*;e3e2../]0:01"26X2T2R] <WD 02/2375 RESI DUAL ECHO ESTI MATI ON FOR ECHO
CANCELLATION Field The present i ates generally to echo
-cancel | aty@npayssens, and nore s ﬂ mwmlll’o systens forpaskdshiids
reS|duaI echo 1n echo cancellatlo ackground of the Invention 10
I n "speaker phone" applications, the "FE%¥-t al ker" is the person using the
speaker phone, and the "far-talker erson on the far end of the

t el ephone line. The f&ES{DéiAﬂ‘eFrcfg)%sJielgéﬁION AR g A E(LM‘ Wﬁj t hrough a

speaker) into the room (or other acoustic enclosure) that houses the
speaker phone and the near-tal ker. An echo is pr oduce tal ker's
speech 15 propagating through the roomand being sub ’Hmm Mmmﬂllﬁwel ved at

-t he m crophone. Acoustic echo cancel er s il EC) are used ? the echo
recei vetl at the mcrophone. The acoustic echo cancel er |s ypically an
adaptive filter thatymdeh Sydhiie it geqyﬁlyeetm cg@em;an gygentsmﬁd Lgom Extrene
¢cases exi st where the acoustic echo canceler briefly fails to cancel the
echo, such as priiByel sgbuberedusracesispal phpyin gehp eengellatin syds™snpvenent . I n these
cases, a far-talker mght hear a 20 short burst of his/her own voice as an
echo. Residual echo suppression tﬁ&?-% Q% LGPt to remove the echo that
remai n? after , acoustic echo cancefllatron, ereby preventing the
far-talf%er from heari ng such bursts while still allowi ng the near-tal ker's
voi ce to pass througispeadipsdnelrapgichtionais “chatthike@ Ui tBe Bii@EIOHBY spiaketpp@Ni ques
have been the s s Ve d
describing the 2 étﬁgtfi(%klr%%%%é%p?nnw& %E%&IJ'& é;?gér:far%}g %Q:@h Conbi ned
Acoustic Echo thltr?aéqastéﬂlféiedﬂb?ug@a Reskrdne Brrogmior qhsirdausticersiosTs frgihprsty, * Si gnal
Pr ocessi ng, VO| the&ﬁeakemﬂone Qril'tlaaeal ﬂlﬁQBAn élﬁﬁ“lelbr&ﬁéea Wﬂlef fﬂftﬂfef”ﬁgeet:ho as

Acoust 15 Bono CAREITRTER S ne S R R S AR Do "sa- 56
Sept. 1997, her eclpafneers <ﬁé¢)ererued totceyicg) ghe eclrgpietsived 2t thpigipiphprs. Eregesisiy r esear ch, ’
current residualecRGhed t@umpra,eﬁisduwmeleﬁhﬂcidauleevaacrueecmqsathgemploerh ely

ET gﬁ?tel \]/_es Ih(r)]Wg eﬁ(}/%‘xggasestex%t wécf.lthe acoustlc e%o ceincele%leilﬁ} tlfuptto canc%l%e ecth Slﬁ%lawegﬂg
estimation; Fi gureongedgpublggalicor fapid sqal tp‘mr mpysmenpfln tese pagps g far @H\mnnm keerlaat or; 35

Fi gur e2® shows ash‘§ggglrwlhlp|grmnq,ac&fs arfectel 0SS-term cal cul ator; and Fi gur e 4
shows speech acti vi tfy?% ctors .in eaker phone co

112/ 23755 PCT/ U Sl | S‘B%‘?E&‘P’I ‘%?‘?%’ S emPEREBATCAK {?‘%‘?‘Ptﬁe“%aﬁ%af?ol | owi ng -
detai |l ed descri priugiv edb cantrbationthoreymarintng the &f-alkeriior hiagngyed bursovhilhe 5

acconpanyi ng dr as‘{Ml Qg&n%m@&earsthl@% onyto\ﬁ@ytanlﬁghlullldkslﬁﬁ)taJ ﬁ*{%d.&am echs R@ﬁésglbnc
enbodi nents in which e inventjon awi ngs, i ke

nuneral s descri ﬁgchlgiljlﬁsg?\gﬁfﬁngr leg P st%ﬁh aé%%ﬁbsﬁ‘évﬁg"senf‘ﬁl’%ﬁdﬁsfjm"g tfie several
Vi ews. 2Yhese enbodi. feauipss arleledeSwritond: d.ri‘Caulfifed sjoestit Ecle€amird! atddoenabl e t hose

skilled in the agdyci® chH@&lE F[@@Feteﬂf%n)l ’fsvg%m:}oeemg,%her pEfndiopent s may be
utilized and structural Iectrl C chalng@Pﬁc?ug% he made

wi t hout departi H@’ef’?fﬁwffrﬁé “’fﬁf@’&‘ﬂfﬁ’%" cf"l“ Yﬁérb‘ﬁ’r“’ erH‘““% O eover, it
i s to be under stioacbustinBdho Cimeellvtan AgorshneTiBod IWBENE 70 onddnepi SA¥Gfepton, al t hough

different, are ngb; NEGESS Afehldo Mml X Mes??&%g’dﬁé r\éearchF&rreneeéeamleeo
pal‘tl c%ar f eat ure, structure, or char ac er|stic e cri in one

enbodi rent may BUPRTEP (FERUSHATE ATt FPrBhiell ETTestivG B Fosing ‘§s'd“"’|‘ﬁ foI | owi ng detail ed
description is, therefore, not to be taken in a limting sense, and the

scope of the present invention igg.qR ch{,\e,qogmﬁ/mw ;. he appended 15 cl ai ns,
along with the full scope of eqarvalen o Which such clains are entitled.

The met hod and appaﬁ%?ﬁéS%WsWH@”%F@@%ﬁF”WﬂV@WFPdWhﬁ?ﬁWVﬂ@eﬁmﬁEBhanlsnlto
estimate residual edgrez ghoaa &g putedniota @shiemeandel;l ati on system An adaptive
"filter yproduces an S the estimate of the
echo frgn1the nlcro§§ong§%ﬁs%%Mégﬁngfagbmgngn%%ggéﬁﬁﬁ and the estinmate of
_the echo, do not cId@@ﬁﬂSW@E@H”h%WmﬁﬁﬁﬁgﬁﬂéBWé“W@§?ﬁﬂﬁ$ echo 20 remains in
the signal. The method and apparatus ofl the present invention provide a
residual echo estimator that separately estinmates real and inmagi nary
conponents of the discrete Fourier transform (DFT) of the residual echo
W t hout assuming statistical independence between the various conponents of
the m crophone input signal. The residual echo estimator cal cul ates the
real and imagi nary conponents using an approxi mati on of the m crophone
i nput signal 2S without the echo. A different approximtion is used
dependi ng on whet her the near-tal ker and/or the far-tal ker are tal king.
Figure 1 shows a speakerphone with echo cancellation and residual echo
estimation. Speakerphone 102 includes adaptive filter 112, residual echo
estlnator (REE) 116 summer 124 n0|se reductlon (NR) CIrCUIt 120 speaker
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Adaptive filter 112 approxi mates the transfer function of the echo as , and
generates an 30 estimate (err) of the echo signal yn fromthe del ayed
far-end speeerisisgnal xn. Sunmer 124 subtracts fromzn to gERas@/REson node
122. Adaptive filter 112 can be any filter suitable for use in an adaptive
echo cancel | ati on system Exanples include, but are not limted to: S. Gay,
S Tavathia, "The fast affine projection algorithnm, Proc. |EEE | CASSP,
Detroit, USA, 1995. pp. 3023-3026; and G dentis, K Berberidis, S
Theodoridis, "A unified view 35 Mmﬂﬁmsquar es adaptive

al gorithns for FI R transver sal f| ltering,"” | EEE Signal Processing Magazine,
vol . 16, pp. 13-41, 1 {]1] %/“ i WOl 12/ 23755 PCT/USUL /28825 zn, yn, and
en are input to residual’ Oé‘é%(get%ﬂ‘feﬁ*ﬁ?t'(??°flthef’8b°f“6’e’§%ﬁ@%‘ieé*“&FF‘%@%| mate of the -

resi dua? echo. Thempesirgimlingebh showdty wandf dlugmithn.apecific @bbdipets it hich @ S €

reduction (NR) Civefiéh Tmayltggxaétlgedr ﬁn%(&ﬁwﬁg&ehk@ ﬁﬁﬂegH%éscr%g{lgsta'n(ﬁ:ll?gmllal deal ly,
(err) would match vn woul d contain on €” near-end speech

signal sn and pero'ﬂ%oﬁ?tséB%h%té}Eﬁ‘aFWJ rgs: r’TB?SE%“t\?ﬂmC“F%WéV%f}bed ip ffigiepts 5
pr act| cally i rrpatsmlble@blathdse gllledinvig Y to PaticEthd iBveSIDABO BN BRI mnts nragasel dual echo
I‘ n yn R - €. ntilifefand stﬁ:@tur';h Mé?cal"'an'a @lectlm%ﬁnéepﬁ r%{ b@l:nac}e%tlﬁ%t depaﬁln%%rchm tnt (Xn =

g |nput to the noi se reduction al

bac kgr Und noi seCoPd Prefra ipvetion Mogsayer, |'t§ t‘h‘i?t“l‘“l?@mdtt'l*i’éﬂw ‘ﬁ‘tb‘?“@@"bo@mms

undesi r abl e conpe ntesjion] altghcieifrehtuee xbaeéeg;wpxﬁduanpéxaeswu NFopdx@fige, M t h echo
yn. Noise r edUCtdan(?g.ll Qfegtgrglsﬁuct%lgg @%x‘?&m@hc@% ed iR Qn%%l%go% %rsnt Ibrg%tclgg dt 0 track

t he near-stationary g}doun 10" noi se quasi - stat "&nary resi dual echo
i s estimated sepdhe@synm ’a’e‘it‘hé“‘?%”ﬁ“d'ﬂé‘f*a“é‘tﬂﬁiﬁ“lé@'!‘P fhgrere, T(OREEafakCINR is then
applied using a acmmg)s:hiﬁand tQkapedf tiepiesehBiventiol iNdetiMaBnILHIRApfRBY S, NOi se
reductipn circuigj \ : fodegrstationary backgr ound
noi se to mask recsaljnﬁ nL @ﬁnﬁe%m%ﬁo%m gungglg&ogvhlal sucih i eﬁn&?ﬁg al gori t hns

di scussed in Turbin T&%@@OB%R@P@M*@ aﬁw@yemlomromﬁgﬂ nesthapism egjmate| ass of
speech spectral residl 68 @ bSac6iSitlesho bﬁcd»laﬁﬁdsy&@n rmlCinchvetfi?é? pl@cﬂll:e?,@n QVer spectral
estimate to include resi.d Exa noi $&, reducti on

al gorithms and Coly EI;IC?}IE({ and Sl}l!)?acb%e Fs?xmate eechg?rgn tl]ggllcnophone%ﬁtﬁ}g& A l&ﬁ of

acousti c noi se it edhpecadthe agimategf thprsios ¢0allot ciperiht magebtah ondestrablefrdsidualechns.  Acoust .

Speec I’E(S' gnal Prl%%ﬁlth&'@i%lo 'ngméth%@ﬁdd |appln~9tZsQﬁP thé-ﬂx%cn&%@enhcﬁ@gwﬁleargﬂlnzflal m D
Mal ah, " Speech er hancene are error short-tine

u
spectral anplit (&8 &y wrﬂr’]a% Se?a'm[}%ﬁgﬁtesﬁa‘zﬁ%‘g 'maﬁx%’ﬁ?f“"m@% PRI RrePr ocess.
32(6) (Decenber g8 (DFTYth reshdual efde sitkputeksuohentiBict indmtidare Yavweathewor k by

CGust af sson (see vhﬁﬁzkcgﬁlﬁﬁrl&dyof tﬁ@ﬁl&@]}horﬁ%l&qﬁﬁﬂ tT{H@&asdum%ch@es@ﬁxét&rcilcura@§' dual 25
echo statistics determ ni stic mapping

function Fn appl”i“aééd{1 qt'lg'mtaﬁ’é?“y canépﬁf‘?"§7és"7fg|aP fpglr"x‘mﬂobﬁftthe HERPPRRBH 2 unction i s
where Fapital | etithat e ecp Adifferst apraingiiondsuesd depPrgiing prewhether ge séactlker ( DFT)
conponents of thgysaeLesReRdinG,vari abl es represented by small letters. For
exanpl e, En(k) repr?s DFT 3( onﬁonents of en. Qustafsson omts details
on estinmation of E{<2 E‘cﬁ%f%%}spe?ker?ﬁ% fhephosancellaign andgesigeal eehpstimation: k ci t ed
above, but t hey Speakerthypil@akcluges adaptiveritee th2,usidmg echo Sslingak (REBVIE 6, ageer Of sanpl e

val ues. Experi mgpj m.se;e%wnt(ﬁlz)qpéu@mesqeauéhd%gan&fmfa pﬂﬁ@es dhakaRGRT0et ween the
true d estimated residual echo Lgower spectrumto neasure the success of

the estimator sEEWREHE Y OB oiicpiss P}’l‘sﬁ‘r?éeéﬁﬁ’ss pRifigELnghs ke Nany ofdisesd resul ts.

Al so i n Gust af sotr cirduits avasited findighrd Ind Bors tidaipshale noadl for A theprédént Wa's

repl aced by the | 2/ 23755
PCT/ L1S111/ 2882%'{%%’3%%?63'5%%@ ]dzqh’"&es Sp%#ngg%p@éw&h‘?g“ ﬁ’p&r tdfeg\?ﬁ'gsed Wher e
was too snall, EHeEkPeeehsresied fopdheyend op ppdt Ha: a&‘%/‘é?'%i’@%‘?“"‘@kfféi‘k?’r%ﬁ%t al results
i ndi cate that | Gpeceshi: tabican ielsoQiElayiesbyaielhy @wmerdospniamo tehhe oztakbanebysi ze 1s one
DFT biqy. Equati 3&? vQ?iﬂer"ﬁQd (2), above, make two assunptions: that Fn is
real -val ued, an ?1 vn, and yn are statistically independent.
Experinental resul t§‘58f§‘1 eﬁ’@"dé’éfﬂt&tsi’e&“ﬁgat‘(‘?“)"°d§r¥9f if dgitalfdgfp. Ip these rupafimentsho
estimation yiel ded signal-to-noise rat2os of the estimated residual echo
power spectrum of, at best, about 2.0 dB. The derivation of equation (2) is
now di scussed, with the two assunptions in mnd. The two assunptions are
renoved, and the results are then presented. 10 The SNR-Ii ke neasurenent
was The residual echo spectral conponents are related to the echo Yn(k) by
defining a real -valued transfer function Fn such that Assum ng that the
mappi ng function Fn is real -val ued, substituting (4) into (3) and yields 15
which leads to Using the relationship of (4) in (6) yields



~ Assum.ng that sn, vn, and yn are statistically independent and zero nean,
the follow ng rel ationships hold true. 20 Subtracting (8b) from (8a) and
~substitut (6) and (7) yields Solving the quadrati for
Fn(k) yie ‘ivggn{zéﬁmsol utions, Fn(k) = 1 and the nore neani nng%W ?&?I
Experinmental results with sn 0 showed that the error in the determ n| stlc
mapping is due to the two assurrptions in the derivation: that Fis

real - val ued; and dighrto-agaioz (D/A) copysder parverls dicigk datp fogp frelag Vayefprmdeplenttent .
Experinmental respteso8. h,qy»ﬁsimésbaﬁboamémr@am@utrlas@n usea%igdauaélay@@mtse&ti mat e was

W thout the asodnREPEn 67 GrAeret FRar T huhdeheac 30 el B
»Assunption that tiesqembdRazehts, Yeldywieait Latoanibpep Paiqeidylay efement (Sich asa lyuﬁpd qn( k) and
carrying this defg, Blltz;d'a%gtmzrngcg rﬂ)el@\f"ﬁ)ﬂﬂﬁtﬁdS aPdea fkdilaQay(oP) vadldtik dbif) 1 and finally
LoLe (D), Leads Lo, LAt Sl 2OL UL TR a R VAL LA S Lon When T
forced to zero, vihbrespglpkrhered9? is used3ba @y heschapath isghortraedsy delay of Pedaneiebuit hat t hi s

choi ce was not rl@@@ﬁ%@rfﬂloybl Qﬁtnbl@rwhgﬂﬁéaket’ph@% l(ﬁ e lelée%ér@e?%&%om

PCT/ USI | 1/ 28825 al read'%/ osed. ?J uct yr.i ng t he "ﬁg e em however, | eads
to an unanmbi guod¥ °fEpY lﬁgm Hefs gy gfde H§reurI N pOrFSRe %b"ﬁ'ﬁ' functions can
be uselD for the realnaeraionrmagicniaé plays tie fasend fped@inlern acbustictenngrodn@atddnt 0 separ at e
sol utions for thenokig@l y, R tHe BRGHIOEEYsuP &lréctived EGUAIPhOR 181D eifgt af &Pl aced by
two solutions of the form This approach |eads to a significant inprovenent
in the experi nerffoftic prsioppreo the qehpls represepigd Ry blak . whighicprigns ansffgion t o 45 dB
SNR (noi se free Hiadeatigfotshy sescipbaned fromiskeelrey 106 Flaperated pasp Pcteepsfey fopgtipn Hipehaved
formul ati on showd ik men(léc@)'ed athﬁ]:rﬁ}iﬂbne\l\m In&hcﬁtﬂ)n si@ﬂ.l ﬁ,trﬁ@byﬂoﬁchit&ls&o resul t.
Rermva of ASSUITPt VOI’I Oe dSt a Sl na and near- r%pqp&%? a v ear egchtmht%l sSt atistical
i ndepetidence as<Umpt MBh 1iRRE é URETOR CLOY i it 0 F PoW Ag: ™15 Waen

conbined with (l@)esenlsmeschb@mmﬁs‘kerm a%é?ﬁ%ﬁ@“@ﬁ“@%Hsz‘i"m"WC‘tr oss-term
depends on two UBKRRAWRSesighdlE, @pﬁ@ghm@n@bamb&ed SRRkr Bhcicnanpanant s. The

uncertainty in tz lflr%g![légllo 8?/%?8 %exet[ﬁle recewebmepugn fﬁcgltsaltngn I}ﬁigxs]&ogrp tI solated to

the cross-term &% ol ces were | g‘hted
appr oxi mat i on ofnodeH@6 asm@ss-termincluding , and 0.5[Zn(k) + Distortion of

the negy-end was mMegsuyQd, Agastidi@mb aeg.lwreamaamﬁa@su@lﬂes:t).qgomn@ef20robet ween and
sn. Far-end suppressmn was nea

t he retu s enhancenent
(ERLE). Incl udi fPReomdde therprapast CSEPEEF @e%égﬁtﬁpgﬁ l\"?ﬁr)l? e“tesi dual
echo estinmation ldgrrcbm;gmdwb,l ®estnaﬂgkt cademmebeconteh;@ltnﬁ@mgeqh@ntw@s tonlwt free of
di stortion and sone, re gdlscussed

bel ow) are ShOWﬁfm end, Llag‘%f téhlei can%gr §/he: \(/:?ace afjtenl\rndn%grom;é ?eﬁéé.%l% can ¢ Equation (7)
is sensitive to GHripaduigsaphieRy! ABa T BHEP'S Thes Yt egatr/ee f?‘d?l%hl ation above

al so spf fers framdige AoQPIrafe, hiind B 1xﬁfﬂb&ﬁ|blﬂm5nve1§amm3 IiSdoftidg@boitt@N 1 S

avoi ded usi ng ang, 3l nBREdkpel R sigRl iQ indBRAL, Pliesitable SMBdnknt b7, InRine neki S change
substantially inproved the 30 experimental results. The"resi dual echo

estimate as cal oud meeelis faithfylly yransmiseda/tbecfarfepds Hrerepfipntiencpminisptipnszand@e t o

approxi mat el y 1 1a5e dB SNR (noise free case with no near talker) with this
nodi ficati on. WO 37SS  PCTIUSI 11/ 28825 AEC On] yNR Onl yNo

Cr oss- ternCross te @ﬁéiﬁ@?‘?ﬁ"atesgga“§]§é YR AL 6'6;1%1 e%‘aﬁ%ﬁnSD -
Near 0. 00. 0730. e3¢y ! ofosshp signaiindom the dglayed fof-eprsnorch opabrp SUBT G B3 2 dB35. 1

dBNoi sel SD - DT 1sutadd Borl 8 2lcr@R 2l onhd® 1220 BidpHR ﬁ-lteerri be alﬂ'm@' suitheor, 4560.
1560. 220ERLE - Far53.6 dB46.9 dB-22.7 dB-1.

use in an adaptive echo cancellation system, Examples m§4 d3 but ale not limited to: S.
Gay, S Tavathia, “The fast affine projection algorithm”, Proc. IEEE ICASSP, Detroit, USA,
1995. pp. 3023-3026; and G. Glentis, K. Berberidis, 8. Theodoridis, “A unified view:

35 Efficient least squares adaptive algorithms for FIR transversal filtering,” IEEE Signal

Processing Magazine, vol. 16, pp. 13-41, July 1999.
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Table 1. Sanmple results for sinmulated near, far, and double tal k scenari os
wth and without noise 5 for various cross-terns. Table | shows

experi menyg) o8s44 ts for sinulations with and w thout nearp@p,gs‘ﬂ(pjs§§.
Speech distortion during near-end single-talk was neasured as the

I takura-Saito distortion | SD between and sn. These results ace shown in
rows | abeled "ISD - r.n L ean, signal. sn was  avai l abl e since a
room si nul ator was u;gl,g}g, T %e“-gggﬁngr&é%'gs‘c{uﬁé&r’neshnr’%oﬁkllltl)s(rgloegei’eﬁﬁ’)e@f’ eshpjate of

| t akur a- Sai t o di StEBPlEronThRzesidu sky estinats anden premptioeoistadivitien (NB) deeutd 2 or mance.
These resul ts arer@iewerekifuareontSn & ataedig@wouldSaich y PFactly Me 3681 3@GiInEMLE Was

used to neasure ! e.during far-end single-tall:, These results are
shown ip rows |a g‘f%%@%éﬁg%ﬁgf’ ?ne'hf‘ﬁss meeggff%?"g%’g?sﬁﬁ!‘ E‘i%ﬁat $°t he |

m cr ophgne i nput Prackiqaly impasEiblgwng e fbyaprechitains gonfspmeunienf yeeiduplcea, Signiedk. &n sn. 15 I n
both noi sy and nei se; fkcevieamesakda sieRSt gl 8RS MaSisd¥lulios uppr essed (-23
dB ERLE) during far-end single-talk when the cross termis set to zero. The
cross terns apped§ritg issorlyprethinbackeioun npifre Whendhe farridke] isackivet thafaciset n t hese
cases, better pePfifesieshie eompensnty)fnciudentbeibacisiopng neiseqy @leng with echdng,. Boigss term
During doubl e-tall: ' i for the cras erm provided very good
resul ti (10- 14xa‘ie‘i_rr“f5”r-°8\§/"}é"ﬁ‘§%? leiégng ﬁ@gﬁ)p?C['ﬂ%Srtl?’ﬁa toﬁgc}rtgeé'ﬁaﬂ'“gtioﬁa&i bé@‘frﬁ‘l'"g , using in
pl ace of 20 the wisbsite guasFptigaaneesidas gehgis simptessenamisly yh tiprebidislegoound noi se was
present (8x iWpf@M-.ﬁhfﬁE(ﬂEEj.leiﬁﬁl}'lappiiEHubl?éﬁﬁﬁpkbﬁﬁeno&a’;eﬁ&ate.resijduﬁl GCEO I
suppressi on was m i stortion .the far-en audi bl e. The results
shown above in Tabl gn gl(rgﬁ'?éé)?'genﬁsbwsgﬁg"\%onf’hcu};sgzggf?vﬁ aes\gglgﬁgt"]tfi @ or each of
t he near-end si nffignar tckeroupgpoisgiqenagkirgsighabechan [This cap bekcmplished usigl k si t uat i ons.
For near-end si ngdo@hRSdidiabeliin Tuld@ (e€Rbkg@N, bsvROI Nary parts of the residual
echo agg esti mat ed bpy arnsh}/.stgm ysi r]]g th«? f.ol | ow ng two eqguations. For
far-end single tall "™ e $E3P SRETREYT FUPYOHRYE & vge tympdify tsPidual  echo are
estimated ' by aowsrsieeinl agnatego indhale fegifiuaigwlionExatples cbgyitrble ndiseseductnd f or

doubl e-tal k, t hego@hs BNkchiTBGIbOBEM iPRE tB311, O8uptrli&od B Rbiliabis&if B0cAr €

estimated by 7 WD 02/ 2?&7.55 e%g&%sou 28825 a s,%‘st em usi ngzét e tollow ng
two equations. ASPEBFHHSPUEHNY RO CRFALT @Y Sroceaf T APy t he
cross-terns as siowhi3dBGed Y. Ephging WnMalah, “Spgach edlesemdnhisidg avhihilmun ef@r ence t o,
the repmini ng figfRSor slokt@ithe SpechraiSih e BtihQS i . .f fl t portion of
a residual echo ggti r’rﬁt of.. ngr cui tﬂgﬁz%o g(g’n(kgar]‘:gtTgagsri}l{?(g,\éprs{’aahsE Eﬁt of
spectral conpondht&s3f® Dermbshiddy) h-&2%nal's | en and zn are shown on nodes.
114, 122, and |26, respectively, which are input to w ndow functions 202,
204, and 206 respectively. The i ndgXi.alend Buhddg, bl ock index. Any suitable
w ndowi ng function can be applied, Tncluding rectangul ar, Hanm ng, or Hann-
wi ndows. | n soime enDBiETNY g}‘smﬁfoﬁ&"’ﬁwaTkﬁrﬁ‘(‘f‘f”iag‘ﬁ@ asqyyes thatthe o PrigityesBlod ar e
omitte® 10 |n SHRsREsHISTEY prepiimated YRaeaipediRterrinstip mprpioe freston Ha appbied t i me

dommi n. I n thesg,gobodl imef Sy Fast Fourier Transform (FFT) bl ocks 208, 210,
and 212 are used to generate ?requency domai n representations of the
signals , en and"&WerPasfuprlienis n t he residual echo estimator. In other

enbodi nent s, AEGhas ehpidR ediseeppednf iy disBieke Fouridr bnsthir@QEB Bépordaserid, and wi ndow
bl ocks 202, 204,copddndi}GeriaBiss r¥pekdnte 6y sﬁﬁmet{é‘spﬂﬂ&agﬁgEn(l%lrgre_seﬁt@gFﬁ| 2 are not
presen 15 FFT clgj!]ocekts% e8 generates on node 220, and provides the same to
squaring function A Whfieh generates on node 222. FFT bl ock 210 generat es
and squaring functi Gustgse ogénétiston ssivptiomefddZ IR} , BIEJB] ook fi2d feigener at es on
node 232, and prQwi quar | fupction 218 whic enerates on
node 232, Summer U5 B BAE 8 RAMALD i 1 UGS B 57l i
respectivel y, arfdrepmethlicads drinpfowias Buplgieangigtarcpspetiyeep tho 0 agpkeptistaisd es t he real
part of spect r alresRiGAE@NESpedtum, to REhsiBdtRE sdddess Athe eR@bRwEREd dual echo

estimegr incl udgsnHaRE Mk ﬁ\ier\/&%‘é&)d Q. OFP ARLAGod B, vk Bifikba 200 t hat
generates the imm |nar%?aré')art of the same spectral conponents. Figure 3

shows a bl ock dis‘éf’g?"ﬂsrﬁ“ I nER BB AR50 PY Poweese valre fnds puprad: 2letsbthest i mat or .
Circuit 300 receives signals on nodes.2332, 220, 228, and 222, which
correspond to |ike25 nunbered nodes in Figure 2. Circuit 300 al so receives
a signal on node 302, which corresponds to the spectral conponents of a
previ ous output froma noise reduction circuit, such as noise reduction
circuit 120 (Figure 1). Sumrer 304 and nultipliers 303 and 305 produce |,
which is used as the cross-term when a double-talk event is present.

Mul tiplier 308 produces , which is used when there is near-end speech only.
Multipliers 306 and 312 30 i nplenent the switching between cross-terns when
di fferent speech activity is present. In sone enbodi ments (soft decision
enbodi ments), the cross-terns produced on nodes 310 and 314 are produced in
varying anplitudes, and are summed by summer 316. As a result, the

-, o ~NA N " T Y T




+ 10 conponent of the residual echo. Summers 304 and 316, and nultipliers
30G 308, and 312 forma cross-term cal cul ator that cal cul ates the vari ous
-cross-ter above in Table |I. One skilled in the art Hﬁ,{égrstand

0 A
t hat ot he‘r%)(%{)}g-)c,iv:jrrents can be used for cross-termcal cul atpgﬁ‘éllléw]t out
departing fromthe scope of the present invention. For exarrpl e, all or part
of circuit 300 can be 15 Hgt‘ﬁ)l enented in sofitjware The sag re can be

execut ed on gendF 31T BUPIE SEOCBRPUR Wy PRyt Hieres vy A Fm w8 (DSP), or
ot her processor mcﬁhemtﬁecanel@xaaxﬁunaemaaleéumﬁdlda@mt 16 estihatiGnldirdr ls&%v&ian be

i npl enented in LYF b Qse tg:iware such as an application specific
integrated circ f”tﬂ s CI'—‘fé 4 shows a bl ock di agram of speech
activity detectors Ffreergdian )r’ﬂ’ﬁt?n‘éak?:tdvﬂf‘sé‘i{‘lpt“’“?(ﬁ“aﬁyu“dfaé"af“é‘f -Rdget ect or 402
recei ves the f arssepandaydt oatistvally 0depertied , Expenichergd! s:smlmemgtqwmnst(headmar end
audi o on node 126 c m cro n _enbodi nment s,
«doubl e tal k det ?{f?}‘?‘gh“d °§tg’1a§°“yle@?fﬂ%[’a?f"'m'é a“‘w{g’e esamat%dlreé'dfl E‘ic’gﬂacti ve and
sets _ equal toszeetrumOQtaﬁeat,\AbostﬁodSpélEdhlvawtlpf\mttat}onﬁ%tsem@m%mnhé@ei ves the
near - end audi 0 Qf AQHRiIAASNARAMEEH SHIHPIGS ark femSRE Sfalthe Sds FIRL Bendl © Present at
t he m crophone. AND (9ate 406 receives the output 25 of speech activity

det ector 404 and"fH€%| ogi cal inverse of on node 408. Gate 406 generates
vari abl@ on node 410. In hard decision enbodinents, _is set to one if
there is no doubl et 3 dsnNRUlke hbEEhelt San€ar - end speech activity. O herw se _
is set to zero. In soft decision enbodi rrents _and take on real val ues
bet ween zero and ondhe "Psifg! erbp SPetry) comepentex amp in one enbodi nent, _ takes
on a val ue bet wetepelaid tghoaray Yafkeby defmsaleﬁlgalgeéﬁwf&tfwtlwn B t i plier rat her
than gate 406. lA3sufithg ataie nRPEMRElinERAE,, is fedOalietl|sibbtplih £@) igeERMmatias _ as (1- )
*(speech activity detector output). It is to be understood that “the above
descriplion is i'elk#e® to be illustrative, and not restrictive. Many other
enbodi nent s w | luslhgthappadamtof @an tchpge of skill in the art upon reading and
under st andi ng the above descri pti on. The scope of the invention shoul d,

t herefore, be 35 determ er.e d cl ai nms, al ong
with the full sﬁﬂg'“éfhaté‘muﬂ \7'\}%%?{? %ts‘f'ma"\?(h"%%f’ﬁ"dgnﬁc e rgellgr’rg] g’ﬂ‘é Mititled. 9

WO 02/ 23755 WWhatrelitignstipsolrge. i s: PCT/ U SO01 /28825 I . An acoustic echo

cancel @ti on system conprising: an adaptive filter to create an echo
estimafe and an error termthat includes a residual 5 echo; and a residual
echo estinmator tSebtiagide{Sbriduis) apd phtiviinedee (@adi(Tields of a real portion and
an i maginary porStoivmglthoaiuaaatmlic@amefoanH@mlasewospku@qnsmk)ml(amﬂr)mouf t he residual
echo. 2. The acous HI]O cancel l ati on systemof claiml wherein the

resi dual echo es“i."sla ¥ conprises: a first input node to receive a
conposi te signal conpr|5|ng near - end speech, noise, and an echo of far-end
speech25a second i nEyferinentheredults with g1 0sbovieth hatde lroer dlieidereininisticampbing it hi rd | nput
node to recelve g fik hRERGRREIRERalAMECORSALLIR! fu 41F, bie, FOTPOSI L e 15
signal . 3. The acoustic echo cancellation systemof claim2 erein the
resi dual echo estaigigd!pindipgdanb rifxpegimentatiresutis sheyred thhtamerepdserate wedualgehd | nagi nary

portions of the e@FEtleachm&eJﬁﬁﬂaQMﬂleal %B@méi)ﬁlhﬂgncﬁﬁﬁtﬁm&%&ﬂve& gnal as an
estimate of the near-end e nol se when the near-end 20 speech

e
is active and fa‘?“th@’r‘lﬁegsﬁﬁ‘@ %o s?t‘ﬁ'ff?‘ééepcngfncc‘rhe acoustic echo cancel | ation
systend3®f claim2 wherein th&Renes sl mptieniiin dgalypfluee | s configured to
cal cul ate the real mngmgdmg(wr BRI, la.t@ll’dsryméthtsldﬁ'lniBFn'ﬁhlﬁfght4b]81d(563$1t€dua| echo

usi ng an average of the conposite SI a vi ous, out u sanpl e as an
esti ?rate of thg @e’ﬁ‘f@%a‘@ﬁﬁﬁg BlR&R Iy 1 f"t"ﬁ‘é ‘f}grt?&?%ﬁw e qu“?t'ﬁ?é nea;rp end

speech and the fFah(kbﬁ@fc%dﬁ‘é@é’hth"asﬁ'éma@ft(Wé‘eal")z"d THE" BolUE fored &t ancel | ati on
system of claimg wherein the residual echo estimator is configured to

*cal cul ate the real and imagi nary portions of the DFT of the residual echo
usi ng 4330 val ue of substanti ally zero as an estimate of the near-end
speech and the noi sexpdieentd k@ltnpared i chisspee ehs noegestrint betentharttiae f ar - end
"speech is active. 6. The acoustic echoscancellation systemof claim1
further including a noise reduction circuit responsive to the real and

i magi nary portions of the DFT of the residual echo and the




3S difference between the echo estimate and the conposite signal. .10 . WO
1121237SS PCT/ US111/ 28825 7. A speakerphone conprising: an output port to
be coupl eqy¢ f/B75Ppeaker to project far-end speech into an g&pYssifs2s
environment; an input port to be coupled to a m crophone to receive from
the acoustic environnment a 5 conposite signal conprising near-end speech,
noi se, and an echo of the far-end speech; an adaptive filter to produce an
estimate of the WEHHPGIOsELHResTgHLng g Pobem hppevesdddsio gauimbigudus Bavkias est | mat or

t o i ndependent | yingsd ofiii separae akappdg thindtimBginmatisyd piahd réal 4 irﬁaﬁlﬂarﬂ:&;[s @f the

di fference betwesut he echo of the far-end speech and the estimte of the
echo of the far-end speech. 10 8. The speakerphone of claim?7 wherein the
resi dual echo estimtor conprises: a cross-termcal culator to calculate an
estimat® of a crosSeatses pa@slliohsTe tileh@rndinkaely pards. Bas 80P dyhat t he
near -end speech, .t he QLA ANd the echo of the far-end speech are
statistically independent. 15 9. The speakerphone of claim8 wherein the
cross-term cal cul at ISP RSPisdA significast imrevement io the eperimedt! restie. Thear - end
speech and the neiicaa edb tdinsenbloytd bas el sinrwheth@ie with fatuendmspeech or the
near - end speech e eneragy above a thres . 20 10. The speaker phone of
claim9 wherein r{aﬁel%?:lsgg{sl-g 13?%18%%&@0&3%”%lrnral%ig%l%wnf”fsgag? ‘ésﬁ‘n? gBAY mate the sum
as thelQ:onposi t eesit-gnal when a near-end speech activity detector indicates
that the near-end speech has energy above the threshold and a doubl e-talk

detector indicates the far'ﬁ@%ﬁ feAech thas‘S ner gy bel ow a threshold. 25 11.
The speaker phone of claim SMEE?&@H%&W% reduction circuit
responsi ve to the r&amovingthestatiatiprlrisdenendoie tssumpfionttune equatdh (lehto deho t o produce
estimates of theoneas-end speech; and a circuit to estimate a sumof the
near - e speech gnd t he naj the circuit being responsive to a
doubl e?fal k i ndi\ghén’f'wa"’fcﬂ‘%lt@ﬁ?’E’tfibfcorﬂféi“P‘Pg"’q‘ﬂ?B??f P ®A to estimate the sum as
an 30 average of th&hcarmpisi dependioghalniaovhs,shegreat brousiseapbirai®ingonafis. t he
near-end s peec h_-ThaarcertIm@ irﬁ%@l&@ﬁiwmgm%in%hﬁ%ﬁm h§s l)_ég%’oﬁfeg]tottk@ @r_o%-?e?rﬁker phone
od o ua

is inplemented in a conputer. 13. A net _estimating resid echo in
an acoustic echoeStﬁ’EF?cgﬁlqgéﬂw P "ESFdpvaatet F?éaPB‘BX‘Wﬁ‘Pﬁff&‘eé’Bﬁg?"‘P§‘F‘H‘§“gsepar ately
estimating real BWPEWRG Risesiopane aeatphd vag@eppad apfhe tdera-falg digortion echo. 11

WO 02/ 2AB755 PCT/teiBkéh/ 3882 Bar-behi. suppRQioiRisRsuef usiag @é dhokduwheletaftengpar at el y
estimating conprjses: estimating the real part of the DFT of the residual
echo from a real PH&rtA4ding 2 ppsiept wag Iqyaddp meastipbly dmgseys fesidalephgsaimation 1 eal part .
of a DFT of an addggtdpouble-tdik. |[Ho@¢verpitid qeartendSag itree ofdidie@itoh afdadnke r&idedl ecBo DFT of an
error signal gengtahadivhy reulidid QLG DES) Q-?Eh%‘ﬁ%mib g near-end conposite
signal and the adaptive filter output Signal, and an approxi mati on of a sum
of a real part of a DFT of a near-end speech signal and a real part of a
DFT of2%a near-end noi se signal. AidinEhNaméeikadiad cl ai m 14 wherein the
square of the real pafationdf)itsbetifolvaRis Ohkl'x ) h@Sdnél UL a1 QarEDGhujafoneSt | MaL ed
according to an equation substantially simlar to wherein: is the real part
of the DFT of t 8oV dewiseffrss)from dfsprobles. Injes embog|mepjethis sigtion ipevoidfdpsief t he error
signal; is the real part of the DFT of the near-end conposite signal; 15 is
the real part oOfand 6 B 206 wkeh@: Bdadtck Yoo).f iulsto@hgeQubkdtibiy ShgH@d the and
represegnts the approximation of the sumof the real part of the DFT of the
near - et speech cSegee! . Thraesidusheeharsipatess cafeplggeditt) improyed omear - end noi se
signal. 16. The apRdxioetlyafdBed appriRinlatelyf 106 HESNR GOSEIet GieMLh no near talker) with

this modification.

35



* 20 usi-ng the real part of the DFT of the near-end conposite signal to
approxi mate the sumof the real part of the DFT of the near-end speech
-signal angotiagsfsgal part of the DFT of the near-end noi se pgirgiah2iben a
near-tal ker is quiet. 17. The nethod of claim 16 wherein the square of the
-real part of the DFT of the residual 2S echo is estimated according to an
equation substantially simlar to: 30 18. The nmethod of claim 15 further
conpri singT USTNg a VRATAEE Ghly SUNK 641} | fl RYCre®! O] E@ssRRIOXT nate the spum of
the real part of the DFT of the near-epd s@mech| signal and the real part of
the DFT of| t hmo M&ar - end noi se Isignal oply when B near-end talker 1s quiet.
35 19. The neshed®Tof |l apms1l8 whexwf n { he4syuare of.odaihe jreal ogvast of |t he
DFT of the_rd$elNat 1 09900 |1 12/98¥55] echdsli s st ot ed accorldéng tp an
equati on sub&REMtTaal |y sididBar| t é4.0dBCT] 11B31HB/ 233285288 20, Thés.inddt hod| of
claim 14 flurt h¥eisecaonprising: using a simof thel real parft of the DET|of the
‘near - end ¢onpPdRiPE sj ]nal4-5g31d 2of lr A3%Hrevi audlQBut put frid8l t he
acoustic echdaNeebl | ati &A%yt el 2 appr 8436mmte tBBOsyum of 10980 real | part
of the DFT—ofRtiefsneat - AR pclbc M 4dBonhl -RIdB he BB nalrt of30d8e DET of
t he near-end noi se signal when a double-talk event is present. 10 21. The
nmet hod of claim 20 wherein the square ofabklhe real part of the DFT of the
resi dual echo is ' ' i.on. ially simlar
to: where repr esesgl‘\'tﬁ];;%lé t gggre%ﬁlﬁ%éﬂcﬂg?;’? 'ﬁgﬂBﬁ%gg%ée?ﬂlgéﬁgéb?gﬁﬂgwgﬁ%&put from
the acodstic 15 echo cancel | ation &ay gqrions crgptermshe et hod of claim 13
wherein separately estimating conprises: estimating the inmaginary part of
the DFT of the resi dugl ) GENG il ARrGURRIAN: Likdhe LG HACSy AisEr 0SS-term
resulting froma |ack of an assunption that signal conponents in a near20
end conposite si opieh dipteitien dyiing nege-eng sipglectpllopatenesure-ag the Halprp-Siitp digipitign 1SD
i ndependent . 23. beTwpen prdish diesorfesulty agd shawd I roWrdabelpd{TS0hdleer dbscldamsigurlisnc| udes a
productjpof an i NRgiNALYe sRE strooRfsinlafof s Oed B BenBith@e ARLINIRLBuANdrv@ sum of an
i mgi nary part of a DFT of a near-end speech signal and an I nmaginary part
of a DFT of a nel#wefititodisiogen v givatbed oamsepuinpubledats performianest Thieep reskie a5
i magi nary part Ofnoki@ rdThbdhl “lsBeDT.€ A dAke BREH Gas ubka ko tet@Sie p&HaGRdet UL T NG a
differ enj[ pT Oducﬁ ritlotl;u'-etnpseu gfe[te(l?l?sf-htseelremtsaé& sﬁow}:llijnrgtsll%qedo‘qi VYSI_qI rr..l’elrnst(;[ag]c?f near - end
speech signal coft3f s S il dRee SRer Gy and Whether “the Far "R speech
si gnal contains 8UPHFRs it “E%‘@Poﬁﬁl‘.“*’”éﬂ‘e%@"ﬁ'ﬁ&Orﬂ@f“ﬂBch‘b’fea"éeP%ﬁ‘gr‘ﬁl’ZQ wher ei n
the square of the bbiBGyRR fisn cdods, theh@idbdrkhdfas WhBugprstdwaln erly i s
esti nat ed accordi n.g g:oeﬁgn gqlﬁatd or subtsjtanttital I_Oyﬂ§ei m Itgr to \ berei n: is the
i magi nary part of " THEPEFESFE HE" PeLPY R S SRS 1T PRETTHEPREYY part of the
DFT of the err or impprtpatathen tBejrgndtitpotivienta gicss aasep, hotter performancheas DRAmeg fisinghe
near - end conposi } giesia@taloss . DB d0BGLRAGNIRAE For O crbsbRmDFHidd velyne adapti ve
filter output si gnal_; ,am; %3 W0 02(S§37 S PCT/ U 01{%% 82p, represents the
appr oxi mati on of BPAEEEHY-EF PR REY I RAr YRR 8 R ETDETE SPFHE near - end
speech 20i gnal andhe trbee teinmgd e zyod prauits wish backeeouFpisepfas present (fa dmpraverebntioi se
signal . 25. The b hpebutfiesCdaddh, Psidh EndrsbpdRsio QARSI SaQBtortioh il AGenl NE
i mgi nary part of the DFT of the near-end conposite signal to approximte
the sumof the | ¥&§PHYFy part of the DFT of the near-end speech signal and
t he i magi nary part ofhetdagts BFn 2dfve infizbinear aremnd shvwn Becpghteenadtioniie prcia
near-tal ker i s Quji&liear2fsindlDGk TrlehQfe0fakCh@doMidak WRhR! For hdiend i@y € of the
i magi n%_y part of the DFT of the 10 re5|dlu | echo is estimated according to

an equati on substanips &l py iy Rgfts o e regqual eqg are SUMRERPY BFYSIET BYES4 f ur t her
conpri sing: usi n@liawivahoeuoibnssubst antially zero to approxi mate the sum of
the imaginary part Olf:01'li'ali1§1d single talk, the real and imaginary parts of the residual echo are estimated

by a system using the following two equations.

And for double-talk, the real and imaginary parts of the residual echo are estimated by

7



15 DFT of the near-end speech signal and the inmaginary part of the DFT.of
the near-end noise signal only when a near-end tal ker is quiet, 28. The

nmet hod of wa) @)23y#7 wherein the square of the inaginary parﬁcﬁﬁsalmsﬁFT of
the residual echo is estimated according to an equation substantially
simlar to: 20 29. The met hod of claim?22 further conprising: using a sum
of the imaginary of " i?lﬁ t of tthe near - end conposite signal and a DFT
of a previous out’ efnursm% §PHE"adGIEF % echo cancel l ation systemto

approxi mat e t he sum#2&sidyfl e¢hh estilgie giprhéerof cajsalpting té croshiernidRsshovn sbdveisnear - end

speech signal ark‘ﬂov&nh@aridm@ﬁiib@@%m1@@5n§et@ﬁhe¥ehﬁm gun@:f the near-end noise
si gnal when a doubl g:ftal event nmet hod of cl aim 29

wherei n_t he square Of*“FRE] Owﬁ%bg(icﬁ%{? y P";fg? '?rStB‘f”"f“I‘?E‘” 18‘Th° phBareSidtal echo is
esti mat®d accor cROPEnE st ERE At FRSPHTLUBRP RO - &h 17§ 28 iSHT4l% L0 3870 230 wher e

represents the |sH&ﬁ'oH@Jd¥s PR32, Qb IZ%h%peg:Il Qfhick g}gmﬂft @Wnrﬁ&@fu%gnpﬂh fromthe
acoustic echo ca;2 E A 09 . AF#

i on system AFf

A@9 A LA N&? cJ 2 éﬂspecﬂ‘v Y. TIR nﬁlgz( B[S‘@/HOCI‘ mdex Any sulta wmdowmg
c*. Jew K{ qu gb] XS]ct:cm]ceneb]aamz]mda]w@a}lgac}t@a.]lar,&l]amm]ng;aﬂ Ihayiedol. dajoma] ca
Ul c"a] caV] Ca] caVl 6ok %]d&@}uﬁcﬂlngédz%4 Weoedcatdga U ctalcalc:a
{ B" ### (g& (**+K+T++++, , --k. .. ..
It Ozup? [ Vc] ca] ca] é‘éﬂ°E‘&E‘l}b8%{TE‘§]’%ﬁﬂaB%’f%%ﬁ Resfproe i tf g demal dathesa] c~a] ca] ca) ca
] ca] ca] ca] ca] ca] codbdjracatks.Fast Bl st @FDalotie 108170 0, 2233 Bir33@ s bt 6 ;
77;| 7Y78899: * : M frequency don]1a1n u]apnesentatlons of the signals , e f and z,, for use in the re51dual echo] | I cal cal
-< upkfa\ W] ] ca] ca] ca] ca] ca]ca]c”ha al cal ca ca]ca] cajc”a] ca] ca
cal C<{51] Ea] cal c}a} c%%“&?éi’% é&?tk‘%f@ﬁ%“& Sc"*aE]‘:]@é\ %%\‘*"36@”]9‘ E‘L”"l“?. AIDOERME? 79 QEACABX BBCC
FHI RKKQLN{ OB R{ wejhdgh biXexh 20kal, edompsoal oaF T apeedosa) o sl Qﬂ]aﬁéab@&];eﬁla] cajca]ca]c

g]s%g]#?é{f/{/gm%@%ﬁz%ﬁ%&% ﬁrﬁ;\ 9682]2& gr]d%@ﬁis%%%c 8“ 'I}gallncn (2:1531] ca] ca] caU

] ca] ca] ca] ca] ca]tff eupeie] weﬂeé?ﬂ EHY kegk R penapesaind s eriak badiensdl eeadréist] ca] ca ca)
cal FaabUwh b&ﬁ e ef 1f QB DIQ g@EHtshin]nbde 234 dnk %m‘aihé(ﬁ?aﬂ bheqhma] ca] ]Ca] ]Ca] ]Ca]
ca ca ca ca)ca] ca] ca
R ik o 0 G R R TR N Ry R
aU] ca] ca] ca] ca] ¢ @Q]@aﬁ%‘:’a‘}’»@&]m@]‘%a?@ai‘e@éﬂ ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca
] ca] calka] ca] ca] ca] Catu@esoepyedry hakd pdit|of Icjratconsplffents of , e, andz;,. A complete ] cal cal cal
< id_Z a caJ ca] ca
U e ke el sateg ko aeleal eabenbl el e shaal e
<}xsni d_ZU] ca] cd’}’@é’]ﬂ'&aﬂ'@al]tb%ﬁ!@a?ee*&] eapwelsca) cal] ca] ca] ca] ca] ca] ca] ca] ca] ca]
(éa] C@?qlgi?/q]&c aj CaU] calrlg6d}b sl LidigAaGas second portion of a residual echo estimator.
&$T0%& () - & 100/ r(’“j‘g%oé %‘@Tﬁ%@f‘ °%n)3‘}%6%%§%36 OGP R YRR © iFso1 30400838 ()
-1t S&IADYR’ () - N (ides imFigure) Ggeuft A0 alsd redelyoRR!sighal ea nods'303 fviier 10m m ! { Fy210%n

m corresponds to the spectral components of a previous output from a noise reduction circuit,

such as noise reduction circuit 120 (Figure 1). Summer 304 and multipliers 303 and 305
produce , which is used as the cross-term when a double-talk event is present. Multiplier 308
produces , which is used when there is near-end speech only. Multipliers 306 and 312
30 implement the switching between cross-terms when different speech activity is present.
In some embodiments (soft decision embodiments), the cross-terms produced on nodes
310 and 314 are plloduced in varying amplitudes, and are summed by summer 316. As a
result, the numerator produced on node 318 includes components of both types of cross-terms.
In soft decision embodiments, multipliers 306 and 312 produce variable output values that are
35 a function of both the spectral components and _ and _, and the outputs are summed by

summer 316.
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109%00& ()-#!t-S tﬂipc%éélﬁédftﬁ‘;li&ll’ﬁéié" A clbs'egmgja% r}ﬁlltiplier 306 acts as an open switch. The
generation of _ and __ is discussed with reference to Figure 4.

Divider 320 divides the numerator on node 318 by on node 222 to produce on node

322. on node 322 represents the estimate of the square of the real part of the spectral
10 component of the residual echo.

Summers 304 and 316, and multipliers 306, 308, and 312 form a cross-term calculator
that calculates the various cross-terms shown above in Table 1. One skilled in the art will
understand that other embodiments can be used for cross-term calculators without departing
from the scope of the present invention. For example, all or part of circuit 300 can be

15 implemented in software. The software can be executed on general purpose computer, a
digital signal processor (DSP), or other processor. Also for example, all or part of circuit 300
can be implemented in special purpose hardware, such as an application specific integrated
circuit (ASIC).

Figure 4 shows a block diagram of speech activity detectors in a speakerphone context.

20 Double lalk detector 402 receives the far-end audio on node 104, and also receives the near-
end audio on node 126 captured by microphone 128. In hard decision embodiments, double-
talk detector 402 sets _ equal to one when double-talk is active and sets _ equal to zero
otherwise. Speech activity detector 404 receives the near-end audio on node 126 and
determines if speech signals are present at the microphone. AND gate 406 receives the output

25 of speech activity detector 404 and the logical inverse of _ on node 408. Gate 406 generates
variable _on node 410. In hard decision embodiments, _ is set to one if there is no double-
talk but there is near-end speech activity. Otherwise _is set to zero. In soft decision
embodiments, _and _ take on real values between zero and one, inclusively. For example, in
one embodiment, _ takes on a value between zero and one, and _ is generated by a multiplier

30 rather than gate 406. In such an embodiment, the multiplier generates _ as _=(1-_) *(speech
activity detector output).-

It is to be understood that the above description is intended to be illustrative, and not
restrictive. Many other embodiments will be apparent to those of skill in the art upon reading
and understanding the above description. The scope of the invention should, therefore, be

35 determined with r:aferencc to the appended claims, along with the full scope of equivalents to

which such claims are entitled.
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2. The acoustic echo cancellation system of claim 1 wherein the residual echo estimator
10 comprises:
a first input node to receive a composite signal comprising near-end speech, noise, and
an echo of far-end speech;
a second input node to receive the echo estimate; and
a third input node to receive a difference between the echo estimate and the composite

15 signal.

3. The acoustic echo cancellation system of claim 2 wherein the residual echo estimator is
configured to calculate the real and imaginary portions of the DFT of the residual echo using
the composite signal as an estimate of the near-end speech and the noise when the near-end

20 speech is active and far-end speech is quiet.

4, The acoustic echo cancellation system of claim 2 wherein the residual echo estimator is
configured to calculate the real and imaginary portions of the DFT of the residual echo using
an average of the composite signal and a previous output sample as an estimate of the near-

25 end speech and the noise when both the near-end speech and the far-end speech are active.

5. The acoustic echo cancellation system of claim 2 wherein the residual echo estimator is
configured to calculate the real and imaginary portions of the DFT of the residual echo using a
30 value of substantially zero as an estimate of the near-end speech and the noise when the near-

end speech is quiet and the far-end speech is active.

6. The acoustic echo cancellation system of claim 1 further including a noise reduction
circuit responsive to the real and imaginary portions of the DFT of the residual echo and the

35 difference between the echo estimate and the composite signal.

10
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1 10% () -] COB@@E@S5. O/ K~! T 1 10%& ()-j T '10%& ()-j T 10%& ()-j T
' 10% ( ) T an input port to be coupled to a microphone to receive from the acoustic environment a
5 composite signal comprising near-end speech, noise, and an echo of the far-end speech;
an adaptive filter to produce an estimate of the echo of the far-end speech; and
a residual echo estimator to independently estimate real and imaginary parts of the
DFT of the difference between the echo of the far-end speech and the estimate of the echo of
the far-end speech.
10
8. The speakerphone of claim 7 wherein the residual echo estimator comprises:
a cross-term calculator to calculate an estimate of a cross-term resulting from a lack of
an assumption that the near-end speech, the noise, and the echo of the far-end speech are
statistically independent.
15
9. The speakerphone of claim 8 wherein the cross-term calculator is configured to
estimate a sum of the near-end speech and the noise differently based on whether the far-end
speech or the near-end speech have energy above a threshold.
20 10.  The speakerphone of claim 9 wherein the cross-term calculator is configured to
estimate the sum as the composite signal when a near-end speech activity detector indicates
that the near-end speech has energy above the threshold and a double-talk detector indicates
the far-end speech has energy below a threshold.
25 11.  The speakerphone of claim 8 further comprising:
a noise reduction circuit responsive to the real and imaginary parts of the residual echo
to produce estimates of the near-end speech; and
a circuit to estimate a sum of the near-end speech and the noise, the circuit being
responsive to a double-talk indicator, the circuit being configured to estimate the sum as an
30 average of the composite signal and a previous estimate of the near-end speech,
12.  The speakerphone of claim 8 wherein the speakerphone is implemented in a computer.
13. A method of estimating residual echo in an acoustic echo cancellation system, the
35 method comprising separately estimating real and imaginary parts of the DFT of the residual

echo.
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wherein:
is the real part of the DFT of the residual echo;
is the real part of the DFT of the error signal;
is the real part of the DFT of the near-end composite signal;
15 is the real part of the DFT of the adaptive filter output sxgnal and
represents the approximation of the sum of the real part of the DFT of the near-end

speech signal and the real part of the DFT of the near-end noise signal.

16.  The method of claim 15 further comprising:
20 using the real part of the DFT of the near-end composite signal to approximate the sum
of the real part of the DFT of the near-end speech signal and the real part of the DFT of the

near-end noise signal when a near-talker is quiet.

17. The method of ¢laim 16 wherein the square of the real part of the DFT of the residual

25 echo is estimated according to an equation substantially similar to;

30

18.  The method of claim 15 further comprising:
using a value of substantially zero to approximate the sum of the real part of the DFT
of the near-end speech signal and the real part of the DFT of the near-end noise signal only
when a near-end talker is quiet.
35
19.  The method of claim 18 wherein the square of the real part of the DFT of the residual
12
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real part of the DFT of the near-end speech signal and the real part of the DFT of the near-end
noise signal when a double-talk event is present.
10
21.  The method of claim 20 wherein the square of the real part of the DFT of the residual

echo is estimated according to an equation substantially similar to:

where represents the real part of the DFT of the previous output from the acoustic

15 echo cancellation system.

22.  The method of claim 13 wherein separately estimating comprises:
estimating the imaginary part of the DFT of the residual echo using an equation that
includes a cross-term resulting from a lack of an assumption that signal components in a near-

20 ~ end composite signal received at a microphone are statistically independent.

2.3. The method of claim 22 wherein the cross-term includes a product of an imaginary part
of a DFT of an echo estimate and a sum of an imaginary part of a DFT of a near-end speech
signal and an imaginary part of a DFT of a near-end noise signal, and wherein estimating the
25 imaginary part ol the DFT of the residual echo includes:
substituting a different product for the cross-term as a function of whether the near-end
speech signal contains sufficient energy and whether the far-end speech signal contains

sufficient energy.

30 24,  The method of claim 22 wherein the square of the imaginary part of the DFT of the
residual echo is estimated according to an equation substantially similar to
wherein:
is the imaginary part of the DFT of the residual echo;
is the imaginary part of the DFT of the error signal;
35 is the imaginary part of the DFT of the near-end composite signal;

is the imaginary part of the DFT of the adaptive filter output signal; and
13
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27.  The method of claim 24 further comprising:
using a value of substantially zero to approximate the sum of the imaginary part of the
15 DFT of the near-end speech signal and the imaginary part of the DFT of the near-end noise

signal only when a near-end talker is quiet.

28.  The method of claim 27 wherein the square of the imaginary part of the DFT of the

residual echo is estimated according to an equation substantially similar to:

20

29.  The method of claim 22 further comprising:
using a sum of the imaginary part of the DFT of the near-end composite signal and a
DFT of a previous output from the acoustic echo cancellation system to approximate the sum
25 of the imaginary pzlu't of the DFT of the near-end speech signal and the imaginary part of the

DFT of the near-end noise signal when a double-talk event is present.

30.  The method of claim 29 wherein the square of the imaginary part of the DFT of the
residual echo is eslimated according to an equation substantially similar to:
30
where represents the imaginary part of the DFT of the previous output from the

acoustic echo cancellation system,

14



