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Abstract: With the advancement in voice-communication-based human–machine interface technology
in smart home devices, the ability to decompose the received speech signal into a signal of interest and
an interference component has emerged as a key requirement for their successful operation. These
devices perform their tasks in real time based on the received commands, and their effectiveness
is limited when there is a lot of ambient noise in the area in which they operate. Most real-time
speech enhancement algorithms do not perform adequately well in the presence of high amounts of
noise (i.e., low input-signal-to-noise ratio). In this manuscript, we propose a speech enhancement
framework to help these algorithms in situations when the noise level in the received signal is high.
The proposed framework performs noise suppression in the frequency domain by generating an
approximation of the noisy signals’ short-time Fourier transform, which is then used by the speech
enhancement algorithms to recover the underlying clean signal. This approximation is performed by
using the proposed block principal component analysis (Block-PCA) algorithm. To illustrate efficacy
of the proposed framework, we present a detailed performance evaluation under different noise
levels and noise types, highlighting the effectiveness of the proposed framework. Moreover, the
proposed method can be used in conjunction with any speech enhancement algorithm to improve its
performance under moderate to high noise scenarios.

Keywords: speech enhancement; principal component analysis; MMSE filtering; Block-PCA

1. Introduction

With the widespread acceptance of smart home devices and wireless networks enabled
by voice-communication-based human–machine interface technologies, the need to im-
prove the intelligibility and overall quality of the speech signal has become indispensable.
The very first step in such voice-communication-based devices is to extract the signal/voice
of interest from the noise-contaminated received signal [1]. The contamination could consist
of background noise, echoes, acoustic reverberation, or speech-like interference [1]. This is
where speech enhancement algorithms can help. The goal of such algorithms is to reduce
the noise or distortion present in the speech signal, thus improving its overall quality.

The use of multiple recording microphones can help ease the difficulty of speech
enhancement. However, in the case of small-scale devices, such as hearing aids, size and
cost limitations can hinder the inclusion of multiple microphones. Similarly, pre-recorded
single-channel audio streams cannot benefit from these techniques either. As a result,
single-channel speech enhancement techniques are employed in the pre-processing step
in low-cost and small-scale devices. These techniques perform either noise estimation
or signal estimation (or both) to infer the clean signal from a noisy observation. In [2,3],
voice activity detectors (VAD) are used to approximate frames of signal where the speaker
is silent, and these frames are then used to estimate the noise spectrum. Once the noise
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estimate is obtained, its spectrum is subtracted from the noisy spectrum, thus reducing
the overall noise level. These techniques, however, inherit the shortcomings associated
with VAD usage, that is, they may fail if the frame size of the input signal is large or if the
signal-to-noise ratio (SNR) is low. Authors in [4] have proposed a backward blind source
separation structure implemented in subband domain using a least mean square algorithm,
which leads to a reduction in speech distortion while maintaining speech intelligibility.
In [5], the authors have proposed a hybrid technique with the combination of two-step,
harmonic regeneration noise reduction and a comb filter. The proposed technique is shown
to achieve better speech enhancement results in terms of general performance metrics
such as mean opinion score (MOS), mean square error (MSE), average segmental SNR
(ASSNR), perceptual evaluation of speech quality (PESQ), and diagnostic rhyme test (DRT).
The authors in [6] propose a semisoft threshold-based speech enhancement algorithm
based on noise coefficients determined by Teager energy-operated wavelet packets. In
their simulation results, they have been shown to achieve better performance in terms of
standard performance metrics such as MOS, MSE, ASSNR, PESQ, and so on.

Similarly, many signal estimation techniques, such as spectral subtraction [7–11], weiner
filtering [12–14], and minimum mean square error (MMSE) estimation-based methods [15–20],
have been proposed. Out of these, the spectral subtraction methods are the most computa-
tionally efficient. They operate by estimating the noise spectrum from the noisy speech signal
and then recovering the clean signal by subtracting the estimated noise spectrum from the
noisy one. These methods generally perform well; however, so-called musical noise might
appear in their recovered signal. On the other hand, the MMSE-based methods are free from
the issue of musical noise. The authors in [15] derive and use a filter using the minimum
mean square error–short-time spectral amplitude (MMSE-STSA) estimator based on the cost
function minimizing the mean squared error of the short-time amplitude of the spectrum.
The authors in [16] use a perceptually motivated cost function minimizing the mean squared
error between the logarithmic spectral amplitude of the clean and enhanced speech signal,
whereas [17] proposes an adaptive β-order MMSE estimator to design a filter. The designed
filter is then used to enhance the signal frequencies, leading to a clean speech signal.

Based on our literature review, one key issue with most speech enhancement algo-
rithms is their susceptibility to the input SNR levels. Under moderate to high SNR, their
enhancement results are objectively better; however, under low to poor SNR conditions,
these methods fail altogether. Here, we consider SNR levels ≤ zero as low and those above
zero as medium. For example, most of the papers have reported their experimental results
over the input SNR range of −5 dB onwards, as shown in Table 1. The method in [6] does
evaluate from−15 dB SNR and show slight improvement as the SNR is improved. However,
they only report results on the ’Car’ noise case from NOIZEUS [21], which is an easy-to-use
dataset for speech quality improvement. In this manuscript, we aim to remedy this situation
by introducing a pre-processing step implemented in the frequency domain that reduces the
overall noise level of the signal, resulting in improvement of SNR. This pre-processed signal
can then be passed to any other speech enhancement algorithms as usual, leading to superior
results. The pre-processing step involves a variation of the principal component analysis
(PCA) technique, termed Block-PCA, which operates on blocks of the short-time Fourier
transform (STFT) of the noisy signal to generate an STFT approximation by suppressing the
noise level present in the signal.
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Table 1. Publications with performance evaluations on input SNR.

Reference Input SNR Range in dB

[3] −3 dB onwards
[5] −5 dB onwards
[6] −15 dB onwards

[10] 0 dB onwards
[11] −5 dB onwards
[20] −3 dB onwards
[22] 1 dB onwards
[23] 0 dB onwards
[24] 0 dB onwards
[25] 0 dB onwards

Principal component analysis (PCA) is one of the most utilized feature extraction and
dimensionality reduction techniques in all of data science and engineering, particularly
in image and signal processing, pattern extraction and recognition, and machine learning,
as well as other exploratory data analysis [26,27]. It has been extensively used in various
applications, for example, image noise estimation [28], denoising [29], speech enhance-
ment [25,30,31], video watermarking [32], video and image classification [33], analysis of
functional magnetic resonance imaging data [34,35], analysis of local growth policy in the
perspective of institutional governance [36], and face recognition [37].

Consider a dataset consisting of p-dimensional variables y ∈ Rp sampled from an
unknown p-dimensional subspace. For such a dataset, PCA can be used to generate
an orthogonal projection onto a lower-dimensional subspace, typically named principal
subspace [38], which can explain most of the variance (statistical information) of the data.
These orthogonal basis vectors spanning the principal subspace are called principal loading
vectors. Similarly, the data projection onto these principal loading vectors are called
principal components (PC).

The basis of PCA-based dimensionality reduction is that the first few principal compo-
nents tend to capture most of the variability of the data. Thus, unless the data is sampled
from a homoscedastic multivariate distribution, the principal components spanning the sub-
space where the data variance is minimal can be discarded from the overall basis without
much loss of information. A similar methodology can also be used for noise suppres-
sion [29], that is, noise contamination dominates the signals coming from the subspace with
low variance as compared to signals spanned by the principal components explaining high
variance. Thus, by removing those principal components which span low-variance-signal
subspace, we can essentially suppress the overall noise level present in the data.

The novelty of the proposed method stems from its use case, that is, we have proposed
a pre-processing method using Block-PCA that can be used to improve the input SNR by
reducing the noise floor present in the signal of interest. The noise-suppressed signal can
then be forwarded to any speech enhancement algorithms as usual, without having to
modify these algorithms. By doing so, our method essentially enables these algorithms to
perform well even in high-noise scenarios, as compared to the baseline (i.e., using these
algorithms without our proposed pre-processing step).

The rest of the manuscript is organized as follows. In Section 2, we provide a brief
overview of PCA and discuss our motivation behind using PCA as our noise suppression
technique. A variant of PCA, termed Block-PCA, is introduced in Section 3, followed by
an outline of the proposed speech enhancement framework in Section 4. The performance
analysis is presented in Section 5, with the concluding remarks following in Section 6.

2. Background and Motivation
2.1. Principal Component Analysis

Consider a signal matrix Y ∈ Rn×p of rank q ≤ min(n, p), with n observations and
p variables. Let yi denote the ith row of Y, for i = 1, . . . , n with zero mean, and let
Σ = Y>Y = cov(yi) be the positive definite covariance matrix of size p× p estimated from
the data itself. Eigen-value decomposition of the matrix Σ (Gram matrix) is given by:
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Σ =
q

∑
j=1

λjvjv>j (1)

where λ1 ≥ λ2 ≥ . . . λq > 0 are the eigenvalues, and vj ∈ Rp for j = 1, . . . , q are the
corresponding eigenvectors of Σ. The dimensionality of the data can then be reduced
by replacing the original data with YV, where V =

[
v1, v2, . . . , vq

]
. The matrix V is an

orthonormal matrix, and each column vector Yvj is the respective principal component.
The vectors vj are obtained by solving the following optimization problem:

vj = argmax var(Yv) s.t. v>j vj = 1 and v>j vk = 0 for k < j. (2)

The vector vj, here, is the jth principal loading vector, the data projection Yvj is the
jth principal component, and the operator var(.) computes the variance. Each principal
component Yvj captures λj/(∑

q
j=1 λj)× 100 percent of the total variance [38]. The strength

of PCA lies in its ability to provide a relatively simple explanation of the underlying data
structure if a small number of PCs (q� p) can be used to explain most of the data variance.

A simple, yet effective, way to compute PCA is to use the singular value decomposition
(SVD) method. The SVD algorithm can be used to decompose a data matrix Y into three
factor matrices given by:

Y = U∆V> (3)

where U ∈ Rn×n, V ∈ Rp×p, and ∆ ∈ Rn×p. In the above decomposition, matrix V contains
the right singular vectors (the PC loadings), U contains left singular vectors, and ∆ is a
diagonal matrix with ordered singular values δ1 ≥ δ2 ≥ . . . ,≥ δq > 0. The PC vectors of Y
are present in the matrix U∆ . Moreover, U and V are unitary, that is, U>U = V>V = Iq.
The SVD of a matrix Y provides its closest rank-q matrix approximation Ŷq, where the
closeness between Y and Ŷq is quantified by the squared Frobenius norm of their difference,
that is, ‖Y− Ŷq‖2

F.

2.2. Motivation

In this section, we discuss our motivation for using the PCA method for noise suppression.
The idea becomes very intuitive if we can visualize the learned principal components, the
singular values, and their respective PC loadings. Thus, to do this, let s(n) be a single-channel
clean time-domain speech signal, y(n) be the noise-contaminated signal with a specific signal-to-
noise ratio, and r(n) be the corresponding noisy signal. Further assume that S(k,m), Y(k,m), and
R(k,m) are their respective short-time Fourier transform (STFT) matrices with size 1025× 337.
The magnitude of these STFTs are shown in Figure 1. To generate these STFTs, we used
Hamming window of size 1024, signal overlap of 64 samples (to obtain a dense matrix for
visualization), and fast Fourier transform of size 2048. The sampling rate of the time-domain
signal was Fs = 8000 samples/s, leading to ∆ f ≈ 4 Hz. The signal-to-noise ratio was kept at
0 dB. The speech signal contained the voice of a male speaker saying "The birch canoe slid on
the smooth planks", acquired from the NOIZEUS corpus [21]. The noise (interference) signal
used here was ’Babble’ noise, also from the NOIZEUS corpus. We show these STFTs in Figure 1.
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(a) (b)

(c)

Figure 1. Magnitudes of short-time Fourier transforms of (a) clean signal s(n), (b) noise-contaminated
signal y(n) with 0 dB signal-to-noise ratio, and (c) noise r(n).

By inspecting the STFT of the clean signal (shown in Figure 1a), we can infer that most
of the signal energy is concentrated in the 300–600 Hz range, and silence blocks are clearly
visible as well. On the other hand, the noise energy (shown in Figure 1c) has a good spread
over the range of 300–3500 Hz, with significant energy between 300–600 Hz range as well.
Moreover, its presence is consistent over the entire duration of the signal. The noisy signal
is generated by combining the clean and noise signals in such a way as to keep SNR at 0
dB. The STFT corresponding to this noisy signal is given in Figure 1b.

Now let X be the magnitude of an STFT of interest (S or Y). We take the SVD of X
according to (3). The resulting singular values are diag(∆), principal components are U∆,
and PC loadings are V. To visualize the spread of variance over various PCs, we show the
first 200 (out of 337) singular values in Figure 2. From the slope of both curves, we can
see that most of the data variance is captured by the few initial PCs. For the noise-free
case, 20–40, and for the noisy case, 60–80 PCs are capturing most of the variance. Moreover,
higher PCs (20 onwards) are more affected by the noise compared to lower ones; thus,
ideally, getting rid of such noisy components should lead to reduction in the overall noise
level.

Additionally, for visualization, the initial 6 and 30–33 PCs and their respective loadings
are shown in Figures 3 and 4, respectively. From Figure 3, we can see that the initial 6
PCs learned from the clean STFT and noisy STFT show similar trends, showing less noise
disturbance, whereas the noisy estimates of components 30–33, shown in Figure 3, have
clearly diverged from the clean ones. Figure 4 shows similar trends with the PC loadings
as well. Thus, in order to suppress noise, we can perform the signal approximation as:



Acoustics 2022, 4 446

X̂ =
q

∑
i=1

uiδiv>i (4)

where uiδi is the ith PC, vi is the ith PC loading vector, and q� p.
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Figure 2. The initial 200 singular values corresponding to the STFTs of clean (in solid blue) and noisy
(in dash-dotted red) signals.
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Figure 3. The principal components of the STFTs of clean (in solid blue) and noisy (in dash-dotted
red) signals.
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Figure 4. The PC loadings of the STFTs of clean (in solid blue) and noisy (in dash-dotted red) signals.

Here, we would like to highlight two key issues with the aforementioned framework
(i.e., PCA performed over the entire signal STFT). Firstly, in the signal under consideration,
the noise component is present for the entire signal duration (see Figure 1c), whereas the
signal of interest, the speech signal, contains periods of silence corresponding to almost
20–30% of the entire signal duration (see Figure 1a). Therefore, we can expect that the
PCA computation might get biased towards learning such PCs and PC loadings, which
can explain the entire duration of the signal. This is indeed the case, as this effect is clearly
visible in PC 1 in Figure 3 and PC loading 1 in Figure 4. The first PC loading from the clean
STFT (blue) clearly shows that the corresponding PC component has been able to capture
the signal variance during the time periods of voice activity. This, however, is not the case
with the first components learned from the noisy STFT, where these estimated components
have ended up capturing a significant noise contribution as well.

Secondly, if at anytime during the signal recording, the energy of a few noisy frequen-
cies gets higher than usual, then the PC and PC loading entries corresponding to these
frequencies will become large (i.e., the corresponding singular value will get large). As a
result, these otherwise noisy components might get picked up for the STFT approximation,
leading to a reduction in the effectiveness of the noise suppression.
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In order to circumvent these issues, we propose performing noise suppression using
PCA on small subsets of STFT, instead of the complete STFT. The idea is to look at a small
number of time frames at a time and approximate them one by one, instead of looking at
the whole STFT. The advantage is that the SNR in each of these frames will be relatively
higher than the SNR of the entire STFT; thus, the very few initial PCs will be able to capture
most of the data variance effectively. Additionally, the noise increase in a specific window
of time will be contained within that frame window and will not affect components in other
adjacent frames. The details of this framework are provided in the next section.

3. Block Principal Component Analysis

In this section, we formalize the block principal component analysis (termed Block-
PCA) technique. Let X ∈ Rk×m be the STFT signal that we want to approximate with a
low-noise version X̂. Here, k is the number of frequency points, and m is the number of
time frames. Let b < m be a scalar denoting the block-size, g = dm/be denote the number
of blocks, and frame-block assignment vector b = [1b, 2b, . . . , gb] ∈ Rm. Here, zb denotes
a vector of size b containing z, where z ∈ Z : 1 ≤ z ≤ g. Let Xi be the matrix containing
the ith block of X, with indices coming from b. Then, we approximate Xi by first taking its
SVD, U∆V> = SVD(Xi), and doing the following:

X̂i =
q

∑
j=1

ujδjv>j (5)

where ujδj is the jth PC, vj is the jth PC loading vector, and q� b. Thus, in this approxima-
tion, we keep q most dominant components and discard the rest (b− q). We do this for all
i = 1, 2, . . . , g blocks, and recreate the complete approximation matrix X̂ =

[
X̂1, X̂2, . . . , X̂g

]
by concatenating all block approximations.

To visualize the effects of such approximation using Block-PCA, we applied our
Block-PCA technique with block size b = 70 and q = 5 on the clean and noisy STFTs
given in Figure 1a,b. Let us call the STFT under consideration X (taking on (S or Y)). The
singular values computed for each block Xi are shown in Figure 5a. Here, we can see that
compared to Figure 2, the singular values in each block drop much more quickly; thus,
keeping only a few components can lead to a better approximation. Here, we take q = 5
components per block to generate X̂is. For completeness, these q = 5 singular values are
also shown in Figure 5b. The approximated complete X̂ is shown in Figure 6a, and the
residual (X̂−X) is shown in Figure 6b. By comparing the noisy STFT X (given in Figure 6c)
and the approximated X̂, we can see that the dominant features of our signal of interest
(Figure 1a) are still present in the approximation, whereas most of the noise present in
the 300–600 Hz range has been removed from the approximation and is delegated to the
residual STFT. For comparison, the STFT of the noise-only signal is also shown in Figure 6d,
and it is very close to our residual STFT.

The overall speech enhancement framework incorporating our noise suppression
technique is outlined next.
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Figure 5. (a) Singular values corresponding to every block, and (b) the truncated singular values per
block used for the approximated STFT X̂ shown in Figure 6a.
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Figure 6. The approximated STFT X̂ of noisy STFT (a) and the residual (X̂− X) (b). For comparison,
the noisy STFT X=Y and noise-only STFT from Figure 1 are reproduced in (c) and (d), respectively.
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4. Speech Enhancement Framework

In this section, we outline the steps performed to recover the clean speech signal s̃(n)
from the noisy one y(n).

1. Let y(n) denote the time-domain noisy signal vector, s(n) be the clean speech signal,
and r(n) represent noise. All signals at this step are real-valued and are related by:

y(n) = s(n) + r(n) (6)

2. Using Hamming window of appropriate size, segment y(n) vector into multiple
frames with appropriate level of overlap. The resulting segmented noisy signal is
given by:

y(n, m) = s(n, m) + r(n, m) (7)

where n represents the time point, and m represents the segment/frame number.
3. Take the Fourier transform of the segmented noisy time-domain signal to get:

Y(k, m) = S(k, m) + R(k, m) (8)

where Y(k, m) is the complex-valued truncated noisy spectrum with k = n/2 + 1.
Save Yθ(k, m) , ∠Y(k, m), the phase of the noisy spectrum.

4. Perform noise suppression on |Y(k, m)| via Block-PCA with block size b, retaining q
components per block, according to the steps provided in Section 3, to get:

Ŷ(k, m) = Block-PCA(|Y(k, m)|, b, q) (9)

where the resulting Ŷ(k, m) is the real-valued magnitude of the approximated STFT.
5. Apply speech enhancement algorithm to the noise-suppressed magnitude spectra

Ŷ(k, m) to obtain the enhanced magnitude spectra |Ŝ(k, m)|.
6. Generate the complex-valued spectra by combining the enhanced magnitude spectra

with the phase of the noisy spectrum as follows:

Ŝ(k, m) = |Ŝ(k, m)| ejYθ(k,m) (10)

7. Take the inverse Fourier transform of Ŝ(k, m) to get ŝ(n, m), apply the general overlap,
and add the (OLA) method to obtain the enhanced time-domain signal ŝ(n).

5. Experimental Evaluation

The aim of this study is to investigate the noise suppression performance of the
proposed block principal component analysis (Block-PCA) algorithm in the overall speech
enhancement pipeline discussed in Section 4, especially when the signal-to-noise ratio
(SNR) is very low. The speech enhancement algorithms used here are the minimum mean
square error–short-time spectral amplitude (MMSE-STSA) estimator [15], the multi-band
spectral subtraction (SSMB) method [8], and the method outlined in [25], based on adaptive
low-rank matrix decomposition (ALMD). Moreover, the MMSE-STSA and SSMB methods
operate in frequency domain on the generated STFTs, and the ALMD method works in
the time domain. These algorithms have low computational costs and require no learning;
thus, they can be directly applied on the received signal, and have been shown to perform
very well on speech signals with medium to high SNR. These algorithms, however, see
severe performance degradation under low SNR levels. Thus, our aim is to show that
under low SNR levels, applying these methods on a noise-suppressed signal generated by
our method, instead of the regular noisy signal, can lead to significant improvement. This
is indeed the case, as we will show next.

The dataset used for the experiments is the NOIZEUS [21] database, which contains
30 different sentences spoken by 6 different speakers. Out of the 30 sentences, half are
spoken by male speakers and the remaining half by female speakers. We used the five noise
types available in the NOIZEUS database, namely ’Airport’, ’Babble’, ’Car’, ’Exhibition’,
and ’Restaurant’, to contaminate the clean speech signals corresponding to 6 SNRs ∈
[−9,−6,−3, 0, 3, 6] dB levels.
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The metrics used to evaluate the enhanced speech quality are segmental SNR
(SSNR) [39] and the perceptual evaluation of speech quality (PESQ) [40]. In addition, we
have used the composite measures Csig, Cbak, and Covl [40] to rate the speech distortion,
noise distortion, and the overall quality, respectively, of the enhanced speech signal.
These composite measures are the linear combinations of PESQ, log likelihood ratio
(LLR) [41], and weighted-slope spectral (WSS) distance [42] scores.

In all the experiments discussed next, the sampling rate of the speech signals was
fixed at Fs = 8000 Hz, and we used Hamming window of size 200 samples (25 ms
duration), with overlap of 80 samples (10 ms) to compute the short-time Fourier transform
of the signal under analysis. The FFT size was set equal to the chosen window size. Let
s(n) be the clean speech signal, and r(n) be the noise signal of a specific type. We
generate the noise-contaminated signal y(n) with a specific SNR level by adding r(n)
with specific energy to s(n). We perform speech enhancement using the framework
outlined in Section 4 with and without performing noise suppression via Block-PCA to
analyze its effectiveness. As the ALMD algorithm operates in the time domain, after
performing STFT approximation of the noisy signal using Block-PCA, we recreate the
noise-suppressed time-domain signal using inverse Fourier transform and the overlap
and add method. This signal is then passed to the ALMD algorithm for enhancement. We
store the performance scores for the noisy input signal, MMSE-STSA only, MMSE-STSA
with Block-PCA, SSMB only, SSMB with Block-PCA, ALMD only, and ALMD with Block-
PCA. We repeat this process for all 30 speech signals, all 6 SNR levels, and for all noise
types, as discussed earlier. The block size (b) and components to retain (q) are selected by
performing a 2-D grid search over b = [40, 50, 60, 70] and q = [15, 16, . . . , 26] and choosing
the combination that leads to highest performance. These results are presented and
analyzed next.

5.1. PESQ and SSNR Performance for Male and Female Speakers under Babble
Noise Contamination

As we know that the frequency characteristics of male and female speakers are differ-
ent, to look at the performance separately, we have presented the two speech enhancement
performance metrics PESQ and SSNR with regard to the noise floor for male and female
speakers separately in Figures 7 and 8, respectively. The scores given here, as well as those
discussed later, are all average results. Considering the PESQ scores for both male and
female speakers under severe noise contamination of −9 and −6 dB SNR, we can see that
the enhanced speech signal recovered by the MMSE-STSA, SSMB, and ALMD methods
have scores below that of the input noisy speech signal itself. However, when combined
with the noise-suppressing Block-PCA algorithm, all of the methods recover speech signals
with higher PESQ scores, highlighting that operating on the noise-suppressed signals did
lead to better performance compared to using the original noisy signals. The PESQ gains
with regard to the regular MMSE-STSA seen here are significant, with 0.80 and 0.47 for
−9 and −6 dB SNR, respectively. The same trend improvement can be seen over SSNR
metric for −9 and −6 dB SNRs as well. The PESQ scores for ALMD suffer the most under
low SNR scenarios and stay below MMSE-STSA, only to surpass it once SNR is increased
from 0 dB. The same is true for the SSNR scores shown in Figures 8, where ALMD beats
the others at SNRs of −3 dB and above. This is consistent with the results presented in [25].
The performance boost offered by the proposed algorithm for all methods is significantly
high under (and including) 0 dB SNR. For SNRs above 0 dB, it still offers improvement;
however, the improvement offered gets smaller as the SNR increases. Overall, for lower
SNRs, the MMSE-STSA + Block-PCA methods performs best, and for SNRs above 0 dB,
ALMD + Block-PCA takes the lead.
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Figure 7. Average PESQ scores for male and female speakers under ’Babble’ noise contamination
over multiple SNR levels. (For interpretation of the bar colors, the reader is referred to the web
version of this article)

Figure 8. Average SSNR improvement in dB with regard to the noise floor scores for male and female
speakers under ’Babble’ noise contamination over multiple SNR levels. (For interpretation of the bar
colors, the reader is referred to the web version of this article)
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5.2. Performance Analysis under Different Noise Types Contamination with −6 dB SNR

Due to the space constraint of the manuscript, in Table 2, we have presented the
average performance metrics (over 30 signals) for −6 dB SNR and the noise types of
’Babble’, ’Exhibition’, and ’Car’ only. The results shown here further highlight the efficacy
of the proposed noise suppression algorithm under different noise types. Out of the three
noise types shown here, PESQ scores for the ’Car’ noise type show the highest gain in
performance due to the inclusion of Block-PCA in all methods. Moreover, for all noise
types, the enhancement scores for the techniques with Block-PCA are higher than the other
methods, emphasizing the effectiveness of the proposed methodology.

Table 2. Performance analysis for noise types ’Babble’, ’Exhibition’, and ’Car’ with −6 dB SNR level.
Best results are highlighted in bold.

Babble

SNR dB Method/Average Scores PESQ LLR SSNR Csig Cbak Covl

−6

Noisy 1.39 1.03 −7.15 2.11 1.30 1.62

MMSE-STSA 1.30 1.16 −4.77 1.77 1.26 1.37

MMSE-STSA + BPCA 1.78 1.09 −4.24 2.12 1.51 1.75

SSMB 1.30 1.10 −5.21 1.90 1.28 1.44

SSMB + BPCA 1.62 1.05 −5.11 2.11 1.41 1.68

ALMD 1.13 1.21 −4.97 1.69 1.19 1.29

ALMD + BPCA 1.53 1.15 −4.66 1.97 1.38 1.60

Exhibition

SNR dB Method/Average Scores PESQ LLR SSNR Csig Cbak Covl

−6

Noisy 1.32 1.25 −7.20 1.91 1.30 1.50

MMSE-STSA 1.26 1.25 −4.24 1.76 1.35 1.36

MMSE-STSA + BPCA 1.78 1.21 −3.89 2.09 1.61 1.77

SSMB 1.24 1.24 −4.78 1.79 1.33 1.37

SSMB + BPCA 1.42 1.22 −4.61 1.93 1.44 1.53

ALMD 1.14 1.28 −4.39 1.69 1.31 1.31

ALMD + BPCA 1.48 1.24 −4.13 1.92 1.49 1.59

Car

SNR dB Method/Average Scores PESQ LLR SSNR Csig Cbak Covl

−6

Noisy 1.40 1.12 −7.43 2.06 1.30 1.58

MMSE-STSA 1.60 1.08 −3.65 2.23 1.62 1.79

MMSE-STSA + BPCA 2.42 1.05 −3.51 2.74 2.01 2.44

SSMB 1.36 1.11 −4.66 2.03 1.56 1.56

SSMB + BPCA 1.50 1.08 −4.54 2.15 1.68 1.68

ALMD 1.52 1.15 −3.90 2.28 1.70 1.84

ALMD + BPCA 2.00 1.13 −3.77 2.60 1.96 2.23

5.3. Performance Comparison for PESQ and SSNR Over Multiple Noise Types and SNR Levels

In this section, we have presented the PESQ in Figure 9, and SSNR improvement (in
dB) with regard to the noise floor in Figure 10 for all five noise types and six SNR levels. The
trend remains the same as that seen in Figures 7 and 8 and Table 2, that is, the introduction
of noise suppression in the enhancement framework helps the MMSE-STSA, SSMB, and
ALMD methods, which leads to higher metric scores for the recovered speech signals. This
performance gain offered by the inclusion of the proposed pre-processing method is terms
of both PESQ and SSNR is very significant when noise energy in the contaminated signal is
high and gradually gets small as the noise levels get lower. Focusing on SSNR for the cases
of SNR −9 and −6 dB in Figure 10, we see that, on average, MMSE-STSA + BPCA methods
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perform best. For the cases of SNR −3 and above, ALMD + BPCA surpasses MMSE-STSA
+ BPCA. Similarly, for PESQ scores shown in Figure 9, the top-scoring method, on average,
for −9, −6, and −3 dB is MMSE-STSA + BPCA, and for 0 dB and above, it is ALMD +
BPCA. Overall, the improvement offered by our noise suppression algorithm to all methods
is consistent across different real noise types and over multiple SNR levels.

Figure 9. PESQ scores for all noise types and all SNR noise levels. (For interpretation of the bar colors,
the reader is referred to the web version of this article).

Figure 10. Cont.
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Figure 10. SSNR improvement in dB with regard to the noise floor scores for all noise types and SNR
noise levels. (For interpretation of the bar colors, the reader is referred to the web version of this
article).

5.4. Performance Comparison for Babble and Exhibition Noise Types Over Multiple Metrics and
SNR Levels

Finally, in this section we summarize the score from all performance metrics for the
noise types ’Babble’ and ’Exhibition’ in Tables 3 and 4, respectively. For both noise types,
performance improvement resulting from inclusion of Block-PCA in the enhancement
framework is evident across multiple metrics and is not restricted to PESQ only. Moreover,
for both noise types, MMSE-STSA + BPCA shows superior performance under SNR levels
of −9, −6, and −3 dB and gets surpassed by ALMD + BPCA for SNR levels of 0 dB
and above. Additionally, all three methods experience performance improvement when
operating on noise-suppressed signal generated by the proposed algorithm.

Table 3. All performance metric scores for noise type ‘Babble’ over multiple SNR levels. Best results
are highlighted in bold.

Babble

SNR dB Method/Noises PESQ LLR SSNR Csig Cbak Covl

−9

Noisy 1.30 1.11 −8.23 1.92 1.20 1.49

MMSE-STSA 1.06 1.25 −5.72 1.46 1.10 1.14

MMSE-STSA + BPCA 1.86 1.17 −5.06 1.99 1.45 1.72

SSMB 1.18 1.17 −6.11 1.69 1.18 1.29

SSMB + BPCA 1.65 1.13 −6.06 1.98 1.34 1.63

ALMD 0.87 1.99 −7.78 1.39 1.03 1.06

ALMD + BPCA 1.50 1.93 −7.42 1.80 1.29 1.52

−6

Noisy 1.40 1.03 −7.15 2.11 1.30 1.62

MMSE-STSA 1.30 1.16 −4.77 1.77 1.26 1.37

MMSE-STSA + BPCA 1.78 1.09 −4.24 2.12 1.51 1.75

SSMB 1.30 1.10 −5.21 1.90 1.28 1.44

SSMB + BPCA 1.62 1.05 −5.11 2.11 1.41 1.68

ALMD 1.13 1.21 −4.97 1.69 1.19 1.29

ALMD + BPCA 1.53 1.15 −4.66 1.97 1.38 1.60

−3

Noisy 1.54 0.95 −5.85 2.35 1.46 1.80

MMSE-STSA 1.60 1.07 −3.80 2.12 1.51 1.69

MMSE-STSA + BPCA 1.80 1.02 −3.45 2.31 1.65 1.89

SSMB 1.59 1.01 −4.19 2.24 1.53 1.75

SSMB + BPCA 1.73 0.95 −4.12 2.36 1.59 1.87

ALMD 1.47 0.98 −3.59 2.14 1.55 1.71

ALMD + BPCA 1.64 0.92 −3.39 2.30 1.64 1.87

0

Noisy 1.74 0.86 −4.35 2.64 1.71 2.08

MMSE-STSA 1.86 0.98 -2.81 2.46 1.77 2.01

MMSE-STSA + BPCA 1.95 0.93 −2.57 2.57 1.84 2.11

SSMB 1.80 0.92 −3.25 2.53 1.74 2.03
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Table 3. Cont.

Babble

SNR dB Method/Noises PESQ LLR SSNR Csig Cbak Covl

SSMB + BPCA 1.89 0.86 −3.21 2.63 1.79 2.12

ALMD 1.77 0.79 −2.33 2.53 1.85 2.09

ALMD + BPCA 1.86 0.74 −2.19 2.64 1.91 2.19

3

Noisy 1.92 0.76 −2.70 2.93 1.96 2.33

MMSE-STSA 2.09 0.88 −1.80 2.79 2.01 2.31

MMSE-STSA + BPCA 2.14 0.84 −1.59 2.88 2.06 2.39

SSMB 2.02 0.81 −2.19 2.85 1.97 2.32

SSMB + BPCA 2.08 0.76 −2.17 2.94 2.01 2.39

ALMD 2.19 0.67 −0.80 2.92 2.12 2.45

ALMD + BPCA 2.25 0.62 -0.68 3.01 2.17 2.53

6

Noisy 2.11 0.65 −0.91 3.22 2.22 2.59

MMSE-STSA 2.28 0.78 −0.82 3.09 2.22 2.58

MMSE-STSA + BPCA 2.33 0.74 −0.63 3.17 2.27 2.65

SSMB 2.22 0.71 −1.22 3.14 2.18 2.58

SSMB + BPCA 2.27 0.66 −1.12 3.23 2.22 2.65

ALMD 2.45 0.51 0.63 3.26 2.37 2.76

ALMD + BPCA 2.50 0.47 0.77 3.34 2.42 2.83

Table 4. All performance metric scores for noise type ‘Exhibition’ over multiple SNR levels. Best
results are highlighted in bold.

Exhibition

−9

Noisy 1.17 1.32 −8.27 1.71 1.18 1.35

MMSE-STSA 1.20 1.33 −4.94 1.60 1.26 1.30

MMSE-STSA + BPCA 1.99 1.30 −4.61 2.05 1.61 1.84

SSMB 1.13 1.31 −5.73 1.60 1.22 1.27

SSMB + BPCA 1.46 1.30 −5.56 1.82 1.37 1.50

ALMD 1.02 1.37 −4.86 1.49 1.14 1.16

ALMD + BPCA 1.58 1.36 −4.61 1.82 1.39 1.54

−6

Noisy 1.32 1.25 −7.20 1.91 1.30 1.50

MMSE-STSA 1.26 1.25 −4.24 1.76 1.35 1.36

MMSE-STSA + BPCA 1.78 1.21 −3.89 2.09 1.61 1.77

SSMB 1.24 1.24 −4.78 1.79 1.33 1.37

SSMB + BPCA 1.42 1.22 −4.61 1.93 1.44 1.53

ALMD 1.14 1.28 −4.39 1.69 1.31 1.31

ALMD + BPCA 1.48 1.24 −4.13 1.92 1.49 1.59

−3

Noisy 1.47 1.17 −5.89 2.15 1.48 1.70

MMSE-STSA 1.48 1.14 −3.42 2.08 1.55 1.63

MMSE-STSA + BPCA 1.73 1.11 −3.14 2.24 1.69 1.84

SSMB 1.42 1.15 −3.84 2.06 1.52 1.60

SSMB + BPCA 1.54 1.11 −3.65 2.18 1.60 1.72

ALMD 1.55 1.17 −2.75 2.17 1.63 1.72

ALMD + BPCA 1.73 1.13 −2.52 2.31 1.74 1.88
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Table 4. Cont.

Exhibition

0

Noisy 1.61 1.07 −4.39 2.41 1.69 1.91

MMSE-STSA 1.72 1.04 −2.54 2.38 1.77 1.92

MMSE-STSA + BPCA 1.81 1.01 −2.28 2.45 1.83 2.00

SSMB 1.66 1.04 −2.91 2.38 1.74 1.90

SSMB + BPCA 1.77 0.98 −2.70 2.52 1.82 2.02

ALMD 1.84 1.06 −1.42 2.53 1.92 2.06

ALMD + BPCA 1.94 1.01 −1.18 2.64 1.99 2.17

3

Noisy 1.78 0.96 −2.72 2.69 1.93 2.15

MMSE-STSA 1.96 0.95 −1.58 2.69 1.99 2.21

MMSE-STSA + BPCA 2.02 0.91 −1.33 2.75 2.03 2.27

SSMB 1.89 0.92 −1.98 2.70 1.96 2.19

SSMB + BPCA 2.02 0.85 −1.67 2.85 2.05 2.33

ALMD 2.11 0.91 0.02 2.88 2.17 2.40

ALMD + BPCA 2.20 0.85 0.30 2.99 2.24 2.50

6

Noisy 1.97 0.84 -0.92 2.98 2.18 2.41

MMSE-STSA 2.19 0.84 −0.61 3.00 2.21 2.50

MMSE-STSA + BPCA 2.23 0.82 −0.39 3.04 2.25 2.54

SSMB 2.11 0.80 −1.01 3.01 2.17 2.47

SSMB + BPCA 2.23 0.74 −0.66 3.17 2.26 2.61

ALMD 2.44 0.75 1.49 3.25 2.47 2.71

ALMD + BPCA 2.52 0.71 1.78 3.34 2.53 2.80

6. Conclusions

In this manuscript, we have presented a noise suppression method that can help
other speech enhancement algorithms when the noise content in the speech signal is
large. This is accomplished by applying the speech enhancement algorithms on a noise-
suppressed approximation of the signals’ short-time Fourier transform, generated by the
proposed Block-PCA algorithm, instead of the original signal. Speech signals from the
NOIZEUS database were used to highlight the efficacy of the proposed speech enhancement
framework under multiple noise levels and different noise types, and according to various
performance indicators. The experiments show that the algorithms working in either the
time or frequency domains can utilize the proposed method to preprocess signals if the
noise level perceived in the received signal is high, leading to superior speech enhancement
performance.
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