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ABSTRACT

This paperpresentsa methodof improving the TranscraniaDoppler(TCD) signalby removing harmonicinterferences.
Suchinterferencesoriginatingfrom medicalequipmenusingthe high power HF signalsarecommonin a clinical envi-
ronmentespeciallyin theneighborhooaf theoperatingheater The Adaptive InterferenceCancelebasedntheNLMS
FIR Iter hasbeenused.Thereferencesignalwasobtainedby delayingof theoriginal TCD signal.

The presentednethodallows signi cant improvementof a seriouslydisturbedT CD signal.

Keywords: TranscraniaDoppler medicaldiagnostics ultrasound,adaptve interferencecancellation,adaptve lters,
LMS algorithm

1. INTRODUCTION

The TranscraniaDopplerSonograpl{TCD) is a device allowing hon-irvasive measuremerdf blood o w velocity in the
intracranialvesselslt is provento be very usefultool particularlyin the neurosugical diagnostics:

One of the factorsdeterioratingthe quality of the TCD signal are interferenceriginating from the high power
HF medicalequipment(eg. diathermyknives). Usually theseinterferencesare harmonicsignalswith relatively stable
frequeng, andarevisible ashorizontallines on the spectrogranof the TCD signal. The positionof theselinesdepends
on the basefrequeng of the interferingsignalandon its shape(becausef aliasing,the consecutire harmonicamay be
irregularly distributed over the frequeng range).An examplespectrogranof the highly disturbedTCD signalis shavn
in theFig. 1.

Suchinterferencesare easyto recognizeby a humanoperatingthe TCD and even thoughannging, they canbe
consideredvhen“manually” analyzingthe signal's spectrum.However the contemporaryl CD devicesusuallyperform
automaticanalysisof the TCD signalspectrumnto estimatgamongothers)theintermittentmaximumfrequeng fyax (also
known as“spectrumenvelope”-proportionalto the intermittentmaximumblood o w velocity) andtheintermittentmean
frequeng fmean(proportionatto theintermittentmeanblood o w velocity). Time trendsof thesequantitiesarethenused
to calculateotherclinically signi cant parametersgg. the“Pulsatility Index” (P1)* andthe“Resistive Index” (RI) .

Unfortunately the describedabove interferenceorruptcalculatedfnax and fnean trendsrenderingthemunusable.
An exampleof the fmax trend(estimatedwith the neuralnetwork basedalgorithn?) from thereal disturbedT CD signalis
shavnin theFig. 2.

Thesenterferencesnaybelimited by the properdesignandshieldingof the TCD device. Howeverthe ef cient DSP
algorithmsfor their eliminationcanbeusefulfor measuremenis particularlydif cult conditions.
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Figure 2. Resultsof fynax trend calculationin the real dis-
turbedTCD signal(white line - fmax background thespec-
trogram)

Figure 1. An examplespectrogranof the real TCD signal
with harmonicinterferences

2. MATERIAL
In this studythreetypesof the TCD signalhave beenused:

TherealdisturbedT CD signalsrecordedigitally
Thereal TCD signalsrecordedligitally with arti cially addednterferences

The simulatedTCD signalswith known parameterg¢generatedvith the modeldescribedn Ref. 3 andin Ref. 4)
with addedinterferences

The proposednethodhasbeentestedwith all the above typesof the signal.

3. CHARACTERISTICS OF THE INTERFERENCES AND OF THE TCD SIGNAL

The TCD device usegheshortpulsesof ultrasoundvave to insonatehe cerebravessel.Theultrasoundvave is scattered
onthemoving bloodcells,andthefrequeng of the scatteredvave is changediueto the Dopplereffect.

The returningultrasoundsignalis receved during the shorttime window (to obtainonly signalreturningfrom the
particulardepth). The receved signalis then (after someadditional processingpubjectedo the quadraturedetection
providing two components | (in-phaseandQ (quadratureyvhich canbe consideredsarealandimaginarypartof the
complex TCD signal.

The power densityspectrunof the TCD signalcorresponds$o theblood o w velocity pro le in theinsonatedressel.
Strictly, for the power densityspectraestimatedrom the short,quasistationarplocksof the TCD signalthe following
relationshipis true: The power of signalin a particularfrequeng rangeis the randomvariablewith the c? distribution
andthe expectedvalueproportionaftto theamountof blood cellsmoving with radialvelocitiesfor which the Dopplershift
enclosesn thatfrequeng range.

The TCD signalis a stochastidandlimited noise,andits autocorrelatiorfunction quickly tendsto zerofor higher
delays(the autocorrelatiorfunction of the sampleTCD signalis showvn in the Fig. 3). The moredetailedanalysisof the
TCD signalcanbefoundin Ref.5, Ref.6 andRef. 4.

Onthe contrarythe harmonicinterferencas a periodicaldeterministicsignalwith periodicalautocorrelatiorfunction
whichreachesonzerovaluesavenfor highdelays(Fig. 4). Thisdifferencan autocorrelatiorfiunctionpropertiedbetween
the TCD signalandthe harmonicinterferenceallows usto build the Adaptive InterferenceCanceler
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Figure 4. Autocorrelationfunction of sampleharmonicin-
terference
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Figure 3. Autocorrelatiorfunction of sampleTCD signal
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Figure 5. The generalblock diagramof Adaptive Interfer ~ Figure 6. The block diagramof the Adaptive Interference
enceCanceler Cancelerfor TCD signal

4. ADAPTIVE INTERFERENCE CANCELER

TheAdaptive InterferenceCancele(AlC) showvn in theFig. 5 removesfrom thenoisyinputsignalthecomponentsywhich
arecorrelatedvith thereferencesignal(Ref. 7, Part |, Fig. 1.5d).

Becausehe autocorrelatiorfunction of the TCD signaltendsto zerofor higherdelaysthe sufciently delayedTCD
signalis not correlatedwith the non-delayeane.

Ontheotherhand thedelayednterferencesignalis still correlatedwith the non-delayedignal,becauséts autocor
relationfunctionis periodical(in factit alsotendsto zerodueto frequeng instability, but for muchhigherdelays).

This factmakespossibleto build the Adaptive InterferenceCancelerbasingon the Adaptive Predictor(Ref. 7, Part|,
Fig. 1.5a)structureshavn in the Fig. 6.

The delayedTCD signalis a referenceor the linearadaptve predictor The outputof the systemis the error signal
of thepredictor Theerrorsignalcontainsonly thosecomponent®f thedisturbedsignal,which areuncorrelatedvith the
delayedsignal. Thereforeon the outputwe shouldobtainthe cleanTCD signal.

In theidealcasetheadaptie Iter shouldpassonly theharmonicinterferencesadjustingtheir phaseandamplitudes
to assureheir cancellatioowhenaddingthedelayedand ltered signalto thenon-delayedne.ThellR Iter with amount
of polesequalto theamountof cancelecharmonicsignalsshouldbe bestsuitedfor thatpurpose However, to avoid high
compl«ity andpotentialinstability problemsassociatedavith theadaptve lIR lters, muchsimplerFIR NLMS adaptve
Iter with complex coefcients hasbeenused. Sucha solutionstill providesreasonableesultsand may be ef ciently
implementedn simpleDSPprocessopr in the FPGA.

TheFIR Iter is notableto passtheinterferencesignalsalone,the desired(but delayed)TCD componenpasseshe
delayedbranchaswell, andmay affectthetime/frequenyg propertiesof the outputTCD signal.

Particularly, usingtoo high delaycausesn“echo” effect, shavn in the Fig. 8.
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Figure 9. Resultsof too small delay - 3frequeng dropout®  Figure10.Signalwith cancelednterferencewith theproper
effectin the outputsignal delay

Onthe otherhand,usingtoo smalldelaycausesemoving of somedesiredcomponentérom the output TCD signal.
The visible sign of that problemarethe dark horizontalstripeson the spectrogran{Fig. 9). The sourceof this effectis
the cancellatiorof desiredcomponentsvith frequenciesfor which theautocorrelatioriunctionat this delaysigni cantly
differsfrom zero.

Theexperimentdhave shavn, thattheoptimumdelayis thelengthof the quasistationargignalblocksusedto perform
FFT andto calculatethe intermittentsignal parameters.In this studythis delaywas equalto 256 samplesat 10 kHz
samplingfrequeng. At this delayboththe“dropouteffect” endthe“echo” arestill invisible (Fig. 10).

4.1. The adaptation algorithm

ThesimplestNLMS algorithm,describedn Ref. 8 chapter5.4.1hasbeenused.Thealgorithmwasimplementedo work
with complex coefcients andcomplex signal. Theadaptatiorcoefcient waschoserasu= 0:01to assurdastadaptation
andgoodstability.

4.2.Selectionof the order of the Iter

The otherproblemis a selectionof the appropriateorderof the LMS lter. If thellR Iter wasused- onepolefor each
cancelecharmonicinterferencecomponentfor the complex coefcients andsignal)shouldbe used.

In thecaseof FIR lIter it is dif cult to nd suchasimplerule. Thenumericalexperimentshave shavn, thatfor single
harmonicinterferenceorderof 1 is sufcient (whichis obvious,becausenultiplying by a singlecomplex coefcient may
compensatéhe phaseshift causedy delayingof thereferencesignal).

For two interferenceghe Iter of order5 was required,and for three harmonicinterferenceghe order of 9 was
necessarySoit seemsthattherequiredorderof theadaptve Iter isequalto 4N 3, whereN is thenumberof canceled
harmonicsignals.
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Figure 12. The simulateddisturbedTCD signal afterinter

Figure 11. The simulateddisturbedTCD signalandresults ferencecancelatiorandresultsof frmaxestimatior(NN based
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Figure 13. The simulateddisturbedTCD signalafterinter  Figure 14. The simulateddisturbedTCD signal after in-
ferencecancelatiorandresultsof fyaxcalculation(®geomet- terferencecancelatiorandresultsof fmax calculation(®per
rical® algorithm®) centile?algorithm,a=0.8)

5. RESULTS

Testsperformedusing both the recordedand simulatedTCD signalshave proven, that the describednethodis ableto
improve the disturbedsignaland make it acceptabldor further analysis. In the simulationsit was possibleto cancel
interferencesvith power even20dB above the TCD signalpower.

The gures 11 to 18 showv two examples.First (Fig. 11 to 14) usesthe simulatedTCD signal, arti cially disturbed
with theinterferenceconsistingof two sinusoidswith frequencie®.32 fy (Nyquist'sfrequeng) and0.42 fy, andthetotal
power 6 dB above the power of pureTCD signal.

The secondexample(Fig. 15 to 18) usesthe real disturbedTCD signaldigitally recordedirom the outputsof TCD
device.

As we canseeit is impossibleto estimatethe fax trendfrom the disturbedsignals(Fig. 11 and15).

However after processingvith the presentedddaptive InterferenceCancelerthe interferencesre suppresseguf-
ciently to allow successfuéstimationof the maximumfrequeng trend(Fig. 12to 14 and16to 18).

However differentalgorithmsfor fiyax estimationrshav differentsensitvity to theresidualharmonicinterferencegeft
afterthe cancellation.Thereforethe thoroughselectionof analysisalgorithmsis required. In that studythe bestresults
wereobtainedusingthe “neuralnetwork basedalgorithmdescribedn Ref. 2.

6. CONCLUSIONS

The presented\daptive InterferenceCancele(AIC) maybe usedto eliminatethe harmonicinterferencegrom the Tran-
scranialDopplersignals.

The proposedAlC is ableto cancelinterferencesven of power higher, thanthe power of TCD signal. With this
methodit is possibleto successfullyanalyzesignals,which otherwisewould be useless.
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Figure 16. Thereal disturbedTCD signalafterinterference

Figure 15. TherealdisturbedT CD signalandresultsof fmax cancelatiorandresultsof frmay calculation(NN basedalgo-

calculation(NN basedalgorithn?)
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Figure 17. Thereal disturbedTCD signalafterinterference Figure 18. Thereal disturbedTCD signalafterinterference
cancelatiorandresultsof fyaxcalculation(Bgeometrical@l-  cancelatiorandresultsof fiax calculation(®percentile@l-
gorithn®) gorithm,a=0.8)

TheAlIC is basedntheadaptve NLMS FIR Iter , which makesimplementatioreasyevenin simple x edpointDSP
processoor in the FPGAbasedSPsystem.

Therequiredorderof adaptve Iter dependn the numberof harmoniccomponentgN) in the interferingsignal.
Theempiricalrule is thattheordershouldbeequalto 4N 3.

In further researchthe use of adaptie IIR Iters shouldbe investigatedasthose lters may be bettersuitedfor
cancelatiorof narrov-bandinterferenceén the presented\IC structure.
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