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WE Hu AZ R K E (beamformer) WX 1T 7 R EBERZ TR A2 T HF 2L RF
%, 78] (beamformer response), B /N FE Tk B (minimum variance distortionless response,
MVDR) 7 % 1 4 [ 49 K /N 77 % (linearly constrained minimum variance, LCMV) 77 . 4 T #43& AA]
HA B B RV AR R, B T S 7 vk o R R K B AT R R B R RO R 8 e R H ORI B2 (impulse
response), /8 _E —ANE R R B A FER (group delay). ZAT X T R R 4 FF JE R B 1T 1 = R 0 69,
ZRoH, ANTHEEE BRI RBEKER—F. 7T RAAEE IR T, AW BRI K m A B E T
M. AT R R RV R, A XE R R R B R R & BBk a kT E AL | 2, T
N— AR & kRN BRI AR AL, I BRIV o B 5 R Y k2 Bk BRI [ AU R — 2
A9 A 29 R 4R AL (structured constrained convex optimization, SCCO) [F]#. ok, F| A SCCO |4 72 #y
S5 ] e, BN B J7 4 ¥ (alternating direction method of multipliers, ADMM) & fn DLk A#E. T
XEWTEE, AX L% H ADMM HERSHEERN— M EEAER. &, HEZREREKHA,
P B R TY kA BT 77 vk R Bl BRI T AR A, ?FEH: LCMV 7 %8 R E 4.

KR BERBEERIT EW ERERMEE SHEARDEMER XEFERTFE

MSC (2010) /453  94A12, 90C30, 90C90

1 5|§

et 2 LR, HTFE 7 XFES (microphone array) FI R AE AR (beamforming techniques)
FEAR 22 U R )i ORI S AN S, il 2 . AdRiEAE RS I E IRBIMBIT %5 (S W
MR [1-3]). — M, PWATE RS (beamformer) 1517 VA AOE F T 22 78 REFE & 3G 0, iI8E A T8
LRSS T, Wi kA NS (S WOCHR [4-6]). 48K 2 B0 R Y BB AR BT 70 #0502 ik T 18 T 25
JS2 T DA AR RS I (8] 4838 5 5 B R XA OB 2R AF. — 28 44 I ICROE a8 Wt T3 i N T 28
2% FMA B (minimum variance distortionless response, MVDR) 77y 781, 2B 4 /N7 % (linearly
constrained minimum variance, LCMV) J77% 1 R~ X 55 ER (generalized sidelobe canceler, GSC)
BOREEDOA MVDR R A a2 BT 0 & R AR TE s Beit 75752 —, FIEA AR R AR 2

5| f#&3\: Li Z B, Dai Y H. Optimal beamformer design in the reverberant environment (in Chinese). Sci Sin Math, 2016,
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— AN ) B A 5 R B B i S R 2R LR, AR/ IME B RO] s Th 38 R e #R U8 s R 8 2R,
MVDR R g B E I E ] Re e 2 AR AN AT 432 IR KPR (low nulling level), IX44 S AE RSN
PG SIETE T RIEE R R, A B3N TG T, MVDR AR TE BRI R ==
JEl R B, RN T2 8 2 TR B3E Mt (adapted pattern) FRIZREEM I, [, Affes #1 Grenier (12
FE 1997 fFE4RH T GSC RBTHBORTE s, X LSRN MVDR BOR B —Fp A2 B sl U0 BB 5 5
A3 DRI A BEARME 7 R EI . 554, GSC BEARWELE LCMV HARM A, 44 LS4k v R4
NIELVRRAER, I, GSC RS LCMV HARA R PR, R GSC HARRA B4 15k
PUAR A3 Bitzer 25 1M BAFFL T 025 [MIS S M A IREE T GSC BB AT A 1B R IR, 1
LCMV FEARFNE HXF R GSC HA Z 8] [ 3IR S P tH A uE B (2 WCHR [15]).

*'T%E%—F, PRI s 1 1 B AR AR A2 B AN BAR T )15 31 B BB 5 (signal of inter-
est, SOI), [FIA&/METFH1E5 (interference signal, INT) 58 {55 (noise, NOI) 7EJ 3R plias i it
R Ty e 161 X 0 [ b Bl R SR AE VB AR B B0 T H AR R r i o A4 3 B H A bR BB 2R 20 B R,
FERIMEIAEE T, QYR KA AL 2 T IR A RECE B R, XL HER R L RG Af
EENIR i e E Ol = N ) W ok DS A B = 4 G A e 3 i W R =W 23 42 B 0 L e N 2 05 S [ ST
H R R A TE Sy — AL AU s T AT 3B ) Rk b Nz Ty HLASUE L, SR IR B N s £ B i
PRI — 5. TXAFE (B 7R ) 3 A7 I fi 2 77 B 1 S Ve SR TS J s PR R I, AR | R AE [ MR A58 T

AN FIY Fhie 255 38 O s IR Bt o] R as — NS A B RS R B e — T
TR 51 N80T ) A B R B AR RO i 2. T S o 391 B2 FR) 98 RO i 82 Jik o b AR R e R AN R
BRI, AT B SR RS B B AR B MR Y. 53— 7T, AE IR R, BT R ROE RRR SR 4R
PELI R R G010 H 2 E K, R Ae RS s/ 3, IF Hoxr T HUE 508, AT 22 ki 1) R
TR L. 2y 1 et [l 8 T i S RO iids, el 19 th— a5 M B 20 AR Y (structured
constrained convex optimization, SCCO), 1X MM [F] I 2 f& 1 X0 2 Ze Pk R G836 DL ik RO B
Wi AR B ) M PE R oK. T SCCO R BA 45k 7T 70tk AR A J7 [ 3 7% (alternating
direction method of multipliers, ADMM) fIPASKA#E. RE KT ADMM J7 kRIS & giE e, Hig
K2 HOIE ] B 2 AR 3 AR U Y R, B AR SR LEARp R T T 45 21, anoCik [17-21). N 130
5 BEbE ) AR SCHESCHR [17) R2EaE E A H T ADMM J5ik i — AN SUE AR SE. B, AR LA H—
SO R E SR A0 A5 AL, RIS IR T 52 Hh BV O a8 B v 7 TR A RO

2 BHEESERS LCMV 5%

TR BEMIE S5 (signal of interest, SOI) P T A A ro, FALTH(E5 (interference signals,
INTs) AT HEES o n=1,2,..., N -1, A5 REE (noise, NOT) AL E (G EARA. WERRGEN
HNEA MAZwRIESE TALE pr,om =1,2,..., M, JWE 1, AR HZZ 7 B IS
S AEI 8 A T AR IR B

N-1
T (k) =Y (B * 80) (k) + v (K), m=1,2,..., M, (2.1)

n=0

REFS « ZoREEBRHE T, by, ZEEFBENF W v, ACEBE m DI RPEAE p, 1
ik e L (35 PR ), o (K) NS m AN 22 50 MU 2 ISC ) 0 16 75 00
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NOT (i) @ Dﬂ) , _\
SOI s,k = %l w D :
) @ @—— = . @
3, (k) /
wr sk O O———= w,

1 BHEESHERERRGIER
fand AN 22 58 WU AP ERA — MK BN LB BRIk B2 2% (finite impulse response filter,
FIR filter), JEB 2% REACHE wi = (W (1), 0 (2), ..., wm (L)Y, m = 1,2,..., M, WX — KI5 5%
)% AT LU %

M M L1
= Z Loy * Wiy ) (k) = Z Z Wy (D (B = 1). (2.2)
m=1 m=1 1=0

WERAEINAG T 2 (k) AN (2.2), TATAT LR B AL s it 5 0N

M N—-1 M M
y(k) =Y (Wi % hom % 80) (k) + > Y (Wi * By 5 8) (k) + Z(wm ) (k). (2.3)
m=1 n=1 m=1 =

M, % AR s Be vk 1) B AR 2 FH— A w = (vl wl, ..., wi)T 13 (2.3) GlE—H5»
RANERFATEEB KT SOLME T so, HEHIHERAR T RIPIAED.
7E LCMV W AE AR, AT BN 75 D ZR R SR AR B o 2R 8, I BB SRR B 32
AT SOL ik 37, 38 BT R INT Rk R ANk — etk oA T7] MBS A B & 15 5802
FRER, AT, LCMV AU s BTt v @ w] DL A g,
wrerglﬂh %wTva

s.t. Hgorw = go, (2'4)
Hixtw =0,
XH R, RRHINEFES v, BBEEFRIER, Hsor M1 Hinr A& B M SOT FI INT 75 Y5 55 3122 70 ]

BB ) o 5L i 2 BRI AR AR, go 95T SO I B AR i . BARH, AR FE Hsor 14
SRR

Hgor = [Hsor,1 Hsor2 -+ Hsorul, (2.5)
XH
hoi(0) 0 0o .- 0
hoi(1)  hoi(0) 0 e 0
Hsori = | hoi(2) hoi(1) hoi(0) --- 0 ;
0
0 0 0 hoi(L;)
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L; NEWBKHAR (room impulse response, RIR) WK B, I HERHM Hne %5 (2.5) F Hsor
FAARIM 1877 5

FE UL I A AR B A (2.4) o, SRR Hgorw B3 % BERE I — A W 0 ik,
KA BN SOT F R o BIZETE KRS AL p. (EF RS ZE SRR O AL 8 1 EEA
e, Hn EPORTE A RARIBELEIR (group delay) 7. HHT- 75 Y% ) B AL it 2 o] DL A% 08 pR 2
2],

1 s glro=pel
Fronl

KH fONAIER, ¢ R BEIAE R, R KR hp BIRTE T (ro, pe, f) HI3Y Fourier &4
1330, WL EL (2.6) BUE T LLE Y, AR A R RO S R R S R B . B AR &
SIS 2 v AR A R FE T, 4 27 AR e A YR S I T AR . T35 15 5 7R 10 % AR B 1)
IS ) B R T AR 5, I ) SR S T R (R 3 PRIk, o EC B e oA i 7 £ v gk A s X
go =hp(k—7), B 2(a) 4 T — BRI BRI, hp 58BN go 1B

— e, HHER i SR B AR T E R ARt e X, B, PR = L/2. H,
TR H(R,) ' HY (H = [Hiy; Hi.]") MIEAATERRBEEAE T, M8 (2.4) BIfE T LB Bk

T(ro,pe, f) = ; (2.6)

w'=R,'H'(H(R,)"'H") g, (2.7)

XH g =[gf 0T)T. MM, AR AR TCLRAE 5 % 4032 oo KRG 51 45 W FH AU Be IR 4 3R
(Z WCHK [1,11,16)).

SR, TN AR, % N BRI S, (room impulse response, RIR) h HIFHIEIER R 2% (&
DLSCHR [22,23]), WLE 2(b). 734k, BEEE BINEEE (reverberation time) HIHEHK, F A ik i B ) 47 L I
) SURIG G, A IRAE BT R T s I, JEUEAR ABE L AN, (RIS T 1 38 RO 2% A 2 OGS 2
MZYE RS (2.4) WM E R AR, Bk, fE&TH ISR B3 AY B I, 5 752X
LCMV FEEYEATRA . B dn, & SCin 8 (2.4) (15 B2

1 4 « )
P(w, o) = ;w' Ryw + o |[Hw — g|%, (2.8)
) y 0.03
0.04 F—— ELHERK i B
- - WO SR ! .
| . L
0.03} -
0.01}
= 0.02} I g
= I E
0-01F [ ]
! 0.01
0 ﬂdJr«" .|']|;A ] —0.01}
—0.01 : X x . : —0.02 . . . )
0 0.002 0.004 0.006 0.008 0.010 0.012 0 0.05 0.10 0.15 0.20 0.25
T (s) i i (s)

(a) (b)
B 2 RommmiRfBIE. (a) ESNEREMORIEE (direct path impulse response) hp FHHEIEIR + MAIER
RIZFLAOR (desired response) go; (b) ENIERE T=EABKHIIR h
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KH o >0 AT A, LOMV A BREA ) — A st Y m] LS

min  P(w, a)
weRML (2'9)
s.t. weD,

KH D R— BT

FAsAR A (2.9) I ET ST SOT M INT LR TR, Ki#Ef LCMV 7Y (2.4) 78 32 [B] g 21
BN BIANAIAT Y, 188 T B/ R E SR —ANEIE AR, 2RI, 24 SOT A INT 1L 75 SR AN 2 2t
RAR, BT fRAEESAR R mE. BTl AMTEY) 7 ERIE — A A B PER I A B, KR
FELEA MRS R

3 ERMBCRF AR

EBERIT SOI KPR BRI LML go Sbr b R A& — MR K. fEE R I, X —ME
KB ko (FISRZIE S B ALIE I A AEIR ) Ab & — MR T, 72 HA A i B A2 2 5 ik
i g b, XA AR TR AL B AL PS5 T R SR RAE I AR AR AN SOT 75 Y s SIS Jl e i
HH A B R B [ 3R 5 15 B A5 5 8 I SR s R G IR AEAR . A — 0 43 IF 8] G 3R B T A A B
1Al B, T OB R A T, TSGR SR G R GUH 5%, WA E SO IR R S L R s
Rt AR B BT LR, BATHR A — DR R go, I HE MBI
PRI AR R A (I I AR B B

AW AT AT KRN L, WIHEEIR + (HUEEE A [1, L), B 5eE X AE u e RF RER
WP AT IR go FFARF TR W e BLIAL &, Y

Aw = u, (3.1)

XH A N Hgor B LAT TR, X RTAER TR TR ILAIAL B . A THERHERE Hsor WIRIARER 7>
1E B (8% [Hio Hxr)T = [AT BT)T), W Bw = 0. HT{EA BIRMAEE T X —Z M R G026 E
(1, RRERAG fe/ ale SU, DRI, AR I3 s T 2 H A ek O AT, FRATT AT AR R 5% T
At w M w KSR R R SR T B RO B, B

wGRElLi,ILGRL %WT(RI’ + B B)w

s.t. Aw —u =0, (3:2)

||’U,||0 <

B |ullo = X5 sign(ug]), r > 12— MRS EL BB (3.2) O FEMBLAR ullo < r
K] w MR EYE. B8 b B A O 2 — AN R — AN R TR Ak, BV r = 1. 4
1M, EA [RIMAPREE T IR AR Skl 2, T =N A=A 2 R, BOX—FRRA TR
L. DRI, R RIS TE R, SRAR — MR BT B AR B S A R S

—AETET, T || - (o R —NBUREUE . AELLIFE HAEMK RS, BT BRI (3.2) I
|- lo 2 0] REHIE B & NP- AE, IR AESR AR, — b F IO AC LR 2y || - (o Z0SARAL Il R i) 5 22 F
-l AREE || - (o LB, SRSRAAT B (it ) 58 (24251 5 s 448 44 JBR 55 B R, IX— 7V BRI AR 7 b oR At
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TR E BRI IR 1 R 26 Rk, 590 Q = Ry + BTB, H || - [|n AR || - (o, FFHILTT 2 H AR
O, FATRT VOSBRI s B IE I T a5 R 230 Ak (SCCO) Tt

1
ST Qu+ il + 22 T Aw — el

min
wERML yecRL

s.t. Aw —u =0,

(3.3)

IEH B >0, 82 > 0 Al e = max{[hpl|} RFH, e = [1,1,.. )T R—AFHIE ELE SCCO
) (3.3) i, B RER LI 55— TP G5 5078, S8 590 5 UM w HORRBR s I
955 00 0 R R RO o 45RO B 600, 3 F R0 T A 5 I
BISE Aw (T w) I, 535h, b5 LOMV B (2.4) AHLC, BRI EORORID AR I (3.3)
A G T 15 SR R T

4 ADMM FFEKfE SCCO |g]gR

T SCCO MR & —JRUL R Ky n] /) 5 ¥ R 7 A e R 20 A TR R, I HL SCCO T/l (3.3)
e AR HE TP BR AR M TR, BATRT DR 2 S A2 B 5 RIS T (ADMM) I BASKR A

4.1 ADMM 53

ADMM J7iERH B &R B R MEAT 7 BT w 5 w R, FTRLE/E R Lagrange 77
% (augmented Lagrange method, ALM) TR T- 7] 730 B a) 8 (3.3) )—S Y Gk Y i) AR
e (AT BB R, 248 H ADMM SFIERME SCCO M AL i, B X

1
0:(w) = Jw"Qu + 2" Aw — ¢l Ox(w) = fulul.

M SCCO @ (3.3) X SLHIET Lagrange BR#H] LAE B
La(w,u,A) = 0;(w) + 02(u) — AT (Aw — u) + gHAw — ul|3, (4.1)

XHE X NEHERAR Aw—u = 0 XM Lagrange 1, p > 0 NIENSEL REx T4 8 w Al u,
KH—F Gauss-Seidel ZUEARB M IME Lo (w,u, N), TFeT X IFHT AT A RS EEH w Al u f5
B3], B, AETEVIGE S (ul, A0), ADMM IEAME R AT LS R SHERE i > 0, B

wt! = arg wrenRjrA}IL La(w,u’, A%, (4.2a)
uitt = argireliRnL Lao(w™ u, XY, (4.2b)
AT =N — p(Aw™ — ). (4.2¢)

SE 41 7EDLL ADMM MERAELE T, TR (4.20) FI (4.2b) 2T LA R0SR 4 R B AR
BRI, TR (4.20) BT AR w %~ OB R, T LA — B P A sk A A
fi2, B

VO, (w) + pAT Aw — pATu’ — ATX = 0. (4.3)
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TR (4.2b) [FIREAEAE AR

) ) ¢
u't = shrink (sz-H - —, ﬂl), (4.4)
T

X B shrink(-, ) AWLEE T, & XN
(shrink(w, §)); = sign(u;) - max(|uj| —6,0), j=1,....,L—1, weRF §>0. (4.5)
4.2 RMMEHSEHUEN

HHEREL 61 F1 0, 15 X, ATLLE H 01 F 6, B2 M. 164 i 5. &% SCCO i (3.3) 1
Lagrange BREFAE— ML (w*, u*, A7), 1

L(w,u,\) = 01 (w) + 03(u) — AT(Aw — u), (4.6)
NI
Lw* v A) < L(w",u*, N*) < L(w,u, X"). (4.7)

Kk, SCCO [H)# (3.3) fift 078 25 2 JEah nT A7 1Y, B

Aw* —u* =0, (4.8)
I B A ERE T AT Y,

0=V0(w*)— AT\", (4.9)

0 € 005(u") + A*. (4.10)

i ADMM BEFHL, wit BAME L4 (w' u, XY, B,
0€ 00 (u'™) + A" — p(Aw™™ —u'h) = 90y (u' ) + AT (4.11)

REIRE w R AT BRI (4.10) B0, I, BARPER M AR (4.8) A1 (4.9). BT w't!
B La(w,w', ),

0=V (w ) — ATX + pAT (Aw™™ —u') = VO (w'™) — ATNT! — AT (W' — '), (4.12)
G e
/LAT(’U,Z o ui+1) _ val (wi+1) _ ATAi+1’

B pi? = p ATl — wi ) T BLE R RHERT (TR (4.9) HIBRA. R b, FRATATBLsE S iy
NE i+ 1 POERIRHEERAR, rif! = Aw' — w1 95N R AR AR,

AR A B R R v DARCEAE 24 1T 5 1 H AR IRAR M (objective suboptimality) B—/N5t. HT
rih+ul —ut = Aw' —w*), RFELLFSHES T AERX (4.14), H

01 (w') + 03(u’) — 01 (w*) + O(u*) < (A)Trs — (w' — w's)Trt,.
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XFIR BRI EBER TR A% vl R vl SRR 2506 24 i A B i s AL B — M (|’ —w's |,
<d,

01(w') + 02(u’) — 01 (w*) + O2(u*) < (A)'7p + d|[rplla < [Nl2]rp 2 + dl|7p -
RLE, 24 X7 A T, — NS BT HLAE I R R AB TR 5 X HR AR AR . i,
Irbll2 <ep, lrpllz < ep,
XH ep >0, ep > 0 NIRRT,
4.3 WSS
i SCCO W (3.3) ) HARREGCAE 0 = 0, (w) + 02 (w), HXF N 5 H b B EUE 1C/E
0" = inf{0, (w) + O,(u) | Aw — u = 0}.

T ORBIUE, WS Lagrange B L(w,u, A) A — M (w*, w*, X*), WHE ADMM J5 =4 17
H (w', wl, XY 73 AR w*, w* BT F3Ah, 0BRGN H bR ek B R USSR,
B rt, =0, it =0, 00 — 6%

5138 4.1 R Lagrange BRAEL L(w,u,\) A — NS (w*,w*, X%, - H SCCO @ (3.3) 1
A EARREE R 0. BWTH (w',u, \Y) £H ADMM 8y A R, 3F H -5 2% BN R R GER RN

,r.’}i)+1 — Aw't! — ui+17 m\uﬁ

0 — 9t < —()\*)Trjjl, (4.13)
PR
0% 0" < (N ()T ), (4.14)

ZKH 07 =0y (wth) + 0 (ut).
WEBR BT (w*, u*, A*) & L(w,u, N) BI—NEGS A

L(w*,u* A*) < L(wT u T X", (4.15)
FAH Aw* —u* =0, A[15
L(w*, u* X)) = 01 (w*) + 02(u*) — AT(Aw* — u*) = 0, (w*) + 0 (u*) = 6*. (4.16)
B9 07 = 01 (wth) 4 0(u'™), FTEA, L(w™™, w' ™ X*) AT LIS R
L(w™,wi ™ A7) = 0y (w1 + o (ut) — (AT (Awi™! — witl) = @i+ — (A%)Tpif 1, (4.17)

BB DL EASE (4.15) BARAEL (4.16) A1 (4.17), RIFTTH2] (4.13).
F—J51H, X EEAESAE (4.11) A1 (4.12), BATATE wit!t H/Mb

02(u) + ()\Hl)Tu,
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I HL wit BEME
01 (w) — (N + p(u’ — )T Aw,
N
B (u ) + (ATt < Gy (ut) + (A Tur,

L%

01 (w' ) — (A 4 pu(u’ — )T Aw ! < 0 (w") — (A 4 p(u - ut )T Aw”,
LA UL EFA RS, R Aw® — ut = 0, ATH

oIt — 9" < ()\i+1)T(A,wi+1 _ ui+1) _ u(ui+1 _ ui)T(AwiJrl — ).

e = Aw™ — T BE X @ L EASE R EFHEA A S, A% (4.14).
4 (w*, u*, \*) N Lagrange B3 L(w,u, \) B 5, 2 X

7 1 7 * 7 *
4 :pH)\ = X + pllu’ — w3,

W v R X5 o BRI EEE K — AR DURSIEIEY] 1 i ADMM S5 A R

H (w', ut, X)) 58 (w*,wt, A7) EE RS R .

I3 4.2 HUFH] (wi ul, ) ZH ADMM FyE/2 4B, IEH (w*, u*, A*) N Lagrange R4

L(w,u, X) B—NE R, I VAR TR, B

VISV = pllrE G — pllut =l (4.18)
MERR K AEER (4.13) HAEEIL (4.14) AN, I3k 2, A4S
2(}\1’-1-1 _ A*)T,,,}’jl + 2M(ui+1 —u )T,’,,%;H 2’u(ui+1 _ ui)T(uH—l _ u*) > 0. (419)
XA L2 — WU AT A AR
2N = XTr = 2000 = AT = e e
2 ) )
= 2N AT ) = A = X
I J
1 ) ) i
= 2 U= ATE = A = A%[3) = el 3
UL EAES IR, 25— AR X = X — ™ 3 S S AERRI v = (- N 1

IJ; B JE—NMEFH AT - X = A - - ()\z+1 _ )\*) e}
FIF witt —w® = it —wl 4 (ul — ), AT

—pllr B + 2 — ) = 2 — )T (- )

= —pllrp = (W )3 =l w3 2 — ) ()
= e = (=) = w3 - ),
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B AR Wit — = wt -t - (- wt) 8L W, R (419) 7B
X = X = X = X ) = = @ = ) g = = =) > 0

VR, T

A L e ] (4:20)

By i BME 8a() + (N T, 3EH uf BAME 63(w) + () Tu, T
02w ) + (N Tu < 0y(u) + (N T,
by
Ba(u') + (N)Tul < O (') + () Twi L,
Fe DL EFIAR S RAIN, I H AR 4, 77
(A= X)) > 0,

R N+ — X = —prtHt IR PL EARERN (4.20), AT45 (4.18) MILE R, O

MRAE LA _E 5 FE 4.1 A0 4.2, IRATATF LU T Yo dho 45

] 4.1 BEFH (wi u’, N 2 ADMM FyE2 AR, WER (w*, u*, A*) N Lagrange PR
L(w,u, N) BFI—A 85, HH 0 4 SCCO M@t (3.3) FIHAR H R EUE, W w 1w 5 5IEE] w*
A, FEH, XN RIETE A v FIXHER A »f BRCESEEIE, B R BUE 07 WsiE) 6+

WERR RN Ve < VO BTBA XY fil o . H5IEE 4.2, B ADMM S5 2T 5 (w?, u?, AY) il
ARAER (4.18), WA LB AT

p s+ ™ = ul]5) < VO
i=0
RS B SRR UL i = o0 B, BTRA v o 0, JFH [ut — willy — 0. B, i rif! =
pAT (uh — W) TR SRR R E ISR i — oo WELEIE.

Fi— 7, BT Wt —wt AR, el M att — wl BEEIEAREL i — oo HYURSREIE, T uf
WeSh ) wr. AU, TATAT LA 2] w’ A1 XY 73 RIS w* A1 A JFH, 513 4.1 FAZE (4.13)
M (4.14), 715

lim 6° = 6%,

11— 00

M E FRAGAIE. O

5 BUEHED

A I B A S B B L I R B B 1T SCCO 7 VAR R 28 PN 75 8 T IR, 3F
H5¥ 0 LOMV J7EVERTEL. BE5eE L— 12m x 6m x 3m KR N 75 308, 3 H AR
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SOI At TP INT A LI NOT A iy 1.5m ATME —HE AFES], WK 3 =N
2 5 KR R Gi A Jry s 9 . ARG BT AT B BE | USRI R AEAR AT ELAR TR, AT, EATTEAT AR 7] A 21 ) 7
& 1 1 2 A 3 IRORN R S IR R B 8057 27 (image source method, ISM) & — i 55 2K ik
TH AU R B2 T IR ) P AR R ) = A Bk e B (RIRs) FOREAELE, AE DL R SEga, JRATE LEN
737 A [] (reverberation time, RT) Tgo = 0.2, FFKH B Lehmann Al Johansson (28] #i2 Hi ¥ —F
PUEAZIRIE (fast-ISM) BEILES KA RIRs.

PATER — BUEE Ry 8000 Hz, FFEERTTH] 2.45 F 5 1B (“dots of light betrayed the black
cat”) fE ARG SOI (5S4, — B R A M RIS KRSt A ) 2015 3 (“she had your dark
suit in greasy wash water all year”) fEATF-# INT (555N, kM S NOI FHRIIALE(E S ARF, I
HEEAE NOI 5 Tl H 5B R SOI 15 5 - MALHY, FATAT LUl 4 — B F e fE AR I 5 NOL 15 5
N, BB A EH 9 NSRS I B ARSI TIEOGER SOT Al . T80 INT AU
MR NOIT 5 st s (0 IEHT 7. ARHE SCHR [29,30] 5% T 22 58 MBI B B it ) @l i 7, T8 B3 H AR A U5
K2 58 KU FHEZ B T3 2 AR B as B SE 4 A RCR.

TECL R BEUESER T, HGINES - . TP 5 S L (signal-to-reverberation, interference
and noise ratio, SRINR) R IFAl [BI WAL T 15 & 15 5 M R AR L. 2KBLT Loizou SR HIE T - MR
ALl (signal-to-noise ratio, SNR) & X BU, —ANHET #1453 Bt SRINR {5 LR

13- [EO]
SRINR.es = ) q;) 10log,, 50— S (dB), (5.1)
X S(q) FoRTERA BINIREEF 22 50 BB B S 155, S(q) R A B EREE T I A% A28 14
HIEHES. NERIRESE S, RO — AR BIEE XAE [-20dB, 35dB] A, H4k, HATE
SINH ITU-T 15 & o1 & Al HERE ) 308 & 5T R VFAf (perceptual evaluation of speech quality, PESQ)
R EAE S E SRR ACR. KB PESQ 1970 Rl — NI H ST TFHIUE Dina A AR
MRFYUE Aina £330 521 B

PESQ =4.5 - 0.1Ding — 0.0309A;n4. (5.2)

RERIEE T PESQ 130 #8 2 — NP4 = W34 (mean opinion scores-like, MOS-like), /7T 1.0
2] 4.5 2 [a], H5Lbr | PESQ 755 HIHUA BRI 0.5 1 4.5.
-2.0

—1.5F

—LOF  NOI* st

—05F N
N\

0F SOI b —tlp—retlmd— — — < € < < 4 4 4 4 4
/ 72 50 A5

/

y (m)

0.5F

LOF  INT x el lfepmearmdprs

1.5

2'91.5 -1 -0.5 0 0.5 1 1.5 2

x (m)
E 3 ERNEIRGHE: —HEE 9 MERRNNEFTIEEHFITREAME SOI FFEm . T INT EiRmURE

A NOI FESBERA
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TR R 1) SCCO MR S 6 FT By XTI H YRR BT IR, 2658 IEMMESH 1 =
DLR R TE EP AR L = 40, ATAIH ADMM J7i%, P45 0 M By RBETHAIREK SCCO BRTE M
a5, RE I T SRINRe, B RIGUETE & AR, L4 R WA 4.

M 4 AT LUE H, EFEAHS BN By AT By SRBCTHEC AR B & 1T LAAS 21 58 47 R 18 5 1 9 20OR,
S5 gy A RIEH] T HE (4.2b) KT w KIFKIFE LR, TS5 8, 2R L Hir T W
il (4.2a) 1.

M, AERAT SRS, FATIESE 61 = 1 M1 B = 10 SRt SCCO WA AR, T HAIE SCCO i
HI as s e, FRA 98 UE SR AR 45 21 A S DL AR i B P AR 22 e s IO B A5 . B 5 P
ARG UVE 1, v BRI P I REE DR, AT cRm B siie)s, ALt L2
FIRLE. XU T e i B SCCO J7 e R, AMERERS KB L A a3 7T LR A5 B LI
F B .

B R BIA A SCCO J7:M LOMV JPER BT IEB AR L = 40 N AR s, JF B
WEHAEME S £ R (NOI reduction) il FHt-5HM (INT and REV suppression) J7 [f 15 7 H4 5B AR,

B 4 2% 61 M B2 IERFAIZITHIFNT

u

1.0 1.0
© 0]
0.8} 1 0.8}
0.6 | 1 0.6}
la:g |oE
= =
ES ES
0.4} 1 0.4}
0.2} 1 0.2}
(RS SISIS OIS IS SIS SISIS SISIS S anS SISIS SIS S O] 0 'eBs88888D' S8888833888883358888888888883)
0 5 10 15 20 25 0 10 20 30 40

5 JEMEBRKE L=257 L=4015FT, SCCO REKMESEN u HRNE
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W 6. MEIFRTLUE tH, BRI A5 B0 RO s A e S 22 B B0 5 [l Jy T A —
SERCR. SR, 1 SCCO J7 LT3 2 1 SO B T 18 A& 7E M 5 25 Bk, I8 AEHD Tt 5 =l v Jy T,
H#ELEH LCMV J7vE 1 TH 15 31 B3 RO s RO S

B, WATEFEAFE KBRS L, 7 HFH SRINR,., 5 PESQ #377KERE SCCO ikl
LOMV J7 iV v-45 3 1 50 BGAR 7E 15 3515 538 08 7 T 10808, VAT b5 SR 3k 1 A 7. ML
GERTTDAE W, SuE A K L KR 20 I, LCMV J7 850 1H 15 21 (1 R T s v] LAAS 3156 K
il SOT 55 /) STRNRyoe > 0 HIZKR, JR1M, SCCO HiEAEIEI A KE L = 15 It AE 15 315 T B
# SOT 5511 SIRNRye, > 0 MIRER. AN, 5 LCMV Ji i i1-43 B A i A L, 78 3% BT ]
BB A KT L B, SCCO J7iFd v 159 3 I R il 2 # REAS 2 5 = 1) SRINR,., 5 PESQ 134). X1t
B TR 1 SCCO J5iAEA Bl BREE T ] AR TR B LOCMV 57 B GF IR RO L3S

INT Supp INT Supp
S SN O T 05 T L L OO
T IR eee OB b
0.5 1.0 1.5 20 25 0 0.5 1.0 1.5 20 25
REV Supp
0.5 1.0 1.5 2.0 2.5
NOI NOIT Supp NOI Supp
0.5 0.5 — 0-5 S
0 ey 0
—0.5 i ; ; i =05 ; ; i ; —0.5 i ; i ;
0 0. 1.0 1.5 2.0 2. 0 0.5 1.0 1.5 2.0 25 0 0.5 1.0 1.5 2.0 2.5
15 S hhBE T LOMV R A2 2 5 SCCO W AR ab#1 )5
6 TEHEESKE L =40 B, SCCO 745 LCMV FRRITBRIRKE R KSR ERE LR, HE TS E G
FHEBBER
F 1 ARAENEERKE L B, sCCco 5 LeMv AEEITHE R RF KR EiE S5 S1E8 5 M BIR AT
I LCMV SCCO
SRINRseg PESQ SRINRseg PESQ
10 —3.3650 1.8676 —2.2937 1.8956
15 —1.2629 2.1592 1.4705 2.3703
20 0.0491 2.3863 2.5666 2.5689
25 1.1040 2.5343 3.4422 2.6556
30 1.2641 2.5567 5.5353 2.7021
35 1.3066 2.5682 6.3184 2.7476
40 1.5886 2.5892 6.5093 2.7608
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8 2.8
or 2.6f
— 4r
5 2.4}
% g
% 2 Lﬂ
g &
= 2.2t
w0 Of
Sl ] 2.0t
—+—LCMV —+—LCMV
| —%—SCCO i —*— SCCO
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45

E 7 SCCO F#E5 LCMV FEEIHSRIFE R MSERRIERRFKE L i SRINR..; 5§ PESQ 545

6 it

AL FE T IR T S AU R s B I, 3R T — NSRRI SCCOo B
SCCO FAf) AR IBIL 5N — B AR5, R S LA s BT ) U A Bl — MR S B AR AR
it 55 e I A R N2 BT L. H TR AR A R8T R AR R B (KR, JE T SCCO ik
FIB RO B BT HOR BE RS AEAT [ WP T B O B2 il B (5 S s R RKOR. J34h, BRI i 1)
SCCO KR BA 5T 1k, BATFI A B I a3 7% (ADMM) BBLKAR, I HoOv 7 3Cs i 58 B4k,
FATHE I 74> ADMM FIRYSEIE I K — A AR 2L JA TR AUE B 45 KW ADMM 53k
R SCCO AR R, /5K LOMV J7 ik 15 3 B RO B AR 55 15 5 18 9877 T #0)
PR A, BTt SCCO Tk RENSAEAT Bl IASE T it i BoA A BRI R 2
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Optimal beamformer design in the reverberant environment

LI ZhiBao & DAI YuHong

Abstract Most existing methods on beamformer design, such as the minimum variance distortionless response
(MVDR) method and the linearly constrained minimum variance (LCMV) method, assume that the group delay
is known and often heuristically preselected to be half of the filter length. However, the optimal group delay
is problem-dependent in practice, and the beamformer design performance based on the optimal beamformer
response can be significantly better than the one based on the preselected beamformer response in the reverberant
environment. In this paper, we consider the optimal beamformer design problem, i.e., the joint beamformer
response and beamformer design problem. We introduce a new variable to represent the beamformer response
and formulate the joint beamformer response design and beamformer design problem as a structured constrained
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convex optimization (SCCO) problem. Moreover, we exploit the separable structures of the SCCO problem and
propose to use the alternating direction method of multipliers (ADMM) to solve it, and give a simple proof for
the analysis of convergence. Numerical simulation results show the effectiveness of the proposed method in the
reverberant environment by comparing it with the LCMV method.

Keywords beamformer design, rereverberation, beamformer response, structured constrained convex op-

timization, alternating direction method of multipliers
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