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A Modified Polar Format Algorithm for Highly-Squinted SAR

XUE Pengfeng, GUO Ping
(Communication and Information Engineering College, Xi’an University of

Science and Technology, Xi’an 710600, China)

Abstract Aimed at the problems that large range migration and severe range-azimuth cross coupling re-
main in returning echo under condition of the highly-squinted synthetic aperture radar imaging (SAR)
mode, the conventional polar format algorithm (CPFA) is modified and a method for highly-squinted SAR
is proposed. According to the actual echo data storage form, the algorithm establishes a slanted data model
of the highly-squinted SAR, and designs a two-dimensional interpolating function of the slant range plane
through the expansion of the two-dimensional Taylor series in the range and azimuth directions, effectively
improving the depth-of-focus. Moreover, the modified polar format algorithm (MPFA) is more suitable
for the undulating terrain because the projection of real data onto ground plane performed in CPFA is avoi-
ded. The simulation and real data experiments show that the proposed approach is valid.

Key words synthetic aperture radar; highly-squinted; slant range plane; polar format algorithm

1 W ALFE 7 35 (synthetic aperture radar, SAR) SAR BE S H 1l #4800 B A5 X BT AR AT 55 2 Bk 3 1 4]
AR S — P e R A R IR R L BRI 4k (R MR A ISR R SAR AR I 14 T R
SHEREES L A T IEM TAERI, KAV S HSEI RO R E SO TR SEmRRT

e 2021-11-18
HETH: HEHRE 224 (61701393,61971329) ; B 7644 & A 01 % 11%1 (2020ZDLGY02-08)
TEE R EEMSRCI997 —) 2o, Bevuti AR A R 5 5 1) R & AL AR 76 38 IR T Y . E-mail: 940663251 (@qq. com

Sl BEAFE RTHAREFRAF L ANN SAR KEk 7 #[]]. ZFTEAFFERCHLBFM, 2022, 23(3): 82-88. XUE
Pengfeng. GUO Ping. A Modified Polar Format Algorithm for Highly-Squinted SAR[ ] ]. Journal of Air Force Engineering University (Natural
Science Edition), 2022, 23(3) . 82-88.



PR TG IR S5 < R T R A A A A U A R SAR IR O T 83

HFRAH SAR 777 M B pE sh M ™ B 1Y
PRS- 6 38 SUR A R4 3 BUE 48 1 UG T vk 0 vk
i BRiC A #E R T — 2 ek, SCk5]
SR T I BR ORI 113 (8 R s R T AR Sk R
ERAVE . SCERL6~8 82 t T — RN T AL #:
YERI AR SAR B8 7 16 8K =X FP 7 it B K
PRVESE %l PR RS 25 . AR SCHERLO I 48 1y T —F
BB R R 4 fif )5 % 52 (back projection, BP) &
T AR A S 8 1 H R R AR AR AR R MR AR A
IR R B AR, SCRk[ 10 4R 8 T —Fh L F BP &
BER S HARY R RN ER A RE T -, A&
1M BP AE Sy —Flr i B8535, & A RICR A T 00 Bl 85 12
PRI I 2 Fe AR

48 1 M A 5 4% X 5 75 (conventional polar
format algorithm, CPFA) #4F fj 5., & #f uF 52 7] LA
RAG R o BRI SAR EHER L 72 KRB SAR Ay —
SERI R CPFA KR35 vt AR 0 8 % 4% 4h
B2 m . SR S0 ) T 222 35 Ml B ok S ) B 5
22, e EBRE T RAEWE ", BEE R R
IFNARIL AR BB R R R R IR 25 S 2 AR B
L FERR N 2 8 R EFIBAE . A )2 X T R
R SAR il RS R H AL,

ARSCIRAWEGE T KRB SAR B n) 8, i 57 T
KABHE SAR AT 2 i H AR 09 B I R AL AY L 2% 1 3 R}
PRSP T BHE R ] 4 R W OB TTHE S TR
I L B 5 RES IR TE A A 49 T ol 14 A A A A 2 UGE
#: (modified polar format algorithm, MPFA) , & )5
HEAT T 5 LS DU R ) 3

1 =3

KA SAR RSB RN A] 1 7R - 75 ik F
BIH Y #izsh. @ sh Bl L PMLEEZ o,

/
/ WP /

0 ‘fx
-

Y

1 RAHE SAR A% LA A5 5
B PO i 20, BV B 2. h Ry s
FIARB @ N P 2 Ml 7 5 AR A Fip 2
% C BRI B ra Flre om0 R C

A BAERE, B ARE SR A BB RHE
R, () LARR N
R, (2,) | = |R:(2,)+1| (D
e, FR TG AR B |« | RREEGEE
Re(t,) %% 8 C B I fE, (HAHEMNZ, &
Fbrn] g BA — 2 &
Ze ik Rt o AT s B R A FT LA B 1 TR
RHIE R it ra RSB

Ry (2,0 [ =/ (Jral? =)+ Cot,, —ya)7 (2)
KAy BAATEY BH.
1 5 e 48 PR -
H¢Cy,t,)=exp (Gryt) (3)

Ky & SR TR 5 1 AR
PE BSR4 5 s A TE BB B0 B/ 7 A B B b Y
M55 R A
So(K,t,)=
eow, (K Dw, (1, exp (—jK, | R, (2,) |) (4)
K ey RREBHZE 0, (oD w, Co )50 5
P S R 7 B 30 7 R K, A R B U R

2 pGEIERE

2.1 &ML RERER

1E CPFA, 1 5o 2 () H () Bk i B iE oE 47— 4
eI &S

IR, (1) | =[(Re(t,)+D (Re(1,)+D ]~

R:(t,)
‘ R-(2,) ‘

Pl CPFA SR FH 7 5 ik 35 L, B (5) b i 5
WU HET [ 1] < [Re () | (1R85 11 00, 28 1 8
JE IR ZW% T RS ORI, A A B 0 1] AR 3 T L3
RN

IR-(1,) |+ I (5)

R-(z,)
|R-(1,) |

26D, AT LU FH — SBorh 2% ph 505 8] i AH 3fe >k
EBREE 1 3, B
Hy(K,.t,)=exp GK,|Rc(2,) ) (7
55 2 T AT LASE iob e S R B0 B L B

R-(z,)
|R:(t,) |

A K, &5 0 R
st Hbr 2 %A s AR (U= (2. y,0)), 5L
(&) A LLid i CPFA Wiy —4Effi{E S B, /o R

G (K, ,t,”):—K,.[ IR, |+ 1] (6)

(K, )I—K,l (8



¥

84

&_\

ST AR A RFF MO

2022 4

JK,.SI. (t,)x—~>K., x
1Kr8y(t,,,>y9Kyy
A6 (605 &) 70 JE CPFA 18 X [ F1'Y [4]
ORGSO O O | BN R & i @ | I DA
Zoad — BOME R AR (S M AR
S/ (K, K,)=¢yw, (KD, (K,) *
exp{—j(K,x+K,y)} (10)
B 5 o R 4 A B o AR ok AR AT R AR R
e
2.2 BUEMIRALHREXEZE
HTas kg r BA 405 5 AR SCk £ Rl
B S 1A Sk A BRECHE 0 358, 51N T — O 0 4 A
HORAL BRI SAR B4l ok H 1Y 2 48 11 28 1 905K
JRTT 12 AR 6 ) 5 A% 1 28 B OB R T vk B v Y
KR
HARBEXDOESHZ L Cilffrr Bmyy B
) 4k %% W SRR T O 2 v B o, B
IR, (2,) |~ |Rq(1,) | +

9

) Clra | = e D) p (4,0 Gva—ye) (1D
Hodr p, (D F g, (e, D EB I B IT R B KRN
o|R,(2,) re
JW"’) It e e
oIR, (t,) —W,
1“‘”) gﬁm\|“:“: Tre T2 TGt — 30
(12)
(6] 354z B9 AR SE 7T AR R )
ouren (K, 20,0 =—K,[ | Rc(2,) | +
w ) ey | = Tre D+, (6,0 (va—ye) ] (13)

AR (DT —BRME G . 2% ] LR 47
AR H AT AN GE. 5 CPFA 25, 55 2 0
A 3 T9URT LA ok — 4 4 i R e 5 > 9 B L IE MP-
FA B Z 4w 5 s A0HE S a0 T
jl<4z,(an)(\rA\ —|re DK, Clra| —|rc])
1K,,,uy(t,,,)(yA*y(:)%K;(yA*y(:)

Lol —BOAMEM 4RSS F SN

Sy (K, K, =eyw, (KDw, (K,)
exp{ —ji[K,.(|ry] —|re D+K,(ya—ye) ]} (15)

T 2 ) FH 2 2 AR B o 3 A 46 BT A5 B0RS 1 1) 3R
EREIR,

MPFA (& e 2 proc. &4%, MPFA
SEG5 0 CPFA Sk b B f AR — 3, —F X
ol 2 AR A pR AR X R IR g AR Y AN [ e
o Ak By g2 MPFA BI#% 0.

SARJELLR Ml

| mammng |

!

H BB 4
H,—S0kMz

Yl
3K,.:u,.(tn,)1<r
K= (1,)K,

'

| oy |

¢

K2 MPFA ji 2[4

3 HiEMEESH

3.1 HRBEMIRESN

T DX PR B 1 R R A A AR AR AR O R 2 AT
THEAN AT 9F 5 CPFA #E47 T HbAs. 4K 2 1Y
AR E L FAT R LU R AT PFA B
BN EIT Ao Il AR AR AL 1% 22 £ 8l i
BRI A B B L 2 SR 5 X (5) A DHES Oy

Rc(1,) l}

4
EW%WA:7§[\RAuﬁ>w—\Rcum>w+‘RCUM)

(16)

4
EVVMPFAZTTC[ ‘RA(Z‘,,,) 7/1,A(tm)( ‘ ra ‘ - ‘r(‘ ‘ )7

IR-(t,) | — (2,0 (ya— )] (17)
x1 HFESH
24 e SR BE
WY /GHz 9.65 i B /km 7
155 58/ MHz 150 RHE /km 15
SRAEIT 2/ MHz 160 HE/(m/s) 100
AR /m 0,443 R/ 60

K HIF 1 g 4 B 280 40 Bk CPFA A
AT HE MPFA [ 5% A% A0 0 1% 25 3E4T L. A
3EIR. WK/ R 2 km X 2 km (BE 5 [ X J7 f
)L E LR AN . ATLIE . B 3
CPFA "l KA IR ZE /4 RIS £ 1 El 3(b)
W MPFA 77 o 1 f KR A7 15 28 W2 58 /N F /4
X U] MPEFA X [ 5 455 78 R BCRHIE SF T 0 — 4 48
A 7 TR AT Ok B B A% FE A R 25 R A5 /N L RE WS 15 B K4S
3R AR



o5 31 B MG IR, 45« B T i kAl A An A% SUR 1 R R SAR USR5 ik 85
-1.0
-0.5
E F
%EE i 0.0
o 2
0.5
-1 0 1 1010 05 00 05 1.0
7 A5z ) /km I 2 []/km
(a) CPFA () HE B/
-1.0
-1.0
0.5 03
E E
E 0.0 0.0
s i
o
0.5 0.5

1.0
-1.0 -0.5 0.0 05 1.0

A3 16 /km
(b) MPFA
3 BE RS/ 7 {3 ) B % A AR 305 2%

AN, CPEA {5 i 2 P30 1, S 2300 H A =
AR A O T MPFA (8 T 5 B3 B =
ADWY R, T LB fh 4. B 4 FE S 5
gy T B bR e R AR ks MPFA F1 CPFA [ 5%
AN ZE AT LU 2 HoAx s T GER T P 1
B CPFA IR R IR 2 KT /4, 308 4% K b Ak
Hie 28 L AG 45 R AT BR 1 37 55 KN Tl MPFA X B A%
1o B A AR IR R U, HL AT R 1 A A 1% 22 X i 2 15
o 1 5 T 2 1T DL 2B 1

-1.0
-0.5
=
-
0.0
Iz
0.5
1.0
-1.0 -0.5 0.0 0.5 1.0
2 1] /km
(a) MBS/
-1.0
-0.5
£
4
i 0.0
B
0.5
1.0
“1.0 -0.5 0.0 05 1.0
F5 37 1) km
(b) Fr i/

4 CPFA MR RN R 2

1'0—1.0 -0.5 0.0 0.5 1.0
J5 {30 il km
(b) F7 it/
B 5 MPFA 5% A A7 1% 2%
3.2 HEESH
i R M el 0, MPFA il CPFA [ 45 4 i 72
HB S —FERY AT T IR IE B 4k Ry FT/IFT, — K Jy
PLAERy IET, PR Af (12 DA S — Ik ROk . R
YA T R AR s SRl i A S S 4
B BT R R
O=MN log, N-+ NM log%-’-MN-’- 4ENM (18)

M RN 300 3R R R B RN T AL 1) SR A B R
FoR “HEARE MK

SRK 3, MPFA 5 CPFA H A A1 [\ 19 1T 5
i (HJ2 MPFA 94 py R AEVERE . 0 3E H T KRR
M SAR 2L,
3.3 FEawm

CPFA - 18 I8k 5 A 3 B2 48 FH 52 B R 85 78 ik
W FR BN TR BB A HAREE . MP-
FA 5| ARHE - 1 4 o &b #UECHE 09 350, B A — &
HIEARL s A T 43 A A AL 7™ AR ) ) R, 3228 2% 18 — B AH
A7 1% 25 8 B P) AR & 32 B o AR 3 s TR A o

¥ MPFA v i #HE o5 & E 47 28 ) JR I, O Z2 W
=B DA B B

IR\ (2,) [~ |Re(t,) [ +p (t,) s —|re D+

0 =y F gy (0 s | = re D+
1 1
?/lry ([m)( ‘rA ‘ - |r(‘ ‘ )(yA _y(‘)g’i?/jy,(l‘m) *

1
Clral—Trel) « (vt 5y (2,) (ya—yc)°

(19



¥

86

&_\

S A TR R A2 4 CH AR B2 D

2022 4

H R 28T -
(¢ ):HZ\RA(L,,)I‘ _ R, [P —rel?
SO IPNE R
(a‘RA([m)‘>
gL 2Arim /1
([ >: (’]‘rA‘ | :(vtm)‘r(‘|
Py KL FIFEN A=C IR

9(9\R,\(t,,,)\>

d|r,l Cot,) | re |
L, (L) = pop=-——mliicl
/JJ( ) a|y4‘ |—\ C |R(<‘j
(1 ):w _ (o)’
Py (L Ay lr e TR

(20)
B FLAR ot 2 98 KL 4 Re 7T Lg% R
R B[] 2 A 3 e I R 8 R
19, AT LAF I H A X 0 B ] 7 5 B0 2k v
THUA R I B BRI 2 M 0K AE SR A R
FIA—E RS (A 23 5] & AT o] £ 5% 43 B R i
2o T 550 R T] YRR DG A T T SOHIC AR 1 25 A
[
F T AR 2 R 8 2 5 R 1) A AR 6 152 2 A e
it /2,80

41 Cot,)? b1s
. __*rt L m : _ § 2<7
D 22 ‘R(“g(yA ye) ) D
L ya—ye=r s A RALEW R KIER R v, =
Lcl . 4 /.
AL L,
’ZLZ
M T ik
% WA TEr _A‘RF‘ Il
PG T G5 BRIy o=
R
r<2p T‘ (23)

BARBENSRE rowu=r Ty, Ml MPFA /9
K BN .

[ R
Fmax M<2(0 T( Ty 24

2 SCEk[ 15 a0, CPFA B KRB .
R.
A

Zi I MPFA i KR4S CPFA M LY

j(T Yco

Tmax <2 (25)

4 MEXRESERSH

o T S T B SR A R AR e Bl AT T
7 L5256 AR S RSCH ) 56
4.1 fHESH

i ES RO 1, BRI ] 5 bl . 7E 15T 6

PG 5 BATE 4 A A H AR, PTO R 3 5l
MBI PTS AR KT L H A A ] A AL A L (H 2 A
bR i BE = A T A TR 1Y

(-0.8,0.8)km Ay
PT1@ :
PT3:
0.2 km /= 7 (0,0)km X
PTO

PT2@®
(0.8,-0.8)km

B6 {17 on EIE
KT AR ST R R IR R T E T
CPFA (%5 B¥r PTO.PT1 f1 PT2 (R 455, &
AT LAE 2S5 5% ol 2 H A3 PTO BB B CP-
FA MBI R BN % L His PTL f1 PT2
T KR B8 AR A 1R 25 7™ A

800

700
. 600
s 500
X 400
EE 300
200
100

0
0 100

200 300 400 450
(a) PT1

. 600
# 500
BK 400

o 300

100 200 300 400
7 RAE RS
(b) PTO

|
0 100 200 300 400
Ji LR R
(c)PT3
B 7 CPFA B4 RE

MPFA i £ & H #% PTO.PT1 fl PT2 #y % 4
G MR 8 il . 1 LLE B MPFA & 45 3R AEIE
BT 4 AR ARG R AERUR . O T IR IR
RS B 22 L f o s P AS TR) R R A Y
H A B9 77 07 1) B4 B 1% 1 e 2 850, PSR i3t L 14



PR TG IR S5 < R T R A A A A U A R SAR IR O T 87

9 [ (integrated sidelobe ratio, ISLR) ¥ i i 7¢
—9.80 dBZE 4. U5 {H 5% M b (peak sidelobe ratio,
PSLR)7E—13. 26 dB Z£ 4% , MPFA 1 14 it 2 % Fn 3
ROEZ AR5 2 1 UE B T A SCRCHE S i R

800
700
600

T 500

B 400

*;‘} 300

f=x=y
200

100
0
0 100 200 300 400 450
J7 LKA 0
(a) PT1

%500

sk 400

e

& 300
200

0—
0 100 200 300 400 450
T3 B R R
(b) PTO

00 100 200 300 400450
J7 3 R 15
(c) PT2
Kl 8 MPFA 3 #4581
MPFA 5 CPFA X} i HAx PT3 By 45 B 45 3
B9 frn. fEEEMZES PTO AMH L, B H i K
9(b)FIE 8(b) . n] LA H PT3 Y H A5 & & X} MP-
FA R f5 5 2 % A 520, 53X 5 R 5 AR SCRT I H 1Y
D75 SCER 17 1 i 5 07 AN TR MPFA X H AR 19
i AR . (HE BT E bR DA TR A B A%
EERE B BRSOV, L MPFA {58k R
e BirmmERE . Wik RATEET -4 T

AR R BIF AL IE i A8 At SR i LA 2k

800

700
600
500
B2 400
g 300
200

100

O I —
0 100 200 300 400450

T7 AR

(a) CPFA

00 100 200 300 400450

T7 LR 1L
(b) MPFA

B9 PT3 RMmLEE

PLE BT R 2 36 W T 4k 2R 9 80 R T i
MPFA figg A & 82 = KA SAR 19 R B IRE 7
A e BE A7 A W1 B0 415 48 AT DL B 47 9 23R AR
BR
4.2 LABEH

T E 25 56 T £ O 1 i AT At L R MP-
FA X R ka P B KA SAR 5256 546 617
W3R IEE CPFA G Z RSEAT X L, PR HE N
40 m/s, 5 BEZ2R 3 000 m, B A K 60°, K GHE S
5k 1 200 MHz, 543388 0.2 m, & 10 K
CPFA Fl MPFA 152 55 25 8, W9 Fh 55 0k AR 48 17 1%
WY 1, [ BF Shy 7 45 3 0 6 L 4 A o MPFA
ARhIE S 1T ) SR AR S R B T 1 L AR 2
i L5 v 8 AE DX 8 2 I s R 1 BT A% T LU
MPFA % 5 45 5K A R 47, i CPFA 78 KA I
S RAEE . NSNS £ R U] T SR A A
B

(a) CPFA

(b) MPFA
10 S 4% 4 45 2R &



88 28 TR AR CA AR MO

2022 4

5 451

AR SCER ST KA SAR #5259 B AR ) B AT T
WRABEGE 7 T R S BOT- T 0 R BB R Y, O 56 T
R R R e A R TS T A AR R
B, —FPE TR AL SAR (1) PFA 4% b 3
07355 5 1207 R R R ARHIE P T 0 47 1B AR IE BRI T R R
M SAR A RB Z4ERE G O MR = TR B
SEG LSRR AR ST MPFA 5 CPFA M E A
B L ARSI R R BE L SAR #55 i BiAR R L IF
X b 1D E AR B A BN U HE A AR U

2% Uk

(1] e JR&EE. £, HEREEARIMI b5 B 7T
Al s WAt 2005,

(2] SKRMI, 223, — R T 8 %/ S 5 4% 1 B0 E |l i o
SAR T4 77 :[J]. e T.#2,2019,49(6) :488-493.

(3] kI AT, BLWI IR . 5. #3k SAR KAHE SPECAN
LGS )], T T ,2012,42(11) :10-13.

[4] WANG S,LIU W. High-Resolution Squinted SAR Im-
aging Algorithm Applied in the Near-Field Environ-
ment[ ] ]. Complexity, 2020.

(6] R5RLZE R FE. AL SAR # st NCS 5
%), RETREREE TR, 2010, 32(4):749-753.

(6] ZEmRF.WAZEHE PO BRENRKFN SAR B4
Jrkl)]. VR K . 2015,42(4) . 88-
94,197,

(7] Wk, R 5. 2R 4. —MET H A E RN
KET LA SAR iR ik Omega-K FILLT]. L1
&R 24R, 2015, 37(7):1743-1750.

(8] M, DEiH. . FEAM,%. 5T 77K Keystone 2
F I BT KA SAR [l g BEHLLT]. i 5 15 B 2%
£, 2020, 42(9):2261-2268.

[9] LUO Y,ZHAO F,Li N,et al. A Modified Cartesian

Factorized Back-Projection Algorithm for Highly
Squint Spotlight Synthetic Aperture Radar Imaging
[J]. IEEE Geoscience and Remote Sensing Letters,
2018,16(6): 902-906.

[10] FEAF R 22 BE, fE R %5 26T BP Ml PGA 5132 (1 4
HLSAR WG J5 L LT ], v AL B R4 22 4R (A SR B 2%
M) ,2021,28(3) :25-31.

[11] WALKER J L. Range-Doppler imaging of rotating ob-
jects[J]. TEEE Transactions on Aerospace and Elec-
tronic systems, 1980 (1) 23-52.

[12] TANG Y.XING M D,BAO Z. The Polar Format Ima-
ging Algorithm Based on Double Chirp-Z Transforms
[J]. IEEE Geoscience and Remote Sensing Letters,
2008,5(4): 610-614.

[13] GORHAM L A,RIGLING B D. Scene Size Limits for
Polar Format Algorithm [J]. IEEE Transactions on
Aerospace and Electronic Systems, 2016, 52 (1):
73-84.

[14] WANG Y,LI J,CHEN J,et al. A Parameter-Adjus-
ting Polar Format Algorithm for Extremely High
Squint SAR Imaging[]]. IEEE Transactions on Geo-
science and Remote Sensing,2013,52(1): 640-650.

[15] RIGLING B D,MOSES R L, Taylor Expansion of the
Differential Range for Monostatic SAR []J]. IEEE
Transactions on Aerospace and Electronic Systems.,
2005,41(1) :60-64.

[16] &= FUgE, sk, mtD . —FiE A TR TOPS SAR
Mt PFA B ik [J]. Bt R, 2018,35(6):
18-23.

[17] JAKOWATZ C V J,WAHL D E,EICHEL P H,et al.
Spotlight-Mode Synthetic Aperture Radar: A Signal
Processing Approach: A Signal Processing Approach
[M7]. [S. L 7. Springer Science & Business Media,
2012,

(€ E e E D)



