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Radiated Noise Suppression for Electrolarynx
Speech Based on Multiband Time-Domain

Amplitude Modulation
Ke Xiao , Supin Wang, Mingxi Wan , and Liang Wu

Abstract—Radiated noise severely degrades the electrolarynx
(EL) speech. It cannot be thoroughly suppressed by conven-
tional frequency-domain enhancement methods. In this paper, a
new method, called multiband time-domain amplitude modula-
tion (MTAM), is proposed to reduce the radiated noise of EL
speech. In the proposed method, the speech components changing
slowly that represent the radiated noise are removed by directly
modulating the time-domain amplitudes in multiple frequency
bands. The EL speech enhanced by the proposed MTAM and the
conventional frequency-domain enhancement methods (spectral
subtraction and Wiener filtering) are evaluated on both acoustic
and perceptual characteristics. The acoustic analysis reveals that
the MTAM not only can reduce the radiated noise more thoroughly
but can also easily control the residual noise intensity by adjusting
a modulation parameter λ. Moreover, the MTAM can avoid caus-
ing new artificial noise that cannot be avoided by the conventional
frequency-domain enhancement methods. The perceptual analysis
indicates that the MTAM also have better performance on increas-
ing the acceptability and the consonant intelligibility of EL speech
than spectral subtraction and Wiener filtering. These findings vali-
date that the MTAM indeed works well in suppressing the radiated
noise of EL speech and avoiding the artificial noise.

Index Terms—Electrolarynx speech, enhancement, radiated
noise, speech quality, time-domain amplitude modulation.

I. INTRODUCTION

LARYNGECTOMY is the most effective treatment for
larynx cancers and is widely used all over the word, espe-

cially in China where over 250000 Chinese patients are diag-
nosed with larynx cancer each year [1]. The electrolarynx (EL)
is a device that provides periodic mechanical vibration signal
to replace the vocal fold vibration for the laryngectomees to re-
construct intelligible speech. The EL has been the most widely
used method of speech rehabilitation for laryngectomees due to
the advantages of easy learning, easy operating and continuous
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output [2]–[4]. Unfortunately, the EL speech quality and intel-
ligibility are severely damaged by the strong noise presented in
the EL speech, especially the radiated noise [5], [6]. In addi-
tion, the strong noise in the EL speech also creates difficulties
for EL speech processing, such as voice activity detection and
EL speech recognition. Thus, noise reduction is imperative to
improve the quality and the intelligibility of EL speech.

The radiated noise in EL speech is produced by a part of
energy produced by EL that is unable to pass through the neck
tissue and is radiated directly into the outside environment. In
contrast to the natural background noise, the radiated noise is
still prominent even in a quiet environment. Previous researches
have revealed that the radiated noise of EL speech is about
20–25 dB when the mouth is closed and varied over 4–15 dB
across subjects for using a same EL device [7], [8]. The masking
effects of radiated noise considerably contribute to the unnat-
uralness and the poor intelligibility of EL speech, especially
for some EL consonants that are almost totally submerged by
radiated noise. Therefore, suppressing the radiated noise of EL
speech is essential for enhancing the EL speech.

Several researchers have attempted to suppress the radiated
noise of EL speech. Norton and Bernstein [9] surrounded the EL
with a one-inch-thick foam shield to reduce the radiated noise,
resulting in no obvious improvement of EL speech intelligibil-
ity and quality. Many researchers have diverted their efforts to
the signal processing techniques for EL speech enhancement.
The spectral subtraction (SS) is the most common method for
enhancing the EL speech, especially for single channel speech
enhancement [8], [10]–[13]. The SS method subtracts the noise
components directly in frequency domain. In fact, it is diffi-
cult to precisely estimate the noise spectrum due to its insta-
bility, which will lead to random interval errors after spectral
subtraction, causing residual artificial noise by inverse Fourier
transform. This residual artificial noise, also called “musical
noise”, is sometimes more annoying than the original noise.
Although several studies have provided solutions to reduce the
musical noise [10], [14]–[16], results obtained by these methods
have suggested that the improvement is still limited, especially
under low signal-to-noise ratio (SNR).

In order to avoid the artificial noise caused by the errors be-
tween the estimated noise and the real noise spectra after inverse
Fourier transform, this paper attempts to estimate and reduce the
radiated noise directly in time domain. It has been revealed that
the temporal changes convey most of the linguistic information
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of speech, dominating the perceptual intelligibility of speech,
because the temporal changes reflect the movement of the vocal
tract [17]. The time-domain amplitude of radiated noise changes
slowly over a long duration, and can be considered as a stable
signal in a limited duration in case of a patient using the same
EL, because the intensity of the radiated noise is only related to
the instrument itself and the users. The temporal changes of ra-
diated noise are much smaller than that of the desired EL speech
signals. Therefore, removing the speech components changing
slowly is also a feasible way of suppressing the radiated noise,
without removing the useful EL speech components.

In this paper, a method of multiband time-domain amplitude
modulation (MTAM) is proposed to suppress the radiated noise
of EL speech by removing the slowly changing speech compo-
nents in different frequency bands using time-domain amplitude
modulation. The remainder of the paper is structured as follows:
Section II introduces the signal processing procedure of MTAM;
Section III details the experiments; Section IV and V present
and discuss the EL speech enhanced by the MTAM and classical
enhancement methods, respectively.

II. NOISE SUPPRESSION BASED ON MULTIBAND TIME-DOMAIN

AMPLITUDE MODULATION

As shown in Fig. 1, the radiated noise suppression based
on the MTAM is conducted by modulating time-domain am-
plitudes of EL speech in multiple frequency bands. In terms of
MTAM, the methods of time-domain amplitude modulation and
multiband division are the key points of suppressing the radiated
noise of EL speech.

A. Time-Domain Amplitude Modulation

As shown in Fig. 1, the time-domain amplitude modulation is
conducted by EL speech multiplying the weighting coefficients
that are the ratio of the modified and the original time-domain
envelopes. The modified time-domain envelope is obtained by
the original time-domain envelope of EL speech minus the av-
erage time-domain envelope value of radiated noise. Therefore,
it is important for the MTAM to detect the radiated noise du-
ration, which is usually conducted by voice activity detection
techniques [18]. In order to reduce the method complexity, the
voice activity detection techniques are not utilized in the pro-
posed approach to ensure the voiced/unvoiced duration of EL
speech. Due to the stability of the radiated noise, the average
envelope value of a short unvoiced duration can be substituted
as the average envelope value of the entire radiated noise. In
terms of EL speech, the time-domain envelope of noise duration
(unvoiced duration) is smaller than the time-domain envelope
of speech duration (voiced duration). Besides, previous study
data has revealed that the percentage of unvoiced duration for
speech signals is in the range of 35%–43% [19]. Therefore,
the time-domain envelope values ranking in the last 20% in a
speech processing frame are averaged and substituted as the
time-domain envelope values of the entire radiated noise in this
paper. On the other hand, a controlling parameter λ ranging
from 0 to 1 is proposed to multiply with the average envelope
value of the radiated noise to control the intensity of the residual

Fig. 1. Block diagram of radiated noise suppression based on MTAM method.

radiated noise. Obviously, the intensity of the radiated noise can
be proportionally reduced. Larger λ will lead to smaller residual
noise intensity.

B. Multiband Division

In practical application, time-domain amplitude modulation
cannot be directly utilized to eliminate the radiated noise of EL
speech because this operation will also subtract some energy
of the desired EL speech signals at the same time, especially
the weak consonants that are submerged by the strong radiated
noise. The reason is that the time-domain envelope of wideband
speech signal cannot reflect the time-domain envelope fluctu-
ation of different speech components. In order to address this
limitation, the time-domain envelopes extracted from different
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frequency bands of EL speech are processed for more precise
modulation (See Fig. 1), since the major energy of the radi-
ated noise and the desired EL speech signals are concentrated
in different frequency bands. The energy of radiated noise of
EL speech majorly distributes in the range of 400-800 Hz,
and the energy of EL speech mainly distributes in the range
of 2-4 KHz [4]. In addition, Drullman [20], [21] revealed that
the time-domain amplitude variations in successive frequency
bands (bandwidth smaller than 1-oct/band) below 4 Hz can
be reduced without reducing speech intelligibility for normal-
hearing listeners. Therefore, the energy concentration bands
of radiated noise and desired speech signal can be effectively
separated by at least 5 subbands (100–400 Hz, 400–800 Hz,
800–2000 Hz, 2000–4000 Hz, larger than 4000 Hz). Undoubt-
edly, larger subband number leads to better separation, but also
larger computational complexity. In this paper, the original
EL speech is filtered into 6 bands (1-oct/band) that cover the
frequency range from 100 to 6400 Hz.

C. Procedure

The processing details of MTAM are as follows:
Firstly, the noisy EL speech is divided into 6 successive fre-

quency bands (1-oct/band) by passing through a band-pass filter
bank, covering the frequency range of 100–6400 Hz:

x(n) =
6∑

k=1

sx(n)k (1)

Next, the time-domain envelopes (A(n)k ) of these sub-band
speech signals (sx(n)k ) are estimated by Hilbert transform.
Previous research has demonstrated that the low-frequency
information (4–16 Hz) of the time-domain envelopes corre-
sponding to the vocal tract movement is mainly responsible
for the speech intelligibility [20], [22]. Therefore, in order to
highlight the main amplitude changing information, these time-
domain envelopes are smoothed by a low-pass filter (cut-off
frequency is 20 Hz). Based on the original time-domain en-
velopes, the average time-domain envelopes of radiated noise
duration (mk ) are also estimated.

Then, the modified time-domain envelopes are obtained by
subtracting the average amplitude of noise duration from the
original time-domain envelopes:

B(n)k =

{
A(n)k − λ • m(n)k , if A(n)k > λ • m(n)k

0, if A(n)k ≤ λ • m(n)k

(2)

where Ak and Bk are the original and the modified time-domain
envelopes, respectively, mk is the average amplitude of the
noise, and λ is the modulation parameter that controls the am-
plitude of the residual noise (0 ≤ λ ≤ 1.0).

Finally, the enhanced EL speech (y) is obtained by adding
the sub-band speech signals multiplied by the ratios between
the modified and the original time-domain envelopes:

y(n) =
6∑

k=1

sx(n)k • B(n)k

A(n)k

(3)

III. EXPERIMENT

A. EL Speech Signal Recording

Five male laryngectomee participated in the EL speech sig-
nal recording. The patients were 63.8 ± 5.7 years old and had
undergone total laryngectomy and radiation therapy for more
than 10 years. All the subjects were native Mandarin speakers
and were skilled at using a commercial EL to communicate with
others.

The speech material is the first paragraph of a text entitled
‘Beifeng he Taiyang’ (Boreas and Sun) [23]. The speech ma-
terial contained all the Mandarin vowels and consonants, and
was phonically and tonetically balanced for Mandarin Chinese.
During the recording experiment, the patient was seated at a
comfortable posture 10-cm away from a microphone. Then, the
patient produced the speech materials using a commercial EL
(Sevox, Servona). The EL speech was recorded at a sampling
rate of 16000 Hz and digitized into 16 bits.

B. Speech Processing

Firstly, for comparative analysis, the original noisy EL speech
is enhanced by the MTAM (λ = 1.0) and two classical speech
enhancement methods: Wiener Filtering (WF) [24], and spectral
subtraction (SS) [10]. Secondly, the parameter λ was adjusted
(0 ≤ λ ≤ 1) to control the residual noise intensity during the
EL speech processing in order to investigate the relationship
between the signal-to-noise ratio (SNR) and the modulation
parameter.

C. Perceptual Evaluation

In order to avoid the semantic association effects, only iso-
lated words that were cut out from the speech materials were
presented to the listeners in perceptual intelligibility test. The
order of the syllables was randomly set to avoid learning and
experience effects. The stimuli were presented in a quiet room
and listeners were asked to transcript what they heard even if it
was a nonsense syllable. In perceptual acceptability test, listen-
ers were also requested to rate the four sets of speech materials
(original EL speech and EL speech enhanced by MTAM, SS
and WF) based on the criteria of mean opinion score (MOS)
(worst:0, bad:1, poor:2, common:3, good:4, excellent:5) [7].

IV. RESULT

A. Acoustic Characteristics

Fig. 2 shows the typical radiated noise suppression procedure
for noisy EL speech in a frequency sub-band (the third sub-
band). Two main characteristics are presented. First, the radiated
noise of the sub-band signal is almost fully reduced. Second,
the consonant signals that are submerged by the strong radiated
noise are clearly highlighted and effectively reserved after the
noise reduction.

1) EL Speech Enhanced by Different Methods: Fig. 3 shows
the waveforms and the spectrograms of the original noisy EL
speech and the enhanced EL speech. Fig. 3(a) indicates that
the radiated noise is prominent in the original EL speech and
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Fig. 2. Processing of EL speech in a frequency subband (λ = 1.0). (a) Origi-
nal noisy EL speech; (b) EL speech of the third frequency subband; (c) Original
time-domain envelope of the subband signal; (d) Modified time-domain en-
velope of the subband signal; (e) Enhanced EL speech of the third frequency
subband.

almost submerges the weak consonant signals in time domain.
It is clear that the SS, the Weiner and the MTAM methods
are all able to significantly reduce the radiated noise, remaining
the weak consonant signal. However, obvious residual noise can
be seen in EL speech enhanced by the SS and the WF methods
(See Fig. 3(b) and (c)). In contrast, no evident residual radiated
noise can be seen in EL speech enhanced by the MTAM method
(See Fig. 3(d)). Table I shows that the MTAM method improves
the SNR of EL speech to 19.3 dB, which is much larger than the
SNR improvements achieved by the SS method (12.3 dB) and
the WF method (16.7 dB). Therefore, the MTAM can suppress
the radiated noise more thoroughly than SS and WF.

Fig. 4 shows the power spectra of EL speech enhanced by
the three methods. The smaller power spectra of enhanced EL
speech indicate that all the three enhancement methods effec-
tively reduce the energy of EL speech. The reduced energy is
majorly distributed in the frequency regions without formants,
especially in the low frequency region (lower than 800 Hz) that
contains the main energy of the radiated noise. As shown in
Fig. 4, all the three methods preserve the total energy for the
first formant (F1) and the second formant (F2) and cause only a
slight energy reduction for the third formant (F3) and the fourth
formant (F4). In addition, it is found that the formants of other
vowels are also majorly preserved by the three enhancement
methods. These results indicate that all the three methods can
effectively reduce the energy of radiated noise, keeping the ma-
jor acoustic information preserved for EL speech. On the other
hand, expect formants, the power spectrum of EL speech en-
hanced by the MTAM is smaller than that enhanced by SS and
WF, which indicates that the MTAM can reduce more energy of
radiated noise than SS and WF, leading to less residual noise.

2) Residual Noise Controlling: The MTAM method not
only can reduce radiated noise thoroughly, but also can easily

control the intensity of the residual noise. The SNR of EL speech
enhanced by the MTAM can be calculated as followed:

SNRenhanced = 10 • log10
Pspeech − (1 − λ)2 • Pnoise

(1 − λ)2 • Pnoise

,

0 ≤ λ ≤ 1

where Pspeech and Pnoise are the average powers of the original
EL speech and the original radiated noise, respectively.

Fig. 5 shows the SNR of EL speech enhanced by the MTAM
varying as a function of the parameter λ. The increment of
SNR increases as the modulation parameter λ changes from
0 to 1.0. It is found that sometimes the radiated noise can-
not be thoroughly removed even by setting the λ to be 1
(See Fig. 5(a)) due to the error between the estimated and
the real noise envelopes. Therefore, the parameter λ can be
set larger than 1.0 to obtain more noise reduction. However,
overlarge λ (larger than 1.0) will also remove some infor-
mation of desired EL speech, resulting in speech distortion.
In this study, it is found that the radiated noise can be well
removed with the modulation parameter λ in the range of
1.0–1.2 without causing obvious speech distortion. Therefore,
the modulation parameter λ in the range of 1.0–1.2 is suggested
in practical applications to obtain good noise reduction. Thus,
in this study, the parameter λ is always set to be 1.0.

B. Perceptual Characteristics

1) Acceptability: Fig. 6 shows the acceptability of noisy EL
speech and enhanced EL speech. The original noisy EL speech
has the lowest mean acceptability of 1.38, and the methods of SS,
WF and MTAM improve the mean acceptability of the enhanced
EL speech to 1.82, 2.21 and 2.9, respectively. There is no signif-
icant improvement of acceptability for EL speech enhanced by
SS (p > 0.05). However, significant improvements are observed
for EL speech enhanced by the MTAM method (p < 0.001)
and the WF method (p < 0.001), with MTAM achieving larger
improvement of acceptability than SS (p < 0.001) and WF
(p < 0.001). Therefore, the MTAM has much better perfor-
mance on the improvement of acceptability for enhanced EL
speech than SS and WF.

2) Intelligibility of Vowels: Fig. 7 shows the mean intelligi-
bility of vowels in EL speech enhanced by the three enhance-
ment methods. It can be seen from the figure that all the vowels
of EL speech enhanced by the three methods have considerable
intelligibility (about 80%). However, there are no significant dif-
ferences among the vowel intelligibility of original EL speech
and the EL speech enhanced by the three enhancement methods
(p > 0.05). Hence, reducing the radiated noise cannot signifi-
cantly improve the vowel intelligibility of EL speech.

3) Intelligibility of Consonants: Fig. 8 shows the mean con-
sonant intelligibility of EL speech enhanced by the three meth-
ods. It can be seen clearly that the consonant intelligibility of
original noisy EL speech is only 52.7%, while the methods of SS,
WF and MTAM have improved the mean consonant intelligibil-
ity of EL speech to 58.6%, 62.8% and 63.7%, respectively. The
methods of MTAM and WF effectively improve the consonant
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Fig. 3. Waveforms and spectrograms of EL speech before and after enhancement. The speech material is three monosyllables ‘fa da ta’ spoken by a laryngectomee
with a commercial EL. (a) Original noisy EL speech; (b) EL speech enhanced by SS method; (c) EL speech enhanced by WF method; (d) EL speech enhanced by
MTAM method (λ = 1.0).

TABLE I
SNRS OF EL SPEECH ENHANCED BY SS, WF AND MTAM

intelligibility of EL speech by 10.1% (p < 0.001) and 11.0%
(p < 0.001) respectively, but there is no significant difference
(p > 0.05) between the performance of both methods. The SS
method only slightly improves the consonant intelligibility of
EL speech, without significant improvement (p > 0.05). Thus,
reducing the radiated noise by MTAM and WF can significantly
improve the consonant intelligibility of EL speech, but SS fails
to achieve this improvement.

Furthermore, Fig. 9 shows the perceptual accuracy of dif-
ferent consonant types. For original EL speech at low SNR,
the aspirated plosives and fricatives have the lowest perceptual

Fig. 4. Power spectra extracted from the center of /a/ produced by a laryn-
gectomee. Black solid line represents original noisy EL speech; Black dash line
represents EL speech enhanced by MTAM; Gray dot line represents EL speech
enhanced by WF and gray solid line represents EL speech enhanced by SS.
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Fig. 5. SNR of enhanced EL speech as a function of the parameter λ. (a) Waveforms of enhanced EL speech with different modulation parameter; (b) SNR
varying with the modulation parameter.

Fig. 6. Mean acceptability of EL speech before and after noise reduction.
ELS_Origin represents the original noisy EL speech; ELS_SS represents EL
speech enhanced by SS method; ELS_WF represents EL speech enhanced
by WF method and ELS_MTAM represents EL speech enhanced by MTAM
method.

Fig. 7. Vowel intelligibility of EL speech enhanced by different methods.
ELS_Origin represents the original noisy EL speech; ELS_SS represents EL
speech enhanced by SS method; ELS_WF represents EL speech enhanced
by WF method and ELS_MTAM represents EL speech enhanced by MTAM
method.

Fig. 8. Consonant intelligibility of EL speech enhanced by different meth-
ods. ELS_Origin represents the original noisy EL speech; ELS_SS represents
EL speech enhanced by SS method; ELS_WF represents EL speech enhanced
by WF method and ELS_MTAM represents EL speech enhanced by MTAM
method.

Fig. 9. Intelligibility of enhanced EL consonants as a function of pronunci-
ation manner. Unas-PLO is the unaspirated plosive; As-PLO is the aspirated
plosive; Unas-AFF is the unaspirated affricative; As-AFF is the aspirated af-
fricative; FRI is the fricative and the voiced is the voiced consonant.
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intelligibility (only 25.8% and 42.5%, respectively), contribut-
ing most to the poor intelligibility of EL speech. As the SNR
of the EL speech increases to 18 dB, significant improvement
of consonant intelligibility can be observed in fricatives (23%),
unaspirated affricatives (20%) and aspirated affricatives (13%).
The aspirated and the unaspirated plosives have small change in
the intelligibility, while the intelligibility of voiced consonants
is even slightly reduced as the SNR increases. These results indi-
cate that the consonant intelligibility improvement achieved by
radiated noise reduction is mainly attributed to the improvement
of fricatives and affricatives.

V. DISCUSSION

In order to improve the speech quality of EL speech, the
method, called multiband time-domain amplitude modulation
(MTAM), is proposed to supresses the radiated noise of EL
speech. The results indicate that the MTAM method effectively
reduces the radiated noise of EL speech. The EL speech en-
hanced by the MTAM has better performance on both acoustic
and perceptual characteristics than the EL speech enhanced by
spectral subtraction (SS) and Wiener filtering (WF).

Considering acoustic characteristics, the MTAM method has
two advantages over SS and WF. Firstly, the MTAM method can
reduce radiated noise more effectively than SS and WF without
causing artificial noise. For SS and WF, the small errors between
the estimated and the real noise spectra will be bound to obvi-
ous residual artificial noise such as musical noise after inverse
Fourier transform. Usually, SS and WF are conducted repeat-
edly to obtain higher SNR. However, the artificial noise always
perplexes the EL speech enhanced by SS and WF method [8].
The more unstable the noise spectrum is, the more prominent
the artificial noise will be. Unlike SS and WF, MTAM method
reduces the radiated noise directly in time domain by removing
the signal components that change slowly. Avoiding the estima-
tion of the noise spectrum and the inverse Fourier transform,
the MTAM method can almost completely reduce the radiated
noise without causing new artificial noise, even if the noise is
not stable in frequency domain. Secondly, the MTAM method
can easily control the intensity of residual noise for enhanced
EL speech. For conventional speech enhancement method, it is
unavoidable that more noise reduction leads to more speech dis-
tortion. Therefore, it is extremely important to balance the noise
reduction and speech distortion. Both SS and WF are unable to
precisely control the intensity of residual noise due to the diffi-
culty of obtaining precise radiated noise estimation. However,
the MTAM can directly change the time-domain amplitude of
radiated noise by adjusting a modulation parameter λ, resulting
in proportional reduction of radiated noise. Therefore, it is easy
for MTAM to precisely control the radiated noise intensity.

The MTAM method also has better performance on percep-
tual characteristics of enhanced EL speech. In terms of accept-
ability, the EL speech enhanced by the MTAM method has
higher acceptability than the EL speech enhanced by the WF
and the SS methods. The reason is that the acceptability of en-
hanced EL speech is closely related with the residual noise. The

SS method and the WF method will cause obvious artificial
noise. The artificial noise caused by SS method described as
warbling with tonal quality is also called musical noise that af-
fects the acceptability of enhanced EL speech. Sometimes, this
musical noise is more annoying than the original noise [24].
The residual noise caused by WF is more close to white noise
that annoys the listeners less than the musical noise [25]. The
MTAM method can completely reduce the radiated noise of EL
speech, leading to the highest improvement of acceptability for
EL speech (See Fig. 2 and Fig. 6).

In terms of intelligibility, the reduction of radiated noise can-
not improve the vowel intelligibility of EL speech for all the
three methods. The reason is that the energy of the vowels is
much larger than the energy of radiated noise, so the radiated
noise cannot mask the acoustic properties of the vowels. The
vowel intelligibility of EL speech is essentially high even dis-
torted by the radiated noise. Therefore, the speech enhancement
methods cannot affect the intelligibility of vowels. In contrast,
the enhancement methods can improve the consonant intelli-
gibility of EL speech, especially the MTAM and the WF (See
Fig. 8). The reason for this is that the consonant intensity is
essentially much weaker than the vowel intensity and can easily
be masked by the radiated noise, especially some consonants
of EL speech that are produced by insufficient airflows due to
the removal of throats. Thus, reducing the radiated noise can
recover the consonants masked by strong radiated noise, im-
proving the consonant intelligibility. In addition, the musical
noise caused by SS method is also an annoying voice, leading
to degradation for both acceptability and intelligibility. There-
fore, both the MTAM method and the WF method achieve
higher improvement of consonant intelligibility than the SS
method.

Furthermore, it is also revealed that only the intelligibilities of
fricatives and affricatives are improved by reducing the radiated
noise in low SNR. The voiced consonants of EL speech are even
slightly degraded by reducing the radiated noise. The fricatives
and the affricatives of EL speech are extremely weak continu-
ous noise duration and their acoustic characteristics are easily
masked by the powerful radiated noise. Thus, reducing the radi-
ated noise can remove the masking effect of radiated noise for
fricatives and affricatives. In contrast, the voiced consonants are
essentially periodic vibration signals and are partially similar
with the radiated noise in intensity and acoustic characteristics
because they are produced by a same voice source. Thus, re-
ducing the radiated noise also leads to loss of some acoustic
information for voiced consonants, causing speech degradation.
For plosives, the noise burst is still prominent in the EL speech
that cannot be easily masked by the radiated noise. Besides, the
intelligibility of plosives is majorly affected by the voice onset
time rather than the radiated noise intensity [26], [27]. Thus,
EL plosives cannot be improved effectively by the reduction of
radiated noise, especially the aspirated plosives. Therefore, the
aspirated plosive is the choke point of improving the intelligi-
bility of EL speech.

Considering MTAM in a single subband, the computa-
tional complexity is mainly contributed by four parts: (1) the
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band-pass filtering (filter order: p) needs about 4 · p · N mul-
tiplications and 4 · p · N adds, where N is the data length; (2)
the envelope estimation by Hilbert transform requires two FFT,
that contributes N · log2N multiplications and 2 · N · log2N
adds; (3) the noise amplitude estimation requires N/5 adds
and 1 division; (4) the amplitude modulation needs N adds,
N divisions and N multiplications. Totally, the MTAM re-
quires about k · (N · log2N + 4 · (p + 1) · N) multiplications,
k · (2 · N · log2N + 4 · (p + 1/5) · N) adds and k · (N + 1)
divisions, where k is the number of frequency subbands. The
subtraction is considered as add approximatively in this study.
With respect to SS and WF, the main computational complex-
ity is majorly contributed by the fast Fourier transform (FFT).
The SS requires about 1.5 · N · log2N + (6 − 1.5 · log2L) · N
multiplications and 3 · N · log2N + (1 − 3 · log2L) · N adds,
where N is the data length, and L is the number of framing.
The WF requires about 1.5 · N · log2N + (9 − 1.5 · log2L) · N
multiplications, 3 · N · log2N + (1 − 3 · log2L) · N adds and
N divisions. By contrast, the MTAM has larger computational
complexity than both SS and WF although the computational
complexity of all the methods is at the same magnitude order
of O(N · log2N). Therefore, the MTAM cannot cause a rapid
increase of time consumption with the data length increase, and
yet it is not suitable for a real-time processing.

In summary, the MTAM method performs well at dealing
with the radiated noise of EL speech without causing any ar-
tificial noise. Moreover, the MTAM method also has better
performance on perceptual characteristics, especially on the ac-
ceptability, than classical SS and WF methods. In practical ap-
plication, there are two aspects requiring attention while using
the MTAM to suppress noises. Firstly, the MTAM is only good
at suppressing the noise whose time-domain amplitude changes
are much slower than that of the desired speech, such as the ra-
diated noise of EL speech. Secondly, the MTAM method cannot
provide support for real-time noise reduction, because a reli-
able and precise time-domain envelope of noise duration must
be obtained through a relatively long processing frame (at least
longer than two-syllable length suggested). Still, the MTAM
method is a very good post-processing method for suppressing
the radiated noise of EL speech. In addition, this method can
also be used for EL speech pre-processing, providing support
for other speech processing, such as voice activity detection and
speech recognition.

VI. CONCLUSION

In this paper, a method multiband time-domain amplitude
modulation (MTAM) is proposed to enhance noisy EL speech by
suppressing the radiated noise without causing residual artificial
noise. The comparison of the MTAM with classical spectral
subtraction (SS) and Wiener filtering (WF) methods reveal that
the MTAM can achieve better performance on both acoustic and
perceptual characteristics. In terms of acoustic characteristics,
firstly, the MTAM can completely reduce the radiated noise,
causing no residual noise and artificial noise that cannot be
avoided for SS and WF. Secondly, the MTAM can also easily

control the intensity of radiated noise by adjusting a modulation
parameter λ, which is also hard for SS and WF methods. With
respect to perceptual characteristics, the acceptability of EL
speech enhanced by MTAM is much better than those achieved
by SS and WF. In addition, the consonant intelligibility of EL
speech enhanced by MTAM is also better than that achieved by
SS. Meanwhile, it is revealed that the radiated noise reduction
only benefits the fricatives and the affricatives. The aspirated
consonants that contribute most to the poor intelligibility of EL
speech cannot be improved by reducing the radiated noise. This
finding perhaps can provide some reference for further research
about improving the intelligibility of EL speech. In sum, the
proposed MTAM is a good method for suppressing the radiated
noise of EL speech without causing residual artificial noise and
can also be applied to suppress other noises that have slower
temporal changes than desired signals.
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