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Optimal Design of Generalized Polynomial Broadband Beamformers with Robustness

XU Zhiqiang, CHEN Huawei
(College of Electronic and Information Engineering, Nanjing University of Aeronautics & Astronautics, Nanjing 211106, China)

Abstract: Finite impulse response (FIR) filters are generally used in the design of traditional polynomial
broadband beamformers. A generalized polynomial broadband beamformer is proposed by using the
orthogonal basis filter instead of FIR filter of the traditional design in this paper. The proposed polynomial
broadband beamformer can be regarded as an extension of the traditional polynomial broadband
beamformers, so its structure is more flexible. In order to enhance the robustness of the generalized
polynomial broadband beamformer, a robust optimization design method based on average performance
optimization criterion is further proposed. The poles of the orthogonal basis filter are optimized by particle
swarm optimization in this method, so that the performance of the polynomial broadband beamformer can
be improved by using the freedom provided by the poles. By introducing the spatial derivative constraint of
array response, the orientation deviation of beam mainlobe caused by finite polynomial interpolation is
reduced. The simulation results show that, compared with the traditional design method of polynomial
structure, the proposed design method can obtain better frequency invariant performance and robustness,
effectively improve the orientation accuracy of beam mainlobe, and improve the directivity index of

polynomial broadband beamformers.

HEEWE: HEAARRAIE4(61971219),
I #8 B H#3:2022-10-10; 81T H #7: 2023-03-15



1308 R E B L Journal of Data Acquisition and Processing Vol. 38, No. 6, 2023

Key words: polynomial beamformer; orthogonal basis filter; average performance optimization; spatial

derivative constraint; orientation deviation

51 B

T Al W RO 2 B 20 A5 5 A 38 00 358 1) — 00 o 2 4 R, A TR IR R I JCEGE {5 A R A B AR R 4
H B Tz RN AR T ARAL B R G v AL G A e RO B R SR R4 A B S 4 4 BT
J& A BR o B (Finite impulse response, FIR)JE I 4% (9 %5t 2 i, DA 28 B0 717 95 SR8 B8 19 4 o
eSS N S s, 7R R T RBAE — YU BB Bl Y A DT 1) R AR AR AR AR G 1 TE A U ROE A T
R [0 N3 S I 3 (= A N e e M s 5 6 16 o [51 TS W S i o = A T N NS A 1T, 8 8| ' e
Holk TRZHRFHWE R HA QR — 28y 2300 20 454 T8 45 Bl R o , HL 254 v i 104
AR BN i ity 1 I ) SR B RS 40 2 K, 5 A% B S Al U SRR s AR LG B B T T Y 2 — 4 FIR U
U A5 T AN P B DR S

22351 2 5 4 G U SRR A A T R 1 S B B, LIS AT RS LA S R SR
Az 5 AR AR AN AT 3 e A7 76 3 25 FURE 07 2% e 152 22 o 22 o XU T 158 25 1) 47 A 38 85 23 6 B8 2 I RO B 248 1
Pk RE T B, B L 1R T B 0 B RO AR AR R A B . U 0 22 T o A A e T I RO AR 1R T T
P ALHE ¢ MRS 3R AR O SR RE O AR B A e 25 R RE O Ak B AR L ) dn Sk
[10-11 PBf 11 M 75 34 45 20 AN A BE T /N — 3R i) 2 30 5 485 4 U oROIE Jl o i i v A kit s 17 2 I X 25 4
Tl U AU A A B R . SR [ 12 ] U] ek R A v XU £ 5 R 7 0 R R B R B A /N R £
T A5 A BT 2, XA M o ERE AT BE 32 %% B AR R, 45 21 TR MR RE LA T & 2 i A5
WY B 51t o SCHRE 13 R 22 o UK L 1 22 i AT BRGE T i {5 B, 38 il T /e 22 3 e AL T 1
B2 AT J3 A, SCERL 14 [ £ 1 T H AT 000 38 AN A8 e P 1 6 8 1 1, DR UE T R 51 e iz 1 45
SRONARE LA/ IME 5 e B R B B4 T — PR LR 22 R8T .

T 1F 52 H oR B0k 3 1 08 O A Ay 111 AS SOX b R BUA B 22 190 3 45 4 T A D RO A R AT T 4
JoLR T — R L2 I G W RTE AR o i b, B Y 22 3 X A5 A e RO B T LA
A T 4 0 RO 1A% 1 — B RE 1], BIXT I T 1E 28 B 08 P A iR R L )T L TS R S I RO 2
TE A AR Y N TR O B DRI S AR A LB 2 T 6 ) T D RO AR AT R e
i 4h 2 A BRI 2 30 A (A 7 AR 09 KT 1R 25 T B0 RS n) IR 22 09 [R) T, A A 5 1A 3 i
Ab 9 25 A SR SRR T B ATE W22 . (7 A5 IR R 5UA 19 2 100 X 850 B O8 iR i ik
AH LG, BT BT T 1k R A A AR 2 e A ) i 22, 0F HL i — 2D 3 T T IR AR A 48 I MR 5K

1 "X EHXEMET B R[N EN

FRIEGE LT K A 22 50 A R 24 2 R, 4 22 v WU i M il Sk 80O NG IE 52 2 8 I
o PR L2 IS5 R 5L D AR A B ZE A P 1 B

[1—e|

H,(2)="—""— 4=0,1,--,N—1
1—¢&,2 (1)

271_51'

P )=—>t

1751271

ST 2,y TF 20 I I R 7E A Sk A 1T 9 2 L g B VR TE A BE IR AR IR L L £, | << 1. R BIMG,

ME, =00 H,(2)=1,G,(z)=z " M IE 2 FLUE AR MG S FIR UE P 2% . RIUG, | X 2 miX
SRR P AT 1L T 7 R A% 48 10 22 P9 S5 40 I ROTE iU 1 — Fh T e B 2L

1=0,1,-,n—1




HER F. NS RX LML R R R BRACK T 1309

Oth mic
O G2) G@) }---------------
Hy.\(2)
D
Wo, a1, 41
(K—1)th mic
O

B 2T T8 I RO s

Fig.1 Structure of the generalized polynomial broadband beamformer

TES A FRUAS A0 B O Kb, T S22 35 X240 55 RO B s 1) B 47 Wiy 157
IM—1N—1

P(g,f,0)= ZZZA 120w Cfs0)s,, () F,(f) (2)

=0m=0n=
i
hil f, 0)= ¢ Fefdicos0/c) (3)
s (p)=[(g—90")/90° M 1~ m (4)
T Y 5 B -] e g
_ i2nf/f. < (ienflfy i
F,(f)=H,(e*"") i];[ocfl.(e =t = ];[0 YT (5)
Xdw,,, HIEWR BB LA, =01, K—1;m=0,1,---,M—1;2=0,1,--,N— 1;
A (fi0)=a,(f,0)e "7 ay( fe YRy (£, 0) 53 51565 R AS 22 5 KRG 388 2 RUARLBE L by (f, 0) NS RS 5
B A ZE 70 KB AL 36 BRE s, (&) 50 mn B U8 U 48 B U — AL 0T 1) PREIC, B, () SR AE 38 BE U8 % 48 19 26 A
?EE%HWE?;dkﬂﬂ%kﬁ\iﬁﬂ'ﬁéf‘%*l&\ﬂ@ﬂﬁ%‘,cﬁé”ﬁfiﬂ o R U O 2 A 2 R S0 R A i £
BE L fONAE 5 RFEAIR




1310 R E B L Journal of Data Acquisition and Processing Vol. 38, No. 6, 2023

Mt e, 2 (2) i e 2 0] 5
P(¢r,f;¢9):ng(¢,f€ (6)
X w:[wooo CWo,M—1,00 Wo,0,1°" " Wo,m— 1,15 *** WK—1,0,N—1"""WK— 1M~ 1,N— 1] R 2 WU S5 M OR
B WA 1 AU R L g ¢f6’ )=LACL0)Od(f,0)IQF(f)Qs(¢) Fm B R IL A% 59T 11 K i,
d(f,0)=[ho( f,0),h( £,0), - hx_1(f,0) )T, F(/'):[Fl(f),Fz(/),"-,Fiyfl(/)], s(g)=
[so(),s,(), sy () ]"3“@" %R Hardmard 1, “&” % 78 Kronecker fH .

2 XS TR BT R R R R LRt

2.1 fREHEEHE

FESEBR R F o T w22 i R £ B A A6 A5 R TE 1% 25 4 SR I S ), T T R U RO A L
AT WG B BT R R TE A R RN R T, S SEI DR R B AR B RN AR M e
51 A 23 18] i )37 A8 4k (Spatial response variation, SRV ) & S i & , Hose Lot

—1/—-1L—1

SRV=22 S w g (g fy 0)— w B (s 0| (7)

i=0j=01[(=0
K r=0,1, 0, 1= 15j=0,1, -+, J— 1;/=0,1, -, L — 11}y o] J5 78 FBI 0475 (1 55050 s T RN L 43 591 hy 45
Kﬁ%%ﬂzﬁéﬁn/\ﬁj‘ﬁa B R fmﬁﬁ%%%ﬁ*ﬁ a2 (7)) T L1 A8 25 5 PRl P 4% AN AR A 094 D AR ) i
xﬁéﬁﬁ%ﬂ%ﬁﬁﬂwﬁ&ﬁiﬂmf,MT;&IMF@I B
N T ORUE AT AR 0 R SR O 349 1 R A A B 4 22 5 KUY R AR 2R AT BRI, a5 2 1 A
% B PRBGIE AT I BCR A, 45 G 20 (7)) B RO% s i AR A R BT 5 o

fm:f J f {2”2”2\7” g(¢guf0,)— w“‘g<¢,~,ﬁef,<9,>\2+

0j=01

1V—1

ﬂZE\wgwefo

A SRV 2y A Ml A 2 K 3 9 3 38 BR il BELHY /I A 57 30T, 8 36 58 oA 38 1 BEL A G/ 5 RO
AR 2 (6] B RLAE /4 (A= [, Ca, y )ARFZE T AU JEE AR 57 B 3R 5 M 25 5 T o ok LR I SCHik [ 11 ) v i
FH R 2500 R [ 22 50 AU R BC 1R 25 AR Ay, k=0, 1, +++, K — LAHTA] 22 5 XUBR B2 55 4 407 35 25 4 B
S (A)=f(a) f,(y), e £, (a jﬂmEE’ﬂ%?&Elﬁﬁl,A( ) A AHASE B4 ABE 25 3 R KR

Ak R (8) B U MR 2, 94 1 4R B e Ak e i [ A

}qu (Ag) falA)fa (Ag—)dAdA - dA (8)

rgnin w' Qw ()
ng(¢i’f;ef’¢z'):1 Z:O’ 1’ ”.’I_l (9b)
s.t. wTR{ag(%M}ow/:O i=0,1,--,1—1 (9¢)
a0 '
ok
B I—1J—-1L—1
Q=] [, =], RS S T80 00 8D fus 00V L&D 0)— &b fs 0 T+
Agd Ay - =0j=01[=0
I—1V—=1
B Y1 2 B it 0)E i furs 0) }fA D) Fa(ADf3 (A1 )dA A A =
i=0v=0

ol AGOQACL O (A LA (A )dAdA A (10)



HER F. NS RX LML R R R BRACK T 1311

A
g ,0)=d([,0)QF([)Qs(¢) (11)
A(£0)=TQdiag[ Ag(£,0), A (£0), -, Ax (£ 0)] (12)
2 2 2 (¢i’f)’ (9/)_g(¢1'7f‘re[7 61)] I:g(¢l7fj7 6/)_g(¢,',f‘re[, 6/)}11 +
1V—1
ﬂz z g S/jl fref 0 ¢'i’f;'ef’ 07J)H (13)

KA1 g (¢, £, 0) R AN UL T FE 91 10 T 16 26 0k, Ty Sl (MIN X MIND ) £ (S0 46 B
2K (9a) T 1 R BR RS S A 375 MR, 0 45 7 T 5 U 0% 2 0 4, 30 3o A V05 T DAL 3
AR A, DA T A 75 5 4 55 SO R B 48 5 22 75 25 10 43 0 6t B A 1 B0 9) #4738 . 2 (9b) )
ﬁaas'eﬁms PR T S U G B, By TR TR T ) B SR TR R R
O, BT BT AR T2, 20 (9c) T 5% A1 I T %5 1) S 02 e B 0 o 30157 1) KB, B
E T E 7 1) b 07 24 S T S0 3ot R 0 M 24 5 A /N T 2 4 2 R 1 MR 2

2.2 {EWMS THRERRE

Xb T 45 7 B4 A W S, JFG T A 1 57 B X IO T R 0 W 7 L ) e R A A S B A 1) 5 0
1] — B0, [ 21 W) 10 e (P D7 5% T A E 0 00 S ) S RO BB A B ¢ B AR T BILE 0 = o AR D24 2 LA
T

2
A P(p.f0)|

30 =0 (14)

0=¢
xEE=C(6), T 1F
3|P(¢»ﬁ0)|27 3\wT§<¢,f;€>\2 Cw'g(g. )8 (0 fi0)w]
w0 00 B 20 B

g (g, £, 0 - ag"' (¢, f, 0
w‘%g“(¢,ﬁa)w+w‘g(¢,ﬁa)%w

Fe IS AR (14) , S 39 T 1) b 35 0l 2 B ) o) B2 B 2Rk A R w ' () g (g, )= 1,5
(15) al gt — 2Bk

(15)

o\ Py s 0)] { L0589, [0) 95 (0. f,0) }
- — | w JF w -
a0 a0 a0
0=y =9
A ) -
0=y
zree[w"‘ag(‘/”ﬁe)} =2w'R {ag(‘b’f’g } =0 (16)
a0 a0
0=¢ 0=
i 2 R] 15 3 2 2 00 A B 25 (8] S A2 R
wTRe[W} =0 i=0,1,-,1—1 (17)

0=¢,

N TSRS B IR AR IR G 5 S S (9) A AT AL T o it X BLE X



1312 R E B L Journal of Data Acquisition and Processing Vol. 38, No. 6, 2023

o= afi(a)da (18)
oi=] @ fila)da (19)
ﬂ;:chosyfx(y)dy (20)
y;:Jysinyfz(y)dy (21)

M2, QIH: (p, )N ILHEALIE Ny
Q(P'(/):JA JA J/\v a,e " Q(P'q)a7leﬂy”f:4 (Ag) fa (A fu (Ag 1 )dAdA---dA g =

[ [ttt ftedaal [ e pounoandn @ @
a,, a, m ;/“
M m = n I}
Q" =] @fla,)da, @ =051Q" (23)
75 )
QM= ulo; Q" (24)
iﬁm,a;":(/x;)z—’—(/x,)z a0 (18~24)
{[ /14210-;)diag(11(x1)+/130;1KXK}®1MNXMN}®Q (25)

K, m X 4 VR
X2 (Ob) A i S i) O A, 5 A7 AR &2 0 KUK I R 22 I

§nfa) = | ] B g A AL A ) A (A

SalAg 1 )dAGdA -+ dA g A Re { (¢ frer @)} IIm{ g (&1 fror 61) ) (26)

g 38 25 1R 25 FIAR 6 13 25 1) R 5 %8 B pR IR A 20 (26) , T 75
Re {g}=p.p;Re{g(d frr )1+ pap, I { g (@, fros 430} (27)
Im{g}=p.p;Im{ g, frern &)} — o, Re { g (b frorn &) } (28)

Xt F 2 (9e) s B S AL, 20 (1 D) Al (27) , il 45

ag 5111”](;9’(9 c ag 51)1"];97(9 s ag(¢z’fre’6)
et ] o]
0= 0=y, 0=y,
ad , 0 0d ( frer, 0 .
ﬂaﬂ;Re[”f“@F ) ®s w} JFﬂa#;Im[(g(;)@F(ﬁef)@s(sﬁf)} (29)
=g, 0=¢;
N R I A 0d( [ 0)/00,, AR fung), B dCLO) XL TR A fu g =

[(j2nfidy sin g,/ ) e PHudecosdilc (ionf d, sing,/c)e 1P o L ( J2nf,efd,<,1sin¢i/c)e*ﬂ"ﬂ«dw—'Wr“]i
M= (9c) Hp 2 8] SR A Rl B R m
W' G( frpp)=0 i=0,1,,]—1 (30)
xrp
G S p)= pottsRe[ A furo g )@ F ()@ s(p) |+ papy Im[ A fros ) Q F(f)@s(g,)] (31)
LEA LA LT, M40 0 1E 28 FEDE I 2R R A B, DR AR TR R (9) W] 2l 5 oy



HER F. 7N AKX S AT W KRR B AR 1313

min w’ Qw

ws (32)
st. C'w=R
Arp
ri=[1,0,07 (33)
C=[cy,cpy "¢ 1] (34)
R=[rl,rf, . r}t " (35)
a=[Re{g(gifue 60} I { g (D frarr )} G i )] (36)
VE 020 (32) 28 b 24 g /N T [ S ) R0 93 L e 2 T 75 LD 2
w=Q 'C(C'Q 'C) 'R (37)

2.3 WA TRBEKR

2.2795 530 T A A g5 s A I X CO) I AR SR A 5 v, = AR [R) RBESK fige ) BRI BE Al o AT 1R X i
SR AT UL DA AR e S A [ p R R o U RO A A M B . 1 B B, IR AR A pR £ (9a)
2 G T e A 1 1R 2 R o PR B, — B A PR T A D TR HE DU REOR fR iz K I AR B ORI BB AL 5
5 VP BRSO AR L 50 D Dl A A i S W R A B T I M SO RORS s A T 4k
M FFRE5 6 2.2 79945 21 1 330 45 JL R g Ot Ak ) @ =X (9) o

TERLF HE S VA b, TR S B8 RE 7 10 355 107 B2 o 55 B A A S g A A PR R 58 A4 [ T I DB e 85 Y 445
A [R] D) T SR T A2 35 0B U 4 R s A B TSR B, N SCRUGR O L IR BRSO E O a =
[0, &1 s En LBE R V=V, Vi, -, Vo LB (9a) , 38 N B RECT 3R K

Fla)=w'Qw (38)

Ko w M H X (37) B E -

R T AR B AR S BB AL, TS A il Sk BORe 1 N AR i 2 ) T i s R) PR B RS 20 U P B Ak
e, AT A AR R PR A B al AR V u= 0,1, -, U — 1, T 5 4R 00600 BT E el i
TV PR R 38 2o T R IBORE A A B U A 1 00 46 7 s RN Rl R i O iR £ 000 2 07 B e

“a (39)
af=argmin { F(a})}
T AU AR R T AL A A R
Vi=wVi +eanlai —ai ]|+ er[a —ai ] (40)
aj=aj + V} (41)

A VRS RV OB T w BB, g 55 R i AR T o AR B I A 1 A8 B g R RS AR R A
T T X IO O 5 @ R A R o A R B AR A 14 0 0 AR AT, B8 e, e, T T
ri, o 90, 1) 9 R P9 i AL

L RS R 2 05 LS O R S A SR A A S5 O A 0 3 R R I
e i 1 37 8
(-0 (42)
(@)

. Jai  Flap)
a,— u
3

<F
aji F(ay)=F
(43)

}
IR A A b AR B ST I R WA T B B A R B AQUER A, Z LR T TR i A B

a§=argmin { F(a})



1314 R E B L Journal of Data Acquisition and Processing Vol. 38, No. 6, 2023

FESR LA I 00 B af, AR SR M o, AR T A5 21 R AU A o 25 B i Al s AR i) L 2 3 45
Fa e RO 125 0 3 T AR AR R .
(1) WG AL 45 2 W SR F R IR L B el A V82 e KB AR £y s
(2) AT B sk T
a) MRAE 3 (38)3H 5340 4 3 17 3 pR B A, 4 i P 2 (39) 35 BBURE A1 B 10 it 140 400 2 82 2 s R RS e 1
fift B9 R W 0L af s
(b) 38 3k 2 (40)F0 =X (4 1) 57 B kL 3R BE Vi A B ays
() 38 2 3K (42)F0 5K (43) 5 A A e R A 00 B ag FRD B e AR A 0 1 afs
(d) 2 k=r+ 1, EELHED,c), HB = kyus
(3) Wt b EACHT AR 20 09 af A Ry e Z RS AR A BT B S OL A T B B -

3 EXRBESSHT

AR 1 5 0 EL S SR s ) 2 I A R P ROR i T O YR PR RE  OF 5 B i 4% gt 2 I A5 A
B L AT R . O T B M PR B DR L 3 1 S IA T AT A 4 A 5 3.2 7 oh N B O
SRR PR T BAR LA AT
3.1 B

B T BORE Z 5, 51 A LU PR FE B
(1) 3l H 4 R AN A8 45 2 (Passband invariance factor, PIF)"™ . R AE T {5 5 948 FURE 00, 38 45 SRR
AEFEBOBIN | PO RS BT A AR P R A A5 5 e BN o

—2}}?64 M(0,)})

PIF = T iZ0i= (44)
2/\42(6)
L M(0,)=(1/7) Z|P 0, f;)| 75 38 A7 N 25 A BE 1Y I R e N AR AR R B B g Hoh p=
0,1, «++, P— 1A 0 M7 V0 Bl P 10 B ke

(2)?:3['11)%2% FAET VBRI A TR ) (ARG o R, R e R A S R SR R Y S B A
JE 1) -2 446 %1 % 22 (Mean absolute error, MAE)AE A & 46 45 , 48 10] s 22 88 /0N , 150 BH 2 90+ 1] 805 v, H:
E SR

MAE(¢ E‘% ¢| (45)
ﬁ*%:a@mﬂﬂﬁjﬁmﬁ¢%w=QLm,—1ﬁﬁ%ﬁﬁ%ﬁ&ﬁ%%%%ﬁﬁﬁ%
BT, o o 5 78 WA S R P A 90 A, T 90 R AR 90 ) 2 X 7 ) S o R JEE

(3) 4 [l P 45 %0 (Directivity index, DI) - AL 1 4 il P W 75 5 PR U5 B9 [ 510384 45, 418 1) P 45 080K
W 2] 4 1) 1 A ey 1 20 396 it K, HEE SR

DI(¢,)=101g 72 [Pl
"~ OZ‘P(ﬂ/’fI’ff’gf)‘
=0

(4) P75 14 25 (White noise gain, WNG) « /5 b i 2 i 3R TE il 2% S s P 1) B F5 A , 28 7m 45 ] 1 B

(46)



HER F. NS RX LML R R R BRACK T 1315

PR OB 2, BRI e, ™ S 2593 5 O TR 11 M 7 0 2
! ( g Jj* ¥q
WNG( f,¢,)=101g w8t (47)
[ (1@ F @ s(p)]]

LN KX K BALHR R |« "R L.
3.2 MEEESHT
ORI AN K= 10 FF 0 20 i 4 B B JC 1) B = 0.05 m, > B JT 5 3% 35 00 8 Bk 2% 1 4K

M=5#1k% L=10,2S 758 c =340 m/s, K AEPK £, = 8 000 Hz, & H i K f,, = 2 400 Hz, 8 15 FH.
W RN G W ERNEEA S K =05, Ad M EEFE o=[0,180], il i H Q=
(1000, 3500 JHz, # B2 i i 45 [ i il w=[40°, 140" ], i {8 553 (o & ¢, =1[ 407, 50°, 60°, -++, 140" J; X} T 45
] 1 B2 Gl Oy = [ ¢ — 20°, ¢ + 20° |, B @5, = [ 0°, ¢ — 40" JUL ¢ + 407, 180" J; 244 2 5 X
AR 220 B e WUIEEE a, (£, 0)7E[0.9, 1.1 BRI N353 40, M7 v, ( f, 0) FE [— 10°, 10° TN 33
BYo0 A o SR FHRL T BE Ak oR A 1 A8 B 108 U 28 1 B s, BB T U = 30, e KR AR BN 50,24 2] K1
cr=cy;= 14, BN E 0=0.8. 15543k W 580070, 0.87, —0.06, 0.82, —0.99, 0.74, 0.99,
—0.99, 0.35, 0.95],

B2 25 T ) 2 X 46 4 it R A 22 3 2 45 4 15 A 0T B A RE Ry 60° R 90 I 1Y U TR 1A
T AR R B R B S B B, fE T B B 3 g T S A 2 0 A 1 AR B0 R S 1) 60° AN
W RS 0] 90° A I SR 1A, B Sk [ 13 ] v 2 3] A A 3 2o M0E 236 %% B AR R T R AR B R B T I AR IR, T LR
o, ﬁtﬂf&ﬁ@lké?ﬁiﬂﬁ%ﬁﬂ%%? < ) O I R T DAL 2 T DA R R R R T O VA R Dk
HIE A% A 5 R TR o AFLAT-4H 0 55 A A %) 388 2t R T B 2 (o) v BT 2R A R SRy 60° 1 U R
M) Jo7 7E 38 %Jﬁf‘ﬁmﬁmﬂ“u”d@tb@ 2(g) R U B B /I — g, 38 3 AR L N A 2R 22 Y
KAl AT A 53T R 1.91 dB, Fr 4% i1 1.20 dB. 4 8 28 £ 5 5 3T 94 1 30 [ oo 907w, W82 &) 2

0 - R 1 60° o - B IR [90° o Eﬁé?“r"]w“ 0 - B IR [90°
g-10 [ /\ % -10
§ -20 T 4 @ -20
300730 60 90 120150180 °°0 30 60 90 120150180 40 50 60 70 80 70 80 90 100 110
W fE /() Wi AE /() WIa F B/ (°) WA/ (°)
(a) Front view and zoom-in view (b) Front view and zoom-in view (c) Front view and zoom-in view (d) Front view and zoom-in view
of the proposed design [ of the proposed design 11 of the proposed design I11 of the proposed design IV
0 A\%ﬁ%?‘éﬁﬂ@" 0 - HIEIR [[90° 0 - HEE F60° 0 - B IR90°
8-10 [ o g-10 ;
§ 20T \/ ﬁ 20t _J
-30 L i L L L y -30 L L i L L )y -5 ! ' i L ) -5 L | L )
0 30 60 90 120150180 0 30 60 90 120150180 40 50 60 70 80 70 80 90 100 110
A 1 A EE 7 (°) WA/ (°) VA e A BE / (°) A/ (°)
(e) Front view and zoom-in view (f) Front view and zoom-in view (g) Front view and zoom-in view (h) Front view and zoom-in view
of the existed design V of the existed design VI of the existed design VI of the existed design VI

2 WRh e B B 607 90°Ak i I S ]
Fig.2 Beampatterns of two designs with the look directions of 60" and 90°



1316 R E B L Journal of Data Acquisition and Processing Vol. 38, No. 6, 2023

(d,h), A EE U B2 A 82 607, P A e T 19 B 0 oK o) 7 A% 1 2 90 s A8 - G2 1, B B i 22 1 09 e R A
TRERN 112 dB, W TR BT 0.27 dB. R, ol LUA H B4 B3 9 B4 5] i R A 3 AN A8 P A

0

-10 T
g 20
18
£ 30

-40

_50 1 1 1 1 1 ) _30 1 1 1 1 L )

0 30 60 90 120 150 180 0 30 60 90 120 150 180
WA/ () WEAEE /()
(a) Look direction 60° (b) Look direction 90°

[CICINE =3 F Mg N S

Fig.3 Beampatterns of non-robust polynomial design

T BN FE Sy M B P S B A B B AR S P A () B T BRR BT L A 3 1) S
PN T AR N AR AR RO A o nT LR Y TR o A g A Al AR R T 9 1) s 907, T A AR
AN BOBU N A B B I8 AR AR B X b i o B R A B A S5 98 — B BARAE A 1) 3
125 b T 4 S AT O AR AR R BORT 2 (H Rt 2 A P B BT 60 3 Al A AR AR i RS N T A
i AR B R 1) 90°4k  HE2E(H IR B R R ol R (R, T 48 B £ A A 9 16 90 [T A 41 42 3
RAAEERN —36.13 dB, M A Wi HAG —30.66 dB. [l 4(b) 45 T PR T A9 1 I 38 25 0 HE 1T
ML 4Ch) H T LAFE Y, B4R 30T 09 7 0 3 2 00 T BUA Bt FAROR UG, BUAT B T 11 R 4 2 MR
TE 4.89~5.45 dB i [l A2 Ak , BT 42 BT A IR 7S 4 A9V L 6.11~6.42 dB, T 3L A B i A T 42 823t
T A R 1) 30 B P 114 S 349 P R 0 25 0 435 R 5.14 16,30 dB. W 8K L a1 i A B A, BT R R IY
BREEREENOL B . £ B RTIR 5 B BT AR L, AR SO B BT A AL RE 08 A A0 R s B 1)
INADE T S N O A N R N S R DRI R TR 18 92 8 0 DR =g ey

545 1 B4R BT AN BEA BT A 45 1) O 22 KA 1 15 K00 B A I 1) S B P I R RE AR A A b 2R
M5 Ca) BT LU, W RR B T T 8 AR J0AS B4 S AT 17 i 22 B 941 1) 7 38 8 7 22 5 9 16 9 ] s 907,
28 (B PR HR 52 3t 384 B o (ELAR B S, AR ST 4 BT B 418 1] O 22 W B 78 AR AR /0, 8 A 3 1o 05 FBL PN ) 485 1)

651
? 30 \ m
ﬁ 8 6ot
w35t X8 - A ®RIT
e = — PRt
5 5SSt
R 40t o ;
5 - TR ;
T s — FrRt S0p.
40 6IO 8I0 l(I)O 1 2IO 140 40 6I0 8I0 l(I)O 12IO 140
WEAEE/ (°) WIRAE /()
(a) Passband invariance factor (b) White noise gain

4 PRI AR SE A A AR AR A S R A I i X

Fig.4 Comparison of passband invariance factor and white noise gain of two designs



HER F. 7N AKX S AT W KRR B AR 1317

6 6.2
s o maEt 60}
N —pEt
o 4l . : Qs8¢
W ‘ J = 56 - BB
z 3 : ; = — pifeit
T N i’ HH 54
g 2} . . = P
| m 52k

1 \/\/V\\/\‘ M/ s

0 1 1 \‘ . 1 1 4.8 1 1 1 1

40 60 80 100 120 140 40 60 80 100 120 140

WE AR/ () WA (°)
(a) Orientation deviation (b) Directivity index

PS8 i 22 S A P i S BE TR 1) A R A 22 Al

Fig.5 Variation of orientation deviation and directivity index with look direction

fin 22 P ZE/N T A BETE . WEEIET 5(b) AT UK B Rl 1T B4 1w PR 48 B A 3 15 4 1w I 22 W4 A
S, RIVBSEAE 30 98 1) v 90°, i 1) 1 45 B0 A9 EL AR AR BRI 7 — i A JEE B U WL 445 1) fi 22 15 415 1) M 45 K 2 8]
RO R, BRI — B, ARSI BT T 148 ) P48 B0t 40k 24k F BUA B8 1) P 4
B 2 ) B 7 X BEWT T SC 2 IS A BT RE 8 A AR R 22 IS S A S I ROE AR 3 1) A

F LG T PIRN BT B $E O 22 S 1 PR AR £1 FHIE THMEEE L
Bk Bk EE 5 I i 4R g A Table1 Comparison of performance between two
T K F8 [0 25 I 5.69°BRAIRE] 1.54°, 17 F- 24 {1 designs
MIFER B 3.30°28 0 0.56° AR K AR EMESOER — F 1 45 22 /) J6 1) PE 15 % /dB
28 0 AR S SR RSB 7 TR P ROMA VB

Borm EREAGS . SR m PRI R R L A 5.69 3.30 4.96 5.22
AT e/ ME R 4.96 B, T it e/ MES B BET 1.54 0.56 5.65 5.96
5.65dB, ML Z T, 42 T 0.69 dB, IF AP {EH &

MIFE A 5.22 dB #2811 5.96 dB, ARk T 4R I PERE B e RE . Z8 iR, W] LA R A5 e TR IR
TEAT DA R AR I RO 1 S 3 D 1) () i 25, 9 LB vs X 7 1) i g M

4 ZERIE

2R S S P T A S A% AR 1 Gt 22 I A A T U O AR BT R FIR BB B 4% 420 1 —
Foft 7 S 20 35T 345 AL i I ARTE WA, LA A R A IR 2 I K A6 R S e ROR I B — Bl T R 4G
A, 30 SR PR 0T IE A U A PP B A AT AL L S EROR AR AR T R BT el AT
AR (9 M RE 5 55 SMEBIF T I T 1 349 BEAIC Ao ofi DU A A f S50 T R A B AT s ) S R R A R
I8 7 WO MR IR ) 22 . O HAR R, 5 A 2 IS5 B AR L, B ) X 2 I s M it T
PAARAS S 4F B9 R AN AR VR 5 B R BRI 2 Ah, B 3 7 S22 I 5 M e T AN AT a0 8 A 30 1) 315
PR RS 1o D 22, 2% U B AR R B A4 1) PR R BB B A AU T

S E 3k

[1] GINIF, FARINA A, GRECO M. Selected list of references on radar signal processing[J]. IEEE Transactions on Aerospace
and Electronic Systems, 2007, 37(1): 329-359.

[2] WUGQ, WANG M G. Beam pattern of sparse array for passive sonar[J]. Chinese Journal of Acoustics, 2007, 26(2): 111-117.

(3] ARatEe, Sl i i dOR sl ds e 5 S BT 7R 22440, 2008, 33(4): 316-326.



1318 R E B L Journal of Data Acquisition and Processing Vol. 38, No. 6, 2023

YAN Shefeng, MA Xiaochuan. Designs and implementations of broadband beamformers[J]. Acta Acustica, 2008, 33(4):
316-326.

[4] YANSF, SUNHH, MA X C, et al. Time-domain implementation of broadband beamformer in spherical harmonics domain
[J]. IEEE Transactions on Audio, Speech, and Language Processing, 2011, 19(5): 1221-1230.

[5] LAIC C, NORDHOLM S, LEUNG Y H. A study into the design of steerable microphone arrays[M]. Germany: Springer,
2017.

[6] WU X G, CHEN H W. Design and analysis of second-order steerable differential microphone arrays[C]//Proceedings of the
2017 25th European Signal Processing Conference. Kos, Greece: EUSIPCO, 2017: 1245-1249.

[7]  KAJALA M, HAMALAINEN M. Filter-and-sum beamformer with adjustable filter characteristics|C]//Proceedings of IEEE
International Conference on Acoustics, Speech and Signal Processing. Salt Lake City, UT, USA: IEEE, 2001: 2917-2920.

[8] BARFUSS H, BACHMANN M, HUEMMER C, et al. Exploiting microphone array symmetry for robust two-dimensional
polynomial beamforming[C]//Proceedings of International Workshop on Acoustic Signal Enhancement. Tokyo, Japan:
IWAENC, 2018: 486-490.

(9]  HeEms, BRAESS, sk, 2 . ZIsXal 984 P OE s 04 1 GE 23 B B et (], 752424, 2022(3): 293-308.

XUE Han, CHEN Huawei, ZHANG Zhan, et al. Performance analysis and improvement of polynominal broadband beamform -
ers[J]. Acta Acustica, 2022(3): 293-308.

[10] SCHULDT C. Trigonometric interpolation beamforming for a circular microphone array[C]//Proceedings of IEEE
International Conference on Acoustics, Speech and Signal Processing. Brighton, UK: IEEE, 2019: 431-435.

[11] MABANDE E, KELLERMANN W. Design of robust polynomial beamformers as a convex optimization problem[C]//
Proceedings of IEEE International Workshop on Acoustic Echo and Noise Control. Israel: IEEE, 2010: 13-16.

[12] LAIC C, NORDHOLM S, LEUNG Y H. Design of robust steerable broadband beamformers incorporating microphone gain
and phase error characteristicsC]//Proceedings of IEEE International Conference on Acoustics, Speech and Signal Processing.
Prague, Czech Republic: IEEE, 2011: 101-104.

[13] WANG T N, CHEN H W. Robust design of farrow-structure-based steerable broadband beamformers with sparse tap weights
via convex optimization[J]. EURASIP Journal on Audio Speech and Music Processing, 2015, 2015(1): 1-17.

[14] WANG H, CHEN H W, BAO Y, et al. Design of steerable and frequency invariant beamformers robust against microphone
mismatches[C]//Proceedings of TEEE International Conference on Signal Processing, Communications and Computing.
Kunming, China: IEEE, 2013: 1-6.

[15] HEUBERGER P, HOF P, WAHLBERG B. Modelling and identification with rational orthogonal basis functions[M].
Germany: Springer, 2005.

(16] Z2r2, BEEiE, A R F R i M. db s BE2 s, 2009,

JI Zhen, LIAO Huilian, WU Qinghua. Particle swarm optimization and its application[M]. Beijing: Science Press, 2009.

[17] BAO Y, CHEN H W. A chance-constrained programming approach to the design of robust broadband beamformers with
microphone mismatches[J]. IEEE/ACM Transactions on Audio, Speech, and Language Processing, 2018, 26(12): 2475-2488.

fEERE T

AR (1998-), 5, it - f
GEHE BRI TT 1) < 7 B S A
S AL PR, E-mail: 17242281
23@qq.com,

BREE(E(1977-) BIE1ES .
5B U5 D5 1
iR S A S (E
TRG S S E-

mail:hwchen@nuaa.edu.cn,

(%3t . % IE)



