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Abstract 

In this paper, we propose a novel method of estimation of 
short-time spectrum for analysis of speech signals in the 
closed phase regions of glottal activity. This method uses 
Teager Energy Operator (TEO) and a related Energy 
Separation Algorithm (ESA) iteratively, along with the design 
of digital resonator to estimate formants from a very short 
duration of the speech. The spectrum of cascade of these four 
resonators is referred to as our proposed ESA spectrum of 
speech. The novelty of the proposed approach lies in using 
very short duration of analysis speech frame that is 
synchronized with glottal closure instant (i.e., about 1-2 ms) to 
estimate the proposed spectrum in order to ensure that the 
vocal tract system characteristics do not change much within 
this interval and to alleviate erroneous estimation of formants 
due to nonlinear interaction of excitation source with the vocal 
tract system. To demonstrate the effectiveness of proposed 
algorithm for formant estimation on speech data, we have used 
1.5 ms speech signal corresponding to closed phase glottal 
cycles derived from a male speaker of CMU-ARCTIC 
database. 
Index Terms: Teager Energy Operator, Energy Separation 
Algorithm, SESA, Digital Resonator, ESA Spectrum.  

1. Introduction 

The main objective of this paper is to propose an algorithm 
that could estimate short-time spectrum of a speech signal 
based on an energy separation algorithm (ESA) [1] in order to 
estimate the resonant frequencies of vocal tract system, which 
could aid in several speech analysis and other related 
applications [2-4]. These resonant frequencies known as 
formants play a significant role in establishing speech 
production-perception link for most of the speech processing 
applications [5-7]. Proposed ESA spectrum is obtained by 
combining two independent schools of thought, namely, 
iterative application of smoothened (namely, linear-phase FIR 
filtering) energy separation algorithm (SESA) and design of 
cascade of four 2nd order digital resonators [3-4]. 
       Vocal tract characteristics vary within one pitch period 
(T0) although the articulators themselves do not move ([8-10]). 
This may be due to the fact that the vocal folds change state 
between an open and a closed phase, thereby changing the 
vocal tract characteristics within one glottal cycle. At the 
glottal closure instants (GCIs), glottal airflow becomes 
relatively lower (or ideally zero) and hence, acoustically 
decoupling supralaryngeal vocal tract system from the trachea. 
Thus, the speech signal in the closed phase regions, represents 
the free resonances of the supralaryngeal vocal tract system as 
opposed to the open phase, where trachea and the vocal tract 

system are acoustically coupled, which alters the free 
resonances of the system due to the change in length of vocal 
tract system. Furthermore, the first formant of vocal tract 
interacts nonlinearly with the glottal flow during the open 
phase of a glottal cycle, resulting in sudden pressure drop at 
the lips and sudden increase in lower formants and their 
corresponding -3 dB bandwidths (Section 4.5 pp. 153-
161,[11]) [12-13]. In addition, the vocal tract system 
characteristics are not constant, but signal-dependent during 
the open phase of the glottis. We are interested in analyzing 
the speech signal in the closed phase regions, which is 
expected to provide an accurate estimate of the frequency 
response of the supralaryngeal vocal tract system [14-15]. 

It is very challenging to estimate formants from such 
small time interval of speech signal. One may use any of the 
existing epoch extraction techniques ([16-21]) for 
determination of epochs in case the Electroglottograph (EGG) 
(i.e., the ground truth) readings are not available. We would 
like to model the first four free resonances of the vocal tract 
system exhibited in the closed phase region by a cascade of 
four all-pole 2nd order digital resonators. These closed phase 
glottal activity regions have been dynamically extracted from 
the voiced segments of speech signals. Previous traditional 
methods for finding formants, such as peak picking of the 
cepstrally-smoothed spectrum, linear prediction (LP) spectrum 
([22-23]), and finding roots of the LP polynomial [24] require 
about 20-30 ms of block of speech segment to estimate 
formants (or LP analysis  would require estimation of 
unreliable autocorrelation function from very short speech 
segments in the order of 1-2 ms). As a result, vocal tract 
characteristics which could be time-varying within the block 
are spread over the entire block. In addition, the fundamental 
frequency (i.e., 0F ) significantly influences the vocal tract 

spectrum if the analysis frame contains more than one pitch 
period (i.e., To=1/Fo). Besides, block processing of speech 
signals involves its own set of limitations regarding the size 
and shape of the analysis frame [16].   

Position of the analysis frame is very critical to the 
performance of high resolution techniques as signal properties 
can be significantly different nearby closed regions of glottis 
[16]. Therefore, we propose an ESA spectrum that can analyze 
speech signal of length as short as 1-2 ms of voiced speech 
closed phase regions for formants and other system-related 
characteristics. At the same time, one cannot determine true 
formants from one single speech sample as it requires atleast a 
considerable number of samples to produce a resonance 
(because resonances is not an instant phenomenon rather it 
builds over a period of time). Our aim is to use as less duration 
of speech signals as possible, just enough to estimate formant 
information so that the time-varying vocal tract system 
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characteristics do not spread over the time duration under 
consideration. 

2. Iterative Energy Separation Algorithm 

For estimation of formants by application of ESA, one must 
isolate the vocal tract resonances by bandpass filtering the 
voiced speech signal. For this purpose, Gabor filter with an 
impulse response given by: 

2 2( ) ( ) ( )cg t exp t cos tα ω= − ,   2c cfω π= ,        (1) 

and frequency response given by [24], [30]: 
2 2
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is used. It can be observed from eq. (1) and eq. (2) that Gabor 
filter have optimal time-frequency resolution as Fourier 
transform of a Gaussian is also a Gaussian [1]. The idea of 
IESA was implemented using the iteration [25],[32], i.e.,   
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where ( )f n  was computed using the DESA-1 version of 
discrete ESA using finite backward difference [25], 
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where ( ){ } ( ) ( ) ( )2 1 1d y n y n y n y nψ = − − + ,( 5) 

is the Teager Energy Operator [29-31],and the center 

frequency, Fc of the Gabor bandpass filter on the ( 1)thi +  
iteration is set to the mean value of instantaneous frequency 

( )f n  obtained from DESA-1 in the thi iteration. The 
algorithm was assumed to have converged when the center 
frequency cf  do not change by more than 5 Hz. The final 

converged frequency value in a particular subband was 
believed to be an estimate of the formant. It was reported that 

the initial estimate (1)
cf  of Gabor filter was very important for 

accurate convergence of the iteration towards the formants. 
For this purpose, morphological peak picking has been 
implemented, where voiced speech segments of relatively 
larger duration of 20-30 ms are considered [25]. Other recent 
applications of ESA algorithm for Spoof Speech Detection 
(SSD) task are reported in [5-7]. 

2.1. 2nd Order Digital Resonator 

Since the concept of 2nd order digital resonator is very crucial 
to the development of proposed ESA spectrum in this paper, 
we describe it in brief here [3-4]. System function of a 2nd 

order digital resonator with poles 1p and *
1p  in z-domain, 

isgivenby:                              white background is done here
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Using concept of Impulse Invariant Transformation (IIT), we 
have  

BTr e π−= ,                                (7) 
where B  is-3 dBbandwidth (in Hz) and T is sampling interval 
(in seconds). Figure1 shows the impulse response and 
frequency response of a 2ndorder digital resonator for a pole 
radius 0.975r =  and  0 0.37ω =  rad (i.e., 471.09 Hz). 

 
Figure 1:2ndorder digital resonator with pole radius, r=0.975 
and pole angle, 0ω  =0.37 rad. (a): impulse response ( )h n . 

Dashed line indicates the amplitude envelope of the resonator. 
(b): corresponding magnitude response in the frequency-
domain. 
Dashed line in Figure1 (a) indicates the corresponding 
amplitude envelope of the impulse response which is governed 
by the value of pole radius (i.e., r is inversely related to the -3 
dB bandwidth). In addition, closer the value of r  to 1, sharper 
is the bandwidth of the resonance at pole angle 0ω . 

Furthermore, as 1r → , 0 rω ω≈ , i.e., pole angle approximates 

well to the resonant frequency (i.e., formant in the present 
case). In this work, we propose to use the amplitude envelope 
of smoothened DESA-2 using 7-point binomial linear phase 
FIR filter, i.e., SESA (which uses two asymmetric difference 
as opposed to one sample difference in DESA-1) to obtain 
pole radius r  of digital resonator while exploiting its 
instantaneous frequency output to extract formant from the 
pole angles. In the next section, we give a detailed description 
of estimation of our proposed ESA spectrum from real speech 
signals using SESA and digital resonator design. 

3. Basis for Proposed ESA Spectrum 

As a proof of concept, we would first like to generate an ESA 
spectrum for the synthetic case, i.e., cascade of four 2nd order 
digital resonators (to approximate first four formants).  
 

 
Figure 2. Block diagram for generation of synthetic ESA 
spectrum form cascade of four 2nd order digital resonators. 
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Table 1: ESA-based estimation of formant frequencies compared to ground truth (adapted from [16]) for a case of synthetic resonators

 

Formants 
1( )F Hz  ( )1B Hz  ( )2F Hz  2 ( )B Hz  ( )3F Hz  3 ( )B Hz  ( )4F Hz  4 ( )B Hz  

Ground Truth     473.5   62.3     1423.6      90.5      2372.8    114.5      3322.1     158.7 
ESA estimation     489.7   70.5       1438    95.6        2375    116.1       3313     160.8 

 
We cascade four 2nd order digital resonators in four different 
subbands with the following predetermined values [11]. In 
particular, r1=0.9879 (B1=62.3 Hz), F1=473.5 Hz; r2=0.9824 
(B1=90.5 Hz), F2= 1423.6 Hz; r3=0.9778 (B3=114.5 Hz), F3= 
2372.8 Hz and r4=0.9694 (B4=158.7 Hz), F4=3322.1 Hz. Each 
of the subband impulse responses  [1,4]{ ( )}ih n ∈  are given as 

input to SESA. Ratio of any two consecutive values in the 
amplitude envelope and mode of instantaneous frequency of 
SESA gives pole radius r  and pole angle 0ω , respectively, of 

a particular subband. Figure 2 and Figure 3 show slightly 
different block diagram for implementations of this synthetic 
ESA spectrum. The impulse responses [1,4]{ ( )}ih n ∈  of 

2ndorder digital resonator are shown in Figure 3 
(corresponding to eq. (6)).  

 
Figure 3. A slightly different approach for implementation of 
synthetic ESA spectrum using four pairs of conjugate poles, 
without  cascading of impulse responses of four 2nd order 
digital resonators. 
 

 
Figure 4. Illustration of synthetic ESA spectrum generated 
from the following resonators’ impulse responses. (a): 
r1=0.9879 (B1= 62.3 Hz) , F1=473.5 Hz. (b): r2=0.9824 
(B2=90.5 Hz), F2=1423 Hz. (c): r3=0.9778 (B3= 114.5 Hz), 
F3=2372.8 Hz. (d): r4= 0.9694 (B4= 158.7 Hz), F4=3322.1 
Hz. (e): Synthetic ESA spectrum generated according to Fig. 
2. (f): Synthetic ESA spectrum generated according to Fig. 3. 
Note that the ESA spectra are generated corresponding to 1 
ms of the input signal.  
 
Figure 4 shows each of the individual impulse responses 
corresponding to a particular formant, and its corresponding 
estimated ESA spectrum (for synthetic case) as depicted by 
the block diagrams in Figure 2 and Figure 3. Figure 4(f) shows 
the spectrum generated corresponding to only 1 ms duration of 
the original impulse responses (as shown in Figure 4 (a)-(d))  

 
signifying the signal between a pair of zero-crossings of the 
impulse response corresponding to the first formant 1F . The 

formants along with corresponding 3 dB−  bandwidths of the 
synthetic ESA spectrum are shown in Table 1. The estimated 
formants are only slightly deviated from the ground truth, 
considering its high time resolution (as it is spectrum 
estimation for only 1 ms of input signal).  

 
Figure 5: Illustration of synthetic ESA spectrum (synchronized 
with synthetic GCI) generated by exciting the impulse 
responses of resonators by predefined impulses. (a): impulses 
at 3 ms pitch period (To) used to excite the impulse responses 
of resonators shown in Figure 4(a)-(d). (b), (c), (d) and (e): 
output of exciting the impulse responses of resonators in 
Figure 4(a)-(d) with impulses in Figure 5(a), respectively. (f): 
Synthetic ESA spectrum generated according to the block 
diagram in Figure 3. Note: This synthetic ESA spectrum has 
also been generated corresponding to 1 ms duration of the 
impulse responses in (b), (c), (d), and (e) as in Figure 4(f). 
 
Figure 5 shows a similar synthetic ESA spectrum generated 
using impulses at known locations of 3 ms pitch period (i.e., 
T0) which may correspond to an infant’s cry signal for exciting 
the impulse responses of the resonators (as shown in Figure 
4(a)-(d)). This synthetic ESA spectrum could be considered 
analogous to proposed ESA spectrum of a synthetic speech. It 
can be observed from Figure 4 (e) and Figure 4 (f), that there 
is a significant difference between the spectral characteristics 
of ESA spectrum computed using cascading of impulse 
responses (followed by spectrum computation) than using z-

domain system function, i.e., ( )jH e ω  from ( )H z  (refer 
Figure 5). This difference is due to the finite-duration 
truncation effect which is explained in the next section. We 
can observe from Figure 5 (f) that the ESA spectrum is 
unaffected by the excitation using a sequence of impulses with 
a very short pitch period of 3 ms (which may correspond to an 
infant’s cry signal) compared to Figure 4 (f). 

4. Experimental Results 

In this section, we formally describe the steps involved in 
generating the proposed ESA spectrum followed by 
comparing its results with that of state-of-the-art LP spectrum. 
The following steps are involved in generating the proposed 
ESA spectrum: 
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Step 1: Extract the instants of significant excitation in a 
segment of voiced speech signal. In this work, differenced 
EGG recordings present in the publicly available CMU-
ARCTIC databasehave been used for greater accuracy [26]. 
However, we may also use state-of-the-art epoch or GCI 
detection methods (such as 0-Hz resonator [16-17], TEO 
profile[19], DYPSA[18], Plosion Index [20-21], SEDREAMS 
[27], etc.) 
Step 2: Dynamically extract the regions of closed phase 
glottal activity using the information from the differenced 
EGG plots. 
Step 3: In each subband, spectral peak picking of this closed 
phase input voiced speech signal (which is about 1 ms in 

duration) yields an initial estimate, 1
cf , for the center 

frequency of Gabor bandpass filter. 
Step 4: Using this initial estimate of center cut-off frequency, 
SESA is implemented according to eq. (3). The algorithm is 
considered to have converged after 20 iterations or whenever 
the center frequency does not change by 5 Hz, whichever 
condition is satisfied first. Mean of the final converged 
instantaneous frequency is considered to be a formant value to 
be used as a pole angle, iω ; 1 4i≤ ≤ , for four subbands 

corresponding to the first four formants. 
Step 5: Amplitude envelope of the final iteration is used to 
approximate the pole radius, ir ; 1 4i≤ ≤ , for four subbands. 

Step 6: Frequency response of a cascade of the four impulse 
responses corresponding to the four subbands generated using 
the pole angles, iω  and pole radii, ir  is our proposed ESA 

spectrumܪ(߱) and it is given by: 
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( ) { ( )}jH DTFT h ne ω∴ = ,                              (8) 

where ‘*’ and DTFT{.} are convolution and DTFT operations, 
respectively. For this work, we have taken the values of 1ib = , 

for 1 4i≤ ≤ . Figure6 illustrates the ESA spectrum generated 
from the closed phase glottal activity voiced speech signal of 
duration about 1.5 ms. From Figure6(h), we can observe that 
there are several inconsistencies present in the generated ESA 
spectrum, i.e., presence of several redundant bumps between 
formants. This is due to the fact that, the four impulse 
responses (i.e., [1,4]( )ih n∈ ) which are theoretically supposed 

to be of infinite duration in length are truncated when 
cascaded in time-domain.Therefore, higher the number of 
samples used to generate the resonators’ impulse responses, 
more accurate will be the estimate of ESA spectrum. To 
overcome this signal processing artifact, we have slightly 
modified the algorithm by directly feeding the four conjugate 
pole-pairs (corresponding to the four subbands) to the z-
domain system function and then finding its corresponding 
frequency response (as shown in the block diagram of 

Figure3), i.e., computing ( )jH e ω  from ( )H z . In particular, 
we have 
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where  ij
i ip r e ω=  and * ij

i ip r e ω−=  are the conjugate pole 

pairs corresponding to ith subband. We can observe from Fig. 
6(i) that, this variation of ESA spectrum is much cleaner than 
that shown in Fig. 6(h). It is very interesting to note that the 
estimated ESA spectrum from 1.5 ms of speech resemble to 
state-of-the-art LP spectrum. Thus, the key difference between 
Fig. 6(h) and Fig. 6(i) is the time-domain convolution vs. 
frequency response from Z-domain system function. 

 

 
Figure 6. Illustration of the ESA spectrum generated for a 1.5 
ms (synchronized with closed phase glottal region) male 
voiced speech vowel /a/. (a): voiced vowel waveform in the 
closed phase glottal cycle corresponding to 1.5 ms. (b): 
differenced EGG signal corresponding to the waveform in (a). 
Arrow in Figure5 (b) indicates the glottal closure instant. 
(c),(d),(e) and (f): impulse responses [1,4] ( )ih n∈  corresponding 

to the four subbands, respectively. (g): cascaded output of the 
impulse responses shown in (c)-(f). (h): ESA spectrum 
generated by taking the magnitude spectrum of the cascaded 
output in (g). (i): ESA spectrum generated without cascading 
individual impulse responses. 

5. Summary and Conclusions 

In this study, a novel spectrum estimation technique based on 
energy separation algorithm (ESA), and design of digital 
resonators was proposed that could estimate spectrum from 
voiced speech segment of duration of 1-2 ms corresponding to 
closed phase glottal regions. Performance of the proposed 
spectrum was compared to that of the state-of-the-art LP 
spectrum for 30 ms duration of voiced speech (as the latter 
was a block-based technique). The onlylimitation of the 
present work could be the need of ground truth, i.e., 
differenced EGG (DEGG) readings to detect the closed phase 
of the glottis. However, any one of the state-of-the-art GCI 
detection methods, such as 0-Hz resonator, DYPSA, Hilbert 
envelope of LP residual, TEO profile, etc. could be used to 
detect the GCI in case DEGG is not available. Our future 
research efforts will be directed towards using effectiveness of 
proposed ESA spectrum for estimation of nasal formants from 
short duration of speech.  
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