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LIU Junnan, LIU Zhongyu, ZHANG Yining, et al. A Forward-Looking SAR Ship Target Facade Imaging
Method Based on PFA[J]. Radar Science and Technology, 2025, 23(4):355-366.

A Forward-Looking SAR Ship Target Facade Imaging Method Based on PFA

LIU Junnan, LIU Zhongyu, ZHANG Yining, MAO Xinhua

(Key Laboratory of Radar Imaging and Microwave Photonics, Ministry of Education, College of Electronic and Information
Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract: Forward-looking synthetic aperture radar (SAR) has shown great potential in ship imaging, especially
in the application of SAR seeker. During the terminal guidance phase, missile-borne radar is usually required to face the
ship directly to achieve precise strike. Aiming at the challenges faced by traditional SAR imaging method under forward-
looking condition, this paper proposes a forward-looking SAR ship target facade imaging method based on polar format
algorithm (PFA). This method cleverly utilizes the three-dimensional characleristics of the ship. Even if the radar oper-
ates in the forward-looking mode, although the target cannot be effectively distinguished in the azimuth direction, there
is still a change in Doppler frequency in the pitch direction. Therefore, the two-dimensional high-resolution imaging of
the ship can be realized in the range and pitch directions. Moreover, this method can provide more intuitive facade images
of the ship, which is of great significance for identifying ship types, assessing potential threats, and carrying out precise
strikes. Finally, the method is verified through simulation experiments, and clear ship facade images are obtained by
using PFA.

Key words: synthetic aperture radar; forward-looking imaging; ship target; polar format algorithm; facade image
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An Angle-Range Estimation Algorithm for Wideband LFM Signal Based on

Fractional Fourier Transform
ZHONG Jun, XU Fanding, ZENG Qi, LIU Xing
(College of Electrical Engineering, Sichuan University, Chengdu 610065, China)

Abstract: The traditional super-resolution angle-range estimation algorithm extend the subspace decomposition
method from the angle dimension to the distance dimension, and performs multi-dimensional parameters estimation for
narrowband signal. It has high computational complexity and poor performance under low signal-to-noise ratio and low
snapshots. This paper proposes an angle-range estimation method for wideband linear frequency modulation (LFM) sig-
nals based on fractional Fourier transform (FRFT ). The linear relationship between the modified peak position of the
received data from different array elements in the fractional Fourier (FRF) domain and the array elements’ position is
initially derived by using the energy aggregation characteristics of the LFM signal in FRF domain. The angle estimate
value is obtained by slope fitting through the batch gradient descent method, and then the distance estimation value is
obtained by using the time delay relationship between the transmitted signal and the received signal. The root mean
square error and complexity of the proposed method are compared with the traditional algorithms. Experimental results
demonstrate superior performance of the proposed algorithm compared with the traditional methods under low signal-to-
noise ratio and low number of snapshots.

Key words: angle-range estimation; fractional Fourier transform; peak position; slope fitting
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Interference Mitigation Method of Radar Based on Successive Variational Mode

Decomposition and Wavelet Threshold
LI Jiagiang, LIU Haobo, WANG Xingyu, YAO Changhua, CHEN Jinli
(School of Electronics and Information Engineering, Nanjing University of Information Science and Technology, Nanjing 210044, China)

Abstract: The cross interference between automotive millimeter wave radars directly affects the accuracy of radar
in target detection and driving safety. Aiming at this problem, an interference mitigation method based on successive
variational mode decomposition and wavelet threshold is proposed in this paper. Firstly, PID search algorithm (PSA) is
used to optimize the maximum regularization parameter in SVMD, and then SVMD is used to decompose millimeter
wave radar signal with interference into a set of intrinsic mode functions. After that the interference in each decomposi-
tion mode is filtered out by wavelet threshold. Finally, all the mode signals are superimposed to complete the signal
reconstruction, and the millimeter wave radar signal without interference is achieved. In this paper, trap avoidance opera-
tors are added to PSA to increase the scope of exploration and avoid local optimality. In the process of wavelet threshold,
hard threshold function is improved to solve the problem of poor continuity. Simulation experiments and actual ex-
periments in multi-objective scenarios show that the proposed method can effectively suppress interference signals and
improve the detection performance of radar.

Key words: millimeter wave radar; successive variational mode decomposition; PID search algorithm; wavelet
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I BB APERE , X B IR LS | H bR R A N ]
R BR R o PG, AR e gk e 22 0K 35k R 3k 2 ]
AT 2 BRI E fr R

FE S BRIV, 2K IR A5 500w R B
R AR, v R o o0 i 7 vk kAT Ak
PRI o MR TT VR B Se R R IR T AR
L3 i A TR RSS2, R A B rp o T AT 4
DR, 5 BT A RS SE UE S A

2 BAS 7 f# (Empirical Mode Decomposition,
EMD ) 38 1 6 A - B9 A% (B R R 2 R AR
PEAT 0% TR EMD 25 5 th S IR B i 1R AL, —
G5 A A MR IEAT AT B SR R B B
IS 43 f# (Robust Empirical Mode Decomposition,
REMD)7E EMD HF LA —Fft 05 e 45 11 v )0, 4] 77
{5 1k EMD fifi gk id 2o 3 JLATREAR 70 fift (Symplec-
tic Geometric Mode Decomposition, SGMD) ] F 2
JUAR AR B AE #4527 Ry b DA R R AE i 24
[ IE e

Eﬂixﬁ%g¢lﬁﬁ AR IS T
R AN ] B 8 Ak Bl S 7 AN ) B ) s @‘“ L
FREA O, AR 5 20 05 125 B T R IR AR 5
I B2 R AR o b IR0l D7 R A A
AN 5 (1] B b 0] 43 AT L@ﬁﬁlﬁlﬂﬁ%ﬁiﬁ’ﬁﬁq:
FEA TR, 52 e 7 3k A M PR RE o A2 20 B3SO0 it
(Variatlonal Mode Decomposition, VMD) A L1 ¥ 32
R IBE T — AT S R T A1
AR M AE A2 H DR AN TR, B XA S TR AU
PR B 530 43 Rt B AR TEAS [A] (9 IMF rf
AR T L, LI AT 2. SR VMD B
RS 53 fir A 2 B0 5 R L 5 52 31 MR 75 (9 52
IIRSCRMELURUE" . BUAE J3 B35 53 i (Succes-
sive Variational Mode Decomposition, SVMD) i i
G AL oy i Y T 3l AR5 Y SRR TE TR R A
RS R AR, A 3 1 0 R A5 25 0 M
Hb T8 AL ik R RE A TE B B B b o2
Mg 7 X RS SR IR T L B AR T R R . AR
ﬁ'ﬁSVMD M) 53 it iﬁ%i‘ﬂijﬁﬁﬂ'ﬂ%?ﬁmaﬂlpha

A IS i i B AT R AR A E

ﬁE{Eo

BT LIRSS, A SCER L T TR 5 i
AR SVMD HY & IK LM H Tk . BBk 7 imok

AT B AR R SR 3 N RE BRI, A B ke
G BT 1 PSA LX) maxAlpha HEA7 AL 26 5
PSA & —Fp 5L T3 & L il -FR53 - 18053 (Proportional
Integral Derivative , PID ) & %% 2 4t i 22 A T U84
IR HE W SVMD X2 4 F 35 M5
ST K AN F R B AL H AR e SRS TR
RS R HEAT /N A PASE T4, s &
I RS 5E U 5 AL

1 Eﬁ&ll_ mﬁ*%ﬁg

e B AR A K T IS T AR E FMOW
TR RAHE S TN
5,(1) = &) (1)

% kR RATE  f R BRI . & HARAEXT T3
KWIERIE S R R, 42 1) T RE S o, ) H A5 5 7 i
BRI BE B R.(1) = R, — v, - to ¢ G, ML AH
v%ﬁiiﬁﬁr_M/cEﬁ@&f%%ﬁﬁ
Sgﬂz&@—73=éﬂ“’) 2l (2)
A TR AN T2 W H IR MEEE R, 12

rﬂﬁgﬁv,,mﬂﬁﬁﬂﬁiﬂﬂ‘ﬂﬁ—%ﬁ(t) = Ri -, - t,HTJ‘
Sz, = R/, TS FRAH
Sl(t) = ST(I _ T;) - e'izw(f‘(’_Tw)J'%k(‘_T.).) (3)

B FAR 1A 5 A A5 5 A, 45 21 32 4
ISR R 5

Su(t) = Su(e) + S.(2) + (4)
b, WO S s f%l‘T W FH R e R RN
55 5 R AHE S B 2 LR AT IR RS B A
G M TE AL B S

2 LIS A i
21 BRESESHR
BRI AAG 58 f (x), B o % R 5 LR S
w,(2) RS 5 f(x) f,(2) EBR T u,( )U%E’J?ﬁu
FT AL A SE U B D T () KA K
RIEFTALBRIIES £,(x)o f(2)FTRH
F)=u,(x)+f(x)=u,(x) + D ulx) +£,(x)
(5)
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SVMD DA% 22 i 728 4345 X AR HCIMF , 3504
AL EAE

1) BABESE P T DI R 5 LS B
IMEZIHR

2

Ji = (6)

3{(3(0 + qit)*uL(t)}e'j“"’ |

w0, R LRSI B BIa 5
2) AT w,(x) 75 BA A R R B
S(x) BE R/ ME T g P HEA T 200, H )

Rt (w) = AR

a(w - w,
I = | B £ | (7)
3) TEJ, ML ARG R T SRS LA
R L1 B T, B U B 08w, () 50

L-TAMBEZS Y Lo B A 5 A B i, R
1

ﬂﬁﬂjﬂﬂéi(wh(z, i=1,2,L- 1,53
olw — w,;
MR R
Jo= 20 B (0] (8)
4) 5 AN LR R A BSFER 2205 5 AT DL
RIS .

HR A 4 LSRR 50 DAL A B R In) R
R B /N A R) 8, S 5 F o T T
J,F ]

min {af, + ], + ],

subject to:u, (x) +f.(x) =f(x)

X1 T e /M T T L 40 4 510
FILRCS 13 F1 ARSI S RS B0 R, B2 40
] 3fe ik BEA TR AR O

(9)

2.2 ik PSA R EE

F K IE AL ] F maxAlpha P& 52 28 (9) 7 o Y
T ACAEL, 45 Tl 0 315 RN 2 i EORS 4002 . PSA
X} maxAlpha #1417 T, BEWEHE = 3l PERE . PSA
FIH RG22 AT EACR A o (BRI AESR n IRIEA,
SR EAEME N v (n)o 55 n UGB N v (n),
MRS 4 Rl 22 e, (n):

ei(n)=y"(n)-y(n) (10)

L, n = kb, MBI ECHK n AT — %A 2R I
22 RIR N e, (n), BT UEAR 42 R R 22 R oR N
e, o(n)e Hn=10,%e(n)=e,_,(n)=e, _,(n);
B> 10, % e ,(n)=e,_,(n-1). 7E PSA 1,
e, (n)Fle(n - 1)3HIFERH

e,i(n)=y"(n)—y(n-1)

eln=1=y(n-1)-y(n-1)

T A ) 2 AR B 22 4 R e A 1R — 52 A
[, e, (n)Fle(n - 1)A—EME, B AT
ek,l(n)?’%ijjﬁ:

e, (n)=eln-1)+y(n)-y"(n-1) (12)

L ARUHCH I RE PID B Au(n):

Au(n)=K, r[e,(n)=e(n-1)]+K 1, e(n)+

Kyors-[edn)=2e, ,(n)+e, »(n)](13)

K, ey, rs 8 (0,1) I BENLES 10 4 LK, K, K, 55
SR L] R LA R R R Tl R
e, A E Fo(n):

o(n) = |:cos(1 - ’;) + A, - L} cen)  (14)

K, rg R (0,1) 1 FEALELCE 1) 5, JH Y R AL =

In(N-n+2)
InN

(11)

} N AR PRUH, s AT
" uo I'(1 +B)Xsin(mB/2
L= e = £(1+/);/2)><(B><2)’B:
1.5, u Ao by IR MR 9 IE 285 20 A 19 B L8 1
re 2 (0,1) I BEHLEL S 1) i, = ro cos(n/N), FiRE
B AR N
y(n+1)=y(n)+n-Au(n)+(1-71)-0(n) (15)
3 mﬁ%%%('ﬁap Avoidance Operator, TAO)
M2 R ARy (n) FIES n UGEAC AL ¥ (n),
MEy(n+ DINE, FmN
Yo=Y (n+1)+6, -,y (n)=0,p,-y (n)+
0,-0,-8-(p,-Mean(y(n))=p,-y (n)). 1, <0.5
Yrao=y (n)+0, -,y (n)=0, -y y (n)+
01-02-8-(,ul-Mean(y(n))—,uz-y(n)),,ﬂ\:ﬁﬁ
(16)
Yoo Ay (n + V)P HEFE, B E rand A0, 16,55
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2 (0,1).(0,1). (= 1,1) F1 (=0.5,0.5) Z [i] f Bl #L N median|w,,)
" 3 rand, A <05 rand, A<os P TM AR SR o= —Fas
s My = s My = o
1, Hifi 1, Hfl median(|1w,, || AR ST - IR /N

BT S8, M, R A BEYLYE A BT 2k 5
R AU -

FEIL y o BB RS n + 1 IGEAR,
EPAT(11)~(16) . ERRBUA BB AMEG | 1
N ) 42 Jry die AR Ry SR I i o

PSA TE48 K I ULk 1) o A rh A B — i
IO S R BT TIPSR RE MRS o RS
B Z %0 (Maximal Information Coefficient, MIC) 7] F
TR PG S I OCHRFR L O TR i S
AN TR) BE B A E AR 105 5 0 ik BN R R 2,
PRAIE & 125 18] MIC S/ H& S 5 2 015 5 6
MIC fe Ko i B JEE PR RS
:;IIMIC(mode(m),mode(m+ l))
Zf,:IMIC(mode(m),SR(t))

(17)

ﬁtness(Sﬁ(t),L)=

KA, Su(0) WZIAR T, LA

23 INEBETHIE

/NI AL i ] 5 5 25 M LR 75 R 0
INTA MG S AR 4 2 K P T IR TR Z BT
Pt , W f5 5 b s S AR R AR T HR
WP AR S o PR AT K B bR 145 5 VR Sy W s 43
i, TR SAVE A TGS i /N B
HEAT 53 B TR B TPl A RO

NI BB S ORIV L R B o3 K F-
V) {1 1 0 {1 PR . AR SC/INDE B PRI B Daubechies
AN IR OKA R 5. T /INBO R RO L S
TR AT 5 A AH DGR B AR , 2 R U/ N i) I M, ok
G o3 ik J2 B A FIE 5 Bl g B i T] R 3k
FH 3 1

0.84,, r€(0,0.5]

A=47094, re (0,5,0.7] (18)
j’j’ r 6(07,1]
s, = -T2 s o

ef—5j2+2

O B IR A S R B SGSR I o X {E ]
DR AR 5 28 K0 r IR AN TR] 28 17 2028 B (R R/

e 27 1L PR 50 A ) (L 0 45K ML PR, 0 )
A A PR BN T S RSO /N 73 i R BRI . AR
SO I 45 A B B (R M B Y R a5 B0 T — Mk
A o L PR, 2R T

Wiy | Wi

>4,

w;;, =1 sgn ( w;, ) sin

8
Wiy _ll
( Py )],LSWM<AZ(19)

0,|w, <A,
B PR BN S B 4 L, e, st (18)
B IE B E L A, = ad, AL E a=15, 4
> L B 6 [ P bR BB ], oA 7 A D T 5 £ R
BOR LR IR, A, < |0y, | < A, B AT P AL B
JELAZ B BEEHI M AR L

Wik

Wi

24 ETFPSA-SVMD 5/NEBERF & THHPE

Bk

L5475 TR SVMD /N B pREC Y PR B, A
SCHE RIS PSA-SVMD 5 et /N ik A 119 5
TG vk B, DR R AR B RECNE
JO7 JBE bR B, £ ] PSA 55 5 X SVMD 2 3L maxAlpha
T, B 5 38 2 SVMD W5 5 7 il S — 41 IMF, 75
T T/ N B B Tk, e Ja & 4% IMF
SERL TPl .

TR E TR BRI

1) 85 P AL 78 i maxAlpha, % B PSA (1948 %
T PR, f R AR ORI FR R R, LA K A5 B R B
Ry I R PR . R IR Y UGEE AR TR EE N T A
AN B3 B, T 4 SR e A (R 24 i 22 A
FEM AR (13) ROt (14) 15248 5 PID 4 (AN
FAFH AR BIR R B A S, il TAO B F 58 1k
TR BB L 45 R R AR . T R 1 3k B Kk
FRUEIL, 2516 2 25 1 DB o1 4 i 4 SRy e AR A 5 4 A
T 2 SR A (1)~ (16) 6
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2) it PSA 6 5E e FES B maxAlpha J5 , il i
SVMD ¥ Z e H Ih M5 5 #7530 45 3 — 41 IMF .

3) XA B A9 BEAS IMF 2647 /IN ) AR 0 57- if
55, 38 2 i 1 [ ek EIO0T /N U R B5GHEA T 1 A
BN T BE R o AR SRS 5 o i

4) Gyl R BR AN IMF HOX) R P40 5, K
R INFAT IMF , 58 A5 5 A, g 1 e il s
(= ST SN =ae

AR

BIHGCFIEE, n=1 |
! | AIMES R
FHALRE AR | Sl
‘ v
e S A e I PR AL S
PR | | | SRECTROMR
v e I
_ TP RPIDRIS | | U S IMPIR R
et | | | | ME
e A e

,,,,,,,,,,,,,,,,,,,,,,,

| PSAfALSVMDZ: L

BT JETFI0AE SVMD Y ik T il )5 ik i

3 TESEESHr
31 HERES

KT BEAR SO VR AT RO AR SO T 61
HAnf 2T LR 5, Gseh e~ Bis A
AT R S R DL RO R AR, SR 1 s GE
FERIEACER HArSEin , i i ACR HARIZ &) .
TEAGZMEREAESH IR 2, WA, T
REPEL TR I8 2R G0 i PR S R o 15 2, A T {5 1t
EEA 10 dB 1) 40 e s

®1 FHEMBRER
BFREC BEBm (e MR

1 30 -2.8 0.2
2 80 39 0.05
3 100 -5.0 0.06
4 150 6.1 0.3
5 180 =72 0.15
6 220 8.3 0.04

x2 HEMBEZESH

L IGHz, 77 77,77
W Ve /MHz 600 900,1 200
F S RFLE I A /s 100 100,100
AR/ (MHz s™) 6 9,-12
SR /M Hz 40

WK 2(a)~(b) fiizs, TS RE R m HATE
I3 S W, A2 AR S AE I B SR BN AR
[ P A5 AT AT T B 30 3ok g bRl
HLH 25 4 (Fast Fourier Transform , FFT ) ¥{5 5 MU
AR B S W 2 (e) ~(d) Frow , B br Il i 78
T T S B — A B B £, HL O R R
BT H AR B BE RS, T 5 B T8 Dy A HR 1k
JEE I, 80,100 1220 m &b 3 A HIUR 2 /N 55
FIBR A5 5 Bl M P W 35, 3 A

32 SVMDESHBR/NEBEERSH
AR SO ) PSA B3R X maxAlpha #1704k

111 s S R R LR R P,

A /mV

St
B R e —
20 40 60 80
A ] /s
(a) TTHAE I A
B T

{E/mV

i

B e e

20 40 60 80
I 17 /us

(b) ZHAF T WA
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B

EiAREEHA G A

{E/dB

i

!

I {E/dB

& 2

LR, PSA ik Bk ACRECH 10, FhF S M 10,
R HR[500,2 000] . HSEUEALIE K SVMD
XF Z YA 5 EAT 40, B 30 i 235 SR A0 18] 3 () iF
N, BT SVMD HA7 7 BR A R, A Ak e 15
2(d) B AT 43 B & 3 (b) BT 7 B9 6 4~ 2 5
BB R RIEE B B AR 8k o BRI A IMF . IMF

Hh F AR R s A Bl T AR BB A AR

{H/mv

i

i
| J -
o Y

0 50 100 150 200 250 300
B /m

(¢) THAEZHER FFT

0 50 100 150 200 250 300
S /m

(d) ZHAFFIERE FFT A
o w7 W =R Gy R =R=at 1 I R ER= N A N S

= sf :
= I
: i 1l
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o T —
=] H i
= #
R i
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-4 . —
B 2| t
= I
4 i
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r T
% e
=i A
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8] B 1 ' i
P S | A T R AR ]
= | SO SR W ap— Y P Lod s e | PSR SR Ty
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1 H
uE‘i odeid ,
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58] /s

(a) SVMD Ji i &

z 2 WMM‘M |
g n i i
@ 0 50 100 150 200 250 300
= 400 EE e L s
= = 200 i ;
*Mw ! i
o0 50 100 150 200 250 300
PR S AT R
T,
L T D e Tkt / W rrrrrr
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© Y T T
=
= MMW |
=
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PEES/m
(b) SVMD JEH#E# FFT &
Y O R S
= H {
=, i
10 20 30 40 50 60 70 80 90
o ifs S R L I S B
= .
Tak ST | T B
10 20 30 40 50 60 70 80 90
oo | T T T H
> =
E =2
=
mE 5
L3
=
=N
0
m2r ;
2qf I B B ‘
| P S T T A
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o1 ER e
& L
a1 ' i ‘
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0 ?U 6
] /s

(c) £ IMF P14

10 20 30 4

e
%Z;ﬁé’ i -' T T i ¥ "7 7 ' i

{H/mV

it

10 20 30 40

60 70 80 90

H#l‘:J/us
(d) % IMF {55 T
B3 FHm b mas
[ 357, KA P il ot A2 v (0 5 5 S 2 B, B i
RO o ¥ 58 o a5 5 R AT /N (8 Ak
P, B 3 () M5 IMF Hp G 2 /N 38 B 53 25 1 1
Ty, B 3(d) T EBRE AR
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M IMF 58 55 5 A AL, B &
FHE B FFT B An &l 4 Fros o B3 v i B s Ry 1
Lo BRI R AR A IR A AR B R R, 3 58
H Ar 48 Jay BB W E 25 B I8, RE 65 A R0 b 4 A
ESIS

{l/mV

M

2‘0 4;) 6;) 8‘0
IR a] /s
(a) MHELE

60 o [ames
| WS

40 f

it

{H/dB
——

20

0 50 100 150 200 250 300
PR /m

(b) FEESFFTE
4 ZPAF S FTEAGE S I HER E A 2 FET

33 AEESHBAEX LS

I 3RS 23 i J7 2 T [/ SVMD #E 47 L
BB R LIRS (REMD) L 2F JLA #5525
51 (SGMD) LA S A8 43 #5525 43 fif (VMD) . 7E VMD
TR TR B s R R B B AR Y 64 H bRy
AR TRIBE S BB A R AR 6, IF 8 it £ 1K
SHG AR RE EA KT VMD A5 55 N R 0 F AT
3P IT I BIAE S o il s R A 5 R

5 (a) ~(b) i REMD A9 43 fif 45 S, IMF1 Al
IMF2 4255 T K434 3 o3 it AR E S AR, X
Tl o3 i AR A 45 0 40 f A0 E b [0 ok B A v,
IR 22 . 5 (e)~(d) R SGMD 43 fifk 45 3
BRI RO R R B ERSEE Y]

W, F GG B S alUER AL 52 e A AR
EM L ES5(e)~(£)F VMD B4 45 5 | Gefis f 4
455 éﬂ?ﬂ 'ﬁ SVMD B/ it

%%UO

30 i
it Tl s Him

(a) REMD Ji 5 &

1020 30 40 50 60 70 80 90 0 50 100 150 200 250 300

10 20 30 40 50 60 70 8 9 0 50 100 150 200 250 300
. B
/s BE B /m

(¢) SGMD Jm itk [ (d) SGMD 5 FFT £

sk

0 50 100 150 200 250 300

1020 30 40 50 60 70 80 90 0 50 100 150 200 250 300

(e) VMD 5kl

K5 RS o3 it Jr ik o3 fk 4t AR R
ARG AAE T8 b (Signal to Interference plus
Noise Ratio, SINR) .24 7 1% 22 (Mean Squared Error,
MSE) . JH—1b 5 A 5¢ & £ (Normalized Cross-Corre-

(f) VMD J5H#E 5 FET &
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H23% %41

lation, NCC) £ & F 1 BE FL 3 B9 3P4k 5 b , i =X
(20)~(22) ii/s . x, RIET I AGFES 2 AT
Pk s EBGES N IESKE.

SINR = 1010g12—:1xi (20)

v\; re
2i=1(xi T )

N )
MSE :MN” (21)

ZZV: 1(xi : xfe)
IS ) )

FH43 5% 7 Lt (Integrated Sidelobe Ratio, ISLR)
FRMI N B ARE S AR SRS I RE 5 R
R A9 LUAEL, T T B RIS M 9 BE 7 L ISLR
N, BRI PE BT, AT

ISLR = 101og 10(2'“#('”) * 240 Fm) (23)
Dok (m)

o, PO o AR BB [ @b ) BR 2 H AR 3250, 1]
B [ c.d | PR3 H AR 25

NS QY S A= B v 1% L BV e B 5
RS I it A0/ INE BB A3, PRLHCTE 0T HE 4 e
A0 07 AW TP P BRI R R I A i
125, B SO AR5 20 it 0 53 vh A o 1 it O =0, %
52 I R A5 SR AR R S 500/ Nk BB AT JS
ZEAb B 5 A CFAR-Burg " Hl ProxSGD''* Wi Fl 5
IKTHANHIITE G55 AR S s 3R w47
PEREXS e TEANEE IR 3 s .

®3 EIBRARRAETHRIME EEE

PSA-  CFAR-  Prox
SVMD  Burg SGD

SINR/dB  9.0022 10.797 6 12.077 1 12.8759 11.3514 11.833 1

NCC = (22)

PN FE6E REMD  SGMD  VMD

MSE  0.0337 0.0268 0.0198 0.0177 0.0209 0.215
NCC/% 85.63  90.87 9240 9276 9143 9175

1E5 31, REMD H1 SGMD Hy T4 1% 4 rp A
A5 H & Y IR) A5 7E SINR \MSE FINCC 3 N5 45 b1k
e 2z, SR 3R 5 By o ah R . Bl 6
6 Fh 7V 1E 80,100 1220 m 3155 H bkl i {55 4b
ISLR #HR LB . 25 A 4 D TFEH dE #r, VMD FiI
PSA-SVMD 7 # ) SINR F1 NCC # /5 , MSE F1 ISLR
S BB AL B T AR BT A 7k T il
S

. . . . I:Izzom&ilﬂﬁ
REMD SGMD VMD  PSA-SVMD CFAR-Burg  ProxSGD
K6 80,100 F1220 mAb H AR ISLR AERXT H ]
B T 53 7 SR AR AL , VMD A1 PSA-SVMD
LU A PERE AL A ELIR S A B 1 T
LR 10 dB F e 57 F1 MRS, SR T R VMDD X g S
SRR, P AR {E W LU BUE S — 20 . K4l
AEEME L VMD I PSA-SVMD PEREXS L . 7EAH
M LEAS/NT 10 dB B, P B PR RE SR bR g (e 20, 1
2/NT 10 dB BF PSA-SVMD T4 41 1 14 fig 1 B 1
3T VMD.,
*4 A[ESNRT VMD #1 PSA-SVMD et bE

SINR/dB MSE NCC/%

IGL3:]
dB VMD

PSA-VMD VMD PSA-VMD VMD PSA-VMD

-15 -30.1207 -27.0236 23759 2.1164 1831 19.61
-10 -19.3262 -17.2385 0.8109 0.7010 23.93 27.66
-5 -10.6114 -8.8420 03152 0.2343 44.81 49.01
0 -0.3934 1.5263 0.0831 0.0659 6638 71.42
5 75423 84260 0.0330 0.0276 8236 85.36
10 12.0771 12.8759 0.0198 0.0177 9240 92.76

15 155711 15.7326 0.0130 0.0126 94.17 94.87

34 EBITHBEREFRESH
BRI E T B HIE S K
JEN N, o A5 5 i Bk T, B E0R K.
REMD 75 ZE X5 5 347 2 0 T HR A% (8 s ke g
AL, G SRS RKE LR, SR 2
EFRRNO(T - N). SGMD il i A CH U A, 78
PRAFRE H AV 5 45 A8 1 ] Ao 9 /b 6 ARV, DT
TR, BARR A EFR AR O(K - T - N)o VMD
FEOT AR Tt R B S A B AR 1) S A
NO(T - NlogN), EH 4 M SHAE I E N
O(KN), Bk 28R 0 0(T - (NlogN + KN ).
PSA-SVMD [Rf s 22 I FE U | R 4 I
(5 2R BE LT VD, Bk 58 2R i oy i A R 25 4
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W2 ZR B 9B, 25 0(K - T+ (NlogN)). VMD
WK B MR, 2R B2 24 B, PSA-
SVMD I 1 FH 2 vk SR B 7 =X, BRI T B 26 1
AR — L IR g b 2 =A% . CFAR-
Burg 32 %2 4 15 J B8 BL b5 4 A 0 [ (]330
o, BRI ZL R O(S - MlogM + N - p),Mj'ﬂEE
KB NGS5 Ao KR, S 4R p
9 B B, ProxSGD 18 13t 1, 78 500 4% 19 1 1k
BRI TG, 2 UGE RIS R (E , 7E 4R
BT SR O(T - N).

T HES TG RS G0
i R ARSI 5 400 AN 43, AR SO 3.3 71
R V€7 i1l e s g i (5 B ol [ 1
AR 5 Pin o 2E05 5 40 f# a6 4, VMD F1 PSA-
SVMD i F & — A~ Ak ) R fige 2ok B, AL He
REMD F1 SGMD B BT . TP A5 Ko 40 il 35 43 4
P55 53 fif 7 BT A 25 R K, CFAR-Burg 58
if [ AT HEAT A S KA, B T S e
ProxSGD iz FH T st B 72, A0 Ak a6 ARl A g m
FERT
F5 REFEMIETHE

58 TR S

TR s sts oA
REMD 0.057 8 0.1529 0.2107
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ZHANG Yunan, YU Hongwen, SHI Ye, et al. Few-Shot Hand Gesture Recognition with Radar Based on
Transductive Conditional Neural Adaptive Network [J]. Radar Science and Technology, 2025, 23 (4):
387-395.

Few-Shot Hand Gesture Recognition with Radar Based on Transductive

Conditional Neural Adaptive Network
ZHANG Yunan', YU H()ngwenl, SHI Ye?, TAN Guannan®, SHENG Zhichao', FANG YnngI
(1. School of Communication and Information Engineering, Shanghai University, Shanghai 200444, China;
2. School of Information Science and Technology, ShanghaiTech University, Shanghai 201210, China;
3. Huizhou Speed Wireless Technology Co Ltd, Huizhou 516000, China)

Abstract: The high recognition accuracy of hand gesture recognition (HGR) technology with radar relies on a sub-
stantial amount of sample data. However, collecting and labeling radar data requires significant manpower costs. When
faced with a small amount of labeled data, the application and effectiveness of deep learning in HGR algorithms are limi-
ted. To address the above problem, a HGR algorithm based on transductive conditional neural adaptive network is pro-
posed in this paper. Specifically, this network adopts the concept of meta-learning, aiming to train a model that can
quickly adjust to new HGR tasks with a few training samples. In addition, the proposed algorithm employs an adaptive
feature extraction module, which adjusts a small number of parameters to selectively focus on useful features across
tasks, achieving an effective trade-off between flexibility and robustness. Furthermore, the algorithm integrates a trans-
ductive inference method, which utilizes a graph construction module to develop manifold structures of the novel class
spaces in the data, thereby improving the recognition accuracy. The experimental results indicate that our model
achieves recognition accuracies of 90.94% and 87.67% in 5-way 3-shot and 8-way 3-shot few-shot classification tasks,
respectively.

Key words: hand gesture recognition; few-shot learning; meta-learning; FMCW radar
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LI Gen, SUN Ao, WANG Wei, et al. Imaging Method for Highly Squinted SAR Mounted on Maneuver-

ing Platforms Based on Doppler-Domain Block Processing[J]. Radar Science and Technology, 2025, 23
(4):396-406.

Imaging Method for Highly Squinted SAR Mounted on Maneuvering Platforms

Based on Doppler-Domain Block Processing
LI Gen'**, SUN Ao'*, WANG Wei?, LIU Xuesong'
(1. Unit 91550 of PLA, Dalian 116023, China; 2. College of Intelligent Systems Science and Engineering , Harbin Engineering University ,
Harbin 150001, China; 3. Postdoctoral Research Workstation Sub-Station of Unit 92493 of PLA, Dalian 116023, China)

Abstract: During large-scene imaging of highly squinted synthetic aperture radar (SAR) mounted on maneuver-
ing platforms, the existence of acceleration and large squint angle makes the imaging parameters have severe two-dimen-
sional spatial variability, significantly limiting the focusing depth of conventional SAR imaging methods. To address
this, an imaging method for highly squinted SAR mounted on maneuvering platforms based on Doppler-domain block
processing is proposed. This method constructs an efficient hybrid focusing framework by employing sub-region imaging
and global data block stitching. In the range processing, the spatially variant range cell migration (RCM) is linearly
approximated, and the Keystone transform is used to realize the spatially variant RCM correction of the large scene. Dur-
ing azimuth compression, sub-region segmentation and frequency-domain phase filtering of Doppler-domain data blocks
are performed, minimizing the local Doppler parameter differences to achieve efficient spatially variant compensation.
Theoretical analysis and simulation results demonstrate that the proposed method exhibits high computational efficiency
and effectively extends the depth of focus for large imaging scenes.

Key words: maneuvering platform; highly squinted SAR; Doppler-domain block processing; frequency-domain
phase filtering
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Millimeter-Wave Radar Gesture Recognition Method Based on Transformer

Meta-Learning Network
QU Lele, HONG Yuyun
(College of Electronic and Information Engineering, Shenyang Aerospace University, Shenyang 110136, China )

Abstract: Traditional deep learning require a large amount of training data, but the collection of radar data is time-
consuming and laborious, and it is difficult to cover all gesture categories. To address this challenge, this paper proposes
a millimeter-wave radar gesture recognition method based on a Transformer meta-learning network. Firstly, the gesture
echoes collected by millimeter-wave radar are preprocessed to generate Doppler time-frequency maps (DTFM), and the
DTFM are fed into a feature extraction module, which combines the local feature extraction capability of the convolution-
al neural network (CNN) with the global context modeling strength of Transformer, enabling it to accurately extract the
DTFM features of different gesture actions. Then, a nonlinear classifier based on Transformer and sequence pooling is
designed to perform feature-level comparisons, measuring the similarity between different gesture samples. Finally, the
comparison results are sent into the classification module to predict and output the final gesture categories. The experi-
mental results indicate that the proposed method can effectively enhance the gesture recognition accuracy under the con-
dition of limited samples.

Key words: gesture recognition; millimeter-wave radar; Transformer network; meta-learning

FIE N AR g A . T HUN AR 4 B

0 51 5 PRUOT 2T 53 326 TR LI i 438

I 2 R 0 7 A DL AR B T I T S A 1 TR B R TR

WL XE. FHRIUIME S P OEARZ —, ROFHEGUN Y SEFUN I EM L, T

AR R R, B N TR AR B RE R BRI BUN T B R 2O B i P B
Wk H I : 2024-11-18; &1 HIH . 2025-01-15

FETH : B XK A AR F 4 (No.61671310) 5 i 25 BE 27 25 4 (No.2019ZC054004 ) 5 11 7 44 15 4 3 AR BE Il 45 9% ¥ Bh 3 H
(No0.LJ222410143071)




408 BiERZEHEK

H23% %41

AP o AR A 8 T R T HGR
WYt B BISTEOR B AW E D A Y To 2k
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R A T SRR R, TF 6 A SR I dE AL
PEAT 2PN o BT S 1) LN T B U
fiE, e FRE O BB, o TN 3 BURRAE 1 J) FR
P, UM VB S AR X B, — e R B BRZ 7 ik
TEF AU BRI . SCHRL7 130t 17— Hd
18 1Y 3 LA 28 ) 2% (Convolutional Neural Network ,
CNN) % For 2 8- 2 5 i i FHAHIEE B 78
PUIMERRE - BA B A, SCRk[8 141 77 GHz
ZE R IR AR IT R AF 5, R A MTI B B i
YR R, T — TR X T I s R 38 3 Y
FEAU AR AR R JF B 09 AR AR 4 7 Bk SR R
253 AR P 45 Ry Mg DL R B ik 2R
JE 2 ] W 28 b gEAT R B4R T ek 10 AT
SR AR IR T 88.4%, FEF IR
TR AR L CNN Ay B fili 5 6 o 26 AE 48 | A7 7
H TSI TS50 2 A PEAN SR 1 [

BEXE BRI, S804 NS g i TR E I
R I HLR A o0 £ AR A Sl g A AR X i A
EE AT 4L, B3 F) FH Vision Transformer gE47 -3
P Jin 5 VO H ] T 3 A T HU Y CNN-
Transformer 25455 8 | F| ] CNN $2 BUsh 25 31
K 40 5y FRAFAE , J5 HE B 221> Transformer 4 i 5
PR RRHIE o R PR 7 VA T SR & i A a2
AR LR DARUE S R B HERf PE . T4k, oo
>J BRI TR R/ AR 2 S [R) R, ] AR D R
ASTIRIFFAT S5 o EEXT/INEARRE R, Sung 55
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2K Y TTAF > J5 530 3 Al 28 I 28 B SR A
REAS A AR AR L DT A o8 F00 2 531 - R T 7EAH
RLEE A AR v BB R ) A SCRRREAS 45
B, H R A a) — X — AL 55 o Zeng 55
NPHEEET KRR M T > Jy il Bl —

PR B T INAL A 027 > 28 S I/ INEEAR Bl T 1
G, B 23 55 ] (Doppler Time-Frequency
Maps, DTFM) i A 215 T ALY oo 2 > I 2% vp it
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RAEA IR 2R LR SCRHE , X 7E— e FE B b
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RIS [a] TS E R [0 A7 5, X R A I Y 81
155 UEAT AL B A B DTFM, 2R J5 % DTEM 4 A
2| 3T Transformer ) 7G5 > X 28 vh SZ I/ IMEEAS KL
T B TR 288 A A F CNN FlHE & 1Y
Transformer Zi i , 4 U HF A il if) 4 rh T3k
A SR TR AR RN 42 SRy RRAE o B R SRR AT A i)
RN I RFIE AT DR B B SRR - 1) R AR X
W DHEZ 5 I FEAEXT 3% A L T Transformer F1T 41
B R LR 43 25 A EA T AR ADLEE A o, Fe A TE A
I3 AT S I AR

1 fFoBiRl

H F V8 351 % 22 )% (Frequency Modulated Conti-
nuous Wave, FMCW ) A7 I RS B2 57 DB IR LA Je
P HURE 7 58 S5O0 A, AR SO B 220K B 7 T8 R
FIEMCW £AR . FMCW & UL i 98 i 77 3R 45 1A
N =Sy, A SR A A A o FMCW 75 38 19
Pl i) 77 o

1.1 FMCW Eix[RE
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WA AT T T, 43 591) Ay e Asf ] PR psf ] 2R
FEMRIRG , A = clfy, Ff XL TARIR S
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[P {55 FAL B SRR AN BT 1T/ . 158 RS
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5 X Sy (bom) HEAT MTL, 15 2 38 3 )5 0 46 4
S (bom ) BEIRCE T YR RS DX T K DX TH] P A P
BICHATA T & N5

by
R(m)= ESMTI(bvm)
=
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[EPON
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P, () SR T BREL, v A 2 IR R E,y N
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MR B B . BB BT 55 th SRR A i 540
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C-way K-shot [A]#
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WS A REAS B FRAE R AT 3 i A B I F b
I 265 1) LU EASEH 7, A T AR DL PR A | e Hh 43 SR
Peg, M4,

FEAF U HLEASE R RN ES
A \ P A \ r—H
/ r—-
: |
e ! | =
. [ | 1 l K
. e i
g i
/ uﬁﬁ"rﬁaﬁnsforr}mréﬁﬁ%ﬁg P Transforr}qeréﬁﬁ%%‘% : :
JeribERz: L 1 e s XEES
I
l : r---os == r-——-3 r :
: i E i T = =
i P | | BRUZ  ReLUSKIT %K
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' 3 N || PR 2igRR
A L H ) softMaxif#is sk
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3.1 FFERBUELR ERC RS BB SRR iR
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e N PN P
FRARAE B H2 HL , 10 Transformer T 8 K 4 35 4 5 d5¢ xﬁ%@qgﬂd‘
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fE. 454 W B, 5 22 )2 CNN F Trans- FHALE 2 8 30X
former 24 % 75 4 2 H 47 0T 4 5 . 010 49 A 42 30 S KOO 18 1ax1axiog
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3.1.1 CNN

CNN i 4 BRI, B BRUZ IS AR
— & 0 — 1k 2 (Batch Normalization, BN) f11&
1F 2% 1% %290 (Rectified Linear Unit, ReLU) I 1%
o BN BB ) OC T AT 55 19 L[] Se 560
T IR AR (1) FS E PE s Re LU B0 oK 28 AT LAY 2D
B AR B, SRRz A . CNNGE S %l 2x2
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B b, A5 I B 785 T A B A At Jmy R AR AR 5 A% K
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MIEME R 005 22 0 1 W IEZS 43 A b B — 41
K/NH 144x128 B BFEHLENE A A7 B 1S, 5 CNN i
25 S
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3.1.3 Transformer % #5 2%

K 2 25 Y T Transformer 25 15 2% 09 77 40 45 4 |
Transformer Zi % #% 3 %2 B )22 IH — 1k (Layer Normal-
ization, LN) | 2 J2 JE& 1 #% (Multi- Layer Perceptron,
MLP) #1 £ 3k [ & J7 (Multi-Head Attention, MHA)
A . 7R SCH Transformer Zi i 75 HH D = 2 > H [
{10 2t ) 50 25 T 18, MHA SO H = 4.

1) LN

LN 2358 Yk AR XE AT 22, 805 1)
ST s

LN(X)za-iE:fl§27+ﬁ (9)

o(X)+e
K, XN AFEAR E(X) IR o (X) N
FEARBIBRIERZE , o F1 B 53 1) Fy 48 2 L i S8, £ Ay
AR R, AT RESR o (X)) 9 O gt BRI R A
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HME K, R, V, O EA R

EFXF MHA FO%E h A3k, 115 Q, FI K, 46 L 55
F, I 5 SoftMax ITE bR A H —fb 358 0T 2 I AL
&L RSV, A RTINS 5 A Ak 0 R 15
4y Head, :

Head, = Attention(Q,.K,,V,) =

T

Q.K, )Vh (11)

SoftMax
Ja.
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FEWE . B HAS KB AR PR O AT A
Ap e, A58 MHA 152455
MultiHead(Q, K, V) = contact(Head, ,--- ,Head , )W’
(12)

2, contact Sy i 38 4 B P42
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A Design Method for Symmetric Farrow Structured Fractional Delay Filter

JIA Kexin, CHEN Yang
(The 38th Research Institute of China Electronics Technology Group Corporation, Hefei 230088, China )

Abstract: To minimize the complexity of the implementation structure and obtain the global optimal solution of
the filter coefficients by controlling the approximation accuracy of the filter frequency response, a design method of sym-
metric Farrow structured fractional delay filter based on second-order cone programming (SOCP) is proposed. According
to the linear phase characteristics of the FIR filter, this method constructs a weighted least square fitting objective func-
tion and frequency response error constraints, and converts the constraints into linear inequality constraints. The design
of symmetric Farrow structured fractional delay filter can be transformed into a convex optimization solution problem.
This problem can be solved by using the SOCP method to obtain the globally optimal filter coefficients that satisfy the
constraints of amplitude and phase frequency response errors. The effectiveness of the proposed method is verified by
comparing it with the other four methods in simulation experiments.

Key words: fractional delay filter; symmetric Farrow structure; second-order cone programming; weighted
least square; frequency response
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R, R Farrow 45 19 43 B0 42 % 35 5% B9 24) Sk 1)
Aol B F7 Hy



420 BiERZEHEK

H23% %41

wl ) (H () - 1 )|

st|Ey(fim)| <6

min
8

’Eqs(f’l‘«)’ S¢€ (20
fe[-0.5.05)
me[0.1)
2,8 & 43551 Ay T AR ) 1 5% 2 24 R PR -,
BIRIE S

AR 2R A Ak T A R A R A ()
1T R 22 AR — AR AR BOZ Ak In) R —
AL AR AR AR L BRI —
A 1) B AT 3K i oy 52 WIMERE W, O & 3R A% 42 R B
Poff . s SCHEk (14 A1 15 ] Hr B — 25508 i
FA S L Ly ) | B 0 T B % N
JIE UGB B4 s AT FREL A3 ) 10 174) 38 3T 24 SR A
L MEAL AL Bl A O Ak ] RS AL — A B
FL R] , Al oK 4 Jmy B i

AT L ST 52 22 | By fopn)| < 8 T AT 42

=5, < Re{H( fuu)e ™= |H,( fip)|<5,(21)
A, Re {-} FRBUSLER . 8, M6, R ESLHL, 7T 8 1
W ALGHE

6,=90, 51=3cos(£)+‘ Hd(f,,u,)‘(l —cos(s)) (22)
IHGERE , 2P Ak M AT e 13 368 30T 24 TR AT 20 Ry

Re{a'(fiu)e ™)} g <8, + | H,( fn)]

- (23)
el ) g <5 -

A
Re{aT(f,,u)e’jd"‘(f"‘)}

_Re{ a'(f. ,u)e’j"’“(f"“)}

Y=

U,=

8.4 H,( fope) ]

8- H( firt)]
(24)
DU A i 4 e 7 308 3 24 SR ] BB 8
U,-g<v, (25)
AR VBT IR 2Z | E,( fip)| < e TS Ny

d(fim) <dy(fim)+e

(26)
(b(f,/_L) = de(f’lu“) - ¢
I {H(fp)}=Tm{a'(fin)}e (27)

Re{H(f,,lL)} = Re{aT(f,,u)}g

A, Re {-} TR BUEEHS, Im {-} AR BUEEB , 8O

ARG (fn) <D fim) + 6.5 b fin) + 8| < 72

i, A

al(fn)- g =[m{a'(fin)} - tan{d,(fi) + &} -

Re{a'(fn)}]- g <0 (28)

Wl (fiw) + | > m2mf A

al(fin)-g= [tan{gbd(f,,u) + .9} . Re{aT(f,,u)} -
im{a'(fu)}] g <0 (29)

bu( fir) + | = m2if A

an(fp)- g ==sign{d,(fin) + e} -

Re{a'(fin)} - g <0 (30)
A, sign {-} MAF5 K%k

s

ML (fn)=> bl fin) - 824 bl fin) - 8]
/20,
al(fin) - g =[1an{d,(fin) - e} - Rela'( fin)] -

Im{a'(fp)}]- g <0 (31)
Wl fim) - | > m2mt A
ah(fin) - g =[m{a’(fip)f - tan{d,(fin) - £}
Re{a'(fin)}]- g <0 (32)
Wl fim) - | = w28t A
al(fn) - g = sign{d(fip) - e} -
Re{a'(fin)}-g <0 (33)
PRI, A3 0 37 38 30 24 B AT B8 3

U,-g<0 (34)
Hh, U, /RN
U, = [aPU(va) aPL(f»M)]T (35)

HRIE TR 8 X FR Farrow 45 #4) 43 $i it 4iE %
P LA IR B e fb

w(fiw)(a'(fin)g - H(fn))

stUy-g<vy
fe [—0.5,0.5)
M E [0,1)

min
< 2
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3R G R R Ay — A SRS ) R R
(SOCP) R}, 45 7 RAFEMA IR v 58 IR
R A ZR B Z2 3B A, AT AR 25 5 3R A5 %)
FR Farrow 45 k4 43 K0 8 18 I8t 2 114 4 Jmy e f0 06 D5 2%
FE, UL, XK Farrow Z5F4 1) SOCP fi Ak & 117
LRSS N AP RR

AR G R IR 9 AR
B FR G BRI S 3 S5 A AN PA I AR )
IV BN FE AR S CIRATUIE 17 15 26 29 R 57 o

B2 WA AR N 15 25 AR T & U8
Wt R 22

A3 AR HE A X (14) F(17) # & B R
b w(f)(a'(fn)g = H S]] -

APR4 R AT (22)~(24) Hy 38 LA B 43
W B JE TR U,y - 8 < wyo

RS MR AR (27)~(33) 3 Ze Pk AL AR A
W BRI U, - g < 0.

HBEe AL R s SR AR A S
(36) , A5 K Af SR L, W) [m] Bsf 38 Jm 29 SR 1R - & DR 2
OB Z W, RT3 B R 6.
SRR, WA X R Farrow 45 ¥4 43 B 4E 38 5 2%
MRR g

AYRT X G BRI S I8 A 1) A e 1 R
N SIE I8¢ 8 A HE AT 4G A, 5 T IS S 3 0y Bl I 4 i)
IR E R AN T X /NS B S NG (= A | D R b 35 &0 d 1y
HEEATE e S N 1R 2IE L AN A G )
22, WRAB MR O SN bR T4 T 2R A8 AR, WG fin
it At R S A SR RTIE L A - N2 i ]
AN J57 90 B4 AR DG T BESR AR AR , U8/ INAH AT o
WEARHEF e EHPATHIR3BNILIRS, H BN
JEZERAGHR

3 HHSE

AR AL 07 95 %, % Sk [8) L [10]
(121013 T8y 4 R R 7 i 5 747 H 0
fiE , S UE AR B0k AT A HE . YERE, SCR 121 A0
(13145 97 $2 07 ¥ 19 2 57 0% 0 7% % 00 403
(L + 1)N/2, SCHRL8 107 63 o7 8 28 2 41>
BT (L + 1) N/20 A5 57 43 MO0 HE 8 i 7

i

BT T7 12 BV RE AL 8 45 DU 7 B SR R R
(4 FEABLAT O, 5 R R A3 248 0 L300 1Y 9 1Y) 208 %o B
TR
FE LA R A B e, i i B8 vk v 0 30 15 2
PR AN ZRE w0 ( f, o) 53 B30 F0E I8 08 #2538 7 N
BE 1, HABBE N 0,
S 1 AR SRR I SCER 10 )45 H R A —fk 2y

5 R 22 VEAS P $ 7 R iR 22 MR L ORI 5 3
Fk L10 AR [F) A4 350 8 280, IO B S [ 5E
0.4, Z I B &K 7, RAFMFA 400 MHz, JE 4+
XA B A 380 MHz, AR (447 55 5 SRAF A5 2R A
90.95, FHSCHKL8 ] [10] [ 12 [FNpr 4 J7 k535
BT BN FE SR &% , AN [R5 VA8 FIR B s 1K 3
N AR — AL R R 22 3R 1 s . &1
AR, YN < 20, PR AT A0 A Ao 2 <7 o i 2R BUR
D B R DT VA A — A 2 7 R % 25 L SCHR[ 10 ]
22 BP0 T SCHRL12 ] A SCHkI8]. 4 N > 301, fiF
P27 D BE A 8 A NG, 5 — 1R AR R
ZEU/ N St W AR T A 3 i

F1 AREFIRERFRETHE—LEAFRIRE

N o PHRgE semkli2] 0 SgEk(10] ScERCs]

10 3.05x 107 1.732x 107" 1.58 x 107 9.91 x 107

20 1.96 x 1072 6.99 x 107 6.1 x 107

30 46x107° 326x107  5x107°

40 2.1 x107°  1.07 x 107

50 8.78 x 107

60 1x10™*

70 3x107

80  1x107°

BRI A 58 250 X I R R AR AR IR
A3 B FE A 4359124 0.0.1.0.2.0.3.0.4 F10.5, FIR
VBV AR B 40, SR A SCER[8] . [10] ([12]F1 T
P27 14 BT B HE U A, AR AR [ 4 B
T IH— b R 2 R 2w, hE20
AL, BT W ATURTRE A9 N 3 T 1% 2 24 o
PEIT LA A5 B A A 1 U — (LB T AR IR 22 R
e 2, B I — BN — b iR 22 1, J)
BT A AN [ 3 B30 S A B S ARUAR ) £
FEAMEHRG RE . 5 HA 3 RO EE A EL BT R T Ik AR
w=02 0 HA KKK IH— 15 ik %
2.9 x 107, /NTHAth 3 Fh 7 v 1 B R IH —Fk 34 5 i

\5

8.24 x 1072
7.9 x 1072

34 %107 728 x 107

79 %107  22x107°  6.66 x 107

4x10° 1.6 X 107 6.09 x 1072

2.1x107° 1x107° 558 %1072

1.1x107% 92x10* 512x107
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H23% %41

P22 1.1 x 102,43 x 107 F11.03 x 107)
PRI Ot , T 88 7 vk TR A R T S 30 R R 3 B S
M

R2 FESHRETFHE—KHHIRIRE

wo PR SaEk[12]  Sck[1o]  Scik(s]

0 1.0x 107 1.65x 107 6.6x 107" 7.1 x 107"
0.1 16x10° 35x10° 1.74x10* 13x107°
02 29x107° 67x10° 878x 10" 1.35x 1072

03 28x107° 92x107° 978 x 10 3.99 x 107
04 21x107% 1.07x102% 34x10° 7.28x 1072
05 23x107 1.1x102% 43x107° 1.03x 107"

S 2 PR FESI R R 400 MHz, JE )% 28 XA
B oA 300 MHz, AH R A7 55 5 R AR AR LB R 0.75,
21 o AL 97 5% 2% 4 0.025, 5 SCRik [13 17 ) 1 /Y
WESEHN o P EE 38R AR AT 1 152 25 1 8y
0.001°, 50Kt SEE AE [ 0,1) P &5 fa] B & 434 10 453,
Wiz B Sk [ 13 1A ekl i 1 2R, 72K [R] FIR 3E
WA K ENMZH AL, R SCHER[12] .
(13 ] FUITHE 7 1 KA 1Y 10 /1> 25 BT 22 {2 %] 57 114
KHEI E DG SR ZE AN 3 PR . 3 Al 5, e A
(W5 B R T 1T ik HLAT Je /N ) B A
WEeBIR 2 | T by S IR G B2 43 U SR
#3 ARG ENBRTEIZE

N L SCEk[12] SCHk[13] 5 v
8 2 8.04 x 1072  79x 102  6.05x 1072
8 3 416 x 107 4.1 x 107 1.6 x 107
8 4 206 x 102 34 x 107 13 x 107
10 2 348 x 107 3.83x 1072 317 x 107
10 3 3.25 x 107 1.8 x 107 8.4 x 107

S 3 HER B AR TS 1 RS T AR
Wi B A 17.5~17.82 GHz, 2 WUH 38 807 1F 58 T A8 i
Iy SRR A 400 MHz B3R5 5 1 T4l

B A 320 MHz 1) 5ty B 30 o5 B, 6 B3 1 2
AEMASUR 23 BB S k% o 25545 25 3 {5 A o] L3
T [ B I A 1R 2 LA U G T[] R0 PO K
F G SERMEHG B LR T £0.029 ns, 38 77 18 431
Wi )37 3 S G 0.1 dB.

HR 4l 28 G K, 43 BT HE 8 U 2% 19 SR FE AR
7 400 MHz, X314 58 A 320 MHz, 43 B SE7E 1
— AL RAL TR HA[0,1) P 45 1] BRI 64 4~ 55 B A, Wy
WEEAT R 137 9% Bh AR T 0.1 dB. IHCERE BN SRAE T 30

K153 6445 , 23 5 0.039 1 ns, AH N (Y B B ZE
AR ZE R £0.019 5 ns, 505 BT FE I8 5 48 04 3 Y
HEIFAE % S0 2548 T (0.029 ns—0.019 5 ns)/2.5 ns=
0.003 8~ RAE A5 .

R SCHRL 12 109 75 1, AR iR 2R, B gk
AR R 30, ZI BB S, AN TR 4 B ZE T
F14) 08 T84 45 0 A5 7 AR B 228 01 ] 1 () AT (b)) BT 7R o
B LA T 8 /4 43 A iE (I X 7 F A1 4 i i
FEIE AT PN A 5 R I D% B 250 0.001 7 dBL ek
TR AE 8 35 22 4 0.003 2 ANFEAS A, 136 J2 JiT A
WK . B LR, SCHRL 12 0 5 A RAE A
B VUL AR TE DRI AR AR BOR 2 101 5K
BB 25 2 T, R BT i 7 R R 3 3T 1% 2 2 ]
(R, LRI 7 %) 388 R IR R AR B A R
WA ) I 38 RS B, i — 2B AR ZS )

200 -150 -100 -50 0 50 100
$i#R/MHz

(a) RS L

a6 T
‘ﬁ 14.5
o T N N I S SN SR
2%14.3 R R
14.2
14.1

i | \

-100  -50 0 50 100
Fi % /MHz

(h) BEE
1 SCHRLI2 ]I R B (BT ARSIt s a4 i

KA SO R BT 5 v, U IR B e Bl iR 22
8 = 0.005 8, X i T~ MR AT e [0 fpe K Bl 25 0.1 dB,
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AL SR 2 & = 0.001° . ARYERTIREER , B 50
ECH 5, D8I ER B Oy 20, AN [F] 4 BB ZE R
F14) 5 T84 5% W8S A0 ) g AR FSF 428 001 ] 2 () T (b)) T 7S o
24 25 8 > 43 B S (X 07 () A0 M 7 o 7
T Y PN A i R RS R 8 80152 25 04 0.087 d B, e KAFE IS
HEYP B iR 254 0.002 6 PFEAS 55, Y5 2 AT Ib d
BER o R HE BRI T VA TN TR T I AR 2
T BERA [RI T 8 3 35 4 91808 0 g 7 15 2 , 2l
T RERT AT SR 25 ST I EAMERRS B, FRAIG
TUBYE ARSI AR B W o B A 0 U A 0 0 ST
FEBUN 90 M FEAKE] 604>, B HA SN E .

of

orf-f
02}

/dB

il :
=04f

OS5 .

0.6

200 -150 -100 -50 0 50 100 150
HR/MHz

(a) WRABI 17

(b) HEmFIE
B2 ARSCOTIEAEAN ) 2 BT SE(E T B 08 I A 03 i

4 HERIE

Oy T BT ok AR A0 152 22 19 £ R B
BT SR Y 4 e I AR L 2 E 0 43 K
BB RS B T — LT B SR X B Farrow

GERL) 3 B S B Y AR BT ik o a5 AT v
AR L o3 BT TR, T i 7 95 0 e 3 224 ) 2 01 4 )
o7 30T VR 22 A SR, A AR S B A A SR BE A TR
] ARAT A5 I A2 A Ak 30T ARURH ] I 328 A 0K 5, B
TS B e JEE o3 B SiE RS, PRIk, B 077 05
B AN o (A TE RS2 , I 3 07 1k 7 i A
3B S i 2R AU A BT, A S A R
A 2 P, 33X — Rt ) PR A P B2 4
R AT

SE
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HE Shun, QIN Le, YANG Zhiwei, et al. A New Coprime Array for Improving Consecutive Degrees of
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A New Coprime Array for Improving Consecutive Degrees of Freedom

HE Shun', QIN Le', YANG Zhiwei?, SUN Nan'

(1. College of Communication and Information Engineering, Xi’ an University of Science and Technology, Xi’ an 710600, China;
2. National Key Laboratory of Radar Signal Processing, Xidian University, Xi’ an 710071, China)

Abstract: Aiming at the problem that the existence of holes in the difference co-array of the coprime array (CA)
leads to the limitation of the array estimation performance, a new coprime array (NCA) is proposed in this paper. First-
ly, by analyzing the structure of the difference co-array, it is concluded that the removal of some physical array elements
by the coprime array will not affect the consecutive lags of the array. Then, using hole triangles to represent all the hole
elements, the removed array elements are rearranged in sparse positions determined by the positions of holes to optimize
the array structure and increase the consecutive lags while reducing the mutual coupling among the array elements. Sub-
sequently, the effects of moving the array elements on the differential co-array are discussed to derive the mathematical
expression for the consecutive lags range of the proposed array. Finally, the superiority of the proposed array over other
coprime arrays in direction of arrival (DOA) estimation is verified by simulation experiments using the same number of
physical array elements.

Key words: coprime array (CA); direction of arrival (DOA) estimation; difference co-array; consecutive de-

grees of freedom
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ARk E . I 22 53 2L (Difference Co-Array,
DCA) , 4 H 7 5 i B 51 LA 52 BB 35 64 ) Fl B (De-
gree of Freedom, DOF ) Fl T /NI B AR, . B3t B
Gl =1 (Coprime Array, CA ) &% i B4 51 i —F , &
HY A~ 15 S A0 52 0 - B 2 41, I B F-FE 31)
MFEILA R AN B TS 4 %, el
DAARAS T 0 1) B G 57 8, DA Tl 28 R P 52
12 HC R 400 F 4] vh A AE R LR, 3X 3 BUR g
Oy RN H 2200 LB HEAT DOA A1t

g TSk R HL S B A AR AL A TR) R 2 AT
T4l 7 —Leduirik . k(17 il it B3]z
B e SFURI B J5 [ 3 22 SRR ep i LR L (2 9%07
IR A . BRI, SCERL18 ] T B4 iz 3)
PR T ek BB RE S, R DA A A AL L (E
TE S BRIV e, PR3 A8 B35 2% 1 xfE LA 2 o SCHik
[ 19 JFSCHR [ 20 ] #8 5R FH — Fifr 22 431 A< AL 11 o 1 78
JIT A B AL | A5 T AR H 22 43 SRR 4 4k Y il
A DOF , (H & HARVER N I 2% . N TR AL,
SCHR[21 1420 T 290 B 5 F4 5] (Multi-Level Prime
Array, MLPA) , %[5 i 224> 35 2) R e A A, B 1
TBES Y BE TR BN BB R A . 5 EL RS
AHLG I BESAG BD FLIR , AT DL3RAS BT 22 (1) i 4L
FEIR H A M5 (1 [ TRl RN, BAREE R . S
Mk [22] 42 15 7 5 % B T FF 51 (Complementary
Coprime Array, CCA) ,iZFF5 Al DLy A4 Jo LY 2247
LR RS E A RO . PR, SCik([23 ]
P T #5441 (Thinned Coprime Array, TCA),
KW T YR E RS P AETETUR FE T, B R iX 2
Ve oT , AN SR I i 1Y 22 43 2L . TCA Al LI BE /b
AR TS IS T TR EL I B S AR [) B e AR/
A0 B A H 2 HATD AR A R i AL o SCmk [ 24 ] 42
tE T T R R R A Y D 1 K PR R ik i
R sl 0 Kb 1 TUAR W T ke ik — 20 pi /ALl LA 3
I S SiE IR i (R B AR R R B T b
3R FLI

BEXT B3R )8, AR SCHE 7 — AN ) B 5T
YL E (New Coprime Array, NCA) , 87 %1 0] DLy~
K 3% S5 48 3R 90 B /D B Y [ B v Al Y
TERE.

1 H 5
1.1 FS&E
B KA m S A RAR G 5 s (1), 73 AA
B 0 = {0,.0,. .0, ) ANFTEIEA QA BETTHIT B
M L B Tod, 1 <i< Q. HHn, <n,<---<n,,
IH d = /2,2 UK o T B8 B4 A 5 A il
LR
x(1)=Na(6,)s,(1) + n(1) = As(1) + (1) (1)

A5 (1) = [s:(0) (1)) AT SRR,
n (1) ST Iy 22 R Iy o 19 T2 K (R0 25 47 1
7okt A =[a(0,).a(0.)..a(6,) ] 2 FE 51
B W, a(6,) 52 M BL Y S 1 % B, %R v a(6,) =
[em,sm(ek)’ejmzm(ek)’___’ejﬂ,,osin(ek)}ro

x (¢) B H3J5 22 R T A2

R =E{x(1)x"(1)} = AR A" + 0’1 (2)
o1, R, = E {s(1)s"(1)} SR A5 SR G P 7 2
S R A SR 7 PR B ELH A, LA — i T
REACHI T 220 R A0S, B

i:;ik“”%” (3)
o, TR PR, B R AT ] A B AR 5
zZ= Vec(léx) =Vp +o’l,, (4)

L.v= [a*(ﬁl) & a(G,),---,a*(HK) & a(@,()}%
A0 7)) W B T o 5 @ 36 s B N S s p =
(020202 RAESHEI R 1, = vee(I).
6]t 2 382 5 0 1) A ) M 125 2 A oy
Tl A B S B BT Bk SR R S
R AFAE 75 350, T A ) ) 2 1) S 9 o o
FEHEATIR A, 5% F MUSIC 5 1 45 ) 14 458 5 ok
7 DOA ATt

K 8L T 14 7 5 E 0 B O 4 2 2 W
SE o X R URCZE ERR O 22 4 B D R
T B S = {nyangeeng | HE22 53 SE R T L
FoRHA

D={ni—nj‘ni,njES} (5)



426 BiERZEHEK

H23% %41

1.2 EHRESH

FESE B g e, WA B 42 30 0 B T =2 a) 7
AWM EA SR B E S . Fi g R
L, AR (DOEHERR N

x(t)=CAs(t) + n(t) (6)
K, C o EREHME . R SCHk[25], 78 Bl 58
M E AR, C YT R T LLUERIFRR A

—nl<
c‘,_”/‘,‘nl nj‘\B

[C],. = (7)

Yo, Hop
Arp L [C], BRI CF ifT R j AT R
nan €S, MG Ry ep, e, HRKLR L =¢, >
‘cl‘> ‘62’ > e > ‘cB‘,cl =ce™ , Hrhcel0,1],¢, =
cle’j("’l)“/g/n,2 <n<B,
XTI RS A M LA R
| € - diag(C)|,

[=——F (8)
I,

Arp - ||Fi'§ﬁ< Frobenius JWEL, diag (+ ) 2e/mXF FA AR

1.3 ERFES

TR B AN Y S B AS  HES A .
B LN, R L NASBEICIRI B Sy Md ) FE T 2
B, FRE 2 i MAS MR R Nd /T4, He
M,NEJT,FFH M < No HEFBFPIAST-B5 0 1
JChiEEA, IV E RS SR TEC M + N - 1.

TR

R ER N

k[ 24]C&UFHS M > 2,N > 3HH E 04b
B R TCRETUAT Y, AN 1 20 SR TEAE T , B AL B
7 O &b 1 B TTAN 52 W) 22 4 e [ v % B2 98 3R 1)
Bl o H T 22 0 JL B R FRE5 4, BT LAAE S T8 A9 43
B bl 2 AR 43
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Detection Algorithm of Small Target on the Sea Surface Based on Unsupervised

Adaptive Embedding
ZHAO Guomiao', DING Hao?, CAO Zheng®, HE Pengfei'
(1. School of Physics and Electronic Information, Yantai University, Yantai 264005, China; 2. Naval Aviation University, Yantai 264001, China)

Abstract: In maritime target detection, traditional single-feature detection methods often struggle in complex sce-
narios. To enhance detection performance, a maritime target detection approach based on improved unsupervised adap-
tive embedding (UAE) is introduced in this paper. This approach distinguishes between sea clutter and target echoes by
extracting distinctive features from multiple transform domains, including time domain, frequency domain, and time-fre-
quency domain, forming an initial six-dimensional feature space. Building on this, the UAE method incorporates the
regularized Mahalanobis distance for precise similarity measurement during dimensionality reduction, and leverages inter-
class and intra-class scalter matrices to optimize data separability. The feature projection matrix is then employed to
map the six-dimensional feature space into a three-dimensional space, compressing data while preserving critical infor-
mation. Using convex hull learning, a three-dimensional decision region is constructed for target detection. Performance
validation on the radar sea detection dataset of Naval Aviation University demonstrates that the proposed method signifi-
cantly improves the detection probability compared to existing three-feature detection approaches.

Key words: feature extraction; small target detection; sea clutter; convex hull learning
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LIANG Zhiyong, HU Hong, CHANG Pei. A Fast Secondary Focusing Method for Moving Target Imag-
ing[J]. Radar Science and Technology, 2025, 23(4):443-450.

A Fast Secondary Focusing Method for Moving Target Imaging

LIANG Zhiyong, HU Hong, CHANG Pei
(The 38th Research Institute of China Electronics Technology Group Corporation, Hefei 230088, China )

Abstract: A fast secondary focusing method for moving target imaging is proposed to address the problem of defo-
cusing and real-time processing in moving target imaging. The method first performs coarse target detection on the image
and selects the moving target data based on the target position and size information obtained from the coarse detection.
Then it estimates the residual azimuth FM rate of the moving target using the minimum entropy criterion of image infor-
mation. Using the estimated residual azimuth FM rate, a secondary focusing azimuth matching filter is constructed to per-
form azimuth pulse compression on the moving target, thereby achieving secondary focusing of the moving target image.
Additionally, the moving target image data after secondary focusing is overlaid with the corresponding position data in
the original RD image. The method incorporates a fast convergence technique of azimuth FM rate estimation, significantly
improving the real-time performance of secondary focusing. The effectiveness of the method is validated through flight
test results.

Key words: moving target; information entropy; detection and recognition; secondary focusing
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Radar Signal Adversarial Attack Method Based on Improved Weighted Saliency Map

YANG Xiao'?, XIE Jun®, WANG Guoli'?, DENG Zhian'?
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Abstract: In order to improve the attack success rate of the current adversarial attack methods and the conceal-
ment of generated adversarial samples, a radar signal adversarial attack method based on improved weighted saliency
map is proposed in this paper. Firstly, the chain rule is used to calculate the Jacobian matrix of the model output with
respect to the inputs. Then, based on the matrix, a saliency map reflecting the influence of the input on the output is con-
structed, and the total number of perturbation points required for successful attack is reduced by introducing constraints
related to the derivatives of the real label in the saliency map expression. Finally, the points with the highest signifi-
cance are selected to add bidirectional perturbations, and the adversarial samples are iteratively generated. The experi-
mental results show that compared with the existing methods, the proposed method has a higher attack success rate and
the generated adversarial samples have better concealment. When the generated adversarial samples are directly migrated
to the CNN and CLDNN models for black-box attacks, the model recognition rate is decreased by more than 30 percen-
tage points.

Key words: adversarial attacks; weighted Jacobian saliency map; bidirectional perturbation; radar signal recog-
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Weak Target Enhancement Algorithm Based on Multipath Signal Exploitation in

Multi-Targets Scenario
HE Wenbin', RAO Xuan', ZHU Bingqi®

(1. School of Information Engineering, Nanchang Hangkong University, Nanchang 330063, China;
2. Shanghai Radio Equipment Research Institute, Shanghai 201109, China)

Abstract: With the wide application of radar technology, radar is also faced with many challenges. For weak target
detection, the simultaneous existence of direct path echoes and multipath echoes makes it impossible to detect the target
accurately. So generally multipath echoes are considered as interference. However, the multipath echoes contain target’s
motion information, which should be used to enhance the radar detection performance. Therefore, in this paper, a novel
signal enhancement algorithm is proposed to detect weak target based on multipath signal exploitation (MSE). Two dis-
placement functions are constructed to compensate the echoes in range frequency-slow time domain, which eliminates
the influence of different initial distances, and the multipath echoes are focused on where the direct path echos locate.
Then, the compensated echoes and direct path echoes are summed along the fast time dimension, and the energy of the
echoes is further focused. In addition, when there are multiple targets, MSE algorithm can eliminate the interference of
multipath echoes and enhance the signal energy of multiple targets by using multipath echoes, which ensures that the
algorithm is still effective when there are multiple targets in multipath environment. At last, some simulation experi-
ments are provided to testify the effectiveness of MSE in multi-targets scenario.

Key words: multipath signal exploitation; weak target enhancement; multi-targets; displacement function
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