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Abstract 
 
Human heart is an essential organ that can supply blood to all parts of the 
body, about 30 million people die every year because of heart failure. 

Accurate identification of QRS complex is needed for the assessment of heart 

rate abnormalities. Many conventional methods were introduced for the 
analysis and interpretation of QRS complexes.  But these are facing many 

limitations at the time of exact QRS peak detection. A clean ECG signal 

presents an important information regarding the electrophysiology of cardiac 
disorders as well as potential ischemic alterations. However, in real time, 

noise is always embedded with ECG signal during acquisition. In this 

research work, a novel adaptive Stockwell transform (AST) technique is 

anticipated for the discovery of true QRS complex of an ECG signal. This 
work is estimated on several usual & abnormal ECG recordings of MIT-BIH 

database, by adding white Gaussian noise to clean ECG recordings. This 

AST algorithm improves the performance measures and provides the 
sensitivity by 99.93%, positive productivity by 99.94% and overall failed 

detection rate of 0.145%.  Further, a comparison is made between the 

proposed method and various existing techniques such as Pan-Tompkins, 
Hilbert transform, Curve-length, Symlet6 and generalized S-transform.  
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It is noticed that the planned adaptive Stockwell transform method is more 

useful for the detection of true QRS difficult locations in real time. 

 
Key words: Adaptive Stockwell transform , ECG, Gaussian noise, 

Stockwell transform, QRS complex.    

 

1 Introduction 
 

The electrical movement and physical interaction of heart signal is known as 
ECG. It is a record of potential nature of polarized and de-polarised activity 

of heart muscles. This signal is attained from electrodes via localized region 

of interest in the skin. The typical ECG consists of a periodical pattern of P-

QRS-T waves which represents different aspects involved in the conduction 
of electrical signals inside the heart. A „P-QRS-T‟ wave corresponds to one 

cardiac cycle (one heartbeat) [1]. There is also a U wave which can be seen 

occasionally. A simple cardiac ECG cycle isshown in Figure 1. 

 

 
Figure 1: ECG waveform 

 
The ECG signal basically consists of various complex features. The 

amplitudes and its intervals of these features determine the actual functioning 

of the heart. Therefore, it is necessary to extract the parameters of these 

features for efficient prognosis and diagnosis. The standard values of the 
feature amplitudes and its intervals for a normal sinus rhythm according to 

the Association for the Advancement of Medical Instrumentation (AAMI) 

standard are tabulated in Table 1.  
 

 

 
 



                                                                                                                  
 

 

 
 

 
A Novel Adaptive S-Transform based Electrocardiogram Signal Analysis of QRS-

Peak Detection 5532 

 
Table 1: Standard values of ECG features for a normal healthy sinus rhythm 

 
The table 1 clearly explains about various features amplitudes and 

durations of a normal sinus rhythm. The analysis and recognition of QRS 

complex is the most significant aspect in ECG signal analysis. Wherein, „R‟ 

peak is the most significant interest of all this complexity and acting as a key 

component in the understanding of irregularities of the cardiac rhythm. 
Generally, the ECG signal contains various noises during acquisition 

from electrodes. Many noise components have encountered the E.C.G. signal 

such as electrode interaction noise, power line interference, electromagnetic 
noise, and motion objects noise. The diagnosis process can make accurate, 

only when signal accuracy is maintained at utmost conditions [2, 3]. Each 

heartbeat is interrelated with sequences of waves those are P, Q, R, S, U and 
T. An accurate filter is needed to eliminate these noise artifacts. Later, an 

efficient peak detection method is used for the recognition of true QRS 

complex peak detections.  

Many well-known transformations for QRS complex identification have 
been implemented. Present developments in data analysis, is provided new 

insight into the study of the ECG waveform. The customized S-transform 

generates from the S-transform model which is suggested by Stockwell in 
1996 [4, 5]. In Recent Times, QRS complex identification based on S-

transform with Shannon energy is suggested in [6]. The main limitation of S-

transform model is that it cannot suppress the localized waves in the ECG. 

The adaptive S-transform technique is then extended to the filtered ECG 
signal. In this investigation work in order to boost the existence of QRS 

complexes as well as cross over the constraints of above model we can move 

to advanced methodology. By establishing a threshold of 30 percent at the 
highest peak, the direction of R-peak recognition is carried out. The modern 

approach is validated & compared with the previous and current algorithm 

for various proven metrics such as positive predictivity, sensitivity and failed 
detection rate.  
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And it is found that this procedure generates better results and only ± 2 

samples back range.This work is mainly differentiating through three 

significant phases. In the first phase, the amount of noise present in the ECG 
can be eliminated through the adaptive median filter and FIR low-pass and 

high-pass filters. In second, an adaptive s-transform is realistic on processed 

signal for detecting the QRS complexes. In the third step, the true R-peak 
peak recognition functioning is performed by using a thresholding concept. 

The organization of the paper are planned into 5 sections. Section 2 presents 

the related work done for QRS detection algorithms used in the literature. 
Section 3 describes the detailed approach of proposed adaptive S-transform 

technique with mathematical analysis. Section 4 discusses various evaluation 

measures used to analyse the performance of the system.  Section 5 presents 

the results obtained for proposed work. Lastly, conclusions are explained in 
Section 6.  

 

2  Related Works 
 

The accurate detection of R-peaks is most important in real time ECG 

diagnosis applications. Several direct [7-11] and transformation-based 
algorithms [12-16] methods have been presented in the literature for the 

interpretation of QRS complexes. Pan and Tompkins et al., [7] implemented 

an algorithm in real time which uses band-pass filter for signal denoising, 
and a pair of thresholds based on amplitude and time for „R‟ peak 

detection.Threshold valueswere calculated based on the information of 

earlier peaks detected by the algorithm. Using the MIT-BIH arrhythmia 

database, Hamilton and Tompkins et al. researched different QRS detection 
rules in [8] and developed an efficient QRS recognition algorithm in real 

time. [9] tested the efficiency of R peak detection methods based on first 

order derivatives with various types of identification rules and specifically 
identified the shortcomings of four approachesusing the MIT-BIH database. 

Afonso et al. used philtre banks to identify ECG beats in [10] and obtained 

an overall sensitivity of 99.59 percent and 99.6 percent Positive Predictivity. 
Okada in [11] proposed a digital filter approach for the identification of QRS 

complexes and analyzedthem for a small ECG segment.A Hilbert 

transformation approach is used by Benitez et al., in [12] to identify the QRS 

locations in a signal. The research is carried out on the basis of first ordered 
differentiate signal and also its transformed signal to find peaks. In [13], the 

authors suggested a simplepeak detection technique employing the principle 

of curve duration with a hybrid estimation algorithm for classification of 
ECG signal. In [14], a QRS detection system based on biorthogonal 

piecewise wavelets is presented, which uses a soft thresholding technique to 

detect QRS peaks. Abibullaev and Don Seo et al. suggested a system of QRS 
identification utilising wavelet transformation and neural networks in [15]  

 



                                                                                                                  
 

 

 
 

 
  A Novel Adaptive S-Transform based Electrocardiogram Signal Analysis of QRS-

Peak Detection 5534 

 
and achieve a good sensitivity of 97.2 percent and 98.52 percent positive 

predictivity.An S-transformation with Shannon energies technique is 

suggested for peak identification. Manab Kumar in [16], proposed end-to-end 
structure of ECG classification system which is shown in Figure 2. Similarly, 

[17-20] proposed several machine learning techniques for the analysis of 

coronary heart disease. 

 
Figure 2: End-to-End ECG Classification system 

Figure 2 clearly explains the end-to-end structure of ECG classification 

system. The framework consists mainly of four phases: pre-processing, 

feature extraction, feature optimization and classification. In this model, the 
R-peak detection is carried out using Pan-Tompkins algorithm. The features 

like heartbeat intervals, frequency-based features are extracted in feature 

extraction process. By deleting the obsolete functionality, the derived 
functionality is further streamlined. The main principle behind optimizing the 

feature is to decrease the calculation time at testing to boost the system 

efficiency. To define the beat class, an acceptable classification model is 
provided the optimised feature set. This research is focusing specifically only 

on pre-processing and peak identification. The traditional QRS detection 

technique involves three stages such as filtering, peak detection, and 

thresholding. Filtering eliminates artefacts in pre-processing time. Different 
transformation strategies are used in stage 2 to produce the function signal 

from the filter bank, for which the frequency of the QRS is calculated using 

such specialisations method.Finally, statement-based guidelines are used at 
the post-processing level to reduce unwanted peaks. In the case of distorted 

ECG data, the surprisingly strong efficiency of these algorithms is not fully 

beneficial. R-peak identification in this study is done with adaptive S-

transformformation method. With MIT-BIH arrhythmia data [21], the results 
of the proposed research were compared with many other techniques 

reported in studies. 
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3  Proposed Adaptive S-transform 
 

Figure 3 explicitly explains the different measures relevant to the 

proposed QRS methodology for the identification of R peaks. Four distinct 

phases, such as filtering, R-peak detection, true R-peak position recognition 
and parameter estimation, will handle the ECG signals. The step-step 

procedure of Figure 3 is explained as follows: 

 

3.1 Filtering  
 

Most ECG signals comprise of different forms of noises such as base line 

drift, power line disturbance, muscle activity, movement indications etc. 
Different alternatives of filtering and noise suppressions were used to 

provide a clean ECG signal [22-28]. The base line wandering is a low-

frequency noise which occurs at < 0.5 Hz. To eliminate the baseline drift, the 
median filter window size of 180 ms, is chosen. The size of the window 

differs based on the signal's noise level. For present point calculation, the 

median philtre typically relies on both past and potential values. Unique 

functions are given by the adaptive median philtre, which extracts high-level 
Gaussian noise, smoothes the other noises and reduces noise at 60Hz. The 

function H(z) of the noise filtering method is obtained by 

   

 

1
,

2

1
1 ,

2 2 2

N
x N is odd

M
N N

x x N is even

 

                              

(1) 

In addition, via a band-pass philtre, the existence of 60 Hz power line 

distortion, T-wave distortion and muscle noise are nullified by moving the 

signal. The band pass frequency of 5-15 Hz is designed by cascading the 
low-pass and high-pass filterswhich improves the energy of the QRS 

complex. The ECG signal plot of record number 100 pre and post filtering is 

seen in Figures 4 (a) and 4(b). 
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Figure 3: Proposed QRS detection algorithm 

 

3.2 R-Peak Detection 
 

By differentiate the novel approaches that provide precise location of R-

peaks after filtering; the R-peak monitoring can be achieved. Based on the 

short time Fourier transform (STFT) and the continuous wavelet transform 
(CWT) [29], the S-transform is extracted. 

ECG: R-peak detection algorithm 

 

3.2.1 S-Transformation model  
 

The S-transform of a continuous time series signal x(t) is given by 

 
2( , ) ( ) ( , ) exp i fS f x t G t f dt

 

(2) 

Here the window function is taken as a Gaussian function given by 

 

2
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2

2G(t, ) exp , 0
2

f t

k
f

f k
k  

(3) 

Where, f represents frequency, G represents the Gaussian function, k is the 

scaling factor, and the variables „T‟ and „ represents time. The Fourier 

transformation of the Gaussian equation is indeed a Gaussian. Therefore, it 

can be rewritten as 

Adaptive Median 

Filter 

FIR LPF 

FIR HPF 

Input ECG 

R-peak detection Using adaptive Stock-well 
transform 

Peak detection procedure and True peak locator 
within ±2 samples 

Detected R-peaks 
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2 2

2

2

2( , ) ( f) exp exp ifS f x d

 

(4) 

 

3.2.2 Modified S-Transformation Model 
 

The adaptive S-transformation is obtained from the modified S-transform 

(MST) technique [30]. The MST is like S-transform which additionally 
consists of two positive constants. The MST of a continuous time signal x(t) 

is presented by 

 

2

2

( )

22 ( )1
(t, ) ( ) exp exp

( ) 2

t

i ffMST f x d
f  

(5) 

 

Where σ(f) represents the standard deviation of the Gaussian window given 

by 
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The standard deviation for a modified gaussian window can be taken as 

 

                                      

( )
k

f
p q f

 

(7) 

Where p and q are the positive constants, and k≤ . 

 

3.2.3 Adaptive S-Transform Model 
 

Adaptive S-transform is derived from the modified s-transfrom model. 
The AST of a continuous time signal x(t) is given by 

 
2(t, ) ( ) ( ) ( , ) exp i fAST f N x G t f dt£

 

(8) 
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         (9) 

Where  represents normalized function.   separates the signal from 

noise and improves the signal energy. Therefore, the Gaussian function of the 

AST can be written as 

 
2 2 2( ) /2 )

( , ) ( ) exp , 0
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p q f t kp q f
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Therefore, the AST of a Gaussian window can be represented as 

 
2 2 2 2(2 m k )/(p q ) 2AST( , ) ( ) ( ) exp exp d

f if N X f£

 

(11) 

Then, the discrete form of AST signalcan be obtained as 

 
2 2 2 2

1
(2 m k )/(p q ) (2 / )

0

S(j,n) ( ) (m ) exp exp
N

f i mj N

m

N X n£
 

(12) 

Finally, the DFT of x(k) is shifted by„n‟ to get X [m + n].  Therefore, X[m] 

being given by 

 

1
(2 mk/N)

0

1
[ ] ( ) (k) exp

N
j

k

X m N x
N

£
 

    

(13) 

Further AST of signal x(t) and noise n(t) is given by 

 ( ) (x(t) ( )) ( ) ( ( )) ( ) (n( ))N S n t N S x t N S t£ £ £          (14) 

The above equation clearly explains about removal of noise and original 
signal with normalized function. 

 

3.3 Detection and Correction of True ‘R’ Peaks 
  

After obtaining the QRS complex locations, the threshold based on the 

amplitude of the signal is applied for detecting the peaks. Then, to locate true 

R-peak positions, the detected peaks are further processed. The maximum 
peak location inside the ±25ms window s validated in the ground-truth 

annotation file for the window position of the same length. 

 

4  Evaluation Measures  
 

There are various measures used to evaluate the performance of ECG 
peak detection algorithms and a classifier. To test the efficiency of the 

proposed algorithm, three measures were considered such as,  

1. Recall (Sensitivity (SN): Measures the rate of correctly classified 
peaks among all peak points. It is basically the ratio of truly positive samples 

to the actual positive samples. The value of „1‟ specifies the best specificity 

value and „0‟ indicates the worst case. 

 
TP

SN
Tp FN  

    
(15) 

2. Precision (Positive Predictivity (PP)): Precision computes the 

number of positive predicted samples which are most significant. It can be 
defined as the ratio of true positive samples to the total number of positive 

samples. The value of „1‟ specifies the best specificity value and „0‟ indicates 

the worst case. 
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TP

PP
Tp FP  

    

(16) 

3.   Failed detection Rate (FDR): It is the ratio of total number of false 
positives and false negatives to true positive samples. 

 
FP FN

FDR
TP  

    

(17) 

 

5  Results and Discussions 
 

The proposed adaptive S-transformation technique is evaluated on the 

MIT-BIH arrhythmia database. This database includes 48 ECG records of 
two channels taken for 30-minute duration, that are sampled at 360 Hz 

frequencies. In this research work, a total of 48 recordswere considered for 

evaluation.  

In the simulation study, the normal sinus rhythm of record 100 is taken, 
which is shown in Figure 4. The Figure 4(a) represents the 69-year old man 

original ECG record. The noise-free signal is represented as a filtered output 

which is show in Figure 4(b).  The filtered signal is transformed through the 
adaptive S-transform technique to detect the true R-peaks present in the 

signal. The detected „R‟ peaks are clearly depicted in Figure 4(c). 

 

 
Figure 4(a) Record 100 ECG signal segment 
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Figure 4(b) Filtered outputof record 100 

 

 
Figure 4(c) Detected R-peaks 

Figure 4 Detected R-peaks for a record 100 

 
Table 2 tabulates the simulation results obtained with adaptive S-

transform approach. The 48-records of entire duration from MIT-BIH 

arrhythmia database are used for testing. The overall sensitivity and positive 

predictivity are 99.93% and 99.94%, respectively, for all the annotated beats 
and a failed detection rate of 0.145%. 
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Table 2 Experimental evaluation of adaptive S-transform based R-peak detection 

algorithm for MIT/BIH database 

Record 

No 

Total 

Beats 

TP FP FN Sensitivity 

(%) 

Positive 

Predictivity 

(%) 

Failed 

detection 

rate (%) 

100 2273 2273 0 0 100 100 0 

101 1865 1865 4 0 100 99.79 0.21 

102 2187 2187 0 0 100 100 0 

103 2084 2084 0 0 100 100 0 

104 2229 2228 3 1 99.96 99.87 0.18 

105 2572 2567 0 7 99.73 100.00 0.27 

106 2027 2027 2 0 100 99.90 0.10 

107 2137 2135 3 2 99.91 99.85 0.23 

108 1763 1754 6 9 99.49 99.65 0.86 

109 2532 2532 0 0 100 100 0 

111 2124 2123 1 1 99.95 99.95 0.09 

112 2539 2539 0 0 100 100 0 

113 1795 1795 0 0 100 100 0 

114 1879 1879 0 0 100 100 0 

115 1953 1953 0 0 100 100 0 

116 2412 2405 9 7 99.71 99.63 0.67 

117 1535 1535 0 0 100 100 0 

118 2278 2278 0 0 100 100 0 

119 1987 1987 1 0 100 99.95 0.05 

121 1863 1861 3 0 100.00 99.83 0.16 

122 2476 2476 0 0 100 100 0 

123 1518 1518 1 0 100 99.93 0.07 

124 1619 1615 0 4 99.75 100 0.25 

200 2601 2598 0 3 99.88 100 0.12 

201 1963 1955 0 8 99.59 100 0.41 

202 2136 2135 0 1 99.95 100 0.05 

203 2980 2968 9 12 99.60 99.70 0.71 

205 2656 2653 0 3 99.89 100 0.11 

207 1860 1859 3 1 99.95 99.84 0.22 

208 2960 2958 3 2 99.93 99.90 0.17 

209 3007 3006 2 1 99.97 99.93 0.10 

210 2650 2645 3 5 99.81 99.89 0.30 

212 2748 2748 0 0 100 100 0 

213 3251 3251 0 0 100 100 0 

214 2262 2258 0 4 99.82 100 0.18 

215 3363 3361 1 2 99.94 99.97 0.09 

217 2208 2205 0 3 99.86 100 0.14 

219 2154 2154 2 0 100 99.91 0.09 

220 2048 2048 0 0 100 100 0 
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221 2427 2427 0 0 100 100 0 

222 2483 2470 2 13 99.48 99.92 0.61 

223 2605 2600 0 5 99.81 100 0.19 

228 2053 2052 4 1 99.95 99.81 0.24 

230 2256 2256 1 0 100 99.95 0.044326 

231 1886 1571 0 0 100 100 0 

232 1780 1780 0 0 100 100 0 

233 3079 3079 0 0 100 100 0 

234 2753 2753 0 0 100 100 0 

Total 109816 109406 63 95 99.93 99.94 0.145 

Table 3 describes the comparison of proposed AST method with some 
existing methods. The AST method gives better performance in terms of 

sensitivity and positive predictivity compared to other. AST method achieves 

the sensitivity of 99.93% and positive predictivity of 99.94%. The 
comparison plot of different algorithms with the adaptive S-transform 

approach is shown in Figure 5.  

 
Table 3 Comparison of Proposed AST with some existed algorithms 

Sl. 
No. 

Method  Sensitivity 
(%) 

Predictively 
(%) 

1 Pan-Tompkins [5] 99.54 99.75 

2 Hilbert transform [6] 99.94 99.92 

3 Curve-length transform [11] 99.86 99.84 

4 S-transform [3] 99.84 99.89 

5 Symlet6  99.67 99.92 

6 AST proposed 99.954 99.935 

 

 
Figure 5 Comparision of proposed AST with existed methods 
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Figure 5 shows the comparison of various exixting methods with 

proposed adaptive s-transform method. The adaptive s-transform technique 

exhibits similar performance with pan-tompkins method in terms of 
sensitivity and provides better statistical performance positive predictivity. 

Compared with the remaining methods specified AST technique shows better 

performance.  

The exact position of the R-peaks is correctly determined in an ECG 
segmentbased on the search back interval. Lower values of search back range 

can detect the true QRS complex more accurately. Table 4 shows the search 

back intervals for various algorithms. 
 

Table 4 Comparison of search back interval for various techniques 
Technique R-peak detection  Rule Search back range 

Curve-length 

Transform 

L(n) – M(n) > S(n) ±15 samples 

Hilbert transform  Based on R.M.S. of 
segment 

±10 samples 

S-transform 30% of the maximum peak ±10 samples 

AST proposed  30% of the maximum peak ±2 samples 

 

 
Figure 6 Comparitive plot of search back range for different methods 

 

Figure 6 shows the comparison of search back intervals among various 

techniques. The comparison is made among the three conventional and AST 

technique. The curve-length transform uses the search back interval of ±15 
samples, Hilbert and s-transform uses the same ±10 samples searchback 

range, while the AST uses ±2 samples as search back range. The lower the 

value of search back range the more accurately the algorithm can detect the 
true QRS complex. 
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6  Conclusion  
 

In this research work ECG R-peak detection is performed through AST 
method which is the enhancement of generalized S-transform. The 

recognition and localization of QRS entity is accurate and extremely perfect 

through the S-transform model. Firstly, the ECG waveform is focused to 
adaptive median filter and FIR LPF and HPF for the removal of noise. In the 

2
nd

phase, to locate the R-peaks in frequency as wella s time plane, an 

adaptive S-transformation with versatile Gaussian localized is used. Then, by 
establishing a threshold limit of 30 percent of the full value, the positions of 

real R-peaks are located. This proposed adaptive S-transform approach 

obtains the sensitivity of about 99.93%, positive predictivity of about 99.94% 

and a failed detection rate of 0.145% compared to other methods. Then the 
temporal and morphological features are extracted, and the classification will 

be done in future. 
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