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(54) Spectral refinement of audio signals

(57)  The present invention relates to a method for
processing an audio signal for spectral refinement of a
short-time spectrum of the audio input signal consisting
of sub-band short-time spectra, comprising short-time
Fourier transforming the audio input signal to obtain the
sub-band short-time spectra for a predetermined number
of sub-bands, time-delay filtering at least one of the sub-
band short-time spectra to obtain a predetermined

jQO,ﬂ

x(n) DFT and
windowing

number of time-delayed sub-band short-time spectra for
at least one of the predetermined number of sub-bands,
filtering for the at least one of the predetermined number
of sub-bands the respective sub-band short-time spec-
trum and the corresponding time-delayed sub-band
short-time spectra by a filtering means, in particular, by
a Finite Impulse Response filtering means, to obtain a
refined sub-band short-time spectrum for the atleast one
of the predetermined number of sub-bands.
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Description
Field of Invention

[0001] The presentinvention relates to audio signal processing, in particular, the analysis and enhancement of speech
signals in communication systems. In particular, the invention relates to the spectral refinement of a short-time Fourier
spectrum of a speech signal.

Background of the Invention

[0002] Two-way speech communication of two parties mutually transmitting and receiving audio signals, in particular,
speech signals, often suffers from deterioration of the quality of the audio signals by background noise. Background
noise in noisy environments can severely affect the quality and intelligibility of voice conversation, e.g., by means of
mobile phones or hands-free telephone sets, and can, in the worst case, lead to a complete breakdown of the commu-
nication.

[0003] Consequently, some noise reduction must be employed in order to improve the intelligibility of transmitted
speech signals. In the art, single channel noise reduction methods employing spectral subtraction are well known. These
methods, however, are limited to (almost) stationary noise perturbations and positive signal-to-noise distances. The
processed speech signals are distorted, since according to these methods perturbations are not eliminated but rather
spectral components that are affected by noise are damped. The intelligibility of speech signals is, thus, normally not
improved sufficiently.

[0004] In addition to noise reduction some echo compensation might be employed in order to improve the quality of
an audio signal. In communication systems the suppression of signals of the remote subscriber which are emitted by
the loudspeakers and therefore received again by the microphone(s) is of particular importance, since otherwise un-
pleasant echoes can severely affect the quality and intelligibility of voice conversation. By means of a linear or non-
linear adaptive filtering means a replica of acoustic feedback is synthesized and a compensation signal is obtained from
the received signal of the loudspeakers. This compensation signal is subtracted from the microphone thereby generating
a resulting signal to be sent to the remote subscriber.

[0005] Audio signal processing for noise/echo reduction can be performed either in the time or the frequency domain.
In many designs processing in the frequency domain comprises the division of an audio input signal in overlapping
blocks that are transformed into the frequency domain by filter banks or a Discrete Fourier Transform (DFT). The blocks
are multiplied by a window function before the transform, i.e., in fact, a Short-Time Fourier Transform is performed. A
Hann window that exhibits relatively good aliasing qualities and that allows for an error-free re-synthesization is commonly
chosen as the window function.

[0006] However, the frequency response of a Hann window is characterized by a significant overlap of sub-bands
and, thus, adjacent pitch trajectories are sometimes hard to separate which is crucial for speech enhancement. The
noise reduction in frequency ranges adjacent to a frequency ranges that are dominated by a wanted signal, e.g., are
not sufficiently damped. In order to reduce the overlap the order of the DFT might be increased (e.g., from a standard
of N =256 to N = 512 nodes of the Fourier transform). The corresponding increase of the frequency resolution results,
however, in a decrease in time resolution of the processed audio signal.

[0007] This may give raise to severe problems, since, e.g., the standards of the International Telecommunication
Union and the European Telecommunication Standards Institute have to be met by any actual telephone equipment.
For a sampling frequency of 11025 Hz, N = 512 results in a time delay that is not tolerable according to the above
mentioned standards.

[0008] Moreover, a variety of filter designs for each sub-band has been proposed in order to optimize the short time
power density spectrum of a windowed signal (see, e.g., D. Schlichthéarle, "Digital Filters - Basics and Design", Springer,
Berlin, 2000. Present filter designs, however, fail in obtaining a sufficiently short impulse response that avoids smearing
in time.

[0009] Itis, therefore, a problem underlying the present invention to provide an improved method and system for the
processing of an audio signal including a more effective windowing and particularly including a reduced overlapping of
signal blocks in the frequency response of a windowing function employed in Short-Time Fourier transform (STFT).
[0010] Despite the recent developments and improvements, improving the quality of audio signals by an effective
noise reduction / echo compensation in audio/speech signal processing, in particular, in hands-free communication is
stilla major challenge. Itis therefore another problem underlying the present invention to overcome the above-mentioned
drawbacks and to provide a system and a method for audio signal processing with an improved noise reduction / echo
compensation of the processed audio signal.
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Description of the Invention

[0011] The above-mentioned problems are solved by a method for audio signal processing according to claim 1. This
method for the processing of an audio input signal (x(n)) for spectral refinement of a short-time spectrum (X(ei? ,n)) of
the audio input signal (x(n)) consisting of sub-band short-time spectra (X(e/%,n)), comprises the steps of

short-time Fourier transforming the audio input signal (x(n)) to obtain the sub-band short-time spectra (X(ei%,n)) for a
predetermined number of sub-bands (£2,);

time-delay filtering at least one of the sub-band short-time spectra (X(el»,n)) to obtain a predetermined number (M) of
time-delayed sub-band short-time spectra (X(el,n-(M-1)r)) for at least one of the predetermined number of sub-bands
(€,); and

filtering for the at least one of the predetermined number of sub-bands (€2,,) the respective sub-band short-time spectrum
(X(e/*%,n)) and the corresponding time-delayed sub-band short-time spectra (X(el%,n-(M-1)r)) by a filtering means, in
particular, by a Finite Impulse Response filtering means (g), to obtain a refined sub-band short-time spectrum (X(e/,
n)) for the at least one of the predetermined number of sub-bands (€,).

[0012] According to this method an audio signal x(n) = [x(n), x(n-1), .., x(n-N+1)]T of the length N, where the upper
index T denotes the transposition operation, is windowed by a suitable window function, e.g. a Hann window, a Hamming
window or a Gaussian window, with window coefficients h, and discrete Fourier transformed in order to obtain sub-band

. N-1 .
signals X(elo" ,n) = 2 x(n- k)hke_JQ‘Jk for frequency nodes @, =2 x ./ N (u € {0, .., N-1}). These sub-band
k=0
signals X(ei®,n) are sub-band short-time spectra of the audio signal x(n). The short-time spectrum X(ei*3,n) = [X(ei‘0,
n), .., X(ef-1,m)]T is refined (augmented) by refining one or more sub-band short-time spectra X(el®% ,n). It is noted that
this is not the only way of refinement of the short-time spectrum X(eif3,n) (see description below). A refined sub-band

K

N-1
~ . v ~ 0
short-time spectrum X (ejnv,n) = Zx(n- k)hke ' is generally characterized by an increased number of
k=0

discrete frequency nodes (N > N with N = ko N =N +r (M-1); ky = 2, r denoting the frame shift) of the discrete Fourier
transform (DFT).

[0013] However, a principle idea of the present invention is to refine a short-time spectrum comprising a relatively
small number of nodes by using this spectrum and a number of time-delayed spectra with the same number of nodes
without the need for any expensive DFT of higher order (> N). This is achieved by the claimed process of filtering of at
least one sub-band short-time spectrum to obtain a refined sub-band short-time spectrum and, thus, a refined short-
time spectrum. The filtering is preferably performed by a Finite Impulse Response (FIR) filtering means that guarantees
linear phase responses and stability. However, Infinite Response Filters may alternatively be used that require less
computing powetr.

[0014] The filtering means is configured to realize the mathematic operation

X(e?,n)
S =X(e",n),

| X(e,n - (M-1)n) |

i.e. an algebraic mapping of M short-time spectra, each including sub-band short time spectra at time n and at delayed
times n - k r, where r is the frame shift, to a refined short-time spectrum X(e/2,n) by means of a refinement matrix S.
Details for the determination of the spectral matrix S are given below.

[0015] Thus, the disclosed method allows for an efficient way of spectral refinement that is rather inexpensive in terms
of processor loads, memory resources, etc., since only a relatively small number of low-level algebraic operations is
necessary.

[0016] The filter coefficients of the filtering means for the i-th sub-band g; ., = [9i k0,00 Fiiko.1 »+ Tiikom-1]" CAN be
determined by gj i, m = S(ikg, i+mN) with
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[
0,if(i/ky,eZ) and (IINg Z)
& i
ae N ,if (i'Tk,eZ) and (IINe Z)
S(i, mN+l) = ¢
i -jm| —-I
sin T ———1 ej(k° ] o
a, 0 —jWimr
—n — 5y © ,else
N : i'lko ""(Eﬁ]
sinfm —2||e
Nk,

.

with the integer ky 22, m = [0, 1, .., M-1], where M is the predetermined number of time-delayed sub-band short-time
spectra X(el,n-(M-1)r), N being the length on the input signal x(n), and | =[0, 1, ..,N-1] and r denotes the frame shift
of thetime-delayed sub-band short-time spectra X(ei2,n-(M-1)r). For N =256 a frame shift of, e.g., r =64 might be chosen.
[0017] Thus, a sparse refinement matrix S has to be calculated which can be performed very fast and efficiently in
terms of memory space as it is known in the art.

[0018] Refinement of the short-time spectrum X(el2,n) of the audio signal x(n) can include the determination of sub-
band short time spectra for sub-bands that are not included in the short-time spectrum X(el%,n) that is to be refined. In
such a case, according to an embodiment of the inventive method the steps recited in claim 1 are supplemented by the
steps of

selecting a number of neighbored sub-bands (€2,);

filtering for each pair of the selected number of sub-bands (£2,,):

a) the respective sub-band short-time spectrum (X(ei%,n)) and the corresponding time-delayed sub-band short-
time spectra (X(ei®,n-(M-1)r)) of one of the neighbored sub-bands once more by the filtering means (g) to obtain
a first additional filtered spectrum and

b) the respective sub-band short-time spectrum (X(ei‘*s,n)) and the corresponding time-delayed sub-band short-
time spectra (X(el%,n-(M-1)r)) of the other one of the neighbored sub-bands once more by the filtering means (g)
to obtain a second additional filtered spectrum; and

adding the first and the second additional filtered spectra in order to obtain one additional sub-band short-time spectrum

(X(el®u,n)) for each of the pairs of the selected number of sub-bands (€,). For the additional filtering of the respective
sub-band short-time spectra X(ei%,n) and X(el%,n-(M-1)r) different filter coefficients of the filtering means are used
than for the first filtering process described above. Moreover, the filtering means used to obtain the first and the second
additional filtered spectra is not necessarily exactly the same as the one used for the first filtering process.

[0019] In detail, the sub-band short-time spectrum X(ei¢+,n) and the corresponding time-delayed sub-band short-time

spectra X(el%,n-(M-1)r) are filtered to obtain refined short-time spectra X(ei%,n) as

M-1 ,
- Zg.,ko,l_,,,X(e’Q"“o ,n-mr), if I/ k, integer
X (ejnl ’n) =9 M4 0 Qrxo | M-1 g 1
LZgL ool X(@ =m0+ gy o X(€ T n-mr), else
m=0 m=0

where | J and' 1 denote rounding to the next smaller integer and to the next larger integer, respectively, and g(i,l,m)
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= (I, i+mN) and

iN-IN)) (%)
sinfm —— [le ‘M
. _ a, N -j%rimr
S(i, mN+) = 22 e
. iN-IN "“[—NN—J
sin ] —=— | le
NN

with the integer ky 22, m = [0, 1, .., M-1], where M is the predetermined number of time-delayed sub-band short-time
spectra X(el.,n-(M-1)r), N being the length on the input signal x(n), and | = [0, 1, .., N-1], with N = Ko N =N +r(M-1),
and r denotes the frame shift of the time-delayed sub-band short-time spectra X(eiu,n-(M-1)r).

[0020] Thus, the short-time spectrum X(ei€2,n) of the audio signal x(n) can very efficiently be refined by sub-band short
time spectra obtained by interpolation between frequency nodes present in the short-time spectrum X(ei€3,n) that is to
be refined. In other words, the newly introduced sub-band short time spectra are weighted sums of the sub-band short
time spectra that were already present in the short-time spectrum X(ei€,n).

[0021] In particular applications it might be preferred to restrict the spectral refinement according to one of the above-
described examples to a particular frequency range. For example, in the context of speech signal processing spectral
refinement may only be considered necessary in the low-frequency regime below 1500 Hz, more particularly, below
1000 Hz. Thus, only sub-band short time spectra for the frequency range below these thresholds might be refined and/or
additional sub-band short time spectra in this frequency range are generated. The overall processor load can significantly
reduced by selection of a particular frequency range for spectral refinement rather than processing the entire audio
signal x(n).

[0022] The herein disclosed method for spectral refinement can be employed in a variety of audio signal processing
applications. For example, it is provided a method for noise reduction of an audio signal, in particular a speech signal,
comprising processing the audio input signal (x(n)) for spectral refinement of a short-time spectrum (X(e/€? ,n)) of the
audio input signal (x(n)) according to one of the above-described examples of the method for processing an audio signal
for spectral refinement and filtering the at least one refined sub-band short-time spectrum (X(e/%,n)) obtained by one
of above examples of the methods for spectral refinement by a noise reduction filtering. Sub-band short-time spectrum
that are not refined can also be filtered for noise reduction (and usually will).

[0023] The noise reduction can be performed by a noise reduction filtering means known in the art. In particular, some
kind of a (modified) Wiener filter characteristic may be chosen according to which noise reduction is performed on the
basis of the estimated short-time power density of noise that is present in the processed audio signal and the short-time
power density of the input signal. The latter can be estimated more accurately when the short-time spectrum is refined
according to the above-described examples. In particular, the refined spectrogram (i.e. the squared magnitude of the
refined short-time spectrum) can advantageously be employed for the noise reduction processing.

[0024] The method for noise reduction of an audio signal (x(n)) may particularly comprise the steps

i) determining the degree of stationarity of the audio signal (x(n));

ii} if the determined degree of stationarity of the audio signal (x(n)) is below a predetermined threshold, then
filtering the audio signal (x(n)) by a noise reduction filtering means to obtain filtered sub-band spectra (S(e/? ,n)); or
if the determined degree of stationarity of the audio signal (x(n)) is equal to or exceeds the predetermined threshold,
then

a) processing the audio input signal (x(n)) for spectral refinement of a short-time spectrum (X(e€? ,n)) of the
audio input signal (x(n)) according to one of the examples of the method for processing an audio signal for
spectral refinement; and

b) filtering the at least one refined sub-band short-time spectrum (X(el%,n)) obtained by one of examples of
the method for processing an audio signal for spectral refinement by the noise reduction filtering means and,

if present, non-refined sub-band short-time spectra (X(ei®+,n)) to obtain filtered sub-band spectra (S(ei€,n));

and
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i) inverse Discrete Fourie/r\transforming and synthesizing (for example, by means of a synthesis filter bank) the
filtered sub-band spectra (S(eif? ,n)) to obtain a noise reduced audio signal.

[0025] Thus, the noise reduction will be performed on the basis of the refined short-time spectrum, only if the audio
signal exhibits at least a predetermined stationarity. The advantage of such a conditional performance of the spectral
refinement is that if the time delay introduced in the signal path by the spectral refinement is tolerable in the actual
application, the spectral refinement will be performed and otherwise not. For example, in the context of telephony the
standards of the International Telecommunication Union and the European Telecommunication Standards Institute have
to be met by any actual telephone equipment, which demands for some degree of stationarity of the audio signal when
spectral refinement shall be performed.

[0026] Similar to noise reduction of an audio signal, echo compensation can profit from the disclosed method for
spectral refinement. Echo compensation, e.g., may be performed by spectral subtraction based upon refined short-time
spectra obtained by one of the above-described examples. According to one embodiment it is provided a method for
echo compensating an audio signal, in particular, a speech signal, comprising processing the audio input signal (x(n))
for spectral refinement of a short-time spectrum (X(ei®? ,n)) of the audio input signal (x(n)) according to one of the above-
described examples of the herein disclosed method for spectral refinement and filtering the at least one refined sub-
band short-time spectrum (X(el,n)) obtained by such an example by an echo compensation filtering means.

[0027] In one embodiment, the method for echo reduction of an audio signal (x(n)) comprises the steps of

i) determining the degree of stationarity of the audio signal (x(n));

ii} if the determined degree of stationarity of the audio signal (x(n)) is below a predetermined threshold, then
filtering the audio signal (x(n)) by an echo reduction filtering means to obtain filtered sub-band spectra (S(e? ,n)); or
if the determined degree of stationarity of the audio signal (x(n)) is equal to or exceeds the predetermined threshold,
then

a) processing the audio input signal (x(n)) for spectral refinement of a short-time spectrum (X(el* ,n)) of the
audio input signal (x(n)) according to one of the above-described examples of the herein disclosed method for
spectral refinement; and

b) filtering the at least one refined sub-band short-time spectrum (X(ei:,n)) obtained by such an example of
the method for spectral refinement and, if present, non-refined sub-band short-time spectra (X(el€2,n)) by the
echo reduction filtering means to obtain filtered sub-band spectra (S(ei€? ,n));

and

A
iiiy inverse Discrete Fourier transforming the filtered sub-band spectra (S(ei? ,n)) to obtain an echo reduced audio
signal.

[0028] As in the case of the noise reduction, echo compensation, thus, might only be performed on the basis of the
refined short-time spectrum, if the audio signal exhibits at least a predetermined stationarity in order to avoid time delay
of the processed audio signal, if such a delay cannot be accepted for technical or conventional reasons.

[0029] The above-described examples of the method for spectral refinement can also advantageously be applied to
the technique of speech recognition and speech synthesis and, in particular, to the processing of a speech signal in
order to estimate the (voice) pitch. Estimation of the pitch is usually based on the short-time power density or on the
short-time spectrogram of the speech signal in each sub-band (the short-time spectrogram for the frequency node Q,
is defined by X(ei®,n)|2). A refined short-time spectrum results in a refined short-time power density or spectrogram
and, thus, it is provided an improved method for estimating the pitch of a speech signal (x(n)), comprising

processing the speech input signal (x(n)) for spectral refinement of a short-time spectrum (X(e€? n)) of the audio input
signal (x(n)) according to one of the above-described examples of the herein disclosed method for spectral refinement;
determining the short-time spectrogram of the at least one refined sub-band short-time spectrum (X(ei,n)) obtained
by such an example of the method for spectral refinement; and

estimating the pitch on the basis of the at least one determined short-time spectrogram.

[0030] The presentinvention also provides a computer program product, comprising one or more computer readable
media having computer-executable instructions for performing the steps of an example of one of the above-described
methods.

[0031] Moreover, it is provided a signal processing means, comprising

a short-time Fourier transform means (1) configured to short-time Fourier transform an audio signal (x(n)) to obtain sub-
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band short-time spectra (X(eif%,n)) for a predetermined number of sub-bands;

atime-delay filtering means configured to time-delay at least one of the sub-band short-time spectra (X(ei®,n)) to obtain
a predetermined number (M) of time-delayed sub-band short-time spectra (X(el2,n-(M-1)r)) for at least one of the
predetermined number of sub-bands;

a spectral refining means (2) configured to refine the at least one of the sub-band short-time spectra (X(el+,n)), wherein
the spectral refining means (2) comprises a filtering means, in particular, a Finite Impulse Response filtering means,
configured to filter for the at least one of the predetermined number of sub-bands the respective sub-band short-time
spectrum (X(ei%,n)) and the corresponding time-delayed sub-band short-time spectra (X(ei%,n-(M-1)r)) by a filtering
means, in particular, by a Finite Impulse Response filtering means (g), to obtain at least one refined sub-band short-
time spectrum (X(ei%,n)) for the at least one of the of the predetermined number of sub-bands.

[0032] The signal processing means may further comprise a selection means that is configured to select a number
of neighbored sub-bands (€2,,). In this case, the filtering means is configured to filter for each pair of the selected number
of sub-bands (€2,,):

a) the respective sub-band short-time spectrum (X(ei®,n)) and the corresponding time-delayed sub-band short-
time spectra (X(el2,n-(M-1)r)) of one of the neighbored sub-bands once more by the filtering means (g) to obtain
a first additional filtered spectrum and

b) the respective sub-band short-time spectrum (X(ei®%,n)) and the corresponding time-delayed sub-band short-
time spectra (X(ei‘,n-(M-1)r)) of the other one of the neighbored sub-bands once more by the filtering means (g)
to obtain a second additional filtered spectrum; and

it is also included an adder configured to add the first and the second additional spectra in order to obtain an additional
refined sub-band short-time spectrum (X(el,n)) for each of the pairs of the selected number of sub-bands Q)
[0033] The signal processing means can be incorporated in a device that is configured to enhance the quality of an
audio signal (x(n)), in particular, a speech signal, and that further comprises a noise reduction filtering mean and/or an
echo compensation filtering means configured to noise reduce and/or to echo reduce the audio signal (x(n)) on the basis
of the at least one refined sub-band short-time spectrum (X(ei»,n)) obtained by above-mentioned signal processing
means.

[0034] Furthermore, the signal processing means can be incorporated in a pitch estimating means for estimating the
pitch of a speech signal (x(n)) and also comprising an analysis means configured to determine the short-time power
density spectrum of the speech signal (x(n)) based on the at least one refined sub-band short-time spectrum (X(eiu,
n)) obtained by the signal processing means mentioned above and to estimate the pitch based on the determined short-
time power density spectrum of the speech signal (x(n)). Here, the short-time power density spectrum of the speech
signal (x(n)) can be derived from the short-time spectrogram of the speech signal. The signal analyzed for the pitch may
be previously noise and/or echo reduced. Thus, the pitch estimating means may also comprise one of the above-
mentioned reduction filtering mean and/or an echo compensation filtering means.

[0035] Particularly preferred applications of the present invention relate to the technology of hands-free telephony
and speech recognition that both are very sensible to the deterioration of audio signals by noise and can, thus, significantly
benefit from an enhanced signal quality resulting from spectral refinement.

[0036] Itis provided a hands-free telephony system, comprising the above-mentioned signal processing means and/or
the signal enhancing means and/or the pitch estimating means comprising the signal processing means.

[0037] In addition, the present invention provides a speech recognition means comprising the signal enhancing means
(configured for noise reduction and/or echo reduction of an audio signal) mentioned-above and/or the above-mentioned
pitch estimating means. This speech recognition means can also be incorporated in a speech dialog system or voice
control system.

[0038] Additional features and advantages of the invention will be described with reference to the drawings:

Figure 1 illustrates spectral refinement according to an example of the herein disclosed method comprising FIR
filtering.

Figure 2 illustrates spectral refinement according to an example of the herein disclosed method comprising FIR
filtering to obtain an augmented spectrum comprising nodes in addition to the ones of the refined spectrum.

Figure 3 shows an example for the incorporation of the method for spectral refinement in an echo compensation
and noise reduction processing branch.

[0039] Inthefollowing the herein disclosed spectral refinement method is explained in detail. According to this method
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N-1

iQ -iQ

the short-time spectrum consisting of the sub-band signals X(e‘ H ,n)= Zx(n - k)hke .
k=0

time index and Q =2 m p /N (u € {0, .., N-1}) denotes equidistant frequency nodes and h, are the coefficients of a

window function, h(n) = [hy, hy, .., hy_4]7) of a signal x(n) = [x(n), x(n-1), .., x(n-N+1)]7 of the length N, where the upper

index T denotes the transposition operation, is to be refined, i.e. it is to be transformed to an augmented spectrum

K . .
(wherenisthe discrete

- . N-1 ~ ,
consisting of the augmented sub-band signals X (eJQ" ,n) = z x(n - k)hke-m“k , Where the tilde indicates aug-
k=0

mented quantities with the length N = ko N, ky e {2, 3, 4..).
[0040] The refinement is achieved by means of a refinement matrix S:

X(e",n)
S =X(e",n)

| X(e'%,n-(M-1)r)]

with the input signal vector X(el®,n) = [X(el®,n), .., X(el™-1,n)]T and X(el?,n) = [X (ei€%,n), .., X(el®N-1,n)]T, that are
calculated by means of the DFT matrix D by X(e,n) = Dy H x(n) and X(e/?,n) = Dy H X(n), respectively, where the
diagonal matrices and the DFT matrix read

h, 0 O 0 ]
0 h O 0
H =diagfh}= (0 0 h, 01,
0 :
(0 0 O Pt
h, 0 0 0 |
0 h 0O 0
H =diagth}= |0 0 h, 0
o .
(0 0 0 he |

and
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1 1 1 1
2w 1 21T . 2m
5 -R7= LT
1 e ;" e » e
) 2 I ul . ~
Dl_ = 1 e-JZ—L— e-J4T e e-IZ(L-nT Wlth L c {N, N} )
1 b t . Lo
. m . A . Ll
_J(L-1)T e-|2(L-1)T . e-J(L-1 )(L-1)T |

where X(n) is the augmented signal vector X(n) = [x(n), x(n-1), .., x(n-N+1), .., x(n-N+1)]T.

[0041] The refinement matrix S is, thus, calculated without any need for a DFT of higher order than the originally used
(i.e. with an order higher than N) and has the size N x N M, where M is the number of the used sub-band short time
spectra X(el3,n), .., X(el,n-(M-1)r).

[0042] With this refinement matrix S the refined spectrum X(el2,n) is calculated from a number M or previous input
spectra X(el2,n) that are respectively shifted one by the other by the integer r (frame shift): X(€/3,n-r), X(&/3,n-2r), .., X
(e, n-(M-1)r).

[0043] The refinement matrix S is determined observing the following constraint for the window function h:

a,, if[0<i<N and (j=i)]
hT a,, if[N<i<2N and j=i-N+r]
i a,, if[KN<i<(k+1)N and j=i+k(r-N)]

h Ay, if [(M-1)N<i<MN) and j=i+(M-1)r-n)]
0, else

where the indexes i and j denote the index of the column and the row, respectively. The length of the window function
his, thus, N = N + r(M-1). Consequently, the window function h consists of weighted sums of shifted window functions
h of lower order (of order N).

[0044] Making use of the block diagonal DFT matrix

DN O © O
D -~ 0
Dsiock = N
0 0 D,
the refinement matrix can be calculated from
H O -0 x(n)
0O H .- 0 x(n-r)

S Daiock = qu |~'| i(n)

6 0 H x(n-(l°\A-1)r)
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[0045] With the above-mentioned constraint this can be re-written as

5 H O 0 x(n) H O 0 x(n)
0 H 0 x(n-r O H - 0 x(n-r
SDBlock . (: ) - Dﬁ A . f ( ) y
" 0 0 H}|x(n-(M-1)r)

0 0 H|| x(n-(M-1)n)

which has solutions that, in general, depend on the input signal vectors x(n-kr). Solutions that are independent of the

input signal vectors x(n-kr) are obtained by S Dy = Dy A resulting in the equation for the desired refinement matrix
S = Dy A D", With the inverse block diagonal DFT matrix
15

1 1 1 1]
D'n 0 0 1 ej%“ ejz%" ej(N-1)-2NTI
20 1 e
1 _ 0 D N A 0 = l 122_" j4_2E jQ(N.1)2_TI
D Block ~ . N 1 e N e N e N
4 1 : :
|00 D7 | 2T 2T NN 2T
25 1 N N e N
[0046] The coefficients of the refinement matrix read
30
A (iN-IRY) (Y
Sin| 1T = e
S(i N+ arr N -j%"imr
+ = /I A —
35 (i, mN+l) N ] ~ _(iN-IN
‘ . iN-IN - NN
SIn| 1T = e
NN
40
which, in view of N = ko N, with kg being an integer, ky =2, 3, 4, .., can be rewritten as
45
50
55
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0,if[(i/k,eZ) and (IINg Z)]

'gr-r-imr
ae N if [(i/k,€Z) and (INeZ)]
S(i, mN+) = |

-

sin| ™ k——l e ("° )
a 0 . N else

sin 'ITL 0 [|g \kN

kO

\

where a,, are the coefficients of the matrix A (m=0, .., M-1; seeabove)and | € {0,1,..,N-1}and Z denotes the set of integers.
[0047] Thus, each ky-th row of § is sparsely populated, i.e. the elements of each ky-th row are zero with the exception
of the column indices that are multiples of N. If N is chosen to be 2 r or 4 r, these elements are real or imaginary.
[0048] For a refinement of the original frequency resolution only each ky-th node of the vector X(el2n) is to be
calculated. Since the matrix S is a sparse matrix the spectral refinement can readily be realized by short Finite Impulse
Response (FIR) filters applied in each sub-band with g; i, = [0 ik.0» Giiko,1» -+ Jiikom-1]7 N the i-th sub-band as it is
shown in Figure 1 for the example of k,=2.

[0049] According to the embodiment of Figure 1 an input signal x(n) is windowed and discrete Fourier transformed
(short-time Fourier transformed) to obtain sub-band signals X(ei%,n), i.e. sub-band short-time spectra, constituting a
short-time spectrum X(el?,n) that is to be refined. For the window function, e.g., a Hann window can be used. For each
of the sub-band short-time spectra a number of time-delayed short-time spectra is generated (as indicated by | r).
According to the example shown in Figure 1 the refined spectrum for the i-the sub-band is obtained by

X (" ,n) = Gikoo X (E™,N)+ . + G g X (e,n-(M-1)r).

In the above-described example the frequency nodes of the refined spectra are multiples of the original spectra. However,
even if it is desired/necessary to calculated the spectrum )N((eJ'Q,n) also for nodes that are not present in the original
spectrum (intermediate nodes), one can make use of the sparseness of the refinement matrix for the previously discussed
case by means of an interpolation as illustrated in Figure 2. Pairs of coefficients of the populated rows are used to
approximate the target frequency by means of the original frequency nodes

M-1
Zgllko,l,mx(emo ,n-mr), if 1/k, integer

X (€,n)~{,, m=0 _
= oy N g ]
Zgl.wo Jl.mx(e ,n-mr)+ Z g[l/ko].l,mx(e ,n-mr), else
m=0 m=0

where | J and' 1 denote rounding to the next smaller integer and to the next larger integer, respectively, and g(i,l,m)
= S(I, i+mN).

[0050] Important applications for the above-described spectral refinement are noise reduction of audio and speech
signals as well as the estimation of the (voice) pitch frequency of a speech signal. Experiments have shown that the
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estimation of the pitch frequency, in particular, in cases in which adjacent amplitude maxima are close to each other,
analysis of a power density spectrum derived from a refined spectrum obtained as described above significantly improves
pitch estimations and thereby speech recognition or synthesis results based on the pitch estimation.

[0051] Audio signal processing often includes enhancement of the audio signals by noise reduction and/or echo
compensation. Noise reduction and/or echo compensation in the sub-band regime is achieved by filtering the audio
signals by adaptable filter coefficients (damping factors) V(ei2x,n) that are usually determined on the basis of the short-
time power density or the spectrogram of the audio input signal and the estimated short-time power density of the
background noise (echo). In the art the damping factors for signal portions between adjacent pitch lines (amplitude
maxima) are often adapted to too small magnitudes, since the spectral resolution of the employed window functions are
too low and due to the overlap of sub-bands produced, e.g., by a Hann window. Therefore, the above-explained method
for spectral refinement can advantageously be applied to the art of noise reduction and echo compensation.

[0052] An example for the employment of the above-described method of spectral analysis for echo compensation
and/or noise reduction of an audio signal, in particular, a speech signal, is illustrated in Figure 3.

[0053] An audio signal x(n) is transformed by a DFT means 1 into sub-band signals (sub-band short-time spectra).
With the help of a stationarity detecting means 3t is detected whether the sub-band signals X(ei+,n) change significantly
over some signal frames. If the input spectrum is stationary within some predetermined limits it is input in a spectral
refiner 3. If it is non-stationary the spectral refinement is omitted in order not to exceed the maximum allowable signal
delay times as demanded for by, e.g., the standards of the International Telecommunication Union and the European
Telecommunication Standards Institute.

[0054] The spectral refiner 3 performs the above-explained spectral refinement of the input spectrum X(ei2 ,n) in order
to obtain a refined spectrum X(el,n). In the case of a speech input signal x(n) it might be preferred to refine only a
portion of the input spectrum X(ei ,n), say for frequencies below 1000 Hz. The refined spectrum X(ei,n) is, then, subject
to processing by an echo compensation and noise reductior}\means 4 as known in the art with an impulse response V
to obtain an enhanced spectrum with the sub-band signals S(eis,n) = V(ei®,n) X(ei®u,n). After synthesis by an IDFT
means 5 a full band enhanced audio signal is obtained.

[0055] Allpreviously discussed embodiments are notintended as limitations but serve as examples illustrating features
and advantages of the invention. It is to be understood that some or all of the above described features can also be
combined in different ways.

Claims

1. Method for processing an audio input signal (x(n)) for spectral refinement of a short-time spectrum (X(ei‘3,n)) of the
audio input signal (x(n)) consisting of sub-band short-time spectra (X(el%s,n)), comprising
short-time Fourier transforming the audio input signal (x(n)) to obtain the sub-band short-time spectra (X(el:,n))
for a predetermined number of sub-bands;
time-delay filtering at least one of the sub-band short-time spectra (X(e/%.,n)) to obtain a predetermined number
(M) of time-delayed sub-band short-time spectra (X(ei%,n-(M-1)r)) for at least one of the predetermined number of
sub-bands;
filtering for the at least one of the predetermined number of sub-bands the respective sub-band short-time spectrum
(X(el2r,n)) and the corresponding time-delayed sub-band short-time spectra (X(ei2,n-(M-1)r)) by a filtering means,

in particular, by a Finite Impulse Response filtering means (g), to obtain a refined sub-band short-time spectrum (X
(ei%,n)) for the at least one of the predetermined number of sub-bands.

2. The method according to claim 1, wherein the filter coefficients of the filtering means for the i-th sub-band g; ., =
(9 iko.0» Gi ko, 1 - Giiko,m-1]T @re determined by

Gty m = Siko, i+mN)

with
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0,if [(i/k, €Z) and (INeZ)]

'z—nimr
ae N if [(i/lk,eZ) and (INeZ)]
S(i, mN+) = |
-jm| —~=1

sinf| —-1]||e (° ) o
am kO —jwimr
o ,else
N i1k, )) )

sin| T 0 ||g (kN

Nk,

\

with the integer ky 22, m =0, 1, .., M-1], where M is the predetermined number of time-delayed sub-band short-
time spectra X(ei:,n-(M-1)r), N being the length on the input signal x(n), and | = [0, 1, ..,N-1] and r denotes the
frame shift of the time-delayed sub-band short-time spectra X(e/€,n-(M-1)r).

The method according to claim 1 or 2, further comprising
selecting a number of neighbored sub-bands;
filtering for each pair of the selected number of sub-bands:

a) the respective sub-band short-time spectrum (X(ei®%,n)) and the corresponding time-delayed sub-band short-
time spectra (X(el‘%:,n-(M-1)r)) of one of the neighbored sub-bands once more by the filtering means (g) to
obtain a first additional filtered spectrum and

b) the respective sub-band short-time spectrum (X(2+,n)) and the corresponding time-delayed sub-band short-
time spectra (X(el%,n-(M-1)r)) of the other one of the neighbored sub-bands once more by the filtering means
(g) to obtain a second additional filtered spectrum; and

adding the first and the second additional filtered spectra in order to obtain one additional sub-band short-time
spectrum (X(els,n)) for each of the pairs of the selected number of sub-bands.

The method according to claim 3, wherein the sub-band short-time spectrum (X(el€%,n)) and the corresponding
time-delayed sub-band short-time spectra (X(ei®«n-(M-1)r)) are filtered according to

M-1 ‘
Y G, 1w X(€7* ,n-mr), if 1/ k, integer
m=0

X (€' n) =
(€)= w1 g | g1

,n-mr), else

M-1
9, hmX(e " ,n-mr)+ D G, mX(€
m=0

m=0

where | Jand'" 1 denote rounding to the next smaller integer and to the next larger integer, respectively, and (i,
I,m) = S(l, i+mN) and
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iN-IN "[iN:Iﬁ]
sinfm ——{le ‘"
. a, N -j%rimr
S(i, mN+l) = N TN ©
. iN-IN ""( NN )
SiN| 1T e

NN

with the integer ky =2, m =0, 1, .., M-1], where M is the predetermined number of time-delayed sub-band short-
time spectra X(e2,n-(M-1)r), N being the length on the input signal x(n), and | =[0, 1, .., N-1], with N = ky N =N +
r (M-1), and r denotes the frame shift of the time-delayed sub-band short-time spectra X(ei¢,n-(M-1)r).

The method according to one of the preceding claims, wherein the spectral refinement of the input short-time
spectrum (X(e€? ,n)) of the audio input signal (x(n)) is performed for frequencies below 1500 Hz, in particular, below
1000 Hz.

The method according to one of the preceding claims, wherein the short-time Fourier transforming of the audio input
signal (x(n)) is performed by means of a Hann window or a Hamming window or a Gauss window.

Method for noise reduction of an audio signal (x(n)), comprising processing the audio input signal (x(n)) for spectral
refinement of a short-time spectrum (X(e/? ,n)) of the audio input signal (x(n)) according to one of the methods of
claims 1 to 6 and filtering the at least one refined sub-band short-time spectrum (X(ei«,n)) obtained by one of the
methods of claims 1 to 6 by a noise reduction filtering.

The method for noise reduction of an audio signal (x(n)) according to claim 7, comprising

i) determining the degree of stationarity of the audio signal (x(n));

i) if the determined degree of stationarity of the audio signal (x(n)) is below a predetermined threshold, then
fi/l\tering the audio signal (x(n)) by a noise reduction filtering means to obtain filtered sub-band short-time spectra
(S(el2 ,n)); or

if the determined degree of stationarity of the audio signal (x(n)) is equal to or exceeds the predetermined
threshold, then

a) processing the audio input signal (x(n)) for spectral refinement of a short-time spectrum (X(ei? ,n)) of
the audio input signal (x(n)) according to one of the methods of claims 1 to 6; and

b) filtering the at least one refined sub-band short-time spectrum (X(el,n)) obtained by one of the methods
of claims 1 to 6 by the noise reduction filtering meansAand, if present, non-refined sub-band short-time
spectra (X(el%,n)) to obtain filtered sub-band spectra (S(el? ,n));

and

AL
iii) inverse Discrete Fourier transforming and synthesizing the filtered sub-band short-time spectra (S(e’? ,n))
to obtain a noise reduced audio signal.

Method for echo reduction of an audio signal (x(n)), comprising

processing the audio input signal (x(n)) for spectral refinement of a short-time spectrum (X(ei? ,n)) of the audio input
signal (x(n)) according to one of the methods of claims 1 to 6 and filtering the at least one refined sub-band short-
time spectrum (X(ei®%, n)) obtained by one of the methods of claims 1 to 6 by an echo compensation filtering means.

10. The method for echo reduction of an audio signal (x(n)) according to claim 9, comprising

i) determining the degree of stationarity of the audio signal (x(n));

i) if the determined degree of stationarity of the audio signal (x(n)) is below a predetermined threshold, then
filtering the audio signal (x(n)) by an echo reduction filtering means to obtain filtered sub-band spectra (S(ei*? ,
n)); or

if the determined degree of stationarity of the audio signal (x(n)) is equal to or exceeds the predetermined
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threshold, then

a) processing the audio input signal (x(n)) for spectral refinement of a short-time spectrum (X(el? ,n)) of
the audio input signal (x(n)) according to one of the methods of claims 1 to 6; and

b) filtering the at least one refined sub-band short-time spectrum (X(e/%,n)) obtained by one of the methods
of claims 1 to 6 and, if present, non-refined sub-band short-time spectra (X(ei,n)) by the echo reduction
filtering means to obtain filtered sub-band spectra (S(ei? ,n));

and

A
iii) inverse Discrete Fourier transforming and synthesizing the filtered sub-band spectra (S(el? ,n)) to obtain an
echo reduced audio signal.

Method for estimating the pitch of a speech signal (x(n)), comprising

processing the speech input signal (x(n)) for spectral refinement of a short-time spectrum (X(ei€? ,n)) of the audio
input signal (x(n)) according to one of the methods of claims 1 to 6;

determining the short-time spectrogram of the at least one refined sub-band short-time spectrum (X(ei2.,n)) obtained
by one of the methods of claims 1 to 6; and

estimating the pitch on the basis of the at least one determined short-time spectrogram.

Computer program product, comprising one or more computer readable media having computer-executable instruc-
tions for performing the steps of the method according to one of the Claims 1 to 11.

Signal processing means, comprising

a short-time Fourier transform means (1) configured to short-time Fourier transform an audio signal (x(n)) to obtain
sub-band short-time spectra (X(elu,n)) for a predetermined number of sub-bands;

a time-delay filtering means configured to time-delay at least one of the sub-band short-time spectra (X(ei®,n)) to
obtain a predetermined number (M) of time-delayed sub-band short-time spectra (X(ei%,n-(M-1)r)) for at least one
of the predetermined number of sub-bands;

a spectral refining means (2) configured to refine the at least one of the sub-band short-time spectra (X(ei:,n)),
wherein the spectral refining means (2) comprises a filtering means, in particular, a Finite Impulse Response filtering
means, configured to filter for the at least one of the predetermined number of sub-bands the respective sub-band
short-time spectrum (X(e/%.,n)) and the corresponding time-delayed sub-band short-time spectra (X(ei€.,n-(M-1)
r)) by a filtering means, in particular, by a Finite Impulse Response filtering means (g), to obtain at least one refined
sub-band short-time spectrum (X(els,n)) for the at least one of the of the predetermined number of sub-bands.

The signal processing means according to claim 13, further comprising a selection means configured to select a
number of neighbored sub-bands; and wherein the filtering means is configured to filter for each pair of the selected
number of sub-bands:

a) the respective sub-band short-time spectrum (X(ei®%,n)) and the corresponding time-delayed sub-band short-
time spectra (X(el?*,n-(M-1)r)) of one of the neighbored sub-bands once more by the filtering means (g) to
obtain a first additional filtered spectrum and

b) the respective sub-band short-time spectrum (X(ei®,n)) and the corresponding time-delayed sub-band short-
time spectra (X(el%,n-(M-1)r)) of the other one of the neighbored sub-bands once more by the filtering means
(g) to obtain a second additional filtered spectrum; and

further comprising an adder configured to add the first and the second additional spectra in order to obtain an
additional refined sub-band short-time spectrum (X(e€2,n)) for each of the pairs of the selected number of sub-bands.

Signal enhancing means for enhancing the quality of an audio signal (x(n)), comprising the signal processing means
according to claim 13 or 14 and further comprising a noise reduction filtering mean and/or an echo compensation
filtering means configured to noise reduce and/or to echo reduce the audio signal (x(n)) on the basis of the at least
one refined sub-band short-time spectrum ()N((eJ'Qu,n)) obtained by the signal processing means according to claim
13 or 14.

Pitch estimating means for estimating the pitch of a speech signal (x(n)), comprising the signal processing means
according to claim 13 or 14 and further comprising an analysis means configured to determine the short-time power

density spectrum of the speech signal (x(n)) based on the at least one refined sub-band short-time spectrum (X
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(e/2u,n)) obtained by the signal processing means according to claim 13 or 14 and to estimate the pitch based on
the determined short-time power density spectrum of the speech signal (x(n)).

17. Hands-free telephony system, comprising the signal processing means according to claim 13 or 14 and/or the signal
enhancing means according to claim 15 and/or the pitch estimating means according to claim 16.

18. Speech recognition means comprising the signal enhancing means according to claim 15 and/or the pitch estimating
means according to claim 16.

19. Speech dialog system or voice control system comprising the speech recognition means according to claim 18.

16
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