WD 02/ 23755 PCT/ US01/ 28825 RESI DUAL ECHO ESTI MATI ON FOR ECHO CANCELLATI ON
Field 5 The present invention relates generally to echo cancell ation

syst ens, ve@d2/esse  specifically to systens for reduci ng rPeT/@e@l/28825ho i n
echo cancel l ation systens. Background of the Invention 10 In

"speaker phone” applications, the "near-talker"” is the person using the
speaker phone, and thgggibekr kehib@kTMATION PORREABTARRELDErIDRT end of the
tel ephone line. The far-tal ker's speech is broadcast (played through a
speaker) into the room (or other acoustic enclosure) that houses the
speaker phone and the near-tal ker. An echo is produced by the far-tal ker's
speech 15 propagating through the roompgfg bei ng subsequently received at
t he m crophone. Acoustic echo cancelers (AEC) are used to cancel the echo
received at the m crophone. The acoustic echo canceler is typically an
adaptive filter thatTheposteliseritiberclutesrgepully teechocepaltatia sysemt, @ nfogom  Ext rene
cases exi st \Ahee;%mﬁéa@y t@%%&tf&@ed@cﬁ@szs,sxam@@ueerchotmc&fatkox si@hd 8 to cancel the
echo, such as prol onge oubl e-talk or rapid near-tal ker novenent. In

t hese cases, a far-tal ker m ght hear a 20 short burst of his/her own voice
as an echo. Residual echo suppreBskobuniethdingu@s attenpt to renove the echo
that rgmains after acoustic echo cancellation, thereby preventing the
far-tal ker from hearing such bursts whjle still allow ng the near-tal ker'
voi ce to pass thr oufh PERREIPRSTel PRBERoNREE g fkere IS PEUP 18 4§ pRstkerPoe hni ques
have been the suahijtecr-akertieersaivn thafhtend apertdephay e DER fir-plkblsisgbad

descri bing the " Conbi ned
Acoustic Echo C(?)s%o%gg s&plaﬁ%ﬁ%&éh%pe%%@h@ﬁ f%(T)orcljitﬁ Orgﬂéta&])m Ir;leésgrg)gl'hﬁ?‘l‘ou esony,

Si gnal Processi HgsPeagphonggd thyyjgar-tagieer. ?‘2e°h$QQB’d“CCdH’éFlléfaﬁt&I?‘?féFPe‘?"éf erred to as

" Qust affssson; " aaldpayatmgtulb\lighnmmem ardlllbeing su&saqheagy ReyahoRahitsihome. Lobdieria in
Acousti c Echo ro ENC 97 ondon, pp. 53-56,
Sept. 1997, hecrgcnél?%l]‘%‘e e“r%%{et‘a&‘F e echp‘fecglg'd at%mﬁeoggm% eTIE %%&ugfcng research,
current resi duaPch@%amleeetywwpamé@s‘iveﬁﬁef B RAfel the sarigsechn mfhseﬁWPO@t ely
effective in repaxhBgss et elidlhc@@bbc echdancaér bﬁa@eans tptah@nhecbthowaal aBr awi ngs
?S?Iu:nit Ilof]hOWS g‘rc}lor?‘eg%é;&cl)s%l-tglk grgg})]?dn%a?‘ rt]aﬁ(eron}o?‘%mlgrﬁ 0 ese cases a‘t"far-t{l]l(ee% n%sgca%geltj | :?2? 35
Fi gur €03 shows é’%é‘é%?fdlls/ﬁ@ro’fvilm*?ewaﬂeph@r 0SS- term cal culator; and Figure 4
shows speech acti vi katidehedcRelFeSsioh &cralq&paaﬂﬁ@ﬁopamem&&mt@x&mams:Lﬂev\o 02/ 23755
PCT/ US01/ 28825

acoustic echo cancellation, thereby preventing the far-talker from hearing such bursts while

still allowing the near-talker’s voice to pass through undisturbed. Residual echo suppression
techniques have been the subject of research, and papers have been published describing the
25 work. Examples include: S. Gustafsson, ef al., “Combined Acoustic Echo Control and Noise
Reduction for Hands-Free Telephony,” Signal Processing, Vol. 64, pp. 21-32, 1998,
hereinafter referred to as “Gustafsson;” and V. Turbin, ef al., “Using Psychoacoustic Criteria
in Acoustic Echo Cancellation Algorithms,” Proc. IWAENC’97, London, pp. 53-56, Sept.
1997, hereinafier referred to as “Turbin.” Despite ongoing research, current residual echo

30 suppression techniques are not completely effective in removing residual echo.

Brief Description of the Drawings

Figure 1 shows an acoustic echo cancellation system with residual echo estimation;
Figure 2 shows a first portion of a cross-term calculator;
35 Figure 3 shows a second portion of a cross-term calculator; and

Figure 4 shows speech activity detectors in a speakerphone context.
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Description of Enbodinments In the follow ng detail ed description of the
enbodi nents, reference is nade to the 5 acconpanyi ng drawi ngs that show, by
way of i W@e2/23s35 on, specific enbodiments in which the |POBEIBIIRSSIFAY be
practiced. In the drawings, |like nunmerals describe substantially simlar
conponents throughout the several views. These enbodi nents are described in
sufficient detail to enable those skilled in the art to practice the

i nvention. O her enbodi ments nay be utilized and structural, |ogical, and
el ectrical changes may be made wPeH@gendEphedimanis fromthe 10 scope of the

present invention. Mrreover, it is to be understood that the various

enbodi ments of t heIn i o%mlhgoc{gialleﬁliéspgﬁbqlaf tﬁieI t'nlﬂ)c?dqn% E’refe%n% 1ﬂ9ade 0 ghcessan ly

mut ual | y excl usive. For e, structure, or
char acteri stic %Wﬁyﬁéﬂfﬁwl%séﬁ‘éh‘é‘ﬁfrﬁdﬁ’v ﬂfélhlﬁtraﬂ‘ﬁﬁ/spffé“lcie‘ﬁwl grenedn WRightthéi n ot her
enbodi ments. Thewdn@dnln@ybdpehctted @i thedhwilrs GlEelnmﬁdrleHedcﬁb,e sibhatiah emar Not to be

taken in ali ;nc(%ldgxagnt&%@% dut tﬂp veFar\ﬁew%CﬂBs% ercn)godl Q%aﬁ I’de srgl:rebngﬁ n SI.IIQ%I 1ee¥1]’ct ion is

defined only b al s, alon scope of
equi val ents to @iiléten l??seélﬂli‘idﬁtﬂleéfté) ReASice th @&F““OFh@thW‘P?é@elﬁwyé?)par atus of
the present i nvemiddam spiicadl, thgica amham &mg&sa,aga&tniamlﬁout depShindetah mwecho in an

acoustq,c echo canceh%atl 0 ﬁlh‘t r odu n estimte
10 20 eiton S
of the echo, and Subtract: m‘feﬁleones rforvr%tlelsm 'fn ersmoa atglfvaolouselﬁ%%ﬁlmgrophone

i nput signal . Wk inverifien, elibpigh diffgiedt, prheot Eﬂsqs:iaﬁlwetuw erchigveeEMexamplo anot ¢l osel y
mat ch, an undes pdribibGeafuRSdGidAd, orRfdiOterBec deRAMH A%nd eﬂlbctdh&nﬁﬂag&aﬁcludéﬁhe met hod

and apparat us O]:wtl;[l h&hep m%sde meniﬁsI ”H-Av?o tt)v!lu? ndetgﬁeggescnetlog'lsrt e%e!f Crleu got b ﬁp 0, Eestimat or
that separately"estinates re ent s FRE di screte

Fourier transf ahfmm(mf) anéfheﬁolfn@ Offé@snr‘%ﬂﬂlallﬂveef@hé dvﬁn@dmlmbyfa@s@mﬁeﬁg statistical
i ndepgsdence beameaoﬁgh@hthyﬁniscelsbs,f@mm@@mh&h Qfn didMR afbiepiu@phone i nput

signal. The residu cal cul a | magi nary
conponents usi ng a?ﬁ‘hﬁbn etFOdfndrST%?arng ofgfe PEFFE" YT lPrb‘iﬁ%’gﬁ%mecﬁaﬁﬁT’%seggﬁgl 25 wi t hout

t he echo. A di f feddwlethodpp roxdinghd O@Nellaisonm@d Heplentivh fittg poducedretshere t he

near-tal ker — angfiRfectoNgd sfu@{ac@taé &8 hatedF Be Jc@lfislnmgm@pm BoulsighOWgen
speaker phone with echo cancel |l ati on and resi dual echo est]mation.

Speaker phone 10%° fhe PdEE Rgaythies@orp p¢ ﬂ?selinch PRIyt e 6 8st i mat or
(REE) 2016, sunmmemainsiPd; signdi Be megaiirad dppwrig NR)e peheniGurirtiion @@jde s pedukler 106, and

m crophone 128. . fpaakes ngﬁﬁatgip 2stn§9es ANnd 19@1&@@0]1%@)(& Sﬁtﬁ%@fscré?é Hoftd} t's such as
processors, anplifiers ofher circuits are

Many of these
onitted from Fi 615‘Ff%rmiD’fT6°%rr§'dt'ﬁl @B?W‘Sglo‘g?fé‘wlr}“’?ét\af ‘Calﬂ‘ﬂf’re‘fef‘%?i’g bt fie present
i nvention. SpeakeivbaupeneitOd the miskapigbesingipdmid e The 1d5iGuat dolatestipla@yslcgqp@ech from t he
far-talker. Farg, iealaml;lagﬁl g@oqlaodeés I glaypemammmcmen&ga s@fy node 104,

and is _played throu spea eech data on node I's al so del ayed
by deldy circuit’ ‘tllfﬁ‘)'g‘wﬁ?hf’ ot d‘ffﬁe“b@Prﬁ’@m%‘B'é‘F wPEGPfirsen V’the‘f?l;’se S ve filter
112. I n sone enhadithemnttsker spelkicd) data on node 104 is digital data. In these
enbodi nent s, 2 Figure 1 shows a speakerphone with echo cancellation and residual echo estimation.
Speakerphone 102 includes adaptive filter 112, residual echo estimator (REE) 116, summer
124, noise reduction (NR) circuit 120, speaker 106, and microphone 128. Speakerphone 102
30 can include many other circuits such as processors, amplifiers, and the like. Many of these
other circuits are omitted from Figure 1 to more clearly show novel portions of the present
invention. Speakerphone 102 includes speaker 106 that plays speech from the far-talker. Far-
talker speech is received from the far end on node 104, and is played through speaker 106.
Speech data on node 104 is also delayed by delay circuit 108 prior to being operated upon by
35 adaptive filter 112. ‘

In some embodiments, speech data on node 104 is digital data. In these embodiments,
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WO 02/ 23755 PCT/ US01/ 28825 a digital-to-analog (D/A) converter converts
digital data to an anal og waveform for play by speaker 106. Also in these
enbodi mrew@p2/28bay circuit 108 can be a digital delay el er€MUSELESB2S as a
register file or shift register. In other enbodi nents, data on node 104 is
anal og data. In these enbodi nents, delay circuit 108 can be an anal og

del ay ‘el ement, Sl s lWAREL oAl cofefl S lht 6LA0ALABARL A% o ne. Del ay

circuit 108 can be a fixe or a varlab X eneral, when the
echo path is | aFPQ%‘Fr 109. |{dso dphess prpodinggaip. 4g/aycirgu &98t°3“1b68 lizlgal c!elépf gewm B exanpl e,
when speaker phoae 182 filsordsRagiita. & ob@kmbotiimentahon pat 4issnsdgant rand t he

del ay of del ay ﬁ'l gl%i'l!ohlmee‘lso%la& arc§im5 Ean bé%ln%l%hg Q&ay%?élmp gh a.s Fqged%peaker phone

102 is used in a e conference room € ech nger, and the
del ay of del ay é‘FtF“B*Efgﬁ“alf@ﬂelaV %necB?l?yé‘%‘ﬁh‘&i‘lCﬁﬂﬂeﬁﬁ’feéﬁeé"éPra"ir(‘j‘blF FFlaéjp’ér ation,
speaker 106 pl ay&erbihened @¢ ecrpaih SPReRE e daily O dalbly @MUY i§ lerg@NBor &a@fgEent . An echo
signal Yn from 128. The
ffeot of the Snadarearhl fip B BN opE RN B ol oL BRLARR ok 130,
whi ch cont ai ns £$8ayi8Fe rilsp fpResprdi Whepygpeakymiope 10 ispggd iwalpree sg@Ees ropPayed from
speaker 106 is opehap.eds 1u@arhndmyie delap6rsibI@f cirfuit NOBLid DRespiddinglyasigeri S t hen recei ved

at m Clr ophone 128. n e‘?‘al 1, S ea?erl 6%121 stpeqa (gsnéLh 1Xto an acous(%lcglppc%ggtl/gs al so 15
recei ves near - end s %g sh a J Near - end

| vn.
speech signal sfeo e gLBtéceea%f’Slrr?lérﬁcew@%%lmtcgpfwg%l b dgilean. N by
transfer functi eustfencissh@Wdthd holdd @fdented ByZhlocRIBY, Whidh SitaiSd tAHr fuddliod €Pr esent s
noi se 138 as nogel g 0y s/ spRsf eyedfﬁ%%akgnom@peémm ayaans@ f%tlﬁ)nlx%{h
isis

M crophone 128, therefore, recel ves t he sum of %{
shown at node 19é 8 ressived 3 gictaphong, 28, iy additigy to pclo, %naltymrrgca YEGP®e, represent
undesilbabl e conpoientes- @fl spzaah sigrals, ané xeargpl Wjse ¥gnalivg. Ndaeenéphoh d@esed by t he

coupling of spegker. 108 2o n@ar@aﬁ@m@moée%@by t}éhs@aafuﬁctlom{ gsweRbpgnent of yn
does not get cancel ed, and becones al 'sent back to the

far-end, the faf Zt%?l%’é*m%’ﬁ‘r’(nff@réﬁentﬁ‘?"?? Hé?s Wf@é’y 5?“ffé*rfunﬁﬂ‘fﬂgﬁ G8PAG a del ay,
and this can catise 134 Ofiérepsone MR 8ckbkrdfong regeivpdtoarem ol sy, alll v OTHIsOY sh@weanpl e, i f vn
is unduly large, q4hgn,fhe far-talker 25 hears a | arge anount of noise, and

this can interrupt a pflone conversation. In contrast to the above, the
near- @dd speech si ghed Yo 2 1§25 OGRFEPETe; eResHL WU EOMPATH &N T f zn. When
t he near- end sp;eemh y}lﬁthﬁ &hd d’aflsbldHyyhetcdiualn@ﬁhbda&dl%@ndtrﬂ%opﬁ@é 128ndhentahen

effective Commﬂl %9 91@?0 goerégtﬁget came@gg b&gﬁgﬁjbryo?thg él ntal%g garl.kzto fappr oxi mat es

the transfer functio gene ates ah estimate N of
t he echo signal fa¥EhdItheCfmtatllhecad1®hral}8éd véx@raftemmﬁersqamc!biamngrlnalcan)cause Sunmer 124
subtracts from zdbien dafi@dlpRnedll OMsdTadempR.At v, Adaplyilavg, thea kit @ftkd? can be any

filter _suitable for use in_ an adaptive echo cancell ation system Exanples
i ncl ude, but ar BeaFiaiaee PRGURSEROED and§“5 caRdggTuPs PR P HTSapon BFRRU AR af £ i ne

proj ecti on al goptorsnil nearppgpecch SR is) iopenw, 2 dpisthlcgpPrRonS Az Mg neasy _
3023-3026; and g’ld slgec%rgtféﬁfull)ﬁrans%ﬁ{epﬁI:cﬂe(?alr éa’d, tk%n ef?tl@@%%wugéaﬁons Eaﬁ‘taklam fied view

place.

Adaptive filter 112 approximates the transfer function of the echo as , and generates an
30 estimate i of the echo signal y,, 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. IEEE 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



35 Efficient |east squares adaptive algorithnms for FIR transversal
filtering," | EEE Signal Processing Magazine, vol. 16, pp. 13-41, July
1999. 3 W®O0223¥55 PCT/ US01/28825 zn, yn, and en are i npOtr/Uus@/28825 dual
echo estimator 116 to generate an estimate of the residual echo. The
residual echo estimate and en are input to noise reduction (NR) circuit 120
to reduce the residyay, ©6koudibudhesidusi@cb kyimatdd 1006 beblerdiBih elimytboraact | y and en
woul d cont ai n. OQ:'SiXual egz .eT&%‘%[dﬁa?Q: 06%!%%%% es Ia H‘lal.llt tosnni earpd.gctiene @ﬁ?«%suit%%qe
background noi se vn. wever, this is Bracticaliy Inpossibfe and en

al ways cont ai ns 'ogeskes tsisides cobsfin gne Kledipd Fovktpish pinexestiygnd ey wopldgontainply = sn + vn
+ rn. Wen the fhahetab kedeh tighalS] 4n@ Bdrhafosbinebadlyrountl Roise b ) PldbeviOthk BE NOI se
reducticon algorjithmis sinpl eech .pl us backgraound noi se. Wien the
far-tals(lzer i's a@]ta%n\c/aém,y m}pﬂsélhlg%gi)é%%\%ys'c(’ g?"%tﬁ%nclfearsnlourng(gfeél u@%ﬁ‘i‘)}éﬁéﬁt's)ﬁ"ie%cl udes the
background noi s&swh'nalrenyhapite Fr-ltids sijent (iNol) gl inprtdetbisordugion cui t 120 uses a
noi se spect ral aedAl Shof Lok @S ok NG WALAL @AY RAGKALQYAA 10 nol e

The quasi-statiognary. residu ec s.estlmat ed separ at i.a the residual
echo estinator ?O( ﬁc:lé)r%b KL PHER eé%‘ﬁf’%"%&’ urtrl}?nf’lﬁegvnéloé”d”rlrtg?)cs? %l”éi(f‘”ﬁeoi se"
estimate. |n sorsucedloait MBRLES 2 not©ipsd@allegichat6ittd ©Hak tBd MefidiationdtyBclg@maes a snmal |

amountygof, near w5k o AALKaRACKALAUNG 0ka% ORI al R3kllialy echo. Thi's can

be acconplished u5|n? al gori ~discussed I n. bi n ('see background,

above). 15 Any &fimaor|(BEy Nt heeridied isprrraise e z8stingést | mat ors coul d be used

to nodi fy the noi sens@@wRbodBRAE hdidked@Edn i@t €20td@ves Nelaug@uitesdedlual echo.

Exanpl es of sui E%Porlla‘ra bg&iél%l%dredgcti on.duchggyiiht h and l(:' rcuits can be found
uppr

. noise to maskres, 15 can be accomplished usin
in. S F. Boll, esSion of acoustic noise In spegc Uy ng spectral

subtraction," | EEHMe dippyssed ArDihit (see Bgkeeante. Bpghal Process. ASSP-27 (Apri |
1979) 1513-120; and Xay oEPRE@dIdR of Beeclvipbadh estim@RE @GR b&RGIANERTEME noldS1 N a
m ni mum nmean 20 sguar

er.rqor. short-ti spectr al |itude estimator," | EEE
Trans. Acoust. @6%%%?%%?%‘?%%? to “‘g%“%éees‘é“éa.r"‘%’é"z?&mp%ﬁj’ésc“zf%é‘?”ei@%‘ﬁ‘f“ 1109- 1121.
Resi dual Echo E8gdrithens pndmirdPitsicerbe fporddn: |5y Ralls Bepbrssionof fevustic toigeegpeesind, above)
assurr:es tlhat OIt gesi@sgagtiamtr_a&@@i I@E@frans%@o@t@é]ﬁecﬁ%%ﬁ@&%sﬁﬁgw (.b&’l;] est idmat ed via
a real -val ue r i st mappi upction Fn a ied .to the adaptive
il tar oatput STk Bond € R et NP napctniP ot F BpisPaete ) oot |t he
di scr éle Four i epuare amsshortime(sBFTF) anpbinfsosiendrs’ IHE Trhe AcwgrSpespimdi ng vari abl es

represented by sllaagsl32t6§$de@51§er1d§@r11@x@ﬁpl e, En(k) represents DFT 30
conponents of en. Gustarsson omts details on estimation of E{IZn(k)I 2} |,

E{jEn(k)j2} , and fromtheir work cited above, but they are typically
estimated using a "l eaky aver age" Resfdua BarpEsimutimh ues.

Prior work by Gustafsson (see background, above) assumes that the a priori residual
25 echo statistics may be estimated via a real-valued deterministic mapping function F,, applied
to the adaptive filter output.
The mapping function is

where capital letters represent the discrete Fourier transform (DFT) components of the
corresponding variables represented by small letters. For example, E(k) represents DFT

30 components of ey

Gustafsson omits details on estimation of E{lZn(k)|2} , E{[En(k)|2} ,and from their

work cited above, but they are typically estimated using a “leaky average” of sample values.
Experimental results obtained using Euclidean distances between the true and estimated

residual echo power spectrum to measure the success of the estimator showed that
35 instantaneous values give very good results. Also in Gustafsson, Fy, was divided into

subbands and each Fj,(k) was replaced by the average value in its subband, although the
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Experinmental results obtained using Euclidean distances between the true
and estimated residual echo power spectrumto neasure the success of the
esti mat ow@hweees t hat 35 i nstant aneous val ues give very gpoUUS@#8B15s. Al so
in Gustafsson, Fn was divided into subbands and each Fn(k) was repl aced by
the average value in its subband, although the 4 WO 02/23755
PCT/ US01/ 28825 nutwérbeirwi@ins thakBbdidsdlere hf @isaybib amels waBbamiQk, Bivesssed. Were
was too small, Fn(k) was not_included in the average. Experinental results
i ndi cate that |BHESERECREN Beriepairgull PP /G owRERIRErs iibiad size is one
DFT bin. Equat i oms thé dupbaadiibe (s2)e,DFAbRAVE, nmake two assunptions: that Fn is
rEiaI - val uedl, and ltrmltlatioé(gand (M@bqv@;ﬂﬁke%f% a'ﬂd’ufﬂpatﬁ)%@éﬁqi@# & fedlvhived] aﬂaﬁe@enﬂent-
peringental results using. ation an .or_residual echo
cap me on i ef tretr S e S S EER Rt Phstalrile slbnbfR MR eRNal echo
power spect r unfodisidusitechb &fiatioff3@det sighalQo-thBe ratid @f tlkaktimarll te@dual@tho gektat i on ( 2)
i's now di scussegd, . W e i i bnd. Lassunptions
re removed. and Yt shdf kAP AR RE RSP ol g Bt B TRE
measur ement  was™WYRSUPEYS Butd. Bkt asgyBptiopsafe remidcRtht e teel ated to the
echo Yn(k) by dgéskmding a real -val ued transfer function Fn such that
Assun‘ilgg that the mapping function Fn is real -valued, substituting (4) into
(3) and yields 15 which leads to Using the relationship of (4) in (6)
yi el ds Assumi ng t hakhe SNR-likpaeasppeniprgs ar e stati stically i ndependent and zero
mean, the foll ow ngrhe feghatebiRRERpSmpRALEG true. 20 Subtracting (8b) from (8a)

and substituti nge fol@d (6 dcn&f k)@iaeﬁmg%lrgﬁvaﬁ&lt}éhs%gfuhéﬂ&aFqu@ﬁlfh%ti ¢ equation for
Fn(k) yields t sol utions, Fn = ngful solution: 25

X - = 1 and the nore _neani ngf
Experinental reSTiypee ﬁmaé’ﬁmgzt{‘?ﬁ%‘g‘ﬁ@ﬁéedl'vtall’i?t subsfting (4 8?"?%) APIES det er mi ni sti c
mappi ng@ i s duewki@ dadrgot WO assunptions in the derivation: that F is

real -val ued; and.that sn, .Vn, .and yn are statistically independent.
Exper i ment al re&ﬂ%%“%%%%%&t(ﬂg{zgixlﬁsme accurate residual echo estimate
was achieved with a non-real -val ued mapping function F that had been
derived W t houbsstnig tess Myphd PrareGtatissdaiyt indspendeatland zord epraishesiveing 30 Renoval of
Assunption that F is Real-Valued Letting Fn(k)= Fr n(k) + jF n(k), and
carrying this d€f9PF B fr ough (4) and (5), into

20

Subiracting (8b) from (8a) and substituting from (6) and (7) yields
Solving the quadratic equation for F,(k) yields two solutions, F,,(k) = 1 and the more

meaningful solution:

25 Experimental results with s, = 0 showed that the error in the deterministic mapping is

due to the two assumptions in the derivation: that F is real-valued; and that sy, vy, and y;, are

statistically independent. Experimental results showed that a more accurate residual echo
estimate was achieved with a non-real-valued mapping function F that had been derived
without the assumption of statistical independence.

30 Removal of Assumption that F is Real-Valued
Letting F,(k)= F; (k) + jFj n(k), and carrying this definition through (4) and (5), into

(6) and (7), and finally into (9) leads to a family of solutions to the quadratic equation. When
Fin(k) is forced to zero, the solution of (10) is realized. When F, (k) is forced to zero, the

solution is

35
Experimental results showed that this choice was not necessarily better than that
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(6) and (7), and finally into (9) leads to a famly of solutions to the
quadratic equation. When Fi n(k) is forced to zero, the solution of (10)
is reali»0022eh Fr n(k) is forced to zero, the sol uti oRCTAS®RS825
Experinmental results showed that this choice was not necessarily better
than that 5 WD 02/23755 PCT/US01/ 28825 al ready proposed. Restructuring
the problem hoygyer,, Js&aﬁatr&cg,u@gnhetmm?'h%%%eaﬁap | b Lm&&‘gﬁ of (4),
separ at e mappi ng fuanctions can used the real and %\ry parts of
Rn(k). 5 This | Bers ok@: %@ﬁ&l@?@géwtﬁﬁﬁcmusre@ﬁor%éﬂ ?néavaglaﬁﬂpamﬁgu nary parts.
Equation (10) iBukepl aced by two solutions of the form This approach | eads
to a significant inprovenent in the experinental results. The residual
echo estimate inproved to 45 dB SNR (noise free case with no near talker).
The ndneri cal | Yiitdeads io prasasssltirsiori e 198 iagiprsumts Faetiw)10) beplegd bwas al so
used to attain twhisgutiods®fthestud t. Renoval of Assunption of Statistical

| ndependence Renovi endence assu turns
equation (10) into t Eﬁ%&ﬁ%aﬁ&b%émﬁ‘%@ '%Rﬁlg‘%%(e:n(t)lr?bl neg lmmtalnpSEIEB;% this becones
two equations ofe“%’ef’dfoé?tmaﬁ'ﬁ@r%?dé‘s"é 9B ENR{ngienfisperse voth ne ey taisknBWNns, t he
speech and noi seuERANT wellbele@IPan@NbrShown THES), WG FadilsB tigéd fo Brtalnligs cal cul ati on
of theg,mappi ng funi'{ctlon has been isolated to the cross-term estinmate.
Several choi ces were investigated for approximtion of the cross-term
including, and 0.5[Zn(k) + Distortion of the near-end was neasured as the

Itakura-Saito distortion 2%@&&1\6@%&@% ossiatlstF@,ﬁrrd@,@,@e@uppr essi on was

measured using the echa r L é @? cluding a
cross-termwas foun Hiovmgr’rtgeasg{ﬁsrn gof ‘i’pen%mret%s\?lempP I 2)”“83’? i mation during

doubl e-t al k. Hofberéns; t he near- end was not free of distortion and sone

resi dugl echo waeslC&Lwlflehww@bmﬁl@mﬁ@ﬁw&éqsatlelgbﬁmﬁled bel ow) are shown in
Table 1. 25 Avoi di n,& ﬁa Sensitjvity is sensitive to
b g

val ues of Fn(k) ne FReng] P YAV ﬂi’e&%ﬁfﬁlaﬁcﬁo?ﬁs}’ BHEVROUT S0 suffers
fromthis probl @munderpintriethersddionefitite mapping §ingiot hpabeeropplated todheaioghgetmusi ng  and
set Rn(Kk) to ZergmpheB el chbigs vsmwest{geﬁedﬂf&ammmmn%ftmmamsﬁmk@ntI ally

I nproved the 30 %Bﬁr (B H; '{tloﬁ &3 n£a§end€&qne5s§%a 5!%% J@c‘ﬁ%%to%?s&)#n%t € as

calculated in (1 rove rom approxi mat el to approximately 11.5
dB SNR? (noi se f?e@’@efb%l’é‘én et eRd %‘E@‘ﬁ%%%ﬁ”a%l’éqa%@ﬁ)mwh? FFho sefindosyRspneemenat i on.

(ERLE). Including a cross-term was found to measurably improve residual echo estimation

during double-talk. However, the near-end was not free of distortion and some residual echo

was still audible. Results (discussed below) are shown in Table 1.

25 Avoiding Numerical Sensitivity

Equation (7) is sensitive to values of Fj,(k) near one. The alternative formulation

above also suffers from this problem. In one embodiment, this situation is avoided using

and set Rj,(k) to zero when or is small (< 10.0). This change 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.
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35 6 WD 02/ 23755 PCT/US01/ 28825 AEC Only NR Only No Cross- Cross-term =
term No Noise |ISD - DT 9.795 9.207 4.425 1.001 0.956 |SD - Near 0.000
0.073 0. 330002089 0.154 ERLE - Far 46.4 dB 44.0 dB -23. 8PdBUS®/2882B 35. 1
dB Noise |ISD - DT 14.523 9.182 4.321 1.142 1.081 1SD - Near 1.219 0.124
0.456 0.156 0.220 ERLE - Far 53.6 dB 46.9 dB -22.7 dB -1.9 dB 43.0 dB
Table 1. Sanple results for sinmulated near, far, and double talk scenari os
with and Wt hout noi 9e AEE Chnbr |vARI QS |cMNogkest-er| IgBoss-Fabt-¢ | shows
experinental results for simillations wi t hteemhd Wi t hout _néar-end naoi se.

Speech di stofoiN8ke durli ng near-dend single-talk was neasuted as the
| 't akur a- Sai-t &SRRt ortli o 8D |pefd¥en land i, Thedd% eslits 89% chown in
ISD—&ear 0.600 0073 ; 81 0,089, R R
rows | abeled=FSg Near The <l n—si-gn sA10—V avail-abb¥-singe a
1 At A gr ||nnrl46‘4-\dBnnr nviré\l'bﬁhi' :U y dB’\nl«' nnl@'mnllf zn 35-1: B\
room SI mJ Al UINQiIS\IOlO ¥ | \Uaw | T O BCI CT U T CITTC LB YAI U'Jl JTTC T II|JU1. 11 LILILAYZ
| t akur a- S": Eqsw_i"]%{. ottt Siynss at 3‘31!%5:6 t04,u2“ias'“vef1§!2jbl e—+ad 'Toﬁerfor nmance.
These resptHts—at strovwn—-H—tows—tgbet cd B Bt A avcr"gﬁ—ERI:E- was
RDZ Near 1219 01547 0455~. | Z0.156 M)
1

used to WW JUT4s9YR tﬁi"?'dB" ot '9'1-:9L K ||c436d]§caw ts are

shown in rows—tabete ERCE = Far. —instead of — normatizimg by the
m crophone input, the ERLE was nornalized by the near-end signal, sn. 15 In
both noisy and noise-free cases, the ré&#fual echo was wel | suppressed (- 23
dB ERLE) duri ngsdmplerengh faisi@glaed hak,kar)dae Roubla @k @siSos v@dh madivatha@ hoideO zer 0.
The crogs terns appear to be |rrpoiro;‘;aaﬂgusvc\g§s§er§nhe near-end is active. In

t hese cases, better performance was obtained using a guess at the cross
term During double-talk, substituting for the cross term provided very
good results (10- 14xratildrmmefpanﬁemia Mestl SR simiMibis@h e afthoaimehr-sidngibe- t al k,

usi ng in pl ace %f \e:g 1stt01n%n gungsnear-egc{ lg?a‘f{ V%ejureg ng I{al auéaltto dls}(gﬂ% ISIBaC kgl‘ ound

nol se was rese ) q |
IRl AN LMt 1 MRS B @lﬁcmglgaﬁm bl e The

resul t §0 shown abovensiable Fabh emfl onyhte ves usgwp sllrwmhelrrmr@@pamatt B ékrwat ions for
each of the neq{akmané:!uto c:iist(gnon Wfls also %gf t? Tals(uxe% Sollqu}( %erfgrman&é 'lffl)‘ese results allgel e talk

situations. For ‘near-en ere i magi nary parts of
the residual ec rfbovarxrem@s}ehelnehil% gy’ %P%‘V@F BREEeE pred tp measure performance

during far-end single-talk. These results are shown in rows labeled “ERLE - Far.” Instead of

normalizing by the microphone input, the ERLE was normalized by the near-end signal, sp,.

15 In both noisy and noise-free cases, the residual echo was well suppressed (-23 dB ERLE)
during far-end single-talk when the cross term is set to zero. The cross terms appear to be
important when the near-end is active. In these cases, better performance was obtained using
a guess at the cross term. During double-talk, substituting for the cross term provided very
good results (10-14x improvement in ISD). During néar-end single-talk, using in place of

20 the cross term gave very good results when background noise was present (8x improvement in
ISD). In both these cases, residual echo suppression was mild and distortion of the far-end
was audible.

The results shown above in Table form are now shown in separate equations for each
of the near-end single talk, far-end single talk, and double talk situations. For near-end single

25 talk, the real and imaginary parts of the residual echo are estimated by a system using the
following two equations.

For far-end 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



follow ng two equations. For far-end single talk, the real and inaginary
parts of the residual echo are estimated by a systemusing the foll ow ng
two equatwonz2378hd for double-talk, the real and inagi nar pCPaERMIL288%5 t he
residual echo are estimated by 7 WD 02/23755 PCT/ US01/ 28825 a system
using the follow ng two equations. A residual echo estimator capabl e of

cal cul ati ng theaQgt%gln%%gfggm@%tmmongbove is shown in, and described with
ref erence to, the renaining ure 2 shows a bl ock di agram of a

figures,
first portion of a ‘?éeé‘fl‘ﬁlféff" eﬁ‘@ﬁtfbr cangbly ?fﬁ Blrtine e FRFIT™S SO YEfer at es t he
real part of speotuialancenpieneht sefe o, tignenantlg Ageres.Si gnal s , en and zn are
?Bﬁ\é\?l ORS ngggs 114’ Flé'LgezZ' sh%gblg&qmgr£r§§f9%8gﬂoxﬁr{ &aremﬁtho%{ng‘atbp?ﬁ&ltE)Fo\(l;mkndow
(3 en’eren.a snc e %rt oFs]pep te a(l: %amgonerXs of eB and zb%%?vnals €y and 51? - dl ng

i ndex. "Any sui ta €W N unc can
rectangul ar, Hasoving,nods 11Haazqandn1mdxamnvelynw}3ahmmpeltd)mhomott@qs 209, ndow

functions 202, 204, d?e@ﬁjes;%QQel?rﬁe QEEU‘nF ?s%e bbk nld@x %Q&nﬁmﬂbvﬂﬁgﬁt s, AEC and NR

are perfornmed in the tine dormin. hese nmbodi ments, Fast Fouri er
Tr ansf or m ( FFT) fUBfigeies berpuied. ?iﬁj‘ngéﬁﬁtﬂng?f?{aﬁ’lmépgd’é@ﬂmf’vﬁ‘d‘ﬁ@n’éﬁ‘é‘%‘% f requency
domai n r epr esentmstoiifgss, @ﬁdotzvlmactsnsgmalz(m and B4 arapdlitt&n f or use in the residual

echo Jstimator. Inyqther.amadheeife AR ANHR R AL EaRE fALAED [0 Lhe

frequency donai n, wel | as FFT
bl ocks 208, 210embaﬁerermfzsti%wrﬁwsfwé%FEHtlocksfss HeTng)}13 &k isodig SHEHET at es on
node 220, and pfrewincedsmeimespresentations of teeigentsi eropnd 2arfke viedrthe2ssigual oot ch gener at es

on node 222, FELBLACK 10n 98NS AAES AN SQUALIDA UGk OB Sriener al oo

on node 224. FF enerates on no rovides the sane to
squaring funct MBfevRIBksgPR %Q‘i HENErardes B bloghaaospHn an tPPELr ecei ves, ,
and orisnodes 222, 2ﬂ4b1oclamlge2é3ﬁes ohecsipemlaha/@hwﬁstmﬁindms@lﬁbuﬁ@fsncmzm@de 228. 20

Grecuit 200 gene teensela onno aJZZ F)f‘%I’I‘tr)Ioccf(ZlqS el 1aes andsgt}a_} Qunqlon§16 eneratesen and zn.
A COfT'p| ete I‘eSI o es i mat or i nc es ano Circul correspondi ng

to circuit 200 Pmﬂe?@’éﬁ@?a@@@l%m@rateﬁ rBRgiara? 9nd@éﬂvmd§tl@ﬁanteltpéq@@zme spectr al

conponents. Fi gula@io@s mﬁwlﬁge@ram QGkdedbRAGhRHS: Do radei RS HIhn STt 1200240f 2
resi dual echo estéﬂa 300 ei ves signals on nodes 232, 220,

t r
228, and 222, d P, 30‘%“863 OnROdeﬁgS nunber ed nodes in Figure 2.
G rcui? 300 al so re@éﬂl‘f/@g g%.‘e@?Sé‘ﬁéelal PahOTRRSEHR! SRS 2 e Br e SPRITids to the

spectral conmpongQts &fo e@m@t%ﬁ%/clu@éd%no@x&tcp&étt odie PR 10 Qikc§iE200 GEUEHelaRNNECT T CUI T,
such as noise reduction circuit n%) ne?ture 1). Summer 304 and multipliers

303 and 305 pr%ﬁaaéy,pa%c’%@ﬁsai”?pec%ﬁo fie cross-term when a doubl e-tal k
event is present. Mibwd3phivep bigBiagrpr gfderced portjgh ofrvesidgal epheddtingbpen t here i s

near-end s peec h Cf?&llt ¥o0 r&!w/eg Eléhlcll!; errédeg’ﬁ@, 294] (2128;3%3222, which correspond to like-
25 numbered nodes in Figure 2. Circuit 300 also receives a signal dn node 302, which
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 pfoduced 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.



30 inplenent the switching between cross-terns when different speech
activity is present. In sone enbodi nents (soft decision enbodi nents), the
Cross-tewaopesticed on nodes 310 and 314 are produced i PCT/ABYI/28825
anplitudes, and are summed by summer 316. As a result, the numerator
produced on node 318 includes conponents of both types of cross-terns. In

sof t deci si on enbodj,FREtSpoaiidhd ¥h%lﬂe%fsx§ne%@§duﬁéﬂg), 313 a&%u&&sy@f" bl e out put
val ues that are_ 35 g\lgfunctl on 0 he spectr al %onents and _ and _,

and the out puts ar®8BUPREY B B&fﬁ%sfwﬁzhf%thatgthwse)% ugheTiUR01/ 28825 I n
ot her enbodi nenpss thq inar thkoge Clios¢xamplewipo dis et wiltjplier 3@ncls as a bweticieanon val ues of

“1" or "0," andp?f‘s@ég Eo'n%e%% %nt%ggsqugtlpﬁgrgO@agtgasqgloém&tmgém&lmgriig tcésqer pass
t he |n ut through, or do not pass the input roug@gss‘ctsdo exa ﬁ

is a "l ti YA e BOR é‘ésf’?r%i‘émlﬁe é”bﬁnt—ésﬁ“ ‘B“mpﬂi%fé ?:13643110 I n thl s
case, mul t i pl i eris3BE6 natiblEr Y ak acd ds@dwighitdahltipivd3oredistas plop@rwiBl2ract s 5 as

an open swtch. 1§Bngf0 nae)ﬁ@dm&sgedwm%encefo%lga'e4l " multiplier 312 passes to
node 314. In ﬁl S case, E ier acts as a closed switch and

mul tiplier 306 actsPHeray dHﬁJésﬁ eé“\‘z\}fl?ri‘f% C “‘F’Hf‘e318 Be PP ofrafice onghd - s

di scussed with BEf @nendcE2ieprefehtgtic @tindite oDha/dqeherof B2Mal girtok lepecdrte nuner at or on
node 38 by on [ gnegt%f?'thet Qs,xdE?JIchck‘CG on node 322. on node 322 represents the
estimate of the square of r eal Part of the spectral 10 conponent of the
resi dual echo. Sum@”@egé%a&q?dG 3rgnultighices 3% P1S; 3 §18 fogm 3 ges-tegp@leulzipid 312 form
a cross-term catheishiaa@s the ahak crésatefnslsimive SootNETMRN | OnéSkillell @SEeakt @NINE  Shown
g‘ﬁg\égl Ingn;rg‘blcgn% delgmn% that o#hlezle%god%ng:gtg ng ?eﬁj]gc%(:i 5 Wcrlo Is-tefm cagcelgtgr% ﬁ‘ﬂ%v%%%:ﬁ : Ihﬁrg from
t he scope of théormhe%:@qqtoftilerwtm\@ﬁl.on-ﬁ@vexmnﬂwéeartaﬂqircwoopyarrlte of circuit 300
can bes515 i npl en@&h@@edilﬂoﬁﬁ@fet Wels6riwark BB bs&%@ws@e&anpu&eseeaﬁ%@g £d on general
Rij;gofsgr nglrjr;)faeg“aﬁil%“g Sgcessm (P§EI3T (%!161‘ réc%(:gcg‘g ofor exampe > all ornppllg tj?:lrcutgdgolcﬁszgrea al
pur pose har dwar ean b@swlhm%d aﬁpeaﬁmrmgﬁtaidwﬁe wb@laﬁ itpehoatwv engtifEetinsedrated i r cui t
(ASIC). Figure éi,c&h@m)a bl ock di agram of speech activity detectors in a
speaker phone contexﬁ de ector, 402 recejves the far-end

audi o on node 104, a%“d‘* €6° y‘%cé%‘a%%%§€?%e°’ﬁ%‘§P AR "R TR ROHE 126
capt urZdd by ni cD@]@h@ﬁ@e@%402Irwel‘fPaﬁldfad@¢wsllloemmém@é)dnctﬁémegelveﬁmmre tal k

detector 402 set audiRH4ek 1%@ap€h¥b@b%@x@ph@&u@d &1 aRilakeisloR erfolim MR, RRWE-sets _
equal to zero bfhervm se. r 404 recelves the

near - end audi o 8 dﬁﬁ&’é‘wf% a?ﬂLH”O‘EFéf” ‘?“ﬁ’i’"ﬁ%éa”i‘Tacgvﬁé’?éjéﬁssﬁqbahtﬁlzeéo are present at
t he m crophone. otAdNDseg apeech 4QiGityrdetentir ¥ sectiveethonstrpud aud@borofdespe@th activity

det ect o 404 andelQaL Bl IV BLSE a0l micrBinBOHS 005 B8y 0Rugeer at e
varil agl.e - on noade ar deci si on enbodi nen
t her e %55 no doupfisgeech act1v1ty detector 404 and the logical inverse of _ on node 408 Gate 4086 ggn%rates 0 one |

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 unclersitanding1 the above description. The scope of the invention should, therefore, be

35 determined with reference to the appended claims, along with the full scope of equivalents to

which such claims are entitled.



talk but there is near-end speech activity. Oherwise - is set to zero. In

soft decision enbodinents, _ and _ take on real values between zero and
one, incwao¥zd7ys For exanple, in one enbodi nent, _ takeBCDUS@/28815ue
bet ween zero and one, and _ is generated by a nmultiplier 30 rather than

gate 406. In such an enbodinment, the nmultiplier generates _ as _=(1-,
*(speech acti vighy: idetggtor output). It is to be understood that the above
description is intended to be illustrative, and not restrictive. Mny

ot her enbodi nents will be apparent to those of skill in the art upon

readi ng and under stamdistigcichacdlbow estchesopiispei on. The scope of the
invention should, t Qeaeﬁerfﬁer t&eaéé SRS HE G Wof tertkﬁ{ IRIRARG Gsili L he
append%d clainms, along wt full scope of equivalents to which such
clai ms Jare enti t'&d 9 wo 02/ 23755 PCT/ US01/ 28825 What is claimed is: 1.
An acoustic echo camegdublatho estimgysd iefpes@nprcilgiangstimates ddapbortica addaht er to
create an echo G3bihPioRioRNd aRBetEfolRf wh 8GN BIARb: e AGhKARS, @ residual 5 echo;
and a residual echo estimator to independently calcul ate estimates of a
real portion and an inmaginary portion of a discrete Fourier transform
(DFT) of the regi dutle a@gfiosch@canclhgonapeustdan eoheingianced @&bd eimasy st em of
clai mih wherei ndhg.l.esi dual echo estimator 10 conprises: a first input
node to receive a conposite signal conprising near-end speech, n0|se and
an echo of far-end &PedeH n"dét%@élﬁer?doﬁ’ﬁ?ﬂiﬁﬁlgﬁﬁﬁ’@prts’ﬁg pearcead weech: pse.decho
estimate; and aardtdahorodfai-snptreecnode t o recel ve a difference between the echo
estimate and the co &%Mht OQ}QO%% Chg,es ,;]'ajt'gea gcoustic echo cancellation
systemof claim?2 erein the residual e oestlmator is configured to
cal cul ate the real & IPWQF%%WSFW%@“‘E&P‘t&?ﬁéjetme“thEChW%%aHQ thecompegifedual  echo
usi ng 15t he conpeagit e signal as an estinmate of the near-end speech and the
noi se when the near-end 20 speech is active and far-end speech is quiet.
4. The acoustic echo cancell ation system of claim2 wherein the residual
echo estimator #s EsAforgurcharatcelataisisighaf dain hahereinglie resider] dcheesgfimater iy porti ons
of the DFT of thﬁfgfuea toduadiateaizhal dﬂ&inﬁgnar@&ual\gefrtegm@ifthetr&wuar@ﬂmfmgt e signal
and a previous % tstsszlamaeangse an Sti mat e o& L he %15 end speech and
t he noi se when Prhe fedt end” speech and rhE §Po-lsé3rvlv endis8&EHar e acti ve.
5. Theélacoust i cspe@hea@a@rﬂaeiall catl fpemsh sytsctfem of claim2 wher e| n the residual
echo estimator is confi gured to calculate the real and imaginary portions
of the DFT of the rﬁ5|du

e acoustic echo cancell’z{tlon S)gtem 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.
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30 value of substantially zero as an estimte of the near-end speech and
the noi se when the near- end speech is quiet and the far-end speech is
active. ®OM2378tousti c echo cancel |l ati on system of cl ai N"PATAUSI1/A3825
including a noise reduction circuit responsive to the real and inmaginary
portions of the DFT of the residual echo and the 35 difference between the
echo estimate and tRg,. gﬁg@h&§m§%gnal 10 WO 02/ 23755 PCT/ US01/28825 7. A
speaker phone conpr|3|ng ‘g ort to be coupled to a speaker to
project far-end spe®HPY AT M E%H§PW§E”%WWF?%HW%ﬁ?mh%ﬂaWﬁﬁﬁF port to be
coupled to a m endppherie to receive fromthe acoustic environnent a 5
conposi te signal cogpfishng b%a;nedmléppmgn,uecaeelfﬁoﬁ,theq&qsn@ghvgoﬁnﬁm9f t he

far-eng speech; an adaptive filter roduce an estimte o echo of
the far-end spe8@W““%Wﬁ”émW%§WHﬁ%fm%8ﬁﬁ’@§%Pﬂﬁi%?”f@e?ﬁﬁ%ﬁ@ﬁﬂentIy esti mate
real and imagi nary paddpgvedifier tolp@ducbriestipfate bftee: echiofof by farreesplrett ween t he echo of

the far-end speech %@Q@LQ&O @sﬁ&&tm1§de&t1dehtl}%st%gtggd)qxd 1m£gn1 Ea@tg oﬁ}{gd speech. 10

8. The speaker phone of cla wherel n the resi esti mat or
conprises: a cr BEEOft“@rd‘rfﬁe‘él&F Cetireent torocho o tRfpreepd sateeh aé%th%“étt“i‘af?é.’f tBe§1°%4 cross-term

resulting from &elhaeldswéch. an assunption that the near-end speech, the

noi se,jpand the echo of the far-end speech are statistically independent.
15 9. The speakerphone of claim8 wherein the cross-termcal culator is
configured to &sti FRacReakgPRyeRf glpimi/berpipiRe tddyg cdip sdEHor sPiteHe noi se
differently based onuwheth@kudidie chiaiaeanebtimBOe e abys-@fim kehBind@ar1RR6E speech

have ener gy abo\c{n alss%mf)tm; %ﬁh% L&Qf-eng?pegcg the§Q§ a%(ptﬁ%ﬁ omﬁg)l@tr- g)Ipee%ll al('ar‘eI m 9 wherein

the cross-termc ator 1's con estinmate um as the
conposi t e si gnabetifidly iensedsr- end speech activity detector i ndi cates that
t he nddr-end speech has energy above the threshold and a doubl e-tal k

detector indicates the f el ow.a threshold 25 11.
The s peaker D ho ng of The spef\kel plg)n? or}dl IFIle w erem !I.'le cross- erm cgl¥u1al?o

onpri si ng hor ST Ed %t i on circuit
responsive to tH%mﬁe@$maﬁ@ﬂﬁﬁﬂgwﬁa®vmbéﬂﬁ@“@%mﬂhé%ﬁeeN@W@rme%M%d to produce

estimates of thgehpaiieandeIRREE Mive dBdy Mok fektold. t O 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 estimte the sum as
an 3@0average of tTHeswoduposd dfeaigidghertin hnadosatepr eipilam s canfigiradtt € of t he

near - end speechestimate 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.

11



12. The speakerphone of claim8 wherein the speakerphone is inplenmented in
a conputer. 13. A nethod of estimating residual echo in an acoustic echo
cancel | atwon2/237st em the 35 nmethod conpri sing separatel y PETUR®ITISRZ r eal
and inmagi nary parts of the DFT of the residual echo. 11 WD 02/ 23755

PCT/ USO01/ 28825 14. The net hod of claim 13 wherein separately estimating
conprises: estimating the real part of the DFT of the residual echo froma
real part of a DFT of a near-end conposite signal, a real part of a DFT of
an adaptive filtler Torphed o&siim 4 vhewin saagpiclyesinatitasopis DET of an error

si gnal generat ed byesénadhgtheatabmg ef tixgiFMeshe rtshieal sreafonertehl maPaHiToea Si gnal and
the adaptive fi Leraleernd&%&h@mgﬁmqp&imtaq%pmamgu%m%%gﬁ a Ryl BT of a real

part of a DFT of _a near-end speech nal and a rea a DFT of a
near-end noi se EirgRLPLan grr sigrglgergREhiyd ¢ fF”‘%fF'%FPY?F“thFr\?\ﬂ’iérfdéPrPPOf‘ﬁé‘g‘?huare of the
real part of thedBEIdagfve filveourpeisigahljatd an dProg@ition {8 sesdf b reBlp@tbfaDEDSAIi Ng t 0 an

equation substamea@eu%ee@ﬂslignmrrdatreqlp@@&@wﬁfangéemﬁn@%@ @l part of the DFT of

the residual echo; is the real part o e error signal; is the
real part of the DFT of the near-end conposite signal; 15 is the r eal part
of the DFT of the artapithoderdidih t4erheed thp kiarSdf eha ahipartddthe DEPSr@BedEitigl t he

appr O)ibrm‘t I on OI: gé 1@%&%&1‘@21 c]z)rd&'n%]tg af & gga 1%ngé\%fﬁ%nf1%gfsltmn  PET of the near-end

speech si gnal e rea e near-end noi se signal.

16. The met hod of cWhsieim 15 further conprising: 20 using the real part of
the DFT of the near m%&anﬁm@ﬁmeomegdamal&gb approxi mate the sum of the
real part of the DFI _of th e eech signal and the real part of the
DFT of the near-enathemalsfml?Ofrh %Tefwﬁerrmgnaéar talker is quiet. 17. The

met hod of claim 16 Wﬁ@r@@hpﬁt?fﬁéDﬁﬁeféhe@eab@dpmoaﬁe&ﬁnalpart of the DFT of the

residual 25 echo iﬁtf@%ﬂpﬁfﬁ&fﬁgw’ﬁ@f@l{eqaaﬁt@eﬁﬂl @@u@gmm&n substantial ly

simlar to: 30 18. r sing a val ue
of substantially zerB’re?ents tBe leatlo“tghf he OEtL ?artoﬁtgol'{r% kt% ?’te“ f the DFT

of the near- endspsqglewhialsiﬂgnallpaanﬂhetnféwt@a]lealplaimwseofgnaﬂ he DFT of the near-end
noi se signal only when a near-end talker is quiet. 35 19. The nethod of
cl ai m 18 wher ei n thﬁechfjo% ?clalmwtthr real  part of the DFT of the residual 12

er comprisihg:
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



WO 02/ 23755 PCT/ US01/ 28825 echo is estimated according to an equation
substantially simlar to: 5 20. The nethod of claim 14 further conprising:
usi ng a WowE37the real part of the DFT of the near-end chP@pOSIy288x gnal
and a DFT of a previous output fromthe acoustic echo cancellation system
to approximate the sumof the real part of the DFT of the near-end speech
signal and the Ecﬁ@lk esHRidd a@cfordﬁ‘ng'g ax%latlmsugsﬂﬁlalm%ﬂéﬁgld noi se signal when a
doubl e-tal k event is present. 71, The method of claim 20 wherein the
square of the real part of the DFT of the residual echo is estinmated
according to an equation substantially simlar to: where represents the
real part of the DFT of the previous output fromthe acoustic 15 echo
cancel | ati on system 22. The method of claim 13 wherein separately

esti mati ng conpf? s e&re melpd o gt AHUEKECOPRRSEF nar y part of the DFT of the
residual echo usi ngustBa eqloati oM pditvate DITVE ihtithesndcomp@ESigheindu DESeA ti ng from
alack of an assyuphl afh.ididlslanalacATRARGR!S tcnﬂp@ Millie 800000 composi te

signal received at a mcrophone are statistica dent. 23. The

net hod of cl ai nie@2aiHér QF?IOfttfﬁéea&?"S%e% B 2P e EP%J% °§h“d$F3d’ﬁ@f negjfendyp

i magi nary part nd signaDFhEn Odoutddrale elam isestchirat € and a sum of an inmagi nary part
of a QT of a near-end speech signal and an imaginary part of a DFT of a
near-end noi se signal, and wherein estimating the 25 imaginary part of the
DFT of the resi dual The@Eoq cheltimabeherciafissqupe efifieng! nart efiteDEF fergsiddiuct for the
cross-term as aedhdiBestindft :0brdidpR bh@uatibhebsaiany-sediid to:speech si gnal cont ai ns
sufficient energy and whether the far-end speech signal contains

sufficient energy. 30 24. The nethod of claim 22 wherein the square of the
i magi nary part of t¥iereDRTesents thepyal payt efdfie A pf the@rsrioys gutps fronhihg asebstitccor di ng to
an equati on subshafhbdelibysysdm | ar 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 conposite
signal; is the Phagimarctiodpasitimdf whetvin sPFaiclpdstindties cadetjstsi ve fil ter out put
signal; and 13 WO g%ﬁ%@&mw?yﬁmzlsﬁ%merema@a@m@ag hga@P@AOXi Mat i on of

the sum of the | i nar art of the near-end eech signal and
the imagi nary pif ’c“g?ﬁc“is té‘“bﬁs‘flt”@fﬂof“ﬁgadﬁgél}‘assé‘ﬂﬁfmﬁmt lé“ak‘ioﬁﬁoﬁf S 8% The net hod

of cl &dm 24 fur tddecrmp@mprpgm]spcngs‘d 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 of the DFT of the residual echo includes:
substituting a different prdduct 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



5 using the imaginary part of the DFT of the near-end conposite signal to
approximate the sumof the inmaginary part of the DFT of the near-end
speech siwoar2astl the i maginary part of the DFT of the nRPETASNDSKIS Se
signal when a near-talker is quiet. 26. The nethod of claim25 wherein the
square of the imaginary part of the DFT of the 10 residual echo is

estimated accor gijiGents the AProSEbtRh bR sSHRSE BNLLAY LoX o8heBFr3f ind oo’ - The met hod
of claim24 further conprising: u3|n%ba val ue of substantially zero to

appr oxi mat e t he SEEAFEE PHE° AP Ry MpRT: of i neen@d ofsssigET of t he near - end
speech signal and the inmaginary part of the DFT of the near-end noise

signal only wheps a fRaln&Ndalidhkelind Smiithgt - 28. The method of claim 27
mherei@ the square of the imaginary part of the DFT of the residual echo

i s esti’mated accor di'Hg U Gear-Egh ittt slitsoramdioypaosite gndite approfigate 20 29. The
met hod of cl ai nh2&nfdimt heginagappsfiis DR of teStarehdapest Bbaf and heimbgiagipnar y part of
the DFT of the paaiseneh SRIMOSLEGR) Rk Agid s T Of a previous out put

fromthe acoustic echo cancellation systemto approxi mate the sum 25 of
the imaginary part of the DFT of the near-end speech signal and the
i magi nary part of the meBkilof aiimbhreherBat s@ireloMi@isRing) graf thawranr@e doubl e-t al k

event liOS pr esenlleigid%ﬁe'éhog%%inggg tn:gogdir%fto a%!e(ﬁlhta al%stmﬁr ggmrl]ar %o:h e square of the

i magi nary part o resi echo is estimted according to
an equation substantially simlar to: 30 where represents the inmagi nary
part of the DFT of the previous output fromthe acoustic echo cancellation
system 14 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 pz‘\rt 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 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



