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Geometric Correction Based Fast Factorized Back Projection
Algorithm for Spotlight SAR Imaging
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(National Laboratory of Radar Signal Processing, Xidian University, Xi'an 710071, China)

Abstract: Compared with the Back Projection Algorithm (BPA), the interpolation load of the Fast Factorized
Back Projection Algorithm (FFBPA) is released. However, the 2D interpolation in the image domain is essential for
the FFBPA and the intensive computational burden limits its application in practice. This paper presents the
geometric correction based FFBPA for the spotlight SAR imaging. In this algorithm, the sub-image registration is
accomplished by the geometric correction method that the sub-image projection in the different coordinate systems
and sub-image fusion are fulfilled by the shift in the range dimension and the rotation in the angle dimension. Thus
the method avoids the individual interpolation and it is more efficient than the FFBPA. Simulation results validate
its imaging performance and efficiency.

Key words: SAR; Spotlight; Fast Factorized Back Projection Algorithm (FFBPA); Geometric correction;

Individual interpolation
1 315

B AR I AR g . AR IN BRI A
H 20 tal 50 FACHILLLK, BTN T 20
SAR. A% 5102, Horp, J5 17 8E5% (Back Projection,
BP) Skt T H B EH T SAR MAF & TAERL,
R & A i sh iR Z AT R G LT SAR Huif
HEAT R 1 2R AE I HLAR B R FH AT UF 5 5 IR g =2
FIAAT . ], BP SykE Wit SHLUENT
B S SN 1983 4F, SCHR[6]K LA T2
SAR W% . ST BP S B2 piis [y, R,
BRAR Lo, MEMEA N x N i, JLIRKEWR A N
I, HEAS AR FE T NP UG EERAER . BERTE

2014-09-26 WL £, 2015-02-09 2t[Al

% @ %R B2 T 4 3 4 (61301292) A 2L & 46 1 & 5 % &
(20130203120007) % By i

MEAEVES: A401l zuoshaoshan@126.com

AR T BP SUAMSE N O TRRAL BP &
R, AT TR ZEe 0, Scik[10]
P T — PPl J5 8% (Fast Back Projection, FBP)
Hikie MPKNECA VN I, SR RIAE
BB IR O(N?) o AN T BP 5%, k5
A PR, BRSSP N, SRR IRAN
fer o SCRR[16]32 Y 1 — R 38 30 0 it 5 1 Pkt
BP Sk, —SEREFN R I TR ARETT R E#
SUMISE A I RS SEE T SCER[19) 3 T i o
2 5% 5% (Fast Factorized Back Projection, FFBP)
e XM SR T AR B o PR T
K, KI5 T RBBRAHT R3340 R EIR .
LIHON 2 504w, PR RS BGE RA T RS
FIFLR B O(N? log, N) o SRR 73 20 J5 Bt &

7% FFBPA %8 2 48 pidfifl, I H 2 EAURAE
LA LR BB, e bR ), FFBP 5



1390 BT 516G 8 %R

37 4%

VAR BRI LA, BUUCR B SR L FEAIC
IEAIKEL, SRAFBUF SR AEROR o a2 Ui, FFBP
LM LLE 2] O(N? log, N) VT .

X FFBP 594 2 4E R s v S R )l
AR BEET ) U IE ) FEBP SEA1 B 1)
FEATREA AT B ERAE, S 2 YB3 UGS 5,
i BUY LSS RSNV I YK N N SE B
VIRV S ek s S R E NI ED A SIS
JEVEAA A T BT ) UL IE ) FFBP 50251 Ji AN
S IR, 3N R T SO R AR R ZE AT
S, a7 SR I A SVL A R
2 RESREREEE

SCER[10JEW] T, ZERIARFLARIR I, HARKR &
A% 2T FRO R A8 A AU L S AR AE B — 7 X, X
RO AR LU ORI 1R 23 % 23N AT BB M AN 2K 18
BAFE . BRI FEBP 5005 DL RO SO HH IR SR AT 2
10 R A A8 FR 5 (Local Polar Coordinates, LPC) &
SR o AR SCEF ISR SAR UG A AT FE0
Wo JATBHARER RN SAR G LT I 1 o,

I S—

< W

® g

K1 BRABR AR T SRR SAR JA& LT

K1, LERTFASKE, X R W
o LUy LR G O B AL, @S2 LPC, AR
ELULE IR G50, ikl 1 R PTR,
T AR A0 4 B AR, ARl A 0 2 D A
PR E — P, HAEZ LPC TRy DR N
(r,.0,) « TEXINZ], FIETE LPC ALKy (X,
7/2) o MRPERILEHL, T1F P i B L B SR
R(X,rp,ﬁp):

R(X,rp,ep) = \/XQ + 7“?72 —2Xr, sin(6,),

—L/2<X<L/)2 (1)

BRI o0 () SR B WK
PIUE & ) SR ANCIV &S]

sp(1,X) =0, -rect(X/L)- s, (T — At)) (2)

Kb, o, FR ER PSR RO R, W AL
2R(X . N
2RI D) BRI sy ) S A
AbPRAT F|
s(1,X) =0, -sinc[B- (1 — At, )] - rect(X/L)

- exp

b p? (3)
FFBP SyLE R LS BP BT 1 fL
A S AT B AL TR, BP 5030 I el B 2 bk o s
451 J B J 1 B 2045 g, B AR TR R4S
PR KIS . 71042 BP B fE &Rl
L/2
I(r,,0,) = f_L/2S(T = At,, X)

4w
—JTR(X r,,0,)

- exp ,1,,0,)[dX (4)

FFBP Sk B2 AR JekafLatilor i
TR, HAR BP B0 LR E Tk
Babe, RRIZIH S PEENFEG, RERHZ
W, BHEREEEG Y PR, RERRIENHR
K% . FFBP Skt T X g st A e 4
LR R IR, M T BP Sk, b T A,
Pemn TIsHC%E . SRME T BURG a7, FFBP
SR MG 2 deR AR . Wl 2 B, B
— R TR A R, AT EG L (i 2(a) Bt
IN)s TSR AR AR 2R oA LPC,, Wil 2 Fhgseek
W FEG L (WK 2(c)FR) BT e Ja il i Ak
Fr&N LPC,, Wl 2 W&, B P1E
LPC, H I AR N (15,6,) , E LPC, F KA AR K
(7"2702>°

R 2 9, BT P OSEANFE T EAGH A EA
A, FFBP HIEET BB G st i, #2500
EFEG L T EUE I, R P AL E (r,60,) R
(ry,0,) o FTEFMUTRERE, T2 BB 2 dEdif ik
Yo IXAESERR N PR, THERCEA R .
i B RTHE H AR, AR T LT IE
(1) FFEBP Sidkid it o+ UG EA T J LA A 1 SE L1 1]
BlCHE, BT 2 48 A IEE, MR AAE.

4T
‘]TR(X 7,,0,)

0% O };
‘J\
o1\
\ /
T\T\ T2
\ I
@ /
LPC, PO(r0) LPC,
— ° —_—
sl
(a) & nar—F gL (b) 2 i J7 36 (c)E v+ EHZ L

2 BT T B KT G A R A A bR 2R LA S R



6 1] FEGAL A LT UTRETE 5K SAR B4 I 5350 1 1391
3 ETF/UAREMRESREIRZEZE W87 SAR JRAZ K, B LPC IAIE 0 [tan(0)] < 1,

W 2 for, P RAEG G LPC(4 4 LPC,,
WA 2 R SEL AR 3 s ) R AR A (r,6) » B4 P
MM LPC, 2| LPC, HF gk fE 4 & 4%
(Ar,A0), HHEEMEEAr =1 —r, MAEWE
HAO=0,—0 . JUTRIEREEWE 3 Jios.

.—
Fys s

K3 LT IER &

K 3, Ry WL B, R, P
MEILMEE . AL N LPC, BRI s 5]
LPC, Jf s ) # o

RAERILE R, A4S

r= \/7’12 +AIL? —2ALsin(6,) (5)

KU (5)BAT R BERTT, JFERME AL =X LLE
Ry, 4321

rn —r =sin(6,)AL —

cos(@)
2n
T AL =R UL B s R IER N, Eedn,
AL = {/\Iﬁjjbme 25211'1 (9)

n

AL (6)

AL, ™7 =8000 m,

AL =50 m i}, —RIAPERLALE 107 FY, wis
ANTF R B PRI 1/4, X BE B 44 %) 55 55 MR
/Ny DRI AE VT B 2 A RS B I 28 T AL — IR
D=1/ el

M (6) T LA H, BEES YV & Ar=Ar(r,0,)
& 2 YEAAR N, X SR FFBP 75 2038 SRR JR A
SR 8 AL (I AL 22 LS 4 790 JEAT PR 4,
41 o~ Ry, WEEBYEPRETRRA
cos(6,)” ¥

~

FEMEEYE, RYEE 3 AR R LTSGR, FI1S

Ar(0,) =1 —r ~sin(0,)AL — AL (7)

R, tan(0,) — R, tan(0) = AL (8)
GATRIES:
6, — 0 = arctan AL (9)

R,[1+ tan(0)tan(6,)]

M) AT AE Y, el Al 2 4, Xt

At [tan(f) tan(6,)| < 1, 1+ tan(d)tan(f,) ~1, %
R, ~r, W= (9) AT
Af(r) = 6, — 0 = arctan(AL/r) (10)

Zx BIR, 2 Y (FE E 4E R FE 4 ) AR () R R
ot M I et i, anal(6) FI2(9), el AN ik
WIHEAE R 1 A, HEE B 4E-r% e 5 A g
AREFR, W (T)Fros, AR e A s Ay
KFR. BB BURFEFE (AR bR R ) 21K s B 2
Hi, ATHRORMEYE, XFEER B YT AL AT LI A1 1
17, MFELETE R ] LUBATREAT o 10 UGB (1)
TR e LB FRT, PRI 3R DL &
IFFT sKHL.

KRR e S, TRIE L CROE
£ LPC, ', [AEMA K& L #5E2 LPC, H.
SR, O TR A BN, AT R A
S TR B A BT A R X
oE T BRI UTRE, JUTR IS BRI 4
PR o

g ||
e e

l

i A
R A

FHEGL

FEG*

4 TG IE R

NS A SCRE N R ARERAE D IR
K(BL 4 A>T fLa i) ik 5 B .
(DRI 7442, FFBLREAS T ALAR R A b 5

HPERRE

[P AR (A R)|

| SARFG(H A ALH )|

5 SETEA



1392 BT fAE R R 537

M, #ALE HE LPC. I BP 83ELE LPC FXFF WK (16) nT LML TR Y

FURLE S AT G, SRR TG s < LW (18)
(2) X423 5% 2 010 7 P45 53 G HEAT LA S O "~ 32r R

TR, E6 s, BImRAR0)T o T /Ef AT BT IR AR, R A ek

GOT R IOIE B TR RS BRI, JEEMIE S iR, < p/d, HR, o BEMESE, 0, = p,

LSREE, SRR TEURIULITESE, S5 TEGM /Ry, WA (18)T#R N

%%M;M%Eﬁ,ﬁﬁ%&,aiﬁﬁW%ﬁ% W, < 4p,JRs/ (19)
TR I £ S (14) MR (19) AT UL, AT
<>%W£ﬁ¥Tm% PRAEGHIREIEI g S Ry AT AR a5 U056 P S22

B R o .

4 RESH 5 HEESHXIEL

FEMAT UL IE I R, (B i R T
EREE . TR ZE AT 4T

g, BT R s ~ Ry, BHS WSR2
cos(6,)” )2
1
cos(6, )’ (11)

S
ZBEAL<L/4, L, R BRKE, I, =
ARg/(2p,) - 734b, HIE 2 1 LPC JUA C R T 40,
LPC, PR n > Ry — W, /2, W, AYystih B4
BIE, cos(6,) <1, WI(11)nT{k{E A

N’ RgW,
" T 128p (2R — W)

TERE B YE, T 3RMF RAF R SR AR, ZESRE 2 i
BEIRAS <p/4, W

6, = |sin(6))AL — AL’

- [sin(&l)AL - AL2]

(12)

2
AR A (13)

128p,(2Rs —W,) ~ 4

s
2

<= 64pap7'R82 (14)

ARy +32p,p,
8, =|arctan AL ] — arctan &] (15)

R, [1+ tan(0) tan(6, )] r

WA 2 JUARRE, WTHRIR, = rcos() » H

AL o
R,[1+ tan(0)tan(6))] FUAL/r 38R N, H

| AL |2z
|Rp[l+tan tan(6 | | » S(15) ATy
AL[ 1 AL1 ,
b ~ T[cos(@) - 759 (16)
BRI AR R, SRR (17)
Wo W (17)

2Ry 2R

TERARELT , R EEKRN A N x N (B4
X FAPELE), Wkih H4e 5 A A N ANk, el
wx5r hn TR, R /\ﬁﬁ%logfz n HE o
AR (D) Bl BP SV SRR 1 R 5
WA N YA 00 = 1,2, log, n KA G REH,
FEANFLIRA . HEYE FET, BE 4k A A0
PR B4 IFFT; fJEYE FET, MIE4eLktimif
e, #NE, MEYE IFFT 5. T2 A AR
M Fis T /N T FET ML IFFT K)k5
i, W LAZBBSANTT . RS b0 = 1,2, log, n P, T EE
Wb BRI n2 A, AN PRGN
N x(27'N)/n (FEE4Ex A 4E), WIS 4E FFT i
5l Nlog, N, FEESYE IFFT 11554 N2log, N
MY FFT tF5H 54 Nog, (27 'N/n) , 4k
IFFT 5k 2N%og, (2 N/n) » & i BB U )
RN C(1)=5N? log, N — 3N*log, n 4 (3i —1)N* .
R, AR SO BT RN
logy n
C=N'+3% Cli)=N°

1=1

+ (5log, N +1/2)N?

I g

ST AR 5s, FEBP S04 (1) g it
AR N® o E TG A O R, A R B
R IELER 4 561G 5 FET #8614, FFBP 598
()5 54 Crpgp=N® + (10log, N+27 /2)N? log, n
—(5/2)N*(log, n)* « HT N >n>1H N,n #il & F 5
o, I Cpppp — C = (5log, N +13)N? log, n —
N*(log, n)* >0 fHEAL. UL, AHX TR T 2 4R 55
FHEN FFBP S AT A% T T =
6 AR

N T RAEARSIR A RN, ATTE 7 A
AEPREIR . AT R AEN SR AR R X 5
9 A RLHFRREAT IR LSS, PiEImR 3X3
IR R S HARG SR 25 14T 3 M HAR

-log, n —



el

VAR S

FETF JUTAS IE I ZR R SAR. B 3 4% 5 $ 58 5132 1393

G5 N 1~3, 21T 3N HRYR SN 4~6, 5 3
T3S HbRG S A 7~9, Wk 6 fis. Tk k5
7 Jik ot Sk b AR 900 Hz, SRAESIZE 600 MHz,
FIHZR 1 IS5 SRl 5o . & BG4y
HEZE N 0.3 mx0.3 m(BE & W) x I A2 10)), EHERAFEIA]
Bk 0.25 m X 0.25 m (B 1] x 547 -

®1MESH

WK 0.0313 m
Jik & 10 ps
G 500 MHz
B 13.5 km
P 100 m/s
A AL ) 758

i B AR S R 7 iR R 5o 1 AT
HAR (B 7 s B ) o) BT SR A ke o, JL5%
2 I 8(a) s, U R AU 2% an ] 8(b)
8(c) s

B 7 oKD ) S D7 A In), B 5 1) Sk R )
M7 0] WL G 2 SR LT AR T mi B (] 6)
MWIa . B 8(a)y HER 1 sk, K5
T, TEE TR . B 8(b)RIE 8(c)
AT A BRI E 8 R, B2 1) R A0 o) #8Re FH
32 FEAGME, WLV I -3 dB 9 R B Ao P
A 0.27T mo R 245 T HbR 14 55k L (ISLR)

200 m
r L i

200 m

HE G 16

Jifti

% 2 BAEMALIEIR(dB)

B 5 1) Jr LI
PSLR -13.24 -13.19
ISLR -10.22 -9.72

FNEAE 55 L (PSLR) . ISLR A1 PSLR [(I{E th#R7E
P {H (ISLR K44 —9.8dB, PSLR K44
—13.26 dB )MfiT. IXEHIASCEIIRENERE R AT

Xof AH [ R B A8 23 0 SR FIAS SO AT FEBP
AR R — G BT A B Ho, B Rk
8192x8192( J5 r x #H &), WL AL E 4 Intel(R)
Core(TM) i5-3570 CPU@3.40 GHz, RAM 4.00
GB. FALEEANE A 8, 16, 32, 64 1 128 ), P
B AL BRI (0] (T RO C & R PR S5 5
Wi, ACERE RS 22 5 il 9 Bron. K 9 iTLUE
ey FEARTET, MR Hh Al LI Btad, H2
AR SCHE R R A B T R

W A, AR SCEVESAG R R, I E
T FEBP 5k, ASCEIVEACBRIN )5, Ab 3L
R L
T HRIE

AL T — Pt SRR S 3 1 T LT AR O
PR G G Bog S0k, A IR T FET 18R
YRS AN A LY e e SO 1 UG IO HE 5 1o AHON
T2 YR RIS ST, A RN, ek Ef

230

©)

430

630

2 1

830

1030

+ - +

1200

3200 3400 3600 3800 4000
Jrfii

7 ARSCERRAR SR

B 2SR

800 0 0
= -10 —10
600 =
[as]
00000 ®000 o o o
400 E 20 [

[E(dB)

i

500 1000 1500 1900
Ji B R R
()% 2k

B R
(b) s 25 A1 bR A 25 14

2100 2200 1500 2000 2500
J5 i R
(c) 5 LA BR B 2K 4]

8 ASCHEIRIMB LR 2 b7



1394

LI I IS S i

37 4%

1500 T
- FFBP§T%
G\ & ARICEL
1000 ~o— i
—~ e B
i |
=
= 500 x\ﬁ\_‘g

0 20 40 60 80
TR

9 AbLBHIN XS EE

100 120

FLAR PRI 5o SR ph T B PR M A P e
ST AR D T S IR 2K,
JAG I 55 BN I 52 BB o i vt B 1A% AN A
TR BRI, 37 K3 B R JLf ) N 23
(EVERE ST Stiaa 20/

(1]

2]

3]

(4]

[5]

(6]

(7]

(8]

(9]

(10]

5 % X
R4, i, TR FABUREARM]. b5t B Tk

#t, 2005: 2-6.

Cumming I G and Wong F H. Digital Processing of Synthetic
Aperture Radar Data: Algorithms and Implementation[M].
Norwood, MA: Artech House, 2005: 308-319.

MRS, IDEA, R0, A — R0 iR T AR AR S U R
B BSEEET). TS5 {E B 2R, 2014, 36(3): 537-544.
Yang Ze-min, Sun Guang-cai, Wu Yu-feng, et al.. A new fast
back projection algorithm based on polar format algorithm
[J]. Journal of Electronics & Information Technology, 2014,
36(3): 537-544.

Ozsoy S and Ergin A. A pencil back projection method for
SAR imaging[J]. IEEE Transactions on Image Processing,
2009, 18(3): 573-581.

Scudder H J. Introduction to computer aided tomography|[J].
Proceedings of the IEEE, 1978, 66(6): 628-637.

Munson D C, Jr O’Brien J D, and Jenkins W K. A
tomographic
aperture radar[J]. Proceedings of the IEEE, 1983, 71(8):
917-925.

formulation of spotlight mode synthetic

Desai M D and Jenkins W K. Convolution back-projection
image reconstruction for spotlight mode synthetic aperture
radar[J]. IEEE Transactions on Image Processing, 1992, 1(4):
505-516.

Wang Yi-duo, Xi Ping, and Xue Wei. Fast filter back
grid[C].

and Control

projection  algorithm  based on hexagonal

Conference on Electrical
Engineering, Wuhan, China, 2010: 964-969.
Xiao S, Munson D C Jr, and Basu S. An N’logN back-
SAR

Conference Record of the Thirty-Fourth Asilomar Conference

International

projection  algorithm  for image formation[C].
on Signals Systems and Computers, Pacific Grove, CA, USA,
2000, 1: 3-7.

Yegulalp A F. Fast back-projection algorithm for synthetic

(11]

(12]

(13]

[14]

(15]

[16]

(17]

18]

(19]

aperture radar[C]. The Record of the 1999 IEEE Radar
Conference, Waltham, MA, USA, 1999: 60-65.

MR, RIS, 5RIUT:, 45, JET dechirp 13k SAR )G
I PSEELT]. BB, 2013, 62(21): 1-9.

Chen Si, Zhao Hui-chang, Zhang Shu-ning, et al. An
improved back projection imaging algorithm for dechirped
missile-borne SAR[J]. Acta Physica Sinica, 2013, 62(21): 1-9.
Durand R, Ginolhac G, and Thirion-Lefevre L. Back
projection version of subspace detector SAR processors[J].
IEEE Transactions on Aerospace and Electronic Systems,
2011, 47(2): 1489-1497.

PR, QKU MHHIL, 25 SAR ENTRUGHAR N & R 2
1. R TRE5BETHAK, 2013, 35(7): 1421-1429.

Pang Bo, Dai Da-hai, Xing Shi-qi, et al.. Development and
perspective of tomographic SAR imaging technique[J].
Systems Engineering and Electronics, 2013, 35(7): 1421-1429.
TR, WYL, T, . RS AL T B R AR
P BP 50E[J]. Bk, 2013, 2(3): 357-366.

Zhang Wen-bin, Deng Yun-kai, Wang Yu, et al. A fast
backprojection algorithm for spotlight mode Bi-SAR imaging
[J]. Journal of Radars, 2013, 2(3): 357-366.

Vu V T, Sjogren T K, and Pettersson M I. SAR imaging in
ground plane
bistatic cases[C]. 2012 IEEE Radar Conference, Atlanta, USA,
2012: 184-189.

Zhang Lei, Li Hao-lin, and Qiao Zhi-jun. A fast BP algorithm

with wavenumber

using fast backprojection for mono-and

spectrum fusion for high-resolution
spotlight SAR imaging[J]. IEEE Geoscience and Remote
Sensing Letters, 2014, 11(9): 1460-1464.

wifH, BIZR, WA, AR — AR T RS T SAR a4
R ARERILT]. FikEIR, 2014, 3(2): 176-182.

Gao Yang, Yu Wei-dong, Feng Jin, et al. A SAR back
projection autofocusing algorithm based on Legendre
approximation(J]. Journal of Radars, 2014, 3(2): 176-182.
TR, AR, ME, A PRIEUE 1 BUE A AL E IS R
A B FE TR (T]. P T RMBOR 2 R (AR B IR), 2014,
41(1): 69-74.

Zhang Lei, Li Hao-lin, Xing Meng-dao, et al.. Autofocusing
the synthetic aperture radar imagery by the fast back-
projection algorithm[J]. Journal of Xidian University( Natural
Science), 2014, 41(1): 69-74.

Ulander L M H, Hellsten H, and Stenstrom G. Synthetic-
aperture radar processing using fast factorized back-
projection[J]. IEEE Transactions on Aerospace Electronic
Systems, 2003, 39(3): 760-776.

g 5, 1988 Az, AR, BT SAR L.

MR B, 1988 4R, LA, WESUUT N AR SAR R

I B, 1984 AR, YR, BEFUUT 0N SAR SUEANE) Hbx
iRl

MEIE: B, 1975 A, HER, FLAESIW, WESUS IR R IR

B EFRR.



