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ABSTRACT

Most speech enhancement techniques do not perform very well
in correlated or colored noise, as they assume that noise and
speech are not correlated. In this paper, we propose a method,
based on spectral subtraction, which takes into account possible
correlation between noise and speech. Objective measures
showed that the proposed method outperformed the power
spectral subtraction method resulting in better speech quality and
reduced levels of musical noise. Further enhancements in speech
quality were obtained by applying a perceptual weighting
function (estimated using a psychoacoustics model) that was
designed to minimize noise distortion.

1. INTRODUCTION

Reducing noise in corrupted speech remains an important
problem and has a broad range of applications, most of which are
driven by the explosive growth of mobile communications.
Numerous approaches have been proposed for speech
enhancement, with the spectral subtraction method being one of
the most popular, due to its relatively simple implementation and
computational efficiency. It is well suited for real time
applications since it works quite well as a single-channel
enhancement technique and is capable of handling the
nonstationarity of noise to some extent.

Since Boll’s original paper [1] many variations of spectral
subtraction have been proposed, including the power spectral
subtraction with oversubtraction [2], perceptually based
enhancement [3] and time-frequency filtering [4]. Most of these
techniques make the assumption that noise and speech are
uncorrelated. However, in the real world, noise might not always
be uncorrelated with speech. For instance, the cafeteria noise
(multitalker babble) is highly correlated with speech. Because of
the above assumption, spectral subtractive type algorithms do not
perform as well with correlated noise. Many other techniques
[5][6] have been proposed recently for suppressing correlated
noise but they are computationally more expensive compared to
spectral subtraction.

In this paper, we propose a speech enhancement method,
based on spectral subtraction, which takes into consideration
possible correlation between speech and noise. The proposed

method subtracts from the corrupted speech not only an estimate
of the noise, but also an estimate of the cross-correlation between
noise and speech. Enhanced speech produced by the proposed
method was used to estimate masking thresholds, which were
then used to design a perceptual weighting function. Speech
quality improved with reduced levels of residual noise when the
perceptual weighting filter was applied.

The paper is organized as follows. In Section 2, we derive
the proposed cross-correlation approach, and in Section 3 we
derive the perceptual weighting filter based on a
psychoacoustical model. Section 4 describes our implementation,
and Section 5 presents our results.

2. CROSS-CORRELATION APPROACH

Let the corrupted speech signal y(n) be represented as

y(n) =s(n) +d(n) @
where s(n) is the clean speech signal and d(n) is the noise
signal. In the frequency domain, we have

Y (k) =S(k) + D(k) @
The power spectrum of Y (k) can be computed from (2) as
follows

1Y (k) =] S(k) [+ D(k) [* +S (k) (D(k)
+57(k) (k) (3)
The terms |D(k)[*,S(k)D"(k) and S°(k) (D(K) cannot be
obtained directly and are approximated as E[|D(k)|*],
E[S"(k) D(k) ] and E[S(k) D%(k) ], where E[[ denotes the
expectation operator. Typically, E[|D (k) |*] is estimated during

the silence periods, and we denote it by | 6(k) |2 . If we assume
that d(n) is zero mean and uncorrelated with s(n), then the
terms E[S"(kK)D(k)] and E[S(k)D"(k)] reduce to zero.
However, if speech and noise are correlated, then we can no

longer neglect those cross terms, which represent the cross
correlations (rgg(m) and ryg(m)) between d(n) and s(n).

Unfortunately, we cannot estimate these cross-correlations since
we do not have access to s(n) . But, since we have access to the



corrupted signal y(n), we can get an estimate of the cross
correlation rgg(m) (or ry ) by computing the cross correlation
between y(n)and d(n), i.e., ryg(m):

Fyg (M) = Tg (M) + rgg (M) (4)
Note that ryq(m) contains the desired cross correlation rgy (m)
as well as the autocorrelation of the noise signal, which in the
frequency domain is given by|D (k) |* and can be lumped with

the same term in Eqg. (3). By including a short-time
(instantaneous) estimate of the cross correlation between
y(n)and d(n) we get the proposed cross-correlation spectral

subtraction (CCSS) approach:
1S (K[ =
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wherea is the subtraction factor [2], B is the spectral floor
parameter [2], and O is the cross-correlation coefficient which
provides an estimate of the correlation between corrupted speech
and noise in the current window frame. The parameter & is
calculated as follows:
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for 0<k<N/2, N being the FFT size. The value of 9,
determines the factor of subtraction, and is proportional to the
degree of correlation between speech and noise. Note that Eqg. (5)
reduces to the original power spectral subtraction method [2]
when & =0.

Informal listening tests showed that the quality of speech
processed through the cross-correlation approach was better than
the quality produced by the power spectral subtraction approach.
The cross-correlation method also reduced the musical noise,
commonly found in speech synthesized by the power spectrum
subtraction approach. Comparative results as well as
spectrograms of enhanced speech are presented later in Section 5.

To further enhance the speech quality, we fed the corrupted
speech signal through a perceptual weighting filter, which was
estimated using a psychoacoustics model (Fig. 1). The speech
output of the cross-correlation method was used to compute the
masking thresholds. The cross-correlation method provides a
good estimate of the clean signal, which is critical for accurate
computation of the masking thresholds. The derivation of the
perceptual weighting filter is presented in the next section.
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Figure 1 Overview of the proposed enhancement
scheme.

3. PERCEPTUAL WEIGHTING

Let S(k)=G(k)Y (k) be the enhanced speech spectrum and
G(K) the perceptual weighting filter. Forming the error spectrum
between the spectrum of the clean signal and the estimated
(enhanced) spectrum we get:

E(k) = S(k) =S (k) = G(k) [¥ (k) = S (k)

=[600-15 (0 +6() DK
The power spectrum of the error signal is then given by:
E(K) =
1G()-1F OS(K) F +]G(K) [ OD(K) P
+(G"(K) =18 (K)G(K)D(K) + S (k)(G(K) ~1)G (k) D(K)
The first term in the above equation describes the speech
distortion caused by the spectral weighting, the second term
describes the noise distortion and the last two terms describe the
noise-speech distortion created by the fact that speech and noise
are correlated. If we assume that the joint noise-speech distortion
is small because it was minimized in the first stage (Fig. 1) by the
cross-correlation method, then we are left with the noise and
speech distortions. One can then compute a spectral weighting
function G(k) such that the noise and speech distortions fall
below the masking threshold. However, as shown in [7], a
complete masking of both distortions cannot be guaranteed and
one must settle for the best trade-off between the two distortions.
In this study, we chose to estimate the weighting function that
would minimize the noise distortion (in the sense of making it
inaudible), while allowing a variable speech distortion. We
therefore chose the weighting function G(k) that satisfied the
following criteria:

~ 2
e P (B <7
H 0<|GKk)|=1
where T(K) is the masking threshold. Solving for G(k) we get

()
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as the perceptual weighting filter. The masking threshold T(k)
was computed as in [8] using the enhanced speech signal
estimated by the cross-correlation method.
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Figure 2 Comparison between the proposed cross-
correlation method (CCSS) and the power spectrum
subtraction method (SS) using the Weighted Spectral
Slope (WSS) measure for 10 sentences from the HINT
database at 5 dB SNR.

4. IMPLEMENTATION

A 20-ms Hamming window was used for analysis with 50%
overlap. The final enhanced speech was reconstructed by
computing the inverse FFT of the estimated spectral amplitude

|§(k)| combined with the phase of the corrupted speech, and
using the standard overlap-and-add method. The subtraction
factor a in Eq. (5) was computed as per [2] and was a function
of the segmental SNR. The spectral floor parameter 3 was set to

0.002.

We incorporated a statistical model-based voice activity
detection method [9] to detect non-speech frames. This method
computed the likelihood ratio of two states, speech absent and
speech present, as follows:

speech present

1 M B|Y(k)|2 v ()|° H
WZD” ~—log ———-10 -
o L0 B LT
speech absent
where n is a preset threshold. When speech was absent in frame

i, the noise spectrum was updated according to the following
formula:

n (10

600 =g B0 +a-A P ()
with A, =0.9.

5. RESULTS

For evaluation purposes, sentences from the HINT (Hearing in
Noise Test) database [10] spoken by a male talker were used.
The HINT database is commonly used for speech intelligibility
studies and it contains lists of sentences, which were designed to
be equally intelligible in noise. Ten sentences from the HINT
database were downsampled to 8 kHz and used for testing.
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Figure 3 Comparison between the proposed cross-correlation
method followed by perceptual weighting (CCPW) and the
power spectrum subtraction method (SS) using the WSS
measure for 10 sentences from the HINT database at 5 dB
SNR.
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Figure 4 Comparison between the proposed cross-correlation
method followed by perceptual weighting (CCPW) and the
power spectrum subtraction method (SS) using the WSS
measure for 10 sentences from the HINT database at 0 dB
SNR.

Speech-shaped noise was added at an SNR of 5 dB and 0 dB.
The speech-shaped noise was computed from the long-term
spectrum of all the sentences in the database, and matched the
spectral characteristics of the male speaker.

For evaluation, the Weighted Spectral Slope (WSS) measure,
proposed by Klatt, was used as the objective speech quality
measure [11]. We chose the WSS measure, over the SNR and
Itakura-Saito measures, because it has a reasonably high
correlation (p=0.74) with subjective speech quality [11].
Figure 2 shows the comparative results between the proposed
cross-correlation approach and the power spectrum subtraction
approach for all the 10 sentences tested.



As can be seen, the cross-correlation approach yielded
consistently better results (lower WSS values) than the power
spectrum subtraction approach. Figures 3 and 4 show the
comparison between the psychoacoustically motivated approach
(which incorporates the cross-correlation method) and the power
spectrum subtraction method for 5 dB SNR and 0 dB SNR
respectively.  Again, the proposed approach outperformed
consistently the power-spectral subtraction method for all
sentences.

Informal listening tests confirmed that the proposed speech
enhancement method resulted in comparatively much better
sound quality and substantially reduced levels of “musical” noise
compared to the power spectrum subtraction method (see Fig. 5).

6. CONCLUSIONS

A speech enhancement method was proposed for enhancing
speech corrupted with correlated noise. Unlike other speech
enhancement techniques which assume that speech and noise are
uncorrelated, the proposed method takes into account possible
correlation between speech and noise. A perceptual weighting
filter that minimized the noise distortion was also developed
based on a psychoacoustics model. Results showed that the
proposed method outperformed the power-spectrum subtraction
method in enhancing speech corrupted with correlated noise.
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Figure 5.  Spectrograms of the sentence "the match ..." (a)
Speech corrupted with speech-shaped noise at 5 dB SNR (b)
enhanced speech obtained using power spectrum subtraction (c)
enhanced speech obtained by the cross-correlation method in
conjunction with the perceptual weighting filter.
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