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Abstract 

ECG signal analysis plays a vital role in the diagnosis of heart abnormities. The presence 

of noise can change the primitive characteristics of the ECG signal. The ECG signal gets 

affected by the powerline interference noise (PLI) during the time of signal acquisition. In this 

paper, digital quality factor (Q) varying notch IIR filter with a zero-phase filtering technique is 

proposed to remove the power line interference in the ECG signal. The correlation factor is 

estimated for its validation between the filtered ECG and raw ECG signal. The quality factor of 

digital IIR notch filter is tuned to achieve a better correlation coefficient and signal to noise 

ratio (SNR) of filtered ECG signal. The highest correlation factor unity is achieved at the quality 

factor of 1. The proposed technique is also tested and validated on the MIT-BIH database. 

1. Introduction 

ECG represents the electrical activity of the heart, shown in figure 1. A 

single cycle ECG represents the atrial and ventricle 

depolarization/repolarization successively, which occurs in every heartbeat 

[1]. The ECG is recorded from the surface of the skin using an electrode 

placed over it. The ECG is recorded for the purpose of detecting different 

types of abnormalities present in the heart [10]. The ECG is a non-invasive 

and most widely used technique for the diagnosis of heart diseases [2]. The 

ECG can be recorded in resting, moving and stress state situation. But for a 

better quality of the ECG signal, it is recorded, when the subject is in a 

resting state with the supine condition [3]. In other situations like moving 

condition is recorded, when the subject performs the daily activities. In 
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resting state ECG recording gives better signal quality, which can be further 

used for detecting the arrhythmias [4]. 

The main issue in recording of the ECG is the addition of powerline 

interference (PLI) noise in the ECG signal [5]. Generally, the noise present in 

the ECG signal is due to powerline interference (PLI), whose frequency 

maybe 50 Hz or 60Hz depending upon the frequency of the power supply of 

the country [6]. Many methods have been proposed to denoise and enhance 

ECG signal quality and preserve its main characteristics. Most of the noise 

reduction techniques are based on digital filters, adaptive filtering, filter 

banks and wavelet transform [7]. Digital filter in signal processing systems 

introduces the transient state response at the initial response of the system, 

which introduces the delay at the output. The transient response time 

depends on the order of the filter, cutoff frequency and magnitude response of 

the filter. Generally, notch filters are suitable for reducing the power line 

interference at 50 Hz or 60Hz frequency. Notch filter provides unity gain at 

all frequencies except at notch frequency [6]. 

Notch filters are generally used to reject a particular frequency and 

accept the others. Notch filters are designed in such a way that, to attenuate 

the signal at a particular frequency and transmits the other frequencies with 

minimal losses. The designing of the notch filter may be a difficult task when 

a narrow band frequency needs to be suppressed, and immediate vicinity 

frequency needs to be maintained [8]. Generally, IIR filters are unstable, 

gives nonlinear phase response as compared to the FIR filters. But FIR filters 

are more stable and provide a linear phase response [9]. Typically a higher-

order FIR filter is required to achieve the better amplitude specifications. The 

higher order filter introduces more delay, which is not suitable for most of the 

real-time signal analysis. 

Many applications require the notch filter that can simultaneously 

process the magnitude response as well as the transient response for the 

short duration. Both magnitude response and transient response are 

contradictory to each other and difficult to tune simultaneously. The IIR 

notch filter can easily remove the PLI but introduces the delay in the ECG 

signal after passing through it. The introduced delay in the ECG may alter 

the characteristics of the signal [10-11]. The change in the characteristics of 

the ECG signal may lead to the wrong interpretation of the heart 
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abnormalities. 

 

Figure 1. Single-cycle ECG signal [2]. 

In this work, a second-order Q-varying notch IIR filter with a zero-phase 

filtering technique is presented for powerline interference noise cancellation. 

The variation of quality factor Q in the IIR filter was proposed in the earlier 

work, but that introduces the delay in the process. In this technique, a zero-

phase filtering technique will be combined with the notch filter to neglect the 

phase delay effect introduced by the IIR filter. First of all, a second-order IIR 

digital filter is designed with suitable quality factor for 50Hz frequency PLI 

noise removal. Then zero filtering techniques are combined with the notch 

filter to neglect the delay effect in ECG signal [8]. Here we have considered 

the standard ECG and a PLI noise at 50Hz frequency to verify the proposed 

technique performance. Finally, it is also validated on the MIT-BIH database. 

2. Methodology 

In this section, the method for digital Q varying notch filter for powerline 

interference noise removal is proposed. The proposed technique designed to 

remove powerline interference noise at 50Hz frequency. This technique 

consists of the second-order IIR notch filter with varying Q, zero-phase 

filtering technique, and calculation of cross correlation coefficient and signal 

to noise ratio (SNR) for validation of this technique 

A. Standard ECG signal with Powerline Interference 

The Standard ECG signal is generated from physionet, where we can 

tune the ECG components such as heartbeat, sampling frequency, and 

duration of all waves, which is shown in figure 2. The powerline interference 

(PLI) noise of 50 Hz frequency is generated and added to a standard ECG 

signal. The PLI noise at 50Hz frequency considered for this study assumed 
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that it is generated during the time of ECG recording. The contaminated 

ECG after addition of noises is shown in figure 3. 

 

Figure 2. Standard ECG signal. 

 

Figure 3. Standard ECG signal with power line interference noise (PLI) of 50 

Hz frequency. 

B. Notch Filters 

The response of an ideal digital IIR notch filter at notch frequency, 

presented in equation (1). 
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where f  and 0f  are the bandwidth (BW) and analog notch frequency of 

notch filter, respectively. The BW is the ratio of centre frequency and quality 

factor Q, shown in equation (3). 
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Many methods have been developed by the researcher to design the IIR 

notch filter. The simplest and useful way to design the notch filter is poles 

and zero placement methods. The poles and zero location of filter determine 

the characteristics of the filter and design procedure is based on the 

representation of transfer function in equation (4). 
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The transfer function of 2nd order IIR notch filter can be simplified and 

written in equation (5). 
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C. Zero-phase Filtering Technique 

A zero-phase filter is a non-causal particular case of linear phase filter, 

which has the zero phase slope. The impulse response of the zero-phase filter 

is even symmetric. The zero phase filter neither introduce any phase 

distortion nor any time delay in the signal. It uses time reversal property of 

DTFT to forward and then backwards the data in the time domain [9]. The 

zero phase filtering technique equation shown in (6) and block diagram 

shown below in Figure 4. 

 

Figure 4. Block diagram of the zero-phase filtering technique. 

Where  nX  is the input signal, and  nY  is the output signal. 

Time reversal property of DTFT 

If 

    jw
DTFT

Xenx   then    .jw
DTFT

eXnx   (6) 
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The zero phase filter first forward the data and then backwards the data 

in the time domain to neglect the effect of delay in the signal. This technique 

can not apply for real-time application because it requires the entire input 

data sequence for processing. 

D. Correlation Factor and Signal to Noise Ratio (SNR) 

The correlation factor is estimated after removal of PLI noise from the 

standard ECG. The correlation factor shows the match between two functions 

relative to the displacement. The factor (k) is shown in equation (7). 
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Where W is input ECG and Y is output ECG after eliminating of PLI 

noise. The correlation factor ranges from 0 to 1. 

The Signal-to-Noise Ratio (SNR) determines the signal strength relative 

to the noise present in the signal. A higher value of SNR represents the 

better quality of the signal. It is generally measured in decibels (dB). 

Improved SNR after removal of noise from the ECG signal leads to better 

beat detection with reasonable accuracy. 

3. Results and Discussion 

The noisy ECG signal is generated by adding the standard ECG signal 

with a sinusoidal signal of 50 Hz frequency. The second-order digital IIR 

notch filter is used to remove the PLI noise of 50Hz frequency. The notch 

filters are designed in such a way that they reject the signal at a particular 

frequency and pass the rest. The quality factor Q, plays a significant role in 

developing the filter. The suitable selection of Q in the filter determines the 

transient phase response of the filter. The zero phase delay technique has 

been used in this filter to eliminate the delay introduced by the IIR Notch 

filter. First of all, the noisy ECG signal is passed through the second-order 

IIR notch filter to remove the PLI noise at 50 Hz frequency. Then the phase 

delay of the signal is removed by using a zero-phase filtering technique. For 

validation of this technique, the correlation coefficient is calculated between 

the standard ECG signal and the filtered ECG signal. In this technique, 

correlation coefficients are computed for suitable Q value, and parameter 

SNR is also calculated for further validation of this technique. 
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In this study, we have considered standard second-order IIR notch filter, 

which introduces the delay in ECG but the output of zero-phase filter 

overcome the delay issue in the signal. In addition to the graphical results, 

the correlation coefficients and SNR of output ECG signal are calculated for 

varying quality factor Q, from 1 to 4 for IIR notch filter. The quality factor Q 

for this analysis is varying with interval of 0.5. 

Table 1. Performance of the implemented technique evaluated on the basis of 

correlation coefficients and SNR. 

S. No. Quality factor(Q) Correlation 

Coefficient 

Signal to Noise 

Ratio(SNR)(dB) 

1 1.0 0.9999 30.642 

2 1.5 1.0000 30.687 

3 2.0 1.0000 30.702 

4 2.5 1.0000 30.708 

5 3.0 1.0000 30.712 

6 3.5 0.9999 30.714 

7 4.0 0.9999 30.716 

Table 1 shows that the IIR notch filter with Q ranging from 1.5 to 3.0 

shows the best results in terms of correlation coefficients, but SNR is not 

remaining constant. This is due to the presence of a transient response in the 

ECG signal. The quality factor 3 is giving good SNR and the best correlation 

coefficient in this study. This technique is also applied on MIT-BIH 

arrhythmia database, which contains the power line interference noise at 

60Hz frequency for further validity. 
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Figure 4. MIT-BIH arrhythmia database, ECG signal record 100m and 

filtered ECG signal. 

The proposed method is applied on MIT-BIH arrhythmia database for 

validation and gives the results in acceptable range. Figure 4 shows the 

filtered output response of ECG record 100m of arrhythmia database. 

4. Conclusion 

The power line interference noise degrades the quality of the ECG signal. 

It also creates the problem in feature extraction of the ECG signal. The 

removal of power line interference noise in the ECG signal becomes very 

crucial in the preprocessing stage of the ECG signal. In this paper, 2nd order 

IIR filter is used with zero phase filtering technique. The filtered ECG signal 

is obtained after filtering the ECG at 50 Hz frequency. The Q of the notch 

filter is also tuned from the 1 to 4 to achieve better results. Further, to 

validate this method. The correlation coefficient is calculated between the 

standard ECG signal and the filtered ECG signal. It is also tested on MIT-

BIH arrhythmia database. The simulated result shows that the proposed 

method can effectively remove the power line interference noise at both 50Hz 

and 60Hz frequency without degrading the quality of the ECG signal. 
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