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ABSTRACT

Bone Conduction Devices for Sound Image Localization
Study on Crosstalk Cancellation

Student ID : 19314087
Author :  Daiki SASAKI
Supervisor : Yasunori SUGITA

The technology to reproduce sound with a sense of presence is called stereophonic
technology. Entertainment using stereophonic technology has been attracting attention in
recent years, and sound image localization technology is one of the elements that bring
about a sense of presence. Sound image localization technology is a technology that gives
a sense of direction to the sound. Bone conduction devices are used to localize the sound
image and present the sound to the cochlea in the inner ear, making them effective for
people with hearing loss. When using a bone conduction device, the signal from one
transducer reaches the cochlea in both ears, and the signal reaches the cochlea on the
opposite side.

This phenomenon, called crosstalk, reduces the sense of sound direction and affects
sound image localization. Therefore, it is necessary to perform crosstalk cancellation,
and a noise control method called active noise control has been proposed. Active noise
control is a technique that muffles the original noise by using inverse phase. One of the
control methods for active noise control is the FxLMS (filtered-X LMS) algorithm, which
optimizes the filter coeflicients. In a previous study, it was reported that a filter calculated
by using the FXLMS algorithm cancels crosstalk with a maximum attenuation of about 13
dB in the frequency range from 0.2 to 2 kHz. However, although crosstalk cancellation
improves the accuracy of sound image localization, the signal reaches the cochlea ampli-
fied or attenuated due to the effect of bone-conduction transfer characteristics.

In this paper, we propose a method to perform crosstalk cancellation and correction
of bone-conduction transmission characteristics. Using pre-measured bone-conduction
transfer characteristics, a filter was designed to achieve crosstalk cancellation and correc-
tion of bone-conduction transfer characteristics, and the filter was applied to the sound
signal presented by the bone-conduction device. The usefulness of two methods, one
based on active noise control and an inverse filter, and the other based on a transaural
system, was confirmed by simulation and verified on an actual device.

The results showed that crosstalk cancellation and correction of bone conduction char-



acteristics were possible with both the active noise control technology and the inverse
filter-based method, and that the transaural system provided more accurate crosstalk can-
cellation and correction of bone conduction characteristics over a wider frequency range.
The transaural system was able to provide more accurate crosstalk cancellation and cor-

rection of bone-conduction transfer characteristics over a wider frequency range.
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1.1 WEE=

F IS R Fi - CHA T 28D & & 2 IR B v MR, SR B
FIA LD Z X R EEEFEHEZBRETED, BHEED L2 BRLLTHE
BENMBMDD 5 [1]. THEF T MEZ R 78 25T Z OMRED E2is Z & T
BOMSGEPREL M ET S [2]. BBREMEZTD FELLTAY F7 4 VPR E—
H—, BIRETNAZARBREDVDHY, BRETANA I DIAAD 72 < BUD 1) 23
RS, BROBESCERBEHREONTFTHICHIATWS [3]. ¥4, BE
TNA ZENE ORI EZIRR T 27Ol e L CHHH I IcH AT
H3[4]. BHREMIBEREE IR Kb TWL D HEEZFIC > CTHEERMEL
o TWa. @, HEEE IO L TEMESRIIA AN S 2 2 23% 0 o T2 il
ERANEICHNEE -6 F 2L 2 DA OVWTEVWERRR I QT
X7 [5-9]. Lo L, BIRET AL R2MH LK OIREF2 5 OES 25 HE O
WA EE, AN DIBFICEL 7R =2 L WS BHARFO AR E KT X &
ZER L 72 5 7D BHREMIHENH S [10-12]. 7 v R =27 13BREOMEEH
WEAHEEGRIRT 2 FEERTHS. 20D 70RA =27 F 5 VA RITINE
MHY, 7754774 Xaryra— LW BEHIEHOFET/ oA —2 %X ¥
YRNANTBMERD B [13]. 77T 4774 Xay ba—iLeidaniiHEFMH L TR
BERLILOBEHETDEMTHS. 72774774 X3y ba—LoflHlFiED
1 D¥ LT7 4 VZDFREZERET % FxXLMS(filtered-X LMS) 7L Y XA 2 W5
HDDDH B [14]. FefTHHFETIZ FXLMS 742V X AZFHLTRD=7 4 V2% H
W53 Z & T 0.2~2kHz O EBEEE T RIS B W THRAKN 13dB OFETx v vt
AWML ZePMEINTVWS. LEL, Z7BZAM—2F v eIl & o TEHEBREN
DIEEMA BT 2 D FELEREORETEEIMEIR L2 R L TR IE L 729,



F1E LD

EEEICEREMERRT 2121, 702 b=20F v U2 THELERE
DFHIEDRETHLEZOND.

1.2 HZEHEHB

AWML TIEERBELRIZOZA —2F v e L BERERTOMERITO 22 H
e 3 5. BINCHDE L B8 REREZHYTI/eX =20 F ¥ 2L e HEIR
ERMEOMIEZER T 572007 4 VEZHREIL, BRETANAATERT 2EHES
W LTI A NREERHIRETITS. 77747 /74 Ray va—LE iffiie#ir 4
RIWZHDLFIE, MO T VAT =V AT AIZHE I FED20BBEFIL, >3 2
L—a Y CHERMZIERE L, FEMTOMEEIC LD Zh 2 FRORHZ B, o
DITT 5.

1.3 ERXAERY

AL DM E L TNIORT. 82 BCREMNRIRE 277747 /4 Xay
FE—L¥ FXLMS 7V U XL, FIYVRICH =TGNNI AT LADWNTHAT 3. &6
3ECTRIBRFETHI 77747 /4 Xaryba— L efE74LXBIR T
AF—=F NIRRT LZDOWVWTHHL, EFEDOT7 4 VEZDEWVIZOWTHAT S, &
ABTIEYI 2L —yary THAMZHRELFERTRIEZITS. 5 5 BETIIARRYD

fhamz v B
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21 F7oOT7147/4Xa>r0O-)

77547 /4 RXa¥ knr—)l (active noise control : ANC) I H L7=2W\WHFIZxt
LTHNMHOE 2 REZIEL Z L THET2EMTHS. X7 POBEHFITREHVS
NTED, KX THET2HXERENY F7 1 2 H LB Ol o412
7B AN =0 THb. F"ANVADFHEID, H2.1 ZBWT—XEIHEDRE D 12
EREN2E5 e A—0ES Q %, —XElEZHID HOZZENICHC Y Ficaofml
72 REVRICE > TS A Z e DAJRETH B, 22T, _XREHRONMEE X+
72%E, QNTRE—RXEFHETERSINLEL L, _RERTEKE N2 E50FE—7 4
YeWfifHE D, BEREDLVICIDERC Ty eI N, EESERIZKS [14].
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22 FxLMS 7ILdU XL

TOT 4774 Xay b a—LORIEIFETERANTT 4 — F 7+ — 7 — FHil{#l
DHWHNS. BETH 2 —XREFELZHFINCHRHL, Z0FEEICN LU TUMEEHL T
WHHE R 2 X5 BEZ2_REREIPLRE T2 I THEEZHEST 2. ZORKD 7
0y 7RZK221RT. BN TZOEESDORLAEDLETH IREGBESIRIE R
2512702 =27 4 L& (cross-talk compensation : CTC) ##lfHl§ 2. Z
D7 ANREHIFL TV S ZTRAE =A< A 7 ORMER EITHEE LT < BEH
HDB7DT7NTY XL E LUTARRETIE FXLMS(filtered-X LMS) 7L a2V X 4% Fw
THEREPRNE R D XD 7 4 VAR EFEH L T0L.

FXLMS 713 X 2 0 FEHAIX

h(n+1) = h(n)+ ue(n)r(n) (2.1)

THRIND. ZZT
h(n) = [ho(n) hi(n) -+ hi(n) - hy-1(m)]" (2:2)
r(n)=[r(n) r(n=1) -~ r(n—i+1) --- r(n=N+1]7 (2.3)
r(n) = CTx(n) (2.4)
C=[Co € - G- Cnl” (2.5)
x(n)=[x(n) x(n—-1) - x(n—i+1) --- x(n-=N+1)]T (2.6)

THD, h(n) IXCTC 7 4 VEZDT7 4 VEFREART bL, r(n) &7 4 VX — RS
EERZ b, CIREMIARE -TRBET L, pl3AT Y THARRTRX—&R YL
M XA 2 S SENE DGR & HEEREE 2T 2 9 X -2 TH 5.

WILERRE LTURDOR Ty P TEHF L TOERKINIKE -7 CTC 74 V&2 %
FHT2Z2 TR M —2%HET 5.

D7 4 VEBREANRZ v h(z,0) DAL

OZHREBEXRT bL x(n) OHIHAL

ORT v FH A ZANT X —RDKIE

@7 4 VE— RLBREBXT ML r(n) OFRE

OLINIZRT AT v 7D#EDIRL

stepl iREEE e(n) Z#HIT 5.

step2 ZIREE x(n) 2B L TEREBXZ MUWITHARAT.

step3 ZREBRZ MU 2 KEKET LV EZBEH LT 4 VX — RBHES r(n) K
H 5.
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stepd CTC 7 4 V& D HillEES 2 H 13 5.
step5 WL 7 4 VR DR T bV h(n) ZEHT 5.

BRBIES L VREER 4
xm) N H(z) e 4
anZE
| CTC7 4 &
PREBET L W(z)
()
REES
e(n)
»RHMEH |

74 s —FERIES
r(n)

22 FxXLMS 713V XAad7uay 7K

23 +I2URXAA=FZIRXTL

NI YVARF =TGNNI AT LEFAY == BEEFERA L TEEOEHZICB) 52 H
AEEELZEEOMBE IR RS 2HAFETHS. BER 23 D (b) ITRT IR
V—h—2 00065 %2HELREEE, EORAY—I—D20HBIXX LT, DR
V== EBIIMLTIZrRX =22 LTEET 2. ARFEMOFHIINLTE X
ZWEBICZeRX b —=NREALTLED E WO REEBILT 272012, Ho1 1T
ODHABELEYATLATI/RAMN—2%F Y2 VT 5 TEHOHBENARE L &2
2 [15,16]. TD AT ADREEIZOWTIHRRZ. M 2.3 D (a) ITRT &5 RIEZHIZ
HHEIRS POMBENOLERKE H T2 8BEETOANES PR Q7)) &
FRE 3.
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(b) BEES

23 FREGHEEYS

{Pl(w) = S(w)H,(w) 2.7)

Pr(w) = S(w)H, (w)
HAEBHTOAY =S - & X t Lz &, WHADANEE P 13X 28) &
£E3.

{P;(a)) = Xp (w)Hp 1 (w) + Xg(w)Hp 1 (w) (2.8)

P (w) = Xgr(w)HR ;(w) + Xp (w)H ()
FREHTOANES P eEAES CTHE LW ZIZP=P 3574751 (2.9)
rERE2.

2.9

S(w)H(w) = Xp(w)H,1(w) + Xr(w)HR,1(w)
S(w)Hr (w) = XR (w)HR,r (w) + XL (w)HL,r (a))
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ZIZTAEY = =25 T 255 X1, Xg IZOWTHWTWL X (2.10) 21535
b

Hi(w)HR,, (w) — H (w)HR 1(w)
Hp (w)HRg,(w) — Hy »(w)HRg 1 (w)

X1 (w) = S(w) x
(2.10)

Hy(w)Hp (w) — H(w)H], r (w)

Hp (w)HR r(w) — Hp r(w)HR 1 (w)
A== oM TEEBICHLTA (2.10) 0L RUEY2 T2 Z 2 THES

BTREGOMBAD ANEE2HAET S cHETE%. X 27 &b, X (2.10) &

A (211 eEIZenTE, KX (211) BFXK24 FEMTHS. LoTK 24 I1TRT

#7423 (2.12) v E£RES.

Xr(w) = S(w) x

Pi(w)HR,r(w) = Pr(w)Hg,i(w)

Xp(w) = Hp i(w)Hg r(w) — HL r(w)HR 1 (w)
@2.11)
X ((l)) = P, (CU)HL,Z (C()) - P (O))HL,r ((1))
R Hp (w)HR,(w) — Hp r(w)Hg 1 (w)
3 HR,r (w)
Gl,L(w) - HL’Z((U)HR,I‘ (w) — HL,r ((U)HR,l(w)
B —Hpg j(w)
Gr.o(w) = Hp i(w)HR,r(w) — HL r (w)HR 1 (w)
2.12)
G (w) _ _HL,r (w)
LR Hy ((w)Hg,r(w) = H r(w)Hg,1(w)
B Hp (w)
Gr.r(w) = Hp j(w)Hg,r(w) — H r(w)Hg 1 (w)

24 FIURF—INTRAT A EBESHEOEB
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3.1 FE1. ANC H@HIE7 1 I)LA
311 JO0Xb—J#EI«ILR

77T 4774Xayba—=1D7 41— K7 57— FHIHITHWS FXLMS 713
VALEFHLTIZBAN—2F vt % T3 CTC 7 4 VREERT S, K221
RL77vay ZRO—XiEKE” EE»OHEGOWRE” OX5kr7nX b= N4
TR LT, 2R E” AE»SHDRA” £ To kS RAEMTORKLE T 5.
FEICHE L BEGEREZHH L TRD 5. BEEGESPIER LTz 1 0575 D
2 DRAEINCKRE 572 CTC 7 4 VX DRFEFREFREE RS, 740X 2ELTHy
YENMEBEMT I T v R b—2% 1kHz~3kHz T 40dB~50dB J&#E L T\ 5.

' ‘ i
Il
-10 i rl -\-AM”\J“'II ‘
no filter .\""u"lwp". ‘-.-“|| \\| | | |
—o0 | filtered ‘.‘ H\ || \!|
L

Relative level [dB]
g &
\
\

|
[=)]
o

-70 +

-80 ; : ;
10’ 102 10° 10%
Frequency [Hz]

3.1 CTC 7 4 VXD R



HI3E T

3.1.2 BEmMEFEOMET 1 ILAR

HERIZBUIIFRUEZITBHTEEZ 2RO 7 4 VR Z2H 7 4 LR R, KX T
BEDOBEEANY K74 U0 0H0MWM4FET, EOBERENY R7 4 ¥h o EDOMMYF
¥ CHEMZERMTORELITBHT LR 7 4 VX 2ER L TR ORI 2 fIES
5. FENCHE L2 BB m5ERE 2 #H L CHAl 0B OREEMIET 287 4 L
REMERT 5. ERICIE NLMS 712 ) XA %#H L. NLMS 7130 X4 2%
FXLMS 713V X 2DbL o TWBLMS 713V XL LD ATy FH A4 XN
T X —RDFABDMERICIR572dDTH 5. fER LT 4 LR EFHIELT2WEEKD
Fetk, Th o2 BAAALRER S O RIETRT. BELEERECEAAD I IS
X o T 7P IR DFEDPTHIESNTVWS Z e bd 5.

T
20 | \ -
o
| ~ -
ol N e

T T e T e TN
= / T
m —
- —20 -
= /
2 ;'/ unknown system H
] / inverse system G (by NLMS)
g =40 r/ HxG
= [
T |
r |

Il Il 1 1 Il 1
1 2 & 4 5 6
Frequency(kHz)

3.2 W7 4 LR O ERBE:

3.1.3 ANC t#iE7 s /L2 xERAL-EO7Ov 7K

FiE 1 OBEEPOWMTFETOTR Y JRZRT. Hr,g(w) & Hrpjo(w) 1335
TZA4NER, Hy(w) & Hy(w) IZCTC 74 VR TH 5.
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X33 FE1 ANCH# 74 LxD7Tuy 7K

33 TRTMFEANDASES P iFX (31 k3.

Pl(w) = Xp(w)HL,1(w) + Xg(w)HR 1 (w) 3.1)
Pl (w) = Xgr(w)HR s (w) + X (w)HL » (w) .
EHDOBEENY R7 3 U 50BEHES X 13X 3.2) TH 5.
Xp(w) =SL(w)HL 1 g(w) + SR(W)HR, g (W)Hyi (w) (3.2)
Xr(w) = SR(W)HR r g(w) + SL(W)HL 1 ¢(w)Hyr (w) .

X (32) 2 GB.1) WRAL Sg & SL KHOWTEHT 3 Mo TEE 3.

Pj(w) =Sgr(w)(HRrg(w)HR () + HR rg(w)Hy(0)HL 1(w))
+SL(w)(HL 1 g(W)HL 1(w) + HL 1 g(w)Hyr (W) HR 1 (w))

J 3.3)

Pl(w) = Sr(w)(HR,rg(w)HR () + HR,r g(w)Hyi(W)HL 7 (w))
+SL(w)(HL 1 g(W)HL r(w) + HL 1 g (0)Hyr (w)HR,r (0))

2ZTR 33) 2P, =51, P,=Sg LT 2D TH I FORTHRE 3.
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HR ; ¢(w)HR (W) + HR ; g (w)H 1 (w)Hp ;(w) =0
Hpjo(w)Hp j(w) + Hp 1 g(w)Hyr(w)Hg j(w) = 1

3 (3.4)
Hg , g(wW)HR (W) + Hr y ¢ (W)H\i(w)HL (w) = 1

Hpg(w)Hy r(w) + Hp j g(w)Hyr (W)HR - (w) =0

ZDE, B0 HoTWARANI/n A b —27F v A A[aEL LT (3.5)
DLW Hyy & Hyy WOWTRL. Hyy & Hyy 2318 (3.4) OFETED 1 ORI A
LTHX (3.6) DL WCAELF 1 RS THEREREOMEZERTERW. Lk
MWo TFEIIEBERIIBRA N =7 F v Ul HFEMEREDOMIENTE RV,

_ Hri(w)

Hui(w) = Hp (w)
3.5

_ HL,r (w)

er (w) = _HR,r ((,())

Hpg(w)Hp (w) - le:r EZ; Hpjo(w)Hg (w) =1
(3.6)
Hpg (w)

HR ;¢ (w)HR ,(w) - HR,¢(wW)HL (w) =1

Hp (w)

32 FiE2. I UVRA-FIIRATL

FiE 1 CTHLE, SBERIZOR N —7F v vl BELEREOMENTE R
WD 2O0DDFELE LTIV AF =NV RT L EHHLFELRET S, 2
BCTHHLE N VY AF =N AT LDFM I Y FHELS TOMEAND ANES 2 H
AEGCTHETEZ2-08KERIZOR =27 %% Vbl BFEMLEREOMIED ]
BETHD. M34I1TRT 7Ty ZRDE 7 4 VR G(w) IEFRNTHE L 72 B I8 5E
2 LT (3.7) e EES. 74 0& G(w) ZIEABICIZEMREAAATHE
T 9 7D HELERMEL 6 fEOXE R & DETEEITS.
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Sk

h

1Grr(@) [Gr(w)]

St
Gi(w) | |Grr(w)

D BLE~Y F 774>

EoRs

34 FE2 FIUVAF—FATRATLIOTOY I

GL(w) =

Gr,L(w) =

Gir(w) =

Gr,R ((1)) =

3.3 FEDLILE

HR,r (w)
Hp (w)Hg (w) = Hp r (w)HR 1 (w)

-Hpg 1 (w)
Hp j(w)HR () — Hp  (w)HR 1 (w)

3.7
_HL,r (w)

Hp j(w)HR (w) — Hp  (w)HRg 1 (w)

Hp j(w)
Hp (w)HR (w) — H  (w)HR ;1 (w)

FiE1 BREHOMRETREERER X P —2 X v b b BELERMEOMIE
B TERVWHTIE2 TRATRETH . RICFIETD 7 4 L EXDENE ZEEICOWT
LT, FE1TO 7 4 VEZDOXBUIBELRERMEOXEZ N £ 55 ¢ CTC
TANRIBN, BT 4 NVEW2IN -1 ThHb. FE2D741XFE4O2T6N TH

5. 7 ANRRETLHET %
3513, CTC 741X D 6

CRIURAF—FGIILTATLDT 4 IVLRIFHT 4 LRD
BehoTBHIATLADAEBIIX NI VA —F LT R
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TLDHBRKEWV. ZDHFEN—FELTY 7L XA L TUHZIT S DTHIUIKE
DIERNFE 1 BENTHS. FiE1 O 7 4 VX BEOEREZ HIE T 2 %EIT
B % DEEARERHE DO B RECT W ERFED 2 72 DKW, 2 D TR W BB AU T HER
THAREEMED D L. P UAFT—FINI AT LD T 4 NLEZD 1 OHA (3.8) TH3S.
DRI A4DODT7 4 VEZETTRIUTHFBZNEIES. 205G, 7EOLEMOR:
M Hy j(0)Hg - (0) EEDRE T2 5 EDMFD & 5 REBORIETH H 22T
BOEZT7 A VEBFMT 2RI FIEL EFA L H 3. £, FRTHEREE
HIEDLETVELDFE2D 7 4 VEZOAFRLDEIEIEE. ZOLIBREBVLD
2720, 32l —yarviEHETHIEL TOWESFETED XS RERMELNS
DERAE L.

HR,r (w)
Hp (w)Hg ,(w) — Hy »(w)HR (W)

{Gl,L(w) = (3.8)
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OZal—areEETORET

AETIE, HIETERZ2O0DOFETY I al—va Yy eERETWI/R A M—72
¥y el BELMEREOMEICOWTHRIET 5. 3R LHIC, EFEDOT7 4L
X DVERR D Tz DI EE IR E RN O BERERMEOMEIZDOWTIARS . KRIZ2D
DFETI7UR =0 F» eV BFEEEREDOMHIENTES20E2> Il -3
V¥ 5. BRICEKETIZOR N2 F v vl BEEEREOMIES A HED 2 WEE
LS 5.

4.1 BE@EFIEDRE

HELERMEOAEICONWTIAN S, KFHIXTIE T 4 VR DIEBICHERE RN D F
BREREPIDE R - DREEITS . W TORERERZN 2 2 2 IZBHERNTIE AW
7e®, WRIGE WA HERE TN 2 58 2 4 TORME M TH 5 & LTHIE
2iTo7z. MEEFE» REETTY, HRE LTTSPEELZEEEAY K7 105
ML, BE~A 7 FTORMEZFEmEREE UTINE L. JESRAZ K 4.1 12,
HEREZ X 4.1 1ORT.

x4.1 HFESRSF

HES TSP &

VIV AN AN 48kHz

TE 2048
HILE~ A 7 OJEBEFRE | 200Hz~3kHz

14
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OCTA-CAPTURE PC

X 4.1 HEEREORE

42 JOXRM=0F% vt BEmERFEDORIEICDL
ThDOZalb—ray
421 ZIal—Ia &k

P2b—YarvE3ETHHLLEZEFTEDO 70y JROM Y ICHIFICUHEZ LT
HAET 2. BIEEAY P74+ Y OEDEFIZ 250Hz %A T 3kHz £ CTOIERIKZ, H
DEHIZ 2kHz DIEXKETH b 22N FRIC 3 BWERT. 2 LECESZELD
LMT e xBST2DIZ, 55 2kHz DEBZML TWVWS & XDALD 5 1kHz
DEBZMT. FFETHERIIN L TUHEZITWEEANY F 7+ Y THATS. 20D
REDFED & DK IR DIEKIKICH LT, HDORA 7 TRENSELSZ7RRA =7
Xy RILTETWSED, EOYA 7 TIIBELERTEOMEEZTE20E> I 2
Lr—aryiab.
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422 S ZIal—Ia iER

JRAL—TF v EADYIal—Ya VERERT. 74 VX TUEE L
BEDIRRA M= DPET7 4 VA TUHEEZ L TOWARWEEDI B A F—2DEDEZ{F
HEDIZ7OR =0 DF xRN EE LTI 7OMENCHEEE LTRT. FEI1T
1% 1kHz %» & 3kHz % T O EERENH T 30dB~50dB DIRZEEHE Sz, K E R
HORICEETRKELBET L2720, CTC 74 LZXERDZLEDTILIY XLTD
BEELDRABYFEEIOHEDELATVRVWEEZEZIONS., FWHT7 4 LRT
FET272DICHEIBELTVWE I BERERNTHS. FE2DON I VRAF—F VT RT A
TR TORBEEFIC L TEVWBEENE N, RER T X =285 H05%E
BRZF vy EATEZL VWO RNES I 2L —>ay ET /A AR EDEELRZT%
WIRIH THBICHRTEZ 2208 VWERERRZEON-EEZONS.

-10
-20
-30

-40

attenuation [dB]

-50

-60
0 500 1000 1500 2000 2500 3000
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M42 FE1 Z/nAb—2Fvy ol Ial—aliER
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-195
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-235
0 500 1000 1500 2000 2500 3000
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M43 FE2 A b—2Fr LD Ial—Ya ViR
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