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ABSTRACT

This papermproposeswo crosstalk-resistarthree-channeddaptve
noisecanceller§ANC’s) for two independenhoisesources Sig-
nal distortionby a signal-to-referencerosstalkis reducecdby the
first ANC, while the secondANC copewith a long impulsere-
sponsecausecby a noise-to-referencerosstalk. Computersimu-
lationsshav smallersignaldistortionby almost20dBfor asignal-
to-referencerosstalk Eighttimesfastercorvergenceand30%re-
ductionof computationatostareachieedfor anoise-to-reference
crosstalkcase.

1. INTRODUCTION

Extractingdesiredsignalsfrom noise-corruptedignalsis impor-
tant in communicationsystemsand soundrecording. Adaptive
noisecancellerdANC’s)[1] arewidely usedto reducesuchnoise.
Most ANC’s usetwo microphones:the primary microphonefor
the noise-corruptedignals,andthe referencemicrophonefor the
noise.For multiple noisesourcesmulti-channelANS’s with three
or moremicrophonesrenecessary

In two-channelANC's, the desiredsignal componentscap-
tured by the referencemicrophone known asa “crosstalk[3,” is
animportantproblem.For two-channeANC's, crosstalk-resistant
ANC’s hasbeenproposed[2, 3]. Such crosstalkalso appears
in multi-channelANC's, however, in tow differentways. The
first caseis a signal-to-referencerosstalk,which is the sameas
the two-channelcase. The secondcaseis a noise-to-reference
crosstalk,in which a referencemicrophonecapturesnoisesfrom
two or moresources.

Blind sourceseparationBSS)[4 is a possiblecandidatefor
multi-channehoisecancellation However, thelearningof a multi-
channeBSSbecomedlifficult evenfor instantaneoumixture[s.
Thepermutatiorproblemcausedy thesignalpowerimbalance[5,
theimplementatiorof non-linearfunctions,andtheslower corver-
gencespeedhanANC’s arealsodifficult problems.

Thispapemproposeswo crosstalk-resistahree-channeANC’s
for two independennoisesources. Section2 proposesan ANC
whichreduceghesignaldistortioncausedy asignal-to-reference

crosstalk Section3 investigatesheinfluenceof anoise-to-reference

crosstalkand shav thatthe impulseresponséecomesvery long
whenthe crosstalkbecomesstrong. A novel ANC with fastcon-
vergenceandlesscomputationatompleity is alsodescribedCom-
putersimulationshave beencarriedout to shav the performance
of theproposedANC’s.
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Fig. 1. 3-channehoisecancelleiin presencef signal-to-reference
crosstalk.

2. SIGNAL TO REFERENCE CROSSTALK

2.1. Primitive Noise Canceller
Figurel depictsa simpleextensionof an ANC, “primiti ve ANC”
in this papey for two independennoisesources/; (z) andVa(z).
The ANC outputE(z) is calculatedoy

E(z) = (Hoo(z) — Ho1(2)W1i(2) — Hoz(2)W2(2))S(2)
+(Hio(2) — Hu(2)Wi(2))Va(z)
+(Hz0(2) — Ha2(2)W2(2))V2(2) @

whereS(z) is asignalsource,H;,;(z) is atransferfunctionfrom
i-th sourceto j-th microphoneMicé, andW;(z) is atransferfunc-
tion of an adaptve filter AFi. From (1), the optimum value for
adaptve filters which cancelthe noiseare
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Also, for distortion-freeoutput, i.e., E(z) = Hoo(z)S(z), the
adaptve filters shouldsatisfy

Ho1(2)Wh(2) + Hoz(2)W2(z) = 0. @)

It is obvious thatthereareno solutionwhich provide both noise-
freeanddistortion-freeoutput.

2.2. Proposed Noise Canceller

Figure2 (a)demonstratetheproposedANC whichreduceghein-

fluenceof the signal-to-referencerosstalk.Four filters F31, F41,
AF3, AF4 areintroduced. Filters F31 and F41 cancelcrosstalk
componentsrom Mic0 outputD(z). The conditionfor crosstalk
cancellations
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Fig. 2. Proposedhoisecancelleiin presencef signal-to-reference
crosstalk.

whereWgP!(z) and WPt (z) arethe optimumtransferfunctions
for F31andF41,respectrely.

Thoughit seemspossibleto estimateWs(z) and Wy(z) by
F31andF41,thenoisecomponentdio(z)Vi(z) andHao(2) V()
in D(z) disturbscorrectadaptation[B Usinga noise-freeoutput
E(z), the adaptie filters AF3 and AF4 canestimatethe transfer
functionsWs(z) andWy(z), which arealsousedby F31landF41.

Usingthecrosstalk-freeoisesignalsE: (z) and E»(z), adap-
tive filters AF1’ and AF2’ successfullycancelnoises.Their opti-
mumtransferfunctionsare

W{opt(z) — — 11(2 — (5)
1= e Ws(®) — mey Wal?)
HZOEZ;
Wéopt(z) _ — Haa (2 — ) (6)
S o LLORS ~= A0

Sincetheseoptimumvalueis too complicatedyecursve structure
shawvn in Fig. 2 (b) and (c) are usedas AF1' and AF2'. The
transferfunctionsof AF1’ andAF2’,

) Wi(z)
Wi(z) 1 — Wi(2)Wa(z) — Wa(2)Wa(2) "
wi(e) e ©

1 — Wi(2)Ws(z) — Wa(2)Wa(z)’

have the samestructureas (5) and (6). Only W1(z) and Wa(z)
shouldbeestimatedn AF1’ andAF2’ becauséVs(z) andWy(z)
arealreadyestimatedy AF3 andAF4. Thereforeasimpleadap-
tation algorithmfor an FIR adaptve filter canbe used. The opti-
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Fig. 3. 3-channehoisecancelleiin presenc®f noise-to-reference
crosstalk.

mumtransferfunctionsfor AF1 andAF2 are
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which aresimpleandthe sameasthe crosstalk-freecase.

3. NOISE TO REFERENCE CROSSTALK

3.1. Primitive Noise Canceller
This sectionconcentrate®n a noise-to-referencerosstalkcase.
As shavn in Fig. 3, bothMicl andMic2 captureboth V1 (z) and
Va(z). Thisis trueif bothMicl andMic2 arelocatedcloseeach
other

In this casethe ANC outputE(z) is calculatedoy

E(z) = Hoo(z)S(z)
+  (Hio(z) — Hu(2)Wi(z) — Hi2(2)Wa(2))Vi(2)
+  (Ha2o(2) — Ha1(2)Wi(z) — Haz(2)Wa(2))Va(2).

(10

As opposedo asignal-to-referencerosstalkcasewe have anop-

timum solutionwhich providesbothnoise-freeanddistortion-free
output. The optimumtransferfunctionsfor AF1 and AF2 arede-

rivedas

opt _ Hio(2)H32(z) — Hiz(2)H30(2)
Wit(z) = Hi1(z)H22(z) — H12(2)H21(2) (11)

opt _ Hu(2)Ho(z) — Hio(2)Ha1 ()
WG = ) EnG) -~ Ea@EnG) D

which look very complicated.

A numericalexampledemonstratethe influenceof a noise-
to-referencecrosstalk.As unknavn systemsH;; (z), Butterworth
low-pasdfilters L;; (z) with gainfactorsg;; andflat delaysk;;

Hij(2) = gijz~ "9 Lij (2) (13)

areused.Theparameterareshavn in Tah 1. Hoo(z) is assumed
to be 1. Figure4 shaws the impulseresponsesf AF1 with and

without the noise-to-referencerosstalk. The differencesare only

thegainfactorsgi2 andga1, which arezerofor crosstalk-freease
and0.9 for crosstalkcase. Thenoise-to-referencerosstalkcauses
toolongimpulseresponsenorethan1500taps,while only 50taps

aresufficientfor crosstalk-freease.Suchalongimpulseresponse
degradeshe corvergencespeedandincreaseshe hardvaresize.
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Table 1. Unknawn systemdor noise-to-referencerosstalk.

Unknawvn System| Order | Cutoff | Delay | Gain
Hio(2) 2 0.6 30 0.9
H12 (Z) 2 04 53 gi2
Hjo(2) 2 0.65 23 0.9
H21(Z) 2 0.45 53 g21
o—1
(a) Without crosstalk
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Fig. 4. Optimumfilter coeficients.

3.2. Proposed Noise Canceller

In orderto reducethe computationakostfor a long impulsere-
sponsearecursve structureis introducedor adaptve filters. Fig-
ure5 depictsthe proposedANC. Recursie filters AF1’ andAF2’
shavn in Figs. 5 (b) and(c) areused. The transferfunctionsof
AF1’ andAF2’' shavn by

A1(z) — B1(2)A2(z)
1-— Bl(z)Bg(z)
As(z) — A1(2)Ba(2)

W) = BB e) (15)

have the samestructureas the modified versionof the optimum
transferfunctionsgivenby

Wi(z) (14)
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Theoptimumtransferfunctionsfor A;(z) andB;(z) aregivenby

AT = g a8)
AP = e 19)
B = ) @0)
BG) = @)

whicharemuchsimplerthan(11) and(12).
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Fig. 5. Proposedhoisecancellelin presencef noise-to-reference
crosstalk.

Table 2. Numberof multiplicationsfor ANC.

Type Total Exsample
Primitive 4N 3,200
Proposed| 6/N; + 12N, 2,160

Thefilter coeficientsof adaptve filters AF1 and AF2 areso
updatedasto simply reducethe output E(z). Any algorithmfor
FIR adaptve filters canbe used.The transferfunctions B; (z) are
estimatecdby separatdilters, adaptve filters AF11 andAF21, fil-
tersF14,F15,F24andF25in Fig. 5 (a).

An adaptve filter AF11 andtwo filters F14andF15areused
to estimateB; (z). ThoughF24 seemsto estimateB;(z) using
E24(z), V2(z) componentn X, (z) disturbsthe convergenceto
B%P*(2)[3]. Therefore,a two-stageestimationis introduced. In
the first stage,F14 cancelsV(z) componentrom X;(z). The
secondstageestimatesB; (z) by a recursve filter AF11’, which
consistof AF11 andF15.

3.3. Computational Cost
Thoughthecomputationatostseemgo increasdor theproposed
ANC with a comple structure the computationatostcanbere-
duced. Table 2 compareghe numberof multiplicationsfor the
primitive andthe proposedANC'’s. As an adaptationalgorithm,
the normalizedLMS (NLMS) algorithm[§ is assumed.N is the
numberof tapsfor theprimitive ANC. For theproposedANC, two
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Table 3. Unknawn systemdor signal-to-referencerosstalk.

Unknawvn System| Order | Cutoff | Delay | Gain
Hio(2) 2 0.6 30 0.9
Hii(z) 2 0.8 0 1
Hao(z) 2 065 | 23 | 09
Hs(z) 2 0.85 0 1
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Fig. 6. Residuahoisepaower for signal-to-referencerosstalk.

differentlengthareused. Ny is the numberof tapsfor AF1, AF2,
FllandF21. N, is the numberof tapsfor AF3, AF4, F12,F13,
F14,F15,F22,F23,F24andF25.

The numberof multiplicationsfor the primitive andthe pro-
posedANC’sare4d N and6N; +12N,, respectiely. An numerical
examplefor N = 800, N1 = 200 and N, = 80, which is same
asthe computersimulationsbelon, demonstratethe costreduc-
tion by the proposedstructure. Thanksto the efficient recursve
structure morethan30%r reductionis achieved.

4. COMPUTER SIMULATIONS

Simulationshave beencarried out to shov the performanceof

the proposedANC’s. Unknown systemsH;; (z) are sameasin

(13). The parameterare shavn in Tabs. 3 and 1 for a signal-
to-referenceand a noise-to-referencerosstalkcase respectiely.

Crosstallgainsg:2 andgs: is0.8. Hoo(z) is 1. Thedesiredsignal

S(z) andthenoisesourcesV;(z) areindependenivhite Gaussian
signals.

As an adaptationalgorithm, NLMS is used. For the signal-
to-referencecrosstalkcase the numberof taps N = 64 andthe
stepsizey = 0.001 areused. In the noise-to-referencerosstalk
case,N = 800 andyp = 0.01 areusedfor the primitive ANC.
For the proposedANC, N; = 200 and N> = 80 areused. The
stepsizeparametersirechosenasy; = 0.01 for AF1 and AF2,
p2 = 0.001 for AF3 andAF4.

Figures6 and7 demonstrat¢he residualnoisepower andthe
signaldistortionfor the signal-to-referencerosstalkcase yespec-
tively. TheproposedANC improvesboththeresidualnoisepowver
andthe signaldistortionby almost20dB. The error power for the
noise-to-referencerosstalkcaseis comparedy Fig. 8. Thepro-
posedANC converges eight times fasterby 30% less computa-
tional cost. The signaldistortionhasnot beenexaminedbecause
this crosstalkdo not causet.

5. CONCLUSION

Two crosstalk-resistarthree-channeANC’s have beenproposed.
As crosstalktypes,a signal-to-referencerosstalkanda noise-to-
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referencecrosstalkare investigated. For the signal-to-reference
crosstalk,an ANC which reduceghe signaldistortion causedby
the crosstalkis proposedIn the noise-to-referencerosstalkcase,
it is shawvn that the impulseresponsebecomesvery long by the
crosstalk.An ANC with fastconvergenceandlesscomputational
compleity is alsoproposed.Computersimulationsshav smaller
signaldistortionby almost20dBfor asignal-to-referencerosstalk.
Eight times fasterconvergenceand 30% reductionof computa-
tional costareachieved for anoise-to-referencerosstalkcase.
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