
07,07,

(slE4tut prr? Jureuns)
'L'Ie^o(uelrez

(sler1rur pw aureums)

'A'iI qcruorSo
(sp4rur puu arueurns)

'A'I^l Aou€Iuou

Suueeur8ue pcrJlcele
orper ruelsf sorcFu Jo serSolour{Jel }ue8rllo}ul

(uollezrlerceds) ru€r8ord Ieuorpcnpg

(,{llerceds eqlJo eureu pup opoc)

Euueeur8ue orp€r pu" suorl€crun(uuoceleJ Z4I selll€Iceds

IAI6I g Id dnorS oes.rnoc-g- 
luopnls :pelelduroS

wry
7'/

Jeaer^eu

peeH

s8urprocer CJg roJ srurllrro8lv

uorsserddns ecuoJeJJelur

crdol uo
eur lrervrod 3 o uorleSrlse^ul

(eer8ep uorlecnpo roq8rq)

rels€IAJ

(ryom) lcefo.rd euroydrp eql ot

olou froluuuldxE

( lueu4rudep eqlgo eureu 1pg )

,(Eolouqcel uolprruoJur cruo4celg

(,{1lnceJ'etnlr6ul Jo eueu 1nJ )

suorlecrunuuoceloJ pu€ scruoJlceleorp€U Jo,$pceg

,,Bl\z\4ro dvz Jo c IuqJ oilIo d L f11 s.ra,ilurl IBu OIIBN
IINIVf,XII CO IIJNIIIJS CINV NOIJVCN(g dO AUJSINII^I

tz q|f urod



ul ,l.1eJes pue qtleeq leuorledncco "j

i

oslou ptlS sse.rddns ol srellg glo lueudole^ep .uorleurunle rrerll roJ surq},roEl€ pue spo* surerEorp;ecor1celeJo sleu8rs eqt q esrouJo sed,(1

lueplls e {e (+om) peford ? Jo uorssruqns roJ eurlp€ ee .Z

,, SI ,, ruo+ uorlecnpe teq8rq Jo uorlnlrlsur orn

{r9^ Jo uorlecgrlsnf crwouocg

(pedole,rep eq ol senssr Jo

ggt "If rceK-g7 gZ

Jo repro oql ,{q pe

cgrluercs,clru.,(uo4ed
'-.rossegoJd eprcossv

'otueu 'eureurns)
(e11r1cnuepece,

'CI'qd qc,{,rorol1r^ ueq^e^ qcfueJ8g 
- 

(sporvr) re8eueul

s?ulproceJ CJA roJ srur{lrro8p uorsserddns
eurl;errrod go uorleSrlse^ul

(eu€N llnc)
qclr^orlelrn o1rcq1,(ry Aouetuo5

rNflaors flHr f,o (xuor0 rJflfoud sryoo\.uc flHr uod
XSYJ,

mef 2972/<<-Jv >,

ZEII Jo rosseJord e]srcossv .c.rld
'W'C ollqs luerugeda(Jo pBoH

[AOUddv I
(uoquaprceds) ure:8o:d puorlecnpo or{lJo aureu eq1)

EuuaeurEue lecr4cole orpe'r ure1s,{sorcrruJo ser8olouqcel 1ue8r11e1u1 (UOlpZflef3edS) Ufgf3Ofd
_ (euuu pue epoc)

<<3ul.reeul3ue olpe.r pue suolleclunrutuocele I> ZLI- ,tqey

- 
rels?I4[ uortecnpe req8rqgo ea

_- 
sueeru cruoJlcele3:o ser8olouqcel uorlerrrJoJul +

s uo rl€c r un..'.,'o c e I er pue s c ru o4r. I g ; Ipfi I " oi." ;""-:1,e1 nceg
Suueeur8ug olp€U pue sclpruJoJuJJo elnlrlsuJ

-(uorlucnpe 
.raq8rq ;o uorln1r1su1 eql Jo e1ugu I I ry)

ueulzrlzl. to dv 7 J o r r u q r el,t1 o a, j,tll si e ir un I E u oll BN
IINI\.f,XN CO ACNTIIJS ANV NOIJVCNQS CO AUJSINtrT

sz ilf uuod



(slerlrur pue oureurns)

'A'fl qrluartg 

-
(srelrlul puueueurns) f-ffi

A.tr^tr 
^ou8ruodt__=-_m

JaEBuBru lco[oJd

luopnls

Blep Surtuoclno Jo srsfleuv

sercuaS;eule ur fleJes pue r{Ueeq leuorleclncco

fcuercgge cruouoceJo uorl€lncleJ

srollgJo uorluJedo eql EurlseJ

lelorueJ esrou pue sJellg Jo lueurdolerreq

$lselJo uorlnlos pue luerudole^ep Jo plelJ eqlJo ./y\erleg

elep Sulruocur Jo srsfleue

(spotr) lcofoJd
euroldrp eqlJo se8e1s oqlJo erueu eqJ

NYfd UY(INflfYJ

'r€e^ 0z0zreqolco9I,, Iffi}er{lJo OcuBnssrJo ersol

(s1.rom) sluellnsuoc uorlces lra

(sepr1s67) uor

'A'A 
^eslluD[€I

I 'N o{uerlc^e'I

lusllnsuoc
uorlrsod pue slsrlrw 'ouleurng

(sSurme.rp f.ro1e84qoJo uorlecrpur ]cexe qll^\) I€rreletu crqder8Jo



0z0z

(urrerfirur a, elnuaerdu)

'U'l esoqHeuee rHo0Hefred
(HrsrnrHr er enxsordr)

'g '3 hilHedJO unHsrdex
(r.rr,zthrn el elnuacrdl)

g 'ru soHehtod

vrxrHxer .[oHhr4 drx erf eortr?d
r.oHr reJcn codxrw r.rJ orf oHxer rHirrrufJxe rrerHl

(rrfreelrerfieuc) Br^redJodr rHusco

(lrJoHsIIetnauJ runea,{xaw4eu r ror)
eyruxe.r,orYed eJ, rrfiexlH,(woxereg T, L I IJc o:rrslruI[te ttC

1416 I g Id r4ufdr'.&d,(x-9- (eu)ilrev,ftc :s€Hoxt4g

I UBHJ r4c r{rruo u n edlotude)todrxeue

s |Xedewodl)eue {uur(m BHHeusBUou
AI^IOI €H

sI trJ-r4dolue BH Hexur ucof
(uJrsco ro|rlua snru,{J.)

drcrretr41

(rErogod) ,,{rxeodu oroHr rorunV otr

BXCrrBr UHqIfBg(HHJEOII

( ndvetpux ruuea.{Henluu eueou)

sr goces xnnn odr>reffo r.rJorroHxer, ur{rllelrdotpul

(.4lorrr,fueQ'dl,,fulr.r.csr ruuuafuelrgeu ouaou)

4thex r uAw olouer er tax I H odrleueotUed rerc uf)e4

<<ElrrHxerrrf orr Buqfl dollu€>> reruc desrHr( BuHqrgHornBH
I4H.I.VdXA II)IAYH I MtIgJO OgJCdEJJIHtr^i

p7 qtr1unrdo6



(sHercedx xuso>I€tr(sogo wrHHeheHe€a wr4Hhor e) ,ftrerderelr oronnrQedr xuredal;

XKINEAJI4C XVIHUEhussVeH s €>Ierseg er r[redu enodoxg 1
urogodKrHesr(rHr(drgo eur, lltouox 3 |

rxedelrodryere rftrf m n+reruru gl
'rrcosrrcers'reHrt4c Qedroryde>rodrxera {

-ArJorroHxer 

xuurrvYeworg BJJKHoU i
(Iarugodood ongrdrotr txr 'qHBrHil xrredeu) I4xcrarr€o J.oHrrresorHcrou-osoxn.(xedsod rcr_-lrgi

,ftirr(m rnnerseYou wV ardryrrQ eugodeod'rnnen{cr( xI u}trzdolre eJ I{f
ltedror Vdexodrxere x€rrBHJH c s srrrr(m krrr4l-(urogod) flueodu oV rHeV rHm

(urogod) ,{.rxeodu lrorseV,(rc nrseVou xodr
-0gt"N,ftod-67-g7 rHraox-< g1-> vra nrrsco r.olrns ,(trerxee wore)€H r

(rnueae eHehs
guaoxfeu 'raoxsreg ou otr,wl .elnIaaerdu 

)
rsefio[ H'r'x r'nsodorxrg HeJs3 nunedro 

-(rarogod) 
rfu>reodu

IITBHJIIO T(wo slwdro tYdexodrue re s rxedenrodrxere rfirrtm rnnerraerou
srr{rudorre rnseNvurconnrogod),(rxeodu sx{ (reoxsreg ou .r.wr .elnnaerdu)

hnso4ufBJrg orr4Bxr4JAJ sOH?r rod

OaDvrnsV,trc Ctrosoa) rxeoau Urr,rHllrorrrrprY vH
B H H Y Y fl Y T

I\\>IOOAZ/Q( --Z I << 
_S ? )

-ssrr 
udVeQex rselto['H.r.x

'IN'J ornm- ndroQe>r ueaf,frweg4P
OIA}I(YdflgIYT

(Irtt€€rrur|loxc) r.rnefuodu rosulraco eaeen)

lrxrHxer.roHhr.rdr.nereorvedr.oxlre.r.cucodvrnr.rrouoHxorursrm,{lverelnr (cthegtuelheuc) ewedJodu
. (ruxea,fuar![pH I Vox)

(GxrHxerorVederrrfiexulft,noxetrel) ZLI s,Lcr
drcrrel4i- r4u sc o .rohus

srgoceo xunnodruerre r.rJorronxer mgrlewdotpul a
4 rlte>r urf ruoxe rreJ er uxr u odrxere orved rersr,(xe q 

-rersrfxe 
Q .r

IdxrHxerorYed et nxureltdoQnl r,(rzrurl
(urraco golnru ,(yel,ueg rnnea,ftrelt4en enaou)

(axrHxarrrorr Bv<rordouug> rerlrcdasrHf 4nnrrunolrrull
I4H.I.VOIA I{XA\/H I I4,IISSO OgJSdiilCIHII^I

gg op undoqr



(urernrHr er olnnstld[)
'g'g hnHad:o 

-
(t,tlernrHr ur emrsetdu)

'g'I I soHBI lod

(nrogod) rfu>reodn vrusldell

(ex)rneVfr3

HYITII III4HdYtrHflITYU

'Arod-OZ0z-cHrsox- (-91-> BHHeUsee lheUhe eq

(urogod),(rveodu slIrtVeod HJHBriIr.

rDwrLzXI4HHBV XI,IHVIXHS TIITEHV

lrHelo(I4r Ixrrfie,(ruc xr4Hgehr,ra€Vus ,( ?>tex€eg er tltedu enodoxg

*nlilaar 1rJcoHsr,rrvetpe r.ounutouoxe xon,(xedeo6

m(I{r€ardrsrrtp urogod runea,fu ce1T

trDIO4rt,{w,(m rHerueYra er ardrsrrtp eugodeo4

EDI{JIJZsHeVsBe BsoH€rcoil r uxgodeod Ircelrgo Vnrrg

trDrc{IzXI4HHBV xHHYrxs €III"HV

ounufu
( r4ro9oo )

,fuvgodu slrrero
BHHEHotaa xodtp

(rarogod) ,{rveodl
oJoHrroIIIIuv allI€re eamH

l-r
t

'[/\l'H o)HehEeu
'g'3 hr4HeOJO

EIHEIqIIACHOY

eVucol et fiL'ethtHr 'eIrIIl{€IdlI

(arVgercgd-4rl



 

   
 

PROJECT OVERVIEW  

 

Project: 84 p., 24 fig., 15 tab., 2 ref. 

The main point of this project is to implement various algorithms to detect 

and remove powerline interference noise in ECG signals. We will use both linear 

time-invariant (LTI) filters (notch filters) and adaptive (LMS and/or RLS) 

algorithms. After the implementation, the comparison between the tested method 

will be performed based on several parameters like mean squared error (MSE) and 

segmentation ability of the relevant waveforms in the ECG. 

Chapter 1 is the preface to the rest of the thesis. It comprises of a brief 

introduction to ECG denoising. 

Chapter 2 explains the basics of electrocardiogram, the generation of the heart 

beat and the morphology of the ECG waveform. Artifacts that commonly appear in 

the ECG signal during acquisition are elaborately discussed.  

Chapter 3 explains how ECG measurements may be corrupted by many sorts 

of noise. We will stop at the Power line interference noise and take it apart. 

Chapter 4 Linian filter (notch filter) Non linian filter All the algorithms which 

are implemented in this thesis for ECG enhancement purpose are described here. For 

denoising purpose, the window based notch FIR filtering. 

Chapter 5 This chapter will start with a brief presentation of signal processing 

methods and then the main focus will be the Adaptive Signal processing technique, 

based on LMS algorithm. 

Chapter 6 This chapter will discuss a set of conclusions related to the evaluation 
and analysis of ECG denoising based on adaptive signal Processing technique. 

Chapter 7 Also, some future work is presented that may enhance and increase 
the work developed. 

 
 

ELECTROCARDIOGRAM, SIGNAL, FILTERING, POWERLINE 

INTERFERENCE, NOTCH , LMS ALGORITHM, NOISE 
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ABSTRACT 

 

1. Description  

 

Biomedical signals are produced by physiological activities in the organism. 

All living organisms, from gene and protein sequences to neural and cardiac 

rhythms, are capable to producing signals. These signals can be observed or 

monitored to realize some aspects of a particular physiologic system. In medical 

assistance, the cardiac signal, ECG, is the more common signal used by doctors to 

evaluate heart anomalies. The ECG is a representation of the heart electrical activity 

in time, which is highly used to detect heart disorders. According to the most recent 

statistics, reported by the World Health organization, cardiovascular diseases remain 

the main specific cause of mortality in any region of the world[2]. Several studies 

demonstrate the importance of reducing the time delay to treatment for improving 

the clinical outcome of the patients in case of acute coronary syndromes[14]. Some 

of the most common cardiac problems are myocardial infarction (heart attack), 

ventricular tachycardia, ventricular fibrillation or atrial fibrillation, where the early 

detection of the first symptoms occurrence is significantly crucial to decrease the 

mortality rate and admission time in a hospital or medical centres. These are 

sufficient reasons for considering the ECG signal as a relevant signal to be monitored 

by portable systems. 

The ECG signal is a low amplitude voltage signal, and due to the amount of 

noise sources that can destroy it, the ECG signal recording should take this problem 

into account. ECG noises sources are many; the most common noises arise from 

instrumentation, interference of power lines and biological systems nearby the heart. 

Organic systems like the heart are complex, and they are always affected by other 

organic systems or subsystems in their surrounding. Therefore, heart signals usually 

contain signals of other parts of the human body, e.g. electromyography (EMG) 

signals. Removing unwanted signal components from ECG signal can improve the 
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interpretation of the signal. Hence, signal processing is present in a vast number of 

ECG systems for noise reduction.  

A fundamental method for noise cancelation analyzes the signal spectra and 

suppresses undesired frequency components. The problem is that noise can overlap 

the entire signal, and in these cases the classical methods for signal denoising are 

not adequate. To this difficulty new methods based on advanced signal processing 

techniques such as Adaptive Signal Processing have been developed. It should be 

taken into account that adaptive signal processing methods can perform some tuning 

in their filtering parameters in such a way that their performance will improve. These 

filters are defined as a self-designing system that relies on a recursive algorithm for 

its operation. This algorithm allows the filter to provide good accuracy for signals 

even when relevant signals statistics are not available.  

One of the first algorithms used in adaptive signal processing was the Least 

Mean Squares (LMS) method developed by Widrow and Hoff in 1959 [18]. 

Nowadays this algorithm, which has many users is widely used due to its robustness 

and simplicity. 

 

2. Methodology 

 

This work implements different algorithms for removing powerline 

interference in ECG recordings using Matlab. On the first stage, we will download 

the ECG signals from PhysioNet (https://www.physionet.org/). PhysioNet is a 

repository of freely-available medical research data, managed by the MIT 

Laboratory for Computational Physiology[24]. We will select some clean ECG 

signals, like signal 118 from the MIT-BIH Arrhythmia Database (mitdb), and we 

will added powerline interference noise. As a basic noise removal method, we will 

first design a notch filter trying to optimize the design parameters. On the second 

stage, we will implement the estimation-substraction method and/or an adaptive 

filtering approach, comparing its performance with respect to the standard LTI 

filtering approach. 

https://www.physionet.org/
http://lcp.mit.edu/
http://lcp.mit.edu/
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2. Tasks 

 

The main Tasks witch we  have done: 

- download the clean ECG signals from PhysioNet and generate the synthetic 

powerline interference signals. 

- design a notch filter (both FIR and IIR will be considered) with optimal 

specifications. 

- program the Estimation-Subtraction method and/or adaptive filtering 

algorithms. 

- compare the performance of the different algorithms in terms of MSE and 

other performance metrics. 

 

4. Materials to be used 

 

The following in materials have been used in this project:  

- software: Windows 10 Enterprise x64 (1703 build 15063), MATLAB  

R2019b; 

- hardware: Apple MacBook Pro 13 A1502. 
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1 INTRODACTION 
 

 1.1 Objectives  

 

 The main point of this project is to implement various algorithms to detect 

and remove powerline interference noise in ECG signals. We will use both linear 

time-invariant (LTI) filters (notch filters) and adaptive (LMS and/or RLS) 

algorithms. After the implementation, the comparison between the tested method 

will be performed based on several parameters like mean squared error (MSE) and 

segmentation ability of the relevant waveforms in the ECG. 

 

1.2 Description 

 

ECG (Electrocardiogram) signals are the most commonly known, recognized 

and used biomedical signals for medical examination of the heart. The ECG signal 

is very sensitive in nature, and even if small noise is mixed with the original signal, 

the various characteristics of the signal change. Data corrupted with noise must 

either be filtered or discarded. Therefore, filtering is an important  issue  for  design  

consideration of  real  time  heart  monitoring  systems. 

A major problem in the recording of electrocardiograms is that the 

measurement signal is degraded by additive 50- or 60 Hz power line (AC) 

interference. In my project, it is 50 Hz, as this is the standard frequency in Spain and 

Europe. This AC noise is caused by improper grounding and interference from other 

electronic equipment. 

Such narrowband noise renders the analysis and interpretation of the ECG 

more difficult, as the delineation of low-amplitude waveforms becomes unreliable 

and spurious waveforms may be introduced. Although various precautions can be 

taken to reduce the effect of powerline interference, for example,selecting a 

recording location with few surrounding electrical devices or appropriately shielding 

and grounding the location, it may still be necessary to perform signal processing to 
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remove such interference. Several techniques have been presented for this purpose, 

ranging from straightforward LTI notch filtering to more advanced techniques that 

handle variations in the amount of powerline interference like adaptive filters: 

Notch filter: This filter causes only minimal distortions of the power spectra 

and thus permits us to filter high-resolution ECG's without any appreciable changes 

in the frequency distribution of the original signal. Since the filter is based on an 

integer coefficient filter technique, the calculation time is relatively short and the 

programming effort comparatively low. Kumaravel N et.al. suggested this power 

line interference removal technique to enhance the signal characteristics for 

diagnosis[20]. They studies the performances of the linear FIR filter, Wave digital 

filter (WDF) and adaptive filter for the power-line frequency variations from 48.5 to 

51.5 Hz in steps of 0.5 Hz. 

The method of Estimation-substraction: Another approach to the removal of 

powerline interference is to estimate the amplitude and phase of the interfering 

sinusoid in an isoelectric segment, followed by subtraction of the estimated sinusoid 

within the entire heartbeat. Since it is only of interest to estimate the properties of 

the interference, the isoelectric segment can be made even more "silent" by 

appropriate use of bandpass filtering centered around the powerline frequency. The 

position of this segment can be defined by the PQ interval.[3] 

Adaptive filtering method: This method uses a linear filter (IIR or FIR) plus 

some algorithm to update the coefficients of the filter, like the LMS (Least Means 

Squares) or the RLS (Recursive Least Squares) algorithms, to estimate the 

coefficients of the filter. The main features associated to the use of the LMS 

algorithm are its low computational complexity, the proof of convergence in a 

stationary environment, and its unbiased and stable behavior when implemented 

with finite precision arithmetic. 
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2 BIOMEDICAL SIGNALS 
 

2.1 Introduction 
 

This Chapter explains the basics of the electrocardiogram, the generation of 

the heart beat and the morphology of the ECG waveform. Artifacts that commonly 

appear in the ECG signal during acquisition are elaborately discussed. Different 

modes of lead placement and the MIT-BIH arrhythmia database are also described. 

 

2.2 Function of the heart 
 

The cardiac muscle is composed of two main cell types: cardiomyocytes, 

which generate electrical potentials during contraction, and cells specialized in the 

generation and conduction of the action potentials. At rest, cardiomyocytes are 

polarized with an electrical membrane potential of about - 90mV [4]. Excitation by 

an external stimulus can trigger a rapid reversal of the electrical potential of working 

myocardial cells (depolarization). Figure 2.1 shows the wiring diagram of the heart. 

Electrical impulses are generated in the Sino-Atrial (SA) node. As the SA node fi res, 

which cannot be seen in the ECG signal, electrical impulses travel through the right 

and left atrium. As a consequence, the two upper chambers of the heart contract. 

 

Figure 2.1 - The wiring diagram of the heart [5] 
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 In the ECG signal this process is represented as the P-Wave, shown in    

Figure 2.2 Next, the impulse travels to the atrio-ventricular (AV) node, which is 

placed above the ventricles. The AV-node is the only electrical connection between 

atrium and ventricle and here the propagation of the electric signal gets delayed. This 

is reflected in the PR-interval in Figure 2.2 Subsequently, the electrical impulse 

travels through both ventricles, leading to contraction as represented by the QRS 

complex in  

Figure 2.2 Since the muscle of both ventricles is bigger compared to the atria, the 

amplitude of the QRS complex is higher than the one of the P-wave. During 

relaxation of the muscle the ECG shows the ST segment and T wave in Figure 2.2. 

 

 

Figure 2.2 - Single ECG wave of a heart in normal sinus rhythm [11] 

 

The length and height of the various parts of the ECG wave give information 

about the condition of the patient's health [5]. 

For example, if the PR interval is very short, depolarization might have 

accidentally been initiated by a cell close to the AV node, or there is abnormally fast 

conduction from the atria to the ventricles. The length of the QT interval can be in 
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influenced by drugs which would lead to ventricular tachycardia, resulting in a 

higher than normal resting rate. 

 

2.3 Leads 
 

The electrical signal generated by the heart is detected by electrodes placed 

on the surface of the body. The ECG recorder compares the different electrical 

activities in the electrodes and creates a so-called lead. 

Today a standard ECG consists of 12 leads, each of them determined by the 

placement and orientation of the electrodes on the body. This is necessary because 

the heart is a 3 dimensional organ and therefore it has to be viewed from different 

angles in order to recreate the full signal. 

 

In Figure 2.3 the electrodes for a 12 lead ECG are spread as follows: 

- 2 on the arms (Sec 2.3.1); 

- 2 on the legs  (Sec 2.3.1); 

- 6 across the chest, forming the precordial leads (Sec. 2.3.2). 

 

Figure 2.3 - Placement of the electrodes for a 12 lead ECG [12] 
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- V1 is placed right of the sternum in the fourth intercostal space; 

- V2 is placed left of the sternum in the fourth intercostal space; 

- V3 is placed between V2 and V4; 

- V4 is placed in the fi fth intercostal space in the imaginary line that extends 

downward over the trunk from the midpoint of the clavicle; 

- V5 is placed between V4 and V6; 

- V6 is placed in the fi fth intercostal space in the line leading from the axilla 

down midway between ventral and dorsal surfaces of the body. 

The precordial leads view electrical forces moving anteriorly and posteriorly. 

These six leads view the heart in a horizontal plane: where V1 and V2 provide 

information about the right ventricle, V3 and V4 about the septum between the 

ventricles and V5 and V6 about the anterior and lateral walls of the left ventricle.[12] 

 

Figure 2.6 - Precordial Leads [12] 

 

 

2.4 Abnormalities of the ECG wave 
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When interpreting an ECG signal, each section and possible abnormalities 

provide information about the underlying physiological condition the patient. 

2.4.1 P-wave 

 

The most common abnormality of the P-wave is its change of shape as the 

heart rhythm changes. Additionally, the P-wave exhibits a sharp peak instead of the 

usual wave when the right atrium is enlarged. Conversely, an enlargement of the left 

atrium manifests in a broad and split P wave. 

 

2.4.2 QRS-complex  

 

When the depolarization has spread through the ventricles by an abnormally 

slow pathway the QRS-complex is widened. There are also other reasons for 

widening, like the Wolff Parkinson-White syndrome. An enlargement of either 

ventricle results in a higher QRS-complex due to the increased electrical activity. 

 

2.4.3 ST-segment  

 

The ST segment is normally at the same level as the segment between the T 

wave and the next P wave. In abnormal signals, the ST-segment may be depressed 

or elevated. The reason for an elevation is mainly an acute myocardial injury 

resulting from either an infarction or an inflammation of the fibrous sac surrounding 

the heart. Depression of the ST-segment is mostly a sign of ischaemia, i.e a 

restriction of blood flow to tissues or organs causing a shortage of oxygen and 

glucose. 

 

2.4.4 T-wave  

 

Although in some leads, like in aVR or in V1 and sometimes also in III and 

V2, the T-wave can be inverted, it can also be a sign of abnormalities like myocardial 



20 
 

 

infarction or ventricular enlargement. Another reason for T-wave deformation is the 

bundle branch block. This is caused by injury to the bundle branch, which forces the 

electrical impulse to use muscle fibres instead, resulting in a decceleration of the 

electrical movement and a deformation of the T wave. A bundle branch block can 

also be diagnosed when the QRS-complex is prolonged. 

 

2.5 Discussion 
 

Electrocardiography is the interpretation of electrical activity of the heart over 

a period of time, which produces a representation of ECG. The ECG is a crucial 

diagnostic tool in clinical practice. It is especially useful in diagnosing rhythm 

disturbances, changes in electrical conduction, and myocardial ischemia and 

infarction. In noninvasive electrocardiography, the signal is detected by electrodes 

attached to the outer surface of the skin and recorded by a device external to the 

body. The sections of this chapter describe the methods used for recording 

Electrocardiograms. The locals of electrodes and the respective signal associated to 

those locals. Then will be presented a brief exposition about the instrumentation used 

in ECG field. 
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3 NOISE 
 

3.1 Introduction 
 

Noise is present in almost all environments, and can be defined as an 

undesirable signal that interferes with the desired signal. A noise itself is a signal 

that can be generated from several sources, and takes different spectrum 

distributions. In fact, biomedical electrical signals, which are the scope of this work, 

are always polluted with some kind of noise. These interference signals include 

interferences from power supplies, motion artefacts due to patient movement, radio 

frequency interference, defibrillation pulses, pacemaker pulses, interferences from 

other monitoring equipment, etc. The big challenge of noise in biomedical signals is 

closely related with the amplitude of the desired signals with respect to the noise, 

i.e. the Signal-to-Noise Ratio (SNR). For instance, an ECG measurement gets 

challenging due to the presence of the large DC offset and various interference 

signals. This potential can be up to 300 mV for a typical electrode, which is several 

times larger than the ECG signal. Noise reduction is an important task to solve in 

biomedical signals and for this reason, the understanding of noise characteristics is 

the focus of the contents in this chapter. The chapter will start discussion noise 

properties and characteristics, as SNR and separability, followed by the most 

common noise sources associated to ECG. 

 

3.2 Noises in ECG 
 

ECG measurements may be corrupted by many sorts of noise. The ones of 

primary interest are:  

- Power line interference; 

- Electrode contact noise; 

- Motion artifacts; 
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- EMG noise; 

- Baseline Wander; 

- Chanel noise. 

 

3.2.1 Power line interference  

 

It consist of 50/60Hz pickup and harmonics. The interference is mainly caused 

by Electromagnetic interference by power line, Electromagnetic field (EMF) by the 

nearby machines, Stray effect of the alternating current fields due to loops in the 

cables, Improper grounding of patient or the ECG machine ,The electrical 

equipments induce 50 Hz signals in the input circuits of the ECG machine. Example, 

air conditioner, elevators and X-ray units which draw heavy power line current. [26] 

 

3.2.2 Electrode contact noise  

 

Electrode contact noise is caused by the loss of contact between the electrode 

and the skin, which effectively disconnects the measurement system from the 

subject. The noise is of duration 1s. [27] 

 

3.2.3 Motion artifacts  

 

Motion artifacts are transient base line changes caused by changes in the 

electrode-skin impedance with electrode motion. As this impedance changes, the 

ECG amplifier sees a different source impedance which forms a voltage divider with 

the amplifier input impedance therefore the amplifier input voltage depends upon 

the source impedance which changes as the electrode position changes[27]. 

 

3.2.4 EMG noise  
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The Electromyogram (EMG) noise is generated from electrical activity of the 

muscle. EMG consist of maximum frequency of 10 KHz. Sections of ECG may be 

interfered and corrupted by surface EMG which causes difficulties in data 

processing and analysis[26] 

 

3.2.5 Baseline Wander 

 

Baseline wander is a low-frequency noise component present in the ECG 

signal. This is mainly due to respiration, and body movement. Baseline wander have 

frequency greater than 1Hz. This low frequency noise, Baseline wander causes 

problem in detection and analysis of peak.[27] 

 

3.2.6 Chanel noise 

 

Channel noise introduces when ECG signal is transmitted through channels. 

This is due to the Poor channel conditions. It is mainly like white Gaussian noise 

which contains all frequency components [26]. E.g. AWGN 

 

3.3 Noise Properties 
 

Depending on its frequency or time characteristics, a noise process can be 

classified in several categories [26]: Narrowband noise, White noise, Band-limited 

white noise, Colored noise, Impulsive noise and Transient noise pulses. 

Narrowband noise is a noise process with a narrow bandwidth such as a 50Hz hum 

from the power lines. White noise is purely random noise that has a that power 

spectrum. White noise theoretically contains all frequencies in equal intensity. 

Band-limited white noise is a noise with limited bandwidth  that spectrum usually 

covers the limited spectrum of the device or the signal of interest. Coloured noise it 

is nonwhite noise or any wideband noise whose spectrum has a non-flat shape; 

examples are pink noise, brown noise and autoregressive noise. Impulsive noise 
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consists of short-duration pulses of random amplitude and random duration in time. 

And transient noise pulses consists of relatively long duration noise pulses. 

3.4 Powerline Interference (50/60 Hz) 
 

Electromagnetic fields caused by a powerline represent a common noise 

source in the ECG, as well as in any other bioelectrical signal recorded from the 

body surface. Such noise is characterized by 50 or 60 Hz sinusoidal interference, 

possibly accompanied by a number of harmonics. Such narrowband noise renders 

the analysis and interpretation of the ECG more difficult, since the delineation of 

low-amplitude waveforms becomes unreliable and spurious waveforms may be 

introduced. Although various precautions can be taken to reduce the effect of 

powerline interference, for example, by selecting a recording location with few 

surrounding electrical devices or by appropriately shielding and grounding the 

location, it may still be necessary to perform signal processing to remove such 

interference Several techniques have been presented for this purpose, ranging from 

straightforward linear, bandstop filtering to more advanced techniques which handle 

variations in powerline frequency and suppress the influence of transients 

manifested by the occurrence of QRS complexes. 
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Figure 3.2 shows a example of on ECG signal (MIT-BIH signal 118m) 

Continued by the PLI noise in Figure 3.1. 

 

Figure 3.2 - Noisy ECG signal (5 seconds). SNR = - 40 dB 

 

  Figure 3.1 - Sinusoidal noise emulating mains at 50 Hz for 1 second 
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During the recording of an ECG signal, the part followed by of the signal 

between patient and ECG recorder cannot be completely shielded. Therefore, these 

fields produce significant interferences, which can be modelled with a sinusoid. The 

frequency spectrum of the power line interferences is quite narrow and centered 

around the frequency of the power supply, as show in Figure 3.3. 

 

 

Figure 3.3 - Frequency spectrum of an ECG signal with frequency noise equally 

50Hz 

 

3.6 Discussion  

 

Since noise can be generated by multiple sources, we differentiate between 

different types of noise. In order to create filter methods for single sources, we have 

to know the characteristics of the noise we want to create a filter for. Therefore it is 

an important task to create single noise models where we can test and improve the 

noise cancelling methods. The most important sources in ECG processing and their 

models are described in the following. 

Denoising is used during preprocessing of the input signal. Since real-world 

ECG signals are often disturbed by noise and strongly depend on the individual 
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patient, it is mandatory to perform denoising to get a robust recognition model. In 

section 3.3 - 3.4 we describe denoising for method frequency interference noise. 

 We are doing PLI (Power Line Interference) filtering. In a great, perfect 

world, it would be a sinusoid, but in reality, there are spikes sometimes, arcs, etc. 

So, to test a denoising algorithm, we add a known noise to our signal, then 

pass it through our algorithm to get a denoised signal, then compare between original 

signal and denoised signal and look at performance parameters (SNR, distortion, 

etc). 
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heartbeat without any contamination by powerline interference and the ringing 

artifact that results from processing with the IIR filter given in (4.4) using r = 0.97. 

This example clearly demonstrates that uncritical use of linear, time-invariant 

filtering can have a devastating effect on the ECG signal, significantly modifying its 

diagnostic content.  

More sophisticated linear filters than the above second-order IIR filters can be 

designed for the removal of powerline interference, for example, by increasing the 

filter order to obtain a narrower notch or by employing filter design criteria involving 

both time and frequency properties. Since increased frequency resolution is always 

obtained to the detriment of decreased time resolution, it is impossible to design a 

linear, time-invariant filter which only removes powerline interference while not 

introducing a certain amount of ringing. 

 

 

Figure 4.1 - Pole-zero diagram for two second-order [1] 
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IIR filters whose zeros are identically positioned but whose poles are at a 

radius r of either 0.75 or 0.95. The impulse response h(k) and the corresponding 

magnitude function are shown in the left and right panels, respectively. 

 

 

 

Figure 4.2 - Filtering of powerline interference. [1] 

 

The original ECG signal without powerline interference (top), the output 

signal from the second-order IIR filter defined in (4.4) for r = 0.97 (middle), and the 

nonlinear filter defined with transient suppression using c~ = 10 pV (bottom).  

 

4.3 Filter Design 

 

Powerline interference as an example of frequency noise has a central 

frequency of 50 Hz with possible variations in a certain range in either direction. In 

case that the frequency range of the noise does not influence the frequency range of 

the ECG signal one effective method to filter this kind of noise is a simple notch 

filter. This allows to remove all signal components in the range around the centre 

frequency of the noise. In this work Notch Filter was used with the specifications 

shown in Figure 4.3 and Table 4.1. The advantage of a Notch filter compared to a 

low-pass filter is that possible signal frequencies higher than those of the frequency 

noise do not get filtered out and therefore the signal does not get distorted as much 

as it would with a low-pass filter. 
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We apply Matlab filtfilt function and return the 1-D digital filter of each row. 

Figure is Plots the original data against the filtered data. 

 

 

 

Figure 4.7 - blue) Real ECG signal, red) ECG signal with Powerline interference 

artefact, yellow) filtered ECG signal by notch filter 

 

4.4 Non lineer filter 
 

From the above observation, it is obviously desirable to develop a method 

for removal of powerline interference which is less sensitive to transients. We 

will now describe a nonlinear filter based on the idea of subtracting a sinusoid, 

generated internally by the filter, from the observed signal [12- 15]. The 

amplitude of the internal sinusoid is adapted to the powerline interference 

present in the observed signal x(n). The adaptation process is the key to making 
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Figure 5.2 - Adaptive Filter Structure 2 (Type II) [28] 

 

Unlike filter structure 1, this structure has s2 as its reference signal. In this 

filter structure, the primary input is signal s1 with additive noise n1 and reference 

input is the signal s2, which can be the clean ECG signal and it is correlated with s1. 

Because of the unknown nature of the clean ECG signal, this adaptive filter structure 

cannot be used to remove noise sources from the ECG signal. 

 

5.2 Adaptive Signal Processing 

 

Aiming to achieve the best filtering performance, signal processing methods 

have progressed considerably in algorithm is complexity. In general, the 

computational requirements for signal processing methods have increased 

exponentially w.r.t. algorithmic complexity. Therefore, finding an algorithm with 

the ability of fil tering signals efficiently, with automatic performance adaptation, 

and at the same time offering a good balance between performance and computation 

requirements, becomes an interesting motivation to work with non-classical fi ltering 

schemes, such as adaptive signal processing techniques. Conversely to classical FIR 

and IIR filters, adaptive filters automatically change theirs characteristics, by 

optimizing the internal parameters. It is important to refer the close relationship of 
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the adaptive signal processing technique with the Wiener filter. The Wiener filter is 

based on the minimization of the Mean Square Error (MSE) value of the signal that 

is defined as the difference between some desired response and the actual fi lter 

output. But it is only possible to design a Wiener filter with optimal performance if 

a priori information about the statistics of the data to be processed is known [18]. 

Adaptive fi lters are quite similar to Wiener fi lters they are based on the same 

concept, the minimization of the MSE. But unlike Wiener fi lters, the parameters of 

adaptive fi lters are constantly adapted to reach the MSE. Adaptive fi lters are widely 

used in several applications including the treatment of  biomedical signals. 

Biomedical signals such as ECG, EMG and EEG are important in diagnosis and 

patient monitoring. But these signals have very small amplitude, and therefore they 

are commonly affected by noise. It is difficult to filter noise from these signals, and 

errors resulting from filtering may distort them. 

 

5.3 Adaptive Filtering Scheme 

 

The complete specification of an adaptive system consists of three main 

points: application, structure and algorithm [19]. 

 Application : What is the application where the filter will be used? The type 

of application is defined by the signals applied to the input and the desired output 

signals. The number of different applications in which adaptive techniques are being 

successfully used increases every day. Some examples are echo cancellation, 

equalization of dispersive channels, system identification, signal enhancement, 

adaptive beam forming, noise cancelling, and control. 

 Structure: Which filtering structure better satisfies the characteristics of the 

application? Adaptive filters can be implemented in a number of different structures 

or realizations. The choice of the structure can influence the computational 

complexity and also the necessary number of iterations to achieve a desired 

performance level. Basically, the two major classes of adaptive digital filter 

realizations are the FIR and IIR filters. 
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signal e(n) and desired signal  d(n) are defined in the negative feedback diagram 

below (figure 5.3), 

 
Figure 5.3 - Adaptive Filter RLS [28] 

 

To allow for continuous operation, and thus actual implementation, the 

solution can be computed in recursive form.  

 

5.7 Discussion 

 

LMS and RLS can be considered the simplest forms of the steepest-descent 

search3. LMS was the fi rst algorithm used to design a linear adaptive fi lter 

algorithm, when it was proposed by Widrow and Hoff  in 1959. The LMS algorithm 

has established itself as the workhorse of adaptive signal processing for two primary 

reasons: computational effi ciency and robust performance [21]. However, for 

signals with a large spectral dynamic range, the LMS has a no-smooth and slow rate 

of convergence. In addition if the signal is also non-stationary (e.g. speech and audio 

signals), then the LMS can be an unsuitable adaptation method. LMS algorithms are 

known as slowly converging algorithms. The speed of convergence defines the 

number of signal intervals that are necessary to obtaining reliable fi lter coeffi cients 

[21][19]. RLS type algorithms have much better starting convergence properties but 

they are much more complex, and for that reason, not so suitable for low 
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computational devices. RLS method, has better convergence rate and less sensitivity 

to the eigenvalue spread than LMS. 
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