanted sound source is active, i.e. whether the first and the
second audio signal comprise a wanted signal component. In particular, the power or power density of the noise com-
ponent, i.e. of the noise vector, may be estimated during the wanted sound source is inactive, i.e. if the wanted signal
component or vector is equal to zero (S(e, k) = 0). Then the power spectral density matrix of the noise vector reads:

@, (e’ k) = E{N(e’™ ,k)N* (¢’ ,k)}.

[0115] A mean power or mean power spectral density of the noise component, in particular of the first and second
audio signal or of the noise vector, may be estimated as

/. (e’Q” k) = %trace{(l)m, (em“ ,k)}.

[0116] Here the operator trace{...} denotes the trace operator, i.e. the sum of the elements on the main diagonal of a
square matrix. The power or power density of the wanted signal component and the noise component in the noise
reference signal, ¢,,,, and ¢, ., respectively, may read:

..., (@™ k) = B ("™ )D,, (" k)™ k)

4., (™, k)=H" ("™ k)@, " kH(E"™ k).

[0117] In this way, the signal-to-noise ratio (SNR) of the noise reference signal may read

96u:u

UL,

(@™ D (™A™ k)
(™, b)D, (e’ kHE"™ k)

5

1

- g
Q, - _
SNR(e’™™ ,k) = ==

[0118] The signal-to-noise ratio may be minimized, i.e. the power or power density of the wanted signal component
in the noise reference signal may be minimized. Hence the predetermined criterion for the adapted first and second
adaptive filtering means or for adapting the first and the second adaptive filtering means may read:

HY (/™ k)D e (e’™  K)H(e”™ k)
_min (T P -
H (™ k) HH(ejQ“,k)CDM(eJ “,k)H(ej “ k)
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[0119] The optimization may comprise the constraint

HY (™, )@, ("™, HE™™ k) = ¢,, ("™ k).

[0120] According to this constraint, the power of the noise component in the noise reference signal is set equal to the
mean power of the noise component in the first and the second audio signal. Such a constraint is particularly useful
when minimizing a wanted signal component in the noise reference signal.

[0121] The algorithm for adapting the first and the second adaptive filtering means may be based on a gradient decent
method and a Lagrangian method, i.e. based on Lagrange multipliers, (see e.g. "Adaptive Filter-and-Sum Beamforming
in Spatially Correlated Noise" by E. Warsitz and R. Hab-Umbach, in Proc. Int. Workshop on Acoustic Echo and Noise
Control (IWAENC-05), Eindhoven, 2005, pp. 125 - 128).

[0122] The algorithm may read:

B(k +1) = Hk) + (8, (k) - HF ()@, (VHE)T (k) - p(k)[D o (R)H(K) — H" ()Ok)H(K)V (k)]
with

_ @, (K)H(k)
A" k)@, (K)D,,, (k)H(k)

V (k)
and

and the normalized adaptation step size or adaptation increment

p(k) = a(k)P, (k).

[0123] The adaptation step size a(k) may take a positive value if the wanted sound source is active, in particular
between 0 and 1, for example 0.5, while if the wanted sound source is inactive, i.e. if the audio signals comprise no
wanted signal component, the adaptation increment, a(k), may be zero. P,(k) denotes a (temporally) smoothed power
or power density of the first and the second audio signal or of the audio signal vector. The frequency dependency of all
the terms in the algorithm was not explicitly noted to improve legibility.

[0124] The sign of w(k) may be chosen such as to yield a minimization of the signal-to-noise ratio.

[0125] As the transfer function of the first and the second adaptive filtering means is not unique, an attenuation of the
amplitude of the filter coefficients may occur. In order to avoid such an attenuation, the modified filter coefficients may
be normalized. In other words, the adaptation may be further based on a predetermined normalization factor, n(e2,
k),ie.

H ("™, 1,k) = H "™ Lk)-n7' ("™ k),
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and

H, ('™, p,k) = H, ('™, p,k) 77" (e k).

[0126] For the choice of the predetermined normalization factor, several alternatives are possible.
[0127] For example, the predetermined normalization factor may correspond to the norm of a modified filter coefficient
vector, i.e.

L-1 P-l
j ~ i9| ~ iQ
(e k)= [Y A "™ LR+ Y [Ha ™, p.h)
1=0 p=0
[0128] Alternatively, the maximum value of the absolute values of the modified filter coefficients may be used, i.e.

ry(em" )= max{.ﬁA (ejn" ,0, k)‘,_,., ﬁB (efﬂu 0, k)l,...,lﬁﬂ (elm P~ l,k)|} .

I’:’IA (eJQp ’L - 15 k)‘a

[0129] Alternatively, the absolute value of a predetermined modified filter coefficient may be used, i.e.

n(e’™ ky=H, ("™, k)|

wherein the index ¢, indicates the first or the second audio signal and the index i indicates the value of the filter order
variable of the predetermined filter coefficient. In this case the predetermined normalization factor is real valued.
[0130] A complex valued predetermined normalization factor may be determined from a particular or predetermined
modified filter coefficient, i.e.

n(e’™ k) =H, ("™ ,is,k) .

[0131] By using a complex valued predetermined normalization factor, a phase correction can be performed as well.
[0132] Particularly for a system as shown in Fig. 3, it may be useful to use a predetermined modified filter coefficient
from the first adaptive filtering means as predetermined normalization factor, in particular with the index iy = 0. In Fig.
3, the first audio signal corresponds to an output signal of the beamformer 311, i.e. a beamformed signal. The second
audio signal corresponds to a microphone signal from one of the M microphones of the microphone array. A noise
reference signal may be determined for each of the M microphones of the microphone array in combination with the
beamformed signal. A complex valued predetermined normalization factor based on a modified filter coefficient Hg(e/ %,
ig, k) corresponding to Hg(e*%, i, k) = 1, may be advantageous as in this case the component Xgg(e*, k - i) of the
signal vector is not altered or modified by the first adaptive filtering means, and therefore is the same in all noise reference
signals of the microphone array. As a consequence, the M noise reference signals of the microphone array are related
to each other and may be compared to each other in terms of amplitude and phase differences. In the case where the
predetermined normalization factor is based on a filter coefficient H,(e/%, iy,k) of the second adaptive filtering means
this might not be the case, as then different components X, (6%, k - i) of the signal vector would be multiplied with the
normalized filter coefficients.
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[0133] The predetermined normalization factor may be based on the power or power density of the noise component
of a beamformed signal, wherein the beamformed signal may correspond to the first or the second audio signal. In
particular, the predetermined normalization factor may be proportional to the ratio between the power or power density
of the noise component in the beamformed signal, i.e. at the output of the beamformer, and the power or power density
of the noise component in the noise reference signal, for example,

n(e’™ k) =

[0134] Here ¢,,(e/%, k) denotes the power or power density of the noise component in the beamformed signal and
¢u”u”(e/9u, k) denotes the power or power density of the noise component in the noise reference signal. The power
density or the power of the beamformed signal, i.e. the output signal of the beamformer, may be directly compared to
the power density or power of the blocking signal. In this way, activity of the wanted sound source may be detected.
[0135] If adapting the first and the second adaptive filtering means is based on a minimization of the signal-to-noise
ratio of the noise reference signal, a normalization of the filter coefficients may be omitted, as the constraint under which
the minimization has been performed, may comprise an implicit normalization.

[0136] Figure 8 shows the mean attenuation of the wanted signal component in the noise reference signal for different
methods for determining the noise reference signal. In particular, a microphone array comprising two microphones was
used to detect a wanted sound signal in a conference room. The filter order or filter length of the adaptive filtering means
has been chosen to be 1. The determination of the noise reference signals was performed in a sub-band domain. In
particular, time dependent audio signals were sampled with a sampling frequency of 11025 Hz and processed into 256
sub-bands.

[0137] The direction to the wanted sound source, in particular the direction of arrival of a wanted signal originating
from the wanted sound source, was perpendicular to the axis of the microphone array, i.e. a "broadside" arrangement
was used. The decrease of the signal-to-noise ratio from the first and the second audio signal to the noise reference
signal was determined. This decrease is shown on the ordinate of Figure 8, in particular as mean of the power attenuation
(in dB), for a system using a fixed blocking matrix 820, i.e. B=[1,-1], a system using an adaptive blocking matrix 821, a
system as shown in Fig. 2, 822, a system as shown in Fig. 3, 823, and a system wherein the first and the second adaptive
filtering means have been adapted based on a minimization of the signal-to-noise ratio 824. The best blocking of the
wanted signal component can be found for the signal-to-noise ratio minimization method 824. In Fig. 9, the same quantity
is shown for different filter orders of the adaptive filtering means. In particular, the abscissa, i.e. the x-axis, shows the
filter order of the applied adaptive filtering means. The dotted line 930 corresponds to a system using a fixed blocking
matrix. In this case, no adaptive filtering means are used. The dashed line 931 corresponds to a system using an adaptive
blocking matrix. The dash-dotted line 932 corresponds to a system as shown in Fig. 2 and the solid line 933 corresponds
to a system as shown in Fig. 3.

[0138] Amethod for determining a noise reference signal, i.e. a signal where the wanted signal component is minimized
or blocked, as described above, may be used for noise compensation, in particular in a "general sidelobe canceller”
structure. The determined noise reference signal may also be used for post filtering of an audio signal, in particular for
noise reduction. Another application of a noise reference signal can be found in the field of speech recognition or in the
field of adaptation control. By comparing the noise reference signal to other signals such as a beamformed signal, the
activity of a wanted sound source may be detected. Such information on the activity of a wanted sound source may be
used, for example, to control an adaptation process of an adaptive filtering means.

[0139] Inahands-free systemwith distributed microphones, a noise reference signal may be used to avoid disturbances
in the speech signal by concurrently speaking users.

[0140] Although previously discussed embodiments of the present invention have been described separately, it is to
be understood that some or all of the above-described features can also be combined in different ways. The discussed
embodiments are not intended as limitations but serve as examples illustrating features and advantages of the invention.

Claims

1. A method for determining a noise reference signal for noise compensation and/or noise reduction, comprising the
steps of:
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receiving a first audio signal on a first signal path and a second audio signal on a second signal path;

filtering the first audio signal using a first adaptive filtering means to obtain a first filtered audio signal;

filtering the second audio signal using a second adaptive filtering means to obtain a second filtered audio signal;
and

combining the first and the second filtered audio signal to obtain the noise reference signal;

wherein the first and the second adaptive filtering means are adapted such as to minimize a wanted signal
component in the noise reference signal.

The method according to claim 1, wherein a first transfer function models a transfer from a wanted signal originating
from a wanted sound source to the first signal path and a second transfer function models a transfer from the wanted
signal originating from the wanted sound source to the second signal path, and wherein the transfer function of the
first adaptive filtering means is based on the second transfer function and/or wherein the transfer function of the
second adaptive filtering means is based on the first transfer function.

The method according to claim 1 or 2, comprising adapting the first and the second adaptive filtering means.

The method according to claim 3, wherein adapting the first and the second adaptive filtering means is based on a
normalized least mean square method or on a method based on a minimization of the signal-to-noise ratio of the
noise reference signal.

The method according to claim 4, wherein the normalized least mean square method comprises modifying a set of
filter coefficients of the first and/or second adaptive filtering means based on the noise reference signal and/or based
on the power or power density of the first and second audio signal.

The method according to claim 4, wherein the method based on the minimization of the signal-to-noise ratio comprises
determining a power or power density of the first and the second audio signal and/or determining a power or power
density of the noise component of the first and second audio signal.

The method according to claim 6, wherein minimizing the signal-to-noise ratio of the noise reference signal is based
on the power or power density of the first and the second audio signal and on the power or power density of the
noise component of the first and second audio signal.

The method according to any one of the claims 3 - 7, wherein adapting the first and the second adaptive filtering
means comprises normalizing modified filter coefficients of the first and/or second adaptive filtering means using a
predetermined normalization factor.

The method according to claim 8, wherein the predetermined normalization factor is based on one or more filter
coefficients or on one or more madified filter coefficients of the first and/or second adaptive filtering means.

The method according to any one of the preceding claims, wherein the first and the second audio signal each are
a microphone signal or a beamformed signal, in particular emanating from different microphones or beamformers.

The method according any one of the preceding claims, wherein combining the first and the second filtered audio
signal comprises subtracting the first filtered audio signal from the second filtered audio signal.

A method for processing an audio signal for noise compensation, comprising the steps of;

determining a noise reference signal according to one of the claims 1 - 11, using a first audio signal on a first
signal path and a second audio signal on a second signal path;

filtering the noise reference signal on the second signal path using a third adaptive filtering means to obtain a
filtered noise reference signal; and

combining the first audio signal from the first signal path and the filtered noise reference signal to obtain an
output signal with reduced noise.

A computer program product, comprising one or more computer readable media having computer executable in-
structions for performing the steps of the method according to one of the preceding claims, when run on a computer.

14. Asystemfor audio signal processing configured to perform one of the methods accordingto claims 1 - 12, comprising:
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receiving means for receiving a first and a second audio signal;

a first adaptive filtering means to obtain a first filtered audio signal;

a second adaptive filtering means to obtain a second filtered audio signal; and
combining means for combining the first and the second filtered audio signal.

15. The system according to claim 14, further comprising:

a microphone array comprising at least two microphones;

wherein an output of a first microphone of the microphone array is connected to a first combining means on a
first signal path and connected to a first adaptive filtering means on an intermediate signal path;

an output of a second microphone of the microphone array connected to a second adaptive filtering means on
a second signal path;

anoutput of the first adaptive filtering means and an output of the second adaptive filtering means, both connected
to a second combining means on the second signal path;

an output of the second combining means connected to a third adaptive filtering means on the second signal
path; and

an output of the third adaptive filtering means connected to the first combining means.
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