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IntroductionIntroduction

•• NoiseNoise
–– AnyAny signalsignal thatthat is not is not whatwhat wewe areare interestedinterested

in. (in. (alsoalso termedtermed as as interferenceinterference oror artifactartifact))
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Problem Problem statementstatement

•• AnalyzeAnalyze variousvarious typestypes of of artifactsartifacts thatthat
corruptcorrupt biomedicalbiomedical signalssignals andand exploreexplore
filteringfiltering techniquestechniques toto removeremove themthem
withoutwithout degradingdegrading thethe signalsignal of of interestinterest..
–– EMG EMG duringduring ECG ECG acquisitionsacquisitions
–– ElectronicElectronic noisenoise fromfrom instrumentsinstruments
–– PowerPower--lineline interferenceinterference
–– EM EM waveswaves in in ourour environmentenvironment
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DeterministicDeterministic vs. vs. RandomRandom signalsignal

•• DeterministicDeterministic signalsignal
–– WhoseWhose valuevalue at a at a givengiven instantinstant of time of time maymay be be 

computedcomputed
•• usingusing a a closedclosed--form form mathematicalmathematical functionfunction of timeof time
•• oror predictedpredicted fromfrom a a knowledgeknowledge of a of a fewfew pastpast valuesvalues

of of thethe signalsignal

•• OtherwiseOtherwise signalsignal is a is a randomrandom signalsignal
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RandomRandom noisenoise

•• An An interferenceinterference thatthat arisesarises fromfrom a a randomrandom
processprocess suchsuch as as thermalthermal noisenoise in in 
electronicelectronic devicesdevices

•• A A randomrandom processprocess is is characterizedcharacterized byby thethe
probabilityprobability densitydensity functionfunction (PDF)(PDF)
–– ProbabilitiesProbabilities of of occurencesoccurences of of allall possiblepossible

valuesvalues of a of a randomrandom variablevariable
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RandomRandom processprocess

•• x: a x: a randomrandom processprocess withwith pdfpdf ppxx(x)(x)
–– MeanMean: : µµxx= E[x]= = E[x]= ∫∫x x ppxx(x) (x) dxdx

•• DC DC componentcomponent of of thethe signalsignal

–– MeanMean--squaredsquared (MS): (MS): E[xE[x22]=]=∫∫xx22 ppxx(x) (x) dxdx
•• AverageAverage powerpower

–– VarianceVariance: : σσxx
22= E[(x= E[(x--µµxx))22]= ]= ∫∫(x(x--µµxx))22 ppxx(x) (x) dxdx

–– SNR: SNR: signalsignal toto noisenoise ratioratio = = averageaverage powerpower of of thethe
signalsignal toto thatthat of of thethe noisenoise

•• PCG PCG maymay be be representedrepresented as a as a randomrandom processprocess
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EnsembleEnsemble averagesaverages

•• WhenWhen thethe PDFsPDFs of of randomrandom processesprocesses of of 
concernconcern areare not not knownknown
–– ApproximateApproximate thethe statisticalstatistical expectationexpectation

operationoperation byby averagesaverages computedcomputed usingusing a a 
collectioncollection oror ensembleensemble of of samplesample
observationsobservations of of thethe randomrandom processprocess

–– SuchSuch averagesaverages areare calledcalled ensembleensemble averagesaverages



5

Dr. BDr. Büülent Ylent Yıılmazlmaz BME402: BME402: BiomedicalBiomedical SignalSignal ProcessingProcessing--IIII 99

EnsembleEnsemble averagesaverages

•• M M observationsobservations of of 
randomrandom processprocess x as x as 
functionsfunctions of timeof time
–– xx11(t), x(t), x22(t), x(t), x33(t), (t), ……, , xxMM(t)(t)
–– EstimateEstimate thethe meanmean of of 

thethe processprocess at t1at t1
–– µµxx(t1)=(t1)=limlim (1/M) (1/M) ΣΣ xxkk(t(t11))

Flash visual ERP
10 realizations
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EnsembleEnsemble averagesaverages

•• AutocorrelationAutocorrelation functionfunction ACFACF
–– showsshows howhow thethe valuesvalues of a of a 

signalsignal at a at a particularparticular instantinstant of of 
time time areare statisticallystatistically relatedrelated toto
((oror havehave characteristicscharacteristics in in 
commoncommon) ) valuesvalues of of thethe samesame
signalsignal at at anotheranother time time instantinstant

–– ΦΦxxxx (t(t11,t,t11++ττ)=)=limlim (1/M) (1/M) 
ΣΣ xxkk(t(t11) ) xxkk(t(t11++ττ) ) 

•• ττ is is thethe delaydelay parameterparameter

•• AverageAverage signalsignal (as a (as a 
functionfunction of time):of time):
–– x(t) = x(t) = µµxx(t) = (1/M) (t) = (1/M) ΣΣ xxkk(t)(t)-
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Time Time averagesaverages

•• µµxx(k) = (k) = limlim (1/T) (1/T) ∫∫ xxkk(t)(t)

•• TimeTime--averagedaveraged ACFACF

–– ΦΦxxxx ((ττ,k)=,k)=limlim (1/T) (1/T) ∫∫ xxkk(t) (t) xxkk(t+(t+ττ))

•• FT of FT of thethe ACF is ACF is thethe powerpower
spectralspectral densitydensity (PSD) (PSD) functionfunction
–– UsefulUseful in in spectralspectral analysisanalysis andand filterfilter

designdesign

T/2

-T/2

T/2

-T/2
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CovarianceCovariance

•• CCxyxy=E[(x=E[(x--µµxx)(y)(y-- µµyy)]= )]= 
∫∫∫∫(x(x--µµxx)(y)(y-- µµyy) ) ppxyxy(x,y) (x,y) dxdx dydy
–– ppxyxy(x,y): (x,y): jointjoint PDFPDF

•• CorrelationCorrelation coefficientcoefficient
–– ρρxyxy = = CCxyxy//σσxxσσyy

•• HighHigh covariancecovariance = = twotwo processesprocesses havehave
““similarsimilar”” variabilityvariability oror behaviourbehaviour
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CrossCross--correlationcorrelation

•• θθxyxy(t1,t1+(t1,t1+ττ) = ) = E[x(t1)y(t1+E[x(t1)y(t1+ττ))]= ]= 
∫∫∫∫x(tx(t11)y(t)y(t11++ττ))ppxyxy(x,y) (x,y) dxdx dydy

•• CorrelationCorrelation functionsfunctions areare usefuluseful
–– in in analyzinganalyzing thethe naturenature of of variabilityvariability andand

spectralspectral bandwidthbandwidth of of signalssignals
–– ForFor eventevent detectiondetection in in templatetemplate

matchingmatching
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StructuredStructured noisenoise

•• Typical waveform of the interference is Typical waveform of the interference is 
known in advanceknown in advance
–– Example: powerExample: power--line interference (50 or 60 line interference (50 or 60 

Hz)Hz)
•• Phase of the waveform may not be knownPhase of the waveform may not be known
•• Interfering waveform may not be exact Interfering waveform may not be exact 

sinusoidsinusoid
–– Harmonics of the fundamental 50 or 60 Hz Harmonics of the fundamental 50 or 60 Hz 

componentcomponent maymay be be presentpresent
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PhysiologicalPhysiological InterferenceInterference
•• EMG EMG affectingaffecting ECGECG
•• EGG EGG interferinginterfering withwith precordialprecordial ECGECG
•• MaternalMaternal ECG ECG addedadded toto thethe fetalfetal ECG of ECG of 

interestinterest
•• ECG ECG interferinginterfering withwith thethe EEGEEG
•• OngoingOngoing EEG in EEG in ERPsERPs
•• BreathBreath, , lunglung, , oror bowelbowel soundssounds

contaminatingcontaminating thethe heartheart soundssounds (PCG)(PCG)
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IllustrationIllustration of of thethe problem problem withwith
casecase--studiesstudies

•• ERP has a ERP has a veryvery smallsmall amplitudeamplitude (10 (10 
microVoltmicroVolt))

•• DueDue toto thethe ongoingongoing EEG EEG andand powerpower--lineline
interferenceinterference ERP ERP signalssignals cannotcannot be be 
analyzedanalyzed usingusing thethe individualindividual acquisitionsacquisitions
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MultipleMultiple RealizationsRealizations in in 
ERP ERP AcquisitionAcquisition

Flash visual ERP
10 realizations

Dr. BDr. Büülent Ylent Yıılmazlmaz BME402: BME402: BiomedicalBiomedical SignalSignal ProcessingProcessing--IIII 1818

HF HF noisenoise in in thethe ECGECG



10

Dr. BDr. Büülent Ylent Yıılmazlmaz BME402: BME402: BiomedicalBiomedical SignalSignal ProcessingProcessing--IIII 1919

MotionMotion artifactartifact in in thethe ECGECG
Low-freq artifact
and base-line drift
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PowerPower--lineline interferenceinterference in in 
ECG ECG signalssignals
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PowerPower spectrumspectrum of of thethe ECG ECG signalsignal
60 Hz

180 Hz
300 Hz
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LowLow--passpass filteringfiltering

•• TheThe bandwidthbandwidth of ECG of ECG signalsignal = 0.05= 0.05--100 Hz 100 Hz 
whichwhich includesincludes thethe 60 Hz 60 Hz componentcomponent

•• LowLow--passpass filteringfiltering willwill workwork??
•• LPFingLPFing

–– CausesCauses smoothingsmoothing andand blurringblurring in in thethe QRS QRS complexcomplex,,
–– AffectsAffects thethe PQ PQ andand ST ST segmentssegments

•• SolutionSolution
–– removeremove 60 Hz 60 Hz withoutwithout sacrificingsacrificing anyany otherother

componentcomponent
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MaternalMaternal interferencesinterferences in in fetalfetal ECGECG

Chest-lead ECG

Abdominal-lead ECG
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PotentialPotential solutionssolutions toto thethe problemproblem

•• InvestigateInvestigate variousvarious typestypes of of artifactsartifacts
•• DemonstrateDemonstrate increasinglyincreasingly complexcomplex

techniquestechniques toto removeremove themthem
–– TimeTime--domain domain filtersfilters
–– FrequencyFrequency--domain domain filtersfilters


