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(54) Model-based enhancement of speech signals

(57)  The present invention relates to a method for
processing an audio signal comprising the steps of esti-
mating an input-signal-to-noise ratio or a signal-to-noise
ratio of the speech input signal, generating an excitation
signal based on the speech input signal, extracting a
spectral envelope of the speech input signal, generating
a reconstructed speech signal on the basis of the exci-
tation signal and the extracted spectral envelopeg, filtering
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the speech input signal by a noise reduction filtering
means to obtain a noise reduced signal and combining
the reconstructed speech signal and the noise reduced
signal on the basis of the speech input-signal-to-noise
ratio or the signal-to-noise ratio to obtain an enhance
speech output signal. The invention also relates to a sig-
nal processing means configured to carry out the herein
disclosed method.
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Description
Field of Invention

[0001] The present invention relates to audio signal processing and, in particular, to the model-based enhancement
of the quality of a speech signal by noise reduction and the generation of a reconstructed speech signal by making use
of codebooks.

Background of the Invention

[0002] One and 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 and can,
in the worst case, lead to a complete breakdown of the communication.

[0003] One prominent example for speech communication suffering from background noise in noisy environments is
hands-free voice communication in vehicles. Some noise reduction mustbe employed in order to improve the intelligibility
of transmitted speech signals. Present vehicle communication systems not only allow for hands-free telephony with
remote subscribers ata far end outside the vehicle but also for inter-cabin communication. Microphones and loudspeakers
provided for front-seat and back-seat passengers allow for a better acoustical understanding, in particular, if background
noises increase during high-speed traveling on motorways.

[0004] Another example is given by speech recognition system and speech control systems in a noisy environment.
The reliability of the recognition results heavily depend on the contribution of background noise to a detected speech
signal and the efficiency of noise suppression means.

[0005] In the art, single channel noise reduction methods, e.g., employing spectral subtraction are well-known. These
methods, however, are usually 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
notimproved sufficiently. Another method to improve the signal quality in distant talking speech acquisition is the utilization
of multi-channel systems, i.e. microphone arrays. However, multi-channel solutions are not only expensive but also
cannot guarantee sufficiently enhanced speech signals.

[0006] In the some more detail, the enhancement of noisy speech signals is usually performed by means of a time
and/or frequency selective attenuation, e.g. by the employment of (modified) Wiener filters, in particular, by means of
spectral subtraction. According to the method of spectral subtraction, disturbed parts of the spectrum are suppressed
in accordance with a signal-to-noise (SNR) - dependent characteristic. The characteristic and the associated damping
factors are usually used for signal processing in the sub-band or spectral domain. Parameters employed in the (Wiener)
filter characteristic can, in principle, be stationary or might be time-dependent.

[0007] The sub-band signals are usually multiplied with damping factors to obtain estimates for the unperturbed sub-
band signals that are combined by means of a synthesis filter bank in order to achieve an enhanced output signal. The
damping factors are determined based on estimated power density spectra of the noise (perturbation) and the perturbed
audio input signal that is to be enhanced. The power density spectrum of the actual input signal is usually calculated
from the squared magnitude of the sub-band signal, i.e. the short-time spectrogram of the sub-band signal. Some
damping limit can adaptively be selected.

[0008] The known methods for noise reduction in audio and particularly speech signals are, however, not satisfying
for a relatively low signal-to-noise ratio. In the art, a signal-to-noise ratio of 10 dB and below results in a significant
deterioration of the performance of noise reduction filtering means. In practice, at least some portions of a speech signal
are often significantly embedded in background noise.

[0009] Thus, despite the recent progress in the art of signal processing, there is still a need for an improved processing
of audio, in particular, speech signals, resulting in an enhanced noise reduction and intelligibility of processed speech
signals.

Description of the invention

[0010] The above mentioned problems are solved by a method for processing a speech input signal according to
claim 1, the method comprising the steps of

estimating an input-signal-to-noise ratio or a signal-to-noise ratio of the speech input signal;

generating an excitation signal based on the speech input signal;



10

15

20

25

30

35

40

45

50

55

EP 1918 910 A1
extracting a spectral envelope of the speech input signal;
generating a reconstructed speech signal on the basis of the excitation signal and the extracted spectral envelope;
filtering the speech input signal by a noise reduction filtering means to obtain a noise reduced signal; and

combining the reconstructed speech signal and the noise reduced signal on the basis of the speech input-signal-
to-noise ratio or the signal-to-noise ratio to obtain an enhance speech output signal.

[0011] Theinput-signal-to-noise ratio (INR) can, e.g., be calculated by the ratio of the short-time spectrogram (squared
magnitude of the short-time spectrum) of the speech input signal (which can be a microphone signal generated by a
microphone that detects a speech signal from a speaker) and the short-time power density spectrum of noise present
in the speech input signal. Methods for the estimation of such spectra are well-known in the art (see, e.g., E. Hansler,
G. Schmidt, "Acoustic Echo and Noise Control", Wiley, Hoboken, NJ, USA, 2004).

[0012] Alternatively, in all of the herein described examples of the inventive method, the input-signal-to-noise ratio
(INR) or the signal-to-noise ratio (SNR) can be used. The latter, e.g., can be calculated from the INR as SNR(€2,,,n) =
max {0, INR(QM,n) - 1}, where n denotes the discrete time index and Q, denotes discrete frequency nodes determined
by an analysis filter bank or nodes of a discrete Fourier transform used to transform the speech input signal in the
frequency domain. In this context, it is noted that the overall signal processing may be performed either in the time or
the frequency domain. According to the embodiments described below the speech input signal is transformed into sub-
band signals by means of an analysis filter bank, for example.

[0013] The excitation signal ideally represents the signal that would be detected immediately at the vocal chords of
the speaker whose utterance is detected. Discrimination of voiced and unvoiced signal portions is involved in the step
of estimating the excitation signal. The excitation signal may be modeled on the basis of the pitch and power of the noisy
speech input signal (see description below for further details).

[0014] The (short-time) spectral envelope is a well-known quantity of particular relevance in speech recognition/
synthesis representing the tone color. It may be preferred to employ the robust method of Linear Predictive Coding
(LPC)inorder to calculate a predictive error filter. The coefficients of the predictive error filter can be used for a parametric
determination of the spectral envelope. Alternatively, one may employ models for spectral envelope representation that
are based on line spectral frequencies or cepstral coefficients or mel-frequency cepstral coefficients (see also discussion
below).

[0015] According to the present invention a reconstructed speech signal is generated by means of the (short-time)
spectral envelope and the estimated excitation signal and this reconstructed speech signal is combined with a noise
reduced version of the speech input signal (the employed noise reduction filtering means can be any one known in the
art) in dependence on the estimated INR (or SNR, alternatively). In particular, signal portions that exhibit a rather low
INR cannot be sufficiently enhanced by simple noise reduction as known in the art. For an SNR of about 10 dB and
below, e.g., mere employment of a conventional noise filter may even further deteriorate the noisy speech input signal.
For the signal portions with a low INR (SNR) the reconstructed speech signal is used in order to obtain an enhanced
speech output signal exhibiting both reduced noise and enhanced intelligibility as compared to the art.

[0016] The combination of the reconstructed speech signal and the noise reduced signal may be performed in form
of a weighted sum of these signals, i.e. each of theses signals is multiplied by different weight factors and then the
weighted signals are added in order to achieve the enhanced speech output signal. The weights can easily be adapted
according to the estimated INR or SNR. According to a specific embodiment, the noise reduced signal and the recon-
structed speech signal are each transformed to sub-band signals and multiplied with weights that vary with the discrete
frequency nodes determined by an analysis filter bank Q. In a frequency range with an INR below a predetermined
threshold the weights are chosen such that the contribution of the reconstructed speech signal to the speech output
signal dominates the contribution of the noise reduced signal.

[0017] Of particular importance for the herein disclosed method for obtaining a speech output signal of enhanced
quality from a noisy speech input signal is the estimation of the INR or the SNR and, thus, the estimation of the short-
time power density spectrum of the noise (in the following often simply referred to as noise power density spectrum),
since the combination of the reconstructed speech signal and the noise reduced signal is controlled depending on the
INR or the SNR and, therefore, depending on the estimated noise level.

[0018] Whereasthe INR (SNR)can be estimated by estimating the short-time power density spectrum of noise included
in the speech input signal and by determining the short-time spectrogram of the speech input signal, estimating the
estimated noise power density spectrum for a discrete time index n may comprise the steps of

smoothing the short-time power density spectrum of the speech input signal (y(n)) in time to obtain a first smoothed
short-time power density spectrum;
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smoothing the first smoothed short-time power density spectrum in positive frequency direction to obtain a second
smoothed short-time power density spectrum;

smoothing the second smoothed short-time power density spectrum in negative frequency direction to obtain a third
smoothed short-time power density spectrum; and

determining the minimum of the third smoothed short-time power density spectrum for the discrete time index n and
the estimated short-time power density spectrum of noise for a discrete time index n - 1.

[0019] The estimated short-time power density spectrum of noise for a discrete time index n - 1 is obtained similarly
based on the estimated short-time power density spectrum of noise for a discrete time index n - 2, etc.

[0020] By such aparticular way of estimating the noise power density spectrum suspension of outliers can be achieved.
In order to prevent freezing of the process of estimating the noise power density spectrum it may be preferred to estimate
the noise power density spectrum as the maximum of the above-mentioned minimum and a predetermined threshold
value. The above-mentioned minimum may be multiplied by a factor of 1 + ¢, where E is a positive real number much
less than 1. By an appropriate choice of the value for ¢, a fast reaction of the estimation to temporal variations can be
achieved (see also below).

[0021] Inthe above-described examples, the excitation signal may be generated by means of an excitation code book.
Moreover, the reconstructed speech signal may be generated on the basis of an estimated spectral envelope that is
generated from the extracted spectral envelope and by means of a spectral envelope code book. In this case, the spectral
code book comprises prototype spectral envelopes trained beforehand which can be used, in particular, for the recon-
struction rather noisy portions of the speech input signal.

[0022] From the noisy speech input signal the (voice) pitch of a voiced signal portion can be estimated as known in
the art and by means of the estimated pitch period and an excitation code book prepared beforehand the excitation
signal can be generated. The excitation code book comprises entries representing weighted sums of sinus oscillations.
According to an example the excitation code book can be represented by a matrix Cg of such weighted sums of sinus
oscillations wherein the entries in a row k + 1 include all of the oscillations of a row k and further include one single
additional oscillation. Employment of an excitation code book allows for a reliable and satisfying generation of the voiced
part of excitation signals (the unvoiced parts can be generated by noise generators).

[0023] The extracted spectral envelope that is directly obtained (and, e.g., subject to an Infinite Impulse Response
smoothing) from the noisy speech input signal represents a reliable estimate for the spectral envelope of the unperturbed
speech signal generated by a speaker only for signal portions with a relatively high INR or SNR, respectively. In order
to achieve a reliable estimate for the spectral envelope of the unperturbed speech signal in low INR portions a spectral
envelope code book is used. The spectral envelope code book is trained beforehand and includes, e.g., 256, trained
prototype spectral envelopes. The extracted spectral envelope is compared with the entries of the code book for the
signal portions with a relatively high INR. The best matching prototype spectral envelope of the code book is determined.
[0024] According to a specific example, the extracted spectral envelope of the speech input signal is used for the
generation of the reconstructed speech signal for signal portions with high INR. For signal portions with low INR the
corresponding best matching prototype spectral envelope of the spectral envelope code book is used. Preferably, the
resulting spectral envelope used for the generation of the reconstructed speech signal is smoothed in positive and
negative frequency direction in order to avoid an abrupt switching from the extracted spectral envelope to the entry of
the spectral envelope that best matches the extracted envelope, which may cause perceptible artifacts.

[0025] According to one example of the inventive method employing the above-mentioned spectral envelope code
book, a prototype spectral envelope of the spectral envelope code book is determined that best matches the extracted
spectral envelope for portions of the speech input signal that exhibit an input-signal-to-noise ratio above a predetermined
threshold and the estimated spectral envelope substantially consists, on the one hand, of the determined best matching
prototype spectral envelope for the portions of the speech input signal that exhibit an input-signal-to-noise ratio above
the predetermined threshold and, on the other hand, of the extracted spectral envelope for the other signal portions.
[0026] In this example the spectral envelope looked-up from the code book is only used for the portion(s) of the speech
input signal for which it cannot be expected that the extracted spectral envelope resembles the spectral envelope of the
unperturbed speech signal sufficiently to allow for a satisfying reconstructed speech signal in terms of authenticity and
intelligibility.

[0027] Anparticularly efficient way to achieve the above-mentioned combination of the best matching spectral envelope
of the code book and the spectral envelope extracted from the speech input signal makes use of a mask function M(€2,,,
n) in the sub-band regime as follows
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M(Q,,n) Es(e’™, n) + (1 - M(Q,,n)) Ecs(e'™, n)

where Eg4(e/®, n) and Eqg(e’®, n) denote the smoothed extracted spectral envelope and the best matching spectral
envelope of the spectral envelope code book, respectively (for details of the smoothing see detailed description below).
The mask function depends on the INR. For example, one might suitably choose M(€2,,,n) = 1, if the INR exceeds a
predetermined threshold, and M(Qu,n) =¢, where gis a small positive real number, if the INR lies below the predetermined
threshold.

[0028] Furthermore, it may be preferred that the excitation signal is filtered such that only (mainly) for signal portions
for which speech is actually present (detected) an excitation signal (a reconstructed speech signal) is generated. In
order to achieve this and, thus, to obtain a further enhancement of the quality of the finally obtained speech output signal,
the excitation signal may be generated from filtered excitation sub-band signals A(ei%,n) that may be generated by
transforming the excitation signal obtained as described above into excitation sub-band signals A(ei®s,n). The filtered
excitation sub-band signals A(elf%.,n) are obtained by means of a spread noise reduction filtering means Gg(el.,n)
applied to the unfiltered excitation sub-band signals A(ei%.n), i.e. A(ei®u,n) = Gs(ei€n,n) A(el, n).

[0029] A spread conventional noise reduction filter may be used to allow for signal reconstruction in a frequency range
showing a low INR (SNR) with filter coefficients

G,(e"™,n) = max {G(e'™,n),P,("™,n),P,(e"™ n),.., P,..(e"™,n)}

with P, (el%,n) =G(el¥,n)P (el n) for ue {0, ..,M-1}.
[0030] By G(ei‘,n) conventionally determined damping factors are denoted and P(ei®?m,n) denotes a spreading func-
tion. For example, a modified Wiener characteristic can be used

So(Q,.0)

(e"™,n),1-B(e"™ ,n) — 2
‘Y(e‘“*‘,n)‘

G(e"™,n)=max {G

min

[0031] The same filter characteristic can be used for the above-mentioned noise reduction filtering means. In the
context of obtaining filtered excitation sub-band signals, however, a large overestimating factor p(e/%.,n) and, in particular,
a very high maximum damping, e.g., G, (e/®,n) chosen from [0.01, 0.1], are chosen for the employed spread filter.
[0032] Experimentshave shownthatitis advantageoustoadaptthe phases of the sub-band signals of the reconstructed
speech signal to the phases of the sub-band signals of the noise reduced signal for signal portions with a relatively high
INR (SNR).

[0033] Thus, according to anothef example, the generation of the enhanced sp/(\aech output signal (’s\(n)) comprises
the generation of sub-band signals (S,(e€, n)) of the reconstructed speech signal (s;(n)) and sub-band signals (Sg(eJQu,
n)) of the noise reduced signal (s4(n)) and the phases of the sub-band signals (S,(e¥, n)) of the reconstructed speech
signal (’s\r(n)) are adapted to the phases of the sub-band signals (Sg(eiQu, n)) of the noise reduced signal (/s\g(n)) in
dependence on the input-signal-to-noise ratio (INR(€2,,n)), in particular, by

S,(e"™.n), if INR(Q,,n) > some threshold

ér’mOd(ejQu ,n) =<

| S.(e"™,n), else.
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[0034] It is noted that the above-mentioned sub-band signals ég(eJQu, n) and ér(eJQu, n) are either generated by
analysis filter banks from the noise reduced full band signal output by the noise reduction filtering means and the
reconstructed full band speech signal or they are directly output by the noise reduction filtering means and by the process
of reconstructing the speech signal.

[0035] The presentinvention also provides a computer program product, comprising one or more computer readable
media having computer-executable instructions for performing the steps of the method according to one of the above
described examples.

[0036] The above-mentioned problems of the art are also solved by a signal processing means for processing a
speech input signal according to claim 12, comprising

a noise reduction filtering means configured to receive the speech input signal and to output a noise reduced signal;

a signal reconstruction means configured to receive the speech input signal and to extract the spectral envelope
from the speech input signal and to generate an excitation signal on the basis of the speech input signal and to
generate and output a reconstructed speech signal based on the extracted spectral envelope and the excitation
signal;

a signal combination means configured to receive the noise reduced signal and the reconstructed speech signal
and to output an enhanced speech output signal as a combination of the noise reduced signal and the reconstructed
speech signal; and

a control means configured to receive the speech input signal and to control the signal reconstruction means and
the signal combination means based on the input-signal-to-noise ratio or the signal-to-noise ratio of the speech
input signal determined by the noise reduction filtering means or the control means.

[0037] The signal processing means may further comprise at least one analysis filter bank configured to transform
the speech input signal in speech input sub-band signals and at least one synthesis filter bank configured to synthesize
sub-band signals output by the signal combination means or by the noise reduction filtering means and the signal
reconstruction means.

[0038] The signal combination means may generate the speech output signal by building a weighted sum of the noise
reduced signal and the reconstructed speech signal. The input-signal-to-noise ratio or the signal-to-noise ratio may be
estimated by the control means of the noise reduction filtering means by estimating the short-time power density spectrum
of noise included in the speech input signal and determining the short-time spectrogram of the speech input signal.
[0039] According to an embodiment the signal processing means comprises

an excitation code book database;
a spectral envelope code book database;
an excitation estimator configured to generate the excitation signal by means of the excitation code book database;

a spectral envelope estimator configured to generate an estimated spectral envelope by means of the spectral
envelope code book database; and

the signal reconstruction means is configured to generate and output the reconstructed speech signal based on the
estimated spectral envelope and the excitation signal.

[0040] The excitation estimator and the spectral envelope estimator can be configured to generate the excitation
signal and the estimated spectral envelope, respectively, as discussed above in the context of the inventive method.
[0041] The control means of the above mentioned examples of the signal processing means can be configured to
determine the input-signal-to-noise ratio or the signal-to-noise ratio of the speech input signal and to de-activate the
signal reconstruction means, if it is determined that the input-signal-to-noise ratio or the signal-to-noise ratio of the
speech input signal exceeds a predetermined threshold for the entire speech input signal. Thus, the relatively expensive
reconstruction of the speech signal can be saved, if the perturbation of the input speech signal is not so severe that one
has to expect that the noise reduction filtering means might fail in sufficiently enhancing the quality of the speech input
signal.

[0042] The presentinvention also provides a hands-free telephony system, comprising the signal processing means
according to one of the above-described examples. Itis also provided herein speech recognition means comprising the



10

15

20

25

30

35

40

45

50

55

EP 1918 910 A1

signal processing means according to one of the above-described examples.

[0043] Moreover, it is provided a speech dialog system or voice control system comprising the above-mentioned
speech recognition means or the signal processing means according to one of the above-described examples.

[0044] Since the quality and, thereby, in particular, the intelligibility of the achieved speech signal that was subject to
the inventive signal processing can be enhanced significantly, the above mentioned systems represent examples of
preferred applications. Telephone conversation and speech recognition can particularly benefit from the herein disclosed
processing of speech signals, since the signal portions of the speech input signal that are heavily perturbed can be
replaced by a reconstructed speech signal.

[0045] Additional features and advantages of the invention will be described with reference to the drawings:

Figure 1 is a flow chart illustrating the principle of an example of the herein disclosed method comprising combining
a noise reduced speech signal and a reconstructed speech signal.

Figure 2 is block diagram illustrating basic components of an example of the herein disclosed signal processing
means comprising a signal reconstruction means and a signal combination means.

Figure 3 shows an example of the signal reconstruction means of Figure 2 comprising a spectral envelope code
book and an excitation code book used for the generation of a reconstructed speech signal.

Figure 4 shows an example of a spreading function used for the generation of an excitation signal.

[0046] Basic steps of an example of the inventive method are illustrated in Figure 1. A noisy speech signal is input 1,
e.g., by means of one or more microphones, in a signal processing means. A portion of the speech input signal is
detected 2 that shows a signal-to-noise ratio (SNR) below a predetermined threshold. This portion of the signal is heavily
perturbed by background noise and, thus, conventional noise reduction would fail.

[0047] According to the present example, the spectral envelope is extracted from the speech input signal and the
corresponding spectral envelope of the unperturbed speech signal is estimated 3 (details are given below) from the
signal portions that are not heavily perturbed by noise. Further, an excitation signal is estimated 4. The process of
estimating the excitation signal comprises an excitation classification of the speech input signal in voiced and unvoiced
parts. Based on the estimated spectral envelope and the estimated excitation signal the speech input signal is recon-
structed 5 as it is known in the art.

[0048] On the other hand, the speech input signal is simply noise reduced 5 by some known noise reduction filtering
means. Alternatively, only the portion of the input signal that is not heavily affected by background noise is filtered by
the noise reduction filtering means. Finally, the noise reduced signal (portion) and the reconstructed speech signal are
combined 7 to obtain a speech output signal with an enhanced quality. Combination of the noise reduced signal and
the reconstructed speech signal can be carried out in form of a weighted summation with the weights being dependent
on the actual SNR.

[0049] Figure 2 shows basic components of an example of the inventive signal processing means. The signal process-
ing means comprises a conventional noise reduction filtering means 10. A speech input signal y(n) is filtered by this
means and a noise reduced signal /s\g(n) is output. By the argument n the discrete time index is denoted.

[0050] The speech input signal y(n) is also received by a signal reconstruction means 11 and a control means 12.
The signal reconstruction means 11 is configured to reconstruct a speech signal on the basis of a feature analysis of
the speech input signal y(n). In particular, it is configured to estimate a spectral envelope of the unperturbed speech
signal on the basis of the extracted spectral envelope of the speech input signal y(n) and making use of a spectral
envelope code book comprising prototype spectral envelopes trained beforehand. The signal reconstruction means 11
is also configured to estimate an unperturbed excitation signal by means of an excitation code book (for details see
description below).

[0051] The control means 12 according to the present example is configured to estimate the short-time power density
spectrum of the noise and to detect the short-time spectrogram of the speech input signal y(n). For this, the input signal
y(n) has to be subject of a short-time Fourier transform or filtering by an analysis filter bank. The SNR or the input-signal-
to-noise ratio (INR) of the speech input signal y(n) is also estimated by the control means 12. The control means 12 is
also configured to perform a voiced-unvoiced classification of the speech input signal y(n). The operation of the signal
reconstruction means 11 is controlled by the results obtained by the control means 12.

[0052] Moreover, the control means 12 controls a signal combination means 13 receiving the reconstructed speech
signal /s\r(n) output by the signal reconstruction means 11 as well as the noise reduced signal /s\g(n) output by the noise
reduction filtering means 10. The control means 12 controls the signal combination means 13 to mix the reconstructed
speech signal /s\r(n) and the noise reduced signal /s\g(n) or portions of these signals according to the noise level in different
signal portions. Signal portions that are heavily perturbed by noise are replaced by the corresponding portions of the
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reconstructed speech signal. The signal /s\(n) output by the signal combination means 13 represents an enhanced speech
signal.

[0053] According to an example the configuration shown in Figure 2 includes an analysis filter bank that analyzes the
speech input signal y(n) into sub-band signals or short-time spectra Y(el®», n) with the frequency nodes Q, (w=0,1,.,
M-1) as it is known in the art. In this case the components 10, 11 and 12 of Figure 2 receive the sub-band signals Y
(el n) and operate in the frequency domain. In this case, the output signal /s\(n) is eventually obtained by means of a
synthesis filter bank. It is noted that, in principle, the overall signal processing can be performed either in the time or the
frequency domain.

[0054] In the following, the components of the signal processing means shown in Figure 2 are described by way of
example in more detail.

[0055] An accurate estimation of the noise that is present in the speech input signal y(n) is crucial for the successful
operation of the present invention. This estimate can be performed by the noise reduction filtering means 10 and/or the
control means 12. According to an embodiment, it is assumed that speech pauses are present in the perturbed speech
input signal y(n) during which the noise can be directly measured. Thus, the short-time spectrogram of y(n), i.e. |Y(e/%,
n)I2can, in principle, be determined in speech pauses and used for the estimate for the short-time power density spectrum
of the background noise in a straightforward way.

[0056] However, according to a preferred example the process of estimating the short-time power density spectrum
of the noise that is present in the speech input signal comprises smoothing of the short-time power density spectrum of
the speech input signal in time and in frequency as well as a minimum search. Smoothing in time of the short-time power
density spectrum of the speech input signal can be performed as an Infinite Impulse Response (IIR) smoothing according
to

S, (Q,,N) =AS, (Q,n-1)+(1-A;) [Y(e"™,n)?

with 0 <A1 < 1. The smaller A is chosen the faster the reaction of the estimation is.
[0057] An IIR smoothing in frequency can, e.g., be performed as

5,(Q.n), ifp=0

S' (Q,,n)= _ _
e Ae S', (Q,,n)+(1-A)S, (Q,.n), ifpefl,..M-1}
followed by
_ S' (Q,n), ifu=M-1
SYy (Qn) = yy_" " = :
Ae S,y Q) +(1-A)S', (Q,0), ifpef0,.,M-2}

with 0 < A¢ < 1. This smoothing in frequency avoids the occurrence of outliers that could result in perceptible artifacts
in the processed signal. The estimated short-time power density spectrum of the noise that is used for the subsequent
signal processing can be calculated as follows

S.n(€,,n) =max {S min{ém(Qu,n-1 ),S",, (Q,,n) }(1+£) }

nn,min?

with 0 < ¢ << 1 and the limiting threshold S, i, that guarantees that the estimated short-time power density spectrum
is never zero. By the parameter ¢ the reaction speech of the estimation can be selected. It is to be chosen greater than
zero in order to guarantee that reaction to a temporal increase of the noise power density is possible.
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[0058] Based on the short-time power density spectrum of the noise énn( H,n) the control unit 12 can estimate the
input-signal-to-noise ratio (INR) by INR(€,,n) = Y (e, n)|2 / Snn(Q ,n). The INR is used for several steps of the
subsequent S|gnal processing. In partlcular the combination of the reconstructed speech signal A {(n) and the noise
reduced signal s ¢(n) depends on the actual INR. Alternatively, the signal-to-noise ratio (SNR) that is given by SNR(€2,
n) = max {0, INR( wh) - 1} can be used rather than the INR.

[0059] The control means 12 also performs voiced/unvoiced classification of the speech input signal y(n). According
to one example, a sound portion present in the speech inputsignal y(n) is classified as voiced (unvoiced), if a classification
parameter t.(n)(0 < t.(n) < 1) is large (small). The classification parameter t (n) results from a non-linear mapping of the
quantity ryp(n) that is given by riyg(n) = INRpign(n) / (INRyo, () + Ayg) Where the constant Ay prevents division by
zero and

H3
INRhign(n) = 1 > INR(Q,,.n)
My —Ho +15,
1 L)
INRow(n) = —Z INR(Q,,n)

17 o H=Hgp

where the normalized frequencies Q,o, Q,1, £,» and Q5 are chosen to correspond to the real frequencies 300 Hz,
1050 Hz, 3800 Hz and 5200 Hz, respectively, as it is appropriate in the context of speech signal processing. In the
simplest case a binary classification can be obtained by t (n) = f(rjyg(n)) = 1, if fyr(n) is below a suitable threshold, and
zero else.

[0060] Note that the explained example makes use of the fact that unvoiced portions of the speech input signal y(n)
show the dominant power density in the high frequency range whereas voiced portions show the dominant power density
in the low frequency range.

[0061] Figure 3 shows in some detail the signal reconstruction means 11 of Figure 2 according to an advantageous
example. An analysis filter bank 21 is used to obtain sub-band signals Y(ei®, n) from the speech input signal y(n).
Based on the sub-band signals Y (el%, n) the excitation signal spectrum A(e%, n) and the spectral envelope E(ei‘%, n)
of the unperturbed speech signal (the speech signal without any noise contribution) are estimated by the signal recon-
struction means 11 to obtaln a spectrum of the reconstructed speech signal S (eJQu n) = A(el%, n) E(el‘%, n). The
reconstructed speech signal s +(n) of the total band can be obtained from the spectrum S [(el2e n) by means of a synthesis
filter bank 22. A

[0062] It is noted that, alternatively, the spectrum S/((eJ'Qu, n) might be output and combined with a corresponding
spectrum output by the noise reduction filtering means Sg(eJQu, n). In other word, depending on the specific embodiment
the signal combination means 13 of Figure 2 may be configured to combine sub-band signals received from the noise
reduction filtering means 10 and the signal reconstruction means 11 and subsequently synthesize the combined sub-
band signals or to receive total band signals from these means 10 and 11.

[0063] The estimation of the spectral envelope of the unperturbed speech signal is achieved as follows. First, the
spectral envelope E¢(el%, n) of the speech input signal y(n) is extracted by a spectral envelope estimator 23 employing
a method as known in the art. Linear Prediction Coding (LPC) or a spectral analysis may be used to extract the spectral
envelope. According to one example the spectral envelope is directly estimated by a double IR smoothing method
according to

Es(e™,n), ifu=M-1

Es(e'™, n) = ! o
AEg (€™ ,n) + (1-A) Eg(e"™,n), ifpe{0,.,M-2}

with
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| Y(e™,n) |, ifp=0

Es(em"’n) = - . .
AEg(e™.n)+(1-A2)| Y(e*¥,n) |, ifuefl,..M-1}

with a smoothing constant chosen from 0 < Ag < 1. A suitable choice, e.g., is A = 0.5.

[0064] The thus extracted spectral envelope is a satisfying approximation for the spectral envelope of the unperturbed
speech signal only for signal portions that are not significantly affected by noise. In order to achieve a reliable spectral
envelope even for signal portions with a low INR (SNR), a spectral envelope codebook 24 is employed that has been
trained beforehand. The spectral envelope codebook 24 includes logarithmic representations of prototype spectral
envelopes of particular sounds ECBJog(eJQu ,0) to ECBJog(eiQuL » Nepe-1)- A suitable code book may have a size of Ngg ¢
= 256.

[0065] The spectral envelope codebook 24 is searched for the entry that best matches the extracted spectral envelope
Eg(el%, n) for signal portions with a high INR. For this a normalized logarithmic version of the extracted spectral envelope
is calculated EsJog(eiQu, n) =20 l0gq Eg( %, n) - Eg og norm(N) With

M-1

ZM(Qu’n) 20log,, Es(e*,n)

ES,Iog,norm(n) = B

=

1

M(Q,.n)

T
1
o

where the mask function M(€2,,n) depends on the INR, e.g., by M(€2,,n) = g(INR(€,,,n)), where the mapping function g
maps the values of the INR to the interval [0, 1]. Resulting values close to one indicate a low noise level, i.e. a good
SNR or INR, respectively. In the simplest case one might choose a binary function g that maps to 1, if the INR exceeds
a predetermined threshold, e.g., 2 or 4, and to some small but finite real value (to avoid division by zero in the above
equation), if the INR falls below that threshold.

[0066] The spectral envelopes of the spectral code book 24 are normalized accordingly and search for the best
matching entry of the code book is performed on the basis of a logarithmic INR weighted magnitude distance

i ~ 0
S-|°9(eJ " ’n) - ECB,Iog(ej g ,n,m)

M-1 N
Mop(n) = argmin ¥ M(Q,,n) ‘E
m u=0

with Ecgeg(€™.nm) = Ecg o (€™,m) - E (n,m) (m =0, .., Nco.e)

CB,log,norm

and

M- ,
ZM(QWn) ECB,Iog(eJQu ,m)

Ecs,log.norm(N,m) = L

M-
D> M(Q,,n)
u=0

10
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[0067] By argmin the argument of the minimum function is denoted that returns the value of m for which
M-1 ~ 'Q [ 'Q

ZM(Qu,n)‘ ES log(e’ B ECB‘,og(e‘ ¥,N,M) | assumes a minimum. The thus obtained spectral envelope
p=0

of the spectral envelope code book 24 is linearized and re-normalized

ECB (ejQp’n) = 1O(ECBJog(ejﬂp-nrmopt(n))+ES,bgmm(n))I20 ]

[0068] For the reconstruction of the speech signal the obtained spectral envelope Eqg(ei€t,n) can be used for the
portion of the speech input signal with a low INR (SNR) and the extracted spectral envelope E (el, n) for portions with
a high INR (SNR). According to a specific example, the following spectral envelope is output by the spectral envelope
estimator 23

_[E (".n), ifu=M-1

E(e™, n) | _
A E (€%,n)+(1-A,, ) E(e"™,n), ifue{0,.,M-2}
with
~ . E jQu H —
O L
A E(€™,n) +(1-A,, ) E(€™,n), ifuefl,. ,M-1}
and

Eieian) = M(€,,.n) Eg(e%, n) + (1- M(€,,,n)) Ecg(e/s, n). The smoothing constant is chosen between 0 and 1 and
mix = 0.3.

[0069] The signal reconstruction means 11 also comprises an excitation estimator 25 making use of an excitation
code book 26 for estimating an excitation signal that can be shaped with the spectral envelope E(e'$, n) output by the
spectral envelope estimator 23 in order to obtain a reconstructed speech signal.

[0070] In order to estimate an excitation signal a(n), first, voiced and unvoiced signal portions are determined as
mentioned above. Unvoiced portions §,(n) of an excitation signal &(n) are generated by a noise generator. In order to
achieve a voiced portion §,,(n) of an excitation signal &(n) the (voice) pitch has to be determined. This can be done by
any method known in the art (see, e.g., W. Hess, "Pitch Determination of Speech Signals", Springer Berlin, 1983). Based
on the determined pitch a voiced portion &,(n) of an excitation signal &(n) is generated by means of the excitation code
book 26 including entries that represent weighted sums of sinus oscillations, e.g.,

may, e.g., be chosen as &

Csx(l) = Zk:O.QQ'“ sin (W)

where L denotes the length of each code book entry. The entries Cq (1) are coefficients of a matrix C, read out for the
generation of the voiced portion &,(n) of an excitation signal &(n) as &,(n) = Cg ,()(ls(n)) where I,(n) denotes the index
of the row and I4(n) the index of the column of the matrix C, formed by the coefficients Cg (1)

[0071] According to the present example, the index of the row is calculated as

11
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l,(n) = round (T" (rou;d(n/r)) —1)

where T, is the period of the pitch (that, in general, depends on time) and r/n represents the down-sampled calculation
of the period of the pitch (the pitch is calculated every r sampling instants of the speech input signal). The round operation
returns the next smaller or larger integer of the argument.

[0072] The index of the column is calculated by I (n) = round(TS(n)), with

Tn-1)+A,n), ifL(n-1)+A,(n)<L-15

Tn)=4:
k(n-1)+ A (n)-L,else

with the increment A¢(n) = L / (T (round(n/r))). The subtraction by 1.5 in the above equation is provided such that the
index of the column satisfies the relation 0 < Ig(n) < L-1.

[0073] The excitation signal &(n) is calculated by a weighted summation of the voiced portion &,(n) and the unvoiced
one &,(n). According to one example, the excitation signal &(n) is calculated by

a (n)=t.(round(n/r))a,(n)+[1-t, (round(n/r))13a,(n).

[0074] This signal is input in an analysis filter bank to generate sub-band signals A(ei®.,n) that are subsequently
weighted by a noise reduction filter with filter coefficients G4(el2,n) in order to generate an excitation signal only for
signal portions in which speech was detected. A spread conventional filter is used for the noise reduction filter to allow
for signal reconstruction in frequency ranges showing a low INR (SNR).

[0075] According to one example the filter coefficients are determined for p.e{0,..,M-1} by

G,(€"*,n) = max {G(e'" n),P,(e"",n),P,(e",n),...P,. (e ,n)}

with P, (el2,n) = G(el¥, n) P(el¢s-v,n).

[0076] By G(ei‘%,n) conventionally determined damping factors (filter coefficients) are denoted and P(eifm,n) denotes
a spreading function. An example of the frequency response of a suitable real-valued positive spreading function is
shown in Figure 4. The damping factors, for example, may be determined according to a modified Wiener characteristic
including the short-time power density spectrum of the noise and the spectrogram of the speech input signal y(n) can
be used

S..(Q,.n)

G(e"™,n)=max { G, (e'™,n), 1- B(e'™,n) -
|Y(e‘““,n)|

[0077] The same characteristic can be used in the noise reduction filtering means 10 of Figure 2. In the present
context, however, a large overestimating factor B(ei2,n) and, in particular, a very high maximum damping, e.g., Gmin
(e’ %,n) = 0.01 or 0.1, are chosen for the spread filter. The excitation estimator 25 according to the present example

12
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outputs the estimated excitation spectrum A(e\J'Qu,n) = Gg(elv,n) A(ei®uv,n). The synthesis filter bank 22 converts the
spectrum of the reconstructed speech signal S(ei®s,n) = A(ei®v,n) E(ei®%-,n) into the total band reconstructed speech
signal A ((n) that is output by the signal reconstruction means 11 (see also Figure 2).

[0078] The signal comblnatlon means 13 of Figure 2 is configured to combine the reconstructed speech signal S (n)
and the noise reduced signal s ( ) received from the conventional noise reduction filtering means 10. The comblnatlon
is performed, e.g., in the sub- band regime. Thus, in the present examp/l\e the reconst/r\ucted speech signal S .(n) and the
noise reduced signal s 4(n) have to be analyzed into sub-band signals S (e n)and S (eJQu,n), respectively, by means
of analyzing filter banks Alternative, the noise reduction filtering means, 10 could output sub-band signals Sg(eJQu,n)
and the signal reconstruction means 11 could output sub-band signals S (e, n) that then could be directly used by
the signal combination means 13.

[0079] Before combining the sub-band signals S (el n) and S (eJQu n), it is preferred to adapt the phases of the
reconstructed speech signal to the noisy speech input signal (or the output signal of the conventional noise reduction
filtering means 10, which usually only influences the amplitude and not the phase of the signal that is to be enhanced).
According to an example this can be achieved by

1B (e"’u n)|a

S,(e"™,n), if INR(Q,,n) > some threshold
Sg(e ™ )| °

ér'mOd(ejQu ,n) =4

| S$.(e"™,n), else.

A , A
[0080] The modified sub-band signal S, ., 4(e/*,n) and the noise reduced sub-band signal Sg(eJQu,n) are subject to
a weighted summation resulting in signals

S (e",n)=H,(e"™,n)S ("™ ,n) +H (™ n)S, ..(e™ n),

which are transformed by a synthesis filter bank comprised in the signal combination means 13 in order to obtain the
enhanced speech output signal /s\(n). The weights Hg(eJQu,n) and H,(el*%,n) depend on the INR and are determined by
the control means 12. According to a preferred example, the weights can be determined by mean values of the INR
obtained by the help of p Mel filters, p € {0, 1, .., M - 1}, with frequency responses Fp(eJQu). For a sampling rate of
11025 Hz, e.g., M, = 16 can suitably be chosen. The averaged INR can be calculated by

M-1

> F,(e"™)INR(€,,n)

p

INRay (p, 1) = *=—g——
Y F(e™)
p=0

[0081] According to a specific embodiment, the weights Hg(eiQu,n) and H,(el%,n) can be determined from INR,, (p,
n) by means of a binary characteristic f,,(INR,, (p, n)) = 1, if INR,, (p, n) > some threshold, e.g., chosen from the
interval [4, 10], and f,,;,(INR,, (p, n)) = 0, else. It is noted that other non-binary characteristics can also be applied. By
means of the above-mentioned or any other chosen characteristic f.,,(INRy (p, n)) the weights for the combination of
the modified sub-band signal Sr’mod(eJQu,n) and the noise reduced sub-band signal Sg(eiQu,n) are calculated by

13
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M mel

Hy(e™,n)=3" fux(INRay (p, n)) F,(e™)

p=0

and

H,(e"*,n)=1-H, ("™ n).

[0082] 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 a speech input signal (y(n)), comprising

estimating an input-signal-to-noise ratio (INR) or a signal-to-noise ratio (SNR) of the speech input signal (y(n));
generating an excitation signal based on the speech input signal (y(n));

extracting a spectral envelope of the speech input signal (y(n));

generating a reconstructed speech signal (/s\r(n)) on the basis of the excitation signal and the extracted spectral
envelope;

filtering the speech input signal (y(n)) by a noise reduction filtering means (10) to obtain a noise reduced signal
(8(n)); and

combining the reconstructed speech signal (’s\r(n)) and the noise reduced signal (/s\g(n)) on the basis of the
speech/i\nput-signal-to-noise ratio (INR) or the signal-to-noise ratio (SNR) to obtain an enhanced speech output
signal (s(n)).

2. The method according to claim 1, further comprising

weightening the reconstructed speech signal (’s\r(n)) based on the speech input-signal-to-noise ratio (INR) or
the signal-to-noise ratio (SNR) to obtain a weighted reconstructed speech signal;

weightening the noise reduced signal (/s\g(n)) based on the speech input-signal-to-noise ratio (INR) or the signal-
to-noise ratio (SNR) to obtain a weighted noise reduced signal; and wherein

the step of combining the reconstructed speech signal (/s\r(n)) and the noise reduced signal (/s\g(n)) consists of adding
the weighted reconstructed speech signal and the weighted noise reduced signal to obtain the enhanced speech
output signal (/s\(n)).

3. The method according to claim 1 or 2, wherein the step of estimating the speech input-signal-to-noise ratio (INR)
or the signal-to-noise ratio (SNR) comprises the steps of

estimating the short-time power density spectrum of noise included in the speech input signal (y(n)); and
determining the short-time spectrogram of the speech input signal (y(n)).

4. The method according to claim 3, wherein estimating the short-time power density spectrum of noise for a discrete
time index n from a short-time power density spectrum of noise for a discrete time index n -1 comprises the steps of

smoothing the short-time power density spectrum of the speech input signal (y(n)) in time to obtain a first

smoothed short-time power density spectrum;
smoothing the first smoothed short-time power density spectrum in positive frequency direction to obtain a
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second smoothed short-time power density spectrum;

smoothing the second smoothed short-time power density spectrum in negative frequency direction to obtain
a third smoothed short-time power density spectrum; and

determining the minimum of the third smoothed short-time power density spectrum for the discrete time index
n and the estimated short-time power density spectrum of noise for a discrete time index n - 1.

5. The method according to one of the preceding claims, wherein the excitation signal is generated by means of an
excitation code book.

6. The method according to one of the preceding claims, wherein the reconstructed speech signal (’s\r(n)) is generated
on the basis of an estimated spectral envelope that is generated from the extracted spectral envelope and by means
of a spectral envelope code book.

7. The method according to claim 6, wherein a prototype spectral envelope of the spectral envelope code book is
determined that best matches the extracted spectral envelope for portions of the speech input signal that exhibit an
input-signal-to-noise ratio above a predetermined threshold and wherein the estimated spectral envelope substan-
tially consist of the determined best matching prototype spectral envelope for the portions of the speech input signal
that exhibit an input-signal-to-noise ratio above the predetermined threshold and of the extracted spectral envelope
for the other signal portions.

8. The method according to claim 7, wherein the estimated spectral envelope is calculated in the sub-band regime
from the weighted sum of the extracted spectral envelope smoothed in frequency E.(el%, n) and the determined
best matching prototype spectral envelope Eqg(eis, n)

M(€,,n) Es(e’™, n) + (1 - M(©,,n)) Eca(e™, n)

where the mask function M(Q2,, n) depends on the input-signal-to-noise ratio.

9. The method according to one of the claims 6 to 8, wherein the excitation signal is generated from filtered excitation
sub-band signals (A(e/%,n), and wherein the filtered excitation sub-band signals (A(el%,n)) are obtained by means
of a spread noise reduction filtering means.

10. The method according to one of the preceding claims, whereln the generation of the enhanced speech output signal
(’s\(n)) comprises the generation of sub-band signals (S (e/%, n)) of the reconstructed speech signal (s n)\ ) and sub-
band signals (S e/, n)) of the n0|se reduced signal (s (A (n)) and the phases of the sub-band slgnals (S,(elf, n))
of the reconstructed speech signal ( «(n)) are adapted to the phases of the sub-band signals (S, (el, n)) of the
noise reduced signal (s (A (m)) in dependence on the input-signal-to-noise ratio (INR(€2,,,n)), in particular, by

18 (6™ )2

S,(e'™,n), if INR(Q,,n) > some threshold
Sg(e “n)| °

ér’mw(ejnu ,n) =49

- iQ
| S,(e"*.n), else.
11. 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 10.
12. Signal processing means for processing a speech input signal (y(n)), comprising

a noise reduction filtering means (10) configured to receive the speech input signal (y(n)) and to output a noise
reduced signal (/s\g(n));
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a signal reconstruction means (11) configured to receive the speech input signal (y(n)) and to extract the spectral
envelope from the speech input signal (y(n)) and to generate an excitation signal on the basis of the speech
input signal (y(n)) and to generate and output a reconstructed speech signal (’s\r(n)) based on the extracted
spectral envelope and the excitation signal;

a signal combination means (13) configured to receive the noise reduced signal (/s\g(n)) and the reconstructed
speech signal (’s\r(n)) and to output an enhanced speech output signal (’s\(n)) as a combination of the noise
reduced signal (/s\g(n)) and the reconstructed speech signal (/s\r(n)); and

a control means (12) configured to receive the speech input signal (y(n)) and to control the signal reconstruction
means (11) and the signal combination means (13) based on the input-signal-to-noise ratio or the signal-to-
noise ratio of the speech input signal (y(n)) determined by the noise reduction filtering means (10) or the control
means (12).

The signal processing means according to claim 12, further comprising at least one analysis filter bank (21) configured
to transform the speech input signal (y(n)) in speech input sub-band signals (Y(e/*%.,n)) and at least one synthesis
filter bank (22) configured to synthesize sub-band signals output by the signal combination means (13) or by the
noise reduction filtering means (10) and the signal reconstruction means (11).

The signal processing means according to claim 12 or 13, wherein the signal reconstruction means (11) comprises

an excitation code book database (26);

a spectral envelope code book database (24);

an excitation estimator (25) configured to generate the excitation signal by means of the excitation code book
database (26);

a spectral envelope estimator (23) configured to generate an estimated spectral envelope by means of the
spectral envelope code book database (24); and

wherein the signal reconstruction means (11) is configured to generate and output the reconstructed speech signal
(’s\r(n)) based on the estimated spectral envelope and the excitation signal.

The signal processing means according to one of the claims 12 to 14, wherein the control means (12) is configured
to determine the input-signal-to-noise ratio or the signal-to-noise ratio of the speech input signal (y(n)) and to de-
activate the signal reconstruction means (11), if it is determined that the input-signal-to-noise ratio or the signal-to-
noise ratio of the speech input signal (y(n)) exceeds a predetermined threshold for the entire speech input signal (y(n)).
Hands-free telephony system, comprising the signal processing means according to one of the claims 12 - 15.

Speech recognition means comprising the signal processing means according to one of the claims 12 - 15.

Speech dialog system or voice control system comprising the speech recognition means according to claim 17 or
the signal processing means according to one of the claims 12 - 15.
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