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Abstract: To address the issues of a wide mainlobe width, insufficient interference suppression capability, and performance degradation
in coherent interference environments associated with conventional beamforming algorithms, this paper proposes a null interference
suppression technique based on beam sharpening, specifically including the H-LCMV and H-CTMV algorithms. This method divides a
uniform linear array into left and right subarrays, computes the null-steering beam weight vectors for each subarray independently,
enabling each subarray to form beam outputs with null characteristics. Based on the inherent phase delay between the subarrays, weight
factors are constructed, and the outputs of the left and right subarrays are fused through nonlinear hyper-beamforming operations, thereby
achieving significant mainlobe sharpening while deepening the null depth in the interference direction. This technique is applicable to
both in coherent and coherent interference scenarios. Furthermore, by constructing a correction matrix to replace a single actual
interference source with multiple virtual ones of equal intensity, the null is expanded into a notch with a certain width, effectively
enhancing the algorithm’s robusiness against slight perturbations in the interference direction. Simulation results and experimental data
from the South China Sea show that, compared to traditional methods, the proposed algorithm significantly compresses the mainlobe width
while achieving a null deepening of over 20 dB in the interference direction, effectively improving target resolution and interference

suppression performance. Futhermore, the sharpened algorithm exhibits more precise pointing precision, effectively mitigating beam
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pointing deviation caused by ocean noise. These results fully validate the effectiveness of the proposed technique for target detection

under strong interference and coherent source conditions, providing technical support for improving the detection performance of sonar

systems in complex underwater acoustic environments.

Keywords : underwater acoustic signal processing; null interference suppression; beamforming; beam sharpening

0 3l

T

FE7KFH HARRI e AL 58 A5 T, RO i i 25
DEORE 22 W T W KA A & ik, 52 300 H AR D7 1w 1945
IR AU AN SRS AR ROR . B
S H £ 2 A, THIREE AU ZHE | WG 2 TR L
AR TR AU M B B A% L R

35 SRR B3 1 S A e T A ) A B Y 7
2, DO TAE G RIE O 125, F IS N R i RE 8 AR
Pt SEET A 5 RRIE RS AR A, B 2 R I R
W FIJRAR X 35 N PR AR AR B A 278 (5 5
Birh, BEAS A RO XTI S | 55 {5 5 B R
etk R, & /N 7 2% JC W 728 1 )% ( minimum variance
distortionless response, MVDR ) % 3% | ¥ J7 22 40 [ & 1E
( covariance matrix reconstruction, CMR) 5515 A8 25 K B /)N
Y977 (variable step size least mean square , VSSLMS ) 245 |
135 /N 3 ( recursive least square, RLS) 8.7k | 2R
/INF5 2% ( constrained minimum variance , CMV ) 59 2
AR B /N2 ( linearly constrained minimum variance,
LCMV) B33k 55 2 Lo A DL A4 3 1oy O oI I Sk
TATRYEE 5 AT 0 52T AR Ak 50 25 8 R 2k 4 5 1 AL
HOASR S T R MERE BRI 2 (F S A
LR B BEWIRNE, S8 LCMV 3 AU a8
AR Ty a3 250 1 A E S Mk g s DR AT AR T
Pyl A SIE R B FE B AR PR A S 7T R IR
ST AT e TH A BEAL ™ AR B8 R RRIR R
HAEM R SREAALE T XA BeE v e
SR, Y AFAE T 0] % i 18 22 PR R I R P TR 1 35
NN Ry Y TR VS R e RN < P Ve 28 A R
TEAEAERR M 22 3 I L, A0 N B I o 17 X6 £ 2%
HOR LT3V BB AT O ZR Afk V D7 2 6 0 285 e ol O 1) 52
M, DA T AR e A 1 L R AR S B 7 P Uy 2 S I
H LA X AR 6 B 38 ok 28 6 A 0 3R Rk SRR
BE/INHAE B, BT A AR M R AT b R X
FA N B PR TN S B AR, 38 R T S PR
LRI MURAA N I SR TR R T AR EA T 5256 A
DA i 5 AR A 2k i

BN 7 R IVA W-aa SR ST NG e~ I I N o = DA X I
] 325 b7 A S 8 4 T 1k DR C TP 8 A, 4 &t 3
KR TR B 5 0 Bs R BE s 00, S BCTH s

%t 2 o DX, 2 71T A6 38 AR 8 1 1 400 410 1 44 g
W N B SR R 3 — [a) 8, WY AR 3 D% TR AR
SRR B0 14 7 1] 7 AR B B A A TR B A
T, SEEURAL EAFTE L 3 19 T A5 = A Rl 1
SRR R T I G SOR . B R T H AR i % i ol 7
) [ A 2 B XS A T A e A < s F
A PRI BEAA TR A B8 A B IX 18] 9 A TR B S L, A
M E AR T R G f . Mailloux 42 Hi 76 R AL 7
2 FE W F fn 2 B it B S I AR R RO T g A, S
B SRR, 2R S 3E e BB T o A A 3 A
RHERE , JF SRR 2P R LI E G R, &
R A S T S i T Ak R A T AR B0 B B,
3 3 e 3 AR T A8 B T, 45 A T 22 HE
o JRE IR G o

ARG8T AR F2 e AT S5 R AR5 1 KB 91 £ AR
TOGT e AR AT 5 ME LA SIS B, PR, RS AR B 8 )
LA AT T 2 H AR T Be e B R B AL, Ok $2 71
HRTR IR PERE R DG Iy 1], H i AH SC AT 5 32 B IS8 i o
S RIS BHEE NS = R AR AR R,
TR S A R A E R A S IR s
RS I A = DO O A NI T N
Schlieter! ™) & VR BHHE I I 1% (‘hyper beamforming , HBF )
AR T KT P WA | 388 328 K B 510 30 53 oA 20 A R
TIN5 2R I g AR L s S A e
WS, SR AR A T IR AT R A 0 B8 Ak, B R
4 HBF HOR G| AP A BACAISR | i — 20 S0 A AH 7] 4
HNFLAR T BEARR 55 A v S MO e o 5 B AR A v, /)
5RO D) R R RO B AR 1 1 B ) R R 9
S AR RERAL SR NP Y I 45, L 2 B TR
G LA LA P WA L3 15 5 1 e o PR =R e T
R AR 5%

BT RE AR B o 1 dpl R B Ak Ty 12 i e B 2R
JE PR TC AR KRB FLAR , o W BB o LA 5 1
SRR T % 2RI L AR o X B A A B
AT 2 R0 43 O T R [ A AR AL, R 71 18] i H s
SR B R AR ) B 114 52 95 K45 LU B R L, 0 0l R
LA TN A e/ e ik R AT R DL TN S Bk AU
J . AR T R 5L TR RO 1 ROE
BT AR M TT I, 3 % v B BE D™ [ T 80 i ¢
SR, H 3o 2RI T2 P T Jr v | (e AH R4 e
PSR ATAR I B AR 73 BERE I AL



252 f# £ ¥

47

ST RICY BIE ) PR B TT R EAR T 1
SERE ST XT TPt i 1 B8 7, SC BA R S e
PERIZS AT TR R TG W1 R A 2 A
HITEEREARIE YA AR B I AT SURHS S D8 I 2 L) 5K
LB A BRI AR RO ST A5 5 14 £ BE A
e R T S BRI A5 S o DL A B T 22
SRR, o S A S o R R AR AR 43 5 A A
BRI T IETIC, 9K I 8 5 0 A o 28 e P 5 2 e 2 TG
IR

BUA A I R R R A A S B T
], AEATS TR s 3 A4 17 8 R SR R A Bl R
ARSCEGE TS 89K EARBALTT RIS, % B
BAIE T ARAR LMz 5 8 T BOR B )
TR AL . REREAMURERE AL, A
AEAE A R0 NI R AR TERE , T B ikl P fE

1 FFEBRFEA

% B — 1 2M BT R A AT R RS, T
—ANSK A 5 1 2R T AR 5, FEBEA 5 A MR TR 23
FEAAHR ARG 22 3R AR 2505 2 Y 1)
FRAIZ T 0 B S ) 5 i, R X T s e bE s, S
MR (1) s,

- jh%me -2 sing

a(0) = [1,e "™ I
R LHETTIE A A B UER ST FRE R AE ¢ it
) VBRI 55 5 60 it X o) o AR TR 5
TR LR (35 08, 158 (2) B

D D+I

X(1)= D a(0)s(1) + D a(8,)s,(1) +n(t) (2)

Hrp BT DA~ a(6,) s (1) AR HERGS 1510
KRGS W, BT DA 0, BG5S m, Jamm 14
a(0,) fs(t) AEDSTHMESH MR EMTRBIE,
HIGH 14> 6, 2 THAEST5m, 1 I E 3 R 2
FEoS TIESE K MERK =D + 1), R EEE
a(6,), k=1, D,D+1,-- . D+1, Hn(1) SR
Wrehgrs o, 8 T IOk RO AR S B —
PR i w, B REFE R/ IMERES) St DA, S
TP B R Bs W R X R A 5 A T AT 5 5 1] AR
FEMR AR, Ww'a(0,)= 1Hw"a(6,)= 0, HITAZ
WA AR WS — S — e, I
B O AR ) R, HAS = ek an X (3) o

min w"'Rw
! (3)
s.t. C'w=g
K. € =[a(6,), ,a(0,)];g =[1,1,,1];R =
E[X()X(0)"], B2 HA A — R AR R, AT LA

2
—j(2M-1 )%dsinﬁ

3 3 A% B B R AR L AT 2 A, 12 1 2 A 11 ik =X
sk (4) PR,
Wieny =R'C(C"R'C)'g (4)
3 (4) JEFET LCMV o D) (9 2 [ 0k I I 2 14 e A
R 2 Y A — A W R 5 2 T T 2 b 20 S
(BlC=a(0,) Hg=1), AR FAr1E MVDR J 5
T R B A i

2 BCREALBIFREBIRFE A

2.1 BREMLE) LCMV Bk

M1 T LCMV AR E A 98, B4R H AR fR
SIS, B2 B A S EOTIEVERE T e, AT RIR
IPBET B REOR  XTE R R BT B Al , SE B F A 2 LA
LERGINTR o K (1) TR 2M 3 5 24 o
AP B T RO R SRR T . 2 T A e Ok
a, () FIA TR S E R a,(0) ATARIE I ENS A
P T B AR 57 235 ) R K, X (5) R (6) BT

2md
0 —i(M=1) = sin0

a(0)=[1,e " e 1" (5)

i i i
—j21'rM;TsinG —m(M+1 );Tsinﬂ —jom(2M-1 );Tsinﬂ

a,(0)= [e ,e ,,e 1" =
f(8)a,(0) (6)
S, f(0) = e B STLIF 0, (0) 1 ay(6) 2
] () DX E B AE T C R MG A(0) , K s # B R4
TCRAX TRIE X BT RZ T —PHALEER . X T 72
TR BT 2550 A5 s FOA {5 TR W A YA O
BEREG 1B FAS BRI B8 Ry X (1) X (¢)
HAGRA=(7) M (8) B

X, (1) = ;aL(Gk)Sk(t) +N (7)
X (1) = iaR(Bk)sk(z) + N =

;f(@k)aL(ek)sk(z) +N (8)

24 5 W 0 432 Wi B A e 7S R L 0 57 HLIR M TR) — 43
1, I B e F RS TR AR b Sy B AT 2256 MR Y
FKAR, W= (9) Fros,

R, =X.X," ~X,X," =R, (9)
A LAHE S 22 T BEAUAT T ) LCMV BUR 3, AN
(10) A1) FR
Wi =R, C(C'R,C)'g (10)
Wr-Lemy =RR710R(CRHRR71CR) g =
R'Cf(Cf'RCS) g =
R,"'C.(C,"R,'C) 'fg (11)

Kt f=00,) /0, 1"c H(10) A1) ATLLA
HXET LMV BUR & R ARG A A R A AR A2 28R R4



541

Wi H 2 S T R B R b T R 5% 253

TSR TR LCMV BTN B o = Wioon *
a, (0) AT FRERIHE B, o = Wioon *@n(8) o X7
AR LCMV 3 i b AT AR LR vl s 55 s
MR R Bk, I B 1Y LCMV BIEFR N
H-LCMV 57k 2585 1 il ol h an=C (12) fw .,

B CCIBony [+ By o D" =

( ‘BR—LCM\ =B _iewv ‘)n] "=

1
2( ‘BIrLCMV ‘" - ‘BL—LC\W ‘ ‘1 _f<0k -0) ‘") "=

H-LCMV —

1
d "
sinM 7( sinf — sind,) :' (12)

2‘BL—LCMV |:1 -

Wt (12) AT RLE W, Bk A BE VR A
G5, — A | By o | BVZEFBE LCMV 83k % i |, 3
REREA S50™ AR VR 6 A T4 5 LT B2 o S
il o 5 —A TR 22 A MR AN R 1 A o7 25 48 22 1 A TR 1
[1- |sin(M(d/A) (sinf - sinf,) )" [T BN E
I B I R AR A AR A e, IR & T
S AHH T TF LCMV IR B 298 U, A A
ST PR NN B VER Ot FRARTS SR RO
SN

BT LCMV B I b R i O B LB SR
LA FE 445 H OB AN SE 0 R 0L T 008, B AR AL gk
WA — (R SEBR TR IR B S BR a e X SR
DIy 2R BB B IE  HOCHEE BN R FME IE R L X
JE R RAE Y 22 M R SO0 A8 SR A& USSR E
ZEFFEIN(13) s .

R =ROL (13)

Hrh £%5 « © 7 8% Hadamard 2%, R FIZ 518
EERHFRETEN T Z/HE, BIEEELKY
B om ATE n B 00 R G RE B A, R A U
X (14) FioR,

sin((m —n) - Af)
L] = (m—n) - Ad

=sinc((m — n)A0/m)

(14)
P : sine(x) = masin(mwr) 3 S50 A0 2 R 5500 90
JE bR 2 R TE B L DLE BCA R 3 5 R
T AN oK, Sk (14) AT UE BB EAE S 5
)k SRR R JCOG, PR AT LUK R — B TE AR 1 L S H T
AR 7 25550 LS R E FE R 58 . 1B 1E 5 i A2
AR BN (15) F1(16) FiR

‘:’L—L(:M\' = IA{I:ICL( CLHI}LJCL) 71g (15)
;“}R—LCMV :kR_ICR(CRHéR_]CR) _Ig =
R7'C(CR'C) e (16)

It a0 (12) BARkIE 5, S0 BUAE B TR T2
BT L REAEAE T Y15 5 7T RE Hh BLAY 5 52 X 1] A B

BSEEM . BME T AL E KA/ NEIR 3, iRk Hah A
T T S A5 5 A Al
2.2 REREHALH CTMV EiE

gt F 3 N TR LA AEAH T T4 (i 2 2 T4
AEAERT 23 H B0 o 1 e AR kL 2 X 30 205 5 IR IR T
SRA PRI A 6 2 3 4 T B AN AR R BN Ty 22 B
( complementary transformed minimum variance, CTMV ) %
R HA O BRI e T AME B R R Y
WA B SRS e e Ry — T B 5000 1) i i 78 4 1Y) T
B bR 2 7E 58 30T 2R AE 5 19 W] B R R B b £ B2 A
T, I Ho SR/ IR AS R OG- 30 FR 5 1 43 1 R B,
IR B R ARR T 0 WERE S ST TR E
HRIH” [R) 8L, e Ak Sl — A~ 55 B A B AN A 5 1 i Mg
P B2 M O R, AR T 38— 20 AR
ARl A, A RAR = (17) s

mTintr{(T—I)R(T—I)H% s.t. TA, =H, (17)

H, A, =[a(9)),a(0,),,a(6,) ] EIEThIT
F9 75 (L S AR R 8 T o) B (B B AR5 S AT T
H =1[0,,a(6,,),,a(0,.,)] LR HRERE, %
Lyt OR 15 A I Iy 1) (Y [E] I DR B AR TR
h T PSR P 200 R T RERR AR AR, 5] A—4
XF NI A A TEIE BRI R =R + A1, [ AMEIEIS E
M R AR, AL g in=X (18) Pis

T=I-(A -B)(A"R'A) 'A"R"' (18)

XA S BRI Toe (o) #EAT IR AROE B, oW 5 2596
Mih TRT", SR, T T AR, 530 TRT" &
AFM . JIINVERE W R E T 2578 o PTT" A2
FIMRFS Rl S SR AR B 5 (4 U3 7 26 55 AT B OE e
IR R 43 4 [l 1 MR S i, g Ron =k (19)
FIi7R o

R =TRT" - ’TT" + 0’1 (19)

AR IE ST P 5 22 1 R SR ffe 1) B8, 295 4%
5 A o e 393 B2 A 5 O 1) £ 45 JE 2 EL R I, O A5 3
CTMV Sk AR i, 0= (20) R .

Wermy :R_IAC(A?R_IAC)_% (20)
Ad:g=[1,--,1,0,--,0]", W&FHEEED A1 5T
1A~ 0, CTMV FRETE N P 182 BT 15 A HE 51
FRINERMRS , INIMTAR A b3k 5 1 A% 498 ik v IR A OG5
FONE SR A, AR M T 457284605 i
AL & TP A A X TR B A T A4S 7 [, AT LA
SR AR e B I 7 2% HE R T A S5 Y HBCE R R
m=(21) Fim,

R =TRT" -c'T,T," +0I~R, (21)

HIE AT LA B 22 47 F FF CTMV 3036 AR &,
F(22) F1(23) iR,



254 e M & 2

47

Wi_cmy = RI_AlAL(A?RI_,IAL) _lé (22)
Wr-crny :kQIAR(AERQIAR) _1§ =
RI'A(AIR'A) 'fg (23)

AP f=100,), . f(0) 1", WEFES TR
25, FIRZEA TR CTMV A i) 52 P s 4 4k
5% H-CTMV ks a5 3=, = (24) i,

By cowy = [( ‘BL—CTMV ‘ + ‘BR—CTMV )" -
i
( ‘BR—CTMV - BL—CTMV )"} "+ N=
d ks
Z‘BL_CTW |:1 - |sinM 7( sinf - sinf, ) j| + N (24)

3 BEBESSH

TEQ AR R FETCECN 16 (955 R ERZE BB

220 F

30\

JA—4LiEE/dB

40}

=50 +

-60 : : . : -
90 60 -30 0 3 60 9

FHBE/(°)
(a) 5 H AR FEBRTE AR

(a) Null beamforming pattern for single target

JH—1LiEE/dB

80 -60 -40 -20
FHBE/(°)
(0) & HAn B BB R E R E

(c) Null beamforming pattern for multiple targets

H ARG AT E R 0 A T CW Bk 55, IR
5 kHz, PAAECH 200, 7EEMEEL R 10 dB 5 TR
0 dB BT 2 LCMV B3k M85 9 LCMV 5k
WA, Hoh bk R B FR EOCh 0.6, BUEBL T H AR 7
i 100, TR -45° s 2 HERE LT BAR 5 57k 5°
150, TH A -40°F1-60°,

WE 1(a) F(b) Fizs , 26250 HFR B B FOE i
LCMV B35y -3 dB FH T8 A 6. 7°, M Bifk 5 1Y H-
LCMV B3k -3 dB F e 58 B0 K 1. 8°, S B 7F e v
BE ERY KRN, [ B H-LCMV 88k 78 -45° T3 &
fak-51.9° /T LCMV B3k ) -38. 3°, I Ak A sk
e L H AR A8 A5 B PR BRAS BB ., 6 1 () AN
(d) Pl I B E I H-LCMV 25 Refs e Wi 40 H bn
ZIALAETE A B S I, JFC T B R B ok - 46. 9 dB, KT
LCMV 53L 10 -2. 4 dB , AR I T 4RI A I 3R )

0 -

B E/dB

JA—AL

FABE()
(b) B FRZ B RO B R B TR
(b) Local magnified view of null
beamforming for single target

o-
N
o / |
iy H '
-0 ¢ i i
/
| 15t/ ;
g / ;
20+ /\
25 . . . . ,
0 -5 0 5 10 15 20 25 30

FEE°)
(d) 2 H AR B BRTE BUR B EOR B
(d) Local magnified view of null beamforming for multiple
targets

Bl 1 LCMV 5535 5 H-LCMV S5 Z B4 HIE A
Fig. 1 Null beamforming of LCMV algorithm and H-LCMV algorithm

o T S R B A B B R SE AR, M B IE S
Wi L 72T 4007 ) ERE AT 5o Ry R g SE ., i HAc
PS5 Z AR, BRI R -30°, TR I7 628 20°F1 60°,

i 2 FTRUA Y 7R A TR R A4 2 R i

AJe  BORBAL AR ES T HAL RAYERE, e AR FF R

EIIEE R, AR T B W TE. 55 4h HLCMY



541

Wi H 2 S T R B R b T R 5% 255

SRR R T F B 2 - 80 dB, LA F LCMV Sk 1Y
-55 dB,

0r
5t
-10 +
S )
% 220
1 s
30 b
=35+
40 . :
-90 -60 -30 0
)
(a) TR FE B RTE B A
(a) Null widening beamforming pattern
-20
\ /”-—\\
\Y N
40 \\
\
Jaa) \
=) \ [
i 60 e
=3
S
| -80 ¢
fug
-100 ¢
-120 . . ' " .
0 5 10 15 200 25 30 35 40
)
(b) 20° % Ji& 5 JR R TBOK B
(b) Local magnified view of null widening at 20°
=20 ¢
-40
m
=z
i -60 |
=
=
| 80
o0
-100 +
2120 1 y L n L J
40 45 50 55 60 65 70 75 80
/)
(c) 60°F I3 J&& 56 )= R TR P

(c) Local magnified view of null widening at 60°
K2 LCMV 5055 H-LCMV 5735256 R 58 AP A
Fig.2  Null widening beamforming of LCMV algorithm
and H-LCMV algorithm

[FIFER S Z A A A f O B e 2, e e TR S
bR AT, 205 CTMV &Mk 5 1 CTMV 44
WA, o PR B FE B 0.6, HAR 7 il
=20°, TR AR 459,

WE 3 s AT TR T R BB AR R A
BAEG R R A, CTMV B ¥E-3 dB £ 5%

N 6. 40 BiAk )G ) H-CTMV 23509 -3 dB =58 &N
2.0°, AL BLAE £ ve BE L A9/, IR H-CTMV &
BT 45° T EE M N -57.5 dB, i T CTMV 24 =11
-37.1 dB,

0r
5 F
-10 'A‘ n
i "“" N iﬁ'\
g I5F RLYATR
ﬁ 20 i |
E i
i{’» 25
= 30t
-35
-40
-45 .
-90 0 30
FBE/(°)
(a) BHEBRTE A
(a) Null beamforming pattern
0 -
5t
3
"
=
T
o -10 +
-15
40 B
FBEN)
(b) BEBOCHE

(b) Local magnified view
3 CTMV 553k 5 H-CTMV S35 DO 1
Fig.3 Null beamforming of CTMV algorithm and
H-CTMV algorithm

4 FEmEERERETES T

1 RIS 2022 4F 1 A0 F b B R i A T i
5 PRI A B A 2B, Hoh — S R 4 3 R G
MR, D) — 2R T 0 M 15 204 B PR P I L 2 m/s )
ASPERATHE, ARG R, & SR RN 4 LR A T K
% 150 m, AR g s an &l 4 s,

TEHUH HL B R Y 22 AN BRI LR 0T, B T R B R
0. 13 m, BHFEF R 584 Tk w55, 5 5 M %8 3 600 ~
3900 Hz, {5URALE A 85°, T4 &N 156°, T Tt
FEAUAAN, PR TR B SR AR 5 3R A T 2 B Bk IR 4
AR EIE 5~7 fi,



256 e

(a) ¥ B A T8

(a) Deployment pattern of towed array

(b) B 57 WA T

(b) Deployment diagram of transmitting sound source
B4 A R A

Fig. 4  On-site photos of sea trial experiment

-

JH— 4L BE/dB

30 60 90 120 150 180

FBEC)
(a) FRABRIE R
(a) Null beamforming pattern
0 -
! —— MVDR
R CBF
L Hi
2 s 5
= =N
= |
= P\
o -10 | !
-15 .
60 65 70 75 80 85 90 95 100
FBEC)
(b) J& IR

(b) Local magnified view

K5 fegdr ik T iglid g B R 14

Fig.5 Beam pattern of sea trial test data using traditional method

JH—{LiE B /dB

0 30 60 90 120 150 180

FBE°)
(a) FHAPATE A

(a) Null beamforming pattern

0r
LCMV
—— H-LCMV
<
i
= -
T
o 0t
\\
\\
\\
N PN
M N,
A
15 . % .
70 75 100
FEC)
(b) RERBCR

(b) Local magnified view

K6 H-LCMV B3kt i o A s s ok (&

Fig. 6 Beam pattern of sea trial test data using
H-LCMV algorithm

P VAR AR AR 22 ) A B SR TR AT DL L BRI G R
TR 8 T A& G B AR $ 0 B, H-LCMV B k5 H-
CTMV B30 -3 dB FEH 58 AR 1. 1°F1 0. 9°, il LCMV
Bk H-CTMV 3L K 7. 105 7. 5° (KRBT Ik itk
FEWE R ERVERE LA R ERE

O CTMV
——HCTMV LA
10" Hix Ay J“‘.l’"‘ s
............. :Fﬁ y \\;, Y i;’ ‘| /,\‘\ I/ "/\\__
! A [ A Y i
g 20 Y TR |
B[ ’ :
E 30
T
o -40
-50
-60 ‘ n - ‘
30 60 90 120 150 180
)
(a) BRI R

(a) Null beamforming pattern



55 4 1) Whitd 45 3 TR B R 208 TR I vk 257
°l P — CTMV SE Mk
,l" \\ e [1] ZHANG H S, LIU X G, XU L J, et al. A novel
o 5| I'l “\“ beamforming based on deconvolution for angular super-
é H "\ //’" 5 resolution[ J|. Signal Processing, 2025, 230: 10986.
= AN AU [ 2] FbRIE, i, B RER LR I 38 R AU IR
ool \ | \ BB T B (1), B B B K 4
\ ': “ 2001(6) ; 83-89.
o ‘n SANG H SH, LI ZH R. The principle adaptive
s ‘ o ‘ ‘ “‘ . beamforming algorithms study status and applications of
70 75 80 ﬁi)ﬁgj(") 90 93 100 smart antennas [ J]. Journal of National University of
(b) AR Defense Technology, 2001(6) : 83-89.
(b) Local magnified view [3] W, 8%, 258, % —FET RLS HILRY XPIC
B 7 H-CTMV %30 it b B o o 7l BORBEFE[T]. BFIEECR, 2018, 41(19) : 39-43.
Fig. 7 Beam pattern of sea trial test data using CAO S SH, HAN J, QUAN L, et al. Research on cross
H-CTMV algorithm polarization interference cancellation based on RLS[J].
Electronic Measurement Technology, 2018, 41(19) ; 39-
. p . ) RN 43.
AT LN 5005 sy (4] B R 5 T
N B N TJLENLIT . AR, s :
—89A.§ dchlﬂﬁjﬁﬂ]ﬁ/‘J\? CT‘MV %/ﬁﬂﬁ;232 /071Bo 266774,
ﬁtgﬂlﬁTﬁﬂi%ﬁ{%&ﬁE:‘:ﬁ:Lﬁ;&E{*E/‘nga’ﬁﬁﬂ‘ LIANG T, YANG B, ZHU M, et al. Virtual element
T H-CTMV. € 0 87 1, YO % W R T localization method of uniform square array based on
H-LCMV 8335, 53 SMEBATE B, LCMV Rl CTMV. H beamforming [ J ]. Chinese Journal of Scientific Instru-
TN A D A T S PR R A I R AR ment, 2021, 42 (2) : 266-274.
T J7 [ i B, 17 H-LCMV 5 H-CTMV 5535 WA 7 b 4 [5] FROST O L. An algorithm for linearly constrained
W T IR 85°, HULERUE T A% S AT #2551k B A Ak adaptive array processing| J]. Proceedings of the TEEE,
P B R 55— T I 10 B 9 R RO T 6 B AR T L Y 1972, 60(8) ; 926-935.
Kbt [ 6] M, Jr/RIE. B A R 2 b o T L im il 5 A7
Bofli it 75 2 (0], MR B AR R % 27 i, 2023,
5 % it 44(10) : 1741-1747.
SUN CH, FANG ER ZH. Adaptive null strong inter-
EFRAESE 3 W I R R B TR IR IR ference suppression DOA estimation method for vector
FiE KA TP 25 7 T R 2 B T 3T AL arrays[ J ]. Journal of Harbin Engineering University,
B TARI 17 4295 HALCMY SEE: A0 H-CTMV 55 2023, 44(10) ; 1741-1747.
Vo IR B T MR 25 KR T S AR [ 7] CAPON J. High-resolution frequency-wavenumber spectrum
VAR RGE B 70 (R T 40 0 22 W TR 1 [ B 6 analysis[ J]. Proceedings of the IEEE, 1969, 57(8):
FCEMIEE. SR PSS S AR R TR
Begs OIS B9 T S XL, b i complcx,ity neural ne’twork guided I'Obl’lSt spaée-time
g;iizgﬁiifngﬁﬁﬁﬁ’ SR TSRS Ty adaptive wideband beamforming[ J]. IEEE Transactions
= ° on Aerospace and Electronic Systems, 2026, 62. 479-
L4 N 2022 4o} 16 K0 O E T S b .
AT, Bl A9 AL AR SR, H-LCMV Al H-CTMV [9] TANY M, LI Y, CHENG W, et al. Robust adaptive

SV M M E B TR B TR gk, i 4s
UESE TIZBARLE H IR IR T B RAERE , A R e
P Ge ik M TE F B T i TR, AEARAR T FAR P38
5N B RBUH LS 09 YU i BE 0 A E AR o> BERE ST, N
ARG P B AR RN R AR A S

[10]

beamforming via subspace-based diagonal loading in
planar FDA-MIMO radar for main lobe interference
suppression| J]. Digital Signal Processing, 2026, 172(C) .
105869.

Ry, G, Tk, S SR R IE AL T S



258 O & M $47%
RIE B [ T]. S 2A 4, 2021, 42(6) . tion[ J]. Systems Engineering and Electronics, 2020,
243-252. 42(7) : 1449-1454.

XU ZH M, LI Y, ZHANG ZH F, et al. Generalized [19] FIEPC, farfes, (MER, % 3T SVT I URHE
inverse beamforming with improved elastic net regulariza- Wi I k[ 1], dE RIS R R,
tion[ J]. Chinese Journal of Scientific Instrument, 2021, 2025, 51(2): 633-643.

42(6) ; 243-252. WANG L Y, HE H F, HE Y M, et al. Generalized

[11] MAILLOUX R J. Covariance matrix augmentation to oblique projection three-dimensional polarization filtering
produce adaptive array pattern troughs [ J]. Electronics method based on SVT[J]. Journal of Beijing University
Letters, 1995, 31(10) . 771-772. of Aeronautics and Astronautics, 2025, 51 (2): 633-

[12] 2=, T, Mk, % @Sa&TR TR zEn % 643.

R sE s [ 0], Um0l it R K% % 4k, 2023, [20] EWJe, B ET) RSN EREIU M T
49(5); 1231-1237. ELT]. KB ETRER2EH,2024,38(2) :39-48.

LI R, WANG Y, HAO F, et al. Polarization space-time WANG X L, CAO F. Radar anti-mainlobe interference
null broadening algorithm in high dynamic scenes[]]. method based on generalized oblique projection [ J].
Journal of Beijing University of Aeronautics and Astron- Journal of Rocket Force University of Engineering, 2024,
autics,2023, 49(5) . 1231-1237. 38(2): 39-48.

[13] midsar, WA, BPP B TREERIEERET [21] RBYE, HEITF, kA, ETAESEAFMREGES

PRI 13 35 R B I R ()], RS AL, DOA fliit8 vk [ 1], ALK %M ( ARB%IR)
2025,41(6) : 1086-1096. 2023, 44(10) . 1401-1407.
GAO ZH Q, ZHANG EN SH, HUANG P P. Wide-null SHE L H, ZHANG J Y, ZHANG SH. DOA estimation
interference suppression in adaptive beamforming based algorithm of mixed signals based on oblique projection
on a novel fastest iterative method[ J]. Journal of Signal operator[ J]. Journal of Northeastern University ( Natural
Processing, 2025, 41(6) : 1086-1096. Science) , 2023, 44(10) ; 1401-1407.

[14] SCHLIETER H R. Passive sonar detection improvement [22] HRTFT, B/, EF, & ETFRIEEASGE N E
by hyper beam technique [ C]. Proceedings of UDT WA k[ T]. [E 54, 2022, 38(2): 439-
Europe, 2006 7A.2. 444,

[15] SR BUEA(HBF) HITHORBUL[)]. R, MENG H Y, YANG X P, GAO SH, et al. Main lobe
2008, 27(6) . 892-895. interference suppression method based on eigenvalue
NIE L. CH. Hyper beamforming ( HBF) technique for oblique projection [ J]. Journal of Signal Processing,
beam narrowing [ J ]. Technical Acoustics, 2008, 27(6): 2022, 38(2): 439-444.

892-895. [23] FpliA, B/, L, 5. LCMV 434 i ik 2t 44

[16] Z/NE, 83, MikR, & SRR TR 2 DE G B WA L [T ] T I S A g A
LRIBI A 5 AL AR P = A R TTIE [T ], el 2017,31(10) : 1646-1652.

2025, 50(5) . 1206-1217. GUO Y C, CHEN X Y, WANG CH, et al. Improved
JIX X, ZENG S, DU X M, et al. Three-dimensional Wiener filtering post beamforming algorithm with LCMV
imaging method for multi-baseline circular synthetic frequency division [ J]. Journal of Electronic Measure-
aperture sonar based on particle swarm optimization[ J]. ment and Instrumentation, 2017, 31(10) ; 1646-1652.

Acta Acustica, 2025, 50(5) : 1206-1217. [24] XUSIEE, BB, — RTINS EER IR 00 5 SR

(171 ZEWisl, ShIGE)il, X05e, 48 AU 3 5 B s 2 JERMEE )], Bl 50ER 4, 2016, 30(4) !
W], AR, 2025, 50(2) : 500-510. 613-620.

LI P ZH, MA X CH, LIU Y, et al. Virtual frequency band LIU J F, HUO X X. Novel blind adaptive beamforming
extended range-dimensional beamforming method[ J]. Acta algorithm based on weighted multi-cycle frequency[J].
Acustica, 2025, 50(2) : 500-510. Journal of Electronic Measurement and Instrumentation,

(18]  JabilIl, MRRAK, RAREE. BTk REOL 1L it B 1 5] 2016, 30(4) : 613-620.

WA T ET]]. RETES 8 TFHA, 2020, [25] CHEN C R, ZHU G P, SUN H. A class of high-

42(7) ; 1449-1454.
SU ZH G, CHEN X R, HAO J T. Circular array

beamforming method based on particle swarm optimiza-

resolution DOA estimation algorithms based on hyper-
beamforming[ J|. Digital Signal Processing, 2025, 158

104921.



541

Wi H 2 S T R B R b T R 5% 259

[26] LEETS, LIN T T. Coherent interference suppression with
complementally transformed adaptive beamformer[J]. IEEE
Transactions on Antennas and Propagation, 1998, 46(5) .
609-617.

EEE N

FRAEB H 2021 4F T IR /R B TR A2 3R A
o R S LU S I N8 U R 7

s o
i) A FERRGE T 0 KA S Ab
-

E-mail ; chaorichen@ hrbeu. edu. cn

Chen Chaori received his B. Sc. degree
from Harbin Engineering University in 2021.
He is currently a Ph.D. candidate at Harbin Engineering
University. His main research interest is underwater acoustic
signal processing.

BERU AR , 2022 4 T IR /R IE TR 3R15
b, B AR B TR AT B A
RIS 5 BRI E S b
E-mail ; yumengwei08@ foxmail. com

Wei Yumeng received her B.Sc. degree

from Harbin Engineering University in 2022.
She is currently pursuing her master’ s degree at Harbin
Engineering University. Her main research interest is array signal
processing.

PREE R, 2002 4R T RLRFIRG A
7, 2012 4F F 0 JR I TR R AR A A 1 2
A, B R T P R AT B R T
I, F2 BRI T5 170 by 7 S AR AR
E-mail :22147831@ qq. com

Chen Xueliang received his B. Sc. degree from Chang’ an
University in 2002, and his M. Sc.
Engineering University in 2012. He is currently a senior engineer
at CSIC Hai Sheng Technology Co., Ltd. His main research

degree from Harbin

interest is sonar system technology.
F &, 2010 A F IR TR R ARG
2200, 2013 AE TG /R IE T AR R EARAHA A

y AL, BUA R I A R PR Rl
TR, 2 EFTET5 1) g K P i 5
E-mail :36609357@ qq. com

Wang Hao received his B. Sc. degree from
Harbin Engineering University in 2010, and his M. Sc. degree
from Harbin Engineering University in 2013. He is currently a
senior engineer at CSIC Hai Sheng Technology Co., Ltd. His
include  underwater  acoustic

main  research  interests

reconnaissance and detection.
RIF CGEIEERH) , 2003 4F F AR DL A

Ay KA 22,2009 4 JRVE TR
R AR A 07, B I AR 3 TR R 2
B, T EHETT 1 A R TP 3 2l 7
FIARERIN AR 2R
E-mail ; guangpingzhu@ hrbeu. edu. cn

Zhu Guangping ( Corresponding author) received his B. Sc.
degree from Northeast forestry university in 2003, his Ph. D.
degree from Harbin engineering university in 2009. He is
currently an associate professor at Harbin engineering university.
His main research interests include active sonar target detection

in ocean reverberation, polar acoustic technology.



