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Abstract  We classify the conventional adaptive algorithms for acoustic echo cancellation on the
basis of how well they whiten the received input signal. We also study the relationship between the
conventional algorithms and the “ES family” algorithms, which were derived from the conventional
ones by incorporating the knowledge that the expected variation in a room impulse response, which
is normally treated as unknown in acoustic echo cancellation, decreases exponentially at the same
exponential ratio that the impulse response does. We show that the NLMS, ES-NLMS, projection,
ES-projection, and RLS algorithms are simplified versions of the ES-RLS algorithm.
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B2 1: Configuration of an acoustic echo canceller.

<, #Hlza— gk) BVERL, Eoxza—yk) rbEL
BlwTiET 2 b0TH 5. &L, h(k) i, FEkiC
BB VAR RIEE hy(k), ha(k), ha(k), - #ERE L
7e7 b A [hy(k),ha(k)ha(k),- 1T ©HB. Trr~<2}
ADEBEFET. 4 v~ rxREh(k) &, AoBERCEHE
B o bicfE->TEET 3 HIc, hk) ofEc i1
B7 42 BERENS. BE, BS74AELELTH,
BEREREBVENTHETH 5, S OBWET AT Y X4
BFFTE S, AXoEErL, FIR 742 25fwbh
T3 FTErao—Fxv+F%FIR 74 A4 TCHES T3
BAICH, 2074 A2 RE () 1, FExo-R%O
A v S ZAREh(k) 2 EEEE L DL E>TNS.
M1 ikcsnt, #ilea— gk) REoxa— y(k) 763
LB, B5Ee(k) = y(k) — g(k) +n(k) BERENS.
e, n(k) ZEAFRRETTHS. BE7 4 121, BEOA
7RI RB XS, 7Y v LI h(k) 2%
KIEES 5. FBOBERTASEET A=Y XAk, 585
BB, BDCHE, HWER o —HEESEREI NS,

2.2 HEOFETALITY X b

REFEDBIET A+ =TI XL, 74 AEFEE~T b
Bk +1) = [hy(k+1), ho(k + 1), -, by (k + 1)]7 &5k
ZicHic, FOREITCI»DE > TlBEDANES~
7 b ax(i)(= [x(i),z(i = 1), -,z(i— L+ 1]7) & HiH
y(i) DBERR (i = 0,..., k) #FIHT 2 L v AP LAET
5.

Bk +1)"x(k) = y(k) (1)
h(k+1)"x(k - 1) =y(k-1) (2)
ﬁ@+lfﬂk~;;n=yw—P+U (3)
B(k+ I)T;;(O) = y(0). (4)

(1) & x(k) FAN L, FEL(k+1) %2807 4
AERELWH A y(k) BT 5BFREERLCE
b, & (2)~(4) LoWwThLRETH 3.

(a) NLMS 73 U X4
(1) OB EMET 5 X 5 BEREh(k + 1) &3k 5 Fk
7%, NLMS (normalized least-mean-squares) 7 A= J X

b (FHEREE) TH 3 (1]



FEHH L ETH 0K LT, @it E¥HELOR
F1ETH22H, SET—KHFEAGRETH Y, TOMR
BESCHEET 3. 22 C, NLMS 7A=Y X4aTit, R
(1) 2T o HT, BEROKE IXRNNCEEID
RUHT. .

NLMS 7A=Y Xhik, 741 8FH~<27 barh(k) 2
KD X5 ICBIET 5.

ﬁw+4)=ﬁ&)+ag:;%%§ﬁﬁmm (5)

e(k) = y(k) — h(k)"x(k) + n(k), (6)

L,
g‘(k) - [f‘l(k)rilz(k):' L !i'L(k)]T)
hi(k)(i=1,---,L): FIR 7 4 ~ X {F¥&,
x(k) = [z(k), 2(k — 1), -, 2(k — L+ )]
F ATMEBRZ b,
a: RAF RFyTHIX (< a<2),
§: PR RIEDER.

7 AR EH< 7 b h(k) B, ANEE~<Z bax(k)
DHBECDHIMEIEENE. Lick->T, ANBEREEED
L5 hEBT, BESANES<2 bax(k), x(k-1)
ORISR A E WS, h(k) RIZEAEEEShAWN
ZOER, EEANCHLTE, AEEEANOL FiIck
AT 5 ERREBCHEE A GEC & 5.

(b)Y (FZ74)HETALITYX L

K (1)~3) (p < L) % ¥R T 3 £ 5 hREh(k +1) %
KODLFHED, pRO(T74V)HETATIXLTHD
(2]-

KBS LETH oA LT, #Witd~EHELD
Bk pfEcdsdicw, Sr—KHIEXERETHY, 20
BERCHET S 20T HRBTATY bR, K
()~(3) 2T AT, BEROKE IXR/PICE
5 DR EFHT .

pPROYFET A=Y XbiE, 74 A FFRE~<27 bah(k)
RO X5 CBIET 5.

h(k+1) = h(k)+ oX(k)[X(k)"X(k) + 61 e(k)

= h(k)+ offi(k)x(k) + Ba(k)x(k — 1)
+- o+ Bp(k)x(k —p+1)] (M)
[B1(K), Bz (k), - -, Bp(k)]"
= [X(k)TX(k)+ 61 e(k) (8)
X(k) = [x(k), x(k —1),---,x(k—p+1)] (9)
e(k) = y(k) — X(k)"h(k) + n(k)

=[e(k), (1 —a)e(k—1),---,(1 —a) e(k—p+1)]" (10)
it P

B(k)

y(k) = [p(k), gk =1),---,y(k—p+ 1] (11
n(k) = [n(k),n(k=1),--,a(k—p+1)]".  (12)

HETATIXLCH, 740 2FH~<2 +rh(k)
i, x(k), x(k=1), -, x(k—p+1)CiEbh 3 FEL

OFE~BEENS. chBEEihlE, §ROKH
pRIGLTANES2ABIL TS C LICHST 5.
ZORER BEIANES <2 bax(k), x(k-1), -
x(k —p+1) OHBERKE WHRESICH LT, BOREE
FWETHCLNTES. 2ROHBTALTI XAKE
b, FEANKCHT ZPCREEY NLMS 7o =) XA
HRTH 2 fEcECcE 3. —RICHBT A=) XLDK
BaEd RBIRYE, BOEEM#E £52 WEELHM
T2 WMEEYHEIT I HCEEEEPEATLCL
iIck Y, $920420p ORFECATEAFERCE 5 [8]-[10].

(¢) RLS PAX Y X &

WEOSAHNBRK (1)~(4) %, &b 2 FRFECTELL
+5 X5 AFREh(k+1) :kH5FED, RLS (recursive
least-squares) 7 A= U X & (BKEb 2 k) Td 5 [4]

K (1)~(4) KR L HBEROHE, FEo&E L Ly
mL, BHlkepnwctofdk+1licks L<ke
o elicik, HEXOBBEFRMBOHL Y BRI
A50T, E—KHBREREEE Y, KX (1)~(4) oF
RTOBRYERET 2 h(k+ 1) BFFELEV. 2CTC, T
o, K (1)~(4) LA L HLADED 2 FMZz/N
K33 h(k+1)2RKHBCLICKD.

X (1)~(4) o5 X5k, Fglp 1l ol e, 5H
DAHNEERERS 1 oEME D EdTHS. RLS TA
Y XA, COREEFIAL MFFEERTRbTIC
h(k+1) #3535 C L #AREC LBIET A=) X AT
»3.

RLS TA =) X HDBERR, KOX5KEIND.

h(k + 1) = h(k) + k(k)e(k) (13)

v P(k)x(k)

k(k) = T4 y—lx(k)TP(k)x(k)

(14)

P(k+1) = v P(k) — v k(k)x(k)TP(k)  (15)

e(k) = y(k) — h(k)Tx(k) + n(k), (16)
e’ L,
k(k) : LIRTY 4 v<7 b,
P(k) : L x L 751,
v: EHEREE (0<v <)

RLS 7A=Y X LT, ANESRERCHE/EEA T
3. Dk, RLS 7TATY XA, PORESERATESD
HHICETFES, 2ToOANES IO L TatElEs LERED
BWGGHEERRFD. —4, RLS 7A=Y XaREAENS
{, O(L?) oA %23 E 35 Lal, B FHE
{ERIEODIFE [11][12] HBA ICED LI TE Y, FEOTEx
I—F ¢ v FHOEIET AT XL E LTHFIhTWE.

3. “ES FAMILY” 7.3 Y X4
3.1 FEx - BROTEIFH
QBT AT Y X bk, HETLERNE (FE
I — MDA v ZRE) OFHEC RN ARER BT



nhwn Lil, HExa—FRoA v LR REOHE
PR S RBEET AT Y ZLBEB o E, BORRRE
FlX42C e HfFTE 3.

FEx o — B[ v AR RRER, 4 v ARNERE
DOPHHEERRE > T3 b 0D, 4T, Hfflokie b
CHENCEELTWL. SHKEBAC L, ALHEE
L7 h EROEEREL L B0 A v 1 RREDZEL
D&k, 4 v AR RE LRILBRERCREEET 3.
L oEFEEERE, F—R04 vArZRFCEHLTR
FACThY, ENOFTERNE (HEOEECREE, BN
M) ck->THREBMETHD. LickoT, FA—FEADS
SAZGETHNERRE, BPicXboF—Efit a3, -
THERESRR, ZAOFEREILRDDLD, D50EA
VAR RAEER 1ERAET 5 C L ICE VRDB T & TES.

3.2 ES-NLMS (Exponentially weighted stepsize
NLMS) 7AT Y X4

A v r RAREOEBELEREET 5 1c®, REGEE
7 (4 v A RREORHEERE) OfHER, £ v-8
ARGE LA LHERCHREEET . cotHy kD
NLMS 7A =) XAKCH Y AT, BEOKELERI
KERRT » 70, BEOPEEFRBRNERRTF 7T
BFET2Cc:%ELS. O, A7y 7+ XF5]
A (AT 2 EHAT 5.

ES-NLMS (exponentially weighted stepsize NLMS)
TAxl) XLk, KOES5KCEDENS [5]

ﬁ(k+ ]) = ﬁ(k) + pA 3«1*—){({5:‘)1\—1((]&:))((’:)’ (17)
ekl
(251 0
A= ” - (18)
0 ar
¥ 7,

p: AAF e RF 9 THAL X (0< p<2),

a; =agy™! (i=1,---,L),

v BB o —FROL AN RIEED
EEEER0<y<1).

WEER o; BERET, o 2bap TS ¥ SRR
Zh(k) tRILEESy CHEERET X5 CRESINT
w3,

B3> DSP(digital signal processor) ¥ » 7 & F\WTi#
R 2EBOY A7 ACEWTH, EEEEmEE B
IGERIL, 2T 9 7HA X% B DSPF v 7 ELC—D2D
EMELTELL. Chickbh, RESEONLMS 7A=Y X
LL[ESSE (2L) ORER L RIEERCAFIEYEHTE 3.

ES-NLMS 7 A=) Xaick b, fE3FD NLMS 7 A=
U ZLICHSRTPEREE 82 fEcgkEc ¥ 5. NLMS7T
A=Y X hEFERIK, 740RFEE<2 b h(k) BAD
BE~<7 b x(k) OFEICOMEEENE. Ld>T,

ES-NLMS 7A ) XA FWTH ANMESEETFED LS
AHAEESTHIEFIKE, BEEFANOL FCHRT
#95 EREIGIERE 258 < 7 3.

3.3 ES 5% (Exponentially weighted stepsize
projection) 73 Y XA
ESHETAT) X4k, HEZa-RBO[ v <12
ISEOEBERFERAL, ANESEAB{ELTw3. 2
ROESHHETA =TI X hick Y, FEANCHT ZHER
HEY, NLMS 7A=Y Xhich~_Ti4fEcTcEd. p
RO ESHETAT I XLE, ROXS5KEDEND [6]

h(k+1) = h(k)+ pAX(k)[X(K)TAX(k) + 61 e(k)
= (k) + pA[Bi(k)x(k) + B2 (k)x(k — 1)
+- o+ Bp(k)x(k - p+1)] (19)
B(k) = [Bu(k),Balk), -, Bp(k)]"
= [X(k)TAX(K) + 61 e(k) (20)

e(k) = y(k) — X(k)"h(k) + n(k)
= [e(k), (1 — p)e(k = 1), -, (1 = p)PPe(k —p+1)]". (21)

ES $7 A=) X hofREEE, W (k) #8A
Ficricky, ROXHKHIKTE 3.

2(k+1) = 2(K)+ WAL (k= p+1) +- -+ Bp(R)Ix(k —p+1)

(22)
#(k) = z(k) " x(k) + pr(k)"s(k = 1) (23)
r(k) = [x(k)TAx(k—1),x(k)T Ax(k —2),
s x(k)TAx(k - p+1)]7 (24)
s(k—1)
ﬂx(k - 1)

Ba(k —1) + Bi(k - 2)

Bp—1(k =1) + Bpa(k—2)+--- + Bi(k—p+1)
(25)

R 2(k) B, 7 4 A~ 2FB~27 b h(k) EROX
5 ICBRA T b T 3.

2(k) = h(k) - pAx(k—1),x(k—2), - -, x(k—p+1)Js(k—1)-
(26)

SOk [8]-[10] & FoFEYBAT B LickY, &b
CHEBZHIRT 5 LB TED.
ESHgETAr=) Xaik, BHOEEza—FrE7
CHwbh [13], BRREHEZROEBICHIL> T 3.

3.4 ES-RLS (Exponentially weighted stepsize RLS)
FATY XL
HWr o —FYRDA v AL RNEOER R RLS T
A=Y ZLICKRX &b D ES-RLS 7A=Y XAHTH
% [7. ES-RLS 7A=Y XATlk, v rAREORK
BIOMFHER £ DT AT » 794 X751 A (TR %17
51 Ppg(k) hni3 3.

h(k + 1) = h(k) + k(k)e(k) (27)



Pes(k)x(k)
1+ x(k)TPes(k)x(k)

(k) = (28)

Pos(k +1) = Prs(k) — k(k)x(k)T Pes(k) + % (29)

e(k) = y(k) — B(k)"x(k) + n(k), (30)

KL,
P}_:;s(k) st Ex L ﬁﬁu,
R: FIPEEES n(k) ©57 —.

751 A OFEHE [ ay, a0, ...,ar | BRT v 7H A XCl&
wit, BFhr3k5Kc, CoBEERRT» 7HA XL
Eigo@x %3 5cE, BXU, ES-NLMS7A =Y XL
BIUVESHETATY XL EOMELL, EE A%
ATy T A XFTHI| LMELRT L ICT 5.

—%, AF v T A XZEHEH BRI BT L
BEIbRTWS [14). B, A/R O Pes(k) ick~
ThkEwHaIcE, K (29) XY, Pes(k+1)chH3
Pes(k) oBIg23/hE < A3 Bz d L, #@EOHH
PEHTZHEENHEL LS. LT, 75 A 0EHED
kExa=1Y0 o ity REORLS 7A=Y Xhick
O3 EHEN Y LEEoREERAT T LICk 3.

X (29) T, EH, BARED A/RBEMAEA TS,
S ihiE, 75 Pes(k) oA C ik, ®ic, #
W o —FREDOA AL REE L E CERERTREREE
FBENATAEMAORA TR C L ICADL. ZOEE
£ (28) ¢k, YA <27 bark(k) BEBEETSCLC
Y, & (27)TH, 74 AZFEE<2 baoh(k) 25 HEE
BET2BEx7 trCcBEEhsctickd. fiRE
AFEEICLY, BEOKEABRBRIREARART v 7T,
RO/ BRI NE R RT v TCBIEShB T LTk D.

4, HEOBGETILD Y XL EDBFR

NLMS 7 A=) X5, §TA=Y X5, RLS FA=
XA, p=10kE KOLSC—LT 3 LrT
% 3 [15].
B(k +1) = h(k) + [X(k)"T*e(k), (31)
2L,
+ . — R EdTE.

Chbm 3 DOBEET AT XACET ZHE—DRNIE,
I X (k) oFIOR E <27 b e(k) DEROBICH 5.

A=00t %X, ES-RLST7TA=VA&(27)~(30)
i, fEEDORLS 7TA =) X4, & (13)~(16) KBWT,
EHIER Y F 1 LRSS L —5T 5.

wic, ESHTATY X4 (19)~(21) KowT, Ml
OeHIKp=3, u=10=0DBEKCOTELET 5.
K (20) 2T,

Br(k) = _'_'E(_k)_'—'_(ru?'zz — T12T12) (32)
det[X (k)T AX (k)]

R .

= TMXTAX T ~ ) (33)

z ____e(.‘:')_'_ T12T10 — T11T
Ba(k) = dei[X.(k)TAX(k)]( 12710 — T11720), (34)

e’ L,
det[X (k)T AX (k)] = roor11722 + To1702T12 + TorTo2T1a
—rooT1aT12 — To1To1T22 — ToaTozT1y (35)
ri; = x(k — )T Ax(k - j). (36)
Eh3. KK, cy(k), ca(k), BEXU u(k) &

] (37)

Br Ti1T22 — T12712

B3 T11720 — T12T10
clll=—-—"—"= —— 38
2( ) 1 T11722 — T12T12 ( )

u(k) = x(k) — e (k)x(k — 1) = ea(k)x(k — 2)

i r22Q11 — 112Ch2

F11722 — T12T12

_ 111Q22 —112Qn x(k),  (39)

riivaz —T1am3

LEETDH LT,

Qi = x(k —i){Ax(k - j)}" (40)
Thh, 1RHNGFITHS.
11 Q22 — T12Q2n
Ti1732 — NaTi2 ’

(41)
DBAICHE, 3 (28), (39), (41) %R (27) KKALT,

Paluye %[I— T22Qu1 —T12Q12

T11722 — 112712

Au(k)

h(k+1) = h(k) + me(k).

(42)
rhD. X (42) B, ESHETATY XL0BERICEN
T, Ep %1l L, AOE2HONRIC R EMA LD
k3.

Xk, A=ItThiZ, IEEORET A=) XLHEG
bh.

BN, Y7o valy tOEZIELOBAIDLD
KDL CBHITE 3. BE~7 b vy(k), va(k), va(k) i

vi(k) = x(k - 2) (43)

vi(k)"x(k — 1)

va(k) = x(k-1) - v (T (R)

vi(k)  (a4)
vy (k)T x(k) va(k)"x(k)

va(h) ===y, iy M e )

va(k) = u(k)
(45)

Eis. R (45) 0ETFH 2 HBLUEIHE, thZh,
x(k) D vi(k) XU vo(k) ~DHBERL TS, Lk
2o, ulk) = va(k)] &, vi(k) & va(k) CiELR D
Y, +hbb, x(k—1) & x(k—2) TiEbh 3FHEic
BELTWw3. LaisT, x(k)Dd5bx(k—1)BIV
x(k —2) LHMEODZRFBWMH BN TS E O
2, u(k) kx(k—1) & x(k—2) CEEZLTW3.

R (39) ERTIIE, (k) & cok) ERETHIZ 4 1
ZIRETHY, u(k) BHFETHERE~S7 tATHEEHH
AT EHTES.



COXsic, HRTAITYXALCENWTT 4 L2 HRE~N
7 rah(k) @, “BEflEEhE” <27 bru(k) DR~
BEXh 3.
Kic, gHETAZ) XLk p =1 ROEEICH,
u(k) = x(k), (46)
Thbh, cotEX(42) 7,

Ax(k)

B(k+1) = B(*) + T A

e(k). (47)
i3, KX (47) 1, ES-NLMS 7A=Y & 0fEEAIC
BWT, p=1, §=REBHESL—HTS %,
A (47) 1, K (27), (28) KBwT, Pgs(k)=A/RLE
WCHIBSBC LHBTED. Ebic, A=It3hiE, 1K
DONLMS 7o =) XARBoh 5.

5 HEhx

HELHTFBra— %y v+ 7 HICEICERL & ES-
NLMS 7A=Y X4, ESHETA=) XA, ES-RLS 7T
ATy LA, 4 vyArLzREREREEL, chvbod
v AARIGEDES b IR LEERCREEET 5 &
WSHIRR Kb DTHE. chbDpTATY XA
ckh, fEED NLMS TAZY XA, HETAITY XA,
RLS TA ) ZAiCH~RT, PEREEY# 2 feicscy
5.
AT, REEOBEIET AT Y X L%, 74 AXHRE~
7 bAERDSIHIC, LOBREETIADE >THEDOA
HIBEREFIAT 20 s mh oD EL. ZLT, “ES
family” 74 = ) X 4B X URESEQEILT A= U X L DBEFR
CoOWCTEH LA ZLT, NLMST7A =) X4, HET
AZYZXA, RLS TAZTYXARLIDOTAITIZXLT 7
$y—Thbh, ES-NLMS FA =Y Xsh, ESHETLT
YX4, ES-RLS TAT ) XLBENFIERLADDTHS
CeERLAE Egic, NLMS 7A=Y XA, ES-NLMS
FTAXY XL, HETATYI XA ESHEBETAZIX
ABYIXVURLS 7A=Y X4, ES-RLSTATYX4L%k
ERE L ADDTH B L I RATTENRTELT LERLA.

Ha

BEEEEIRS, dLREEUERE, M7 r—7Y —
¥, SHEBRUIRRICHESRT 5.

SE Ik

(1] BH BE, ME C—, “v 27 L0¥ENEEE"
0 & H18), vol. 7, no. 9, pp. 597-605 (1968).

(2] BB M, f#EE AX, “ T 7 4 vBREE~DEZR
HEEACIEIE7 A E « TATY) XL E XD
M 25 (A), vol. J6T-A, no. 2, pp. 126-132
(1984.2).

(3] HFP HES, ¥ B, &H &, “FEANCHT S
HEBLEORE & BEREHEIC DT, SR 1-4-14,
pp. 489-490 (1992.10).

[4] S. Haykin, Adaptive Filter Theory, 2nd ed. Engle-
wood Cliffs, NJ: Prentice-Hall, 1991.

[5] S. Makino, Y. Kaneda, and N. Koizumi, “Ex-
ponentially weighted stepsize NLMS adaptive fil-
ter based on the statistics of a room impulse re-
sponse,” [EEE Trans. Speech and Audio, vol. 1,
no. 1, pp. 101-108, Jan. 1993.

[6] S. Makino and Y. Kaneda, “Exponentially weighted
stepsize projection algorithm for acoustic echo can-
cellers,” Trans. IEICE Japan, vol. ET5-A, no. 11,
pp. 1500-1508, Nov. 1992.

[7] S. Makino and Y. Kaneda, “A new RLS algorithm
based on the variation characteristics of a room
impulse response,” Proc. I[CASSPY4, pp. 111373-
111376, Apr. 1994.

[8] M. Tanaka, Y. Kaneda, S. Makino, and J. Ko-
jima, “Fast projection algorithm and its step size
control,” Proc. ICASSP95, TA08.6, May 1995.

[9] 5. Gay and S. Tavathia, “The fast affine projec-
tion algorithm,” Proc. ICASSP95, RA04.1, May
1995.

[10] M. Tanaka, Y. Kaneda, S. Makino, and J. Ko-
jima, “A fast projection algorithm for adaptive
filtering,” Trans. IEICE Japan, vol. ET8-A, no.
10, pp. 1355-1361, Oct. 1995.

[11] A. Benallal and A. Gilloire, “A new method to
stabilize fast RLS algorithms based on a first-
order model of the propagation of numerical er-
rors,” Proc. I[CASSP88, pp. 1373-1376, 1988.

[12] D. Slock and T. Kailath, “Numerically stable fast
transversal filters for recursive least squares adap-
tive filtering,” IEEE Trans. Signal Processing, vol.
39, no. 1, pp.92-114, Jan. 1991.

[13] /MBS NiEvR, BB BB, SPIE B—, B RKER, © &k
BEFEro—F+ v 7DRE” NTT R&D, vol.
44, no. 1, pp. 39-44 (1995.1).

[14] &H &, “HEESAIRKCEFS3 RLSTATI X
& L FEREEOSMEICOWT,” BELK, A-88,
p. 1-88 (1992.9).

[15] S. Makino, “Relationship between the ‘ES fam-
ily’ algorithms and conventional adaptive algo-
rithms,” Proc. Jth IWAENC, pp. 11-14, June 1995.





