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Figure 1 Scheme of the UR-RLS filter

TCH B B I P PR AT I ER S 5 R AN R RN M Bt (R TE AR A5 5 iR o A 14150,
L2 M d /N IR T 1 3 pE U A [16], FELRHG T R Bk U7 Fidge /N4 g i 2530 (minimum mean-
square error, MMSE)[18:19] ZERARBR CUMMIEE (S5 1 Ge v RerE, JOAUBBEE 75 00 vk 388 I
o AR ST TR S [ 38N I 7 VRG] Ik g 7 A UK.

AR SCHR (18] 2 HH R T S 1A D IBEE AN SR R R Jk e 7P AN R 11 T M B 68 3 A e /)
T IHYS (unsupervised robust recursive least-squares, UR-RLS). —J7Ifi, UR-RLS # RLS J7 %4 i
RARFIHRAE S5 TR, 38 5 NEFIHE M ERREL, BEAK T ki 0 R RLS S04 Rk
MY (finite impulse response, FIR) JEI s AE B FT I FE I W0, o5 — 711, UR-RLS KB A
IS T R R A AN T A Ik A R T, Ol A 2 0 S N TN A (multi-step adaptive
predictor, MAP) 5|5 ] GEAL 75 kb 7 R REAS.
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Z L8 e A
Yy =x¢ +vg, t=1,2,..., (1)

b, {yehisr AWIE S, {z s AR SSEESAE S PR o, 7 LR A PRER S 15 55
by FUTKPPE S ny. 15 5 R {by s BRI 3 A0 (R S 5, WA by ~ N(0,02). 457 Bp = 302,
W 16| < Bp VAA/INT 99.74% [HERAFAE. I0AN, RO = A7 5%, RIXNEE E IR IESEEL Bx < oo, T2
|7¢| < Bx. H_ERIAS, vy = by + ny.

WK 1 PR, $EH Y UR-RLS JEM A 2 HELLT 3 AN

1) FIR JERAS: BYECh d ZMER ) 8.

2) BUE B2 T FIR 83 a8 B SE 37 16 0 B k.

3) P s {y o, FTUNE {Qt+i|t}i:11, T Goprpe (k> 1).

E L KIS gy BONE T g BEATEOER, WA G S
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. Yt 1Yt — Yeje—1] <&,
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Uje—1, otherwise.
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Figure 2 Saturable nonlinear function
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PR AL JERLIEIAEIR OXaw, |2 AR AT BAASE RLS SRR
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M 7 AL SEFT L ) 5
2 RN AR L bR £
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sgn(l)¢, otherwise,
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ZA* W) iy — ©) = APy + 6 (1) (wey: — ©), (7)

A, (1) £ dp(l)/dl. AR E B 0 A
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A+ w(lt)y?¢t51yt

=&, 'P = w;_ + (1) [y — wiliy)y — o, (10)

Horp, K, ONIESHERE. 2 |L] < ¢ WA o) =1, A X 5 6 BT 1 8, 20 (10) #4858 UAF; %
| = ¢, WA (1) = 0, WX (6) A (7), S22kl & THRIMIME 5 g A HBERER &,
5 P, i AUE AR S TR IXFERME FURAE T UR-RLS tb UAF AT SRAEHerE. shah, ot
S N ANENASE § FERU S L5 RLS SERL AR — B, w4 X =0.99; &1 (1K) 8Lk
FAER, 8 IEREAK (VD) BIIEHEL

E 3 Wik 2 ATk, 5X (@) HEE ¢ SREMETETERE. R 1 AT R AN, H ¢ T LR
Fanr:
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b ke WEMGEFET, 61, ISR B RS 1, 175 2. AR KRS 45 W, EF ke = 3.0 1]
DI AR08 T 53 2 BT A5 5 i B b 32 TR 6y, HIANTRIA L B

67 = Ao67_ + (1= As)ermed(A, (1)) (12)
P A, (1) = {p(le), ..., p(le—n,41)}, med(-) FoRTHESE T, Ny AFEAREL, Ao WS T, ¢ = 1.483(1+
5/(Ne— 1)) A RHEARKIERT 2. pbAbh, 62 02 HAE Bkl S WG S e BOFAIRI &, 12
SEBRAE T LLIE$E N 62 = 3(Bx + Bp).
4 ANESAIE
ZREE 1 TR K FIR JE# S, W UR-RLS 8 HA W gl
it(yt) = w:Tyb (13)

885



RN kR 7 QD ) D M 5 e s ) e /s — 3 1%

AHEG B, R (10) 45 H IBUE BB 200 R B HRAN RS, (52 21 i gt 75— PR D A i N 1)
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PR Ay ISE0.
EX 2 IMEE we Ry ES t A k(k > 1) DHET MAP (P4 %L
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Hof wy g i MAP [IBUETE. WE X 1,0 < a < oo 5 0 < B <1 2 HFRIENLSEORE RN T
TR AME e 2 AR R AL T (8 k), TITT

u—’t,ku;k = Qt,kv (15)
N ]4:1
t—k '
@ =af I+ B gyl = B+ y Yl (16)
=1
t—k '
Qi = Zﬁt_k_zywrkyi =BQ:t k-1 + YtYr—k. (17)
=1
FR YA B 300 s B, TSRl 5 FE (15) AT f54n R B0 RLS 592
@, = BN - Koyl )50, (18)

- 5_1%}1,1%—/@
L+ 57y yen
Upg = q’tjlet,k =uipq+ (Y — Uf};ql‘t—k)Kt,m (20)

A Ky AIEEFERE. WA k(k > 1) DiEHT MAP:

Kk

Qt+k|t = u;ﬁyt (21)
TRV RK PR TR AR5y, BT p By HENHE (autoregressive, AR(p)):
Yt = a1Ys—1+ -+ apYr—p + &y, (22)

Hrbre, g B2, WL e, ~ N(0,02), Hp<d ®a=la;---a,0---0T e R MAT yp = aTyy 1 +54.
YR a € RY, 8 X
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B 1 4EwsX (21) Prosi) MAP, AT~ Fe iR 22:

El(Werr = Gerri) " Werr — Gegne)) =y (@' [L(@)]* ! —u3) T (@ [M(@))* " — uy})y:
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k—2 )
+a" Y [C@]' | 0 0 ([F(a)])Ta + o2 (24)
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WERR T e RTEN o MIEMERS, WA R R 2=

El(yt+r — yt-‘rk\t T(yt+k - ?Qt+k\t)]
= El(a"[[(@)]* 'ys + a" Ej o + errn —uihye) " - (@' [L(@)] 'y + @V Spa + ey — ujy1)]
= Ely; (@' [[(a)* ' —uip) (@' [T(@)]* ! — u)ye] + El(a" Ey-2)" (a" Ej-2)] + Ele/net44]
=y, (@' (@) —u;p) (@' [T(@)*! —ui} )y,
o’

k—2 ‘ 0
+at Z[F(a)]’ 0 0
i=0 .

(Ir(a)]) a +o?.

E o4 MR BL 1, BEAE TN ] R BTN, R e D EAL WHCR A PR i (k= 1) kR
A (2) AL, 2 HAL A kb g 75 RS2 [ I — AN SRFE JR YT A0 22 280 0 2 X

W 1 pE, FERTINAZ ) & KAWL IME 52 S S Ik . B MAP 7143 g0, WITGHK
MRS I A THRZEN e =y — Gy TRV e ARl B2, 07 Z R3], W Po{le] > €} =
0 = 1 —erfe{¢/(v262 )}, e erfe(r) = % I e d, HVEZERRH O, R EREA I 0, W AT HA
ANTREAR PE TR kg PR U HE L) 4> 0 = 0.01, HIAT 99% IR RE S5 AT I 2 Bk phide 75 ) X (2)
H BRI ¢ AT iRy 1O

€ = kede, = 2.5766¢,, (25)

FerP ke = 2,576, 6¢, A TCRKMME A AT R ZE T ZE AT SRTA N RIS 6, BEAT 71

&gt = Agé—gt—l + (1 - Ai)clmed(A(et))a (26)
Hi A(er) = {2 ey 1) Ne BRI AF UK A HBEH T, med() 5 ¢
A (12). T MAP RS PUEIRTT g, BOWREHA AL T, WIFERMGP BOE#E 6¢, = 3(Bx + Bp).

5 (FEMREER
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ZREUF AR(1) {55 D8l
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Figure 3 MSE results of the various algorithms in the presence of the impulses for AR(1) signal: RLS, UAF, and UR-RLS.

Impulses in the observed noisy signal appear between n = 4001 and n = 4500. (a) SBNR=10 dB; (b) SBNR=-5 dB

Ty =1+ 2, v=0.9, t=12 ..., (27)

o, {2 bis1 WAL, WAL 20 ~ N(0,12); 29 ~ N(0, ﬁ) PUORAIE {@ }is1 WA P RRE SR A, M
59 {yehis1 B0 (1) P28, R 58S (b o RIS, 5 {21 LK 02 5 o 53R
FLSAF 5T Se A R D el g B W W R B UEEELE (signal-to-background-noise ratio, SBNR):

o?
SBNR = 101g {2] . (28)

T
FEAEh, 5 o 13 SBNR=10 il SBNR=—-5 dB. HiLMEAE TR ISR 2% (mean-square-
error, MSE) JEAAZ, Bl 101g (MSE)(dB).

JKIPE RSy TRIRN ny = pyiy, SN 6 RORTT 2N o WIREHLERE, p, I7E 0 F1 1 D17
B A5 pr = 1, WIFIRTEAZIN ZIHT WKt 75 45 py = 0, WIRZR TRkt 75 . 38 pe A P(pe=1) =€ I
Bernouli 1T 7.

BRAE SRS, AR HEME W NS5 FIR IR d = 5 FEARK n = 10000; &K T
A=LF=X =X =099 IEMHLBE 6§ = o = 1(10 dB) 3 § = a = 100(—5 dB); ik 5 % o2 = 300,
e = 0.1; BEGIFET ke = 3.0, ke = 2.576, J5 2 & L5 N, = N, = 10. 54641 RLS Hk U
1 UAFDS ALk,

3 R AT ERELL (10 dB) AURASMEEL (=5 dB) 500 F, 42 %°RH RLS, UAF #l UR-RLS
S (27) BoR AR(1) BT 50 BN SEIGAG TR ZE (K138 MSE. ik it 75 A H 11 4% R ok R e AT
A n = 4001 5 n = 4500 Z[ABEHLA. K 3(a) A (b) AR B, 248G Tkf e A I, A SCHE
(1) UR-RLS 5 UAF HATARIGRIL. 53¢k (18] thi4iie—2, LB UAF il UR-RLS 5
fE48 RLS SLAEJC ke 75 i AT AR (MR e (HE, Bkppig s 2l 43 RLS M UAF HIbEReAR 2, 1
%} UR-RLS M43 FR.

1Tk 7S 520 UAF IR SR I il B B, LA SR IR 2. 17 RLS BRI &R
SZ ke TP S oy, RIILPEREAIGT UAF 247, ol (2) A (4), kb 7 75 204 K i
i, 15 UR-RLS % FEA L Z 2T
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Figure 4 MSE results of the various algorithms in the presence of the impulses for nonlinear signal: RLS, UAF, and
UR-RLS. Impulses in the observed noisy signal appear between n = 4001 and n = 4500. (a) SBNR=10 dB; (b) SBNR=

—5dB
5.2 IELKEREHIES
8 R AR AE S 08
2 = 0121 — 0.5c0s(3x4_1) + 0.4sin(z_o) + 0.day_o + 2, t=2,3,..., (29)

P SEHAMER A 5.1 /AN, FIFER LS RLS 1 UAF 10 L.

Bl 4 RREF ARG 5K (29), 2R AL SE RLS, UAF Rl UR-RLS 5256 H A 5 3T il
THIN 50 JOMSZSEG A TR ZE 1) 2135 MSE. HPAE(ERELL (10 dB) MR MEl 4(a), JL5E 3(a) 1 AR(1)
5T AL B2 A3 ARE R LE (-5 dB) TS KU 4(b) Frw, JL5E 3(b) Fianil ARQ) 7
5 AL R FA NS RV

5.3 HI{EIEE

12X (2) F1(4) ) EME LI SO I B EE PR AR, BRIAS 2 S g 25 tH ILAG TS5 R 5
G HWARE&AER B #5, P54 L SBNR=-5 dB.

5(a) A (4) PRI PE R BN TS5 R, b ke = 3.0. SRS 1 BEE T,
AT DMEARSZ B 75 400 1, JCRERG R i R 2 pR K 22 H B R N 12 B S REAG A Al
LAY, X ARUE T FIR JE I 85 IR OB b REAS A2 2 ik e 75 (1 52 P 5(b) U 2= 1k 5, 2L
W ke = 2.576. BTS2 K 75 TR IS 5 ER S TIONELE AR, PRLE FIR S35 88 N 1) AN 2 52 ke
gt 75 ) S )

5.4 NFFCIBIES K

VA7 EICETBEER (fiber optic gyroscope, FOG) - AU ANH i<k il & BR % T4 (1) 4 2 (< 0.0042° /s), 7]
LA 21 e AL iAG I . SEE 201 FOG i BEBENLIEE R ECh 0.005° /v, KFEA 100 Hz, HoA
WG S HBCE A 5.1 /M.
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Figure 5 Thresholds estimation of (a) saturable nonlinear function and (b) prediction error (k¢ = 3.0, k¢ = 2.576)
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Figure 6 (a) Initial output of FOG in a north finder in adverse environment and (b) the UR-RLS filter’s output. Notice

the longitudinal axis of (b) has been greatly expanded compared with (a)

FACBUR B AE FRE FE R G b MR BB A 1369.2 54T (82.1520). AW N5 6 EL AT AL Ay
—3.06 dB. BN ERAE 60 s, FIEAFA] 4 min. K 6(a) 41 TH—AMLE FOG IR S, Wl
RIS AT ER, 7TUUE R & E5h5 R RIRShH FOG 2. %1 I i Bm 347 b 1 {8 i
S HAE R 1298.6 AT (77.916°), HESEAE A2 70.6 4.

Bl 6(b) 4 T4 UR-RLS &ELEHIME S, AT RGES 5 RIS T-H Ca s s bR, it
IR e Lh g = 21 6.13 dB. AR 5 EAS 2L i 1368.1 %47 (82.086°), Hoizd % FFAK 2
1.1 #4.

6 it

A e PR S A T BRI, B R N e T B M E N g .
He) 3 HAT I AR 2 R L R (AR o K, U0 7 M e o 7 X 0 s SR S ST R i L, st
VTS X A A S AT T, IR G- S LN 5 AT L, A DU o RO RS e 2 Bk e 7
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Unsupervised robust recursive least-squares algorithm for impul-
sive noise filtering

CHEN Jie"2, MA Tao'?3*, CHEN WenlJie'? & PENG ZhiHong!?

1 School of Automation, Beijing Institute of Technology, Beijing 100081, China;

2 Key Laboratory of Complex System Intelligent Control and Decision (Beijing Institute of Technology), Ministry
of Education, Beijing 100081, China;

3 Key Laboratory of Applied Superconductivity, Institute of Electrical Engineering, Chinese Academy of Sciences,
Beijing 100190, China

*E-mail: matao@bit.edu.cn

Abstract A robust recursive least-squares (RLS) adaptive filter against impulsive noise is proposed for the sit-
uation of an unknown desired signal. By minimizing a saturable nonlinear constrained unsupervised cost function
instead of the conventional least-squares function, a possible impulse-corrupted signal is prevented from entering
the filter’s weight updating scheme. Moreover, a multi-step adaptive filter is devised to reconstruct the observed
“impulse-free” noisy sequence, and whenever impulsive noise is detected, the impulse contaminated samples are
replaced by predictive values. Based on simulation and experimental results, the proposed unsupervised robust
recursive least-square adaptive filter performs as well as conventional RLS filters in “impulse-free” circumstances,
and is effective in restricting large disturbances such as impulsive noise when the RLS and the more recent

unsupervised adaptive filter fails.

Keywords unsupervised adaptive filtering, impulsive noise suppression, recursive least-squares algorithm, FIR

filters, prediction
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