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ABSTRACT

Thispaperproposestwo crosstalk-resistantthree-channeladaptive
noisecancellers(ANC’s) for two independentnoisesources.Sig-
nal distortionby a signal-to-referencecrosstalkis reducedby the
first ANC, while the secondANC copewith a long impulsere-
sponsecausedby a noise-to-referencecrosstalk.Computersimu-
lationsshow smallersignaldistortionby almost20dBfor asignal-
to-referencecrosstalk.Eight timesfasterconvergenceand30%re-
ductionof computationalcostareachievedfor anoise-to-reference
crosstalkcase.

1. INTRODUCTION

Extractingdesiredsignalsfrom noise-corruptedsignalsis impor-
tant in communicationsystemsand soundrecording. Adaptive
noisecancellers(ANC’s)[1] arewidely usedto reducesuchnoise.
Most ANC’s usetwo microphones:the primary microphonefor
thenoise-corruptedsignals,andthereferencemicrophonefor the
noise.For multiplenoisesources,multi-channelANS’swith three
or moremicrophonesarenecessary.

In two-channelANC’s, the desiredsignal componentscap-
turedby the referencemicrophone,known asa “crosstalk[2],” is
animportantproblem.For two-channelANC’s,crosstalk-resistant
ANC’s has beenproposed[2, 3]. Such crosstalkalso appears
in multi-channelANC’s, however, in tow different ways. The
first caseis a signal-to-referencecrosstalk,which is the sameas
the two-channelcase. The secondcaseis a noise-to-reference
crosstalk,in which a referencemicrophonecapturesnoisesfrom
two or moresources.

Blind sourceseparation(BSS)[4] is a possiblecandidatefor
multi-channelnoisecancellation.However, thelearningof amulti-
channelBSSbecomesdifficult evenfor instantaneousmixture[5].
Thepermutationproblemcausedby thesignalpowerimbalance[5],
theimplementationof non-linearfunctions,andtheslowerconver-
gencespeedthanANC’sarealsodifficult problems.

Thispaperproposestwocrosstalk-resistantthree-channelANC’s
for two independentnoisesources.Section2 proposesan ANC
whichreducesthesignaldistortioncausedby asignal-to-reference
crosstalk.Section3 investigatestheinfluenceof anoise-to-reference
crosstalkandshow that the impulseresponsebecomesvery long
whenthecrosstalkbecomesstrong. A novel ANC with fastcon-
vergenceandlesscomputationalcomplexity isalsodescribed.Com-
putersimulationshave beencarriedout to show the performance
of theproposedANC’s.
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Fig. 1. 3-channelnoisecancellerin presenceof signal-to-reference
crosstalk.

2. SIGNAL TO REFERENCE CROSSTALK

2.1. Primitive Noise Canceller
Figure1 depictsa simpleextensionof anANC, “primiti ve ANC”
in this paper, for two independentnoisesources�������
	 and ������
	 .
TheANC output �����
	 is calculatedby
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where �����
	 is a signalsource,��#%$ &
���
	 is a transferfunctionfrom'
-th sourceto ( -th microphoneMic

'
, and �)#����
	 is a transferfunc-

tion of an adaptive filter AF
'
. From (1), the optimumvalue for

adaptive filters whichcancelthenoiseare
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Also, for distortion-freeoutput, i.e., �����
	6�7���������
	������
	 , the
adaptive filters shouldsatisfy
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It is obvious that thereareno solutionwhich provide bothnoise-
freeanddistortion-freeoutput.

2.2. Proposed Noise Canceller
Figure2 (a)demonstratestheproposedANC whichreducesthein-
fluenceof thesignal-to-referencecrosstalk.Four filters F31,F41,
AF3, AF4 are introduced. Filters F31 andF41 cancelcrosstalk
componentsfrom Mic0 output :;���
	 . Theconditionfor crosstalk
cancellationis
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Fig. 2. Proposednoisecancellerin presenceof signal-to-reference
crosstalk.

where �+*-,".< ���
	 and �+*-,".= ���
	 aretheoptimumtransferfunctions
for F31andF41,respectively.

Thoughit seemspossibleto estimate� < ����	 and � = ���
	 by
F31andF41,thenoisecomponents� � � ����	��������
	 and��� � ���
	��������	
in :;���
	 disturbscorrectadaptation[3]. Usinga noise-freeoutput�����
	 , the adaptive filters AF3 andAF4 canestimatethe transfer
functions� < ���
	 and � = ���
	 , whicharealsousedby F31andF41.

Usingthecrosstalk-freenoisesignals� � ���
	 and � � ���
	 , adap-
tive filters AF1’ andAF2’ successfullycancelnoises.Their opti-
mumtransferfunctionsare
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Sincetheseoptimumvalueis too complicated,recursive structure
shown in Fig. 2 (b) and (c) are usedas AF1’ and AF2’. The
transferfunctionsof AF1’ andAF2’,
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have the samestructureas(5) and(6). Only �!�0���
	 and ��������	
shouldbeestimatedin AF1’ andAF2’ because� < ����	 and � = ����	
arealreadyestimatedby AF3 andAF4. Therefore,a simpleadap-
tationalgorithmfor anFIR adaptive filter canbeused.Theopti-
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Fig. 3. 3-channelnoisecancellerin presenceof noise-to-reference
crosstalk.

mumtransferfunctionsfor AF1 andAF2 are
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which aresimpleandthesameasthecrosstalk-freecase.

3. NOISE TO REFERENCE CROSSTALK

3.1. Primitive Noise Canceller
This sectionconcentrateson a noise-to-referencecrosstalkcase.
As shown in Fig. 3, bothMic1 andMic2 captureboth � � ���
	 and������
	 . This is true if bothMic1 andMic2 arelocatedcloseeach
other.

In this case,theANC output �����
	 is calculatedby
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As opposedto asignal-to-referencecrosstalkcase,wehaveanop-
timum solutionwhichprovidesbothnoise-freeanddistortion-free
output. Theoptimumtransferfunctionsfor AF1 andAF2 arede-
rivedas
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which look very complicated.
A numericalexampledemonstratesthe influenceof a noise-

to-referencecrosstalk.As unknown systems� # & ���
	 , Butterworth
low-passfilters TU# &V���
	 with gainfactorsW�# & andflat delaysX
# &

� # & ���
	/�YW # & �5Z\[�]L^_T # & ���
	 (13)

areused.Theparametersareshown in Tab. 1. ��������
	 is assumed
to be

J
. Figure4 shows the impulseresponsesof AF1 with and

without thenoise-to-referencecrosstalk.Thedifferencesareonly
thegainfactorsW �I� and W �O� , whicharezerofor crosstalk-freecase
and 8 4 ` for crosstalkcase.Thenoise-to-referencecrosstalkcauses
toolong impulseresponsemorethan1500taps,while only 50taps
aresufficient for crosstalk-freecase.Suchalongimpulseresponse
degradestheconvergencespeedandincreasesthehardwaresize.



Table 1. Unknown systemsfor noise-to-referencecrosstalk.
Unknown System Order Cutoff Delay Gain� � � ���
	 2 0.6 30 0.9� �������
	 2 0.8 0 1� �I�����
	 2 0.4 53 W5�I���� � ���
	 2 0.65 23 0.9���������
	 2 0.85 0 1���O�����
	 2 0.45 53 W
�O�
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Fig. 4. Optimumfilter coefficients.

3.2. Proposed Noise Canceller
In order to reducethe computationalcost for a long impulsere-
sponse,a recursivestructureis introducedfor adaptive filters. Fig-
ure5 depictstheproposedANC. Recursive filters AF1’ andAF2’
shown in Figs. 5 (b) and(c) areused. The transferfunctionsof
AF1’ andAF2’ shown by
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have the samestructureas the modifiedversionof the optimum
transferfunctionsgivenby
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Theoptimumtransferfunctionsfor a #����
	 and cf#����
	 aregivenby
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whicharemuchsimplerthan(11)and(12).
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Fig. 5. Proposednoisecancellerin presenceof noise-to-reference
crosstalk.

Table 2. Numberof multiplicationsfor ANC.
Type Total Exsample

Primitive g�h 3,200
Proposed i�h�� � J0j hd� 2,160

The filter coefficientsof adaptive filters AF1 andAF2 areso
updatedasto simply reducetheoutput �����
	 . Any algorithmfor
FIR adaptive filters canbeused.Thetransferfunctions ck#l����	 are
estimatedby separatefilters, adaptive filters AF11 andAF21, fil-
tersF14,F15,F24andF25in Fig. 5 (a).

An adaptive filter AF11 andtwo filters F14andF15areused
to estimatec � ���
	 . ThoughF24 seemsto estimatec � ���
	 using�k� = ���
	 , ������
	 componentin mn�0���
	 disturbsthe convergencetoco*�,".� ����	 [3]. Therefore,a two-stageestimationis introduced. In
the first stage,F14 cancels� � ���
	 componentfrom m � ���
	 . The
secondstageestimatesco�0���
	 by a recursive filter AF11’, which
consistsof AF11 andF15.

3.3. Computational Cost
Thoughthecomputationalcostseemsto increasefor theproposed
ANC with a complex structure,thecomputationalcostcanbere-
duced. Table 2 comparesthe numberof multiplicationsfor the
primitive andthe proposedANC’s. As an adaptationalgorithm,
the normalizedLMS (NLMS) algorithm[6] is assumed.h is the
numberof tapsfor theprimitiveANC. For theproposedANC, two



Table 3. Unknown systemsfor signal-to-referencecrosstalk.
Unknown System Order Cutoff Delay Gain��� � ���
	 3 0.7 30 0.5��� � ���
	 3 0.75 23 0.5� � ����
	 2 0.6 30 0.9� ��� ���
	 2 0.8 0 1� � ����
	 2 0.65 23 0.9� ��� ���
	 2 0.85 0 1
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differentlengthareused. h � is thenumberof tapsfor AF1, AF2,
F11andF21. hp� is thenumberof tapsfor AF3, AF4, F12,F13,
F14,F15,F22,F23,F24andF25.

The numberof multiplicationsfor the primitive andthe pro-
posedANC’sare gh and i�h � � J0j h � , respectively. An numerical
examplefor hq�sr8�8 , h��o� j 8�8 and hd���tr8 , which is same
asthe computersimulationsbelow, demonstratesthe cost reduc-
tion by the proposedstructure. Thanksto the efficient recursive
structure,morethan30%reductionis achieved.

4. COMPUTER SIMULATIONS

Simulationshave beencarried out to show the performanceof
the proposedANC’s. Unknown systems��# &V����	 are sameas in
(13). The parametersare shown in Tabs. 3 and 1 for a signal-
to-referenceanda noise-to-referencecrosstalkcase,respectively.
CrosstalkgainsW5�I� and W��O� is 8 4 r . � ��� ���
	 is

J
. Thedesiredsignal�����
	 andthenoisesourcesh # ���
	 areindependentwhiteGaussian

signals.
As an adaptationalgorithm,NLMS is used. For the signal-

to-referencecrosstalkcase,the numberof taps hu�vi�g andthe
stepsize wx�t8 4 88

J
areused.In thenoise-to-referencecrosstalk

case,hy�zr�88 and w{�z8 4 8
J

areusedfor the primitive ANC.
For the proposedANC, h � � j 88 and h � �|r8 areused. The
stepsizeparametersarechosenas w/�p�s8 4 8

J
for AF1 andAF2,w � �98 4 88

J
for AF3 andAF4.

Figures6 and7 demonstratetheresidualnoisepower andthe
signaldistortionfor thesignal-to-referencecrosstalkcase,respec-
tively. TheproposedANC improvesboththeresidualnoisepower
andthesignaldistortionby almost20dB.Theerrorpower for the
noise-to-referencecrosstalkcaseis comparedby Fig. 8. Thepro-
posedANC convergeseight times fasterby 30% lesscomputa-
tional cost. The signaldistortionhasnot beenexaminedbecause
this crosstalkdonot causeit.

5. CONCLUSION

Two crosstalk-resistantthree-channelANC’s have beenproposed.
As crosstalktypes,a signal-to-referencecrosstalkanda noise-to-
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referencecrosstalkare investigated. For the signal-to-reference
crosstalk,an ANC which reducesthe signaldistortioncausedby
thecrosstalkis proposed.In thenoise-to-referencecrosstalkcase,
it is shown that the impulseresponsebecomesvery long by the
crosstalk.An ANC with fastconvergenceandlesscomputational
complexity is alsoproposed.Computersimulationsshow smaller
signaldistortionbyalmost20dBfor asignal-to-referencecrosstalk.
Eight times fasterconvergenceand 30% reductionof computa-
tional costareachievedfor a noise-to-referencecrosstalkcase.
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