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Speech Denoising Based on Noise Reshaping
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Abstract - A new algorithm of speech denoising for non-
stationary environments based on noise reshaping is
proposed. There are two key points in the algorithm. Firstly,
the real-time noise estimation technique can continuously
update the noise spectrum with a smoothing factor by
tracing the minimum of the noisy speech in each frame.
Secondly, the linear prediction technique is adopted to
compute the perceptual weighting function by extracting
characteristic parameters of speech and using the perception
properties of human auditory. The perceptual weighting
function is used to shape the noise so that the noise spectrum
can be redistributed according to the real speech. The
simulation result indicates that the algorithm can reduce the
background noise effectively and improve the quality of
speech.

Keywords: speech denoising; noise reshaping; perceptual
weighting function

I. INTRODUCTION

The quality of speech occurs to degrade under the
presence of a great variety of additive background noise.
To improve the quality of speech communication and
reduce the influence of the noise on the performance of
speech communication, the speech denoising technique
has become a hot subject in speech signal processing.
Recently, many kinds of algorithms on speech enhance-
ment have been proposed, such as the traditional spectrum
subtraction algorithm, the modern subspace method!'™,
the parameter method and wavelet transform method”™®!,
In this paper, we focus on the perception properties of
human auditory system to do some discussions.

In 1988, J. D. Johnston et al firstly proposed a
perceptual model based on psychoacoustics”. In the
recent years, human auditory perceptual properties have
been widely applied in speech denoising!*'* due to the
deep study on it.

In 1993, D. E. Tsoukalas et al proposed a speech
enhancement algorithm based on auditory masking
property!'®. The algorithm utilizes the property of strong
signals masking weak signals so that the signals below the
masking threshold of hearing are imperceptible. Only the
signals over the threshold are processed by neglecting
masked weak signals to improve the quality of speech. So
the drawback of this algorithm is that the denoising
performance relies too much on the estimation of the
masking thresholds of the background noise.

In 2003, Y. Hu proposed a new denoising algorithm
based on perceptual weighting. In view of the perceptual
weighting of the prediction error, the prediction error is
weighted for minimizing the perceptual mean square error
so that the influence of noise is reduced. But the algorithm
in the literature estimates noise only in silent frames and
can not estimate the abrupt non-stationary noise

[14]

effectively. Experimental results show that some musical
noise exists in the enhanced speech for this algorithm.

So, in 2006, Jong Won shin proposed another
algorithm!™” for speech enhancement based on noise
reshaping. While reshaping the noise, the algorithm
introduces comfortable spectrum and adopts minimum
distance criteria on both noise spectrum and comfortable
spectrum. Although the algorithm avoids complicated
computation, but the effect of the algorithm is not better
than the above algorithm.

The differences of the algorithm proposed in this paper
with the algorithm in Ref. [14] is as follows. The new
proposed algorithm directly adopts perceptual function to
reshape the noise spectrum, and then deduce the filter
equation. In the meantime, a real-time noise tracking
technique for non-stationary noise environments is
adopted to achieve better smooth estimation of noise. The
denoising of noisy speech for non-stationary noise
environments is further improved.

II. HUMAN AUDITORY PROPERTIES
AND PERCEPTUAL WEIGHTING FUNCTION

Human auditory system has masking characteristic
which represents that speech sense mainly relies on
loudness level and frequency, which is insensitive to
phase. Herein we consider about loudness level. When
two sounds with different loudness levels affect on human
auditory system simultaneously, the frequency component
with higher loudness level will restrain that with lower
loudness level. On the other hand, speech signal has a
characteristic of energy accumulation of low frequency
formants. The speech energy is relatively accumulated in
low frequency formants. The speech with higher loudness
level can mask noise components with relative low
loudness level. Human auditory system is insensitive to
the noise in the area. However, the system is sensitive to
the noise in spectral valley where the speech energy is
relatively low so that the noise has obvious influence on
speech.

In order to match the decoded speech with original
speech well in speech coding system, Atal et al.!l'
proposed the perceptual weighted minimum mean square
error criterion which reduces the quantization error of
coding by using human auditory properties. So far, the
perceptual weighting filter equation of speech coding
system is still based on the above criterion:
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where A4(z) is the linear predicting function, p is the
prediction order, @, is the linear predicting coefficient,
ryand 7, are the perceptual weighting coefficients, the
frequency response of P(z) is opposite to the power
spectrum of original speech. In this way, when the
predicting error is weighted, the predicting error in the
valley will be transferred. In this paper, the distributing
characteristic of noise can be changed by adopting P(z)
to weight the noise. So the noises centralize more in
formant areas and less in the areas where speech energy is
low.

III. ANALYSIS OF THE PROPOSED ALGORITHM

A.  Principle of the Proposed Algorithm
At first, we assume the approach is for the additive
environments. The noise signal is additive and
uncorrelated with the clean speech, i.e,
y(n)=x(n) +d(n)
where y(n), x(n)and d(n) are the noisy speech,
clean speech and noise signal respectively. Let x(n)
be a linear estimation of the clean speech x(7) . By
applying Fourier Transform, we can obtain
Y(w)=X(w)+ D(w)
X(0)=H(@)X()
where H (w) is defined as a filter function. By using
Wiener filter theory based on the Minimum Mean
Square Error criterion, we can get the standard equation

of Wiener filter in frequency domain under stationary
noise environments.

H(w)=

)

€)
(4)

S, (@)
S, (@) +S,(w)
Obviously, Wiener filter is a constant parameter linear
system that can be only applied to stationary signals and
can not handle non-stationary noise signals. A frequency

compensation factor 4 is introduced to modify the filter
equation as follows:

H(w) =

®)

S, (@)
S, (@) +uS,(w)

When we adopt the masking properties of human
auditory and introduce the perceptual weighting function
p(w) to reshape the noise spectrum S,(@) in the
Equation (6), we can obtain perceptual weighted noise
spectrum S 4 (@) .

\ 2
S'4(o) =|p(@)[ S, (@) @)
Substitute the Equation (7) into the Equation (6), the filter

equation H (@) in frequency domain based on noise
reshaping can be rewritten as

() - 5.(@

S, (@) +Ulp(@)[’S, (@)

Obviously, the Equation (8) is formally the same as the
gain function g(@) proposed by Yi Hu in Ref. [14].
Furthermore, Y1 Hu et al has demonstrated the conclusion
via perceptual weighting error. So the noise reshaping
algorithm proposed in this paper is valid and reasonable.

(6)

®)

B.  Analysis of Frequency Compensation Factor

Analysing the Equation (6) with Ref. [3] and Ref. [4], we
can see that the Equation (6) is actually another expression
about multi-band spectrum subtraction method. Here, i has
the same meaning as the over-subtraction factor ¢¥; in Ref.
[3], which objectively reflects that the non-stationary
background noise nonuniformly affects the speech spectrum.
As the calculation of 4 in Ref. [14] is too complicated, so
we introduce the method in Ref. [3] to calculate i as
follows:

5 SNR, < -5
U = 4—%SNRi ~5<SNR <20 O
1 SNR, 2 20

where SNR, is the SNR of ith segment of the frequency
band.

C. Noise Estimation

From the Equation (8), we can see that the estimation of
the noise spectrum is important in the speech denoising.
For most traditional speech enhancement algorithms, the
simplest approach of noise estimation is to estimate and
update the noise spectrum at the silent segments using
voice activity detection (VAD). But the accuracy of this
method is confined by the performance of the VAD.
Especially when the SNR is very low, the overall accuracy
of algorithm is affected.

So we choose a new noise estimation algorithm!'” to
estimate the noise in noisy speech, which updates the
noise in each frame with a smoothing factor by tracing the
minimum spectrum of the noisy speech. Without adopting
voice activity detection, the algorithm can estimate the
presence probability of speech by using the correlation of
power spectral components of neighboring frames. The
algorithm can fast track the variation of noise.

At first, the smoothed power spectrum of noisy speech
is computed using the following first-order
recursive equation:

P(A.k) =px PA—~Lk)+(1-mx[Y(Ak)| (10)

where P(A,k) is the smoothed power spectrum, A is
the frame index, k is the frequency index, |Y (/1,/{)| is
the short-time power spectrum of the noisy speech and 77
is the smoothing constant ( the value of 77 is set to 0.94 ~
0.98 U8,

Secondly, track the minimum of noisy speech power
spectrum and update it in each frame. Then compute the
frequency dependent smoothing constant ¢, (A,k)
according to the speech presence probability and update
the noise spectrum D(A4,k) according to the following
equation (11) (Refer to [17]):

DK =a(ARXDA-1L)+(1-aARN-YAkR] (1)
In addition, as the power spectrum of clean speech
S (@) in the equation (8) can not be obtained in advance
in practice, so which is replaced by S’ (@) in multi-band
spectral subtraction algorithm (Refer to [3]).
Based on the above analysis, the final expression of
noise reshaping filter equation in frequency domain is
defined as follows:
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IV. FLOW DIAGRAM AND IMPLEMENTATION STEPS
OF THE PROPOSED ALGORITHM
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A.  Flow Diagram of the Proposed Algorithm
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Figure 1. Flow diagram of the proposed algorithm
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B. Implementation Steps of the Proposed Algorithm
Stepl, compute the perceptual weighting function
P(z) using the linear prediction technique and the
equation (1).

adopt the real-time noise tracing method to
estimate the noise spectrum.
reshape the noise spectrum to obtain the weighted
noise spectrum.
estimate the clean speech spectrum with the multi-
band subtraction method.

compute the value of the frequency compensation
factor 4 according to the equation (9).

compute the gain function in frequency domain
according to the equation (12).

compute the signal power spectrum according to
the equation (4).
obtain the denoised speech with the inverse Fourier
transform.

V. EXPERIMENTAL RESULTS

Step2,
Step3,
Step4,
Step5,
Step6,
Step7,

Step8,

To assess the performance of the proposed algorithm,
we choose four kinds of noises (F16 plane noise, Factory
noise, M109 tank noise, Pink noise) from the standard
noise-92 database as the additive background noise and
the clean speech from UT Dallas University speech lab.
The speech and the noise are sampled by 8kHz and
quantized into digital signal by 16bit. The noisy speech
signals are divided into 20 segments according to 5
different SNR. The frame length of the noisy speech is
256 samples. There are 128 samples overlapping between
adjacent frames. The experimental results show that the
performance is the best when the values of r1. r2 in the
equation (1) are 0.9 and 0.1 respectively.

In the experiments, we adopt informal speech test. The
20 speech segments are processed by three algorithms
(multi-band spectrum subtraction(MBSS), perceptual
weighting (PW) algorithm and the new proposed
algorithm) respectively. 5 listeners are invited to test the
processed speech for three times. The informal test result
indicates that the quality of the proposed algorithm is the
best.

Fig.2 is a combined waveform graph obtained by the
four methods in m109 tank background noise with -5dB
SNR. The experimental results also indicate that the
proposed algorithm in this paper is the best in denoising,
especially the algorithm can obviously constrain the
residual musical noise. The main reason is that the
algorithm adopts a better real-time noise tracking
estimation technique and a predominant noise reshaping
technique.
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Figure 2. The speech waveform comparison graph
(a) Original clean speech (b)Noisy signal(additive M109 tank noise
with -5dB SNR) (c) enhanced speech by MBSS algorithm (d)
enhanced speech by PW algorithm (e) enhanced speech by proposed

algorithm
VI. CONCLUSIONS

In this paper, a speech denoising algorithm for additive
non-stationary environments based on noise reshaping is
proposed, which adopts the perception properties of
human audition. The real-time noise minimum power
spectrum tracking technique is used to update the non-
stationary noise frame by frame effectively and estimate
the noise effectively. By means of reshaping the noise
spectrum with the perceptual weighting function, the
distribution characteristic of noise is changed. A great
deal of experimental results shows that the proposed
algorithm can effectively constrain background noise,
reduce speech distortion and improve the definition of the
denoised speech.
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