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Abstract: To address the issue of high computational complexity in implementing polynomial structure beam-
formers for microphone arrays, a sparse design method based on the alternating direction method of multipliers
is proposed. This method utilizes an optimization criterion that considers the mainlobe spatial response vari-
ation to achieve constant-beamwidth beamformer design, and by transforming the original high-dimensional
non-convex problem into parallel solvable low-dimensional convex subproblems, the efficiency of sparse design
for polynomial structure beamformers is significantly improved. Experimental results demonstrate that, com-
pared to existing sparse design methods for polynomial structure beamformers, the proposed method exhibits
better constant-beamwidth performance while maintaining good design robustness. In terms of optimization
efficiency, the proposed method only takes 0.69% to 1.09% of the time required by the existing methods, and
it achieves higher tap sparsity.
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Fig. 1 Structure of polynomial beamformers
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+ i llys — TED13, (43a)
s=1
st |lyslle < B, s=1,2,---,5, (43b)
Horfr,
) = n=pgllo > = 73" =25 /p,
ri =G, w' —¢M/p, s=1,2,--- 8.
i T2 (43) 5524 (39) W REMIALL, KR4 2608 2, 45
|| S o BNBIRRIZ A S + 1AMX ) 2 &
0TS N2), <oy Ea 2 I e 115 12),
o, Bga1 21TV, 00), FIFLATAER (43) #53
th#

B = (BB e By, x=1,2,---,5+1}, (44)

X (44) T,
S
I+ 30 I _
B _ S—y+2 L XX 0,
+
[Fy(ytjl)]-‘ra X:S+1>
i Z T
y(Y =
i, 1Tyl < B,
szt;rl) (t+1)
_tYss B(t+1)7 HF 5 ||2 > 5(1&—5—1)7
Qnﬁ%u ’
s=1,2,---,5. (45)
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PR TR 2D

S (t+1)

= argman)\ (14 pgl|0®]]2 — 2» +7'1(t))
+§u+%wmm—a+#w
R
+ Z kO (z, — GL, D)
r=1
+ £ — G D) (46)
Xt (46) st — DAk -
R A
S gy (5~ PO+ (o~ TSP,
r=1
(47)

R (A7)t 18 = 1+ pg |l @l + 7+ A /p,

I_ﬂz(?.q) = GOT’T,'lI)(Hl) — ﬁgt)/p, r=12--,R. ¥
3 (47) #5739 R AL ) @, 25 5 RAFEEAS 1)
TR i«
) = (I + 1) /2, r=1,2,--+ | R. (48)
SRS R AR Y (D)
y (D = arg min SY [+ O'(t)T(Y — Ew(t“))
+ 2y —ba . (49)

SR TR AT 1]
YO —argming||Y |l + £11Y - 1V, (50)

K (50) 1, TEY = bt — e® /p. 3 (50) Ky

SR 0 + 03 TN AR A R R, AT SR A5 L O]
fig 17,

YD = sign(Dy T ) IV | - 6/0)4,

u=12,---,U, (51)
A (51) s sign(-) RS AL
LR HHHHBA R oY
) =
argmin 2t fol|> + 7O (v — @+

p ~
+35llv = w13

}:%”1+MMMb—4““+ﬁ%

2
#2570 4 gl o] = + 77)

+ 5B 4 pglolls =+ (52)

2 (52) AIFAL £y + 03 ST HAL 17 AL

(t“)—argmfnlﬂw(t“)l\vllmL lo—I{ Y3, (53)

5 (1t mgllolly = =0+ {02

A (53) H, U = pgl2 + A(“ +p(RrY + 70 4+
R
B R+ 30 (W — o D)/ (L R))s
1

i+ ( (t+1): ~(®) /p)/[l—i—#?,(l + R)J. AR5

B s A, k40 da 55 ] SR A5 B A A«
oy DV (T 20,
v - t+1 (54)
0y, 1)), =0,
Hep, T = (|0 — D /p) /| T 5.

IR 7%%%%1@%””

(H'l) = arg min Z >\

7120

P (L g [0V

= 2D 4 7) + L [0

— 2D )2 (55)
Gy RAGH MR
i = [ — pgllv 2
R
t
2T AN )/R) L (56)
r=1 +

B8 H BN T

<””—a@m9“WMHU+ﬂHMHW|—n

TQ/
+ ) + §(ﬁ““) + gl — n+ )2 (57)
KA T, TR BN
1
Y =y — gl [0 D[ = AP /).
(58)

B9 RS B H IR A (AT A0,

U (D) (1) G (14+1) (1))

_ ﬂ(t+1)

/\(H‘l) _ /\(t) + p< _|_'ugH,v(t+1)||2 (t+1)
+7—1(15—’_1))? r= 1727"' >R7 (593“)
=2+ p(BY 4 g lo D5

4ty

/\étJrl)

(59b)
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57(72+1) — E(t) + p(xt (t+1) _ G’T ~(t+1))’ r=1,2,---,R, (59e)
m=1,2-- M, (59¢) o) — O 4 oy @+ _ Ty (50p)
C(t+1) _ g_(t) + p(y (t+1) _ Gg‘L’S,lI)(tJrl))’ 7(t+1) _ ,Y(t) +p('v(t+1) _ ,u~](t+1))_ (59g)
s=1,2,---,8, (59d) RRER LT I~ S BOR SR, FEE

KD = kO 4 (0D — G D), ADMM % A%45 11 &4y
(@D 4+ 201 |[0 Dl + Y HV]1) — (@ + 29 [[0@][2 + 8|1V ) _ <9 (60)

o+ 215 [0 [ + SV O]l
BIA B e RIEAEL T, Horb 9 e U Sz dil 2 4.

g b B (21) SRAL R ADMM SRR FE QIR 1w

#1 MuEER (21) 89 ADMM RELE
Table 1 ADMM solution steps for the optimization problem (21)

BN EkRI DO, KR b0, $1% R g/ gst. go-

Wiate: 1. i ERME DO = X — DO, RER (26)~ 2 (29) EHIMBUERE b 5 MK Gy .Gy Gos

w N

M p, WS EL 9, FiBE R B 6, S5 IR R IR 0, S KIEAR IS T
St =0, AU E DO, B E {00, B0), £(0) 4(0) 2(0) 4(0) Yy (0) T (0>}

h%%a%%;;gﬂmxw>gmgw>gmaw>¢m}

AL

R (35) 5= (36) KB AFB®, i (37) FHH wt+D),

R (40) Bk (41) 4 BAEE] oD 5 20T (m = 1,2, M);
IR (44) B (45) A BIRAERAME BEHD 5yt (s =1,2,-. ,S);

. AR (48) R 2D,

JEIEHSE A IR (63) 1931 T ik, AR (54) RABM (D)

- 23R (56) BRI 7T,

1
2
3
4
5. R (51) HEIGMER Y (),
6
7
8. 4\ (58) REHMBE R S,
9

. FIAR (59a)~ K (59g) FHH k% 8 H e T {)\gtﬂ)’ )\gﬂ-l)’ gD (tH1) o (t+1) (1) (1)},

10. t=t+1;

11. EEHAT 1-10 &, HEFH L (60) 3t = T FHEIHIER,

. SUERILE @

BERIE, AR s AL d i (10) 5
ﬁun%%%ﬁ%@@ﬁ% XF T2 (10) B A
A, 145 T AR R SRS R M€ ADMM
SR (11) 3 Ak in) RN TG 75 5 08 € Y E, A
AR £ L 1P AR b Y o ITHEH BRI, it
AEAS AR .

4 {FEXW

4.1 ERMAIMERES

ARATEEL X TR B LA AR B )
FEE M IR AT S B AT XL, AR B EE TR
& BEF AN B8 A% 7R AR ARG IR ZE R, BIIAE S (9)
HR AR T R R R TSR

FEH K = 10 ok 58 S 221, A4 FE

JUJEHE N = 5 M FIR B, B MEESEH J = 30
ANk FEJCHAIFE d = 0.04 m, FiE c = 340 m/s,
55 RMER f, = 8000 Hzo ¥ 4% B I 11 25
FAAL Ar B iR 230 B 53 90 8 Aay, € [-0.1,0.1].
Apy € [-5°,5°] K Ady € [-3,3] mm; RZEIHE
ERS A e =1 x 1070, py, = 8.73 x 1077, pug =
3 x 1078, WHIRLHE 2 = [1000,3500] Hz, %
B fo = 3000 Hz, W A £ FE 6 Hl @ = [40°,140°],
M T S I U A T 38 0 200 BU AR YU [ 62,
W ) PV B, E VS O, 55 G Oy,
FIB B S S WA H = 510 R = 6. Q = 11.
Q = 360 X (10) AR KB L = 5, PR & H
Seg=1x 1075, M RE 0 =1 x 1076, Wi [ TFR
fep =1 x 1076, ADMM #i K&ERXET = 300,
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LW {E n = =10 dB, N T A FHE, AR5
G ARE R, [RRETR N 70T Fi5 15 2 0 82 A
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Fig. 3 Beampatterns of different algorithms for the look direction of 60°
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Fig. 4 Beampatterns of different algorithms for the look direction of 90°
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fE50.14 dB (PR EIXT R E 3(d)), ZAR T A #
BRAEVE R 1.07 dB (PR BRI 3(e))s 243k R fa
N g = 90° B, BT 52 503 1) de K = 0k BN
0.61 dB (A EIXT N 4(d)), EAR T Bl F i 5
1114 dB (BR BN 4(e)). X 45 R,
T R 95 S K F MSRV A 2k % 7 2 iR
G RO R s 1 2 R SR PR R

10 fmeeE
—20}
g —30%
8 —40t
T R e PR (6g = 60°)
B o TR (60 = 60°)
o —6op /¢ o IEEHHEITE (60 = 60°)
—704 —— IR A (dg = 90°)
—e— BRI L (¢a = 90°)
—80¢ —— AEEHRE (¢ = 90°)
— 90 L 1 L 1
1.0 1.5 2.0 2.5 3.0 3.5
HiZE /kHz

Bl 5 ARREFIETE ga = 60° & ¢g = 90° TSI
-WNG 21k,

Fig. 5 Frequency-WNG variation of different al-
gorithms at ¢4 = 60° and ¢4 = 90°
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Fig. 6 Minimum WNG and maximum main-
lobe fluctuation variation of different algorithms

within the range of steering angle
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Fig. 7 Distribution of sparse tap positions in

beamformers designed by different algorithms

PR R I e K = 9. K = 10, FIR JEJ% 2%
MUN =5 N = 6, TR FHLE T = 30,
J =40, KA HEE 541 £2 WEHT
v i it 05 5 B0 AT s i SRV E A A b Sk 2
FNIZ AT I (] 4 7 THD A BCHE % OB o Ak s SOBUE
T 70 B R i e S B 5l Sk B LA, R g
SN K x N x Jo

FHE 2 T A, FEAN [FRRE A 4E 50T Frie i
BBV RAUE M B IR 2 m T IA Mg %, BHF
Y 11.08% MIFR B $E T o RIS, 4E508 ks 530
A MBS F CVX 1T SRCFE S B R 38 n, 1 f
PEH R SVE Al P ADMM FERS 32 52 M 58N, fE5 0%
DA BCE G HAN S CVXCR R 1190.69%~1.09% o
PR T R A AERU R I, W10 X 6 x 40 IZERL R,
Tk« IR CVX R, T ADMM (XA
396.53 s [FIEATIN Ko EHIRUL, 1555 T KM B
B A MSRV i, 15 A ADMM SR fif #5558,
REAS B i 1 5 22 1) TU AR ks [T, A ADMM 4y
A FEAT AR AR REE , AT AR R FE g/ FERT, 5
BRI H B, H RS SRR R 4E 508 = 115 O
AT E AT AR .

®2 TEEEMMUEERIEE

Table 2 Optimization efficiency comparison of different algorithms

BEEH B A%fbﬁ%ﬁa%ﬁ/ﬁﬁﬁfs‘z A IBATI I /s
BUEMBREE Prtmmsng AWML PrIRRmE %
s 30 361/26.74%  519/38.44% 25622.56 279.53
0 40 586/32.56%  818/45.44% 41766.25 321.02
6 30  581/35.86%  755/46.60% 31873.18 292.92
40 929/43.01% 1154/53.43% 50542.43 348.59
s 30  400/26.67%  590/39.33% 31976.13 299.24
0 40 715/35.75%  914/45.70% 47550.22 335.77
6 30  700/38.89%  866/48.11% 37868.94 311.57
40 —/— 1278/53.25% — 396.53

5 SESKE

AR 3 S S 56 b BT AR AR R R S B
BRI APERE R B 5 SOk [7) RSk [11], 52
MSZIG AR N5 m x 3.3m x 24 mKTH A=
HEAT, SRR TR FE N 4 cm (1) 7 B 703 51 26 B
FEYREEFEH R0 2.5 m, B YR AT A 1500 Hz.
2000 Hz.2500 Hz.3000 Hz.3500 Hz M 1523155

TRA MR R 26 B E A% (NI) [ NI USB-6363
S HIERERBITHEERGESRE REERN
8000 Hz. 7t 2 Wi\ 45 4 Ik RE i s it o, W&
FIR JEU NN = 5, BAN RN S k% J = 30,
HRSHEES 41T,

T S 28 R R I ST BT VT IR IR
Pt Sk o A G oL, B S Fian . BLE M VLI
s 18 P8 R 22.57% 17 FT 1 S50 (10 s 16t ek Sk L 2y
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Fig. 8 Distribution of sparse tap positions in beam-

formers designed by two algorithms
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B G (R N A5 5 RO AT e 3 B )0 e F T 5 g N
SIS 5, IR B L 1, R TE a8 115 5
To R FLRCRBLT 0 T 5507 NS5 5 18 H
AT 0, T 2 BB AR okt o) e 75 04700 1) ) e
JIBE 5.

BEXE BT R R R S A R R T A
SIS 3 3 4 il 4 H A VR AE ST 90° NG
S 400 NI S S50 25 5L« 3R 4 73 0 45 H S URAE
HHEE 110° N 35 5590 60° N5 Seill szt 45 5K . fir
15 S0 25 SR g SN A v 40 (0N B PR A5 R

H1 2 3 TR0, 24 A 5 AT EE T77 1) 90° A5, B
A 5L 5 PR B L I °F $ BOMSR 43 5 4 0.8759
F11.0322, Bt W Fr R S0 R A5 5 o R AL R Y
SR s HARBCT IR B2, B A AR %40
AL ) BOMSR B £ 1, R W P Bk AN A
ARG T TC R AL R ) B0k ARSI TT
7] 40° NSFFEF, BT 4.1 45 05 LSR5 h B B 1 55

L2 AAELN —10 dB, B Ly N 2 BE A R AELISE A
L 0.3162. R FIEAT FLVALE 1500 Hz ARSAAL A
PS5 ML) H, IR RN, 5 iR Sk b, B
FRAEARPYE ) WNG RIVEZE , 7T g 20
FIHE T IR A MPTIREE ) TR R CIR%E
SEMVEL/N , WIAE BT RT3 BE T A2 BT R

*3 ER—PAEEENBBEATEIREL

Table 3 BOMSR of different algorithms

in the first experiment

FUENSAE %/ Hz AEMREE  Pridfms

1500 1.2591 1.2577
2000 0.7736 0.9934
90° (JIET7IA) 2500 0.7708 0.9407
3000 0.8110 0.9692
3500 0.7650 1.0001
1500 0.6487 0.0271
2000 0.0940 0.0496
40° (FMWI7IE) 2500 0.1833 0.1974
3000 0.1320 0.1050
3500 0.1411 0.0990

F4 ER_PAEEZENBBEATEIREL
Table 4 BOMSR of different algorithms

in the second experiment

FRASAE % /Hz IHEMBEL Ak
1500 1.2654 1.2640
2000 0.4988 0.9073

110° (HI®J71) 2500 0.6348 0.8506
3000 0.7169 0.9794
3500 0.7834 1.0330
1500 0.1651 0.0292
2000 0.0693 0.0534

60° (553 J7 1) 2500 0.1376 0.2126
3000 0.1772 0.1131
3500 0.1402 0.1066

TER 491, FEAUXS R 3 153 H7, X HAEE 110° N4
IR, B HE S BT B F 35 BOMSR. 433l
90.7799 F11.0069, 3X 3 B 2 BN 6 2% AR FE
TR RR TR AR, HLATHR AT & A R Y
BOMSR [RIFE R I H 45 o KT S5 60° NS 1) 7
J5, P RORS R 2002 () BOMSR KT 0.3162, AE %17
JEVCTHEDR . R, S5 20 b 9 2 S Bt T,
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