. the signal. The net ite

; €3e6223| 4: 4x. 66d6T6R[ > RESI DUAL ECHO ESTI MATI ON FOR ECHO CANCELLATI ON The
present invention rel ates general ancel | ati on systens, and nore
speci fi cajbyberssyst ens for redu ml w"’@@ ﬁmm echo in echeceasoebdsat i on
systens. Background of the Invention | Speaker phone” applications, the
"near-tal ker" is the person using t he 0g"ggeaker phone, and the "far-talker" is
the person on the far S0 u%ééﬁ%és%h&%ﬁ%ohé&%o&ﬁ@iﬁ ‘E?zﬂ ker's speech is
br oadcast (pl ayed throug speaker) into the room T acoustic

encl osure) that houses the speakerphone and the near-tal ker. An echo is
produced by the far-tal ker's speech 15 propagating tm m m om and

bei ng subsequently received at the m crlg)ahone Acous Immm Ium ”mel ers
(AEC) are used to cancel the echo recei at the mcrophg ;]Eg. The acoustic
echo cahceler is typically an adaptive filter that nodels the various echo

paths in the room Exet,fr@emmeaeeenaexgeﬁa;auy\he&hecmﬁaumIaﬁd;e&eho cancel er
briefly fails to EJﬁbletalk or rapid

C.
near - t al ker mvehe‘?faﬁy?li?/ﬂte Segfe"f“g%i" res'dualecmﬁ) ? (iaﬂg'ﬁ‘t'?hsbs hear a 20 short
burst of his/her own voice as an echo. ReS| dual echo suppression techni ques

attenpt to renove the echo that r@@'om@m%m@&pusti c echo cancel l ation,
therebx preventing the far-tal ker Tromhearing such bursts while still

al | ow % the near-tal ker's voice to pass through undi sturbed. Residual echo
suppr essi on t echni qirespetkawionieppticatitne e (iispradier”dftherpersw asighihe seeaidrppaper s have
been published dgsgd: ‘fap-laﬁlg”fsh@pegén W}he'?ar e@%@%l@pﬂoﬂen&l bekGar-taler GHbiAf Sson, et

aL, " Conbi ned Acousti c Echo Noi se Reductijon for Hands-Free

Tel ephony, " Si grishroafspd kg |“’h‘b‘gh ‘\78‘1*“‘” )6‘2'1" thedﬁ"m (or pthgrzpcoustig gnslosuprhthal Pous t er
r ef err _ed to as "ti@sshi@fpbmomy the adactalkér. Araclpiisprodaded tylthe far-talkdrsispegehPS y choacoust i ¢
Criterjqa in ACO%?otpngtmEﬁ\nﬂ%%rx‘&)ﬁ\l ahc?ﬁeing’&bft!;u%l} lef:ehz@@at the gfcx%ﬁhonel %&EMG 97,

London, pp. 53 ereinafter referred to as "Turbin." Despite
ongoi ng researcWChO(i?&‘Fet'eésrﬁf‘E(F)é@Pﬁﬂuﬁlca"é"éWBC"E‘U“’%‘M?S‘&‘%%@?'?H‘P“Pe@ﬁﬁ‘i"ﬁfﬂ%s are not
conpl etel y ef f ecttovscdenis iypioaly brgaptiegiltettal modgd 1. vardind eefio phiesemhé pémm.on of t he
g O e iR M AR i EAPEANGRL AL RS BLEH WA R | oS! dua)
echo estimation; P on ross-term cal cul ator;
35 Figure 3 showsoloaseééebﬁﬁelkﬁbr@m@"efﬁ-te'fer ’a°"é'P“(§béﬂtf‘eé?%e%afa&iﬁllk%if"d#‘t hetiad Fi gure 4
shows 3Hpeech aCtshdlthtu’_‘s‘coﬂlfiﬁ/lﬁﬂdvs(al’\l&celaﬂanach‘épeaker phone cont ext . WO 02/ 23755
PCT/ US111/ 28825 Des [ f ail ed
description of the gn% cc%osu?p.eslz e?cgmqgﬁg{ee%}pstpﬁ% ?the?chéﬁ&""r @glasgag%rrpanyl ng -
drawi ngs t hat sieustic o sRpspliagen, thereby greyeRting B far -talfs Ep hegring sisheHsetitles i n whi ch
the invention may Auew@grtmrea\rmersvbhe tbbaestatb@mma@tsmedl RisRu eAEsuphSsigescr i be

subst .anti al | y Slte augs hcvg e esu gsgayg arclfy apers have e%r\l/&l |1dd sﬁ th-er ese
enbodi nents are des PneSoFf e en t0 ena t & Skilled in

the ar?5to pr actWOd‘e El‘ah’eleﬁl 1W’éﬁt31fé}lﬁaf“@t, et “@Wﬁt&‘&ﬁ W@@cwn%’émﬂi‘lplﬁ zed and
structural, | ogire@btion @R HarRi- lﬂ@éﬁekﬁ&ly,”@&ﬁd’lge&ssﬂﬁy(/olb@ spedleawbdghout departing

fromthe 10 SCO erﬁxgjfvé'l%}fn eg) té) ase %sta&ssg})\(%nt} V. Q‘frblfx eral. Q?Isnégnl’s%/choacous% {?rﬁtena

under st ood t hat he™ i nv

di fferent, are noAcopticihsGaneellatiomdzauithimssy Prox BYARNGAE, Lofion, peX & A [Sert: a

particul ar feat ub, neRlnkideitdhd 1to aerTu%har@&glesdgeﬁg reeﬁﬁsccrrranhedmm ghone

enbodi rent may be i ncl uded wit [th : d','efollovwng detail ed
descri %f. on is, StAREFEPS é'quch?{fmf °mB§ei’ f(e%'ve P mmc“'"i'glleSl t% 7" sense, and the

scope of the present invention is defined only by the appended 15 cl ai ns,

along with the full scope of eq 4,3%@. ﬁsngfehe\mg‘g&ssuch clains are entltled
The net hod and appar.at us  of the F T nventi o Ly Q', mechani smto
gt e gt R e lpilh

estimate resi dual e('::ﬁbreilﬂ“"éshanéc?ﬁd%?c erosRear W An adaptive
filter produces an &gtk treibes affist potion efplvoss-tam dalwlatot r act s the estimate of the

echo fgomthe m cr Omgegeshbm%wﬁpghalgfaMherenMaeulﬁmgd and the estimte of
t he echo, do not closelg mat ch, an undesirabl e residual echo 20 remains in

Hhgvsspiseresitifsdetsiors in & SPERERRIOT Ay ent i on provi de a
residual echo estimator that separately estimates real and inmagi nary
conponents of the discrete Fourier transform (DFT) of the residual echo

Wi t hout assum ng statistical independence between the various conponents of
the m crophone input signal. The residual echo estimtor cal cul ates the
real and imagi nary conponents using an approxi mati on of the m crophone

i nput signal 25 without the echo. A different approximtion is used

dependi ng on whet her the near-tal ker and/or the far-tal ker are talking.
Figure 1 shows a speakerphone with echo cancell ation and residual echo
estimation. Speakerphone 102 includes adaptive filter 112, residual echo
estimator (REE) 1 |6, summer 124, noise reduction (NR) circuit 120, speaker
106 and m cr ophone 128. Speaker phone 102 30 can i ncl ude many ot her

1 o o I | I I T L M T




In sone enbodi nents, speech data on node 104 is digital data. In these
enbodi nents, 2 wo n2/23~ss PCT/ USOL/ 28825 a digital-to-analog (D A)
convert erwanugfdss digital data to an anal og waveform for gl@ysopssReaker
106. Al'so in these enbodinents, delay circuit 108 can be a digital delay
el ement such as a register file or shift register. In other enbodi nents,
data on node 104 is analog data. In these enbodinents, delay circuit 108
can be an anal og delay el enent, such as a lunped or 5 distributed anal og
delay line. Delay circuit 108 carDepeiptipnfof Briddidentay or a vari abl e delay. In
general, when the echo path is larger, the delay in delay circuit 108 is
l'arger. For exanple, Wnen speakerphone 102 is used in a car, the echo path
is short and the del"sy° 1I’°Wd’§fj"éa3}° e3oRipt of g gmiodimeniyieterencajsaigdefioe ex anpl e,
when speaker phonecoh@Byingsirawrecthat show, by asygeillesaitfoss@aifeenbadants invdicR@bo path is
| onger, and the ,ﬂl@,kt@ymgfbe grgétl@ex 19lthreﬁluev&gsﬁ%nmmﬁ9&&8&9&@9&1&%‘rxl jonger. 10 In
operation, speaker far-en an acous{

envi ronment . An °é‘EFP?Be“§|“b°H%H°”t§}ﬁ S‘TVT'"(‘Jl’ﬁe‘f”hérhea‘?:"éﬂ!?%‘{"l"’(’i“séfﬁéqS?S@tﬁ*r"eS“fﬁswrrt ecei ved at
m cr ophone 128. d¥hieto efabletise Kdlled ih the €0 Higdtibdthedin@htios LOtRT @rﬂbodhh@ts@ﬁm is
represented by r function Hl at is to
say, speech pl a&e%gﬁnéiqgu%}ghggr] %8%0?!305(%)“% %c?grﬁadgﬁﬂg’mdfpaﬂm °mt°funct| on
HL, ant’is then SF"@?:‘EW*\?@‘GSC%&'“"?Y‘F'% é@%‘ﬁb“ﬂ@e urpqqrstaqglmatthmnw@en@eqwng| gnal yn,
m crophone 128 a,lf&amdeﬁnoha&mghasfeﬂaﬂmenoﬁadssﬁmaﬁ@&al1>degﬂala @ﬂexam fear-end
near -t al Kor 136 PABALERE SRGER B DR LSRRI I RE R RO cic 132, and
noi se si gnal vn wgppey em!wélmmﬁi dbe W’@&’naée*mcléz%fby thenefaregoetp beftakprcit i on Hg,
shown in bl ock Ja?né.mnMeﬁse@mm&p&&awp&iaﬂm&mxﬁs deﬁ@eanwmhetanﬁndwm of yn, sn,
and vn,. This is east to sone

degr ee55 represen a'ms cfe%le'th eﬁzl X 2 hpé u@'ﬁlf“tsm ?’m%'r?“?ﬁlg?‘s 3?(3‘?*%]% yn is the echo
caused by the coupl iThegmetifod @pmﬂms of O&presentlinyeniion providesencdi@@sm t\EsEmata | ar ge

conponent of yn rQQ@ﬁecH&B a%&ustﬁ@&@@n&ﬁatm@sﬁﬂenb%@xq o B proddbes bfMQinlegnal sent
back to the far- ﬁ‘gj“ Bﬁ‘r voi ce after undergoing

ar-tal ker
a del ay, and thi° gth?ﬁho ?ngf%acﬁg‘ﬁfsﬂﬁ?t%%a'ﬁ the miFaRTane dRitsignan Whsn £ o
exanpl e, if vn it edndud tye dstaragef the di@ndotbielofelymatel lak exes@bleinsigwabecso | ar ge anount

of noige, and thénﬁmgﬁnle'sl%ﬁ':l‘ﬁé'{&ttho@ang%mﬁu&@myﬁgs%&bﬁm JoneCaQ&FdEa@St to the
above, the near-end s enera a desirabl e conponent of

zn. \Wen the nedf8 ﬁﬁmgtﬁé@bsﬁpafaggfeﬁ?"ﬁ?ﬁrfﬂl T“9 MARINANGAMPAnEntF of e disjisie Farierand t hen.
ef fecti ve comumckin @A) of eretidaki@chp almet asshvdiagtatistieal ffldpéngencelbt@eeaipr oxi mat es
the transfer f u@&toh&@m[g&ents Gﬁh@ﬁa&haﬁ mput@igxgl gﬁ&@sr c@"t{l €cho @sﬁma’%(g cgc%Hesma‘t 34 of t h?

echo signal yn fromthe delayed far-end speech signal xn. Sunmer

subtracts from 2¥! iakf‘“i‘:‘lmé%‘taé’ CRIPORLS HYWA" fPproximaiqn pfithe grierophang input sigpd can be any
filter25suitabl e vitbdut thesehol ndﬁferexad@pmmmmesmkwd@mﬂmgbd vﬂféth@me syshldn  Exanpl es

i ncl ude, but ar%ncﬁbﬁthekal'ah(ér%gtatk 0, S. Gay, S Tavathia, "The fast affine
projection algorit Proc EEE | CASSP, Detroit, USA, 1995.

3023-3026; and G &F @Hfi§‘°WSIQSPB§@’EPB‘§FWHV§I‘°°3§°e"’f‘f?é8‘t€k5"|5‘P‘&i°§h°“tﬂ’aimlf| ed view
35 Efficient |ea&sdakentjohan@snchdapiaptivefilal garrésidimighd edmakol (REEY 126) Sustdes al
filtering," |IEE July 1999.
3 W 02/ 23755%4?:11"?5u%3‘f&7‘g'§‘§§§4”%°%&%mﬁ“’d fidogrok3ps.R “t“"e;l%“?i%u dual echo
estimatdor 116 t Gendestiés aneothncisdts F%%Sémﬁl“"‘ts W@P‘ffé'§1a&q}%ﬁ hk@d\ﬁ@c&y offigE r esi dual
echo estinate arRfe@fcudda: otnmpmonmgunmusﬂmwaubcammmﬁ PiR)on<of the presknt 120 t O
C\gg:’lgeczgtear ﬁsggrililzgnltl?%gpeake ﬂone mcpges %Jﬁe}ﬁér 10él¥9a|9pl%ys speecﬁ;F| OUYtQ?]fe rxta}EeEl}%r and en
backgr ound noi séallWWPeeﬂbW@?d flotﬂme§al prg 05n0ﬁ? &étap‘tlamyyd thlmﬂb%?kl?ﬂléﬁ and en

al ways contai ns sgéaémiacasmid&tlom al$oR8hyddIR delQCHHELIT 8 priontdlbeing opera®d upo®€By = SN + vn
-+ rn.,Wen the% }.‘Z lg ris silent (xn = 0), the input to the noise
reduction al gori R e |rrply speech plus background noi se. Wen the
far-tal ker is acti v somdpmbodimshts epeech dita ermeried94indigite! detp riphese prebegimentic | udes t he
background noi se vn along with echo yn2 Noise reduction circuit 120 uses a
noi se spectral estimator to track the near-stationary background 10 noi se.
The quasi-stationary residual echo is estimted separately via the residual
echo estimator (REE). NR is then applied using a conposite "noise"
estimate. I n sone enbodi nents, noise reduction circuit 120 | eaves a snall
anount of near stationary background noise to mask residual echo. This can
be acconplished using algorithnms discussed in Turbin (see background,
above). 15 Any of a large class of speech spectral estimators could be used
to nodify the noise power spectral estimate to include residual echo.
Exanpl es of sui tabl e noi se reduction algorithms and circuits can be found
in. S.F. Boll, Suppre55| on of acoustl c n0| se |n speech usi ng spectral

T T . T 1 B —p—p— A a ~ -~ AN ONONE™N N~




30 conponents of en. Gustafsson omts details on estimation of E{~Zn(k)~2}
E{~En(k)~2} , and fromtheir work cited above, but they are typically
esti mat edwigghpgrsa "l eaky average" of sanple val ues. Exper ipggiisal4sesul ts
obt ai ned usi ng Euclidean di stances between the true and estinmated residual
echo power spectrumto neasure the success of the estimtor showed that 35
i nst ant aneous val ues give very good resylts. Al so in Gustafsson, Fn was
di vi ded into suB#Re-3HE (B/éEW“‘gHTR‘)“"%@g‘}abdﬁtlaé?ééﬂ‘alﬂfilwatvff@mef?féPé@'e val ue in
its subband, al tspeaiegiost Ale in thMEnbadi 2SR S CTtliiShElchi RB 8 Hal ﬁamsr‘eleﬁenaucﬂl wi dt h of
the SUbbands Wera a@é?&er%e%x%”iﬁ?eggter m%xeem%\@dﬁnethQatg Lcle’104 % I’lOt

i ncluded in the average. perinental resul ca e estlmatlon
cerror is achi evé‘éfse\ﬁﬁé‘i‘i‘“‘teﬁ‘é d‘éﬁtﬁlﬁ%}ﬁépsﬁni’éa‘]@a‘%ﬁéame%ﬁwh asEd‘H‘éPF‘l%ns (1) and
(2), akove, nakaeaiistrivmedastdgapdyilion Delat dratit 168 can B arfiedlldelyal dedsbleasis). trhat 5 sn,

vn, and yn are Sg J@%Ef/ﬁéfiﬁl@lﬂéﬁé’palhgﬂg‘ e“r"ﬁﬂ‘?jé}&y in J:eéga;rc& (o8 egf:ggcg‘éiakgl usi ng

equatl ons (1) resi echoestimati on nal -t o- noi se
rati os of the eg*thrwafta%ﬂwh?néé(ﬁdﬁ}aﬁd i HiothpEhneth dskogtepd de}w of ddaypiecdit | about 2.0
dB. The deri vat i108is 9brt. eXlsodsrie@mplé, Bv)aedsﬁeampnmdn(ﬂmedJargucbdferén&eootny\o

assunptions in moved.. and the results are
t hen presented. %gg?ﬁ;[h g\k @%%H@%stq?{;ﬁe 'temg'gm'irﬁsgonumala?f echo spectral
conponkht s are rel afregerstign Fl??éefel@ﬁﬁaysﬁﬁ{ fayenghspeagiainto A agepstis epverannWaAmed transfer
function Fn such:cftOIalartal Aﬁtsmnpargusuhatlosmqermvpatrrrgcr@bmgtzsoﬂmeﬁfﬁecuoﬁthc eal - val ued,

substituti ng (4)a 021 lC encl()iuéon he ec cl)dls rew;gsen:l'% b FIBO eh (Econ ams tlrJaSnsfngunctlon

rel ati onshi p of
statistically i ié‘h‘ﬂ@ﬁ S&?‘?ﬂ’ piaé"rd(f"’f‘i‘é%fﬂ‘e’ lgﬁgoqegi °Fb‘iﬂﬁ"??'d’a?s€"r Ql“%lﬂ'rﬁlhl ps hold

true. 20 Subt raacbk themgecgiBid ht eficraphon 828) Inadditios wivehb sifrat i, mycréphemifdako and (7)
yi el dsysSol vi ng trélgvegh@d&ﬂfsﬂe&gg AL bfdReaf- QJdnEMIEQaI\V | Rl F&d%ﬁ%&f]ﬁg}&l‘ét' 0”5, Fn(k)

= 1 and the nore neani ngf t1on: | mental resu =0
showed t hat t he "®rFea} sAeqh Fweneefé%'@r Nl "soéilfé bhﬁaﬁﬁf' figetioa Hy ghowp i blofle ¢ wo
assunptions in tibxand@sisevigial neprebeiahoide 138%s haialkd by abrsehinceundisf Aadn isn, vn, and

yn are statisti %FBLIJ ] 'MQ@REA@Q%“&me%‘Pe%&{zegﬁé‘sgﬁ'offnessLM@ %}D?X‘%ﬁ pat a nore

accurate residua o esti maté was achieve h™a ndn-rea 1 ued mappi ng
function F that “Pf&dzad'é%m derived wi thout the assunption of st atl sti cal
i ndepeatdence. 30 Rep;paaab ,@f lead Sossiipdepreeirepribartt urdesirdlel@ioneMabiap ot et t i ng Fn(k) =

Fron(k) + | Fi az%k%?)l %th%%&% Xau%%?y tFe c§u&ﬁin% %Jgéak?-?dg ‘Rymu??pqone(lfk) W%anl (5), into

(6) and (7), S0 S6I'tt i ons to t he
quadratic equat |1W°°W@nt°ﬁn dﬂe(smtg?tganpe&ﬁ@@tpe@@eszperfQf the sipne! sspypagk fod of (10) is

real i zed. Wen ele(t]é Jtﬁke&&ﬁ ﬁeglqnsphgl \%@Ja(?ter utuﬂ%ox é)il (#ltay grﬂ tl'llsscaﬂ?’c%hgx peri nment al

resul ts showed t ? i ngap onecﬁ X‘Po f01 2t pz essu?id en efartt gn that 5 WO
02/ 2375S PCT/ USEl) Lﬁ% Sfready propose& ol P TR NG probl em
howevels | eads thersamargsRAo ofjbbiseland¥Bipg@h MGrrupt mt)rféaﬂv@é‘atm@m)l corﬁrap.amat e mappi ng

functions can beods e ndadna tpan sigalis, B Reherbi @A Ympbadnt &F 20 fwiditdear- 5 Thi s
| eads to separate solutions for the real and imaginary parts. Equation (10)
is replaced by esPeseyy i fpithBHstragymitted fo the &g grd, then effective communications can take

place.

Adaptive filter 112 approximates the transfer function of the echo as , and generates an
30 estimate ll of the echo signal ¥n, from the delayed far-end speech signal x,,. Summer 124

subtractsll from z,, to create e, on node 122. Adaptive filter 112 can be any filter suitable for

use in an adaptive echo cancellation system. Examples include, but are not limited to: S.
Gay, S Tavathia, “The fast affine projection algorithm®, Proc. [EEE ICASSP, Detroit, USA,
1995. pp. 3023-3026; and G. Glentis, K. Berberidis, S. 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.
3



Thi s approach leads to a significant inprovenent in the experinental
results. The residual echo estimate inproved to 45 dB SNR (noi se free case
wi th no ngalphgdsker). The nunerically well-behaved fornul glidgpsesAgHR in
(16), below, was also used to attain this 10 result. Renpval of Assunption
of Statistical |Independence Renoving the statistical independence
assunption turns equation (10 into. the follow.ng: 15 Wen conpbined with
(13), this becones {HO™EYGAFT %ﬁuégé ldfaﬂﬂ'echqfets)urmﬁ%\tlﬂr{g%@?ngsatsef eétﬁmrﬁ?ec‘fggeends on two
unknowns, the sp®iiedhehndbpisside cghyetimpand eormgieniennoise redigion (FMDeruinilty in t he
cal cul ation of tifieddBpDesi@al bibGile), ABealibnobi@ BikcH 15 CkaBlyQRk &, Aol d\@nifih &%5- t erm

estimate. Severagl choices . were investigated for, approxi mation of the
cross-term i ncl Shcﬁ“ﬁ%'e‘?d SBesd S‘(%‘.mgs[”fhd(pﬁ‘iapi% egatcﬁot“ ?dé‘ﬁlg%f" Y&V HEES end was .

measur €l as t he praetigkllyrimpossitiletand o ipkypys cantaippsoR@animettwsesitual prdlo s T v, Fde- @nd

suppr essi on was =gasiH £d whsd thbartdl@: ©6RA o, ShRhPinh P he SR AACRIENT  ( ERLE) .
I ncluding a cross-termwas found to neasurably 1 nprove residual echo

estimation duri ritgoduissEry segeh plpidhprkeaynd ngiseWhra fe fEtilienigeivadi “fosee of

di stortion and <Seynederinaiié eprrpdnentsd incudpethe batkgrbynd aaisd i dlag wikeessholyh sNofsdi scussed

bel ow) are sho I 0. Tabl. e Avol di ng Nuner i cal Sensitivit quation (7)
is sensitive t\gqflcfz‘ﬁuﬁrécsm%t?lzéﬁfsl?) Ol‘srfes%rcuageﬁgr?atofﬁgracgﬁeg?ﬁg tl?'{fr b?%%r#ﬂ ation above
al so sl fers fronise Ahasaupsi-gipremresidppl eshels estirprind isaneseiely vig the residgdleghat i on i s

avoi ded usi ng anginaet®RBD( KR idten 85 uip@Rorkosith Sio8d@diaé. < 10. 0) . This change

substantially inproved th 0 experimental .r |ts. The residual echo
estimate as cal cul at®d"f ?‘l’%(’%‘eng‘rf%‘rseor\e/@gmf’ FiSH lg?zg%va%?isﬁakaé’f’vt "¥B to

appr oxi nat el y 1 BtatipngfBbaghdRuidnoisste misk esiduzbesite. Rhig dan reacepmpiished wsinger ) with this
nodi fication. 351gm§hmsd\é\éu@e&ih@&%ﬁé&aoa& Unk)aloldh/ 2882~ ACC Onl yNR Onl yNo
Cross- b({t)er mCr oss-term :N%‘NOII se DhDT . 7959, .071(1 4251. 005, . 9561 SD -

Near 0. 6D00. 0730. 3816 H¥G (& SAERpeech speglphg mpiofsauc 5 vigpilo 94l Wed3% 2 dB3s5. 1
dBNoi sel SD - DT p4wes 2B88ealle8Rubte Zfichndd @dhial @@:.| E3nples Misaitable nddsg @uctidd40. 4560. 1

S60. 220L - ERLE a0 fihs aiidciols SB8Goihd BBs R Boll, «Sbreksich of RbicRoish hapl € 1. Sanpl e

results for simulated near, fir, and double Fpal_k scenarios wth and w t hout
noi se 5 for var i"iEPErY SRteign EEEFRs. Acoyst Sprsehieas) BasessAiSF 27 APllsul t s f or

si mul ati ons w,t homhti3ued; imd (1t Egheatr, DevidahriSpesd enhBpendetusiol astidmbrh aeendur i ng
near - ep¢l si ngl e-tal k ! & - Sal ' ion | SD

bet wee%@and sn. S%’Lﬁlglséré%?@rstgﬁ tél %g%?gmgﬁgé\%%%&’r %ﬁagbé%%agﬁe?%%{gﬁé Near . "
cl ean signal sn P1R9esh @O 4ResrpbanlPd®) Bi0%tela r oom sinul ator was used to
generate the m crophone input zn. The Itakura-Saito distortion was al so
used to neasure double-talk perfor@mﬁ@cm‘lﬁ;g Sfod €SUl ts are shown in rows

| abel ed "I SD - DT." An average ERLE was used to measure performance during:
far-end single:tal | PriorpagduCysisbion fsee bagkgrowp ghppe) pyuned (i the apdarigeidv kR E - Far . "
| nst ea®d of nor methioztkistics gy telsgimatedviangkabyréued dejountinistie MeppimRiuctionds anpbisdnal | zed by
t he near-end si | N5 Il n both noisy and noi se-free cases, the

resi dual echo \Nggt%%imﬁvesﬁd%&tglg'sed (-23 dB ERLE) during far-end single-talk
when the cross tlégmappige ectiontiy zer 0. The cross terns appear to be inportant
When_ t he near - € Rherk &pi@a@fe‘@te\tﬁeeprdﬁdﬂt thd G E@S@Sansf_gﬁt(bﬂ') cd¥Pbies sTRBC e was _

obt ai ned usi NG o LHRSdneBbriablEG e AR SbylshIMbttel Uik B0 Bk Sepledhkprsubst i t ut i ng
for th; cross termprovjded very good results ( 10-14x inprovenent in |ISD).
Duri ng %ear - end APROBIECt &t k, using in place of 20 the cross term gave very
good results when b&vkagsaenmils koilse esimsiopefEda >y X Ej(9P? cvetrentheii n | SD). I n
bot h these cases, resjdual echo suppression.wa ild and distortion of the
far-end was audi'Bie™ ﬂ"é’e’kgg“ﬁﬁmsw%%g’(/ﬁ%“% eg\’/sg‘gf‘ﬁea?’é%'f’%gef%rsampg?”gueﬁow shown in
separ at e equat i dingerifnental sautitebiained using Freliteandisigneesibpiyben the twelend eptigrategnd si ngl e
talk, and doubl gesliads knSpovkiabdeRUtite mEalire tRdAdcesETthe SetiM@brenodai thatl k, the real and

i magi ng§y parts iﬁ{antsng&ns {fRd S\!‘é@lsry Eo%@n%suﬁsr %ls@%tdugﬁgs&gF D¥as @vigd She M _USi ng t he
followng two equations. For far-end single talk, the real and imaginary

parts of the reditierds angesriofndy wesalapeify thepvisiee splue {rdts aibapd piihgush e f ol I owi ng
two equations. And for double-talk, thg real and imaginary parts of the
residual echo are estinmated by 7 WO 02/ 237S5 PCT/ USO01/ 28825 a system
using the follow ng two equations. A residual echo estimator capabl e of

cal culating the cross-terns as shown above is shown in, and described with
reference to, the remaining figures. Figure 2 shows a bl ock diagram of a
first portion of a residual echo estimator. Circuit 5 200 generates the
real part of spectral conmponents of , en and zn. Signals , en and zn are
shown on nodes 114, 122, and 126, respectively, which are input to w ndow
functions 202, 204, and 206 respectively. The index "n" is the bl ock index.
Any suitabl e wi ndowi ng function can be applied, including rectangular,
Hamm ng, or Hann w ndows. In some enbodi nents, w ndow functions 202, 204,

NN S o e
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10 I n sonme enbodi nents, AEC and NR are perfornmed in the tinme domain. In
t hese enbodi nents, Fast Fourier Transform (FFT) bl ocks 208, 210, and 212
are used {(@ @gsate frequency domain representations of thq,gdigRa@ds .+ en
and zn for use in the residual echo estimator. In other enbodi nents, AEC
and NR are perforned in the frequency domai n, and wi ndow bl ocks 202, 204,
and 206, as well sent. 15 FFT
bl ock 208 generé#@%”ggwﬁg Rﬁ&é%%QSWQ%%ggV?%' Fﬁ‘mﬁ%o mﬁ%@ﬁﬁﬁ?ﬁng function
214 whi ch gener aickgeddrthdxogiee. Z2gerimbrdal refiltOiadica 1ot |gedstiaddnegorasuchiseguar i ng
function 216 gqu&ﬁ&gamggmggg&eggﬁm,FFT bl ock 212 generates on node 232,
and provi des the sa func on 2 t on node 232.
Sumrer 226 recelvesgﬁmmmsﬁﬁmgg “ﬁ%@aﬁ ﬁmw dpf§g$W£wgﬁl fvely, and
producel on nodén-2a81dyg@e @tnsteellwndmergeﬁ%eqrwe%reeuﬁelswewhatlpm(lr)and1(2)spect ral
component s of . o0kl fhefbuinfdidi GILRRLOSSAAUR or B LORBSL LIRS B JoRG! udes
ranother circuit corresponding fo circ fat generat es tHe I magi nary
parts of the sarf¥cepeberbst a@(‘i‘r?‘;?d’ﬁeﬁ'tes*e”vffl%j?fﬁ@at@“é%é\ﬂ&w dsowspgoth ik agr am of  a
second portion oo dsuifBhsufind, EbE®/o @Siniphiat 46 remévied, Giditte reidParé B&ei ves signal s
on nodes 232, 2% ente 8, and 222, which correspond to Iike 25 nunbered nodes
in Figure 2. G cult 300 al so receives a signal on node 302, which
corresﬂbnds to the spectral conmponents of a previous output froma noise
reduction circuit, gkNrRaKe NQhufeett@gluction circuit 120 (Figure 1). Summer
304 and nultipIiersT(g%dmﬂgmoswuBcnlocq which is used as the cross-term
when a doubl e-tal k At é P r. 308 Eroduces , Which is
used when therea'ieselﬁ‘f’gé?rﬂ‘eéﬂ‘a g }ebééi%m%? Va"vwlﬁ}fif‘?“bflﬁﬂé‘?ts’ Bo¥edil 312 30
i mpl ement t he swswuwming the the eppde fundipo,ds reab-raimd, wibeitutiod (hfies @nind ggpdsech activity
IS preﬁent In sgn;l n%odlnents (soft decision enbodi ments), the
cross-terns pro GELEDR nodes 310 and 314 are produced in varying
anpl i t udes, and Usingthsralptivesdiplof(4)gnidipealds316. As a result, the nunerator
produced on node 318 incl udes conponents of both types of cross-terns. In
soft decision e i S ri abl e out put
val ues t hat arquggggﬁaﬁ%t?on rpE%?ﬁm¥ﬁeggﬁgg?gé%”&£9gg%§%f% and _ and
and the out put s reatiensigpsiimi@gueby surmer 316. 8 WO t12/237Ss PCT/ US111/ 28825
In othgy enbodi ments, (hard decision enbodinents) _and t ake on val ues
of "1" or "0," and nultlpllers 306 and 312 act as switches that either pass
the i nput thr ougf‘f’“a‘i?f‘g@aﬁ fsa)ﬁé‘s%‘bs’t‘thté‘gf‘ﬁb@fa"f‘ﬁ?-‘ﬁ‘ﬂ . For exanple, when _is
"1," mul tipli &plvisee aedragic aquation fendintkbyields frep solpinass )féaqdétseorslo In this
case mul tiplier, . 200nA6k&nas & closed switch and multiplier 312 acts 5 as
an open sw tch. "AI'S6 for exanpl e, when isa"1," multiplier 312 passes to
node 314. In this case, multiplier 312 acts as a closed switch and
mul ti ptd er 306 act sEwerimgntalspul WiinineOlshowaibat esvier inthe datprpjfistic mepnige is | s
di scussed with wefiehesmnsessinftidn gtHe GeridatioPihstiFakerbal-2RRAd; icMiatkg v, faltsy, AT at or  on
node 318 by on node 222 to produce on node 322. on node 322 represents the
estimate of t he statijticalvdndspendepte Expsrimeniabypspltsshowedihat smereqcpuigte resifud eshhonent of t he
resi dual echo. SuinBRlS adiddedainla bhbeal-\anel niipdidgifpkioR F Siatdeibeend@Bed and 312 form
a cross-term cal e various cross-terns shown above
in Table 1. CneW@%mﬁ&”ﬁm&ﬂ%{ﬁggkﬁghﬁﬁﬁﬁhﬁgderstand t hat ot her enbodi nents
can be3lised for cross-term cBmovdlefiAs ROB SR e 8ded | ng from t he scope of
t he present |nvent| bfmtmgFﬁ!k) émﬂﬁpiFen(k)a@Inﬂcawmqibw*ﬂeﬁmiﬁonmrquefuﬂ)tandi@))omvan be 15

I rrpl emented in V\g and fi lylnto lea\(,JV%re C Fz?o?utlgn)é?oqugga ratlce lgF e%" purpose

conputer, a d|g| "Al'so for

exanple, all orf p’él?)fs f‘lﬁged E’ﬁf@&lef" ‘f§'6‘b°f{:l Hs ‘z'idn'm’eé’r%ﬁ )éd{”ferq t°s’f)’8’é'?e pur pose

_ hardware, such aguieisapplication specific integrated circuit (ASIC. Figure
4 shom? a bl ock diagram of speech activity detectors in a speakerphone
context” Double talk detector 402 receives the far-end audi o on node |04,

, and al so receives t Bweriresal! respitd shavietitest tbipchaietiess 19 eeoesaply betterdbapipatni cr ophone

128. In hard decision enbodi ments, doupl etal k detector 402 sets _ equal to

one when double-talk is active and sets _ equal to zero otherw se. Speech

activity detector 404 receives the near-end audi o on node 126 and

determ nes if speech signals are present at the m crophone. AND gate 406

recei ves the output 25 of speech activity detector 404 and the | ogi cal

i nverse of _ on node 408. Gate 406 generates variable _ on node 410. In hard

deci si on enbodinents, _is set to one if there is no doubletal k but there

i's near-end speech activity. O herwse _is set to zero. In soft decision

enbodi ments, _ and _ take on real values between zero and one, inclusively.

For exanple, in one enbodinent, takes on a val ue between zero and one,

and i S generated by a nultlpller 30 rat her than gate 406. In such an

Y 2 .
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whi ch such clains are entitled. 9 WD 02/23755 What is clainmed is: PCT/USO
1 /28825 1. An acoustic echo cancellation system conprising: an adaptive
filter toweyPpssksan echo estimate and an error termthat igelpdsnsds
residual 5 echo; and a residual echo estimator to i ndependently cal cul ate
estimates of a real portion and an inmeginary portion of a discrete Fourier
transform (DFT) of the residual echo. 2. The acoustic echo cancellation
system of cl ai m™reaghhrsoraterh Repiwotriag frejpjahiome s ven &pds fpep BembigropsimpRitises: a f i r st
i nput node to rdoehduf (43 s@anpPOsphefustign eh boesEsritRirdagndi@aginagpekisspeech, noi se,
and an echo of fmy.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 conposite 15 signal. 3. The acoustic echo cancell ation
system®f cl ai miswheteegarate bdutin@Sor the fehl aROREKIRS pirTBERMtioh G0)GOEdc@wy ed t o

cal cul ate the re@gsoﬁp‘gs&g{rﬁ%ﬁary portions of the DFT of the residual echo
using the conposite signal as an estinmate of the near-end speech and the

noi se when the near Tain#progeh ieprs ocatsieniBeagtdmprrayementinithg aperimentel spioche | s qui et . 4.
The acoustic echaidgmehedslindd iprosySued SNR (6disd 68 cdse Witokalkie Thesi dual echo
(E)IS:EI_I ng.t ?Lel ?eg?gxfl %{llgﬂveﬁ thzg'rc?‘ fc():xlr;lar‘xlﬁl %aegshtc)\l;v]nem 1%?!3 anvdvaslalrra édrt]arttXlgFlOIr‘];: OgrS]dO; the
previ olfs out put r$thpl e as an estimate of t he near 25 end speech and the

noi se when both the near-end speech and the far-end speech are active. 5.
The acoustic echo cancell at] on t em of Ial, V\:h rein the residual echo
estimator is configured to % S ESHmplign.of Sig PR nary portions of the
DFT of the residual Reehelgthsﬂwglca l@@emwcmsumﬁtloswbstcanm @blijotaer o as an
estinmate of the f@@@’qlgend speech and the noi se when the near end speech is
qui et rT}asnd t he f%{i end. s ﬁ] ctl ve. 6. The acoustic echo cancellation
syst emt>of cl ai m"L'°F ¥FPH & Hé di ?‘f&’“eét"f‘?(?f“@té"“?‘gﬂ‘ﬁg’i’i‘on circuit responsive to
t he real and i nmagi n&hgrerqeietn depeads of two lrdndies] the §pedch&rd nés isgtial compdnantsand t he 35
di fference bet V‘ﬁ‘ﬂ@unEJ%%mgﬁh@ cﬁéﬁahmhﬁe% néfbr@h&ﬂ%@eﬁ'xskl@tecﬁb glga'l)ss-temlo WO
112/ 23755 PCT/ USt 11/ 288 speaker phone conpri sing: an output port to
be coupled to a°¥p@akErY 61‘015?5616‘@&“57‘9&?“ @h@p‘g’%*’é‘e‘hdfhﬁf‘ﬁss'gﬁn eledinge i ¢

envi ronment ; an @i n(p &1 Pistpriionpéthersersndths mepsiediss B¢ kishivbriio digoriamcei ve from
the acmustic enwkiwen R, Par-SndCOPPRISH §/48 mSds@Geaking By 8ol r&irNPssB@aicetd Speech,
noi se, and an echo of the far-end S|toeech an adaptive filter to produce an
estimate of the (ERED lpfudingacressiermapng founddomeqsuraly impspvs giduaseho cHppHisn est i mat or
t o i ndependent | yurg toubtatatk. Hewdverahtchedr@RIgias e e phdistoBionind kdae rdsihlal @fo t he

di fference bet 2 ec and the estimate of the
echo of the fa\r,\%gadhglgggcﬁgm%dwgﬂgﬁg&%%g% ‘iﬁg %Eé of claim?7 wherein the -
resi dual echo estinmator conprises: a cross-termcalculator to calculate an
estinmels%e of a cross-termresulti pghidingOhaicd 8@kitivdh an assunption that the
near-end speech, thequRMin$Bis s@fthetdBuQeHgPhealdde ThéditeBluck SREMERN are
statistically independent. 15 9. The speakerphone of claim8 wherein the
cross-term cal cébae 8t siffrsdgntisgisblen I encesbodimantehissinion ivfroifdesittear - end
speech and the noise differently based on whether the far-end speech or the

near - end speech J@m{n&ﬂ% LOYwREP 8V 8 s@atil D108 N@ls Ghange substantially improved the

30 experimental results. The residual echo estimate as calculated in (1) improved from

approximately 2 dB to approximately 11.5 dB SNR (noise free case with no near talker) with

this modification.

35



20 10. The speakerphone of claim9 wherein the cross-termcal culator is

configured to estimate the sumas the conposite signa

when a near-end

speech acwipuihy7sdet ector indicates that the near-end speedgrThani/gskes gy
above the threshold and a double-tal k detector indicates the far-end speech
has energy below a threshold. 25 11. The speakerphone of claim8 further
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appr oxi

echo is estimted accor
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and a real

di ng
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o diptartiqnD | g g|

part

of the DFT of t hetwepy 8¢ sisiThrersultsats shaya inrevg|labplesly {SDo Near-h dhejeqm sighal sthe  near - end
conposiipe si gnal wasvafavieSinteld Qoo Giglulatidwah usef to pdi@ardielmiGbpnbi@padapht ve filter

out put
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and represents the approxi mation of the sum of the real
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fmadsura dayble-1lk peemangs gFhesegpult e DFT of
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DFT of 20he re5|dmeﬁmi@muﬁvmw@EwQ3$BSME%Wd%w§Me§$WWhm@§“@é@mwéwﬂg“to an
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using a sumof the rea

claiml4 further
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by a system using the following two equations.
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21. The nethod of claim 20 wherein the square of the real part of the DFT
of the residual echo is estimated according to an equation substantially
simlar tgophsis represents the real part of the DFT of the @k gﬁqs
output fromthe acoustic 15 echo cancellation system 22. The nethod of
claim 13 wherein separately estimating conprises: estimating the inaginary
part of the DFT of the residual echo, using an equation that includes a
cross-t er m r esulVKG "It ilor e o 879K assunption that signal components in
a near 20 end conposiAtresidgal ghhadstimage epabaf @lculaingthonoplaon as sbove aebeis | stical |y

i ndependent . 23.g40l&, g}ﬁh@ggem,th%@gﬂgp@%em%,ggdgurgpe cross-termincludes a
product of an imagi nary part of echo estimate and_a sum of an

i magi nary part of alBEY? S‘Pw%?hfféléq‘@gﬁﬁdfasfﬁ%é%?fngf fridral ehestipptarfdigithar y part
of a DFT of a ned?ecasrirs Heea@arsyt sagP! comaeerniiple frednfizne SEdaifat Ademtite 25
| magi nary part  Qfouhlendds 110122lRe126 Sxfedtal, wﬁsam?e,h,ﬁwo%@&m& Sihtuting a

different product for the cross-termas a function of er the near-end
speech signal cdft#47L respietveR; Bﬁt‘“dﬁhér’we%??H‘“?ﬂ’ief“ﬁ’é?“a'flh%‘“‘f"a’f“gend speech
signal contains fmutioiucmbeatptpneemerugyglec&ﬂguw,ﬂarﬂ?heg, prg{elrOdndotvs. Gb @imen 22 wher ei n
the square of tNGodRAL IRk AR, 8 gsnd%we% ifie residual echo is
estimated according to an equation substantia simlar to wherein: is the
i mgi ndty part of tﬁ@OWb%m%‘ﬁéEFéngﬁpe'&‘H@ ‘"‘ih"st“’teﬁ‘ém‘i“}*ré‘g'?‘ﬁﬁ%lry part of
the DFT of the embdimest,ielouriedTrais®rt (RET) blodkg208,21 Y, afdal X ardakedtid@nebicT of t he
near - end CONPOSigeietl BInirephesonthtldBs df BGINNReY arid [ for B¢ in InBRsikdTkorf t he adaptive
filter output signal; and 13 WO 02/ 237SS' PCT/ US01/ 28825 represents the
appr oxi mat i on ofestier. datengmbpdipenisAEGiapR Arqpaifrmestin o fesawopey depaing 498 near - end
speeclh si gnal handndb\helodkﬂ:wg,lzll)@ﬁn)ﬂ 2¢5a£shveloa‘s FETRock¥208, 0f0, i e12RR A6t pR&AAL. NOI Se

si gna 25. The net ai er, ca

i magi n%isry part of tE IB?_:IE, (%fgenterlgtes on no&é ZE(hd'ndBrowgg)[hefame%saarnqg%&n&g%‘%lgr oxi mat e
the sum of the iwkigheanars Qaede 28f FEWC‘DP‘T%@FMWSI”P@C‘ sabaing fopstiongbhegsndrptesi gnal and

the imaginary p@ﬁhodeizz;tifﬁbtaaTzl@gen&rm dN RS 22/Hld ﬂ@dl&ﬂhess‘algﬂak uMhgN a
near-tal ker is quie cl al

f are of the
i magi nary part of* tfoﬂalslfﬁg—"‘fh el’le'?t‘fﬁgn Tg %Bg q"@ﬁglzgaerﬁ“ﬁ’ﬁes ‘gglf‘?"ﬂ?i?%?dﬁ ccording to
an equati on subshddif,irapebtivelsjanmi produces @rnod®228. The net hod of claim 24 further
conpril ng: using aciaitoe gafernsuhstamitiothicyal Z(ﬁfpﬁlleﬁtOofanﬁ(ﬂqgj Redngplethe sum of

the imaginary parf of the 15 T of the near spee nal and the
i magi nary pant d?S'd’t'“ﬁ‘échﬁE"Imabc’f '“I?‘I’I':flsaﬁ‘élgfc”é‘ﬁtcfo'%“i"g ‘i%ﬁ%ﬁ&’dﬁﬁt%"vﬁ% ®a near - end
tal ker is quiet.im@Bary fdneofifetsingdpedfal @hponenis27 wherei n the square of the

i magi nary part of tl@EmDE-EO\QJa biotkedld’g&%'oﬁic{-&@éonffﬁm& df§re§§1§l‘e%%§iﬁlat@l‘ccor ding to an
equation substanti al g(i} sim]ar cl a| m 22 further -

compri sing: usi rges 38TReess Siehils oF MEG A Hatyp 26%?“(‘1 %% W'E ﬂ‘émﬁFP?“‘H‘F lihe near- end
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.AU9 AT & In some embodiments (soft decision embodiments), the cross-terms produced on nodes

310 and 314 are pxloduced 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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h@ 10(%(‘ & ( ) - 31k t£ll) detexaa&@@r%/&vt(s)me 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-
tatk 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 rleference to the appended claims, along with the full scope of equivalents to

which such claims are entitled.
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10" <" <! #10% <" ﬂgé a(caustlc eég ce#gega R')l:l' s&ét&r) of claim 1 wherein the residual echo estimator

10 comprises:
a first input node to receive a composite sighal 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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K~) 8. The speakerphone of claim 7 wherein the residual echo estimator comprises;
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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 1o 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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15.  The method of claim 14 wherein the square of the real part of the DFT of the residual

10 echo is estimated according to an equation substantially similar to
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 sngna[ 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 claim 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 rcpresents 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 c10ss-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.

23.  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
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26.  The method of claim 25 wherein the square of the imaginary part of the DFT of the

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

27.  The method of claim 24 further comptising:
using a value of substantially zero to approximate the sum of the imaginary part of the
15 DFT of the neai-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 eslimated 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 imaginay part of the DFT of the near-end speech signal and the imaginary part of the

DFT of the neai-cnd 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 estimated 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



