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ABSTRACT

This paperpresentsa methodof improving theTranscranialDoppler(TCD) signalby removing harmonicinterferences.
Suchinterferences,originatingfrom medicalequipmentusingthehigh power HF signalsarecommonin a clinical envi-
ronment,especiallyin theneighborhoodof theoperatingtheater. TheAdaptiveInterferenceCancelerbasedontheNLMS
FIR �lter hasbeenused.Thereferencesignalwasobtainedby delayingof theoriginalTCD signal.
Thepresentedmethodallowssigni�cant improvementof a seriouslydisturbedTCD signal.
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1. INTRODUCTION

TheTranscranialDopplerSonograph(TCD) is adeviceallowing non-invasivemeasurementof blood�o w velocity in the
intracranialvessels.It is provento beveryusefultool particularlyin theneurosurgicaldiagnostics.1

One of the factorsdeterioratingthe quality of the TCD signal are interferencesoriginating from the high power
HF medicalequipment(eg. diathermyknives). Usually theseinterferences,areharmonicsignalswith relatively stable
frequency, andarevisible ashorizontallineson thespectrogramof theTCD signal. Thepositionof theselinesdepends
on thebasefrequency of the interferingsignalandon its shape(becauseof aliasing,theconsecutive harmonicsmaybe
irregularly distributedover thefrequency range).An examplespectrogramof thehighly disturbedTCD signalis shown
in theFig. 1.

Suchinterferencesare easyto recognizeby a humanoperatingthe TCD and even thoughannoying, they can be
consideredwhen“manually” analyzingthesignal's spectrum.However thecontemporaryTCD devicesusuallyperform
automaticanalysisof theTCD signalspectrumto estimate(amongothers)theintermittentmaximumfrequency fmax (also
known as“spectrumenvelope”-proportionalto theintermittentmaximumblood�o w velocity)andtheintermittentmean
frequency fmean(proportionalto theintermittentmeanblood�o w velocity). Time trendsof thesequantitiesarethenused
to calculateotherclinically signi�cant parameters,eg. the“Pulsatility Index” (PI)1 andthe“Resistive Index” (RI) .

Unfortunately, the describedabove interferencescorruptcalculatedfmax and fmean trendsrenderingthemunusable.
An exampleof the fmax trend(estimatedwith theneuralnetwork basedalgorithm2) from therealdisturbedTCD signalis
shown in theFig. 2.

Theseinterferencesmaybelimited by theproperdesignandshieldingof theTCD device. However theef�cient DSP
algorithmsfor their eliminationcanbeusefulfor measurementsin particularlydif�cult conditions.
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Figure 1. An examplespectrogramof the real TCD signal
with harmonicinterferences
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Figure 2. Resultsof fmax trendcalculationin the real dis-
turbedTCD signal(white line - fmax, background- thespec-
trogram)

2. MATERIAL

In this studythreetypesof theTCD signalhavebeenused:

� TherealdisturbedTCD signalsrecordeddigitally

� TherealTCD signalsrecordeddigitally with arti�cially addedinterferences

� The simulatedTCD signalswith known parameters(generatedwith themodeldescribedin Ref. 3 andin Ref. 4)
with addedinterferences

Theproposedmethodhasbeentestedwith all theabovetypesof thesignal.

3. CHARACTERISTICS OF THE INTERFERENCES AND OF THE TCD SIGNAL

TheTCD deviceusestheshortpulsesof ultrasoundwaveto insonatethecerebralvessel.Theultrasoundwaveis scattered
on themoving bloodcells,andthefrequency of thescatteredwave is changeddueto theDopplereffect.

The returningultrasoundsignal is received during the short time window (to obtainonly signalreturningfrom the
particulardepth). The received signal is then(after someadditionalprocessing)subjectedto the quadraturedetection
providing two components- I (in-phase)andQ (quadrature)which canbeconsideredasa realandimaginarypartof the
complex TCD signal.

Thepowerdensityspectrumof theTCD signalcorrespondsto theblood�o w velocitypro�le in theinsonatedvessel.
Strictly, for thepower densityspectraestimatedfrom theshort,quasistationaryblocksof theTCD signalthe following
relationshipis true: The power of signalin a particularfrequency rangeis the randomvariablewith thec2 distribution
andtheexpectedvalueproportionalto theamountof bloodcellsmoving with radialvelocitiesfor whichtheDopplershift
enclosesin thatfrequency range.

The TCD signalis a stochasticbandlimited noise,andits autocorrelationfunctionquickly tendsto zerofor higher
delays(theautocorrelationfunctionof thesampleTCD signalis shown in theFig. 3). Themoredetailedanalysisof the
TCD signalcanbefoundin Ref.5, Ref.6 andRef.4.

On thecontrarytheharmonicinterferenceis aperiodicaldeterministicsignalwith periodicalautocorrelationfunction
whichreachesnonzerovaluesevenfor highdelays(Fig.4). Thisdifferencein autocorrelationfunctionpropertiesbetween
theTCD signalandtheharmonicinterferenceallowsusto build theAdaptive InterferenceCanceler.
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Figure3. Autocorrelationfunctionof sampleTCD signal
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Figure 4. Autocorrelationfunction of sampleharmonicin-
terference
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Figure 5. The generalblock diagramof Adaptive Interfer-
enceCanceler
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Figure 6. The block diagramof the Adaptive Interference
Cancelerfor TCD signal

4. ADAPTIVE INTERFERENCE CANCELER

TheAdaptiveInterferenceCanceler(AIC) shown in theFig.5 removesfrom thenoisyinputsignalthecomponents,which
arecorrelatedwith thereferencesignal(Ref.7, Part I, Fig. 1.5d).

Becausetheautocorrelationfunctionof theTCD signaltendsto zerofor higherdelays,thesuf�ciently delayedTCD
signalis not correlatedwith thenon-delayedone.

On theotherhand,thedelayedinterferencesignalis still correlatedwith thenon-delayedsignal,becauseits autocor-
relationfunctionis periodical(in factit alsotendsto zerodueto frequency instability, but for muchhigherdelays).

This factmakespossibleto build theAdaptive InterferenceCanceler, basingon theAdaptivePredictor(Ref.7, Part I,
Fig. 1.5a)structureshown in theFig. 6.

ThedelayedTCD signalis a referencefor the linearadaptive predictor. Theoutputof thesystemis theerrorsignal
of thepredictor. Theerrorsignalcontainsonly thosecomponentsof thedisturbedsignal,whichareuncorrelatedwith the
delayedsignal.Thereforeon theoutputwe shouldobtainthecleanTCD signal.

In theidealcasetheadaptive�lter shouldpassonly theharmonicinterferences,adjustingtheirphasesandamplitudes
to assuretheircancellationwhenaddingthedelayedand�ltered signalto thenon-delayedone.TheIIR �lter with amount
of polesequalto theamountof canceledharmonicsignalsshouldbebestsuitedfor thatpurpose.However, to avoid high
complexity andpotentialinstability problemsassociatedwith theadaptive IIR �lters, muchsimplerFIR NLMS adaptive
�lter with complex coef�cients hasbeenused. Sucha solutionstill providesreasonableresultsandmay be ef�ciently
implementedin simpleDSPprocessoror in theFPGA.

TheFIR �lter is not ableto passtheinterferencesignalsalone,thedesired(but delayed)TCD componentpassesthe
delayedbranchaswell, andmayaffect thetime/frequency propertiesof theoutputTCD signal.

Particularly, usingtoohighdelaycausesan“echo” effect,shown in theFig. 8.
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Figure 7. ThesimulateddisturbedTCD signal(interference
power 5dBabove thesignalpower)
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Figure 8. Resultsof too high delay- theundesiredechoef-
fect in theoutputsignal
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Figure 9. Resultsof too small delay- ªfrequency dropoutº
effect in theoutputsignal
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Figure10.Signalwith canceledinterference,with theproper
delay

On theotherhand,usingtoo smalldelaycausesremoving of somedesiredcomponentsfrom theoutputTCD signal.
Thevisible signof thatproblemarethedarkhorizontalstripeson thespectrogram(Fig. 9). Thesourceof this effect is
thecancellationof desiredcomponentswith frequencies,for which theautocorrelationfunctionat thisdelaysigni�cantly
differsfrom zero.

Theexperimentshaveshown, thattheoptimumdelayis thelengthof thequasistationarysignalblocksusedto perform
FFT andto calculatethe intermittentsignalparameters.In this study this delaywasequalto 256 samplesat 10 kHz
samplingfrequency. At this delayboththe“dropouteffect” endthe“echo” arestill invisible (Fig. 10).

4.1.The adaptation algorithm

ThesimplestNLMS algorithm,describedin Ref.8 chapter5.4.1hasbeenused.Thealgorithmwasimplementedto work
with complex coef�cients andcomplex signal.Theadaptationcoef�cient waschosenasµ = 0:01to assurefastadaptation
andgoodstability.

4.2.Selectionof the order of the �lter

Theotherproblemis a selectionof theappropriateorderof theLMS �lter . If theIIR �lter wasused- onepolefor each
canceledharmonicinterferencecomponent(for thecomplex coef�cients andsignal)shouldbeused.

In thecaseof FIR �lter it is dif�cult to �nd suchasimplerule. Thenumericalexperimentshaveshown, thatfor single
harmonicinterferenceorderof 1 is suf�cient (which is obvious,becausemultiplying by asinglecomplex coef�cient may
compensatethephaseshift causedby delayingof thereferencesignal).

For two interferencesthe �lter of order 5 was required,and for threeharmonicinterferencesthe order of 9 was
necessary. Soit seems,thattherequiredorderof theadaptive �lter is equalto 4N � 3, whereN is thenumberof canceled
harmonicsignals.
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Figure 11. The simulateddisturbedTCD signalandresults
of fmax estimation(NN basedalgorithm2)
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Figure 12. The simulateddisturbedTCD signalafter inter-
ferencecancelationandresultsof fmaxestimation(NN based
algorithm2 )
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Figure 13. The simulateddisturbedTCD signalafter inter-
ferencecancelationandresultsof fmaxcalculation(ªgeomet-
ricalº algorithm9)
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Figure 14. The simulateddisturbedTCD signal after in-
terferencecancelationandresultsof fmax calculation(ªper-
centileºalgorithm,a=0.8)

5. RESULTS

Testsperformedusingboth the recordedandsimulatedTCD signalshave proven, that the describedmethodis ableto
improve the disturbedsignalandmake it acceptablefor further analysis. In the simulationsit waspossibleto cancel
interferenceswith powereven20dB abovetheTCD signalpower.

The �gures 11 to 18 show two examples.First (Fig. 11 to 14) usesthesimulatedTCD signal,arti�cially disturbed
with theinterferenceconsistingof two sinusoidswith frequencies0.32 fN (Nyquist'sfrequency) and0.42 fN, andthetotal
power6 dB abovethepowerof pureTCD signal.

Thesecondexample(Fig. 15 to 18) usesthe realdisturbedTCD signaldigitally recordedfrom theoutputsof TCD
device.

As we canseeit is impossibleto estimatethe fmax trendfrom thedisturbedsignals(Fig. 11and15).

However after processingwith thepresentedAdaptive InterferenceCanceler, the interferencesaresuppressedsuf�-
ciently to allow successfulestimationof themaximumfrequency trend(Fig. 12 to 14and16 to 18).

Howeverdifferentalgorithmsfor fmax estimationshow differentsensitivity to theresidualharmonicinterferencesleft
after thecancellation.Thereforethe thoroughselectionof analysisalgorithmsis required.In thatstudythebestresults
wereobtainedusingthe“neuralnetwork based”algorithmdescribedin Ref.2.

6. CONCLUSIONS

ThepresentedAdaptive InterferenceCanceler(AIC) maybeusedto eliminatetheharmonicinterferencesfrom theTran-
scranialDopplersignals.

The proposedAIC is able to cancelinterferenceseven of power higher, than the power of TCD signal. With this
methodit is possibleto successfullyanalyzesignals,whichotherwisewouldbeuseless.
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Figure15.TherealdisturbedTCD signalandresultsof fmax
calculation(NN basedalgorithm2)
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Figure 16. TherealdisturbedTCD signalafter interference
cancelationandresultsof fmax calculation(NN basedalgo-
rithm2)
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Figure 17. TherealdisturbedTCD signalafter interference
cancelationandresultsof fmaxcalculation(ªgeometricalºal-
gorithm9)
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Figure 18. TherealdisturbedTCD signalafter interference
cancelationandresultsof fmax calculation(ªpercentileºal-
gorithm,a=0.8)

TheAIC is basedontheadaptiveNLMS FIR �lter , whichmakesimplementationeasyevenin simple�x edpointDSP
processoror in theFPGAbasedDSPsystem.

The requiredorderof adaptive �lter dependson the numberof harmoniccomponents(N) in the interferingsignal.
Theempiricalrule is thattheordershouldbeequalto 4N � 3.

In further researchthe useof adaptive IIR �lters shouldbe investigated,as those�lters may be bettersuitedfor
cancelationof narrow-bandinterferencesin thepresentedAIC structure.
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