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1. FANE

WS TANEE, =a—F¥x IR/ A AFy
Y7, BRELERCBLANONRTEY, £
DISAFEZET TS, ZOBERT7AVEEE
Ry 5BICIEAERY 7Y 7 L— FREVH
71 HEAERER (Latency), /MRIEN—FU =7, K1H
BEH, REFZIEFEMERE, ZOMEIEXR
Ehs. AL, TNHDERINDHEERITZEY
R THHEZELD, ThbE2RARIHE
SHDLHZLIIHBOTHETHS.

LMS#E T 4 ¥ & N7 4% (LMS Adaptive Dig-
ital Filter, LMS-ADF) D&y by b U Z A
IVIEEALTHALNANCLMSEILT 4 ¥4
)V 7 4 v & (Non-canonical LMS Adaptive Digital
Filter, NCLMS-ADF) 2R S h T\ 51)2)3), =
DERBRIE, 74NVFHARRE v THRIBD A T
FA B E 72D o N AR AER (A

LWIERFIEAETS. LaL, —F Tk LMS-ADF
X BINEGERESKIBIZELTH L0 Z L35
LR TW5b. ZOEMEE, NCLMS-ADF D#REH
BHE D LMS-ADF L ix&40, £F vy 7HAHomM
BOSA T T L—TH— 54" LT
D, MERLBEBELRRICERL-BREAT
5. “RICLY, NCLMS-ADFOM AT 1 L— -
THE—FAVEBRBLEY yTHAHIDRERD
7o, BREOBE REELE) TX2BENEE
N3, FLT, ZORBEBERRERZRIAET D
AT TI A RXRFGA—EDEREETIHSZ
L, BIEEBEINT I ONTHEATHZ LR
shid,

BXIXINET, #EICHBERNKRERREL L
T %72 ENCLMS7 A = Y X 5 & 48R LT 725),
ZOTFTNATY XA, NCLMSOEHEIZHAWS
By bty FOBRERS OHBERHD I LT
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EBL, 74NV HPTENDHREOBEE K/
¥ H vy by b EREL, ThEeRAW) 24
IVTILEoTERHENS.
RCD-NCLMS7 /v =3 J X A (Reduced Coefficient
Delay NCLMS Algorithm) & FES.

TOTNATY A,

ARETE, Zy7HEFLRVECHIH

R, BmERY 7Y T L— ), EERINE
Wt R ERFIRE /234 7T 4 > RCD-NCLMS &

ST AT ERETS. 7, RCD-NCLMS 74

=Y XAH EEDO NCLMS & REOEWHAHTE
FEEETDHIZE, TLT74VEHE, BREAR
B, REEFTOZTNENNE CEERE CEHIE
LTWAZ EIZEBRL, Thb 3 20OEERIS)
mﬁéféﬂ4754VRmummMs%§wT
DS, BEHLUEERONRMFELHEH I=
LV—ya ik DEMEL, BE DO NCLMS &9 b
BERURBEEEE TS LR T. BKIC, #
RY 5,477 4> RCD-NCLMS #5744
izxt L VLSI %4l 24T\, @& D NCLMS & F%
DI IERERH, N FU=T7THELZHELZND

BERY LTI TV e FTHILEFRT.

2. NCLMS7/LIY XL

REZlkIC BT 2 74N Z M g(k) L REF FE(k)
RO LHITREINS.

g(k) = XT(k)H(k) (1)
é(k) = d(k)—gy(k) (2)
X(k), H(k), HKk)IZENBNUNRDASIEE

7 RV, BRESZ MV, FLTHBZZA#RE

R MNAVTHD. ZNHIEXERLEFNUTOL ST

RENh5.

X(k) = [z(k),z(k—1),...,2(k—N+1)7
(3)

H(k) = [ho(k),h1(k),...,hn-ry(R))T  (4)

Tnput signal ® : multiplier
24(6) hio| | @ :adder
l : unit delay
Update module ‘

Fig. 1 Fundamental structure of NCLMS adap-
tive filter. -

Iterations

\1:-4 k-3 k-2 k-1 k  k+l
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of NCLMS of LMS

" Output signal

Fig. 2 State transition diagram of NCLMS adap-
tive filter for N = 4.

H(k) = H(k) - (k) ()
= [ho(k), ha(k), ..., hv-1y ()" (6)
= [ho(k),....hev—1y(k = N+ 1)]T (7)

ZIZT, yk)EFKRDXHIICERENS.

— -

0
Sk —d)z(k —1—1)
k) =2u | Tooiék—d)a(k—2-1)

| SV ek i) (k——N+1—i) ]

(8)
NCLMS7 V=Y X ADEHRIIKRDO L ) IR S
ns.

H(k+1) = H(k) + 2ué(k) X (k) (9)

NCLMS-ADF O EXEHERZ K1 12, HAFEI
BIF2REEBXEZ X 21277, 1R+ X
512, NCLMS D7 4L Z H I NERS L BERS
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Fig. 3 Fundamental structure of LMS adaptive
filter.

 BRHEICERE ST L — - T H— e T
EEELTELND. BEOFKEAVTHES
NI-NCLMSD 7 4 v Z M2k, R (8) DR
BRECERTIHABEREEND. 207D,
NCLMS % LMS & He#t L CIRSEE A K % < %
ft354. Znkv, NCLMSHEET L ZY X LD
ICHREE R S ET B DI, REGRIES & <
TELERDS.

3. RCD-NCLMS 7T XL
OF Yav

BEERIVAANIVCEVERT S, dBIT
3 27”7 LMS-ADF Tho. SHEILRBITS
T8, ZA4NFMEFEEHHIZHOIT TEHTS.

3.1 743

€D NCLMS & RCD-NCLMS @ 7 4 V4

OEAE H4 ICRT. EREL LMS ORRIC
HLETHBICIYMEY PERELI AV
TET>THLNIZEBRTHY, BF TR A
T UHEREETD. LEENoT, EyFHER
TAT—V%RE>T (@) DL KT LNT
E5. "M TFTALDEYF 1, &

Tp = Tadd + Tmulti (10)

ET B, 2L, Tedds Tmu FERENMER,
REBOREMRMTHD. ZOBRTRERAT —
VL1 ETEVETONTEY, HREEIEIZO
~N-1FETEBELTWVD. LATTIE, EREL

R UCHADWERMLZE L, FRICEREGRIE SR
SELEEELEHTSH. RCD-NCLMS D EARER
M4 (b) IZRT. Zhid, BEOLV DRV
T=UIREVELL DI v TERE L TREEBIES
WA SELBRTHD. FLT, ZOERITER
TP EANMERELEBT S L2 L0 ATEE
2720, ZZTHEHEAIMBICALFY -V ) —-
7 % — (Binary Tree Adder, BTA) # AW TERH
5. BTAiX, X5 — 0 CRHRER, X7—
C1IUBETIR o, LRACEERMEET S5 v
EFEVa—NEWINCEET D, LIcB>TBTA D
MEBEIL, FORT—Y CHAESN B HERRK
LMBEROHDWERMICKFEL, Zhickv &

AT —UIICEBR R Y v TR RES. TIT,

MEROERERMZ—EL LT, MEHRLRESR
DHABERFICKROREERETS.

M- Tadd < Truiti> Mm=12,... (11)

T, BHOBIZRET S Iy by ML, XK
LR, RO2BREREAWVWS. 1213, AT —
CRKEBTIY v T enBETEEDOH Yy MY
FCHY, 2 0DIEBTA 253FEEH-ODOH v
by b THSB.

UT, oz m=2%¢ LT, RREXE
5.

[RF—2 0, 1 OFH]

AT—VORC1 2 EHT 2 Hy by RY &
AIVTOBREE M5 27T £7, ) DLD
AT =P 0 ERT—V 1 KEBEEBET DIy T2y
BT A7-HIZCS0 & CSIERELTYIFA I
7 &IV, (b) OHWBEEES. K, CS0 & CS1
DORICERBShTVSMESEE () P X 5IC BTA
HREERETS. B#&i, CS0-1 2%ELTY
FA I TEITV, BTA % BB IY (d) DR %E
#5. LEOBEICKY, 70 & BTA 26
BRENDRAT—V0L, Fv71~60bEK
INBHBATFT—TY 1 NEHINS.
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A Input signal stage N-1
N-1 1
Coefficient ﬁ ¢ )'diay aps

Input signals

¥

stage Ng-1 .
{éﬁh‘ (Vg D-delay taps CoetREn
___________________ L S G

[y
stage?2
9¢J 2-delay taps

,(,1*() stagel
B 1-delay taps
—————— -q-—-————r———————-x—-——————— — - —_——— _———————— -
pitch of pipeline  stage0 [ Binary Tree Adder |
Tt + T 0O-delay taps
% i

Delay of coefficient

[4 12
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(a) Conventional NCI.MS (b) RCD-NCILMS

Fig. 4 Filter part of the conventional NCLMS and RCD-NCLMS adaptive filter.
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2 L WHICBIET 5 BTA 0BG m(Z =
TlEm=2)THsH7%H, BTADAHEITI4 TH
D, TAL—THE— -S4 DLDANEER
TBE, A7V 1 KREBIND S v IHEAT
5 BTA ANEII 3 &742h. £ LT, ZhicHEs
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Fig. 5 Deriving process of stage 0 and stage 1.

THEDIZY T 6L TORICRESND. Kk 7D CS2 EBELTY #A I 25T, 458
iZ, BTA 227 =V 0 CBBSEDRDICCS0-1 |y 7% BTA ICHREET 5. &ikiC, CSI-

ERELTYZAILTEITD. QEBELTY #4757\, BTA #BEB X
[RT—S 2 OEH) 5.
AT—V2REMT I by Y FAIY CS2 #BETAMBRUTOL S IcESNS.

7OERE H6 AT AEAT—V0, 1 g 2701 KRESH S BTA OFERM
RIS, 27—V 2IRBT LYy TETMTD 31 =3, THBED, BEKE3E, AN

—4—



7 8 9 10

Qgegega i
PP DD+

N

“Retimi
*Parallel suucture usi i dd

T X @) 0 -

b P L stage
t A

T

~ Fig. 6 Deriving process of stage 2.

8LMD. TAL— T H— - SA LD AN%
EZRTHE, AT —V2IIBBEND ¥ v THE
AT BTA A DT 7¢725. £L T, Th
WERIND Yy TEV2— Vi 2 ¥ v 7 THRK
ENTWVARED, AT—U 210X Tx2=14%v
IHEBEINDS. Zhiy, C2ZD 1447
ERBETEEDICF YT 2 L 21 ORICRESH
. BBIZ, BTA AT =V 1 IZEBR IS0
IZCSI2 %EELTIVFA IV I %EITH.
27— 3 UBOEHRIZONWTIE, AT —V
2 LRABROBEEITI> ZLICLD, —RRICTHERT
BILBTED. BEAF—UTHFAL—-7
= FAVICEDBAN BB T HLEER N
», BTAIZEREND ¥ v 7HOBEREIL 16 &
5.
UEDBRIEIZEL Y, BBIEDO T o1& H M
BHEND. FLT, 1 2OBERBICE VLTS
NBEy TEHITRER EMEROEEREICKTF
LTHEY, REBIT L THIICMERS 25
fecaEnid, L& DFvTEEVYTHZ L
MNTED.

u
(b) [} : Reverse-time delay
g
Input for filter part
N 3 3 g N '

()

b

Fig. 7 Retiming of the update part by the CS0
and CS1.

3.2 BRUEHIDOERR

R EFHOERIL, 74NV FHAMEERTS
EDICRELEA Yy M EY FPERWTEHRYT S, &
ZT, BTA 2 BB SEH-OICHVEIy b ey
bC%Jp&&-uﬂ;%w~i?$EL1w5
T DBRBEHFHIZIIRELRY. £oT, BET
BOEAT— BB BEDICRE LT CSO,
CSl, - ThB. CS0 & CSLIckBhy Ry h
VELIVIOBRE /T ICRT. £F, (a) O
iﬁwc%&ﬂﬁlwﬂLTU&{iVﬁEﬁm,
(b) %85, (b) DHERIL, BET4— KA v T
£ v bz SHRROBIES MEASRS A, Th
BREEEZHESRVWEDERRAETHDH. £
Z T, fERONCLMSOEH & Rz, BEEF L
ANEEOMHELRLARLBEOL 7 L %17
5 kitkY, (c) PHHEEES.

CS2 LABIZ DWW T L RBRDOBIEEZITI T LTk
D, REEFBOBREBD LN TES.

3.3 7)LdY XL

EWHLUHEKR LY, RCD-NCLMS »7 /=Y X
L EHT D, AT —VFES, ATV S (i=



0,1,...,8-1) CEBENDI Yy T#«E N, & T
5. 2B,

S—-1
N=>"N (12)

=0
T 5. RCD-NCLMS O HITKRARTEREEND.
(k) = H (k) X (k) (13)

ZIT, H(Kk) IIREEEEEIREKS AL TH
D, KOXHIZRENSB.

H(k) =
ho(k).
a1+ gy (5 — 1),

hinvy+1y (k= 2), -+ by ngy (B = 2),

h(N—l—N(s._l))(k -8 + 1)’ ttty

hn-1)(k = 8 +1)]7(14)
Ei, AHNZ M X (k) RERTH .
X (k) = [a(k), a(k — 1), o(k = N + )T (15)

LT, A7 =Y S BB NDZyTHN; i3,

1 i=0
2(m+1) _ 2 i=1
N; = 16
2m+2) 2 §=2.... 62 (16)
N —N, i=8-1
ThhH. ZIT,
S5-2
Np=3 N (17)
Jj=0

LW E, BEEFRNIIKROL IR S.
H(k+1) = H(k)+2ué(k) X(k) (18)

ék) = d(k)—y(k) (19)
3.4 /N4 T54RCD-NCLMS7 /L3
1) X L

KWCNRATTA 2 ER L TRELER -4
RTHDHRET DM S 71 RCD-NCLMS %#¥

Output calculation o 7
Error calcul 7 =
Coefficicnt update 7, Z
< 3~‘KP “[I, “1“,“ T,
(1 sampling period} [1 sampling period]
@ ®) -

Fig. 8 Comparison of timing chart of NCLMS
and pipelined RCD-NCLMS.

(a)Conventional NCLMS, (b)Proposed pipelined
RCD-NCLMS.

Tmlllll' _Eﬂdd
Tap output b-—é -==) -}
Addition of tap outputs — - l’--q
Error calculation I-—! é }--, ZI -? ::
Multiplication of stepsize —— b--i- -4 Pe--
Multiplication of input and error ——I, b----l! - --‘
Coefficient update — - ‘--4

1 sampling period.
Latency.

Fig. 9 Timing chart of proposed pipelined
RCD-NCLMS.

3 %. RCD-NCLMS 0 /1i#7ERfE, LMS &
TR &y 7HRET T —EDMHE 75 (= Teaa +
Tots) TRDHNE. £, E8(a) IRT LS
W7 4N HAE, BEERS, REEHFHLD
27 THDH. THHODZEIZEBL, 74NV5H
LREREERTOM, RO BEER & RBEHH
OMICENENBEREBAL TS T T4 1L
EEBTA. ThICED B8 (D) ICRT L IH
FEE, BREEBSLWIICHEREF L2 ETTHZ
EMTEIZARD. 2FED, 1T g n, OB
THEMNFAETHY, HAWERBLzENIET
WCRERD 3EOEETTIANZ Y VT RETTD
TENHEIZRDE. RYIKRBRETANSNATIA
> RCD-NCLMS ®# A I v 7 F%— hOH#%
.

ZFLT, B4k OATNTHIET D HREESIL 2
BT NVERBICITOND D, TOLEEEY
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Fig. 10 Simulation model.
ZRTHLBHEFRNIUTOLICERESND.

H(k+1)= H(k)+2ué(k — 2) X (k—2) (20)

4. INFEEHH

#ET 534754 RCD-NCLMS 7Y
XLDEFERE I 2L — a3 XV FET
5. VIab—vavETFAR K10 ZRTY
A7 AREMBETHD. KM AT LT EIEE
FIR 74 VE &AW, ADESIESH 0.0, 58
10 DABT UV AEFEZ AV, KM AT LDOH
FNTITBRHEET L LT -70.0 [dB] DAF & iTEHE
BRBARESEMNIE. ATy PH A XNT A —
2 IZENEN 66.0 [dB] ® MSE %5 % 5% &
E L. £9, @%D NCLMS, RCD-NCLMS @
LMS it 5 a # 1 1R95). oh
& b, RCD-NCLMS iZ NCLMS X 9 & &2 UK
FAEERLTEY, m 08y ZHIHMT B0 L
TR TREEENR LT 5.

Wiz, KERD/A 754 RCD-NCLMS ®
Yiab—varfERE 11 OFY. BB,
TRy TEE 128, m=3 L L, KE&HRIZ
WHE D LMS, NCLMS 743 ) X a%x i, =
N, REHEIINCLMS X0 b IR HE EEH R E
Bz E L, LMS ICIEWUOREEEZ RSO Z LD
B, Efn, AT TA4 MLICKDEELNEL,
RCD-NCLMS 723D X ADH 96% & @iE 2R
HEHEEROTVD. ZL< DV =2IL—TarE

BEIT, m OERY v FPEEBCH LT H A

RCD-NCLMS (m=3) |
Pipelined

5 -30- RCD-NCLMS (m=3) |
g _40 Corgmosnal
~50F
—60f
=70, ) . ) ) ) B
0 2000 4000 6000

Tteration

Fig. 11 Convergence characteristics for 128taps.

Table 1 Comparison of the convergence speed
against the LMS?).

Ratio of the LMS to NCLMSes|%]
Taps RCD-NCLMS Conventional
m=2 | m=3 | m=4 NCLMS

32 77.1 77.1 77.4 42,5

64 81.4 | 826 | 86.0 39.2

128 86.2 | 87.8 | 94.2 41.2

256 86.6 92.6 | 95.5 39.5

512 92.4 93.1 95.1 41.4
1024 91.7 | 958 | 979 41.7

FI5A VLI I AR BRI % BE LB RET
HHZ EEHEFELTVWS.

5. VLSIZF{f

HBRYTB 47514 RCD-NCLMS-ADF #%
VLSI 5% # X7 » PARTHENON 2 & v 3 {fi 3
5. BVTAT T OFRIHNL—NZ 0.6um CMOS
AH v E— RKEAV(VLSITZ 7 /o) THY, &
WEEL 50[V] TH5. WEICANSF— 7R
i, 2 ORBERICLS 16 £y FERIKATRT
H, FoTEIT64, 128Fy 7L ERLE
IE2RiT CLA AR, FHEI X Booth7 LT Y
R h]+[Wallace tree]+[CLAA] D HEHE & AV
7o, HeEEtRiTiE% @ NCLMS-ADF & 3 D
LMS-ADFD A TS5 A4 T —FT 7 FxZ AN
=97, rokRe 2, £3 WFET. Thi
0, RBEREOHNEERR, v 7Y 7 Lr—h




Table 2 VLSI evaluation for 64-taps.

Conventional Arcls) Arc26) Arc37) Proposed pipelined RCD-NCLMS

NCLMS m=2 [ m=3
Machine cycle[ns] 171 113 82 79 60 60
Sampling rate[MHz] 5.85 8.85 12.20 12.66 16.67 16.67
Latency|ns] 57 113 164 237 60 60
Power dissipation[W)] 2.50 8.55 14.21 5.55 7.06 7.06
Area[mm?] 55.50 124.90 151.42 57.05 54.87 54.92
Number of gates 506,075 1,136,741 | 1,375,513 | 519,476 500,162 500,413

Table 3 VLSI evaluations for 128-taps.

Conventional Arcls) Arc26) Ar037) Proposed pipelined RCD-NCLMS
NCLMS m=2 m=3

Machine cycle[ns] 171 113 82 79 60 60
Sampling rate[MHz] 5.85 8.85 12.20 12.66 16.67 16.67
Latency/[ns] 57 113 164 316 60 , 60

Power dissipation[W] 5.00 17.09 28.41 10.81 14.08 14.10
Area[mmz] 110.13 249.74 302.78 111.23 109.52 109.74
Number of gates 1,010,779 | 2,272,869 | 2,750,521 | 1,012,708 998,059 1,000,004

X5y FEICLKFER Y, @F O NCLMS-ADF
LRED N — Ny =7 HE & HIEERET 3 &%
DEBERY TV 7= E2ERTETWSZ
L#bhb. Arcl, Arc28)it, DLMS 7A=Y X
AZESK AL TS UHERIC, HEEZEA L
FHERTHD. KERIET Arcl, Arc2 D #51/2
DONA—Ry=T R, HEEHT, H2E0HER
7Y I L— FEERL TS, ArcdT i,
LMS-ADF O % A4 754 bl bDTH
BB, ¥y TEOBANT LS T H )RR A3
ML, k7, 7V L — FEIERE
EOFBBWMEEZRLTWNDS.

4 CHEBBEHEY LTV S L— FTER
feLi=k%2mr3. Zhiy, ZERED 1 [MHz)
W7 ) DBEIRITBE DO NCLMS LRETHY,
Arcl D 44 %, Arc2 D# 36 % THEEEZITS Z
ERFRETHD.

LLEMD, #FT 5 31 75 A > RCD-NCLMS-
ADF (X RIFRIGRFsE, mERY 7Y T L—
b, BOCHABERM, HBREADER, ~—FUu=
THEZLEERINDZEL OMEELRRICH T
TENHETHD.

Table 4 Normalization of power dissipation to
sampling rate[W/MHz].

[ Number of taps “ 64 128 l

Conventional NCLMS || 0.4274 | 0.8547

Arcl 0.9661 | 1.9311

Arc2 1.1648 | 2.3287

Arc3 0.4384 | 0.8539

Proposed pipelined
RCD-NCLMS 0.4235 | 0.8446
(m=2)
6. £&OH

AHETIE, NCLMS 7= ) X LD RN
%&%éﬁtR@)MEMS?wﬁUfAmgd
WIRBR T AN S DEERE A T T T —%T
I F X ERE L. KRERFHETEE DO NCLMS 7
NAY X b EHEELTKBRNEEEOKRES
ERL, RFRIRMELET DI L 2 FHHEES
Sab—va iKY HLNILE. KT, #
RY 5 X{ 754 RCD-NCLMS #5774 V&
® VLSI FHli % T oz, FOfFER, &H D NCLMS
BIS7 4 VE LB LTN— Fo =7 &OEMAE
LI 3fEodmERYy LTI ILv—F 97
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BICERFELRWERICEVWHIBERB2ET 5
ZEEHOMI LT

4 %1%, RCD-NCLMS 7\ = U X A DI R
BT 5HMRMET R EET) TETHS.
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