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A Robust Method for Range Grating Lobe Suppression in Stepped Frequency SAR
GAO Wenbin

Department of Electronic and Communication Engineering, Beijing Electronic Science&.Technology Institute, Beijing100070, China

Abstract The magnitude error and phase error(MEPE) in the system transfer function of the stepped-frequency synthetic aper-
ture radar(SAR) introduces periodic MEPE in the synthesized wideband signal, resulting in periodic grating lobes in the high-re-
solution range profileC(HRRP). After subsequent SAR imaging processing, these periodic grating lobes appear as false targets in
the SAR image, seriously affecting SAR image target detection and recognition. Therefore, the GLS algorithm based on SAR ima-
ges has been proposed, which is based on the assumption of point targets and effectively suppresses image grating lobes by utili-
zing strong point targets in SAR images. However.for non-point target scenes,existing GLS algorithms based on SAR images can
cause image defocusing while suppressing image grating lobes. Therefore, this paper proposes a GLS algorithm based on target in-
formation differences,named the target information difference method, which is not based on the assumption of point-shaped tar-
gets. By estimating the information difference between the ideal HRRP and the actual HRRP of the target after wideband synthe-
sis,it can robustly estimate the periodic MEPE in the synthesized wideband signal. By compensating for this periodic MEPE, the
algorithm can suppress the range grating lobes to the SAR image background level. By comparing the performance of different
GLS algorithms,it is found that the proposed GLS algorithmis less affected by the image signal-to-noise ratio and is suitable for
both non-point target and point target scenes,thus having obvious advantages comparing to existing GL.S algorithms. Experimen-
tal data processing results demonstrate the effectiveness and superiority of the proposed method compared to existing GLS algo-
rithms,

Keywords Grating lobe suppression,Stepped frequency synthetic aperture radar, Background level, Broadband signal, Image de-

focus

- b T DDC 4 e 4 1 BER L W 0 75 355 7R 56 19 /1 0
LA T AT, R MR 5 SAR AR 4 A A it
A MR S R AR A S R R TN A R E R 19 R B 0 % R 5 R T AL R

(5 A T FBEAR AT 4 M TE A 15 5 A AR T RAA ADC 25356 ABLAL SARTY I 2 JLIU {0 52 ,

il

FF H M :2023-06-05 & {& H #:2023-09-05

HGIUH b e SRR AL 55 2% PR (328202207)

This work was supported by the Fundamental Research Funds for the Central Universities(328202207).
HEAFEVEH 5 SO (bestilte@163. com)



210

Computer Science FHEHMFIZ Vol. 51,No. 8. Aug. 2024

SR, SR FH AR 236 25 0 2 A A5 ok 1 o) 02 TRT M4 G B 1] 5 1
PRE O PEANER . e AR A BE SAR L i TSR 8 S R 4
TR AR TRAR R L R G R R ZE AT B9 P4 MEPE, 4
O K LR 7 N [ B o R R 72 9 A el el e =1
5 1 MEPE £ # §f 4% st 8 014 MEPE,  fy 5% 1 3 3 3%
ALAL A5 B AU A JE TP MEPE £ 5 8045 5 i 3 Bt ol
P BRI 24 AR 5w PR B A5 SR TR R ]
WA B2 = A, ST Bk A 5 e B, B e R 2 R
2 SAR AR AL HJE 45 TF B R B bR ™ 5 W & T SAR
1% E A i A

RENEARE AR 5@ i KR R G MEPE, JF 78 96 &
BT X AE (5 S BEAT MEPE #b 2, BE 10 15 2040 60 4 5% 9 B/
0. SR, UL i KRB R4S R I R (1 MEPE, B 4013 R 4t
FAI 2R A0 B 3B 43 Can R 26O % 1 B9 MEPE,

B0 72 55 V9 RE B R R A7 A 0 1) 8, 2 LR 3 [T 3k 4K
P09 GLS 5030 Bl 45 A0 6% 06 {0 5 MR A VR0 LR O L
HUST B HON % PGA (Phase Gradient Algorithm) 3097, i
LA IR R R T ) D B8R 3 e R A I 1 0 (A A A R R AT
SR MEPE {3 5 b 42 . 28 i i 21 90 0 25 25 19 i i 04 E
S e Gl e A Rl VA e o A i o (== al i
P MEPE 2 8] () 5 & O¢ &, IR FH 2 Uik AT B 4 58 s 0
Lb S F AL R T X6 B 1 MEPE A5 b &2 24 11 45 5 . i o X Ak
RS MEPE A7 %M 2, DAV 400 i BE 25 1) A0 9. o WO B
PGA 3EM7 W BE 5 1A% 5 A 1 ff B of 135 BE 23 A I 0 74 ) 2t
SN A A0 S A T e M 0 o i) R A TR A
RN, SR, Ve (E AR AR S JC IR A RO 24~ 5 H dx
[l 2 5 MEPE 4k i1, Bt 45 25 16 114 B AS & 5 58 a5 R L
BE B EUNE PGA YA 13 F 48 B AR 286 3E S0IR
A il i 2R AR A AR b AR UK B AR B R AR R SUIR B RR
PR T H AR B 0 H B T R ER A

PRt L 2 T 00 R AR F SAR [l 9k 5040 » AR SCHE T — BB
M GLS S MM HMEREERE., ZRAEAE T A BRI
WL IEF N Z A B bR B AR HRRP 552 bk HRRP 22 ] 1915 B
25 5 R @ Al T R G A% 8 R 8D 1Y R M MEPE , M T %
WTEHEFE BN GLS B (U THANEH GLS
S AR 5 25 A0 TR 8 R e R e 3R A ) JE

ARSCH e B M TR A E SAR BB i M A9 T K
WA RERT AR TR TEGE R Z5 WIS GLS
BV T B TR XS B AR T R SRR AZ R AR A% b 5% w3 79 4
D7 AR SO R GLS B3k 5 88 GLS Bkt 47 T M fg vt
Fb s 5 J5 R R 36 00 38 25 0 T8 A P14 SAR A S I 4548 52 56
XA SCHE Y GLS S8 0EAT T AR S0 F  UE I T Sk A
ACTE R X A R R PR

2 BB EMIREAERE

WAL SAR S 3 S 5 — 21 0 RS [R] 1 28 AR S
(RFR A — A IRAD R FRAFRE B 1) g » B . BE T, AAEA
RS Ik TE . B H7EW R 54 52, A A &8 28 4 15 5 1) Y 25 3t
] . PRT 8 78 45 5 5 bk s A S0 f Go 9 58 m AR AR
S BN S — A BRI A S S R R SR S
PFRA AR K B — 5 P 5 E R RO R T a5 Rl )

BIER o A7 AR 5
S..()=a+ rect[ (t—2R/c)/T,] *
explinK, (t—2R/c)*] « expl —jdnf. (WR/c]
D
Hod o N EARSG B BB rect[ « IR % RS, ¢ M ER
B, HEE, £ =/f.+nAfn=0,1,.N—1,f K
AR SR RO R,
283 i VR RN VT E VR I, 55 m AR WL AE 5 T LSRR O
Swr . (f) =0+ rect(f,/B) * exp(—jdnf,R/c) *
expl —j4xR(f. +nAf)/c] (2)
Hor, £, HBE B,
YT RGP AR B R DB AR REAE S A
JC ¥k kA i) MEPE, I X B B 1] 924 & i B 7 4 2w, ik
FE TSRO M5 n A28 A5 5 v A 2 0 DA SR R A A3 5
Zo R A, CLOT G, () 0 22 ast fif ] 1 DT BE 308 38 5 56 0 A
A IR SRR N
S W (f)=0+ rect(f./B) « A, (f.) » exp[j0,(f,)] +
exp(—janf.R/c) * expl —j4nR( f.+
ndf) /] (3)
BT &AW ESER RN ARG BT &2t RS
PR RE [R5 B AT LA A 48 AN 2 A A - v 6 5 ) i R AR
P15 22 25 S 30/ BT DL 2B R, B ACF O A OCF, ) N Bl A A
n 224k
3 (3) P B 78 Al AR 5 483 98l 5 UG AT A5
Shiae (fr) =0+ exp[ —jdxR(f, + f. +(N—1)

Af/2) /el H(fD) (4)
Hrp,
H(f,.>='\§:{recz<<f,—f,, VAL« ACf,—f)
I;:xp[jt?(f',ff',,)]} (5
H

fi=+1/2—N/2) * Afsn=0,1,-,N—1 (6)
Hf) BV R 554 15 5 H B9 B WPk MEPE, & H & 5 5
MEPE %34 584 & A B 8 . an i 1 iR .

FHET2 FHEETN S,
A>%)
KA GRS 7,

M1 A MEPE JE it 728 3
Fig. 1 Illustration of periodic MEPE formation process
i JE AR 5 2 B T JE M MEPE wf i) F A8 B i 2% 8%
FIRN



o SO - — b AR AR 2D U SAR B w5 1) R 40 1 7 v

211

VHCED | =rect(f,/NAS) » [ao—+ ilagcos(%rlcl fAd)]
P2

O =rect(f./NAF) » [by+ Dbycos(2xley £+ ]
=1

(7
H THCGAD TR @£ 43 312 H LD IR BE AR oo 2R
H OB a0 F bo 20 BA THCFD T OCF) W5 6B 4y
a, b, R I HCA) | R @CFO B LR 7 1 R 5 0,
Dy, 50k | HCAD TR @CFOR L UGl = e A . T
B B A AN 5 ) i 28 AR L SR T A R DL R 2k i
e ke B BB b, 2N,
B, HCf) XA RLRR R
HCE) =ay » rect (f,/NAS) - [1+[§1a,/a() . cos

Crle f,+®,) ] explj « 2 bicos(2xle, f,+
=1
@) ] (8)
M SiH AR ES N .
Sl (f)=0+ay » expl —j4nR(f, + f. +(N—1) « Af/
2)/c] « rect (f,/NAF) « [1+ ia,/ua * cos
=1

Q2nle, f,+Du)] * explj * 21),003(2nl('1f,+
=1
@) ] 9
X Sliae Cf) 3 A7 390 48 L 0 725 3 45 31 56 47 A S B9 HR-
RP.

Sioml,(z‘,):s(z)+[§1{s(z+lcl) . [% « exp(j %+j®/,,)+

;Tlo s exp(@,) J+s(t—ley) + [% « exp(y %*
Pt g s exp(— @) (10)
;H\:EF"
s() =0+ NAS + sinc[NAf(t—2R/c)] »
expl —j4nR(f.+(N—1) « Af/2)/c] (1)

o nr s, T A B MEPE W74, % & 85
M HRRP H BT 2 s 4b, 0B AT 55 2 5 {19 okt 7
sQA L)) sCe—Ley ) o 3% 20 O 13tk 55 32 0 52 45 8] B9 0 A6
ELTE R AR S e R0 0 7 25 5 B Sy B 0 1 AHIR

3 RUHMWGLSEEZ—BRBERERZ

Wik B A GLS Bkl A, 5 X b B kD A H
IEE PGA 3093 F — A i $2 1 1%, B AT 3k B9 3 B H bR 1Y
HRRP W20 H 25 50K B AR FRAE . 32 B R 3 9 F 50 0% 415 4k
F I B % B A TR E 4T MEPE 31, 4 3R T 36 i 3% 5
B AR A H 4 50k B ARERAE, W3R 50 B AR 20 B RS
KRB BRI AL A 2 AR 0 (4 R AR E A i R R LA
sinc PR EIRTEAR 19 B0 B A%, BD S0 B AR, S BUE SR B
P 0 L A TG A 0 L IO I 2 BT,

[Fi) B 0 ) TR AT 3 25 1 B — A B A O 1 e {1 051
B 4T MEPE il , M Bk A MAHZ G5 Bira 25
MEPE i i, Ftt iR 245 i A R, S8 T RIkE A GLS
BILAEAE R L3R 7 5, A SR T — R R A A8 38 B 45 8
HARREPE BRI DRIE IR 22 A5 TR B Y GLS 83k — B AR R

EERE R )

3 O B AR B

I U INEE PR 3 Sy =

Fig. 2 Tllustration of “over focusing” of non-point target

Hirfs B Z R ENFEBNT . AR BA HRRP @& H
i i) BEAE B0 3% . H AR A9 S2 PR HRRP 402 H A5 B9 52 bR 5
I B0 o B2 ARTT AT LA B AR A9 58 8 HRRP A B 3K
TRCE b B 32 0 R L B IIT (9 55 3 6 17 F A 9 B AR HRRP, 77
LA R s 0 o B A [ s R I 1 S 9 5 T R M A S,
X Ry BR RS2 bR HRRP ] H AR AR HRRP A5 By HRRP
Z 8] A7 B 22 5 T LA 145 30 B bR 3 AR 5 5 bR A 2
[E] /Y 22 5, B 1 MEPE,

BHUIN G R B E AN E 3 IR, Hob s ORI BT A A
v A K, T EEAR HRRP %A 52 8 9 MEPE $ iR i A
AETE TR 0P AR DR At A AR R B A Y B4R HRRP B, 7T DL A
e T = 0 T I A DL TR B A B AR Y S e L R S
R 55, N B ) 19455 X R H AR B HRRP, K100, i1+
H AR 52 br HRRP 32 51 5 39 ¢ MEPE 4 5% Wi 77 76 J7 399 44 4l
L D5 I AE R M H AR 89 52 bR HRRP 0, 75 2[5 k6 1 32 9 3
RIS 7 o DA AT ] 3 B A 2 9 L 5 S R L 0 B S
155 X% F H b5 19 32 Fr HRRP,

AR EH e «
14
x
A 1 34 5
2
14 » ! -~

B kA E S AR B AR

B3 oG s 2R

Fig. 3 Illustration of discrete windowing technique



212

Computer Science FHEHMFIZ Vol. 51,No. 8. Aug. 2024

RISk B AR M), DL MEPE f3Hd B iHE T .
H AR BEAR HRRP X 157 1094538 o
Sain (fr) =0+ a, * rect(f,/NAS)
expl —jArR(f, + f. H(N—1) « Af/2)/c](12)
Fou R F 20 QD Fr R 78 19 E 3 s (o) 19 (8 Lt A8 4,
H A5 5zbr HRRP X5 553 5 -
Stow (fr) =0 * a, * expl —j4nR(f,+ f.F(N—1) «

» exp(jby) *

Af/2)/c]  rect(f,/NAS) = [14 Xa,/ao *
cos2xle, f, + @) ]« expljbo+j .
21}, cos(2nle, f, 4@y ] (13)
X R T 20 (9 B R m AL 3 TR 4 MEPE 1) 5871 & B gs 4L .
W JE B MEPE W] DLk 4631

| ST()lal ‘

A
A=,

— 1+ Da/ay * cos(2rley f+®y)
=1

A
0 £.)=arg[ Sro * conj (S ] 2

=[§b[ cos(2xmley f,+Dy)
B S St M A~ B bR 5 O k38 2 U JE P MEPE
CIRYE TR o
A(f,» ) — i IS, ol |

=11 S main | (15)

g(f, )= ;1rg[”§:15”17,].m] < conj (S min) ]
Hh S, i 278 5 m A H A5 09 AR HRRP X5 B 19 95 3%
So_row BN m A H AR 2 PR HRRP X 9 451 3% o

e SRR, N T RRITE, BRI AR ROk B
PRFB VAT . HJE, AR T B X R SO B A 8] R
.

EFR {5 B2 Sk i SR N 4 s,

R 6 A

i

’—r‘ B HA fE A 1R 2 A
| | MEPE#} &
& |

MEPE & it

A

B4 bR A L 22 5 A 4 o] o 7
Fig. 4 Total GLS process of arget information difference

method

T X T A EIE AT SAR R AL BE L 3515 SAR ML
BG5S s ARG #E SAR KL SUIR 25 8 b e 5 B b B H A
Xof G HEAT B #On %1 5 A B AR (E B 25 5k 34T R Y MEPE
11, 3% FIF A 31 BT 48 MEPE %t 3% B 47 # 47 MEPE #h %,
NS85 BRI L U T A R O B MEPE Al 1 AR 25 TR

L E R e AT S TC sk R AR AT T — B RS
FIHAL B % MEPE Xt 5845 & BU80HE 2847 40 , I F ik 2R 47
SAR AR AN B, AT A5 A ) 5 9 SAR E% .

4 FIRHWGLS EiZ5E8%H GLS Bk MERExttt

TSR AN B BRTE R A RAR 2% b X S A A 5 o 3 4>
D7 TR A SC T HE GLS Bk M A GLS 53k 19 M RE #E 47 X L
SMT. O GLS S EZAA BNt PGA L1 (Wl AT iE
AHEDT AR SO AT AR SO 4R GLS Bk BiRfE B
4.1 BHME PGA &

BIOIN G PGA 3577 DA 5 15 5 A 11 #1132 O % I
WA o P R, A PR SR AR Y AR L SRR E 1R R T
FE T L » A1 I 410 B 2 e 400 ) ] R 55 20 A B RIS SR AR IR A

1) H BRI RG] 58 125 1 6B 14 52 ) 43 A

Z &R RO HARR A 00, 9045 & S H AR 401 7T L3RR
A,

S, () =(A, (DA, +A,, (k) expl —j(g, (k) +

2 0 B+ g T g0 ()] (16)

Hdr,m FEWHS,S, C+ ) RE m A H b6y 5 8O,
A CoORIRBER 2 g, Co ) R MIIR 2 AL (o) B IR 1Y
S A IR FE IR 25 g C )y 5 BT ) 2 0 51 A A 37 352
%A, AL g, R85 m A SR AR5 AR B
S R e,y Sy L L B B 0 0 K B R
rE[0,K—1],

IR () » b B M08 T 1L 0

S, (B)=(A, (DA, +A,. (k) exp[—j(go,,l(k)Jr

@ )+ @+ @ o)) ] an

R I TSR S RS A o 45 R 3 52 2 B 1

Agzy(/e)=arg(”§lw,,,5,,,(k)S,,*, (k*l)/éd:le) (18)

2 (17 AN (18) B &1 HE AU H BRI ST BL g, 758K
SR A3 52 2 SO 5 BOM 358 22 R B2 L O 3 1
IR A A A

IR A U J 52 22 119 05 /N 9 7 8 2 A 2 5 0

—~ M—1
A, (B)=min 2 (A,, (&) —A,(RA,)*

:VIX:);A (DA, /WZ:](:A 2 19

Hi A, (BD=A, (A, + A, () Jg H AR B WL IEBE, A, K
HARHEAREE . BT AR SR B AR, R AERE A,
G 3 5 LT e AL, (R I TR SAOF 35 45 810 B R R R 22
(MNMFNE

A i) LA R A0 H AR B R B HUM %5 PGA 35 /M6
R, HSERER S 550 B AR SR B bR R EE
FAE SR B AR

2) UG5 2% L % B30 1% M 18 14 5% i 43 BT

B 2 1) FIE (19) AT AT, B AUt PGA 12 7] LA i A1 1
ZA A2 5 MEPE i 11, T $& @ 2 25 A8 1R 22, PRk,
FE G T 50 2% U 52 (00 B0 R 3300k 9 1R 22 A 11 RS B OE R
A I T 2 A B AR 380 BE L R B T B AR B . B bR S0



o SO - — b AR AR 2D U SAR B w5 1) R 40 1 7 v

213

M2, LR R 22 Al TR B R L B IR A LN S
e PGA 2 mIVERERZ /1,
4.2 IEESIEEE

WA (L 5 A R R P b = R AT R Y 06 A R R
JRIE MEPE #EAT A% 31, 35 75 35 20 40 4 25 2 1) B3 1) 10 690

1) B B3R T IR 351 1 B 4 5% i 43 A7

AR SR B AR B B, W TE A 5 BSOS B bR AR R LR
RN

St (f) = Sua (£) + [1+ Za/ay + cos2nles f, +

B0+ explj + Sbicos2ric, f,+ B0 ] (20)
=1
Hoi, Sl (f,) 7% & MEPE 1% % R JE S0 B 5 % RS 56 1

Real;, | = —%“sinqs,,, +2“7’
0

a

B IR + Sigear CF, 0 A AE SR F AR XS I B B A S8 & O
I 555X (20) %} 137 49 H AR HRRP 2

S I/
Seomb (1) = Sigeat (1) 20 {Sigea (2 F 11D » [L *
=1

. w
5 exp (j 2+

j®l/l)+;7[o e exp(G D) 1+ sigea (t—Lcy) »
[%[ * exp(j %*Q,,)Jrzajfo cexp(—j®,) ]}
(21)
ot som (O M AE ECR B AR 19 32 FR HRRP 3400 () R 3E SR B
5 i B4R HRRP,
e F AT BT D AT IE — 4k, WSS 7 X5 M 9 0 fF
S AR BT LR R T

b, a, .
cos @y s Imagip = cos®@y +5—sind,

2 2a,” (22)

b, . b, a; .
Real,iy, =5 sin®y + 5——cos @y 5 Imag i = - cos @y — 5 —sind,

2 2a,
Forp Real o o A Imag oo 53590 28 55 L% BI R Hh 22 3 9 52 38 AN
RE TR s Real g N Imag g, 53 0 A 86 0 %5 43 vh A 08 A 5298
HIHEHR .
AR .25 ARIERTER, Wb, B IR

b s®
0 - 1
b . <P
Real, 1= 2-sin®y + - cos @, + om =t

2 2a,

Hop ,SCR, M @, 43 53R B bR SR L X M vh A2 3 Ak 9 15 2%
Lb #1440 A 17 . SCR, F1 @, 43 5 227 HUAR S ¢ 6 3 b A5 3
Ab A 2 BE R % 0 A 07

W= C23) 7 o B U 1 A5 5 % o A 2 5 4 TR T
AL B A 5 2= HE o A5 2 B v 2% D A 32 5 el /) W A5G
15 BB

mTgEESHAECERRAEZ MR EKSS
MEPE f#i i1, P 1 12 550 15 14 352 25 A 1 1RS B2 58 2 T+ B AR L
B ERIE A= L .

PR TT DA 5 0« IR A5 2% L X W A A 3 19 P g
AN
4.3 Em3tbtEk

S5EWONE PGA 2581, 3 5 X kb B 180t 2 M PR 1%
TR 00 Ay B2 SR X8 A P 0 AR A I R O 4 B S o )
RSO B R R R 1)

1) B AR T W% 575 B 1 5 i) 43 A7

SN LG 1 X MEPE 78 W 2% A48 & 808 5 X 1L
FE f5c O i 0 Xt R ) MEPE 1 S5 MEPE i 345 58, [ b it
TS5 EHONE PGA W —Ff 78K 3E S0 B A5 B B RE i 2R 4R
By R AR SUIR B ARBE R R AR SOR B AR B bR EE R
) H AR B 550 . B AR E B i O

PRt L TT DAAR S50 . B BR TR R 3 A X B R 9 1 e i
WA . MR ER B 5 A T B AR O AU B AR, RS T
E U ISR T

2) BB AR 24 bb ot 550 M 8 14 52 Wi 40 T

RN LB B BN B PGA B — R LA LL R B ]
ZA~Ati 25 MEPE 4l 1, DT £ 8 152 25 A0 7R B2, 40

SCR, ’

2 2a
X AT R A R A PR RE 2 M /. RIS S B bR b AR SR B
B o SHC 410 A4 5 32 AR RO T
2) AR AR S L Xk 580 1V BE 9 52 ) 73 A7
2 18 bR BRI TS e 2 D s, =X (22) WY AR S0

, _ sin®
sImagu, :%cos@,/ +2617[(sm@“/ + sgllell (23)
i SC
b Ca . sin®,
Imag i 1= =5 cos Dy %a, sin®,, + SCR,

2 PG AE 2% HE X B8 0 b JE vk O P RESZ A/
4.4 BIREEERE

F b i B HRRP 628 H AR 59 BEARSGE , 1m0 H bx 69 55 Br
HRRP {32 H AR5 PRI . AP Z [0 £ 825 5, 1T
DL AT 20 A 145 B0 14 MEPE,

1) B AR TR PR % 55 0 1 R #5324 A

B AR UK B AR A B0 7 855 509 AT LTS 2 58 A
W B E BRI N

St (f:) = Suin (£.) + [1+ Zar/ay + cos e, f, +

)]« explj - Z:lhgcos(anclf,.+®,,,)] (24)
FE S (£ %% 18 MEPE H50 T 45 A0IR H B 69 5
T A IR » i CF,) A AE AR B b X R (% B AR 5815 &
B
B2 20 A, B FR M A HRRP A B A9 33 4 Soan () 5
H b 5B HRRP X R A9 85 38 4 Srow CF,0 » WE B MEPE
af AR AG 1R

| Sro |

A .
AU =TS,

=1+ ia[/ao e cos(2nle, f, + D)
=1

A
0Cf,) =arg[ Stom * conj(Smin) 1= 2 b,cos(2nlc, f,+Dy)
=1
(25)

MR (25) FT R R BE IR 22 ACLO R R 22 00/ 19 A
VA R AR JE AT e . e 2 BRI R R H R
25 5 0 PE RS /N

2 PR £ 2 L % 51 o8 4 Bl O 5 W0 4 7

B 5 5 v M A FI bR B HLA 3 e 52 DU R 399 ¥ MEPE



214

Com puter Science I HEHMLELE  Vol. 51,No. 8, Aug. 2024

A LLEAG TR

(26)
g(f, )= arg[nﬁl S, Tl * conj (S, main) ]

.S i BRHE m A H bR A BLAR HRRP X5 (04 55 3%
S o TR m A B AR SEBR HRRP X R 544535

= (26) Frw , B bR {5 B 25 73k 0] LR B R 24> B AR
25 MEPE {11, T $2 5 3% 22 A 11K B . DRk, B A5 2=
Xt H AR5 B 25 5k PR RE 2 /N

F B RIS R A RS 2% LU X IX 4 Fh GLS B3k 19
RERE R HEAT B4 25 RNk 1 g,

F1 4R GLS Sk PERE B 45

Table 1  Performance summary of four GLS algorithms
. PN B ARk ot Ak P 15 4t ad
HER L BREYE R
B E PGA 3% *x N
ESE RS N X
R AT E K x N
ERGRCRSS-a /N /N

MF 1T LU BRI R AN R (5 A b AR SORT 42
GLS Sk M PERE R B AR/ . UL, AR SCRT $2 GLS 8730 4
it GLS B3k vp i de U3 3 38 T 17 4% b 26 200 1 1 3 5 g
i SR D . SAR BE S 1] M 1 R A B )

5 SLNEIEEIE

A2 ) F AR R 9 O A MLk SAR H: K SE G X AR SC T 4
GLS BL A B ATIAE, /E X, W4T 3 f
A GLS Sk py b 5 5L DATAT 30 3F A= SCH 2 i Ak

T AL G2 B 7 an &l 5 Fis o

K5 ALK

Fig. 5 Picture of unmanned aerial vehicle

SAR A CE A To AL N B 29 Thkg, HL& F4n
B 6 iR . FESCPRZE RS, B 6 rp i Bk SO 2 BERBR . DT £
TIE A7 RE % WU A T LI A AR

Bl 6 SAR #fif el A
Fig. 6 Picture of SAR payload
% SAR R4 TAEALE Ku P B, B APk W T4 5 5 4
Bl 12, P {5 5 U P 3E M R 40 MHz, R % 5 #

k2 A,
2 PRLHT AN SAR RAESH

Table 2 System parameters of stepped-frequency unmanned

aerial vehicle SAR

% 8 %5 B L
TR B 50 MHz
S /s 160 MHz
¥ 3t 1 1% Af 40 MHz
R4 N 12

SZAR BRI AE R 22 58 N 5 bR 15 AR Tk 3 ) %/ 2
WAL ETE A HLE SAR R 5. [M {5 5 MEPE 5 2 [F ) 4%
a9 GE T S BAS S Hh H BJR S P

ot Il 35 AR A AT AR Ab B, A R 2 SR A 7 (o)
7 o PR RL AR L BROR P L TS R R IE . B TSR T
P 7 Ca) J7 HE X 380 Jmg 3 3 R 22 2R e A0 — e vl Ty 2R Bk
B H 2 e T A IR Y B AR, AT LU F
HL T 2 BRI bR 2 RIS A7 7E — 22 R R AR . S B T SAR
P4 ) B R ASE I R TR T30 B8 0 40 — A W Ty 2R k3 B B 5 R A T
A B bR BOS B bR g5 A AU H], Y i T SAR
PR G IR . FZE UL Rt T D B S sr kA
bR HA B 5 2 A S AR B S5, 0 AR f0IR B B L HRRP
BTG AE T SCHEAT BAK R
L

3R

(a) 4 AR 25 1

(b)) 7 A DX 38k Ja) e o 4

7 A AT E SR B AR R SAR BIE
Fig. 7 SAR image of non-point target scene before GLS

h T A AR B M S A T A GLS Bk fA
SCHT R BRRE B 22 S ik X b3 SO0 Bl HE AT BE S 1 A
il A5 B 5 B9 )RR a5 R 8 BraR . IR 8 AT
AR Y o P 0 (0 A 25 R AT A0 40 U5 B s 2 0 R S 47
SR T M BR (UL TET 8(b)) .« 36 S Al 8% 78 475 9 <% S Bkt
FI AR B B A0 5 0 F 8O 87 PGA 15 3R 068 FE B2 12k
A 0 0 o U PR B i o B A (DL ) 8 (D L IBT 8(E)) . H
PRETE BRI R, B H bR G I AU &5 R AR L
Wi T SAR IR 80 J5 900 5 BT AR A 0822 5 v R4 Al
A B e A 0 ) 3 P50 K TR TR 2
T 8Cho) AR T HARKY B A58, BRI
MR 3035 B 5 ) AG 00 11 PR Hh A A — 1 B8 R S ) B
B PR ASCRTEE GLS 8k —— Hbn {5 B 22 7 15 R AT AL
K B AN 40 o) 30 (58 SRR A RO B TR e e A
Xk A G 0 AT PR 3 3 B R W



o SO - — b AR AR 2D U SAR B w5 1) R 40 1 7 v

215

WAL (D X1 R (o B s
KK PGA %

(d) X35 2 Jai 8 i

(MGXTEE (DB 3wl (o BHiRfFR2E () Xk 4 J it
KIE ik NG

&8t S AR SR H AR % 5 SAR ElR
Fig. 8 SAR image of non-point target scene after GLS

— R
5 | —o— #fisimms L

[<a T (VN it Shtttitt tbtbaitd 120t 1 67, 5 (i R
ISl
X m m
%%_ —20 E ;_1 ? ﬂ.l‘ i
o g5 L o .
_35‘ u 4 p b 1
3780 3790 3800 3810 3820 3830 3840
BE#/m
Ca) W (I A3 W A 75

i [— mmaww
et o B

H— 8 E/dB

a0 PN Ll M ‘I 1
35 IJ] i i

:
3780 3790 3800 3810 3820 3830 3840
BE B /m

(o) B R0 LU B 3%

T T — AR GLS Bk B MR s R A T
MR 5 H AR 89 HRRP, Wil 9 fros . AN H Ax 5 4 e o)
PAVE Wi & 2 B AR AE 2 A0 S 3R SR B AR, 5 Qi
HI B sine BRECFE L AR 1Y 0K B AR B R TR (8 B Ar £ )
K AT LA B R AR B . N 9(b) I 9 (o) 0] LA
L BHON TS PGA 3 RS 5 6 b B2 vk 5 20l stk H b 5
AR SEEHR T BE B O T, B AR M B ) 2 5K, B
Wos M E . W 9 MK 9(d) AT LA H , W {4 5 08 AH vk F0
B b A5 8 22 5 1 A 0% 2 00 7 6 B 1 A L EL AR AR B AR
M B AR R D (E A IR A R AL B S L R B )
MR AR B (7 T — 20 dB) L 5% B8 B B b3 sk &+
Yo Ja 22 B Aw 6 AR 5 10 B AR 1F B 25 5 vk G805 00 BE 2 1) A
A 4 20 R T R K (KT — 25 dB) L AR 3E H b AS T 0 33 51
SRR AN BE B 1 MR T B AT B AR T B R AR T R Bk
ROMERE . 5 B O A R R a0 1 S A I A TR S
HRRP {7358 5% B8 A7 — 26 85 B 1) A 3 . 2 2 R AT 5 A 9 2
AR SR B T MR R EE . A 9O RTLLE
i 1T e {55 0 AH v 4 BE S, HRRP P A9 i M © 2 M
— 4 dBK P 300 2] — 20dB /K. N b B A Ok g
ST AT R 35 Al 2R B AR 37 5, L M O ) AR
IR R,

’ | — AR
5. | —e— WHIWEPGAR
m b (LAl it St 3 | ----- Bt
3 [ :
= 5 2 :
= &b H
\& -20 v b i o S i FP:C

i ; i i i
3780 3790 3800 3810 3820 3830 3840
BEB/m

(b)Y B BB PGA

— RN
e BAEREZRE

: LN
B . . J
$m Co L |
-30 5
B yrmo 3190 3;3(30 3810 3820 73830 38;10

BEB/m
(d) H A5 B 22 57 0%

K9 HERHRA G TS HRRP X 1
Fig. 9 Comparison of target HRRPs before and after GLS

PR A ST B B AR L 22 5 0k A A AR A E
A GLS Sk i e A3 8] T 500E

BRIE OARCRB T N GLSHE — HRER
Z R, AT R IE SAR [\ 3 . A H SAR &
1% b 2458 F AR BE A HRRP 5 52 fr HRRP 2 /] 915 5. 2%
SRR T T R Go AL o pR B0T 1Y W MEPE, ik TE A
GLS B 710 (15 2 A0 TR 3 A 8 R ad A"l i, BE i
XFE BT N R B S T A SCHR R GLS ROA AR B R
GLS Fk ik vk . 52 W0 H048 b 38 45 SR OE 0 T B8 3T 1L 4y
M i TE A 2 I 2 W3 5 v T LAt S i) A9 40 ) 2 SAR

FBHMERKE., FEBEINE. 5CH GLS Bk~ A
SCH Wk R R T AR P A9 5 E AR L 78 (B4R P s /D3 B AR . B
A GLS Bk AR SCH R Bk ¥ 0 3. (A8 PO 1+ AR Al
I AR A S 25K F AR 0 7 R B Do B BRI L &
AR5 B A 10 M S 8 AR 1 P R T v 5 LT R 5 A
TR T UL A 52 J5 22 56 T SAR BIGY H A A il #1383

& % X

[1] ZANDIEH A,BONEN S,DADASHM S,et al. 155 GHz FMCW

and Stepped-Frequency Carrier OFDM Radar Sensor Transcei-



216

Computer Science FHEHMFIZ Vol. 51,No. 8. Aug. 2024

(2]

[3]

[4]

(5]

[6]

7]

(8]

9]

[10]

[11]

ver IC Featuring a PLL With <C30 ns Settling Time and 40 fs
rms Jitter [J]. IEEE Transactions on Microwave Theory and
Techniques,2021,69(11) :4908-4924.

LIU S,CAO Y,YEOT S,et al. Range Sidelobe Suppression for
Randomized Stepped-Frequency Chirp Radar [ J]. IEEE Tran-
sactions on Aerospace and Electronic Systems, 2021, 57 (6):
3874-3885.

JOHNSTON J,LI Y,LOPS M, et al. ADMM-Net for Communi-
cation Interference Removal in Stepped-Frequency Radar [J].
IEEE Transactions on Signal Processing, 2021, 57 (3): 1657-
1671.

YOO K,CHOI B G,CHU N J. Rotating Target Size and Rota-
tion Vector Estimation in a Distributed Stepped Frequency Ra-
dar System []]. IEEE Sensors Journal, 2020, 20 (13): 7189-
7198.

WANG C,ZHANG Q.HU J,et al. An Efficient Algorithm
Based on Frequency Scaling for THz Stepped-Frequency SAR
Imaging[ J/OL]. https: //iecexplore. icce. org/document/9295364.

DAI G,ZHANG L,HUAN S,et al. Random Stepped-Frequency
SAR Imagery With Full Cell Doppler Coherent Processing[ ]/
OL]. https://ieeexplore. icee. org/document/9345702.

JING G B,SUN G C,XIA X G,et al. A Novel Two-Step Ap-
proach of Error Estimation for Stepped-Frequency MIMO-SAR
[J]. IEEE Geoscience and Remote Sensing Letters, 2017,
14(12) :2290-2294.

FERDOUSM S, HIMIU H, MCGUIRE P, et al. Assessing the
Usefulness of Iceberg Electromagnetic Backscatter Modeling
Using a C-Band SAR Classifier [ J]. IEEE Geoscience and Re-
mote Sensing Letters,2020,17(8):1353-1357.

SHAHZAD M,MAURER M,FRAUNDORFER F,et al. Buil-
dings Detection in VHR SAR Images Using Fully Convolution
Neural Networks []J]. IEEE Transactions on Geoscience and Re-
mote Sensing,2019,57(2) :1100-1116.

SUN X,WU Y,ZHANG L,et al. Stepped Frequency Waveform
Optimization for Formation Targets Detection [ J/OL]. https://
ieeexplore. ieee. org/document/9774335.

DING Z,LI L,WANG Y.et al. An Autofocus Approach for
UAV-Based Ultrawideband Ultrawidebeam SAR Data With

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Frequency-Dependent and 2-D Space-Variant Motion Errors[ ]/
OL]. https://ieeexplore. ieee. org/document/9380507.

DING M L,DING C B, TANG L,et al. A W-Band 3-D Integrated
Mini-SAR System With High Imaging Resolution on UAV Plat-
form [J]. IEEE Access,2020,8:113601-113609.

XU W, XIANG M, WANG B,et al. Study on the Pivotal Ima-
ging Technology of Mini SAR on UAV[C]// 2021 IEEE Inter-
national Geoscience and Remote Sensing Symposium IGARSS.
2021:3936-3939.

WEHNER D R. High Resolution Radar [M]// Boston, MA.
USA: ArtechHouse, 1994,

DENG Y K,ZHENG H F, WANG R. Internal Calibration for
Stepped-Frequency Chirp SAR Imaging[ J]. IEEE Geoscience
and Remote Sensing Letters,2011,8(6):1105-1109.

WANG X Y,WANG R,DNEG Y K,et al. Precise Calibration of
Channel Imbalance for Very High Resolution SAR With
Stepped Frequency[ ] ]. IEEE Transactions on Geoscience and
Remote Sensing,2017,55(8) :4252-4261.

DING Z G,GAO W B,LIU J Y.et al. A Novel Range Grating
Lobe Suppression Method Based on the Stepped-Frequency SAR
Image[ ] |. IEEE Geoscience and Remote Sensing Letters, 2015,
12(3):606-610.

GAO W.,LONG T,DING Z,et al. A Robust Range Grating
Lobe Suppression Method Based on Image Contrast for Stepped-
Frequency SAR[]]. Sensors,2016,16(12) :2066.

DING Z,GUO Y,GAO W,et al. A Range Grating Lobes Sup-
pression Method for Stepped-Frequency SAR Imagery[ J]. IEEE
Journal of Selected Topics in Applied Earth Observations & Re-
mote Sensing,2016,12(9) :5677-5687.

GAO Wenbin, born in 1989, Ph.D, lec-
turer. His main research interests in-
clude communication and radar signal

processing.

(AT G . M 28D



