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Abstract A frequency mismatch (FM) compensation method
is proposed for the narrowband active noise control (ANC) sys-
tem to solve the problem of large nonstationary FM. Inspired by
the momentum least mean square (LMS) theory, a new recursion
algorithm for the updating of frequency compensation sequence
is derived by incorporating a weighted accumulated square error
into the cost function, and applied to the conventional filtered -
X least mean square (FXLMS), filtered -X recursive least square
(FXRLS), and variable step-size filtered -X LMS (VSS-FXLMS)
algorithms, respectively. In both stationary and nonstationary
environments, extensive simulations show that the proposed FM
compensation method combined with the VSS-FXLMS based
main controller possesses excellent tracking ability and is fast
convergent.
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HI XL 5 1 3R R RS L) LB A5 I e B 4% 7 2 A e 357
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W 215 5 (P A3 S 200, RS R R 7+ B s 1] 2 e g X %
SBAR, TS RS AN LR )y, B e (R
BR8] A B 4 (Active noise control, ANC) %
iz BN ANC JEMHE A AR T3 2 s B i gt
SINHL P B AR R U (R R ) 5 A T B ) DR
BRI TS (BN ) B, TS B B sy B 75 1 H (o).

TEAMHT B ANC RGEh, A G S AP RM S EE
5[ A R R g DAL I S R G i i TR RO e
UL AR UK I 4 55 8 3ok 2 g R W M TS
55 AR, PRSI AE L M EE 5 I R G Ae 8 PR B R R
SO B S TR S AR P A SRS (BT I
VAE) R AL AR IR 07 BE I . AR B RG B A5 1) 15 kS 1 T
ARSI IR B AER, FROM 4 K (Frequency mismatch,
FM)BL BN AR K B 2 S BOR G IR Bk H b
FEOL AR RRI R SR AE ANC 952 B B FH o A S wfe L 3l
O AP ARSI G P AL TR, AL BT I WY, G IR 25 5 3
PRI g (Nonstationary FM). W ik WA DK
VEBE -X /N7 L (Variable step-size filtered -X least
mean square, VSS-FXLMS) (13 2h# 6l #% 1T LAR 4 i B2
B SRR S U EP Y IR O SN AP T E S ST F S
ek 7.

Xiao SR A H By AR BTN 2245 5 AT AL AT,
Bl N — i R FMUTL LA ST R — AN AR K
PWAMz2 (Frequency mismatch compensation, FMC) 7R 4t.
GBAERE T AR RE S I, R TVE AR 5% R
PURA L. B 5N 8K ) Pl 2 sk oot AR~ 3e, R4
B R MR LU R . X A2 th T M B AR 2 v x)
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Bht. Dahanayake 55 HI I Z0 9 BEAS VA AT — I 21
(RUBRE AT, I T B T3k 42 2200, Ting S5UEH T
MLMS #iLtF LMS (Least mean square) 3 45 58 PR 5 i
st REM . 7 ANC 413K, Chang 56 7EK 421 2 TUE
Ve AT LGNS IR B G AL L) FEy ANC
AR R AN R LB S R AP [ 1621,

ARSCHET MLMS ¥ EAH, HES AR M2 7 510 143 1
KA. EMIHE P ek g e b a2 5 H DL BRI HE P A3
PR RS . RS B A AR I SO B, T
11 R GEIB ER e J) AP e g, B340 00 55 56 Tk -X R
¥)77 (Filtered -X least mean square, FXLMS). % -X i
A E /N3 (Filtered -X recursive least square, FXRLS) F
VSS-FXLMS 8k p) L HEHIAH 4 &, W AT RRLr &t
REFRFR. IR, Brih S VSS-FXLMS Sk 4 hlds
g R, ORI, A AN T AR SRR R R RS
PEREM MY, HAZSE I TR A H & R A M Sk A
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p(n) = Z [a; cos(win) + b; sin(win)] + vp(n) (1)

i=1

Hor, g WAL wi FEH @ AT B BRI S R IA
A vp(n), HITENR of. BHEAE S RILBERZEIITER

Za; (n) = cos(win), s, (n) = sin(w;n) (2)
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i cos(a,n)
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|
i sin(wn)

B 5 MUERIESAE W ANC RS
Fig.1 The conventional narrowband ANC system
(ith channel)

{55 AR A AR AT, W e USRI IE W 5
SRR, FEY O R AERSERA. W {wi)l,
S T e S I 0 S A R H e M ok R IR T &
$ {as, b}, AR B HUE L 25 (Discrete Fourier
coefficient, DFC). X W75t ¢ ANMZeMEALA 1 FF-AT 30 2%
AU, BRI H] g R, BTAT DI 2% 14 B 1 S AT
BT IR A . e B R, A N S T
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FXLMS Sk R S, d . et thlrwl) iz v
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20 8 T HE AT i AR AE S HRRER, W LMS Bk o gEgh g
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i:]-vza"'?q (8)
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&y, ()], WS LS55
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HAF AR A%, XA FRAR I AR ZE R AR =1, FXRLS &% 5
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THEFRa M 5308 FXRLS BV R AL, X ETERH
T FXRLS 595 148 25 50 BE L0 A R v g i AR 13 /D
R N 75 (1800 K T 7 484 2 R o /7 g g 3 A i f R ST
%, SR T S 38 25 R B B4 IS TRD S DU s, A% b B BT R R
ANHEARAIE SR

1.3 E# VSS-FXLMS &%

h T IRAERBAR AR A D2 . & B Siod B FE ER A
LR RSP R (A5E N fE ), 51N VSS-FXLMS 4319200,
WP pra, (n) s, (n), KAV E 25K pa, A
fav;» RPREANER @ BURIEIE, 480 FXLMS $E3knl L5 g

ai(n +1) = ai(n) + pa; (n)e(n)Zq; (n) (11)

bin+1) = bu(n) + o, (n)e(m)i, () (12)

MR FXLMS FER BAr R EE Bk 4L, J(n) =
e*(n)/2, AEE pa, (n — 1) B pp, (n — 1). KL R
BT R

1

J() = 25) + 5 S gl (n— 1) + 4k, (- 1) (13)
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pra;(n) = pra;(n = 1) =10, Vi, J (1) (14)

po; (n) = po (n = 1) = 1o, Vi, J() (15)

Hrr, Vi, J(n) M1V, J(n) ARLE n RZIBRIE. 0, A
m, A UEES KA, NAZIAR /N IE 5 4, 2R fr
RGeSO & B fad R 22, @t (13) Ak (7)
R FXLMS 1R 78 5 it

Ha; (n) = §ai:uai (n - 1) +
Maye(n)da, (n)e(n — Dia,(n—1)  (16)

o (1) = &b, p, (0 — 1) +
N, e(n)Ev, (n)e(n — 1)dy, (n — 1) (17)

Hrp, &oy =1 —na, i, &, =1 — My, . BEA e, Fl g #B2Z
RANKIEREL, €a, M &, BT HEE 1 KRS Kt
ZA TR R BB T MR s 2. 5 (11). (12). (16) FT (17)
fRET VSS-FXLMS HikIf3A LA,

2 SRR ERIFME

AN L ANC REEPERER W™ I, AE 400K
TEAEMITSOUR, AL DA Skt 47 i 7 s s A e VR TS
FRARRCR DR R A 2 2 1) 5 2% A5 5 3R AT AN 2 DA TR ).
ISR UGN RZ NG, BIE N FELAME T2 T 5
RS T 1.

2.1 fREMERAIMEEE

Xiao ZE7EX) FIR B4%57 ANC REM ST, $H
FIFH By AR BRI 22505 5 T TAL, BER R X — & fE
FEI EMUL, BBt FIR ik 3% 58 Yo s A Ao 1 3 384
TP, 2B ASHRENSHESTUEN

Za;(n) = —ci(N)Ta;(n — 1) —x0;(n—2), n>2 (18)

xp,(n) = —ci(n)xp,(n — 1) —xzp,(n —2), n>2 (19)

AP S IRZEAN R R ci(n) A —/ME LMS 5095 —
FE T BB A

ci(n+1) =ci(n) —
pe,e() [a(m)ia, (n = 1)+ bi(mio, (n — 1)) (20)

HARFORR A &0 T LR Bt e (n) I/, S8
e, FEEXNIIPK. YME ci(n) WA —2cos(w;). MR K
(FM) 32 Xh
Wp,i — Wi
e 100 (%) (21)
AR FMESLIIAE — R L GE TR N Rtk
A AR R Yok R [ G Y R ] Yo abt ] RS N
A FEAR R R I Wk A S AR, Bl iy I R R
M TR ARE. WFST R, %07 vk EVRE AT DL B AR A K
VSS-FXLMS #4:H, fift k0K R 4 R AT AR 2K
p TR Ml I R A2 M o e AN =y e | R = T |
WX FREE A RGN R AR ™ T, 0 A
I 2 % B, KPP E VR CSOR B g, e VR SRR R R
28 I PR B AME . WIS B R R AME T VR A R G 1 R

Awi =

2.2 WHHRRRIBIMEEE

5% MLMS 5k ik, #5002k B ARUE T 21 2 2% 45 5
FAMEIRAT, B AR BERY ) R BOE B S — s B IR
T ARG FM MR F bR A A8 I K~ R A% e 7 e
/N, OB TR FM MR RE, K bR R BB~ T R A
FERIABCR B, B0 T S AR AR A0 24 i A% 5 B 1
DURREE. XK, P T IR B4 st R B, s 2 2
RCHEMAR AN 22D K LB e R 4. KR AME S A
N ASG KBS £, AR T R LR TERE.

VSS-FXLMS |e

B2 Bt R IAMEIAR K ANC R4
Fig.2 ANC system based on VSS-FXLMS with

modified FM compensation
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L NS ynk g S00yi(K)
ivci Je; (n) - kZZI)\C e(k) aCz(k) B

SIE Oyi(k) 0ia, (k)
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bi (), (k 1)1} (20)
M foei B BRI IS ci(n) HIBAASK, W13
ant 1) =) - spe Ve do(n)  (25)

K2k (25) AR 2 BURTF, W15

ci(n+1) =ci(n) = pe, y_ A e(k) x

k=1

fe, Y )\Z”“e(k){&l(k)i:a (k—1)+
k=1
bi (), (k — 1)} (26)

A5 5508 B A R, T
n—1
ci(n) =ci(n—1) — pe, Z AR e (k) x
k=1
{@k)aa, (k= 1) + bRy, (k= 1)} @7)

A (26) s (27), AT LI FM M2 RECE B A

ci(n+1) = ci(n) — pee(n)[ai(n)za, (n — 1) +
bi(n)iy, (n —1)] +
Aclei(n) — ¢i(n —1)] (28)

SO FM AMER BT HXGIATHE Ac[ci(n) — ci(n
— 1)), P S A MR R AR A I T — ORI — AU
R ci(n — 1) AEREAT—ANSRIE. AR, Sk FM ST
W SIURE g RIIE IR B ) R R IE S

H TP AME RGP R, B HAME REURE e, (n) =

Ciopt — Ci(n), B Aee;(n) = €c,(n+ 1) —ec,(n), W

Aee;(n) = pe;e(n)[@i(n)za; (n — 1) +
bi(n)@, (n — 1)] + AeAeg, (n — 1) (29)

B y(n) = e(n)[ai(n)ia, (n— 1) +bi(n)iy, (n — 1)], FIHHF
R RTIEES
Acec,(n) = Al Aec, (0) + fie,v(n) + fie, Z Ny(n — )

(30)

3 (30) H M2 2R B 22 10 SR A5 =0, A AL
Xe J30 I, BCHERIAME RGE B Xiao T R ML R
g5, T y(n) TEH e(n) Flai(n) MBI, XK HME
FHU 2 TR R 5 DFC i 25 (8 R 3, B2 gl Rl
BER FM AMERGRRARZAER. 2 A ££ 0 2] 1 Z[R]I, 4]
fEXT RGBS WA K, X RERES TSN, d T2 3 T
FAAE, IER) Ae 3RTF TAME R GERIIBERRE ), Ao HUEBOR, W

SIGH ERIB ERPE REFLTH AR, i i S5 P PRI 3 THAR A PR 2 B
ArEee.

ARG E MR AR IRZEA K, 7T LOE R AR KA
fhe; IIHERECEFSSIERE. D KBS pe, MBI T Ae #8
LR A WSO L B ERRE D AR RE. MR TR R P22
BB K pae, (n) BOMALIA T Ae(n), 72 R GEEGT FEAN
B P ROB BRI RN R BRI pae, (n) B Xe(n), $2TF8hAIE
fE; 7RG B F RN R AT pie, (n) B Xe(n), $-TF
FEASTERE, B BCE sl SRS YEREM T JE . PR I b 2
KX ST ST, A1 TAE RS A i R 5 T
PERTHTIN T A AIE R ZERIAT, DIk FM A R S sk
HEAGBEAERE R TUILE B, WM REA T RO, A
RGN LA G GAN T [MAFAE € (K50, A DUkoR iR 22
{10 5 b Hdme /N A H AR R SE B g et 1 R 8. R
A Pl A 5 At K FM A SRR A 4t mT LAGE 24 -4

3 hE

A% FXLMS. FXRLS Al VSS-FXLMS M H 2
HERIAR R AME S, TR AR I A 1% A 5% 1
LN RATERE LA

R A h Matlab #2420, BESR 0.47, KK IE
KAl RE T AR B FZ il LMS S:AG 58], BLE i8N
WZRFEA 2000 AN ATIAMEIE N FIR IRGUBIE N REL. &
1 FH T IR GOl E S e .

R 1 RGPELERT S

Table 1  Parameters of secondary path estimation
A ZHi
RPIE S (z) MK 20 (M = 21)
Mg S(z) K 25 (M = 26)
VRSB D K s = 0.0025

It NG 77 7 o2 (n) =1

NI 7 2 o2, (n) = 0.1
VIER/€3 25000

SR SN E S ISR 2 Pios. AEIEAE
ITHIR I L, ARSI DREC BRI 3 R R e, 9F
TR0 S5 o 92 P 8 368 28] ) e P I R L R SRR 5l A
(RIPA RIS 5 FL 4 AR R 1% 5 % 100 T IK
ARGNERE. AEIRACI A IR] 5L, 0200 7 B3R (1 2 8 20 ) A
+1% BE% —1%, +5% BE% —5%. SH(E IR IRAARN

K2 WA SE

Table 2  Primary noise parameters
SRR T RS
B w=1[0.10.20.3]r w=1[0.10.20.3]r

AR (FM 1 %)
WA (FM 5 %)

WFM1 :w(1+1%) WFM1 :w(lfl%)

WFM5 :w(l+5%) WFM5 :w(1—5%)

B R dsea = [2.0 1.0 0.5] momets = —oea
bsta = [_10 - 0.5 01] bnonsta = —bsta
Bt 1 7 7y o2(n) =01 o2(n) =0.1
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A AL S o I A TR A 0 e Y SR A SRR D AN T
URAAFAEAR I AR 2, RIFA R (FM). 17 F0h 34T 100
YA IS S A T3 a3 2R A

FM 1% W6 =Fh A8 0 S 80T 008 : FXLMS 8
EEEHBRN S KA peon, = 0.0035; FXRLS Hik M RE
Ai = 0.995; VSS-FXLMS HiERE € = 0.998, n; = 0.0002;
i=1,2,3. NAMHEGERIRRRMEEE, FOPKRECY pe
= [0.00001 0.00005 0.00015]; ik (FIAT R AL A (M vk,
HE RS WM pe = [0.000005 0.000025 0.000075], X Tt
HHR, BSE TN A = 0.8. FM 5% I, ¥ VSS-FXLMS
FOERBA N n = 0.00005; ¢ = 1,2, 3; HABSHRFAAL

I FH A 50 I A 3 M R0, AT 2R R AR K B A 7 IR
PR, B RS WSE T8, A T TS
B BE, A LA 16000 AT RS RE £, 1k
I, B AL BN R ZE O SR R . B 3 440
RN 1% FIRGIE ARSI fE gt b, Hop
Kl 3(a)s 3(c)s 3(e) 4 al AL FXLMS, FXRLS. VSS-
FXLMS M & Ge S o 2 503 05 I ik Ay i 22 e st 2k, %o
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£ 00
'é’ 5
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g 5
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g 1s
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5]
= S5h
54 p
g 9
£
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-15
0 4000 8 000 12000 16000
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(c) Conventional FMC
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---VS8S-FXLMS

S @

(=2

Mean squared e (n) /dB
L

0 4000 8 000 12 000
Iteration number #

(e) fLgemir Kb
(e) Conventional FMC

16 000

MTE 3 (b)« 3(d)~ 3 (f) A2 Bt SR R i A2 S o (1
TR WSl 2. fEakARREAT IR, 2 U Bk REUR AR
IR RS, IR AR +1 % BEE —1 %.

Bl 4 THRRMEN +5% B —5% I &% H ik
MARZYERE. B 5 b EHHISE L VSS-FXLMS {iff FH it 45
RAME IR RAL GO M BRI R B S &5 T, B
5 (a) 2 T SO AL S AR AME R AL ¢ (n) RS 2.
Bl 5 (b) 43 A AR R (A3 57505 1) VSS-FXLMS K
Westh g, T B SR IN AR BE, 1 Ha% 4 100000 AT,
7E 50000 b5 NAE TR, HAh 5K 3 MK 4 524 —
B|OEFEWN T RRER FIRZEWMR 3 iR, BAWTR
ZE ARSI 2 2000 £ K035 2 171 B (A5 210, B,
Er[e*(n)], T =2000. TP 24 0.1, FadiR
ZE W ERAR S /ME N —10dB.

AR BCAT LAAS

1) N AFEGN FM AMEE AR R S AN K 115 i
T, FXLMS. FXRLS. VSS-FXLMS S0k 5 2e 48 Bor
H R TARRE, ERAIEFRAAA R, FXLMS fl VSS-

5
2

—FXLMS

—
(=2

S

Mean squared e (n) /dB

0 4000 8 000
Iteration number »

12000 16000

(b) Suhsi K
(b) Modified FMC

— =
[ S I Y T =

Mean squared ¢ (1) /dB

4000 8 000 12 000
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(d) Modified FMC
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(o3
<=

---VSS-FXLMS

o n

(G =Y

Mean squared ¢ (#) /dB

0 4000 8 000 12 000
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16 000

Bl 3 A PR s s kil 1% ARG IEEREX L

Fig.3 Comparisons between algorithms for nonstationary frequency mismatch 1%
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Fig.4 Comparisons between algorithms for nonstationary frequency mismatch 5 %
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Fig.5 Comparisons of coefficients convergence for nonstationary frequency mismatch 5%
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