FHESHR 2026,44(4) .

5
AR BT i R

AN R AT T TR

WE “THYE ERSTERFLRE LA FRRTERE T LHE K, 5 %4 (sound field
control, SFC) 3 RAE A £3hiA4x 5 F IR ELF B, L5 AR T S 2 kE, BLEEGIHHBN
RIS, GRT FYTE NMRUTRAGIHEFRHIEEAEER, G4, AEAKRRR I L,
MET B EEPIENIEE, HH Ambisonics KIS MA L ETEEZ 7k 5RAM A EI; L
KB SRR FHIAE, GEATARKETREAAT FFHEESNAL SRS T Ry % &
B, NRGEM AR IR ENAE, RE T IR NEL R THRERRERS

BRI, & FRIRENER, T EHEEEARE RRE R T RAIEH A S A AR REAE S

e ERET G,
KA

7 37342 il (sound field control, SFC ) 248 i i X} A
U5 AL M i Ak B T, AR a) v = 3l
7 R L P BRI B B A3 A I — R R, L EH
PRS2 7E 45 2 DX 3 P S0 90 HH B8 7 37 A i v a8 4
ARG . BEE RSG5 AL TR SR
RET VL & g, SFC 3% i I FRIE BiF 5% 5 [n] T2 1
H, FEDTR X E A, B R EEAR . F B M ] S s [a]
BRSSO T . A SR A
YRGB AR E M DL S B A S RS
IO 5 T S — 2 R, (ELFE v 4 75 1 1Y) R AN
AR S R G R Z AT A AE W S AR
JCHOEFESRIRM . RS ARG M M AT 32 PR SEPR v
ZRAER, AT EEATY T I 7 b PRI ME . BE T IR B,
ARSI G875 45 B B9 A% o IR, % 3 A R A SR

LLPEREREEARG, FEEEHFELAEEA LR E,
4L 3 100190
2. B EBF R A ZE, LI 100049

THYE; E I B EE; MCF R R G TR 2

W RALIEAT R GeRE, T G E R I BLEE Y5
i T IR RO B R DK, 516 W SRS 5 T
BSIR S

1 EhHE#
1.1 EARFE

75 378 & (sound field reproduction ) &35 il i 7 7
AFEANAE B AR BN 52 U 5 355 1, W AL
PR AT ¥ A 25 T AR S . 5 RS R AN A,
37 E G T 2 X N P S B AR R P A D T, Pk
RESZBEDNEEHE) | o A% 3o R BRSNS 8 DL BG4
LR R

AR AR E R, R E R T 2R 5%
il . Hor, BTkl sRBURTF I 1308 e
i LIAT PR S B50C4 3R TOUR XS 9 19 75 S ek, Ol Je 2
AR S — BRI R . AR TR X IR PN, AT A
H S Akl R EUR I AT R R

Wk H 9 2025-11-07; & 151 H 1: 2026-01-15
FETH: ER ARBHEILETH (12574506)

VEF /I A2, BRI 5L, D987 6 A7 s il S5 75 15 5 A B0, s F{54: jyang@mail.ioa.ac.cn
SR W7, JH3E, TRAK, %, IR BER (D). B 5417, 2026, 44(4): 44-54; doi:10.3981/j.issn.1000-7857.2025.11.00021

44

www.kjdb.org


mailto:jyang@mail.ioa.ac.cn
https://doi.org/10.3981/j.issn.1000-7857.2025.11.00021
https://doi.org/10.3981/j.issn.1000-7857.2025.11.00021
https://doi.org/10.3981/j.issn.1000-7857.2025.11.00021
http://www.kjdb.org

W5

FHESHR 2026,44(4)

Pp(r9.0k) =33 al (k). (k) Y (9.9) (1)

n=0 m=-n

K, r,9 Flg s HIFRRERAAR R TR M 57
B0 A1, k=2nf/c, Kom B AL, fRBUAR, ¢ A #H,
ju (kr) Ry B3k DL FE IR BRAR, (k) kil R4

BRI R AR, PSR A RAE B AR 50 A
FRPE . SR, AHOCOT RETEZZ se WUBRCEE | MR A 454 K s
IS P 7 TR — 2 TR PR . 7 3 R R i
3SR FH KA 22 5 XU, 7S A3 T Bk A2
e, (EATBEER ™A, HAE R X i 4 251 T B 51
FUBER I, TAEZFR . S FEAIRE S AR, Samara-
singhe 45 "¢ H % F 51 By 22 52 XL (higher order micro-
phones, HOM) [4:%1], 8 i 4347 XA 1% 9145 & Graf il
120 BRSE 4 R P 37 2B T, D BR T A 2 i e BB
GBI B R AT, Z4ERES) o 2 TR AT
F1¥E, Chen S5 H 3T TIFR 1 1) =4 75 37 R 42 U7
25, R 438 1) 5 — B 22 5 KRG T HE B 5 25 &
B, AERIERS B A R 6 T B8 2544
12 FHEEMEHAT X

7 37 R BOR AL AE RUH 5 OR X
PR 2 25 XUH A b A T AR TN HER A
FEME R AU 75, HE E AR TR s ) vh L2 A
J e 7 3, S AW D0 R BR T HERR L . AHEE
Z N, RIX Sl Ed B fe A IR RN 2400 E
TR TR, CIE 2 R LA S Ik,
£045 75 F PE B (pressure matching, PM) | = i Ambiso-
nics(higher order Ambisonics, HOA) LA J2 i 37 & Wl
(wave field synthesis, WFS)5% . 3T #/N 3 (least—
square, LS)#EN % PM 5 {28 i fge /M2 i sk B s
7 R 5 R 22 (AR 257 05 FL, SEERT B AR
MR EEY, fB50 PM VA8 0 S0 T A ik 45
i AR R 22, (BAESC PR T b, ARG D e 5
A BRI SEBLAT R A S B . Ol R B 5 AR O
WAz 7 g A5 AU AT JR), WF58 R B/ N 0 i e 5 T 0
¥ (least absolute shrinkage and selection operator,
Lasso) 5| A PM HEZEH, LABR BG4 r ae bt . i
— A P B BE Lasso—LS A0 515 5 1o 7F 5 —
W B 2 DO e e R, AR T s R L TR
B, T BAEAAE IR L I 75 AR .
SR B ) e — Ak, RS AR T R TR

www.kjdb.org

Lasso HEZL A3 PM 57, BEAS [R5 Ltk 20 Br N
93 75 SRR 5 28 (W) o3 A, B8 T 5 A s L
PSR . S B Be AL LS iF — 0 R IK o At i
25, NINAEE TG B S R B 4 2 RIS R, ik
AR, A WFIE | AR VB A e e
PR ARSI AR AR R T IE T LR TS T
T AN B 0[] B e 7 5 [l ) A 1, DA TR 5 T
H Y — 8

HOA J5 7 38 2 1F 38 A5 385 J I X 7 g i A7 %
I /MU TR IR 75 b 5 R 1 2 R B RS R R
%, T Gerzon™ T 1973 4R, BT —Bakil
PRI BN A3 i, SR RS T 1 DU TR T 553 1 4 47 75 2 5
M ARMGEHTF/ANRER @, b5 KB HOA
AR @S5I A ek kg, A R T sl
Y25 yu kel . Ward 5" R G00 87 T HOA Jr ik &
HRZE, R T A KRR R R Bk Rk
SR BB BT 5 4 75 A B R Z R e G R . B
FERW, BEE 5 T E P2 R, HOA Jr ke ] S g X
SRS RAR - BR Oy ¥4 S R T, (B PR A e
TG 25 F (R BE > 3 0. WFS K fi Berkh-
out""F* 1993 44 i, HFHIS Il L /REE e W R
2R IR, R S A SIS X, T
H 321 5 04 e R o i o — B E . 148 WFS
T 35 % 250 AT R R VA A S S A, A S
B 2R 45 T 5 B2 252 7 VR B R 4 7 #R RS, A TTTAS
AR | A A RVR SR

U WFS #5732 B4R rf 2R R4 B b T 1T 571
S YR by A, BRI Y 2.5 4 WFS #
A e S A RA T, ST T RS ) = s
Y U, AR R G 2 2% B I IRl 4 8 T 0 FH
5t. HOA 5 WFS Jy ik B BR A% 78 5 K 25 W] 4 il N
 H A5 3, (R8T 2 & K 4y, Joh HOA
T3 X B LA G5 A SR A e, 5 R FHER LR 51 . AH
FLZ R, PM 5 64 75 25 50 G5 5 R AN PERE e
B ], S AN e 7 B A ) e ARG 2 75 e, (E
FE TR S AT EL A O 1 1) R P RN AT B
1.3 HES=EMNERERAE

iR R Gy Ty k2R B g AR B,
TR B 4 T A B OT R R S AR SE I E AR S
o BRI, TEE B ST, 2 2R G A A v I A

45


http://www.kjdb.org

PS4l 2026,44(4)

WFsE

XIAZ R . AR RS, I, A E T
WRER¥BEAEEEN S K@%gﬁu‘%(parame—
tricarrayloudspeaker, PAL) 5| A Fi 37 i 2 5 )85 240
o, Ut RGN A . PAL J2—FPE T4k
LM 2N T R R R, AT e AR HA R R 1 R Y
CILIVEREF A7 Vb2 2 il R i i1 N e DN [ 27
PR 2351 R ik (B AR AR, AR ORI . 22081 %
[ERYQ 2 i O et s B Y TN R 6y N P
23 S B P I R R S, 2 MRS U AT O B A
&, ITTE BCEA 28 I R R R AT T R 37 . H R AL
FHAT RN, PAL AE B0 w] W s AR AR 7K T R P AR 1
T PERRPE, 7EJ0RE &2 245 i Bk i 4500 R B A] SE
— LN TE S IR L X R A AR S ) R
it 55 Jry P A il A v FH rh AT R

rh R B 75 A 5T g A2 IR 7E PAL Y 3E
WS TN IR T REMH5, b PAL
ARTE RS gl 45 v g B FH 2808 1 SRR, & X
PAL fEHEER K . S5 1 & 2% N RS 11 585 2 [l 35O
IR, Zhu R T — R AR OE A T, S
R E XS 5 4 7 %5 (length—limited parametric array
loudspeaker, LLPAL) H [ 1 i AR, A3 25 il ol
)i, SRR s il fe . ZEAAAE R A
(Y52 2 A5 v, BB RN 23 5 1S 7 e ) 1) itk e, %A1
PAL (W38 M PEMERE. Wik, Zhu S T —FhaELR
PR 4 TIAE SR, 38 2 15 1 W X5 DX o, ORIE
H s X B B 75 RE L, T2+ PAL 7E 52 PR 37 5t
P T B8R o R 1) 2R G A A Sy — M 0 R A 28
FERFEE B, (BX) PAL i 5, 8 75 I K, B9 R4
FEAEXE LA <38 30 [B) BN T K e R,
EE I o e 1o o v 2 A A R P IR, O — 2D TR I
AW 553 o BT XTIX— ), Zhu S5 T — R
T fe /Ny 2% J6 2% EoA 7 (minimum variance distortion-
less response, MVDR ) {14856 55 o i i 380925, 7E SR
H b5 77 1 i % 16 [ Bsf A 28040 i) W Wp 75 55 3 o Fan
SECOPR T — Rl A BENLALEE S O vk, A 5] AR
BUAEA D B S BRI 1, JF 255 F/h — ik itk e
BCR fi Al F%1a] PAL Firis AR RS 515 S IR EE, A
ML SHOR T, B4 PAL FEIE S HilH 5 3%
ARLR I ELRZ MR 19 1) 5T, Ma 252 H T W BE AL
PRI7, a5 | AT SR B S el S0 ] 28 5% 1 &b 3

46

G5BT W, A REAL T EOE AR R
ST, PAL G S H B B AR PR, R
AR L TN T G L B 45 R s R B R R
2. E SRS EIE NS A, PAL 7R R 4R
FE 500 ) 75 A s R BN NS ), (H A g
A2 ARERAERN | BEF 5 IR R S R = 2
14 NMASZRZXH

FYEERARC T N H TR, 5 RTEY
fIf, IOSONO,, Sonic Emotion 254l B 5L P 2 101 T 72
R o TERE R SE Sk, 75 b g ] i 4R DR
AW AERLE, 140K WES J5 ik 5] A B I BLSE (virtual
reality, VR) & 4c"™", 5O H T 258037 5, eah,
T HOA (R i C S BLRT LAk, 40 Blue Ripple
Sound A F T & =B Ambisonics 44, vl T
7 ) Gt R S 2 o, IR S5 32 s B E HALANE
BN RS REPEAL

25 b, BUA 75 Y i A A A ) A S
7, fE— B A RS NS T Bhrs 3T i 2 81,
EHAIF 5% o 0 T AR vh T B — X 3 1) i A
HRGLINE, BEN Y Rm 2 g 5kE
23 [A)” g, WMRTZEORIE B A DX o B i 1 (] B 410 )
A B AR X3 e T8, 280 R A%, B I
Hezh 1 UL Z XS0 84 o B AR B9 PEAL E A R 4
A

2 MEEERS

2.1 EhEit
AL B0 2 5 (personal audio systems) & 7EF
FRER AR TREE B bR X 8K, [FIEHMEIEE B bR X0
[FzRiuRl AN T o ¥ A A TTE | g 51 B 3 N
a7, 5L G0 by i e R X Y — B A A,
A AT 2R S0 W o I 22 X B 2 R Y S RE X HL S5 T
B B AR, 38 L B ARIX 53R H AR X A 75 e ek
RE HUAE Mz D vEREdE A . i H AR XN A AEM >
BSOS, L AN BT 7 28 A AR 12 X 3k
PR AT RN A
p=0Gq (2)
X p=[p(n),p(r), - p(rn)]", JBIA I E L
FIRI, =g, 5 q.) . AREE, GHF2E

www.kjdb.org


http://www.kjdb.org

W5

FHESHR 2026,44(4)

&3 RBUE RS, 2R R
< g(nlra) g(nlra) >
G= : : (3)
g(rulra) g(rulra)

K, g(ra|ry) FoR8E I EREISEE m NSRS
1 PR N PEAL AR G A% O VRN 6 b 2 7 X
FURE, Hog SO X 5 G IX 2 [A] A P 2 3R 2 22 L
q'Ryq
I Rog (4)
K, R, = GI'G, FIR, = G Gy 4372 W X FE X [ 25
[ AH SCHE R o 125 il e 2 2 Xl T
T H AR 3 00 B X LA 30 7 G s X, 4n
B 1R

maxAC =
q

9 [ﬂ ) > 7 - _H ~
| Bright \
M zone |
s
[ o
rx
Input
i ol N )
E o
[ Dark A
\ zone |
Lo ] [ﬂ ) ) N~

K1 ZXEFEGEARE: 1T EE RS X
AL JH 400 75 e 2 e g X

AL BRI AR 458 38 H I A A R ) 43 B AR X
(BH X, bright zone) 5 9F H #5 X (W5 X, dark zone) 3k 5K
M2 X EE i . K2 o 1 LAl g4l
B RGE NG R aR AL E . Horh, BARXH
TR & B, AR B s XH T3S it . 8
TEAE 2 8 XN AT B i S, RS8R AE PR IE HARIX
T BE R R B, RRAIGEIE B R XA A e K-, AT S 30
23] T e S . FEBIAT Tk rh, 7R X LR
(acoustic contrast control, ACC )3 1+ £z Kk BH I X 75
fIE LL AR U 7 S B ) o, ELA 50 A P 27 ) L B
A, (HAF AR 45 I BE T AS 2 LA S B IX 5 BB 4 Al AN
YIRS VRAN LIREREG, BFFEE SR T PM &
FRITE [1) 225 (8] 08 35 1) ~F- T % 4% il ( planarity control, PC)
5B, PM 7l i e MR i S kb EE S S 1
R Z ) B 1R 22, SCEXT H bR R 5 00K i T
PC J5 1L I 7E I /2 i X BE R YR B 55 T, R b2
8IS A X i . S48 PM ORI PC 5 IRAE XG5

www.kjdb.org

—

(a) 74 0 42 52 KUEEB1; (b) VAL ER IR S0 R H A2 75 25
BES; () F1(d) MPEAT SR GER PRI 4 745 25 1)
2 ARSI Y TR X 4

Yy B — e e, (S 250 L e
fIKF ACC Jrik o ST E I R 58 LA 7 244 L
JE o E B HAR, ACC A p 12 R A, IEh
Jer BRI R AT (R FE Rl
22 HiEM#H5EHES

Fil%% ACC Jrik eI il . i R 50 R 8¢
FUEPET AL, BESE 4 T 2Rkt Rmg . il
35 AJE ST DE R AR, ACC—PM J5 B0 24 %) L i
L5 o R 22 22 ] S MU AT 35 SFR—-ACC J5 342
FEPRUE S 245X L BE IR T 45 22 BB A T4~ B/ Mk
FE R, R G ERR A TRy al P . AR SCPRN
Fvh, 724G 5 R ) 2 1 e an S EUm 22 | o B iR 22
T RS ST A DR R S, i 7 b o R 3 R X
TR ZE i URK, PRI R G e () A7 B )Y T
Elliott 45 iof T 29 o 5 1E W4k FBed F+ ACC &
ey hae v, (HIE S E S BT 3 2 B
ORI RS A1 X33k — A 2, Zhu 26042 T &b I
FHELE, W A% 3 R B AR R B R TR i S Eh o
B0, I BINEIR T 58013 L E e R go bk
e, AT TR G etk . R ¥R, £
X 38 7 b T A T I 2R 48 MR 5 S B AR 2% B A BR
il o Gao 254 H Y k2 4ULE X 7 BEAEFRAR R G 28 I
(1% TR Bt B2 T T T R R, IR — 25 2 A e Y B I
U—Net 145, it s B] kb o7 (RIR) 4 TEE -S540 FE, AL

47


http://www.kjdb.org

PS4l 2026,44(4)

WFsE

MGG T 22 XS 8 R A i B i SR AR ™
B X g O R T ok A A 4 A SR AL 75 A o) b
TR LA Bt 3 S R R SR 2 R A W), Elliott 450U
T SEAT P 2R L B (BACC) ik, il ad BT
SN A RACL B R . s BACC Jrikh
T S o A — 251 1] B, BACC—RV J7 1595 | A )i
AR, BT 2t LR ) [R) B 5 e T B IX
BT, 2P, BSR4 ) O A T AR
25 [A] P R X S8R i, SEBLT R 25 ] X ) R A4
P, IEARAT T N AR S o A R
23 MRS

AL B R G 2 W) 22 P R A ]
ZE SR oK, BEMSTESR THT 5 FARE M 1Y) TR A 2
(PO o7 W e R NS SRR LU /KRS SN
TR W S AR AT NI G A RN A, DA
RIS ALz | A AR R SR R e . BRI
D7 1T, AN TR B 51 45 14 45 FH T 48 2 W g DX 75 0, ek
51 55 3 F [ 51 45 . Elliott 5™ ACC 71 W T
K4 5 i R G55 Cheer S ER e THLF & HSLBL
TRGRIRAEL S MRS, Ak, 3Rk bt £
P 7 2 B 2 R A A ST T X OA R,
AH M7 2% B, A 3 DAk B 51 A7 Jmy 5 42 i SRk, ] 7
F B AR A B i 1Y 7R 2R LB R

25 b, A A I R Gl A 2 X g 4 S R
TR AR AT [R] A ARG A i, oY B S AR T H
P DX 3 PR T 3 3 I 0 o R B bR X8R 7 2 T
oo SRR, 2L “Hml R a7 o B
(75 I R AR —— S s il WO T B Aw
DX 3 P = By 1) 559 T HTE W 75 A, AT B 22

Fy 2 R

3 E@EEEG
31 RGEHEHMEERFE

F ) Mg 5 $21Hi (active noise control, ANC )l i1 7
H bR DI AR B 5 D M 7 R A [] L RS2 A S R 155
BT . ANC RG8 F 2 S5 1L s | 1l 4 A
DR IRAR A A, BB IE FTT ANC RGEH B an
K3 R

48

Noise source Primary path

Reference mic. P(z)

x(n)
— ) Secondary source Error|mic.
PhLm'al'domalr‘l Controller " Secondary path _;C‘_!j

Electrical domain W(n) S(z) e(n)

IAdaptive filter

3 HUEIAAT ANC R4
ZH G5 x(n) = [x(n),x(n—1),...,x(n— L+1)|4
i FEH g w(n) = [wo(n), wi(n), -, w(n)] (L& 45
TEW R B AL FE S 7R A R A, D

Estimated
secondary path|

() = Wi ()s(r) (5)
o, P I PR B B A R
w(n+1) = w(n) + ux'(n)e(n) (6)

Hrhw'(n) RIEH —~x 59, S %55 5K IGE i
S(z) BRI R; IR E(5E 5 e(n) IR EMGIRA R ETAS,
prE BT

ANC 3 AR A AR A W 75 42 ) 5 1 e B o I 3 G
B, BEAE LU/ IMA RN BT s AR 52 90 v 28 e, AL
Bz N T HAIL, 5 SRR R SR . R
P A 25 F AN TA], ANC R S8 F 20 a5
Wik 2 25, ATt ANC RGLHE o S AL AR RS i
TIPS = FE A S S (5 5, IR 1R 22 R SE BRI,
A ZER G T . R MEAr R A, 2 B AT o)
12 AR (H P R e BEARORE 2% (555 5 I Z [R) Y
M, S5 MBI 4 5. 2T, Bt
ANC RGELTHF S HEZ N, TS % E SR
By s, R HAERR e PR i S 4RI a8 1 Oy T BE Ry
B, MNIEFRRMMEE, ANC REV] n HAEWS
Fomy 228, A ANC FE BT ]300 i ofie Jo) 403 e
FH BRI e 38 R T B S AR, R GRS R
BC A AR, G ANC U FH w25 B i i 2 A B 5
IR RS, JCe B o WS ] i 4 5 2 i g i
LTI, AT SE A M RS AT 43R, FE i AR
32 IEHEESHEEML

FEHIE R ANC REERHE.C, HPERE B e
REWSGERE | o SR 2 TR R R 5EEE.
2 WL IEDY x /N (filtered—x LMS, FXLMS) 8. 4:
RIZE R T B, SEBL AL g 12 R (BAES B (55
I RH S B S AR B R, O S B N .

www.kjdb.org


http://www.kjdb.org

W5

FHESHR 2026,44(4)

IECEL, BEFEH PR T 2R . IR x i H
/N3 (FXRLS) FIE B x 15 31 55 (FxAP) 5 %™
i LA DT LGS S BUE S F AL, ARGE TSR
Py o, A8 AR SR W o A WS SR R 2
K RSP Bos/ N, S TSR SRR AR
Z IR

ARSI S B AT 7 4H, W58 IS5 b B
LK 5 BT RS 2 7 B T 2 AR A k.
ANC B30 o A4 bl b O, - B DU >R Y 22
FREGIYS, 2 3 ¥yl B 2E REARIE N B % 55 S il
AR BRI Ak, W R Rk A A
SRAE TRV ISR 0 i e 5 AR K, AR AR AU, A
A S50k D P il s SR BT B TSRS B AZk
W7 O E R ANC REE, Jay i sy vk vl ik — 20
FRIR R G R4 E . Zhou S5 T IH A7 R R 5L S AR
it T IR ANC 53k, 7R85 & RE UL R R 1Y
[l E AR T R GEAY BRI

AR, TRIE =) IT kB i 5I ANC G, —
Jifi, CNN, U-Net 55 [ 28 B AU S B IS I8
A PURAE S, BRI T RGN S IR sl S A Y
T8IV RE ST T — 7, AT R A 5 il
PEL VL o AR R L P E B A, S B 1 pRs g iy H.
TCHHNE I I FEMCR™ . HEAb, Jor 2] 5 A
T A i e ) B T B 2 AT sk B L 22
WIH MR AL ANC RGBT ,

TEZ1HIE ANC R4H, h TREW T ZRH
PR TR ZE AL P AR, BEAE S B B R A (R [ P9 Y
Mg 7 o, (HCHGH 3 A2 R P R TE AR R .
e, FFEE S T 2 A 2 IR . Frp, SR
RZEF LW X SR EE T (MAESEE
) BATERE I, AT RN PR 2R S A
R, RIERAE 225 RGP IR . 55 —T5
THT, 22300 T 92 ] SR LE S A 4 v X 1) 2 1S
oA AT A rp U R B — 0, 3t
S AH R o HG ok 2lE R G PR 8 2
Xt S ) B R GE, T IO IR S SR AR,
AR R AR 275 A5 5 L2 B B S B A 33345
oA A7 T R 2SI A TR A, E— 2D
BB R A

TES IR Z W L PRIR S, SR ANC &

www.kjdb.org

Sfe At TAER G 2R o M RRE AR fb SRk 2
PR RS A 23 T B s i 2% R B UR AR AR Ak, DT |
RAEBEIRTE . FE SRR S A N I b, 38 R T A R
LR Z HIRPEAR, THAE ST B AR, AR 4 4
Bl A B 148 25 X 0 1 e L D8 e 2 7, kA, i
T IR I A 4, T ST AN [) Mt 2R AR g ek
VERC S 77 YRR AR AR 2 SR I R G
P ORI RZ —, ZiRER . SRS R
M), YR AR A A S I AR R, (A B R R TR 5]
(RIS T0 20 T O 25 ELSIC I A% o DL, R Uk 0 s A0 A
SR X B AR B AR I T BT B, SR, AL Ge e 2k dAss
D5 R SRR RS 55 | A K IR A, SRS
iR E 2% WS, HAMEDY R E 25, 4
X 3% — [F] 8, Wang 57 T — b L R SR I 1)
AT ANC FELR R 12

PR MERIRL R 22 A0, IRGE IR IR MR I
B T AR MR RIS BRIl ANC RGiMRE.
U, B B4R T 2 B RN . B — AT
iy U S 29K 2, WNRURE B 7 18] FXLMS Bk 5
Tie /NG R 2 AR, S el AR B A e v R
U I A S TR K, A RO I R RS T R B A
RO IEFE T AR A S A AMEE, FIF B Volterra
YRS A 25 X 45 AR (4 FLANN 5 MLP) "™ ™%
ARG ARG R TR ORI, R T BB i A
ANC FEHl AR o T S5 P AR T B 5 TAESR S0,
B SRR 5 7 A AORG B T, K PR K Y
AT .

BB HT R ANC S B S b f it T H %
MR . AR, —SUELT LMS B4 i g 0t
ST, BRI T M2 SR 11 JRy B, 3 AT R Ao
fiio WERHT MRS T R RIAS S PE REFE 4G 1 SRS
AITTINE™ . Wang S HH T T FxLMS 519
Bt ANC 25t W BEHLA BT, 1Z AT 5 AR AT AT
R RE M {5 S TR RN ERAR AL R R S AR B0, 48R
T ANGE I AT R E R A S
33 MAH=S

ANC HAR B 12 I T W 5 5 4R gl 4 i 0,
AFEREMEEAL, kAL RS BT A PR L
B 5 R R . B4R T ZF
ANC RGN Y. FEMEEHLAE N e s il il

49


http://www.kjdb.org

FHE Sk 2026,44(4)

WFsE

(a) ANC HHL

G.RAS. Primary
dummy head loudspeaker

tracking

P SO e
pmcessorn B
[ Dsp ;
-

' |development|
| board

Pre-Amplifier|

(e) ANC @
El 4 ZF ANC RGN 5

PRI Z—, TERTIR -5 RAFR A 450 R S8 T sk
—YERRIE B R RN R R, REAER
HE— G BRAIC, MR SR R . TER MRS R 1B
H, ANC Sk ¥ 22 453 i 4% 75 25 [ 99 1 3l 2 HL3 X s
PR MRS X, I 0] 25 5 AL RS AL R il &
DARTE R G RE, BT S SRR S R
3 22 ANC $ AR S0 A 2 75 37 00 = sh i,
Hor B AR e A 5 T 5 02 2 5 4 o e DG e ) R
VTAESK, 4540 B 22 ANC 7 L8 W32 3 6 1, H:
H bR AS P P gl i/ M T, Tl 1 X 5% A 1
VPR THT S8 AT B, Ry 32 Sl e st B AR 1 K SR
B TBR T

4 Z5ig

P AR R P S P B B T S, I
PR LS R ST R R SE BB A T AR AR, 2
ST ET P I EEEORSE . KRG TS
Yyt A E IR GO T B MR ] 3 R LA
D BOR 0 K Rk 4 ST FE I . MHORHIFTE R,
ANFIEARTEZERIFLER RGeS A 507 1 4% H.

50

A P T TR A K X R 1 S 5 1) 7 L
R EA LS, M E IR Geil i 2 X R i 4 5
BT P AR AN s 18] B, 1 2 Sl e e o T A e s )
T R Ry S e DR S TR R IR A BB
Yy SRS W 8, P 4 il B A T T i SN A2 2 iy P
PGS TR, X RGN TR RCR A fE
AR I T 2R . R AT — Rt Z
PR W75 IR P RE SR, 456800 5K 21 SRR 5K 5y
Jridk, PETE R GER PR AL 8 R AE F75 (R, i ok e
FIEERG AL Tk O Rl Bt BERPP M FE AR 5 A,
3l P A HORLE S PR TR P RS B . B
RWETETT PR A B TR R R R RN TR
FRPRETIRTEIR AR, O e [ s E AR G S BRI
RIHA S

5 R=E

T 1) SE PR IR, AR G il BT A 2+
KHEIR R R AT o e, 2B BRI s ik S
Py PR B BE P S B PR ik, A R — 4R
THEZRIRET T IR RS 1 5 AR Gk s FR, BEXS
ZIMIE, RMBRES R, R R ARSI &
PRPERY A 3 -5 70 A R T i, LA 2 S5 T
Pl SCEPEZOR ;s BeAh, T AR I 5, dnfeprs
Wi SRR Y 5 B 75 S P I HEZRAT B 5, A
BIARCEOAR 5 b ) Ty )

2% Lk (References)

[1] Samarasinghe P, Abhayapala T, Poletti M. Wavefield analy-
sis over large areas using distributed higher order micro-
phones[J].
Language Processing, 2014, 22(3): 647—658.

[2] Chen H C, Abhayapala T D, Zhang W. Theory and design of

compact hybrid microphone arrays on two—dimensional

ACM Transactions on Audio, Speech, and

planes for three—dimensional soundfield analysis[J]. The Jour-
nal of the Acoustical Society of America, 2015, 138(5):
3081-3092.

[3] Kirkeby O, Nelson P A. Reproduction of plane wave sound
fields[J]. The Journal of the Acoustical Society of America,
1993, 94(5): 2992-3000.

[4] Radmanesh N, Burnett I S. Generation of isolated wideband

www.kjdb.org


http://www.kjdb.org

W5

FHESRk 2026,44(4)

sound fields using a combined two—stage lasso—LS algori-
thm[J]. IEEE Transactions on Audio, Speech, and Language
Processing, 2013, 21(2): 378—387.

[5] Feng Q P, Yang F R, Yang J. Time—domain sound field repro-
duction using the group Lasso[J]. The Journal of the Acousti-
cal Society of America, 2018, 143(2): 55-60.

[6] Shin M, Nelson P A, Fazi F M, et al. Velocity controlled
sound field reproduction by non—uniformly spaced loudspeak-
ers[J]. Journal of Sound and Vibration, 2016, 370: 444—464.

[7] Gerzon M. Periphony: With—height sound reproduction[J].
Journal of the Audio Engineering Society, 1973, 21: 2—-10.

[8] Zhang W, Abhayapala T D. Three dimensional sound field
reproduction using multiple circular loudspeaker arrays: Func-
tional analysis guided approach[J]. ACM Transactions on
Audio, Speech, and Language Processing, 2014, 22(7):
1184-1194.

[9] Ward D B, Abhayapala T D. Reproduction of a plane—wave
sound field using an array of loudspeakers[J]. IEEE Transac-
tions on Speech and Audio Processing, 2001, 9(6): 697—707.

[10] Berkhout A J, de Vries D, Vogel P. Acoustic control by
wave field synthesis[J]. The Journal of the Acoustical Soci-
ety of America, 1993, 93(5): 2764-2778.

[11] Spors S, Rabenstein R. Spatial aliasing artifacts produced by
linear and circular loudspeaker arrays used for wave field
synthesis[C]//Proceedings of the Audio Engineering Society
Convention. Paris, France: AES, 2006.

[12] Boone M M, Verheijen E N G. Spatial sound—field repro-
duction by wave—field synthesis[J]. Journal of the Audio
Engineering Society, 1995, 43: 1003—1012.

[13] Boone M M. Multi—actuator panels (maps) as loudspeaker
arrays for wave field synthesis[J]. Journal of the Audio Engi-
neering Society, 2004, 52: 712—723.

[14] Start E. Direct sound enhancement by wave field
synthesis[D]. Delft: Delft University of Technology, 1997.

[15] Firtha G, Fiala P, Schultz F, et al. Improved referencing
schemes for 2.5D wave field synthesis driving functions[J].
ACM Transactions on Audio, Speech, and Language
Processing, 2017, 25(5): 1117-1127.

[16] Yang J, Ji P. Parametric array loudspeakers: From theory to
application[M]. Berlin, Germany: Springer Nature, 2025.

[17] Zhu Y X, Ma W Y, Kuang Z, et al. Optimal audio beam
pattern synthesis for an enhanced parametric array loud-
speaker[J]. The Journal of the Acoustical Society of Amer-
ica, 2023, 154(5): 3210-3222.

[18] Zhu Y X, Qin L W, Ma W Y, et al. A nonlinear sound field
control method for a multi—channel parametric array loud-

speaker array[J]. The Journal of the Acoustical Society of

www.kjdb.org

America, 2025, 157(2): 962—975.

[19] Zhu Y X, Zhang Y K, Fan F Y, et al. An enhanced beam-
steering algorithm based on MVDR for a multi—channel
parametric array loudspeaker array[J]. Journal of Sound and
Vibration, 2025, 595: 118768.

[20] Fan F Y, Zhu Y X, Yang J. A grating lobe suppression
method for a steerable parametric array loudspeaker[J].
International Hearing Protection Fit—Testing Symposium,
2023, 53: 055002.

[21] Fan F Y, Zhu Y X, Ma W Y, et al. A least squares based
optimization method for grating lobes suppression in para-
metric array loudspeakers[J]. Applied Acoustics, 2025, 237:
110757.

[22] Ma W Y, Zhu Y X, Hao F Y, et al. DeepPreNet: A deep
learning pre—processing method for speech distortion correc-
tion in parametric array loudspeaker[C]//Proceedings of
ICASSP 2025-2025 IEEE International Conference on
Acoustics, Speech and Signal Processing (ICASSP). New
York: IEEE, 2025.

[23] Ma W Y, Zhu Y X, Yang J. Deep preprocessing method for
speech restoration in parametric array loudspeakers via
time—frequency domain modeling[J]. IEEE Signal Process-
ing Letters, 2025, 32: 3720—-3724.

[24] Sonke J J. Variable acoustics by wave field synthesis[D].
Delft: Delft University of Technology, 2000.

[25] de Bruijn W P J. Application of wave field synthesis in
video conferencing[D]. Delft: Delft University of Technol-
ogy, 2004.

[26] Simén Galvez M F, Elliott S J, Cheer J. A superdirective
array of phase shift sources[J]. The Journal of the Acousti-
cal Society of America, 2012, 132(2): 746—756.

[27] Coleman P, Jackson P J B, Olik M, et al. Personal audio with

—

a planar bright zone[J]. The Journal of the Acoustical Soci-
ety of America, 2014, 136(4): 1725-1735.

[28] Chang J H, Jacobsen F. Sound field control with a circular
double—layer array of loudspeakers[J]. The Journal of the
Acoustical Society of America, 2012, 131(6): 4518—-4525.

[29] Cai Y F, Wu M, Yang J. Sound reproduction in personal
audio systems using the least—squares approach with acous-
tic contrast control constraint[J]. The Journal of the Acousti-
cal Society of America, 2014, 135(2): 734-741.

[30] Elliott S J, Cheer J, Choi J W, et al. Robustness and regular-
ization of personal audio systems[J]. IEEE Transactions on
Audio, Speech, and Language Processing, 2012, 20(7):
2123-2133.

[31] Zhu Q X, Coleman P, Wu M, et al. Robust acoustic contrast

control with reduced in—situ measurement by acoustic

51


http://www.kjdb.org

PHE Sl 2026,44(4)

WFsE

[32]

[33

—_

[34]

[36]

[37]

[39]

[40]

[41]

[44]

[43]

52

modeling[J]. Journal of the Audio Engineering Society,
2017, 65(6): 460—473.

Gao X Y, Zhu Q X, Liao X N, et al. Virtual quiet zone
method for sound zone reproduction in coupled rooms[J].
Applied Acoustics, 2025, 228: 110341.

fr/INER, RN A 7, A LT BRI U-Net 9 25 /4 57 1]
okt R BT IR (D], P RAR, 2025, 50(2): 322-331.
Elliott S J, Cheer J. Regularisation and robustness of
personal audio systems[M]. Southampton: University of
Southampton, 2011.

Cai Y F, Wu M, Yang J. Design of a time—domain acoustic
contrast control for broadband input signals in personal
of IEEE
Conference on Acoustics, Speech and Signal Processing.
Vancouver, BC, Canada: IEEE, 2013: 341-345.

Han Z R, Wu M, Zhu Q X, et al. Three—dimensional

wave—domain acoustic contrast control using a circular loud-

audio systems[C]//Proceedings International

speaker array[J]. The Journal of the Acoustical Society of
America, 2019, 145(6): EL488—EL493.

Elliott S J, Jones M. An active headrest for personal
audio[J]. The Journal of the Acoustical Society of America,
2006, 119(5): 2702—2709.

Cheer J, Elliott S J, Kim Y. Practical implementation of
personal audio in a mobile device[J]. Journal of the Audio
Engineering Society, 2013, 61: 290-300.

Cheer J, Elliott S J, Galvez M F S. Design and implementa-
tion of a car cabin personal audio system[J]. Journal of the
Audio Engineering Society, 2013, 61: 412—424.

Liao X N, Cheer J, Elliott S, et al. Design of a loudspeaker
array for personal audio in a car cabin[J]. Journal of the
Audio Engineering Society, 2017, 65(3): 226—238.

Kuo S M, Morgan D R. Active noise control systems: Algo-
rithms and DSP implementations [M]. New York, USA:
John and Wiley and Sons, 1996.

Elliott S.
Cambridge, MA, USA: Academic Press, 2001.

Wang H, Sun HL, Sun Y P, et al. A narrowband active noise

Signal processing for active control[M].

control system with a frequency estimation algorithm based
on parallel adaptive Notch filter[J]. Signal Processing, 2019,
154: 108—119.

Han R, Wu M, Liu F, et al. A narrowband active noise
control system with a frequency estimator based on Bayesian
inference[J]. Journal of Sound and Vibration, 2019, 455:
299-311.

Gong C, Wu M, Guo J F, et al. Multichannel narrowband
active noise control system with a frequency estimator based

on DFT coefficients[J]. Journal of Sound and Vibration,

[47]

[48]

[49]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

2022, 521: 116660.

Gong C, Wu M, Guo J F, et al. Modified narrowband active
noise control system with frequency mismatch tolerance[J].
Applied Acoustics, 2022, 189: 108598.

Zhou S, Wu M, Zhang Z Q, et al. A narrowband active noise
control system with coarse frequency estimator and spec-
trum shifter[J]. Mechanical Systems and Signal Processing,
2023, 205: 110839.

Cao S N, Sun H L, Wang H, et al. A semi—adaptive feedfor-
ward hybrid active noise control algorithm for multichannel
systems[J]. JASA Express Letters, 2024, 4(3): 033601.

Yang F R, Yang J. A comparative survey of fast affine
projection algorithms[J]. Digital Signal Processing, 2018,
83:297-322.

Xiao L S, Wu M, Yang J. A new efficient filtered—x affine
projection sign algorithm for active control of impulsive
noise[J]. Signal Processing, 2016, 120: 456—461.

Yang F R, Enzner G, Yang J. On the convergence behavior
of partitioned—block frequency—domain adaptive filters[J].
IEEE Transactions 2021, 69:
4906—4920.

on Signal Processing,

Yang F R, Enzner G, Yang J. New insights into conver-
gence theory of constrained frequency—domain adaptive
filters[J]. Circuits, Systems, and Signal Processing, 2021,
40(4): 2076—2090.

Yang F R, Wu M, Ji P F, et al. An improved multiband—
structured subband adaptive filter algorithm[J]. IEEE Signal
Processing Letters, 2012, 19(10): 647—650.

Yang F R, Yang J. Convergence analysis of deficient—length
frequency—domain adaptive filters[J]. IEEE Transactions on
Circuits and Systems I: Regular Papers, 2019, 66(11):
4242-4255.

Yang F R, Cao Y, Wu M, et al. Frequency—domain
filtered—x LMS algorithms for active noise control: A review
and new insights[J]. Applied Sciences, 2018, 8(11): 2313.
Yang F R, Wu M, Yang J. A computationally efficient
delayless frequency—domain adaptive filter algorithm[J].
IEEE Transactions on Circuits and Systems II: Express
Briefs, 2013, 60(4): 222-226.

Zhou S, Wu M, Zhang Z Q, et al. A low—complexity paral-
lel local remote microphone technology for multichannel
narrowband active noise control systems[J]. Applied Acous-
tics, 2025, 227: 110242.

Zhang H, Wang D L. Deep MCANC: A deep learning
approach to multi—channel active noise control[J]. Neural
Networks, 2023, 158: 318—327.

Luo Z D, Shi D Y, Shen X Y, et al. Deep generative

www.kjdb.org


http://www.kjdb.org

W5

FHESRk 2026,44(4)

[60]

[61]

[62]

[63]

[64]

[65]

[67]

[68]

[69]

[71]

fixed—filter active noise control[C]//Proceedings of ICASSP
2023-2023 IEEE International Conference on Acoustics,
Speech and Signal Processing (ICASSP). New York: IEEE,
2023.

Shi D Y, Lam B, Ooi K, et al. Selective fixed—filter active
noise control based on convolutional neural network[J].
Signal Processing, 2022, 190: 108317.

Shi D Y, Gan W S, Shen X Y, et al. What is behind the
meta—learning initialization of adaptive filter: A naive
method for accelerating convergence of adaptive multichan-
nel active noise control[J]. Neural Networks, 2024, 172:
106145.

Shi D Y, Gan W S, Lam B, et al. Fast adaptive active noise

control based on modified model—agnostic meta—learning

algorithm[J]. IEEE Signal Processing Letters, 2021, 28:
593-597.
Shen X Y, Shi D Y, Gan W S. Data—driven method to accel-

erate convergence of adaptive hybrid active noise control:
Two—stage model—agnostic meta—learning[J]. IEEE Signal
Processing Letters, 2025, 32: 2654-2658.

Chi K X, Wu M, Han R, et al. Directional active noise
control with a local minimax error criterion[J]. Applied
Sciences, 2019, 9(19): 4065.

Feng Y W, Wang X L, Cui X Y, et al. Multi—zone active
noise control strategy for the scattered sound control of an
infinite rigid cylinder[J]. Applied Sciences, 2021, 11(21):
10011.

Chen J, Yang J. A distributed FXLMS algorithm for narrow-
band active noise control and its convergence analysis[J].
Journal of Sound and Vibration, 2022, 532: 116986.

Chen J, Wu M, Gong C, et al. Steady—state performance
analysis of the distributed FXLMS algorithm for narrowband
ANC system with frequency mismatch[J]. IEEE Signal
Processing Letters, 2022, 29: 1167—-1171.

Han R, Wu M, Gong C, et al. Combination of robust algo-
rithm and head—tracking for a feedforward active
headrest[J]. Applied Sciences, 2019, 9(9): 1760.

Zhang Z Q, Wu M, Gong C, et al. Adjustable structure for
feedback active headrest system using the virtual micro-
phone method[J]. Applied Sciences, 2021, 11(11): 5033.
Zhang Z Q, Wu M, Yin L, et al. Robust feedback controller
combined with the remote microphone method for broad-
band active noise control in headrest[J]. Applied Acoustics,
2022, 195: 108815.

Zhang Z Q, Wu M, Yin L, et al. Robust parallel virtual sens-
ing method for feedback active noise control in a headrest[J].

Mechanical Systems and Signal Processing, 2022, 178:

www.kjdb.org

(73]

[74]

[76]

[77]

[79]

[80]

[81]

(82]

[83]

109293.

Yin L, Zhang Z Q, Wu M, et al. Adaptive parallel filter
method for active cancellation of road noise inside
vehicles[J]. Mechanical Systems and Signal Processing,
2023, 193: 110274.

Wang C, Wu M, Guo J F, et al. Online secondary path
modeling algorithm without auxiliary noise for narrowband
active noise control[J]. Signal Processing, 2025, 227:
109737.

Shi D Y, Gan W S, Lam B, et al. Optimal output—
constrained active noise control based on inverse adaptive
modeling leak factor estimate[J]. ACM Transactions on
Audio,
1256—1269.

Shen X Y, Shi D Y, Luo Z D, et al. A momentum

Speech, and Language Processing, 2021, 29:

two—gradient direction algorithm with variable step size
applied to solve practical output constraint issue for active
noise control[C]//Proceedings of ICASSP 2023—-2023 IEEE
International Conference on Acoustics, Speech and Signal
Processing (ICASSP). New York: IEEE, 2023.

Shen X Y, Ji J W, Shi D Y, et al. The principle underlying
the wireless reference microphone enhancing noise reduc-
tion performance in multi—channel active noise control
windows[J]. Mechanical Systems and Signal Processing,
2024,212: 111284.

Jiang T. Filtered—X second—order Volterra adaptive algo-
rithms[J]. Electronics Letters, 1997, 33(8): 671-672.

Zhang Q Z, Gan W S. Active noise control using a simpli-
fied fuzzy neural network[J]. Journal of Sound and Vibra-
tion, 2004, 272(1/2): 437—-449.

Zhang S, Lei M J, Dong Y T, et al. Adaptive neural network
control of coordinated robotic manipulators with output
constraint[J]. IET Control Theory & Applications, 2016,
10(17): 2271-2278.

Guo J F, Yang F R, Yang J. Convergence analysis of the
conventional filtered—x affine projection algorithm for active
noise control[J]. Signal Processing, 2020, 170: 107437.

Guo J F, Yang F R, Yang J. Mean—square performance of
the modified filtered—x affine projection algorithm[J].
Circuits, Systems, and Signal Processing, 2020, 39(8):
4243-4257.

Yang F R, Guo J F, Yang J. Stochastic analysis of the
filtered—x LMS algorithm for active noise control[J]. ACM
Transactions on Audio, Speech, and Language Processing,
2020, 28: 2252-2266.

Wang H, Sun H L, Guo J F, et al. Analysis of the frequency

interference in the narrowband active noise control

53


http://www.kjdb.org

FHESHR 2026,44(4) .

system[J]. ACM Transactions on Audio, Speech, and [87] Shen X Y, Shi D Y, Gan W S, et al. Adaptive—gain algo-

Language Processing, 2022, 30: 1704-1717. rithm on the fixed filters applied for active noise control
[84] Gong C, Wu M, Guo J F, et al. Statistical analysis of multi- headphone[J]. Mechanical Systems and Signal Processing,
channel FXLMS algorithm for narrowband active noise 2022, 169: 108641.

control[J]. Signal Processing, 2022, 200: 108646.

[85] Wang C, Wu M, Zhou S, et al. Stochastic analysis of FXLMS
algorithm for feedback active noise control[J]. IEEE Signal
Processing Letters, 2025, 32: 416—420.

[86] Shen X Y, Shi D Y, Peksi S, et al. A multi—channel wireless
active noise control headphone with coherence—based
weight determination algorithm[J]. Journal of Signal active noise control[J]. Mechanical Systems and Signal

Processing Systems, 2022, 94(8): 811-819. Processing, 2025, 228: 112415.

[88] Yin L, Zhang Z Q, Wu M, et al. Selective fixed—filter active
noise control based on frequency response matching in head-
phones[J]. Applied Acoustics, 2023, 211: 109505.

[89] Shen X Y, Guo Y, Ji ] W, et al. Multi—channel adjoint least

mean square algorithm with momentum factor applied on

Progress of sound field control
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China
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Abstract The construction of "Quiet China" places increasing demands on environmental noise control and high—quality acoustic
environments. Sound field control (SFC) has emerged as an effective approach for actively regulating acoustic fields and has attracted
considerable research attention in recent years. This paper presents a comprehensive review of the state of the art in sound field control,
with a particular focus on three representative technologies: sound field reconstruction, personal audio systems, and active noise control.
First, fundamental principles and representative methods for sound field reconstruction are reviewed, including pressure matching,
higher—order Ambisonics, wave field synthesis, and parametric array—based approaches. Subsequently, multi—zone sound field control
techniques for personal audio systems are summarized, with emphasis on acoustic contrast control and its extensions toward robustness
and broadband performance. Furthermore, recent advances in active noise control are discussed from the perspectives of system
configurations, control algorithms, and practical applications in complex noise environments. Based on the reviewed literature, potential
research directions are outlined, highlighting system integration, intelligent control, and multi—objective optimization for real-world
deployment. The reviewed progress provides useful references and technical insights for the design and application of sound field control
systems in support of the "Quiet China" initiative.

Keywords Quicet China; sound field control; sound field reproduction; personalized audio systems; active noise control
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