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Abstract-This paper presents a new method of 

periodic/non-periodic (P/nP) classification of noisy speech 
signals. Empirical mode decomposition (EMD), a newly 
developed tool to analyze nonlinear and non-stationary 
signals is used to filter the additive noise with the speech 
signal. The normalized autocorrelation of the filtered speech 
signal is computed to enhance the periodicity of the 
analyzing speech signal if any. It is considered that the voiced 
speech (with fundamental periodicity) signal is periodically 
correlated and the unvoiced signal is not. A noise robust 
P/nP decision rule is formulated based on third-order 
autocumulants of the autocorrelation function of speech 
signal. The experimental results show that the use of EMD 
improves the classification performance and the overall 
efficiency is noticeable as compared to other existing 
algorithms.  

Keywords: Empirical mode decomposition, fundamental 
frequency, higher-order spectral analysis, periodic correlation, 
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I. INTRODUCTION 

Reliable classification of short time speech signal into 
periodic and non-periodic (P/nP) is a crucial preprocessing 
step in many speech processing applications and is 
essential in most analysis and synthesis system. The 
essence of classification is to determine whether the 
speech production system involves the vibration of the 
vocal cords [1]. The speech signal originated from the 
speaker’s vocal cord contains a sequence of periodic 
correlation. Such signal is also called voiced speech signal 
and unvoiced with absence of periodically correlated 
sequences. Hence the proposed classification problem can 
be treated as the discrimination of speech signals into 
voiced and unvoiced (V/UV) segments. The 
discrimination problem is an important one and has been 
worked on extensively during the last three decades [2].  

The classification can effectively be performed using a 
single feature or parameter which is closely associated 
with the presence of periodicity and non-periodicity of the 
analyzing speech signal. Many algorithms have been 
reported for solving the detection problem [3] – [7]. In [3], 
Gaussian mixture model with cepstrum coefficients 
features is proposed for robust V/UV classification. A 
higher order statistics (HOS) based method is proposed in 
[4] for V/UV detection and pitch estimation 
simultaneously. The matching pursuit algorithm is used in 
[5] with Gabor decomposition. The wavelet transform is 

proposed in pitch and V/UV detection in [6]. A statistical 
model applied in autocorrelation domain is also reported 
in [7]. In most of the existing algorithms are not so much 
noise robust and also the intensive threshold and training 
data are required for classification. Such requirements are 
troublesome for the use in application domain.  

The proposed method is noise robust and based on the 
higher-order spectral analysis (HOSA) [8] method for 
P/nP detection in speech signal without any training 
requirement. To reduce the effect of noise on speech 
signal, a data adaptive time domain filtering is proposed 
using newly developed empirical mode decomposition 
method [8]. Although speech signal is non-stationary in 
nature, Fourier based frequency domain filtering assumes 
that it is piecewise stationary. The speech decomposition 
is performed by fitting some predefined bases without 
satisfying its non-stationary nature. Whereas, EMD based 
approach decompose the speech signal as non-stationary 
time series and hence better performance in noise filtering. 

It is assumed that the speech signal contains periodic 
correlation if the fundamental frequency is carried with. 
The proposed method is based on determining the 
presence of fundamental periodicity contained with the 
analyzing speech signal. The method is based on higher-
order spectral analysis (HOSA) finding the location of the 
highest energy peak in the bi-spectrum domain [9]. The 
autocorrelation function (ACF) makes the periodicity 
more prominent if any. The proposed HOSA model, less 
affected by additive Gaussian type noises is applied in the 
autocorrelation domain rather than original time domain 
of the speech signal. The presence of periodicity detection 
method is implemented in spectral domain to classify the 
speech segment into P/nP based on that it contains 
periodic correlation (fundamental frequency) or not. 

II. EMD BASED NOISE REDUCTION 

Empirical mode decomposition (EMD) represents any 
time-domain signal into a finite set of AM-FM oscillatory 
components which are the bases of the decomposition. 
The key benefit of using EMD is that it is an automatic 
decomposition and fully data adaptive. The principle of 
the EMD technique is to decompose a signal x(n) into a 
sum of band-limited functions, gb(n), called intrinsic mode 
functions (IMFs).  Each IMF must satisfy two properties: 
(i) the number of extrema and the number of zero 
crossings are either equal or differ by one; (ii) the mean 
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value of the envelope defined by the local maxima and the 
envelope defined by the local minima is zero. A special 
“sifting” process is employed to extract all of the IMFs 
[10, 11]. This sifting process is described as follows.  

Firstly, the upper- and lower-envelopes of the signals 
x(n), as well as their mean value μ1(n), are calculated 
respectively. The first step of the sifting process is to 
calculate the difference )()()( 11 nnxnh μ−= . However, h1(n) 
rarely satisfies the two IMF properties and is not taken as 
the first IMF of the signals straightway. Therefore, the 
sifting usually has to be implemented for more times, 
where the “difference” obtained in the previous sifting is 
taken as “signals” in present sifting. If after (k+1)th sifting, 
corresponding difference )()()( 1)1(11 nnhnh kkk μ−= −

 satisfies the 

IMF properties, then it can be taken as the first IMF 
component, denoted by g1(n), that is, g1(n)= h1k(n). In 
practice, to determine whether or not h1k(n) well satisfies 
the IMF properties, we usually use so-called standard 
deviation (δ) criterion, that is, to check if the following 
inequality holds [10]: 
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where N is the frame length. Next, taking rest 
data )()()( 11 ngnxnr −=  as “new” signals and 
implementing the sifting process on it, we can obtain the 
second IMF g2(n). This procedure should be repeatedly 
used for B (total number of IMF components) times until 
the last residue rB(n) becomes a monotonic function. 
When the decomposition procedure finished, the signals 
then can be expressed as 

∑
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where )(),...,(),( 21 ngngng B  are all of the IMFs included 
in the signals and rB(n) is a negligible residue. 

Another way to explain how EMD works is that it 
extracts out the highest frequency oscillation that remains 
in the signal. Thus locally, each IMF contains lower 
frequency oscillation than the one extracted just before. 
The decomposition is performed in a dyadic nature [12]. 
Being data adaptive, the basis usually offers a physically 
meaningful representation of the underlying processes. 
Unlike Fourier transform, there is no need of considering 
the signal as a stack of harmonics and, therefore, EMD is 
ideal for analyzing non-stationary and nonlinear data. 
Each IMF is considered as a mono-component 
contribution such that the derivation of instantaneous 
amplitude and frequency provides a physical significance. 
The advantage of this time-space filtering is that the 
resulting band passed signals preserve the full non-
stationary in physical space. This filtering method is 
intuitive and direct, its basis is a posteriori and data 
adaptive. The completeness of the decomposition is given 
by the Eq. (2). The original signal can easily be 
reconstructed by simply adding the bases with negligible 
error term. 

A noisy speech signal and some selected IMF 
components are shown in Fig 1. It can be observed that 
higher order IMFs contain lower frequency oscillations 
than that of lower order IMFs. This is reasonable, since 
sifting process is based on the idea of subtracting the 
component with the longest period from the data till an 
IMF is obtained. Therefore the first IMF will have the 
highest oscillating components; the components with the 
highest frequencies. Consequently, the higher the order of 
the IMF, the lower its frequency content will be.  
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Figure 1. The illustration of EMD. A noisy speech signal at 10 dB SNR 

and its first 6 IMFs out of 13. 
 

A. Instantaneous Frequency  
Instantaneous frequency (IF) represents signal’s 

frequency at any time instance and it is defined as the rate 
of change of the phase angle at the instant of the 
“analytic” version of the signal. Every IMF is a real 
valued signal. The discrete Hilbert transform (HT) 
denoted by Hd[.] is used to compute the analytic signal for 
an IMF. Then the analytic version of the bth IMF )(tgb

is 
defined as: 

)()()]([)()( tj
bbdbb

betatgjHtgtz θ=+=               (3) 

where ab(t) and θb(t) are instantaneous amplitude and 
phase respectively of the bth IMF. The analytic signal is 
advantageous in determining the instantaneous quantities 
such as energy, phase and frequency. The discrete-time IF 
of bth IMF is then given as the derivative of the phase θb(t) 
calculated at t i.e. 

dt
tdtf b

b
)(~

)( θ=                                       (4) 

where )(~ tbθ represents the unwrapped version of 

instantaneous phase θb(t). The derivative in Eq. (4), is 
evaluated at discrete instant of t. It should be noted that 
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such derivative introduces the abrupt fluctuations of IF 
and hence nonlinear smoothing is required. Here, the 
moving average smoothing filtering is used to remove 
such fluctuations. The filtering scheme improves the 
effectiveness of computing IF using discrete derivative. 
The concept of IF is physically meaningful only when 
applied to mono-component signals. In order to apply the 
concept of IF to arbitrary signals it is necessary to 
decompose the signal into a series of mono-component 
contributions. In the recent approaches [13], EMD 
technique decomposes a time domain signal into a series 
of mono-component IMFs. Then the IF derived for each 
component provides the meaningful physical information. 

B. Noise Filtering  
Although the IMFs may have frequency overlaps but at 

any time instant, the instantaneous frequencies represented 
by each IMF are different. This phenomenon can be well 
understood in Figure 2 which shows the instantaneous 
frequencies of the first 6 IMFs. Therefore, EMD is an 
effective decomposition of non-linear and non-stationary 
signals in terms of their local frequency characteristics.     
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Figure 2. Instantaneous Frequencies of the first 6 IMFs. 
 
With these powerful characteristics, recent studies have 

shown that it is possible to successfully identify and 
remove a significant amount of the noise components 
from the IMFs of a noisy speech. Although all IMFs 
contain energy from both the original speech and the noise, 
the amount of the energy distribution is different. Since 
speech signals are mainly concentrated in the low and mid 
frequency bands, the high frequency noise components 
dominate the first IMFs. For instance, in case of white 
noise, most of the noise components are centered on the 
first two IMFs, while the speech signals dominate between 
3rd and 6th IMFs, as can be observed in Figure 1. Therefore, 
EMD makes it possible to some extent separate the high 
frequency noise from the major speech components. The 
instantaneous frequency vector is normalized between 0 
and 0.50 to align with the Nyquest frequency. Then the 
IMFs with higher frequencies (>1.5kHz) are discarded. 
Thus most of the high frequency noise will be filtered out. 
The rest of the IMFs (including residue) is summed up to 
reconstruct the speech signal with less noise which is 
termed here as pre-filtered noisy speech (PFNS) what will 
be processed to detect the periodicity. 

III. DETECTING PERIODIC CORRELATION 

The presence of periodic correlation i.e. the 
fundamental frequency contained inside the speech signal 
is determined by analyzing the energy distribution in 
bispectrum domain. The range of fundamental periodicity 
of the speech signal is considered between 50Hz and 
500Hz. The use of HOSA based model is more efficient 
when the noise robustness is in consideration. The 
motivation to employ higher order (k>2) cumulants and 
polyspectra is given by the following: 
i) If z(n)=x(n)+y(n), and x(n) and y(n) are mutually 

independent processes, then   
Ckz(mk)=Ckx(mk)+Cky(mk); where mk=(m1,m2,….,mk-1) 

ii) If x(n) is Gaussian, then Ckx(mk)=0, for k>2 
iii) Hence, if z(n)=x(n)+w(n), where w(n) is Gaussian 

and independent of x(n), then for k>2, 
Ckz(mk)=Ckx(mk). Thus we can recover the higher 
order cumulants of non-Gaussian signal even in 
presence of Gaussian noise.  

To detect the presence of periodicity within the analyzing 
speech signal higher-order (k=3) sequence of spectral 
cumulats is employed to reduce the noise effects.     

A. HOSA Based Model 
The Bispectra of third order cumulants is used here to 

formulate the robust decision rule for P/nP classification 
of speech signals. The cumulant spectra are of great 
importance in the analysis of stochastic signal such as 
speech [8]. The third order spectra called bispectrum 
which is defined to be the Fourier transform of the third 
order cumulant sequence, is employed here. The speech 
signal is segmented into blocks considering that each 
block x(n) represents a zero-mean (subtracting mean from 
the original sequence) sequence of stationary process. The 
third-order cumulant is defined as: 

)}()()({)( 212,13 ττττ ++= ∗ nxnxnxEC x          (5)  

Then the third-order polyspectrum (bispectrum) as a 
function of two frequencies is represented as  
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For a real-valued process, symmetry properties of 
cumulants carry over to symmetry properties of 
polyspectra [15]. The symmetry properties of the 
bispectrum are given by [16]:  
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Hence the nonredundant region of support for the 
bispectrum is the triangle with vertices (0,0), (1/3,1/3) and 
(1/2,0). The most of the energies contained in the signal 
are concentrated around the energy peak in the 
bispectrum.    

B. Implementation 
The proposed HOSA based model is implemented on 

the normalized autocorrelation (NACF) of the speech 
signal rather than in time domain. The noisy speech pre-
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filtered to reduce the noise effect hence obtaining the 
PFNS signal ϕ(n), 0≤n≤N-1 is used in periodicity 
detection.                  

The NACF produces better results in P/nP detection 
than the simple autocorrelation function as the peaks are 
more prominent and the less affected by the rapid 
variation in the signal amplitude. In this paper, the NACF 
of the PFNS signal ϕ(n), 0≤n≤N-1 is used to detect the 
presence of periodicity and is computed as 
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, 0 ≤ k ≤ K-1.                  (9) 

Even with the aforementioned pre-processing, the 
periodicity determination with NACF may give erroneous 
results under strong noisy condition due to the presence of 
spurious peaks obscuring the actual prominent peaks and 
also due to the inherent shortcoming introduced with the 
NACF. The NACF functions of noisy voiced speech 
signal and its pre-filtered one are shown in Figure 3. It is 
observed that the PFNS produces more prominent peaks 
in the NACF domain.   

105 205 305 405 505
−0.2

0

0.2

Autocorrelation lags

V
a

lu
e

105 205 305 405 505
−0.4
−0.2

0
0.2

Autocorrelation lags

V
a

lu
e

 
 

Figure 3. NACF of noisy speech signal (upper) and of PFNS signal 
(lower one). 

 
The bispectrums of different signals are shown in 

Figure 4. In the bispectrum (Figure 4(a)) of the periodic 
speech signal (with 0dB SNR) before noise filtering, the 
energy distribution is spread over a wide range or 
frequencies, whereas for NACF signal shown in Figure 
4(b), it is relatively conversed within smaller range of 
frequencies. In the normalized autocorrelation of the noisy 
speech signal, the fundamental periodicity becomes more 
prominent and hence the energy concentration is within 
the range of fundamental frequency (50Hz – 500Hz, as 
illustrated in Figure 4(c)) of the speech signals. In the 
bispectrum of non-periodic signal, the energy distribution 
is more scattered and the energy concentration occurs at 
high frequency regions as shown in Figure 4(d). The 
signal power is mostly localized around the frequencies 
with highest power. The decision rule is that when the 
energy peak is located within low frequency region 
(considerably within the range of fundamental 
periodicity), the speech segment is considered as periodic 
i.e. voiced and non-periodic otherwise.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Bispectrums of different stages of speech signal; (a) for 
periodic noisy speech (0dB SNR), (b) for NACF of the periodic noisy 

speech (0dB SNR), (c) for prefiltered NACF of that noisy speech and (d) 
for prefiltered NACF of non-periodic noisy speech (0dB SNR). 

IV. EXPERIMENTAL RESULTS 

The performance of the proposed method is evaluated 
by using speech data taken from TIMIT database. The 
speech material used in this experiment is re-sampled to 
20 kHz and segmented into frames of length 30ms with 
10ms shifting. 16 bit resolution. Approximately 2010 
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frames including male and female speech are used. Each 
frame is accurately labeled for voiced and unvoiced. The 
error rates are compared for two criterions – with EMD 
based noise filtering (nfEMD) and without noise filtering 
(WnF) for different noise levels. The white Gaussian noise 
is added to obtain different levels of segmental SNR 
(SSNR). Periodic – to – non-periodic (P-nP) and non-
periodic – to – periodic (nP-P) error rates denote the 
accuracy in correctly classifying P/nP speech frames. A 
nP-P error occurs when an non-periodic frame is classified 
erroneously as periodic, and a P-nP error occurs a periodic 
segment is detected as non-periodic. The overall error rate 
is obtained by summing up the two error factors. The 
performance of the proposed method for different SSNRs 
is shown in Table I. 

TABLE I 
PERFORMANCE OF THE PROPOSED METHOD WITH nfEMD AND WnF AS 

A FUNCTION OF DIFFERENT SSNR 
SSNR 
(dB) 

nfEMD (%) WnF (%) 
P-nP nP-P Overall P-nP nP-P Overall 

Clean 0.71 0.41 1.12 1.05 0.84 1.89 
10 1.12 0.85 1.97 1.51 1.32 2.83 
0 3.22 1.97 5.19 4.97 3.17 8.14 
-5 4.93 2.79 7.72 7.19 6.23 13.42 

-10 6.11 4.37 10.48 9.14 7.20 16.34 
 

Comparisons with existing methods: The performance 
of the proposed method is evaluated under noisy 
conditions for a wide range of segmental SNRs. The 
overall classification accuracy with EMD based filtering 
method is always better than the existing reported 
algorithms [2]-[5]. Although none of those methods 
demonstrate the performances for SNR less than 0, the 
comparisons with the proposed algorithm is described 
here. Using cepstrum-based modified algorithm [2], the 
overall error is reported as 6.16% for 0dB SSNR. 
Gaussian mixture model (GMM) with cepstral features is 
proposed in [3] with 8% error for 15dB SNR. In [4], 
higher order statistics (HOS) based method is employed in 
P/nP classification for low SNR (up to 0dB) but no 
quantitative result is reported. Gabor atomic 
decomposition method is proposed in [5] with 16% error 
rate for 5dB SNR speech. Based on the above mentioned 
performances of the existing algorithms, the proposed 
method proves its superiority in P/nP classification of 
noisy speech signals 

V. CONCLUSIONS 

An efficient P/nP speech classification algorithm for 
improving robustness in noisy environment is presented in 
this paper. The voiced speech signal is considered as a 
time series with periodically correlated process, and, the 

unvoiced signal does not contain any periodic correlation 
(PC). EMD based data adaptive and time domain noise 
filtering method is proposed to increase the robustness of 
detecting periodic correlation. A higher-order analysis is 
employed here to formulate the robust P/nP classification 
rule. As a result, it leads to clear improvements in 
periodic/non-periodic speech discrimination without any 
training data especially when the SNR drops. The use of 
the proposed method in robust pitch (fundamental 
frequency) detection is the future target. 
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