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I',‘hlr I This paper describes R digital hearing aid real- 

ized in the frequcnc.y domain that compensates for recruit- 

ment of loudness and cancels acoustic ethos. In contrast to 

conventional systems which are based on a noise-prohe sig- 

nal, our echo cnf~eller is adapted using only the awilable 

(e.g. speech) input signal. The main problems caused by R 

nort,lrrwtu feedforward filter, for compensating recruitment of 

loudness, are discussed using analytical results of the steady 

state behavior of the closed-loop hearing-aid system. The 

propowd sollltions hnvo been implemented and tested on a 

dummy behind-the-ear (bt.e) hearing-aid device. 

/<u/wor~rl:- Digital Hearing Aid: Adaptive Echo Ckmcel- 

lotion, Recruitment of Loudr~ess C.kxmpensation, Frequency- 

IDomain Filtering 

1 INTRODUCTION 

F I~~l-~l~l3-\( ‘K is il U)IIIII~I)~~ ],rol,lcii1 ill lwariilg aid sys- 

t(~115. ‘l‘liv II~~~X~~IIIIIII sl.;i.l~l(~ gaili is liiiiild b; llw fwtl- 

IKIC,!~. Ilc~i~l~iil~-ilil~)ilir~~~l IwrsoIIS wi1.h lolltliless rcxmiit.iwiit. 

ilil\.(’ ;! l~~!~lil~Y!~l I’ilIIAC IWt.\VN!ll t.llC? SOlllltl presslirc l(YY!lS 

~(,I.l.c’sl)olitliiifi IO tl~r~sl~oltl ant1 discomfort,. As a rcsrilt, 

I II(’ (~ll’(~ci ivv (I~~llilllli(’ mngc Of ;1 licnrillg-imI)xired pc~soll 

ih ~Y~III~~I~~w+~~. Ii. ol’tc~~ v;\rit>s Illarketlly wit II frcqlwncy. 

Jr ; 
h?,h,!, i ,‘,r,i, 
i..- : .,.l,i 1 
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(6) 

CJkj = PG[k]l’.[k] + QG[k - l]B[k - I]. (7’) 

2 ANALYSIS OF THE STEADY-STATE BE- 

HAVIOR. 

‘f’II(s I’ollo\vitig itllill~‘SiS XSlllllf~S ;I. st.:ll)l(~ SyStc’lIl ill i1.s 

Sl(~il(l\. sl;lt(‘. t~‘(YYllXl(‘k t)ilt II illld fc:c~tlforwwtI filt.cr are ilh- 

~~IIII(W~ 10 1)~ li!t!c-iii(l(~l)~~ll~l~~lit 1 i.v.. (:[k:] = (;. fl[k-] = ./J. 

I”iil.l.lic:l.lliot~(!. to 1.x: i1i;tlIielli;llicilll~ trilct.iLblc. the amlysis 

is I)ilS(!tl 011 lllc~ followitig xsilliiptioils: 

’ (al) .l’Iic iiil)iit. vectors c[k,]. r[k + I].... iw lu~ltually i 

~i~~c~o~~~~c~li~tc~~l. i.cs. >T[~[k.]c”[k + i]] = 0. for i # 0. 

(a2) I‘IN~ V(‘(‘IOI’S &[k]: &[A. + I]: ” . Ioimiil i~~iil.iii~ll~ liti- 

cmlY~l;lrcYl. Ill il.tltlil iol). its fr(‘(lil(!ll(~y tri~iisLi~riii fJk] 

cotat it 111 OS wit.11 its u~~ii~~mcwl s ilii !,,,ro,t,/,c,/ofc,,l corfrplw 

(’ ,.,. r I,,, ‘II ,011 p’,““.s’. 1.1’. t::[/:,; [k]l;,[k]] = 0. for i # j. 

(~1) The error vect.ors &[k], F:[k + 11~. ;LW I~III~,II:IIIJ. 

uiicorrelat.ecl. 

(p2) &[/Cl tlilS llll~~O~~~~l~li~~!ll COlll~~OllClllS I’(lF k’ + X. 

\VilIi j/.[k] := jJ - fi[Xj iilltl ilSSlltllillL: I)rcvlic.tol’ illl<l I’CY’tl- 

l)il(‘l< [XII II 10 ll;l\.O 1 III’ Sillll<’ tlC’lil\‘. i.c :\‘tl z I). \Vf’ <I ill’1 

I)y iwrril ilIz 1 lit (~rroi’ \.(v’I or l-1 ) ;IS 

L[kj = PlJk:] + PI;r[X]fJk - d] ix! 

wit11 t tic tlliilrix H[k] rq~msci~liilg U[k]. ;~.nalog lo TJ[X,j. 

\\‘it.li (ill ) i\lltl &A:] Iwill, u Illl(~Ol.l.(‘iilI(‘~l i.0 I ‘[A.-t/] j f()llc~\v:, 

fr0t11 (3j witI1 (a?)). we find liv. tlw oriw u~iwl;~t iott 11121 ris 

t: [fi[k:]bH [k:]] = PC? [kJk]LH [k]] P 

+ PC[B[k]C[(1[1:-rij(l”[~-ri]] ii”[b,]] I’. (!)I 

In ~mmwling. \ve wpla.w (.5) iii (7). I:siiig t 11(x itlcnt il.! 

PGQJY[k] + QG:[k] = GQI;;[k:] (10) 

I lie lx-tdictor input. vcct.or Im:omcs 

l.‘[k] = PGE[k] + GQ&[k-I] + QGQ:‘[k-21 ill) 

iIlltl. with ttir Iiell) of (pl). its c0rrdat.ic.m irialrix 

E [ti[k-d]!;“jk-rL]] = PGt.[L[k-d]LH Ik-dj] G”P 

+ GQ+[k-d-l]:‘“:k d 111 QHGH : 12) 

-t QGQE [I;‘ k d 23 !:;” [k --,I- -21 Q” G” Q” 

;I(.(xirclitlg to ;I~kliiiil)tioii i;l2’; ~~ll-~lia~~~lliil (~l(~lll(!llth (‘ill1 

IX! 11cclcctxxl. hr t tw clin~on;ll Cl~!lll(!lltS. t-21. {l”! 

(xii lw siliil)lilicvl wil Ii I.110 livl1) of L jl:‘[X.:L”[X.]! = 

&[E[k:+i]E”[k:+i]] for Cl11 1’ !StC!iLCI!‘-Stil.lC’ il.tl;ll~SiS). 11 I’(‘- 

snlts in 

E[!/[k-d]f:“:k-d]] = sce[~j~--d]E”j~--d]] ( 13) 

yicltliiig for I;:q. (9) 

E [E[k]:H(k]] = PE [Ii[k]lrl”[k]] P 

;zPE[~[I;]GE[~[~-~~~~[I;-~]] GHFI”[k]] P. (14) 
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.M .JoN[k:] -_ =-= 
.u I I .J[k -cl] 

(18) 1 

3 PROBLEMS OCCURING DUE TO A NON- 
LINEAR. TIME-VARIANT FEEDF0RWAR.D 
FILTER 

III ordm 1.0 c:oiiilwilsatt~ for rwriiitmeiit of lolicliiess, bhe 

fl~c!c~iit~ilc~~-tIC~)e!i~l~!lll tlvimiiic rnllge of the SippiLl ll;tS bo 1x2 

;\tl;lptcvl to the rcqiiircwci~ts of the impaired person. A 

tyl)ic;il coi1~l)rcwioii funct.ion for n given frecluenq hid is 

tlq)ictc:tl iii Fig. 2. Such ii compression rccpires high gain 

for 5111;~11 iill)ilt lrwls aiitl low gain for high input. lwrls 

w~~~iliii:~ ii1 il Il~)lllill~!iLI. wc~igtit.iiip Ium~tioiis \~b’j[A:] for t.llc 

c~oi.t.c~sl)(~ticliil~ Im~tlp~i.ss fill.wh c, iii Eq. (6). The iiw of 

sli(.l~ ~~0tIIprcssioil I’iiiicTimis lends t,o t.liree main prol)le:lils: 

‘l‘llf‘ firs1 ~)IY~l~l?lll iil.iSlY (IlIP 10 1 Ill? 11011 Stilt.iOllil.rii~ Ol’l tlf> 

iill)iii hiKllill I(‘.#. sl)(‘(!(.ll!. ‘l‘llv iIIi)ill siullid l&lit. swil.c:li 

'I‘ll~~ llcst. ~)Id~lf~lll ~'oll(‘,'l‘lls 1 IIV Wlll1 ,~;11lwll~~l~. ..~sslllll- 

in& tlit) error \wcTor &[A-; lo 0~ \vliil(~. ;l(.u)i.clilij: IO I.;(I, j 1%). 

;l ))rrcliclc,i. itilllillg ill il. fiswl Illin;ltl,jllSl111~~I11 (~.+~!I11 iilll~ I’(‘- 

qliirc:‘: tlic SII:I~ C, IC,,I"& [lfi,[k]l-, ” to !)C C’OllSl illlt. 1 ICllW. 

il low-gain fwtlI‘ornwtl filt.er will allow 1'01. ii large l)retlic- 

tar Iiiismabcti fi[k] ‘f : i coil1 mwl to a tiigll-gnin filter. Iic~ilcf:. 1 

il Sutltl~ll cllallg? from ii low-gain 1.0 il Iiigli-pin liltw will 

cmsc scvcrc arbcfact.s, since tlic pretlictw nwtls ww 1 iiiiv 

to reduce its misinat.ch &/CT]. ‘II IP K!Slllt, migtlt, PVC11 IN! iLlI 

iiistablc syst,ciii. 

The third prot~leiii wnwriis inst;d~ilit.ic5 of 1 lie hciwiiig- 

aid syst.cliI1 calihed froiii oiit.sitlt~: :\ siitltlrii c41niigc of 111~ 

foc~tltmck ptll might WFIIII in iit1 op011-1oo~~ #ain “C:fi” tl1a1 

prwliices il.11 ullst.;hle Ilwring-aid sysiclll. 13y iiiiiiitiiiziiig 

F:[k]: l.lir prcclictor I rifts bo stnl)ilize ttlc sysl.cin. I~o\wv~~I~. if 

t tw opcii-loop gaili of the syst.c:iIi is too laiyy. tlw Imtlic7111’ 

iiiiglil. IW to sl0n~ I.0 C’Ol)c’ wit,11 l.lle iiiuwsc Of !<[A:]. Sllc~ll il 

sitli;tt.ioii itl(T(‘i\ScLS lllr i tlpllt. If?v?l Of’ t IIf, ffY:tll’l~~\Vil.l~~l lilt.or 

iiiitil t.lle Iiotiliiwiir rf:#ioii of 1.11~7 u)nil)r(!ssioii ('IIIIC~ ioii i\ 

reiicliwl. ‘l’lw gain is ~~1itolii;it.ic:~l.ll\; retliicwl ii111 il ati olwti- 

IOOl) gaiti Of C!XiWt.l~ I is Ol)li\ill(!tl wsiill.ing iii ;I Sllhli~ill~~~l 

c-willatioii. If the licwiiig-nitl swt.cYlI is in 1 his Still?. \cf’ 

Il;\.V? t.0 react in 90lllf' IVilx. ?.g. I)y iwlllciii;: tlw c-~vrr;dl 

pyiiii. 

4 SOLUTIONS TO THE DISCUSSED PR.OB- 
LEMS 

4.1 Aliasing dr~e to large gain changes 

Frfmi cxperiencc w olm3wd that a siitltleti iiiumw of a 

lowlevel ilip signal to a liigli-lwcl signal c:o~iil~i~~~l wit.11 

a corrcspondiiig gaili redilc:t,ioli dots not rf+srilt. ii) my iiiidi- 

hle nrt.efa.ct.s. If ill cont~mst, n high-lewl sipml is s~~cltlc~~l~ 

decreased t.0 sonic low-level, a corrcspoudi tig inmmc of t.he 

gain results in verv dist.urhing art.efaacbs. From t.his WC pro- 

pow I.0 limit the i-clnt iw incrcnsc of llw gain. Due to 1 tic) 

tenlpornl post.-masking cti’cc~ 141 suctl ;I. liltlit.;tt.ion doffs IIW 

l~l’OdUC:C! illI! illltlil~l~~ WtPfilCt S. \Vith I,I;'"'[k] the tlcsitwl 

wigIll Of tll? 1'111 I)illltll.'FKiS, lllfl ;~cTll;lllJ. llw~l \vf~ipjil H[[k] 

is 0l)t;iiiictl ns 

0 n; [X] pl.;“![k:+l] > 0 N’,[k:]) 

W,[k,+1] = 

i 

J H;[k] jwy’[x+l] < !‘I rl.;[Xj) i I!)) 

H;""[k:+I] CISC 

With the aplmq~rixtc choic~f of 0 (0 > I) illltl 3 (0 < .j << 

I ) Ollf! tlOf3 IlOt 1ifxi.r illI? ;l.l’lf’~X’t 8 illlC1 t II(’ i’(!t’tll’Ol’\~ill’~l 

filter st.ill c’c)itIprmst:s illld coiiilmisatcs for iwriii1111~~1ir 01’ 

lOlltlll~SS. [j (‘ill1 IIf! al)Ollt 5’2: illl(l 0 SllOllltl II01 IjO 11111~~11 

Iil.l'gf~r tllilll 1.1 161. 

4.2 Large low-gain mismatch of the predictor 

If ;I l)rfvlidcm iiiluiiig at ;1.c’ollsti~tll Iiiis;ltl,jiisl ii:f~111 is IIS(YI. 

M'II UlJnPl'LP I II<’ ;~I~o\c:-lllc:llt.iollc:tI I)I~cJI,I~~III. S\\-iit llills I’~oLI~ 
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x C&[lEj[k41’] (2.5) 

I 
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