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Abstract: To enhance the detection performance of weak targets against sea clutter, this paper proposes a hybrid detection method. This
method integrates improved variational mode decomposition (ITVMD ) combined with wavelet packet multi-threshold decomposition
(WPD), and a long short-term memory (LSTM) network optimized by the Harris Hawks optimization (HHO) algorithm. The TVMD,
whose optimal parameters are determined adaptively by adaptive particle swarm optimization ( APSO), is employed to precisely
decompose the sea clutter signal into several intrinsic mode functions (IMFs). For the high-frequency IMFs containing strong noise, a
multi-band wavelet packet decomposition and layered threshold denoising strategy is designed within the WPD framework to effectively
suppress noise while preserving weak target characteristics. The Harris Hawks optimization algorithm is utilized to optimize the
hyperparameters of the LSTM model, thereby enhancing its capability for nonlinear time-series modeling within the complex sea clutter
environment. By combining phase space reconstruction with the denoised signals, the accuracy and anti-interference capability of target
detection are significantly improved. Experiments using the real-world IPIX radar dataset from McMaster University, Canada,
demonstrate that the proposed method markedly improves detection accuracy under both high and low signal-to-noise ratio conditions.
Compared to traditional LSTM-based methods, the detection capability is improved by at least 35%.

Keywords :sea clutter denoising; adaptive wavelet packet; HHO-LSTM ; weak target detection

Wk H . 2025-06-11 Received Date; 2025-06-11
« LT H . E R ARPIA RS (62171228) | FE il 3 T 24 Bk 1357 -5 IR 45 Hu )5 1 BATH H ( KCTDO008 ) %5



513

T IVMD-WPD-HHO-LSTM A IF 2438 /)N H FRs: i 77 v - 157 -

0 35l

il

1 BRI U, /N F AR o T HARBU N 3 A8 A5
i, ORI BE AR A, 8 1 IR Y )
B RERRAETE N B AR B T E AR A B B R
A, 52 25 AV TET AR AL X H AR A I 3 B 1 AR K PR,
o 5 Al T T 52 R PR B S S AR IR B, © &R
Vi T A E A N 5T i A figp R 1 B LR

T A DS T T B VA TR U 3% T %) J5 ) AT T 9, G
S Hn 5 BB R 5 B . itk W90 A
T REPE R R R DI R L AR, i N H bR
R B4 7 1 JELE% . Haykin 251 F FH UK X 2 2 B0k
18 X B TR B AR IR S PR A PR 7 T N TERY
RSN 2Rk o 3 — & BU o SRR T A e 1) S e vk 5
BLBESE | SR HE S TR TR AR M Y 1 H AR A
MR, R, FEAGI E AR i 302 9 v 44 U TR
TR 325 B 2 P 0 A 78 2 o, 000 15 22 Bl =2 36 K
FEMGTFT 5CT ST I 25 I8 1) fe s 8 A S b R 7 1y
ARCIEIR H8) S A 5T 0 OCHEER Y

BEXTIE 2 50 T 19580559 H bR il ix — 2.0 PR R,
2L EERER LR 7 N VA I 1 P 3 oy v
Donoho™™ #2 W 1 /N B 8 {f = M ( wavelet threshold
denoising, WTD) il iz} 22 RUEE 43 BT 52 B 5 WG 0, 7EAL 3
PRF S I RO 0 E LTI P 11 5 ] (o U)X L
N7 T U0 A A iR S AR 5 AR R B R AR
ZMR . ARk, A NAF RO I & 58 A 4y
fi#% ( empirical mode decomposition, EMD) '*/ 578 /3 2573
fi# (variational mode decomposition, VMD) Bl R
P, Horb VMD Sl 3 4 5 SR A A2 S Al IR) A, FE A
H R B L A (e SE BRI |, AT A RO R s
TREIMG i s R LY X, {H)E, VMD 94
figp R e E R T A S B S K HAETTIN - o 940
MYEE, SCER] 7] SR FH 5 A A 5359 (whale optimization
algorithm, WOA ) #1780 40, (B U SGH i 5 4 JR 1
HAESA $2 T3 1]

TEZ M 5 A5 = B0 Oy T, K 32 12 9 2% (Tong
short-term memory, LSTM) "' [K AR S5 4 i 7 i 455 i
Pz R AT T B SRRE R 43 0] A5 ¢
S HL (support vector machine, SVM) ' LSTM %]
ZRAE R A DA PRI (5 10 3 2538 28 T T S8 2AR
o Ma U LSTM R FH 165 2% I i B ), {0 3L
PR AR T S O B AL RE Y S, o5 77 I
a2l g 52 o B vk ( particle swarm optimization,
PSO) LAk LSTM K75 219 i 8, SR AL GEfE R e A 5
(EPANIER1155 )/ i1 B/ £ 7 R VA L 2 5 S Y N

X 1 48 92 42 ( bidirectional long short-term memory,
BiLSTM) ) Z5& 8 e o AL 53 12 L4 I v i i i 85 5 H A
Rt RE RS H 2534 217 . Heidari 55" 42 H (4 L
Hr A AL 38 35 (Harris Hawks optimization, HHO ) i i £
P EAT A Sh AT H S, 7S 800Hh v e B B i
ML THERE ST, o LSTM S EULAL F it 1787 ek

AT BIF 5T 20000 B B — 5 M g 5000 A2 AR (4 el e
ZXHE A B R PR JL AL, SCRR[ 15§22 WTD-
¥ SE{H 47 f# ( Singular Value Decomposition, SVD)-WOA-
LSTM IR-E A IHESE  {H /N 5 SVD 1Y 9 15k 2 W vl e
B S R E, SCHR[ 6 ] SR HT VMD REH 4 2% 1 B 4
TE T WA IR Ty, 200K 7% 8w A P AR Y B AR
BOREE S BEXF Bk R BR A SCRHT K S i ik VMD
5 AR/ B IR AR 45 S . SR PSO Bk
SEEE VMD S8 IS R ERE, s IR 1AL A K RE VR IR
TR s HU BT /NI, 22 I {E 73 2 A SR w1 At
HFARHOR S A AR G238 v DU A 40 o] M ) [ I £ B
WS H bR FRAE ; )5 44 2 HHO fE Ak % LSTM 5 I A5
A AR LR ARSI F 5 Levy RATHLEIHE FHEE S 5049
FRCR T2 IR I [ (L X[ 114 ) e

1 EiEM
1.1 VMD

TEAEERAS S A PRATE , VMD $242E T —F 1 58 17 23
FEBLE , TR R A5 5 S AT A Tl T8 32 29 R B AR AIE AR
A, ZIrE S EMD 09 G HE X I FE T K ff o F2 , VMD
8 3 N7 IR AR A AR IR A, R EE T RIEE T EMD )
7 A ) i 1 R AR S TR B B

VMD (A HAn B G (55 £(2) 0 RR kA
Borit w, (1) (RSB A B ) |, SRS AT
RIS R, BRSO R5 B o, HEC#
AR 38 1o e /M AR AR S A 45 e, IR LR AR
ERR RS e BRI .

K .
min {3118, Lu (e T}
Ml T =1

x (1)
s. . ; w, (1) =f(1)

s w, (1) 5 kDB  w, AL f(1)
MRS . A RIEY A FR e fe/ MU BT A 125 1 1B
WP 58, )R RFA 5 1 e B

VMD fRCRAEARRAR BE AT P SC B 2 40, A
SRk MBI T o o Hob  BESECE FEHIME S 1920
REARRE TSN o R0 1 TR AR TR BE . A2 S BRI H]
XA S B0 B OB T 28 56 B0 S e Rk T 8



- 158 - LSRR R e o

40 &

1.2 BENMATEMRULEE(APSO)

APSO J&7E LR T 101 578 a1 & i i ok 1)
BRI REDR AL T E O SIA T ShASTETTHLE, 58
AR A8 R I RE A AR 10 A S B 45 4] S8 AR |
2 AR NI G SR VA FE AR R By BE 8 R B8 ), 48
RSG5 4 R TR BE

TELHL PSO H b7 110 S A B R AN T

o = w4 er(p - x) +en(g -x) (2)

xf“” =xi(l) + vf'“) (3)
Ao 2 M B AR TR ARBYALE R p. N
R BT LI @ MR w R
K SR RIICAZRE ST 5 o) oy TR T rpr, R
[0, 1] BEHLEL, HF I8 21

bR PSO ANTR], APSO 3 i 78 £k DAL R RER 25 A
SATT SIS, E AT AL,

PEAE w0 ¥ WKL 7 X6 I7 S R A AR R R, A
APSO H B AN AR AR 25 4 2 B s AR 1« R B AR
PEAT A SRR —RIE A

(wmax —w,,) "t

T (4)
L TREAZRENE
(W0 TBHRR BB s

o, Mo SHHBE

IR B A R A e UL SR IS S e, 1 3 ) A
BAEFE AT ¢, H5HEEIHETF o, RN, AT
AR B B P ARG 1527 5 BRI R " IR

FAFHLE, Bk R R A, APSO 5] A K AR R
W, T4 2R B A B AR SRR 4R Ak, DL BT RO
FREEIG A1,

1.3 APSO-VMD HIS#ik

VMD [ BE i B AR T AR A E kAR T @ 1358
W, A5 MO T 2 g P R sl & Aok
FE IR B AR PR kA T A 445 5 5 Rl BETC IR 3K
PRI i, SEMISZ I VMD ()20 ks B b T4ERe 71, 0
I, AR SCER M ST 1 IS DR REAR AR B 3SR S5 A
BU i F S R s LS EA G, B R T i
W SPUTiae S, RRmRERME 1 iR,

H T AR FESEA AT B scr, Uiio/Metd
LR Z RN Ry E B 3 N B PR R, T2 DU R 6 3 ok R AT
AR BN T3 SR ERAE (S AR s e, Bk,
T NV B PR ANTE

F(6)= Y EE(a,) = X[ - gpwk(z))lnp(ﬁk(zm
(6)

Ay a,(e) JEE L VMD S 805 & DSBS i
p(a, (1)) AR AL 2% B pR A, 8 5 nT DLt I
—RAbFRAS R K RS N ORE TR,

APSO B33 2 AS Wiy 5B s - ) 7 R B, B A
T T 4 SRy F AL, e 2 ARAR T I PRI /N VMD S 4L
HE,

WHEEMT BiRE s,
HIME . ERRIRE

L

FEHEARLT ML
BAEE
RE K

Y
i B ALAR

Kl 1 APSO-VMD Stk i
Fig. 1 Parameter optimization flowchart of APSO-VMD

5L 50 1) 42 56 1k 8 i fa A 1k 55 VE A L, APSO £
VMD 4t fb i A Bom i & R R Ee ), 4mikiE
BT L Z 400 AT TR S8, AR T B (HHE LA AR
UEE R A FME S TR 2K . 1 WOA 3 o B 4L £ 4 2 3k
BFTH R, BRREA — BRI R (BERLE
i 170) 50 e g B B 0 APSO WIS 3 5 | ACKL - 1] 4 B
VE S5 BALZE  BBNEAE ) 12 (A2 () b EA T e 53 2% ok
o T B A R S Uik 0 PRI, DT S 398 58 A A 4 ) VMDD
2Rk
1.4 INEBSBEEE

INBEAL A RS /NI A BT BT R BB A X S E AT
I ESGUE A K g (Rl R a = | R O Y ERE N P
U S ARG/ INIE AR R AR AR A AR R /N
REf% AT 21045 5 1Y e AURIAROEAE 43, 4 At B = a9 43
HEE . /N ZBERITESE T/ NSRS 2
{1 25 MR Rk RS [R A b o (B AL B, A i 2
o M 7 O B 55 1 2 2R AIE

N AT it ek U A RS R LR 43 S 2
WA R —H R, RN R
TN/ INE BN FH (A AN B, 54558 2 OIS
Sy IEAT AL PR [, /0N i A 22 (9 {2 W 7 3 7 i A i
0 it R (A R DA i M BRI



513

T IVMD-WPD-HHO-LSTM A IF 2438 /)N H FRs: i 77 v 159 -

BRI S0 () /NS R
=Y S d () (7

Rofr g () NI d, , RPN
G R /N AR I JE R R

PGS R MU, w R 4 b (6 v 00, 4 5 2
Rigrsure ,Minimaxi , Sqtwolog , Heursure , KA A Btk B
ARSI S 2 MU . Rigrsure 5 Minimaxi 1
DUV TE 35 FH 455 A R B rboit B 43 Ak B JFC 1 1% 2 5K
W AEDOTORST | BE A% 76410 1 W A 1 [] I 8 D i A A 5
WA AP T B UERR, A ELZ T, Sqtwolog F1 Heursure 1
DUJ = A X VR A DX B, e A S B R T B (H A A
FEG A B 5 MR T 48 R 358 40 U5 L XU

VARV 5 A R R B AT o S A B H
P B, AR o LA i ) e Y T g A A ) 9
MR R /N o RIS R SR AR R AR TR AN
(i) 00 B 8 AR R TR 4 5 35 1 1 {9 U

Minimaxi M T3 A B ARME 5 G BRI
FRAY , BERSAT S5 T M 7 OO B A5 5401, 3 3 AR Ay 2
MEACR

Rigrsure JENEE 6 & e 5 5 B AR 52845 19
IRy e e/ MR 22k R BRI | IR IR B A5 5 19 o8
Bk

Heursure #fE0] 38 T A &8 43, He v Mg P i ok
I 35 7 1 F 7 kA A8 2 o e AR P[] 3l B i B R R
MR iR 55 .

S XF AR AR A LAtk 2 A7 5 18 2 MR R, A S
K FHBR AR A3 R 25 20 A% (TVMD ) 5 AR 3R B AS AE A5 25 1R
¥4y (intrinsic mode function, IMF) o 455/} B o0l r=
Az BRI IMF A3t VR IR AF 5 X AT IR B Ab 3, Oy
HE— 2R MR AR SCR IR T IMF 3 152 431 3 I
B/ N A 22 B I A 3R i LR St D SR AN R

1) IMF {5 555 E 0 5/ e R B0k £, % T IMF
3 5 B o0 A R HL L0 i N R RE 2 B
FRRE L e FE 38 PR 4 HL @ {5 B 0% B8 e 0 1t 5+
/N LR AL db4, [RIERF SR ] Shannon H1E A B AGTE 5
HE AR ERE A

2) Wi E N AT R E N G BRIERR /NI AL S i Y
JEE R OCHE S R E D W AT BB TGV A 4 K R
HERGE 2 T e B0 R IR 2 M Y
A

3)/NB AL i 5 R BT . B EX IMF {5 5 AT
AN A5 B0 5RO Y iR R A R TR
G807 kAR F AR B EAT A A B, A SCH /N A0 4y
fifp ZR AT AR B 5 HEATHE R, DT 8 DR A0 55 4
SRR,

4) HARSCPRET A 5B 43, kX /N AL 53 i
FREGHATHER JE T A ARG R, JF 255 15 5 A =
Y AR SRR, BRI A AL B E S R B R 4, (55
FA) R O BRI S0 7 AR R T A 22 B S R AR AR T R
R E A O RO TR AR [ e R, BT X —
F 225, AT LUK U B A5 5 R 4 S AR, rhoist g e AR
N TS A EREAIURY NG 1y A 7

5) B SRR DU AR F1 AT B B A Ta] , P AR E 14 159
(ELVEDN ARG A5 20 SR A Minimaxi o ), A 450355 43 2R FH
Rigrsure W | 25 453584328 F Heursure #E NI, B P/ 76 A [
B AT A R £

6) NN Z BI{E AL B, 8 ak K A [ 1 B 1) /)N 6, 7 i
FRC5G X8 IO B I 9 DU RH 45 5, T AR £ A% 8 05 12 vhoa]
FIE 3000 2 M o g 2 MRS I Y [, ) dn, R TAE S
H D0 AR AT 205 ] Minimani [ (L v DU i M 75 5 0 1)
PR 53 U 455 ] Heursure RV DU) DT 4 2 25 A B

) EWEAES ., HIEEE R IMF F5 502 54K
A IMF 3 — A SR IR R 5, e A5 31 LR 5 1Y 1
SR

Y G UEAN [R] [ (L 9 D 1) 25 MR AR | 1R TS 56 % L
PR— W E N S PR R £ N 4 A ( Minimaxi-
Rigrsure-Heursure ) IEREZE &, B HL#30hh 58 7 FE B
TCIE 2% W R ASAE S ik 48, DL AE MR 1L ( signal-to-noise
ratio, SNR) F1 3 77 #R 1R 2 ( root mean square error,
RMSE ) fE ROV bR, 25258 e 1 s,

*1 AEBEEEVNHERURLER
Table 1 Denoising performance comparison of

different thresholding criteria

[ Ry Minimaxi Rigrsure  Heursure 25 UEN 25 M
SNR 14.523 17.215 19. 438 22.456 22.637
RMSE 0.052 7 0.038 2 0.0317 0.029 7 0.028 9

SLERAS R ARE T ATAT S — L U, BT 2 1 1
Minimaxi-Rigrsure-Heursure 22 [5 B 1 ] 21 45 5% W& HRLAS T
AR 2 RACR  H SNR FIl RMSE H08 T X% L i1 4% 25 5
— B EEN  FEATUE TR A AR 5 A TR B
I 37 TC PSR 07 R0 9 D) SR s F) A7 A0

i DA DB /N AL 22 A 25 R DT VR RE S A 0t
RIS MR | a5 R B EE b DR B A5 1 GBI RRALE
BERTE TBAMAE TR RMRGOR , JUHAEAE R 241
EPRfE S, BA BERIILE

2 MBEFEMLEERRNKEHICIZME

2.1 MEmEMRUER
ey L30T O IC A BR U B 1 ey LT A A O B R



- 160 - LSRR R e o

40 &

B R AR G AR 5 928 00w, i BT 8 A
BRI T 2 FUE P R G805 5 ok 2 g R[] ) &
R RE TR Y ARG B0 & sh i, X R s BE 1%
R AE 10 1 it A X N B 58 1) sl 25 A b s B s
A U, A FEL SO A SR L T o o R 3 A A B e 7
oAb e v S 4 sy 48 2R 5 R A A AL A

TR AU BT T Y PR R A T AR ——
WRIT G RAT R, R H AR R B, KRG
BT 4 R 2R i I S B B U EE R R4 R 5 R A
k.

D REATH

FENS BT AR AL SRk I ER R Y B, Y — 0 BL I T
PG R BEME | E | = 1128 2 1A 2245 8] Py EA TR AL
BWR, FHRIBEMNM, X —17 B2 T 0d B e 7
TEYIRERAI T 48 T % G B a1 R
iE G B A SRR IRc O, T B g 4 S i3 2R Ak

Iy EEL T A S o 3 TR ) ) o A A B R A R
DI AARE R . B R AR 5 AR 0 22 TR] A A R A7
REE [ OB RS S, M S B4 JR 3 L i R
FLURIT T, vy ELT I () 057 8 B T AR A

2 =x (P D) (8)
Ao o BRI BT AESE ¢ + 1 RO B a0 22
T E 5 p, B p,., 539K WG LT O RRE A vt 1R £
B NBEPLREL

2)HKkATH

M T ERE N E | E | < 1B, FRoRiZE D 48
AW, AT I RBYEBL, AERCBY B, i LT R T — R
1) 1A SR s o 1 — 25 4 /N A8 R 2 R) LARAR S mi i
TERAT R 2l il i 22 (8 5 BEATLE Bk e R B3l 1Y
SREmg T S BRI

LB B & 4 Fh 32200 FBIAS SR

TR 1 AR, RS N BT 0.5 B, i BT 8 R
FHACELIBI SRS 1% 5 W3 3k 328 4 4 /N A Y T, 05 9
AL I N B Y A e EELT T AR R A A >
MESHCWANESRZA WS, a5k
NA

t+1 t
x, =x;, ta-

(Ppey = %1) (9)
Kb a g REL p,., IS YRR

SEW 2 BEALIEL, Y3 N /N T 0.5 I i AT
2SR IR 4 PR S, A BT e FEL ST T L 0
S R A 93 2 A BB, e
PR IE ASFEEAT B R A T SR S A ) B B
L, ISR B R

o =x 4B (., ) (10)
Horr, B H, FR B

SEME 3 e R e A R 0 ) k5 i

B, e FELSOT J8E 25 BAUE T v IR o i AT 928 . IR 2R AR R
L, ey LT ) 2 i BE AL AE (Levy ®AT) IR MI0] 46
PLE RS R IZORME S 5 T A B AP G 58 28 1Y
F B BGE RIS N AN

" =x+ A - (SOD) (11)
s A A S Bl & D AR L ; O KR
BICR T,

TR 4 = R i B AL, YA A T AR R S I Y
TEOLT ey LT G 25 PACAT vy 00 o 3 ] R RS, 6] 54
W, I e BT 2 AR S AR O S5 W) 22 ) A B S
P RE TG TR PR G /NS ) kR Y A (8], AR SRR R
RERC) , Iy L 30 J5 4 i3 20 B AL i 5E I & [l i i, 24 5
W

=AY (P = Pyy) (12)
Ky J R EE -, SR BT 0 R AT L

A K BE SR 1Y SR D)4, W T T RE A TE AR R B
B 5 TF A v Bz ) #2077, S B H A ek iy e 200
o e ELA A B e AL AR S e B f A T
N, RERSTE 42 R 18 2R A Jmy B 8 2R 22 1) S92 B v %411 ), DA
AT 80k O Jey vl e Lk ) IR
2.2 KERCIZHEMLE

FE TR [) P 5] ) 45, 35 TR 2 ) A 1Y) $lc
CIBGIEUR SSER MRk vA O s A S 3 & L0 o b1 B (B B e £ o
A2 45 ( recurrent neural network , RNN) A9 B E 244 |
LSTM 3 s R (4 T 1 LR A 24e il T RNN 7EAf 42
WA G RIS A B0 BE T R s ' 3R 3558 RNN
I P — AR R AR AR W 25 LSTM BTt s I A =F 2 A1
FERTT— R FA T T S ), B ST T2
B 1] P S SO AR I ) AR R ) RO AAE T1R
T2 B [ 4 AR B AL 3 B < 38 o 4 AT — B 220 g Btk
B h,_, 5 x, YT A S TR MRS LSTM 7E0R B2
Dy s AR (4 [ B 3y 2527 20 7 3] 1 Bk A B, DT S5
PG IE 2R G0 8l A R R rRORG i B FLE5 M an 18] 2 i

Ier
C, »(X) »(X) > C
Clan >
)
Q)
] 7]
h,, F h,

xl

K2 LSTM %5t
Fig.2  Structure diagram of LSTM

M Bh 12 0 LSTM /Y T4 Rl i d £
2 {5 AL R IE , S I ) ) A SO R A 1 T



513

T IVMD-WPD-HHO-LSTM A IF 2438 /)N H FRs: i 77 v - 161 -

sikafefdr . AR 80T 1l i Sigmoid pRECE:
A3 S ACAZ AR 2D AR K, i AT 45 25 R A 16 200 R
ASHTEAGRIE i ] 0 5T AR BRI 25 SR I 40 M
ARSI R o 3 1142 09 P [ A FH A B o 38 5 1 et
BRTUA D S5 E A REAR MR A 1400, 1 3 10 4 JCA 280 T
PRI LS S A U, LA BORS 4 IR A5 05 8O £ 15 1
TR AR XA ST HLR] AT R
HTMESEER A S R, LSTM A0 R

fr=0(W, - [h_,x,] +b)) (13)
i =0—(Wi . [ht—l 7xt:| + bi) (14)
C, =tanh(W, - [h,_,,x,] +b,) (15)
Ct:f:'Ct—l-"iz'Er (16)
0, =0-(Wa : [ht—l ’xt] +b0> (17)
h, =0, - tanh(C,) (18)

i, NEATT f, st ] 5 0, M) 5 By TT—
2 GUZLRAS 5 b, oSBT 2 ZRAS 5 e, A M T 20
WA C, R SITIRA ; €, 4 I 2 2 e RS
C,., Wy b—mZI ek,

SRS, Vs WL R B i3 Sigmoid R
ST 0~ 1 Z I, #2 0 3 B O RRE D121 ]

R AT i, A BOTIRZS €, SERIFE) 1703 50
TCIRZS, B 454 Sigmoid H1 Tanh B 8%, LAY g MR (S
BAFRERE T, B ST o, RIS AT MRS C, |
SiiBuN Sigmoid Fl Tanh PR A S AT A BRUE RS h, NER
RO, X = B EME, M4 REE s B HLE B
i, B I) S d CAZ Aa ssdE

2.3 HHO-LSTM ¥l & &

BT HE— AT LSTM W45 15 B[] )3 271 7L 4T 55 o
MIPERE , A 30K HHO B9551 A LSTM A58 (8 2 5k
SRR M T — AR T HHO Ak ay LSTM 5 i A5 18
ZARRZE AT HHO 784 R 18 R 5 530 & 5 1 B4
PERE, ARGLIR T80 LSTM HilE S 805 BRI 22 50 A
TINS5 5 1A Ty 350 B 0 55 T RE, DA TG 488 v 17 S 28 %) 0
¥ 5z 1khe

FEFYE HHO-LSTM #5712 1if , 1 Se X% i i i (1] ) 31
HRPEAT I — TR AL BE LA SR BRI 25 A R E A R B
BRI, R T ISR R 81 B Sh AR, SR F AR A5 (8] A
T — e i A s e s 1), Hod i A 4EBORT B i)
HEIR Sy liE s C-C Jy A2 AR B R e, LA R B
FA) i 0 B8 T G M FAE R e A ARGk 3 2k

HHO 3B 0U N RS 8 A 3l 4 ot 7 o %) Pl o
BRI 4 R 3R 68 R IT & fE J1. 18 HHO-
LSTM #iAl HHO T B 34k LSTM #5254 (1% 5C 5
SR G RRE M TU R 2% 3 K batch size | dropout

FRIN GRS, X LEES B AL T HHO AR
s 6] AR AT, SRR AR 2R A g R LE |
IR ZE fe /o DI, AR SCLL RMSE AR 3 10 pR L
FAt A s

(19)

Fitness = —

o N N D

sy, FORLBRE 5 y, RN BRI s N ARSI,

H T 24T HHO Bk B S8 b b it RE,
AR SO HAT AR AL AL A 2SR AT T e, AR TIA
Sobol {522 7 5B R BEHLR i 1k , 2 TH 00 d P e 1 2 4
5530 R 2 (B 558 5 R FH 3 ke P 1 AR 2% AR 1
SIS THREIE 55 2 M R 22 5, DR FHE WA 1k 8L
PRSI R B A SRR Z B BT LA Levy KATHE B,
TGRSR AE RTS8 R AR ) . XL R UE 2 R
ARG S B, BT T RECR AR

HHO 4675 21 1) fe 088 2 808k T LSTM A AU iy
SERITCE S4B B, BRI AR AT LSTM B
Ji )2  Dropout J2 A K 2, I Zrad # ok A Adam 46
FRLUMEE Y SY , 351 A Early Stopping 3 B #F 501 4815 B
% A5 () HHO-LSTM A5 # 7E MRk 48 | 4T
WAIE , DAL RS B 5 7 Ak g

3 EF IVMD-WPD-HHO-LSTM B93i8 2K &
= T/ BEri

FEMEZRETT 5T HEAT /N B AR A0 T i 5 1 Pk R,
FE W THRAAE 5 R R S TR AR,
FEIRGR BE RN, A SR T —Fh a5 R AR S RS O i
NI AL %2 R 25 M ( wavelet packet multi-threshold
denoising, WPD) | W HLHir J 05 A0 580 72 R i B 1242 I 2%
H9J7 1, TR I 2 )RR A A B R A 2] A
oAk, B e /N HARRGI BORS B2 5P TIERE T . #ok,
S AR AR IS 5 2o ad I — LA 2] T R [R5 5 2
[P E 2925 5 e, >R A IVMD $445 5 F 3 N H 5
REA WAL, A 58 VMD J7 vk Hh A TR & 1)
L, R RS R B A AR T U, ROk
AN A 22 {22 Wt — 2L A s AR NI R AR
W RN R, SR H 22 19 (R D7 1k 2 BRI 2 R R
B DR BRI E R AR, X — MR PR AE T AR 1Y
WU AT AL B BB THE S M AR L, AR
ZEfy /N BARK IR A Al A AR

2R S 28 e SRR A A P P T A I A
5 T IO A 25 18] T AL i A A5 5 Wl 30 g 2 2 1], i
WUIE 5 B RO AFAIE . AR 2 8] SR BB A8 7843 I W5 5
HIAEZEPERRIE, g LSTM RERMR L E s s S E B . 78
I BER b R IS LTI AL AL SR O fE LSTM (8 S 4K



- 162 - LSRR R e o

40 &

I A R B R LSTM 1) 56 il 5 8 (4095 B i )2
P2 OB A ) 22 AT U0, T B T LSTM A AU 11
WPERE . VIZRJE R LSTM BB BERS 25 5 v A s f]
i R IFE 1R 25 MR AE S R /N B AR, 24T
R 2288 1 18 8 B AL AT, ] LA B 0 B A 5 v 2 A5 A7 A
INEFR, B AR SCHE ) TVMD-WTD-HHO-LSTM /) H
Bkl 752, 38 2 22 2 A5 A BRTR B 2 2D Ak, A A%
PETLT /N BARRIN (RS B ST TR AR 1, 441 2% k%
BT B/ BRI L T — A msk TS AR %

AR A RS IR AR AN 3 iR, E s a T
{55 AL BRI 1730 0 P 5 TR B A S B R O g T, o
ZRAT ST TS B AR Y s ORI B AL TR A SR S T v
TR,

e a2l
B VMD-/NER
ES

PR WALF R
TSR R 38 R T
[ gk | | BESE [ HR, BEsE (N
| | ﬁ%éﬁﬁ)
. poa— TR A REABEAL
| VISLSINEF SRS | ‘ ool
RERMEEITETIR | muRdun R
FiMx(n) N HHOMRALLSTMZ %
FHlx(n) -

| FRENBTIRE |

KT BE
Y

| #iHE |

K3 KRR
Fig.3 Detection flow chart

4 {HEXI

KT B AE M IVMD-WPD-HHO-LSTM 46 i 45 54 %)
BRE A InE K MCMaster K 2% 09 IPIX B 3K S i
Z% W% B ¥E ( http://soma. mcmaster. ca//ipix. php.
2012.10. 11) , 7S 3C 7 L 3% $ # 17hh , # 26hh , # 40hh
#30hh  #280hh, {7 M k43 % b 18.9.4.3.9.7,-0.3,
4.1 dB, HFHEHRA 14 IR AT, A48 B bR oo fiNe

ZUE T, HA B BICA 131 072 A-RFE AL,
4.1 EMEZRKELZ IVMD-WPD XK

R R AR A3 RS A it/ IN A 3 i TR S IR T
TRAEAIRAR M LV 2% B A BT T BB A0, e B #26hh ik
557 FEESERITHY 2 000 WK h R AT I IE L, IR
TUfEME R 4.3 dB, B B (1) 2 0k A 26 MR AE 5 5
Ly e R

S E AR VAR T 5 T AR M T BT R Ay
Wl M R R A 4 BB

1) BHE WAL BE X6 J 46 R0 A 2R A7 0 —fe Ak
HIA— AN

) @) —uy
K w, WEHEE; o IIRIEZ IS 1R 5 3B
FIZRAEL ~1,1] X ],

2)IVMD [ i& W o ff . I I8 Bk B L 5
L RERE RSB k=8, IRIEST AT
a=2 800 ¥R 5 54 it 8 A HA W E LY IMF
oy, BRI T RS I H A DGR O A
Fr MR LA (BLIMF4 ~6) , JF PR B I 3 A~ R ZBLS H
TIESEW,

3)WPD £ {H M 76 IVMD 43t i JE Al | | %)
BB ) MRS A TR A /N AL o0 i . R dbd /N
FERBIF R B RZ RN 3, IS Z EIRIN(E 5 2%
W Ao AR Y R PR EOT 45 AT ) M S R A T DB
[T B3 45 5 1) SRR AR TR SR /N D 13 2 g
D5, WPD REREAE T T 40 Ak i 431 35 R4 25 g b B,
M HE— AR THE 5 B 75 W7 A L

WESEN, L2 EEELBE, £ 50 /N
Wt 2 EOK Bl R Dl A R BB DR S Y IMF 55, 2RJ5 0
EMEJE 0 IMF 55 SRR IMF (552456, #1713k
— L ME S FA , LA B L5 AR I (E

&l 4 JroR R JE a2 I 5 5 40 W IVMD-WPD
MR ME 5 DA S 22 M i A rp R PR 0 M 75 B4, TR 4
FTLAE SR TR 2 A 5 P A7 A6 B S AR MR s < ke
23t it IVMD-WPD 25 Wb BRI | {5 5 28 75 5 7
It HIRGIE 5 B RRE RIS 8] TAAF R, 52 M
e, £ B 5 5 5 0k IVMD-WPD £ M 5 i (5 58
BAEH ML, X F %7 I BE NS A R PR e 7 |, 7
G R KRR B AT S B A R BHRA R E 5 1 R
FEAE

Kt 7 5 EMD VMDY | WOA-VMD'" J7 1 i
FEXTEG, A RMSE PEH L MU R 9845, RMSE BRI 36
TN EMEVERERRAY , XF A5 RN 2 FiR, AR S
8 7 MR 158 22 38 /N F At 3 R vk, BB B ) A g
ESE

(20)



5511 JF IVMD-WPD-HHO-LSTM 9363 2% /N H AR 7 ik - 163 -
0.4 | "“f\“'w'ﬂ‘m
ﬁ 0. ? ) /“v ”V,'
ié 02" “ M | h
11 0.1 \“""‘J"‘; W " o
1 | Rt l‘ ~J VWYY 1 W ‘x“ “ R / .[-‘ Jq WA VIVY TN \._J»JH{_»,;
0 200 400 600 800 1000 1 400 1600 1800 2000
FEA R
(a) RIRES
(a) Original signal
05
o 04
I 0.3
T o2 ¥
T, o
¥ LM AN J o \“w”"v Wi ‘,\ VYWY WYV \ ] LV AT A A ASVYY
200 400 600 800 1000 1200 1 400 1600 1 800 2000
FEAR
(b) ERIEHES
(b) Denoised signal
0.02
ﬁ 0.01 | H |
M u i \‘ W { m M st o WW“\W‘"‘“‘“W**“"?”‘Pr*w\wrw-Mw|wl':%mw-'www«wwmwwww
L
-0.02 \ |
200 eoo 800 1000 1200 1400 1600 1800 2000
PEAR A
(c) R 7 RS>

(c) Noisc component

PB4 A 5 W TS X HE

Fig.4 Comparison of sea clutter signals before and after denoising

xR2 AREEBRFTENVRIER
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Table 4 Benchmarking of prediction

root mean square error

bR IPIX #dis 4 A3
#17hh 2155 1 BRG] 0.074 084 0.028 89
#17hh 4155 2 FE BT 0. 076 035 0.030 41
#17hh 215 3 BEEGT] 0.076 123 0. 027 40

#17hh 2155 4 JEEG ]
#17hh 2155 5 BRG]
#17hh 2155 6 FHES ]
#17hh 4155 7 BRG]
#17hh 2155 8 WEES 1 (& HAR)
#17hh 2055 9 BEES 1 (& HAR)
#17hh 2055 10 FEES T (& B i)

0.073 149 0. 025 60
0. 080 107 0. 044 06
0. 082 909 0.037 31
0. 091 058 0.031 87
0. 164 875 0. 140 14
0.214 809 0.191 11
0.227 856 0. 164 06

#17hh 55 11 BRI T (& HR) 0. 160 051 0.129 20
#17hh 4155 12 B 0. 100 049 0.051 64
#17hh 4156 13 BT 0. 098 425 0. 033 09

#17hh 5 14 BEE ] 0. 086 569 0.039 78




- 166 - e R = I O %40 &
0.160 051, X 57 A I B9 {f 9 X W] 25 (0.100 049, 035 e FHiREE
SHARE
0.160 051) , 473 A OBZE8 5 19 1.6 f5., HIHZ T, A osol —e— ATkt
PRk R R T TR B - Al A B SR T R R 0"
e . N ) 25t
ZEZ 0.051 64,7 HARBICHE/INRZE N 0. 126 370, 11 _
A5 BRI ) {E IX 1] 9 (0. 051 64, 0.126 370) , 7 3 5, 50-20 0
5 7e i B OB R 2 2. 44, 55 3CHR[ 19 ] AH FE, AR SO Roist
TG RE ST T 52% 00 S SRR W
035 } ey A Rt ettt
—— EHIFEY
030} - HHEES 003 r KSR 7]
025 0 2 4 6 8 10 12 14
2 BRI
do2or (a) SCHR[19] BUMI R 2249 77
% ______________________________ (a) Prediction root mean square error in reference [19]
i —— %Bﬁ% 5
010F----=-=-=-====--c--Sfomoe o= 030 —o— HHRES
LR/l R e ] '
005F 025k
2
L 1 L 1 1 L 1 e
0 2 4 6 8 0 12 14 i 0201
B M7 % sk
(a) SCHR[19] T 3R 2235 77 1 & YN
(a) Prediction root mean square error in reference [19] 010k
T o ;E}n g 0.05 | R X 12
020
0 2 4 6 8 10 12 14
> BEBS LG
4 015 (b) A SCTRIIRZ 2 T7H
g ______________________________ (b) Proposed framework prediction RMSE with statistical validation
B oo} P10 #280hh T 22 24 7 ARAB A e 4]
. Fig. 10  #280hh forecast error root mean square value line plot
005 mimmme s o mmem o mm e (il e
o 0 ) 4L [ 1) N N I . . . _
EMHIBOR . 2GR T AR R T
o 2 4 6 8 10 12 14 M IS AR AE I, 52 R 2 D BRI vh s H RR A
PEBS LG N
Sl 4B A +
(b) A BRI A28 WG A II3HE

(b) Proposed framework prediction RMSE with statistical validation

& 9 #17hh TR 235 5 HRAE TR &

Fig. 9  #17hh forecast error root mean square value line plot

SR UE AR SRS AR 7R B A 5, S #280hh % A
PEATIR 22400, I 5 STk [ 19] &5 SR A7 %t ke, an &l 10 BF
7o SCHK [ 197 v #280hh % 4% /Y K I B9 IX 8] Ky
(0.079 98, 0. 108 02) , 47 ¥ty i, by 22 Ui 1. ) 1. 36 A5 3 A 3¢
5568 L A ARG I (B (L IX 8] 24y (0. 094 61, 0. 177 40) , 47 i
SR ARV Y 1,874 i, K HL A SRR A SRR A A
WIBE 1B SCHR[ 19 132 TF T 35% .,

25 FJFR, IVMD-WPD-HHO-LSTM 7 52 I ¥ 2% i %%
PR RO 3 . 7E 8 SNR &4 F, Bk Eug 58
TS HARERAE 452 S A R P ZE I SNR R8T, KR
PRFE R AP T LR )7 s 60 HARTE LT, BA& R0 1Y i

5 & it

ARSCHE T — Fh T A5 5 b B TR 2R o AR
FZE 4 B IVMD-WPD-HHO-LSTM ¥ 4% i & Wl 7 2,
T 2o X v 4 Uk B0 U AT IVMD 5 WPD 2 B Ab B 45
4 HHO fifb LSTM W 2% (48 2 4k, W & $2 7 17 55
H b e 2% g 2 U075 5 P Ry R PR R, S 45 2R 3k
B, B4R 7 1 M L AR S e B 21 R 1 B 3
e R DUDRG B2 0 LR AR M L S L, 3 R
I S IE ME R O G ES H AR, MRS
LSTM 773, fF#& i &Y IVMD-WPD-HHO-LSTM 75 &= &
DR T 35% MR EE ), H B A BRI BT TPl
TRl o AR

AT AEZ A O B SE SR BRI, A SO IR AEAS [F) T



513

T IVMD-WPD-HHO-LSTM A IF 2438 /)N H FRs: i 77 v - 167 -

SO AR I T R A B R E PR M, it
s HArroR e it 7 — AR figkIr 8, JUHAERE
IR T AR SO IR RE S A RO B I H AR 15 5
RROE, S5 B AR AT A I, HAT B R 8 0 AN (L, R )
AR bR S A

SRINT , AR SO PR AP AE — 28 Ry BR P, Sk it 2
Ze BEAR | P REAE SN P SR A vy 14 I T s P A, R
Wi i — A, BEORSIZ AL RE )RR X e o 5 A i
DU REVEAT A 52T, AR BIHIFTE nl LI T 5
ERCR RIS PERE Tk DR R = 5
TGRS AL BT YR Y254, LARE SR AR AL A BT 1 P RE 1 AN
ZALRETT
B2
[ 1] HAYKIN S, XIAO B L. Detection of signals in chaos[J].
Proceedings of the IEEE, 1995, 8 (1) :95-122.
SRR, 2 T2 R MR A9 A5 D B WFFE [ D ]
RifE : Rt ifg 4R ,2019.
ZHANG G D. Research on clutter suppression based on

[2]

chaotic characteristics of sea clutter[ D]. Dalian: Dalian
Maritime University, 2019.

DONOHO D L. De-noising by soft-thresholding [ J ].
IEEE Transactions on Information Theory, 2002, 41(3) .
613-627.

HUANG N E, SHEN Z, LONG S R,

(3]

[ 4] et al. The
empirical mode decomposition and the Hilbert spectrum
for nonlinear and non-stationary time series analysis[J].
Proceedings of the Royal Society of London. Series A
Mathematical , Physical and Engineering Sciences, 1998,
454(1971) : 903-995.

[ 5] DRAGOMIRETSKIY K, ZOSSO D. Variational mode

decomposition [ J ]. IEEE Transactions on Signal
Processing, 2013, 62(3) . 531-544.
JIANG S, XING H Y, WANG J J. Sea clutter hybrid

denoising algorithm based on VMD [ C ]. 14th IEEE

[6]

International Conference on Electronic Measurement &
Instruments (ICEMI). IEEE, 2019. 551-558.

JAR TP, M N, 5. R T ORI AR A RS 4 ik 14 ¥
el LM 7 ()], M7 A 5 AR AE A, 2023,
37(11) .81-90.

ZHOU X, XING H Y, YE R, et al. Sea surface weak

(7]

target detection based on optimized long short-term
memory network [ J |. Journal of Electronic Measurement
and Instrumentation, 2023,37(11) :81-90.

GREFF K, SRIVASTAVA R K, KOUTNIK J, et al
LSTM: A search space odyssey[J]. IEEE Transactions

[8]

[9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

on Neural Networks and Learning Systems, 2016,
28(10) : 2222-2232.

HOCHREITER S, SCHMIDHUBER J. Long short-term
memory [ J ]. Neural Computation, 1997, 9 ( 8):
1735-1780.

TR AT RS, 4F. FEF SSA-SVM iR 24 I
SEN/ME SN I L [T]. AT I g 2 R,
2022,36(4) :24-31.

WANG H F, XING HY, CHEN M, et al. Small signal
detection method under sea clutter background based on
SSA-SVM[]].
Instrumentation, 2022, 36(4) . 24-31.

MA L, WU J, ZHANG J, et al. Sea clutter amplitude

Journal of Electronic Measurement and

prediction using a long short-term memory neural network[J].
Remote Sensing, 2019, 11(23) . 2826.

TRTHE, M/, R, S T IR 1 I H AR
—HE T AIE S B AR 5 vk (1], 15 5 Ab B, 2020,
36(12) .1987-1997.

SUN N Y, CHEN X L, GUAN J. Target detection
method for one-dimensional sequential signal of maritime
target based on deep learning [ J]. Journal of Signal
Processing, 2020, 36(12) . 1987-1997.

S AT E, BRI, 5. SE T AWE-NRBO-BiLSTM
ot TR s H RS A N [0 ] R R S AR e R
2025,39 (6) :184-194.

WU H, XING HY, LI M J, et al. Sea surface weak
target detection based on AWE-NRBO-BIiLSTM [ ] ].
Journal of Electronic Measurement and Instrumentation
2025,39 (6) .184-194.

HEIDARI A A, MIRJALILI S, FARIS H, et al. Harris
hawks optimization; Algorithm and applications [ J ].
Future Generation 2019, 97.
849-872.

BURE, 4 B, K, SF 2R T R WTD-SVD-WOA-
LSTM J7 i 5 2 B 15 56 T/ HAR A [ )], AL iR
R ,2024,64(8) :1219-1227.

ZHU J, SHANG SH, SHI Y SH, et al. Small target

Computer Systems,

detection under sea clutter background based on improved
WTD-SVD-WOA-LSTM method[ J]. Telecommunications
Technology , 2024, 64(8) ; 1219-1227.

ZHAN Z H, ZHANG J, LI Y, et al. Adaptive particle
swarm optimization[ J ]. TEEE Transactions on Systems,
Man, and Cybernetics, Part B ( Cybernetics ), 2009,
39(6) : 1362-1381.

T, AT 2 T /N, 22 1 L Ak 3L 1 T A il 2 Wk



- 168 - LSRR R e o

5 40 %

IRk L], 7 0 5 R 5 iz, 2018, 32 (8)
172-178.

YAN Y, XING H Y. Sea clutter denoising method based
on multi-threshold processing of wavelet packet [ J].
Journal of Electronic Measurement and Instrumentation,
2018, 32(8): 172-178.

(18] EAEA, XN, ZEEg. 5T EMD LM 2% (55
FME[ )] RIARE SR ,2010,8(2) :177-182,187.
WANG F Y, LIU G, YUAN G N. Sea clutter signal
denoising based on EMD algorithm [ J]. Radar Science
and Technology, 2010, 8(2) . 177-182,187.

[19]  [EWF. T2 v g e 7 4 ) b s {5 5 Al [ D).
A U B TR RS 2022
YAN Y. Noise suppression and weak signal detection in
sea clutter [ D ].

Nanjing: Nanjing University of

Information Science and Technology, 2022.

fEEE N

BN, 2024 AT 9% BT 27 B 3R A
SFbrafn, BB AR R T AR RS 5
A, EBEFETT 1) R Bl 5 S A
E-mail; 2972325021@ qq. com

Li Mengjie received her B. Sc. degree

from Luoyang Normal University in 2024. Now
she is a M. Sc. candidate at Nanjing University of Information
Science and Technology. Her main research interest includes

weak signal detection.

1TIBEE CEfFIER) , 1983 4F T AHLT.
FEFFRARFE A2, 1990 4F F 5 RO 2304
24, 2003 AF 74 22 5238 KA AR A L
0L, B R B TR R AR LA
Uil R HE T e RE A 5 5 R gLkl Sk
PNIE S 30 Erwia b i EEL e Rl RSP L A S
PyB (5 S R A SAL T R REAL L I R S5 AR
E-mail ; xinghy@ nuist. edu. cn

Xing Hongyan ( Corresponding author) received his B. Sc.
degree from Taiyuan University of Technology in 1983, M. Sc.
degree from Jilin University in 1990, and Ph. D. degree from Xi’
an Jiaotong University in 2003. Now he is a professor and Ph. D.
supervisor in  Nanjing University of Information Science
&Technology, as well as the leader of the Intelligent Equipment
and Systems program at Nantong University of Technology. His
main research interests include weak signal detection, bio-
medical signal collection and processing, and design of intelligent
electronic measurement technology and instrument.

R, 2023 AT AR B TR KA AR
Frep A, B R AR B TR KA A LA
FELE, EEWTTETT 1 A s fr S Al
E-mail; 1842193327@ qq. com

Wu Han received his B. Sc. degree from

a.h

in 2023. Now he is a M. Sc. candidate at Nanjing University of

Chengdu University of Information Technology

Information Science and Technology. His main research interest

includes weak signal detection.



