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Fig. 1. The schematic diagram of superdirective vector

sensor array.

XF T iZ kB, FLAk T A] BE d 5 E 2 18] 2
kd < 1, BLAG— 5570 0] [ i 58 2 1) 75 R AN KSR
HRERNE. R RS T ENE R, &
REFETCA TR GRS MR — B A 37 fi] 1
TR LA 6 07 NS Az B RS, R NS BT
05370, Frs WA po, WAL T 23[R AE R (g, )
R G5 (=1, 2, -, 8) HEITHI M ERIK
FARE B RN

p;j(g,h) = poexplik(gcos® + hsinh)],  (la)

Vjz (g, h) = poV cos B

x explik(gcos + hsin®)],  (1b)
Vjy(g,h) = poV sinf

X explik(gcosf + hsinf)],  (lc)

Horhr, VORHRTEAS S 0w A, IR R B
AT R Ok R T 5 S 8 E 3 SRR 15
B, HAMEEMN 22 fi i & ZE A [F]. 208 R
FEZ S, R BRI AN 75 I E TE R 5 A PO,
A I y BIELE FTE TN

D1(0) =cos, Diy(f) =sinb.

134303-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

LR AR A Dy, (0) 5 Dy, (0) AT,
ATl A R 3 0 — B 22 i A 21, B3 ) A 8T
Op/0x 5 dp/dy. N BV 22 73 Ji 3R A ST 2
TIRMBOR, BLLL W 20 BEAT U R, EA K —
PR RN, AP 1 R0 e B 9 B, P IR I i i
Z2 0y T AT R e DU B A 7 2

Map = [p2(d, d) — ps(d, —d)]
= [pa(—d, d) — ps(—d, —d)]
= (2ikd)*pg sin 6 cos 0
= poD2y(0)/ Fa(k), (2)
Hrb, Fay(k) = 1/(2ikd)? RTEkd < 15644 FFr5l
NI B2 M R T, F AT SRAS T AR R TG 5k /) Y
PF- PR Doy, () = sinf cos 6.
I8 R 5K R I RIE X, T7HE (2)
GRS
Moy, = poDa2y(0)/F2(k)
= p0D1x(9)D1y(9)/F2(k)
5 0%p
0xdy

~ (20)
~ (2d)? v, (2d)? D, 5
vy - v e W
HiZ T LA, i TIREREA S B A EIT
T 1a) P, AR S 3 A 1 22 3 T SR B AR ZE A I B
B, AT ES IR R 22 e SRR 22 B DA
AR B AN B0 % 8 2 et AT 22 0 v B v B R A
b 2 Ea, /B
MSz - (U2z - sz) - (U4m - UGI)
= poV Dy (0)D2p(0)/ Fa(k), (4a)
Msy = (v2y — vsy) — (Vay — vey)
= poV Dy(0)D2,(0)/ F2 (k). (4b)
TR TG S 2 R, K ok 2= 43 Fr
I Z W TR R RTRN f() BRI
A ), 2% R8BI 75 1k 5 PR 38 43 5 Rl T i A AL
H
MnJrlw = f(vixa o 7vj$)

Mn+1y = f(viyv ce 7ij)

WRAETTHE (5) ERA, i 22 73 IR B 5 B AROR )
(SR AR 2 B AT A4S 1 1 B s B 51 1 P T 368 3 T A ok
BN EUNE 2 S W)

D3,(0) = cos? sin = F3(k)Msa,
:FB(k)f(p()ap17p27p37p47p5)7 (73“)
Dy, (0) = cos® sin? @
= Fy(k)Myy

= Fy(k) f(po, p1, 02, P3, Pa, P5, D6, P7,D8),
(7b)

o WREAMER T (k) = 1/(2ikd)™; [FIEE, R

P& JTRE (6a) FIJTRE (6b), /KPR AR B IE T e A
Ry e i 22 A1 IBARR] A

) 8a)

) 8b)

Dgw = Dlx(H)D4p(9 = F4 k Mgw/‘/, (8C)

Ds, = D1, (0)Day(0) = Fy(k)Ms, V. (80)

(
(

MR 2R A S T UE ), Sl rb s
—E WAL -, RIAT3RAG L 5503 T K 1
W T B 2 8T 4R D9 T RN S B S
W RFEJLF S8R T R, RUE L7 3k g
ST R I AR BBV AT A R0 1 7K A A R
Trheflivt. KT RAR I 2 R A B AT R
F R, [FIB ETF SUE R OR BEVER &L, R
TR (3) s 22 73 SR8 5 2 [F] 5% &R, ]
W R BAL AR NETC T % 2 R 280N

omtny,
oz oy"
poV

= D, (0)cos™ fsin™ 0, 9a,
Frin (k) ) (82)

8m+nvy

ozx™moyn

__pV m g i

= Fm+n(k‘)Dy(9) cos™ @ sin” 0, (9b)

Seobn, BV S R SCH, T Fgn (k) =
1/(2ikd)™+m.

( )m+n

(2d)™+"

2.2 BiIENOMEEREREE

DR T 22 B BEAR H SE BT K R IR
AR AV P R B R BRI ik, DL R 41

134303-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

THI P (AT 5 0 R B(k,0), FLAE [k, ko] x [—mt, 1] P
(K1 IEAE 58 % FE R {00 (K, 0)} T ATRETF K
B(k,0) = chgol (k,0), (10)

Horb, o 2R @i(k, 0) MR EURTT 25, HAE N

QOl,

k2
/ / ok, 0)B(k,0)dodk.  (11)
k1 —T

Bt KR 7 3 A AR TR AT B, A R E
P I R B(k, 0) = B(9), B ¢ (k, 0) 1F
ki < k < ko VEEINT AL @1k, 0) = QA(0), Q NF
B, AFAER L, W (10) TRR A

B 9) = iqu(e). (12)
=0

A BN TE 55 A ABIBGR 22, AR SCR A A 7R 1A
Y % 1] ) 1 5 3k bR KA D BT 75 A B(9) B A B8
A, AP

A()(e) = ]., Agg_l(e) = sin(ﬁ@),
Ag(0) = cos(40),

Horp RS sR AL DL 2 N JE B, L RT LR IE 2 BB o
AP E A BG nm HUE E PR Sk,

HRYE T HE (92) FUHFE (9b) FioR, 2 TH e
BT T 1 i o B B = ek B0 X, RIATad S 2 4%
TSR B(0) PIBLES AL Ao (0), Ase—q1(0) FH

Aoe(0); RN ¥ 225 K u i 78 Il TE A0 0 i 22 4
¥, W13
m+n=L—1
(2d)m+n am—i—n
e ,nz::o [ po damayn |
n=0
m4n=L—1
(2d)m+n 8m+n y

sin(£6) + c20(6) cos(0), (13)

+ 2624—1(9)
=

o, wy, 7 G TE B INAL R B, wa e X B

gﬁan Tl RH, 1w, o FIHE; L9 B(0) HHCR
U bR AU, A i B T &
BT R RS, S 5 B SR 42 32
R B R R A XTI
B B BT, L AR R T 5.

NGRS Ao (), Age_1(0) AN Agg(6) X,
Ji TR (13) i 5 T 1) 22 A TR JEAT SRR TT,
Ep

(2d)m+n gmtny,

po  Ox™moy™
= a%(m,n)" B¢ + a(m,n)" B, (14a)
(Qd)m—i-n am—i—nvy
po  Ox™moym™
=aj(m,n)" B+ a(m,n)" B®, (14b)

o, EWMTERREELE, BB 735 L
cos(10)(Il =0, 1, ---, L) NIGCEN (L + 1) x 14E%])
ALl sin(10)(l = 1, -, L) NICER L x 1 4E5)
W&; al, al, a; Ma, O3 i) R R B 2 B FE T R BT
R FIR R, LLal 5 as B, B

a$

T
[a 0,m,n) --- aS(l,m,n) --- ag(L,m,n)} )
al,

T
[ai(l,m,n) a;(L,m,n)} s

HICEK aS (I, m,n) R o WEZWESTE 2 T m
U5 y 77 18] n X3 J5 6T cos(16) I DTlR &, HoAh
[FBE. AR 153, "T3RT cos(10) M sin(10) 5
oMty [0x™ Y™ e O, /O™ Oy™ Z B IR R,
e Rt s, [, X TAER m 5 n &
BEAH ST, 3R 2 T I LR —1)
cos(10) Bisin(10) L AT IR, I, LA cos(16) A0
sin(10) TUHEAT XISy, W5 HE (13) AT He4 atn T FE R

T
wm
wy

C° Oy1)x(L+1)
[Orxr (O

az(l,m,n) - -

AS AS
45 4;

B® 0L><1

Horb, BN B 30 X, FEFE Cf C= 730 N
B(0) U T R BT BRI A R, LT A4
EIRR BT BOHERE; 0, BRTTRENOM
p x q HEPUEFE; REFERE AS = [ag(m,n)], A =
a5 (m, )], A% = a3 (m,m)], A5 = [a3(m,n)], B
oAl A& ag, af, al Ma AIHR; wy, w, M
w,, W53 79 R 7= 75 IR (A 8 2 J7 [ RIE AL A

134303-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

[F) &5 y 7 FRE IR A B, BN

T

Wp = wp 0 - 0:|1><(L+1)7
- T
We = [Wa,00 *++ Wamn ~ wx’(L—l)OLXM(LH)/Q}’
T
Wy = |Wy,00 " Wy,mn * " wy,(Lfl)O}IX[L(L+1)/2}’

BEIRFERETTRE (15) T B IR N TTRE, RIAR 3R
RATEANECE R T B TR (H 55 8 3 = A s HOC
Fcos? = 1 — sin® O LIRTE K & 5 52 8] 11 25
ok &

poV

(2d)m = Fy 1K)
8m+nflvm B 8m+n71vy

T oz loyr | dzmoyn L
B AT, D0 OR B IASURE B R RG2S R AN
&, JRlIE co [ERME H w,.
Zity LS, rHEN AR REI G Z 0 ie
B ARG S A T IR R i 5 1 5 B 2 A Y,
T EH AT A 285 FEE T B4 21008 2 ) 2% S e
A5, A5, AL RIAS BRI AR R T RE (15) SRR H 25
HIUMBUR S, AL R T 8 MR BOR. B
AT HEBAT I T RIS I B BT 000
i I HAZ B B R i R T R A D54 g
fLds, MBHRE skt B S 5T, R, 12
B B AR TR N BV R R S v, SR R B A ks Dy 2
VIS C NI DI E 2 SR O TNy
SE e TGS

cos™ @ sin™ 6

(16)

3 B AR
3.1 EFEBIFSESMEST

BT AR My BEAR I L IR A 17 1R ROR
RS, Big B RSREERIRARIBOR; (H% &
B R I AT AL T A SRR IR, D9 i
FRUSCTE A PR B R R B2 s B ey, AR AR
TR 1, BUARHE R 1 it 5 P b K U3 o
i 85 A T PR (1)) I AR R At 0 A SO AR ]
PR A BREE AT BAIE. JEBGR AR

L
B(0,9s) = 0.5+ Bleosli( — )],  (17)

=0
Ho, 9 N FRAE, BNFEE, W ERL S L
3 B(6) A R s AU R AT AR (17) Har B

B, BT HAN SRR A POR R IE KA, IZ PR
BIE R 5 THFETT R (15) KRR, 248 = 1,
A LT, P pRE N

L
B(6,95) = 0.5+ Y cos[l(0 — )]

=0

_sin[(L +0.5)(0 — )]

T sinf05(0 —05)]
R 2 Fros, W LA, AHECT R 32
5, WORFIHMEEUDN, EReEfh T2, Hixk
RAEBACI B0 A HAT 08 1 0 56 B AR
b6 B b BR AR L (B InTT oei /N, AEL el /DN 3
EE, RIDURY 5 TR e O N T = 5 Y

(18)

B B ZE 1.
1.0 .
Eny
Ut
0.8} =

B

0.6 |

0.4}

0.2

—50 0 50 100 150 200 250
0/()

2 (MTRE) ASFE BRI R
Fig. 2. (color online) The beam patterns of different

order.

XF ¥ R TR, AT H A T AR A TR
T g, BRKERS K2 RN 5T
B = 1HfE, Al E IR N

5.6

20 +1°

AT LA Y, 125K % SRR B P 1R B B R
HA RIFRIA 2 Prae s, Hazsr Jiee JibaaE 4 L
RT3 . 3 ah, X TR R B BOR, B A X
AR VR 20 95 73 5 £ B e PR3 B A7) 3 1) R
AL ELAEAR G, EIAR R SE e Es oL, 0 %
JIBEAE S BN T 1842 4, FEBER R TT S H
PRI HERE TN B TR R A% IR AR B T T J A 8
R e IABEN S f At e Ak, A B B8
GF R RE 7, BE— DRI T A SRR TR R
P

N B8 ST 17 1 3R B SR 0 i A
M5 B A K HE DU P 45 i A R SEBLRE 70, AR IR 1 o

BWys = (19)

134303-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

() JLART S5 4, ) R R 90 2 4 o R Kk e 84 g R e
A%/ 22— K BEHES, #/NRSEF
R, W 3 Fs.

K3 (MTEA) ARSUTRE Tk

Fig. 3. (color online) The actual 3 x 3 uniform rectan-

gular array.

FE /N RSP R SR | B RS RIK R IC
AR A FETT 1), BB THR 5 ESR f Y170 Hz,
D) AN [ 455 25 B 0 L B 10 B V8 9 R 5 S 9 o
Kl 4 fs.

M4 B 4 s, =k S5 PFH GO0 T B e 55 R
sz g REEARY G, A BT R g R 5 5
M2 RN IR ZE; (H=F B R R T AL
TR r) P I RO BURVE B R, R AT AR IR 458
N RSE S R S BT BGER HR ) PRI R, BT R
(195 TR B AR 78 1) 2 AN B LR ) 55 %, A AU
e 1 BB RST 548 ) 1 18 28 1 )

X T T B A A B U AR A 22, R ER N A A
T w, Flw, AT MRFE. ARYE 22 5 5 B, HuaE B
A5, A5, A A R T R LS R B A
1/ Fpin(k) = (2ikd)™ ™ H LL3RTG 55505 T2 K M)
A B PR, T TSRO AL H] & w,, A w,, K AL
Fi(k), Fa(k)---Fp_1(k). X FHEBMESTNS, %
TIAL R 7 H A 2 T 8Os 5 210 38 R 22 e ) r=
SRS T SEBRBE S, DAL R 5 B & = B Fy (k) TAE
MEZHEIC B, BT kd < 1HIHE, BT
— B RS A R R N, 4k TS A AR I R S
WP R MAEAEE T ARIRE T A — BRI
Wi, 75 0% /N RS ik B R AT PR AR AR s (EAH L T2
A A AUEN K PR S L, KR RS R (A
W HEXE AR, AN B . ik, BT AR5 sl

(KI7K T ARSIORS W A, TR EOE 24 PR AR B 2
TiiE.

10

R
— U

g _1io}
~
=
=
B _20
&®
=

_30.

(a)
—40 : ' : ' s
0 50 100 150 200 250 300

FEE/ ()

—a— SR
—— MEBOR

PRI E /dB

0 50 100 150 200 250 300
FABE/ (%)

— e e

PedkTrI e /dB

—50
0

50 100 150 200 250 300
/()

4 (PITURA ) ASCEHE R MM R EE T BB SEOR S
SAMBOR  (a) =FrEL; (b) WUBHEDL; (c) T
Fig. 4. (color online) The theoretical beam patterns
and the actual synthesized ones: (a) 3rd order; (b) 4th
order; (c) 5th order.

3.2 Bz SEITEIRENE S

AR ST /N RUST 22 9 (1 76 415 0 12 90 RO Jl B i
I, AR kd < 1. X T A ST K R ARARER N
w, SRR O FR, T B, Ko

134303-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

(T BE d A2 AR R e R 20 R PR . 5 58 380 ok 2 I 5
FE F 4y HRRE 15 L SCRTIT R IS 500b, BE 51 2
WEH IR FE R RE R B S i) TR I AP 5134 2 1)
FA P, A 35 0 1] P 1 3 B bm o DL R AR ST g 1) 14
BRI

5 R BAH R, B FE 1 1 O 2 B 1) o 41 A 2
8 35 ] 58 S FE R A R LG B A R AN TR 4R
I 1 2 e i A\ A M LU bUAEL, B

WH(k 0)R()|?
AG:w%wgﬂ%égﬁy

Hr, R(0) FI W (k, 0) 53 5l 45 B oo B 5 Bt
B FF) R LB A I 355 6 AU AR BT ) B P % 5 T A
RS 7 () g ZE B Ty, o038 WA 55 R iE
T FIAH R R AL

X TR ARSI 85 A F /N R SF R B, LB
SRR R KRB A AR A B R
Y )[R R 8, LA T M R S DR R BT
A I 2 R A O (R . T % 1) [R] P R R 3,
AR SR ER T A BRAN 250 59 A7 10 05 75 P kAT 38
i, HAHIE R ET B LA kd D B AR & 1 DTZE R B L
oy TRE T B 23 ELAS AR G RS U0 SRe vy BT
AT, I H 2 A S MR NS = TR, BRI
435 T 1A RS RS O B BB ) B
. UGBS L =35 L =5 A0, HRER 1 AT
INIIBEBIFLAR, TR 51 1 25 15 1 0 75 1 25 It 35k o ]
PR d ARG S AN 5 BT

WA AR AR 0T LLE 1, ARSI/
PR R AR &SGR, LG R BN /6 1)
F LA IE DL A, FREF 4R M P 25 4008 13 dB,
FRER T8 R B, AR SCHE 4R ) M % 2 B R ~) T
£ 90%, HA BB T 2428 7o 7] BE 4% 22 /N
R 1) 384 2 45 AT BT B v, AELAH I ) 1 M 7R 0 2 2
ENPE. Y B RS R, B A i e A A
e 75 45 R R ) AR A B BURR, R SR BH B 51 BE 5 52 ik
TEA—EHE R, R, 3RA5 T R BB 2 S R
75 B8 AR 1 /N RS B 50 40 e AE P I, R T
[F1) F 1) 32 R 080 5 4556 B 97 386 2 RS B T 2 0 15
HATHE.

[ B, B Tk AN [R50 A 27 38 2 A 1 G 7 3 2
BRI LGS, AT LN RS 356 42 F B2 51 3 2 I 5 A 5 o 5
80 R v, T R A ) R B, LR — PR
BT MBS AR A, (BB T v A 1 51

(20)

55 R HTCA— BN E SR, AR ST
X T2 S R (R R HE SR

14

=S
----- _ - - - TR
13k AR
12}
m
o
~
g 11f
N
=
& 10f
9 -
8 ; ; ; ; ; ;
0.1 0.2 0.3 0.4
d/A
10
ot PP S
—10¥f LT
. P
o
T .
Y& —20t .
£
z
3
= _30
a
4 ne
—40} =S
(b) - - - IR
—50 : : : : : :
0.1 0.2 0.3 0.4
d/A

KI5 (TR ) AN RRRAS B 50T 1 2 bl 5 e (] BE A 224K
(a) BEFIERS; (b) MR 12

Fig. 5. (color online) The array gain and white noise
gain versus inter-sensor spacing: (a) The array gain;

(b) the white noise gain.
4 HEREELAT
4.1 EDEXRRREME SN

0 8] B o B R 3 5 AR AR B 51 0 2 55 1 TR
W AT I8, DMELSRE S REIL Bl i RIS,
FouZE I E AT A Y, FETclalih d fok - S S0 i
[ P AR R AE AT — B IR 22, N e TR 1A 1
SR RRSARYE, DX 22 70 I DA VR 72 15 2 o 8] B Al 5%
FRAEATHIT. R 2 B, E i el E 5 P
WHRH AIZORZ W&, B

| kd
sin {(2) cos@}
en(0) = I\ T ) (21)
<2) cos™ 0
He n AESITERM . HiZTFE T UE H,
ZE IR ZE S kd RN NS FA B 0 A K.

134303-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

PLO = 0° i) A, AR ZE M Ein T, &Rz
JulalE d AR AL an il 6 BT,

|
~

Z5rERlIRZE/dB
|
[=2]

|
®

|
—
o

O‘.l 012 013 0‘.4 0.5
HISRHTEIING K2 1 (d/0)

K6 (MTIRE) NRNETRIZSRZES A
Fig. 6. (color online) The finite difference approxima-

tion error for each difference order.

MR 1B 6 P, 2270 AT AR 22 il 5 26 e 8] B 1
SERTTAE K, b 22 23 B 32 S R L BRI
Zo DL, R RS AR E, 5 5 EEVE
FRERNA. BENEEEINE, Bd/) < 0.2,
it S AT B R 22 B R A TR

N B LWL 5y i 2 T 18] B d 5 22 03 SR
FE A RE TR s, B IR BT T 270
JEURE T A 1 R 22 A TR R AR T B R 2 AT
PR, FE LKL A SEBR 22 57 SR BT 2 R T IBORFR 2
VARV E GRS ok e S R R v N S R
Bl, 2T EORSh 2R TRIZESR. HET0
AT 1 PR, ARIETTRE (5), BT 5 D Ak

PR LRI HRS B 5 2

D1y (6) = cos @

And Fl(k)Mlpw = Fl(k)f(plap5)a (223)
D1y (0) =sinf
<~ Fl(k)Mlpy = F1(k’)f(p3,p7)- (22b)

5 D55 % 7 A ARL, HR 4 J7 F2 (6a) #1(6b), H
B VU 5 £ DU B 4 - 5 R0 B 9% & 17 2 AT
LKA

D2ac:c(9) = Da:(e) cost

<~ Fl(k)Mer/V = Fl (k)f(vxlyvxE))/V: (233)

Doy (0) = Dy(0) cos 6

< F1(k)May, /V = Fi(k) f(vy1,vy5)/V,  (23Db)

Doyy(0) = Dy (0) sin 6

< Fy(k)Magy/V = Fi(k) f(vg3,v27)/V,  (23¢)

Doy (0) = Dy (0) sin @

< Fi(k)Mayy /V = Fi(k) f(vy3,vy7)/V.  (23d)

FIRTTRRLE kd < 1B, BRI FAERSL; W% T
SEBRFBES, 3 BT iR B R AR A — o 2. B
JCIEEE d H1 0.0 284K 22 0.5\, i+ 5AH B 1K) D 2 W%
T, g R man i 7 AEL 8 Fi.

FRAE 1 7 A 8 BT s IR P 2 A1 BRI, 45k
TG IE) PRSI, DA 1 S O DU AR 1R 28 A s
58 = PG AR R, FpR R iR A T
B LI S 3053 R0 55 T D DY AR R 28— B i
105 585 DU P AR 100 52 5 W 2 FEE AR TR /)

7 (RTIR ) RRMETERE T EE FUHE  (a) M5 D1pe(8); (b) MK Dipy (6)
Fig. 7. (color online) The dipole beam patterns as a function of the inter-sensor spacing: (a) Corresponding
to D1pg(0); (b) corresponding to D1py(6).

134303-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

180°

8 (ML) A[E oAl FE T i P A 1B R
Dayy(6)

(a) AR Daga (0); (b) FBL Daya(0); (¢) MBI Dagy (6); (d) A AL

Fig. 8. (color online) The quadru-pole beam patterns as a function of the inter-sensor spacing: (a) Corresponding

to D2z (6); (b) corresponding to Dayg(0); (c) corresponding to Dagy(6); (d) corresponding to Dayy (6).

FERB TR AR BCATE B, AN 2 T AANH]
LT PR HEATINAL, BB Dy A7 X B R
TR K Bl 59 BRI 5. Dk, B REASE e b
B RJEU R B OR, i iE (17) s, HAEAF
FETTIRIEE R AL B 9 o,

M9 FraT DUR Y, B 2 o R B 56 n, 3
Tl B0 N FE E T 555 AR, B
BT S (a) ME8 (d) oMM, £ T REHITR
SR ZUARAL O 22 W R 2 IR 13 2155, R
BE— 0 U W I 2 A7 BEAR S A R A 1] PR R
HA RN, M d = 0.3M I, BK
FIRIR LT B 0.0IN I g — 2, HIFAR H ALK
S5 T 4B T R RN T 0. 20 N, B R A R I RO
AR BUBOR I A, B AR T A2 7K R AR A £ 00

==
T

180°

270°

Ko (FITIRE) IR TR EE TR F R i A2
Fig. 9. (color online) The synthesized superdirective

beam pattern as a function of the inter-sensor spacing.

134303-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

[, ESRAE RS K Wy S A A T e A
HeRER% M0 = ROTBOKR, (5 i /K N ARSI R0 55 B
EEON VAR, HEE TR PR ] 2A EiR 2= it
BLEOR, TR R 2R AR ORI
SR Fig 170 1k AT AR BT B s AR AR A, i 2
T A 2 ) 2L 3 5% DU B 2 A 47 384 2 5 19 W 7
i TS,

4.2 KTERSEMIH

HAEE T2 SR PR BENT B RER AE FE A B, KR 75
BEHEINR A%, R R R e, 3 RO B
TN S, PRBCRR AN 2 38 38 BRE AR A HR A 5 (1
FERARAL ™ AW A2 25 R8 31 22 M1 B AR AL Z )
BOR, BEAEXS KR B RIS AT T, A
ST S S PR A T P R R RO R
f RIS S .

H1 T i B ) e AR S B R A 2R R 47,
AR FH 8 1 98 B ) SR AR AP 5% v 11 B 21 45
FRATHEA LT 0 B R8P P A S BRI, X T

1

explikiry cos(0 —y1)] - --
X(f) = P[11.( 71)]

explik1ras cos(60 — yar)] - -

HIJ7 2 (26) W LA H, %26 TT T I 75
Y % B fal R & N 2K, RIS 7 A IR R
Wi, 25 RE AN 10 Fros R S S B L 24, 24
fo = 400 Hz I, H 3768 B AL 82 5k DL AR+
ST A A S AR S AR AL U B BT 11 PR

r/km
0 >
ER
5
Zs
6
c¢; = 1500 m/s p1=1g/cm?
20
co = 1650 m/s p2=1.5 g/cm?
z/m Yy as=0.2 dB/X

10 Pekeris S =K

Fig. 10. The sketch map of Pekeris waveguide.

exp[ikary 1 cos(0 — 71)] By

expliknrg s cos(0 — yar)] | | Basw

DR fo 7R FE {5, BB T P IATAE My
B S L, RSN E] (A7, 225 R e iR

E3 el RN
M~y o
po(r2) = Y e Z (2) Zun (2)

nw=1 p(zs) V Sﬂl{anT
X exp { i(knwr - Z)}

M
= Y By, (24)

nw=1
Hort, Zny (2) JIXEBLEE ny B 1 IR AR Koy, (19
BRER. 2B RS HERE SRR ALRT N (7, yim) B M
JC(m=1,2, -+, M), RIEITTHE (1a) MITHE

X exp|ikny Tm cos(0 —vm)].  (25)
iR R IR R, WA

1 By

S(f)- (26)

BB 1L AT BLE 1, A I ae & T AN R B Ok
B BN AR, AR T AR R,
P 3 (AR LA AL SE IR 2. PRk, 37K 7 R
FUTHE, — MR A T T AL AR, RIDAS [A) 2
WSe i BB AL A5 5 i FE AN AL A AR A5 B2% P B AT
ANRSFJERE, L KRNI 3K, TR 33
RN B¢ JE B S BORCE TG LT, 2 F K TE
W I R AR A BN 0.8 dB, AR RAHYS T
- T B¢ R W 3 /N 3%, BRIV 3 BT 3 A e 2 A AH
P AR AT IR, ST B T /N RS R 1 1A 1R PR
KRS R R L3, B e 1 S R 2850
Wa. (RN, TR 3 S AR R B AR B, B
BE e thFEMEE N TR BT

DN SE IR LU e A UL g 4 9 3 Xk AR SO AR
AP AN EN & BRIV EIES K A= PG e A
LTI ESCEUE TR [ VEROR. 25 EEAS ST R

134303-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

FI3 R B(6), 5 1 SCT-TH 3 o R B AR L, 3R
SRR AR E 12 Fior.

65

70
75t

80

IF{ti/dB

85|

90

95

100

105
2

200

100

50

A/ (©)
o

—50F

—100¢f

—150F

—200, 3 1 5 6 7 8
PiES /km

K11 Pekeris ¥ 3 T {975 3 fE 222 {h S A Az #4224k

(a) AEREIRILE; (b) 75 I MARRLAR R 22 4L

Fig. 11. The sound field energy and relative phase in the

Pekeris waveguide: (a) The transmission loss; (b) the

relative phase.

10

ot

—10F

—20F

EiL/dB

=30

—40F

—50f T
- -~ RIS
—60 —150 —100 —50 0 50 100 150
/)

12 (MTRE) 3 SHM T ORRLR
Fig. 12. (color online) Beam pattern in the Pekeris
waveguide, the theoretical one is also illustrated for

comparison purpose.

FRAE B 12 Pron B TH 545 R, 38 BOROR IR
AR, -5 (AF 22 ZER IUAE 55 AN 2 i A 411 il

b I A T Y SR v ) 5 I L AT 3 I, EL
] R 22 T BAR A s (8] P i i O H
TS, T o e BRI R P BRI,
PRSI AN RSE R L LR 98 R R 3R 1 R
59, BIIET 2 W1 BEAR R A AR 1 1 PR AR
8B5S e ST L9 ¥ U8 5 v AR AR A T Ao
fitivt, B e i T S A&

5 % #®

ARSCARE T R+ 2 i 7 BRI AR
7O R B AR SR, A HER 2 B 5 S PR IGAIE,
R M A ST AR RS 15 7T A R ok B 97 £ A% 5 K
S S5 S R OF 6, 2R B R N R fLUAR
SCRTSRAG T [P PEBCR, TSSO K AR = I
M7 LAt T, 5 HAb K T B R 1 B 51 R
FUERLE, BT R R R T2 R E 2 )
THTRAEIIRZS, ASCRAR I AR T 28 [
Gy BRI 5L, S0 R PR B W] AT B OR;
I ELBTH G R S S e M i/, DR ] A 008
TOK ARG, FII, 45 G FE5ITERE, WHIT 1
FOTE B A AT SE PG S %, 48 HE RS I B08
I, R AR PR E BT, (HICR S 32 5 T A
— PR, B AR R SR HE; B e A B
S Y 2 5 B R S 0 e, O B 2k T
L) B R /0N T B v, (EL I 271 M 75 3 A1 o 2 9
TN, i 21 R P bk vy R 0 AR AR o R R A
X FEFIRLS I 0 5 F o R FEEEAT S P, AR
IS 6 1) 22 70 e SR o 3 VR DR 3 B0H MR
FUTERE S B, SRT AR SCHE T R R/ DA 2R
TARSRBIIL S, 220 I AA VR 22 B g 1 3 BN %
AR AR, Z5 BN, A SCHr g 57 (it 1
16 9 8 A 8 R TE J B0 S T B ) AL AR R B R A
RE AR PR A, D SEBLK AR Y507 A B S 4R it 1
— R EETBL

EA KREXERSFHEHGMLE
H4E Euler AR, cos@ K cos™ L 9 AJ LIFR R A
cos 0 — %[exp(i@) + exp(—i0)], (A1)

_ leﬂ lexp(i6) + exp(—i0)]™ 1. (A2)

134303-11


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134303

i IR R, IR (A2) ALY

m+1 m + 1
m—+1
2 )

x exp[i(m — 2¢ + 1)6].

m+107

(A3)

B JyEFHUN, WITTHE (A3) WRIT R =#K73, A1

cos™ g
(m—1)/2
1 m+1 .
= [W Z ( ) expli(m — 2¢ + 1)6]
q=0 q

m+1 ml m+1
. >
(m+1)/2)  g=(m+32 \ ¢

x exp[i(m — 2q + 1)0}]. (A4)

Hep, 5T (A4) =00 2l =m+1—q, HEERM
BEEHFSTR B

m—+1 m + 1
> expli(m — 2q + 1))
q=(m+3)/2 q

m+1

0
I=(m-1)/2 \m+1—1
Dol
q q

L, % T m N5 BRI, iR (A4) WAL

) exp[—i(m — 20 + 1)]

) exp[—i(m — 2¢ + 1)]. (A5)

(m—1)/2
+1
cos™ Tl = Qim Z " cos(m — 2¢+1)6
q=0 q
1 m+1
+ Smrt . (A6)
(m+1)/2
[FIH, BT B = mi e, H Euler 23 0[15:
(Qd)p FVm(k) %xq’f = cosfcos™ 0
0
m/2
1 m—+ 1
o Z cos[(m — 2q + 1)0] m B,
q=0 q
m=1)/2 (1
= Z cos[(m — 2q + 1)0]
m+1 "
4—2er1 mAEA;
(m+1)/2

(A7)

(2d)" F, (k) 9" vg
poV oy

= cosfsin" 0

1 /2 L [n+1
(2i)" ;(_1) I
_ Jcos[(n—2l+1)0] n A,
1 "&EP a2+
2(2i)" 1 ; D i 211 1)
sin[(n — 20 + 1)6] n AL
(A8)

MARYET7 2 (A7) 5U7HE (AR), WP R K & KR & m,
n Wi S 50k, B

m—+n m-+n
(2d) Fonin(k) 0 Y% _ cosfcos™ Osin™ 0

poV oxrmoyn
1L (m+1 o
o Z cos[(m — 2q + 1)0] mNEEL,
q=0 q
<m 1)/2
= cos[(m — 2q + 1)0]
_Lfomd KA
mNw 5
2*”“ (m+1)/2
1 n/2—1 .
(21)n2 > (-1 cos[(n — 21)6)
1=0
n B,

| (o) N
Z (1) ( )sin[(n—2l)9} nNEHL

@ir-t = l
(A9)
m-+n m-—+n
(Qd) > l:/m+"(k) gxma;jz = cos”" Osin” Osin f

0

m/2—1
1 m—+1

o= cos[(m — 2q)0]
q=0 q
mAHRE

q=0 q
n/2
1 PN +1
(21)" 1:0( : ( ! )
x sin[(n — 21 4 1)6) n AL,
(n—1)/2 n+1
X n+1 ot 2 Z ( l )
x cos[(n — 21l + 1)0]
1 n+1
oL K
(2i)n+ ((n + 1)/2> !
(A10)

134303-12


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65,

No. 13 (2016) 134303

75 12 (A9) 5 J5 18 (A10) 1 & Tk AT e fL i B

N, H=MARMKARRXL H 2], cosfcos™hsin™ 05
cos™ @ sin™ 0 sin 0 AT AN 1 1E 5% bR B AR 0% B BB

SE3H

(1]

Yang S E 2012 Acoustics 2012 Hong Kong Conference
and Ezhibition Hong Kong SAR, China, May 13-18,
2012 p336

Wang D Z, Shang E C 2013 Underwater Acoustics (Bei-
jing: Science Press) pp545-549 (in Chinese) [{F{EHI,
JRE 2013 /KA (bt B HRGH) 58 545—549 T
Wang Y, Yang Y X, Ma Y L, He Z Y 2014 J. Acoust.
Soc. Am. 136 1712

Parsons A T 1987 J. Acoust. Soc. Am. 82 179

Olson H F 1946 J. Acoust. Soc. Am. 17 192

Uzsoky M, Solymar L 1956 Acta Phys. 6 185

Morris M L, Jensen M A, Wallance J W 2005 [EEE
Trans. Antennas Propag. 53 2850

Teutsch H, Kellermann W 2006 J. Acoust. Soc. Am. 120
2724

Teutsch H 2007 Modal Array Signal Processing: Princi-
ples and Applications of Acoustic Wavefield Decomposi-
tion (Berlin: Springer-Verlag) pp33-113

Elko G W 2004 Differential Microphone Arrays (Berlin:
Springer-Verlag) pp33-94

Thompson S C 2003 Hearing J. 56 14

Chung K, Zeng F G, Acker K N 2006 J. Acoust. Soc.
Am. 120 2216

Benesty J, Souden M, Huang Y T 2012 IEEE Trans.
Audio Speech Lang. Process. 20 699

Benesty J, Chen J 2012 Study and Design of Differential
Microphone Arrays (Berlin: Springer-Verlag) pp41-94

(15]

24]

[25]

[26]

134303-13

Griffiths J W R, Griffiths H D, Cowan C F N, Eiges
R, Rafik T 1994 Oceans 94/OSATES Conference on
Oceans Engineering for Today’s Technology and Tomor-
row’s Preservation Brest, France, Sep. 13-16, 1994 p223
Meyer J 2001 J. Acoust. Soc. Am. 109 185

Ma Y L, Yang Y X, He Z Y, Yang K D, Sun C, Wang
Y M 2013 IEEE Trans. Ind. Electron. 60 203

Elko G W 1999 J. Acoust. Soc. Am. 105 1098

Buck M 2002 Fur. T. Telecommun. 13 115
Abhayapala T D, Gupta A 2010 J. Acoust. Soc. Am.
127 EL227

Sena E D, Hacihabiboglu H, Cvetkovic Z 2012 IEEE
Trans. Audio Speech Lang. Process. 20 162

Zhang T W, Yang K D, Ma Y L 2010 Chin. Phys. B 19
124301

Shi J, Yang D S, Shi S G 2012 Acta Phys. Sin. 61 124302
(in Chinese) [If V&, B, W EE 2012 )3 ¥4k 61
124302]

Shi J, Yang D S, Shi S G, Hu B, Zhu Z R 2016 Acta
Phys. Sin. 65 024302 (in Chinese) [, ##Ax, i E,
HATE, bl 2016 #EEEIR 65 024302)

Sun G Q, Li Q H 2004 Acta Acust. 29 491 (in Chinese)
[N, ZFJA 5T 2004 73R 29 491]

Guo J Y, Yang S E, Piao S C 2015 170th Metting Acous-
tical Society of America Jacksonville, Florida, United
States, Nov. 2—6, 2015 p1737

Zou N, Nehorai A 2009 IEEE Trans. Signal Process. 57
3041

Gur B 2014 J. Acoust. Soc. Am. 135 3463

Nehorai A, Paldi E 1994 IEEE Trans. Signal Process.
42 2481

Smith K B, Vincent A, Leijen V 2007 J. Acoust. Soc.
Am. 122 370


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1121/1.4895686
http://dx.doi.org/10.1121/1.4895686
http://dx.doi.org/10.1121/1.395561
http://dx.doi.org/10.1121/1.1916315
http://dx.doi.org/10.1007/BF03157322
http://dx.doi.org/10.1109/TAP.2005.854530
http://dx.doi.org/10.1109/TAP.2005.854530
http://dx.doi.org/10.1121/1.2346089
http://dx.doi.org/10.1121/1.2346089
http://dx.doi.org/10.1121/1.2258500
http://dx.doi.org/10.1121/1.2258500
http://dx.doi.org/10.1109/TASL.2011.2163396
http://dx.doi.org/10.1109/TASL.2011.2163396
http://dx.doi.org/10.1121/1.1329616
http://dx.doi.org/10.1109/TIE.2012.2185020
http://dx.doi.org/10.1002/ett.v13:2
http://dx.doi.org/10.1121/1.3402341
http://dx.doi.org/10.1121/1.3402341
http://dx.doi.org/10.1109/TASL.2011.2159204
http://dx.doi.org/10.1109/TASL.2011.2159204
http://dx.doi.org/10.1088/1674-1056/19/12/124301
http://dx.doi.org/10.1088/1674-1056/19/12/124301
http://wulixb.iphy.ac.cn//CN/abstract/abstract49209.shtml
http://dx.doi.org/10.1109/TSP.2009.2019174
http://dx.doi.org/10.1109/TSP.2009.2019174
http://dx.doi.org/10.1121/1.4876180
http://dx.doi.org/10.1109/78.317869
http://dx.doi.org/10.1109/78.317869
http://dx.doi.org/10.1121/1.2722054
http://dx.doi.org/10.1121/1.2722054

) I8 % 4 Acta Phys. Sin. Vol. 65, No. 13 (2016) 134303

Direction-of-arrival estimation based on superdirective
multi-pole vector sensor array for low-frequency
underwater sound sources”

Guo Jun-Yuan? Yang Shi-EY?  Piao Sheng-ChunY?’ Mo Ya-Xiao®?¥

1) (College of Underwater Acoustic Engineering, Harbin Engineering University, Harbin 150001, China)
2) (Acoustic Science and Technology Laboratory, Harbin Engineering University, Harbin 150001, China)
3) (Institute of Acoustics, Chinese Academy of Sciences, Beijing 100190, China)
4) (Key Laboratory of Underwater Acoustics Environment, Chinese Academy of Sciences, Beijing 100190, China)

( Received 12 January 2016; revised manuscript received 22 April 2016 )

Abstract

With the advances of ship noise reduction technology, the working frequency of the passive sonar must be reduced
in order to detect a target. For the conventional array, it requires a large array aperture, comparable to the wavelength,
in order to achieve an acceptable angular resolution. Arrays of small physical size with high angular resolution are thus
attractive for low-frequency direction-of-arrival estimation of underwater sound source. In this paper, we consider a 3 x 3
uniform rectangular array which consists of vector sensors with inter-sensor spacing much smaller than the wavelength.
A broadband super-directive beamforming method is proposed for this vector sensor array, which extracts multi-pole
modes of different orders from the spatial differentials of the sound field. By normalizing the amplitudes of the multi-pole
modes, frequency invariant mode functions can be obtained, which are used to build the desired beam pattern, despite the
Rayleigh limit on the achievable angular resolution. Vector sensors are used to replace the pressure difference operation,
thus to achieve a desirable beam pattern, the order of spatial differential will be reduced. In other words, for the same
array configuration, using the vector sensors provides higher directivity than using the pressure sensor. To concentrate
on the sources, and to minimize all hindrances from around circumference, a suitable beam pattern is constructed as
an example to analysis. To verify the algorithm, a prototype is built and tested in a water tank. Comparisons are
carried out between the actually synthesized beam patterns and the theoretical ones. The experimental results show
good agreement with the theoretical results, and that the directivity increases with the multi-pole mode order increasing,
at the expense of lower robustness. The performances for different values of ka are also investigated, where k is the wave
number and a denotes the inter-sensor spacing. Simulation results show that when the inter-sensor spacing is no more
than one-sixth of the incident wave length, the error introduced by the approximations for muti-pole mode extraction
can be neglected. It should be noted that this result of the inter-sensor spacing still applicable when considering array
gain, showing that the array is insensitive to uncorrelated noise while preserving a relatively high array gain. Finally,
the influence of the underwater acoustic waveguide on the array performance is analyzed. Simulations and experimental

tests show that due to the small array aperture, the waveguide effects on the array performance are limited.

Keywords: super-directive vector array, direction-of-arrival estimation for low-frequency underwater

sound sources, multi-pole modes
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