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Abstract

Abstract

Bistatic Synthetic Aperture Radar (BiSAR) is characterized by the spatial separa-
* tion between the transmitter and receiver. As the basics and extensions of the traditional
monostatic SAR, BiSAR system has broad application prospects due to the diversity
of system configurations and flexibility of platform collocation. However, the various
BiSAR imaging geometries cause the complexity of signal properties. It is a hot topic
to implement the BiSAR signal focusing with high efficiency and accuracy. To achieve
this goal, it is needed to handle the two main problems: one is the complex range his-
tory, and the other one is the spatial variance of the parameters. It is each researcher ‘s

dream to realize efficient and high-precision multimode BiSAR focusing.

This thesis focuses on the future spaceborne wide-swath L-band BiSAR system,
and the spaceborne/stationary BiSAR system with the illuminator operated on staring

spotlight mode, this thesis would discuss such topics as following:

(1) A deep research of BiSAR azimuth multichnnel signal characteristic and recon-

struction.

Firstly, general bistatic SAR azimuth multichanne] signal model is constructed.
It can be found that the azimuth pulse response function can be got with a fixed
phase offset and a time shift from the single channel pulse response. Moreover,
the equivalent phase center (EPC) of BiSAR multichannel system is dependent on
the range ratio between target to transmitter and receiver. Using the claséical filter
bank reconstruction algorithm, the reconstructed signal has a normal compression

result and no false target.

(2) Based on the ELBF, a modified phase reserving imaging algorithm is proposed

and analyzed.

Referring to the data processing scheme of Tandem-X/TerraSAR-X system,
the nonlinear chirp sclaing (NLCS) algorithm based on the equivalent monos-
tatic geometry is investigated. The three important adjustment parameters in this
method are described, and how to use these parameters are also presented in de-

tail. Moreover, inspired by the monostatic phase reserving algorithm (PRA), a

m
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BiSAR version of PRA is developed based on the extended Loffeld bistatic for-
mular (ELBF) spectrum. The bulk range processing filter, the residual range cell
migiration (RCM) and azimuth filter are given. The point target simulation proves

the focusing ability of both algorithm.

(3) The difficulties and error sources of the ST mode SS-BiSAR are analyzed, and
a BiSAR polar format algorithm based on nonuniform Fourier Transform is pro-

posed.

Four acknowledges about the one-stationary BiSAR are summarized, and two
differnt kinds of élgorithms are described. To handle the specturm wrapping,
curved track and tropospheric error caused by long synthetic aperture of staring
spotiight (ST) mode, the bistatic SAR polar format algorithm (PFA) is introduced
and derived from a unified perspective. In the signal processing, a two dimen-
sional Gaussian grid nonuniform FFT (NuFFT) is used to replace the usual inter-
polation and FFT operations in the traditional PFA. A detailed processing scheme
is proposed. The point target simulation and real data processing result are also
shown. The scattering mechanism difference of the BiSAR and monostatic SAR

is also analyzed and compared.

(4) Extend the Bulk-FFBP to BiSAR configuration, and propose the BiSAR fast BP
algorithm.

As a modification to the traditional Block-FFBP algorithm, Bulk-FFBP tries
to improve the efficiency. This thesis further analyzes the pivots selection, com-
putation complexity and real data processing. Moreover, an analytical expression
of the BiSAR range between target to the transmitter and receiver is constructed.
Based on these work, a general BiSAR fast BP algorithm is proposed. At last,
both distributed targets silhulation and real data imaging both prove the imaging

ability and processing efficiency.

Key Words: Bistatic SAR; Multimode Imaging; Multichannel; Signal rescontruction;
Staring spotlight spaceborn/stationary BiSAR; PFA; nonuniform Fourier transform; Fast
BP
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Figure 1.2 Typical application of BiSAR
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Figure 1.3 BiSAR imaging geometry
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Figuré 1.4 (a)Along-track AI mode, (b)cross-track AI mode, (c)one-stattionary mode,
(d)AV mode '
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Figure 1.5 ESR/ADAS BiSAR experiment 4%

B ANGER DT WM. E1L6RRT ZLRTIRGR, PEELRHBAS
RN RIEZHT T . |
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Figure 1.6 E-SAR/RAMSES bistatic SAR results: (Left) bistatic SAR interferometry;
(Right)bistatic SAR imagery of large incidence angle*"]

(3) AER-II/PAMIR
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Br. N AARREXGEAN RE KM, P& RKEEMREHA, BRIk
IF 18] 3 R R s TR [R) 26 1) R . B1.7J8 7~ 7 % F RMA (Range Migration Algorithm)
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Figure 1.7 AER-II/PAMIR BiSAR experiment: (Left)BiSAR geometry, (Right)bistatic

SAR image and optical image
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Figure 1.8 TSX/PAMIR spaceborne-airborne BiSAR experiment: (Up)imagery processed
by BP, (Down)optical image
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Figure 1.9 TSX/PAMIR spaceborne-airborne double sliding spotlight BiSAR experiment
result: (a)image processed by BP, (b)BiSAR Image, (¢)PAMIR monostatic SAR image,
(d)TerraSAR—X monostatic SAR image
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Figure 1.10 TerraSAR-X/F-SAR BiSAR experiment (5

1.23.3 E-HWE SAR

(1) EnviSat/SABRINA

©
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Figure 1.11 SABRINA system results: (a)scene scattering, (bp)DEM obtained from

fore-scattering and back-scattering, (c)Differential DEM (51
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Figure 1.12 DEM obtatined by the HITCHHIKER system: (Up)bistatic SAR image and
inteferomettric phase in radar coordinate, (Down) Differential DEM between SRTM-3
and the BiSAR result[>®!
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Figure 1.13 Architecture of this thesis
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. Figure 2.1 Bistatic SAR geometry
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Figure 2.2 Imaging geometry of the GEO-SAR and low-orbit SAR
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Table 2.1 The system parameters
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Figure 2.3 Space variance of the range resolution: (a)iso-range, (b)iso-rusolution in the

ground plane
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Figure 2.4 Space variance of the azimuth resolution: (a)iso-Doppler and iso-range lines,

(b)distribution of azimuth resolution
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E ik, BUEHIEREHITIZE Py = Sp- Ar, RIEA 2.11). (2.12). (2.13) 7]
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Lq

Hrp, L, A7 dEE AR TR = AR 1 SNR $ifE. 56 EiR P Ab g 2 A0

KL SR, TI1EXEE SAR RAKIEMREL
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ETrF, (A7) Ryy? Rro 2Ly Ly

7E SAR RZ YR, M P 253U 1) B B 4 (Noise Equivalent Sigma Zero, NESZ)
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R
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F2AFRARGESE, WERSHE ST %G PR A [B) {15 20 55 ) LER 70 B
RGP Bk 3 2K, 18 BI NESZ. R 4o 78 LA K SEFR 3 BB on R/ Nan 2.5 57
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Figure 2.6 (a) Bistatic SAR imaging geometry, and (b) example of BiSAR range history
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SHAEFEIHLED B AR Po RETHLRIBEHLAIEE 5 BIA vr 1 vge 7 NI, 7or
1 mor 43 B F BATHURIECATLBE B AR SRl A0 7 7 B 200, 3o o2 A s e B o 4
Ror F1 Roge Toy RARBEA RO FEHEIT R, 0,0 T Osgr RN 7o B 2T HR AT
RESEREISI A . T, BEWHLIALEE R B B ik

Rp (1) = ﬁR (Tor, Rogr,Tor) — Ur - (T — TOR) ...(2.20)

o1, FE Rg (or, Ror, Tor) 5 Ur IE38, RBEWHLE]BIRKISHIERE. R,
RS, HABENEN

- —

Ry (1) = Rg (Tor, Ror, Tor) — ¥r - (T — Tor) .(2.21)

H, [HE By (tor, Ror,Tor) 5 or IEX, RaRKEHLE] BARHHRIEREE.
BT Fditie, AERERRNENELEN

Ry (1) = Rr (1) + Rr (7) (222)

A 0L U B B8 AR B 4y B3 s R AT A LA BRSO LE) B FR A EE SRR B WO
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B2.6(b) A T —4H XU SAR BB e 7 (i (A1 284k, B o AUIR &R R 2% SAR B
BAE. AN SAR BE S JARTE LR E AUAGARXS P HE, HARF TR 28 (flat-top
hyperbola) . '

Wk HHLR S LRGBS EMERN K, SIREBIRER fo, MER
A T, REHMESN

51 (t) = wy () exp (527 fot + jwK,t%) ..(2.24)

W EIT A P B REON o (ror, Ror), 77 ALIABEA REITAL BN w (1), M#E
WAL AR TR B 1S R M E S 5 1 — 4eidiRaid oy

g (7,t,70r, Ror) = 0 (Tor, Ror) w (7)

5 ( . Br () + Rr (T)) Rr () + R (1) ..(2.25)

oo L

AR (225) F, BEES ST IEIEHREREH chip 55, UURERE
HIRBI IR exp [ —jom fo 20RO

232 YUE: SAR THESmitiER

Xt EMHRES, HTEEREEMN A # (Fourier Transform, FT) B2{E
SHEBEFIRRILE, E7ALHETE R ARSI E R g usiE R

G (fr, f,Tor, Ror) = 0 (Tor, Ror) Si (f)
Ry (") ...(2.26)
-/w (T — 7o) €Xp [—j27r (f + fo) exp (—j2n fr7) dr

SAT i FAHEFIRH DSR B2, FISEBARALIRH Rk A8 A SAR —4Es5tit
FORRAFAR, — B SRSE AR R B B E S M 7 TS AT R AR . X — Nt B
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2321 BHEEEE)

FEICHE [89] 4, F. Rocca 2532 i —F#R N Rocca Smile HIH AR UESE B H 58 A%,
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BIEE, BRESEHREE, BIURNREE R A RRR. SEIER
WA Bef T A R TR A AR TR J%%EEHT, R ERZIR DN, THA]
AR FAILA B SAR RGN HESE, AT MMRIERBREAE, BRfziiEER
TanDEM-X/TerraSAR-X XU R4 I BARSEE 7 P2,

2323 EFRURREHDE SAR ZL4E5E

FESCHR [93] #, Y. L. Neo ZF| g H 8% (Method of Series Inverson,
MSR) REAE R SAR BRI 4Rl . & 56, ERGMEARMIILIEEES
&3] (LRCM), MIM{ES M g IBREEA
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Ga £, = 51 () w(r)exp { ~g2n

RIG, Xt Ga(f,r) BATHALIA FT, B POSP A48 77 ML= AI 5 (bt [ B 56 R

(f +fo) Ba (T)}

c

...(2.30)

—f—j%fT == 2]627' + 3]{?37'2 - 4]{,'47'3 + e ...(2.31)
AR (231) FH, HTOE£EE LRCM, £SHMTEEHN, MmEHE MSR
(RMF2.7.1), RiE 75

P = A (— i) +4 (—mff)

3 .(232)
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Hef, W,, () AZEERKTRERE. ARBEBESH ZEE, =i
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=5 (75 - M) w (T) exp (_jgﬁ <f0Ré (1) I fokﬂ’))
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c
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Hrr, XUE SAR MHALEA
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...(2.36)
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FESCHR [94] 1, O. Loffeld &3 7 —Fh— AR U T AUXEE SAR 4Rl
%, {424 LBF(Loffeld Bistatic Formulation). %3 & MM I, H—REH
BAEEFAAIT, H T RMESER. 20T DMO J7ik i8I TRAN B XN Bl 5
WHEBE(ES, /8 LBF S, SAMEWESFET, BRERREGE, HRA
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M5, 4HRE ¢r (7, f;) 0 ¢r (7, ) BEFEMAS
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WE T RRTUR] RIK A

o p B £ FR ()
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T =

...(2.39)
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o

2
FR(f)fT)z\/(f+f0)2_f7??4cF

...(2.42)
2
2 & C

FT(fafT):\/(f+f0) - T Av 2
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grade), 75K 2 B 5 R FIEE 85 R T L R R L RE
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Ror ...(2.43)
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MARA R R NE T Z A2 S PME S ENEEN SRR, R R 4%
POSP 52 kA Sy, HSEHFAAR (2.53) HEAMMEREN. EMNH 4%
POSP #ilA], XEAH#ESHARTF &ML EHTIMER UARF &L T HREMmE
%1y, 5L, TBP YE N E R FR# T2 #MBR R 5 AR & P
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Figure 2.8 flowchart of 2D ISFFT imaging algorithm
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Figure 3.6 The equivalent monostatic processing
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Figure 3.8 Flowchart of the data processing of both master and slave platform
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Table 3.2 Processing performance

PR WaRVA L
PSLR(dB) ISLR(dB) IRW(m) PSLR(dB) ISLR(dB) IRW(m)
Pl -13.2644 99034 1802  -133092 -10.2695  2.512
P2 -13.2595  9.8742 1803  -132961 -10.2615  2.51
P3  -132552  -9.8783  1.803  -13.2947  -10.2657  2.515
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Table 3.3 Processing performance of GPRA

BB . FRL
PSLR(dB) ISLR(dB) IRW(m) PSLR(dB) ISLR(dB) IRW(m)
P1 -13.2875 -10.0534 1.804 -13.3013 -10.2699 2.50
P2 -13.2695 -10.2454 1.8 -13.5812 -10.5778 2.51
P3  -13.2862 -10.6539 1.803 -13.3954 -10.6617 2.503
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Figure 3.13 Monostatic/bistatic SAR antenna pattern and the focusing location errors
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Figure 4.10 Before/after synchronization error and tropospherical delay error.
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AL B SO — S A A, AT T  E S He SEL B AR SATTD
B E PFA 7R AL e A AMEE SRR BRI, A LT R
M, TR T EENEZRETE. MR, HROTERRA.
PFA BVEF AL B TR SAR MR ME M TR, kit L, PFA SBIARAIRY
FREGHFROES, B —A 5% SRR FRAMENE S . EAERINR
R SAR HF, I HTE R —MERMAN RS S (IR EER A N2
ARG, FERTRT5% M3 SAR T4 MR FHE) S S TSR
PEPE L1, ZEA S RUEE SAR R, EREIBETIE T BERH A
PSS S, A AR EIBOREE, AT A B B AR S T — N RAR A I
REHE S, T D EA B B S 15 b R 4 UC R, IR AT 23T 4 e A
SHGRAE . BT DAL PRA SEMEHEAT R ARALEE,

442 FE SAR HRALIREAXBRGEE

b, WEEEMAENES, RETEFEAMET ERFNERELRE, I
B, EEZRETLE o = (%0,%0,20) TENSH A, EFEAT WIS 2 HI4
PR, ZBRG RO R AR RS,

S(1,f; ¥) = Seom (T, f; ¥) X exp {j27r (fa+f) Rr (7; rO)C+ RR(rO)} ...(4.10)
Zidix—BBiE, FWALLETRERN

® (frn, ™) = =27 (fR + fm) ARC(T"), m=1,.,N,,n=1,..,N, ..(4.11)
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Hdt AR (1, T) FoRE 4 BEE iR
AR (Tn, ) RT (Tn, ) + RR (?) - RT (Tn; ?o) + RR (?0) ...(4.12)

BEBT, FEFTRINZ ry BERTATR £, K1 TS 0eh B B A5 B S T e
7,f) =Y _ S (T, fm; To) . (4.13)
!

Y5 T WEE SAR AL IBEHE {S (frmy )} BAVERAE W] LAEHSIRAE
Mk FREEG, BREMEBESRE S TO, Ba, 2ERANETE
EMAS (frny ™)} SHEML BRI BB RE P (2, v, 2) FIBRBRME T RE. &
rREERERET, 3RS RPURE T I RE— RN AN &
FoE R

M N '
TJ=>"3"1S(ta, fm) — P(¥) /27 (msfm) |2 (8.14)
m=1 n=1
E¢,-ﬂm¢@m vl (4.11) G, BRI RS J B
_P = 2;;13( ¥) — S (Tn, frn) 727 (modm) ...(8.15)
49 =0, R P(Y)MEER, THEIIZARERURMETHERIEN
P(Y)= MN ;;S Trs fim) €927 (Tmfm) .. (4.16)

MBAR (4.16) ATHN, TEEB—MERRNERMZEENSHERREREE R
mEL M R AR SRR S N BRI R, EMETHEA SRR &
HREMEEER O(MN). BEZHRTH N2 MR, SR80S0y
MN ~ N?, A BfiBEEEED O (NY). — &K, XHABHEEN O (N3) 11BP
HERRBEERAAR (4.16) #HTHE.

ANHf—SRREEE, SESRERE ARBREFEKTRRE ¥o L#T
—rZ5 18] Taylor JEFF,

AR(Ty; ¥) = AR (7, ¥o) + T - %ARI?:?O - (417)
:/H\:EF" AR (Tn; ?O) =0, H
OAR D N - 9 2
BF  oF (Rr (mn; ¥) + Rp(T)) — T (Br (7n; ¥o) — Rr(T0))
8 —> - b d =g
=57 (ITe(r) = ¥l +]I7s = ¥) .(4.18)
_ T')1:(7')—? _ ?s(T)_?
17 () =7l [I¥s(r) = 7
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B RETHAERT TS5 S AL ARV A 53 B ¢y (7n) R0 0, (1), BEHLAERS T
% ST L AFBNA TR ¢ A 0, WITTH

sin ¢y (75) cos 0; (7,) ]
TAGERT
sin 0; (7,)
...(4.19)
sin ¢, cos 6, 1
Ts(n)=To _ )
7o) =Tl | et
sin 6,

MZESFFEFRE AR (1,; 7) AT LARIE K

AR (7, ¥) = =T -¢ ...(4.20)
Hr,

sin ¢; (7,) cos 6; (1,) + sin ¢, cos 0,
cos ¢; (7n,) €08 8; (,) + cos ¢, cos b,
sinb; (7,) + siné,

KAR (4200 AL (4.16) TR R T XUE KU DAL Ao g e Ab 3
A

¢ = ...(421)

1 Ng, Nr .

A D DS (s fn) X exp [ (¥ - K] ..(4.22)
7T m=1n=1

& by (f) = ZUmtin) MIAT (422) FHZERFURRE K

P(¥)=

k= [kz (fm, Tn) ,ky (fm> Tn) 3 kz (fm> Tn)]T = kr (fm) X f -,--(4-23)

AR (4.14) B (423) FHES EA —Kit. B, ST HEESARER, H 7, (1)
T (T) BAL, M

0AR

?t (’7') —_ ?
= = -2 — = ...(424
T FA G @29
BAR (42 &R
sin ¢ (7,,) cos 0, (75,)
=2 cosg;(,)cosb; () ...(4.25)
sin 0, (1,) + sin 4,

MAR (4.25) 53CHR [139] HHIZ R —E
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LEWLTEZIFER, (421 BERKEEN

sin ¢; (7,) cos 0; (1,) + sin ¢, (1,,) cos b, (7,)
§=| cos ¢y (7,)cos by (7,) + cos ¢y () co8 O, (75) -.-(4.26)

sin 6; (1,) + sin 6, (7,,)

MAR (4.26) X5 [142] FHESRIBEREXT G,

X = R BN A AR T S B SRR AR R, XEWRE IR
(m,n) MAEEGRIET —MEAIFEHI LR, WTTE LT —AME R M 28] R E
o AT, — RFUKIAEALDT SRR 2 X T 123 S0 MR R =S [6]. 8% BE
KEGREEFHL, B2z =0, WMATEHEHEAHREE k. =0 171, M3k
/T EmER, WTERRA

Ng Np
P(2,9,2) = 5 D D8 () X0 [ (@ (s 7o) + 9y (fs 7))
47T m=1n=1
...(427)
TR by (fs 72) By (7o) S IBRBERUGH, 5 AR (427)
R 25 WA

B 4.11 ZHERRPHRFE R LT H RS

Figure 4.11 Three dimensional wavenumber samples and its projection onto ground plane

W HERAE RN RRGE . MARBIAE K, (f,) FIREXFH, k Mk, HF3E
R MR SR . B4R T RERBHEEM B AR L, =0 FEH L
MR . TEAE SR HEE PFA 7, RO Z4EvT 20k BR, 77 (oL [°] 476 & B 38 H #E AT 1
AABR T BE B 1) 7 ) SR (B AL B, NI Ky (fin, 7o) DRETT RLAK IO £ 2RAL,
BER HRAF BIFT AL E

ky (fm>Tn) = ky (fmr, 70) = kr (fowr) - (c08 8y (70) + cosb;.) ...(4.28)
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Figure 4.12 Transformation between polar coordinated and Cartesian coordinate system

NIEz]

kr (fim) (cos ¢; (75,) c0s 8; (15,) + cos ¢, c0s 0,) = k. ( fms) - (c0s 8, (T0) + cos ;)

...(4.29)
‘%m=“wmﬁﬁﬂﬁﬁ¢m%,ﬂ%ﬁ%ﬁﬁ%ﬁﬁﬁﬁ%%%
Jm = fr(Br—1) + Bnfm ...(4.30)

ST AR ARG, A RALRR T R SRAE 53208 Keystone IS T FIRAF 1
A7 AL T HCR A

kr (fors o) = Ky (for) B - (sin gy (7,) cos 0 (7,) + sin ¢, cos ;) L.(43])

fEZE 4, keystone PIA% T BRI 5 AL A GRS M A W EALIR R TH
FhEo ER b 3 fon BREIRR . FTALIARIRIERS ke (frv, 7) BTN

ko (fons Tn) = kg (Tw) .(432)
Rf
ky (f) B - (sin @ (15,) cos 0y (7,) + sin ¢, cos 6,) = frda - 1’ ...(4.33)

Bl4.12K7R5 T PP HRE SR .
FE—wEEERER T, FERFHARNUTAR. B8, BEILTH
W7 R R RIS E o FEIXPREIL T, SREEBOR A — N R B X, HAHs
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TAHEE, — BB OL T 8RR LT L P8 250 0 455 1] RS A R4S B0diE 10 FH 2
TR, EIERE R, EREEEEGSYE TR, AT RESEEH A 2
REPTZER B 0 2R, SCHR [142] R4 I T A A E T, H—REXEM AR
BB AAR AT ERs, R RAFAT A T MR AT E AL B . R AL R e s
A A NSO RO R R 2R, SR AR ARl e e T SR O B I R SG IN T BIEME R E .
NTEFR DA HBIER TR T RALRE, A4 B —MET 2 48R m i A%
(Fast Gaussian Gridding, FGG) WIEYSE RN, B T FERMIHER
FEALHE.
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Figure 4.13 The imaging geometry and corresponding sampling gridding
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B, SOk [148] 3EH T —FET A SRS SR — 4 NuFFT WEZBIERESE
BAR, BETLEEESERME. Tk [149] 32 HFH NuFFT RIEIEHSIA
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F NuFFT K016 B AR RE AT SUEE SAR HRAAARAE s ST [151] KA FGG-NuFFT
HEER S SETE AR SAR o HIE STRAE L.

397 kR ST #E5K SS-BiSAR KRG AL, H785-F) B EUSERE Rk 2 24
FEAH, AXFINT 4% FGG-NuFF $HT IR S BOgRAF sl i35tk

AR Ky A ey, BRI BRI 0, B 5 95 B R 0 AT (¥ AR LA EE AR T A AR 4K
moﬁﬁ,%E%ﬂ%é%ﬁ%%ﬁ%@ﬁ@%Z@%%ﬁo%ﬁ,%ﬁ&ﬁ%
SRR R N IE SRR IR R SRR A 4. BS b, BEE R ERAFA]
LG sin 18 BB — RS A1 ) NUFFT B 52 . AT PIAERH AR
FHHEE T eSS E & RN EERR R RGeS R £T L
RERE, ASCRAT HASHINE NUFFT 75308 iR AL 0R T B PR AR 2 B Ay 2l
R TR, BHREFEMEEER, oURIEEFRIRES

RS T T P 7 9 0 A B R T S SR A A bt 3 S SR A TR
TR E AT RBGAT R, TR IR SRR N ST R A BIRIREH
1557 G AR — MR 1 B AR e B B MR I, B T R AR SR KSR
B35 RENER.

B, TS X B AR B (0, 2n] x [0, 2] TEREPY, FREOM
W ARERIA (v (m,n) v, (m,n)), FEHREESAIRRAN

Na N’I‘ .
S (vg,vy) = Z ZS(% (m,n), vy, (m,n)) 8 (vy — vz (M, n),vy — vy (M,n))

metne (434)
BB S (vg,v,) TTHLA [0, 27] x [0, 2] LM = 4ERBIRREL, 6 (vs, v,) T 4k Dirac
Eip

BN B B SR AR AR RS B R A

(1) —t RRERH Ry = Moo/ M, HRBEEREN2;
Q@) BRI BRIE M F1 My
(3) BHRESBH an 71 o, CFAF 2 R y 4 BIFFH7 B FIZE RS )
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fE [0,27] x [0,2n] LRI R BTRRETRIR N

+o0 +oo
— 2 Z e—(:z:—2l7r)2/4az—(y—2m7r)2/4ay ...(4.35)

l=—0c0 m=—o00
_Zﬁ,ﬁﬁ%%&&ﬁ%%ﬂﬁﬁ,#ﬁ@%#ﬁﬁﬁ%ﬁ%
Scom) ('U:ca Uy) 'U:m Uy ® gT ('Uﬂﬂ ’Uy)
o o ...(4.36)
/ /‘ﬂ%@gfz Corvy — ) dCadd,
FERERREIFfG b B TRV 5L RO Sy (0e,,), B

Seonw (2mm ) Moy, 2100/ M,y

Na Nr 7 ..(437)
= Z Z S (vgjs Uyk) 9r (27m) My — Vg, 200 ) Myy — Vyg)
j=1 k=1
RH Seony B 4 E B RETE S (E MR HAGR
Mra: M"‘y
Sac (ko ki) = D > Seony (2mm) My, 271/ M) e=Fe2rm/Mrailmn/Mry —(4.38)
m=0 n=0

A SR STk [146) HEF R SR IiiZ RS, &)
1 T

M;® R; (R; - 0.5)

T R8N A MR E R ST R B 2 R R, ERESHREES, &

A (Vg5 vgi) B S H9 BB IE BUPIG s BTHR . X P R BRI BE AN R,

M, BN 12. NI Z4E (437) ATLLERREN

Qy =

Mg (i=z,y) ...(4.39)

Sconv (27Tm/Mrz, 27T'I'L/M.,.y)

et Mop/2—1 ntMep /2—1 (2mm/Mrg=v5))"  (2mm/Mry=vye)”  ..(4.40)

= > > Smvg)e T =

j=m—Msp/2 k=n—Msp/2

Her, m= [%J y = LMTWWJ |z| RREE z RIAHEEHL.
NELEIRERME, SR [146] BREIZ R HREARBARNOER, B4
EEHZRBEHNSEBL o = oy = 0,

o=@ Mg —025)? [ (d0ce)— (27 Mry—vy1) (dery)
= e/ Mrae)” . glmvys/Mryr)’ | -(441)

o~ (vaitvy))?/(40) | o=(7m/Myrg)?[a—(mn/Mry)? /o
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2 _ ...(4.42)
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ZIEERLEE, AN (436) EETEMNEEFRERE. 85, L
FTERFEHRRNZREEAZE, SR ATEE 5 SR R BIgRIA R
0o ER, ZEHBIIRERIE SAR BE.

R T k2 17 k2 Mm M. M, M. ’
ga: \/;6 zk?1:z+ ykly, _2_ Sklms —2-32——-]_, ——2—y Sklys —Z—y—l ..(443)

444 BERESEHRESN

FEHAA2NTIH, XE SAR AR AR HE S 2T 7 H BT A B R
BAL, 4 SRR RIS & b SALEEAT — B Taylor RIT, 527 IEBIRIZESY
MEERIEN, B HIRNRRURAME T E RO B ORI 4R B 2.
SR, SERRERRER: AR B A = (4R, HRGHRIER, BBRIGZLRIBE
B R & 5 R BRI U R A BAE DS, SCRR [142] W4 T RERS TCRER
EREBRAREKRER rmas N

12 I2 -1/2
r=v2\ (T—g + T—;") ..(4.44)
t T

XA L, M L, B RSHABEN & RARKE R F r, REGFRHOLEER
SR BE RS . XF SS-BiSAR R, L, =0, MW (4.44) faj4bBY o5
12 —-1/2
r= ﬂX(—;) ..(4.45)
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RAE G RANVFIR I RG AT SE, AIERREHMERXEF 2N 2804 K, ST
BB RBIE S N AL 3km. PEESA Skm, KEBXFHETE, STHERXTH
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PLES AT i A R, (R SEPr A R ETEE 2R T A5 (4.45) KT HEAE.
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Figure 4.14 The corrected focused and unfocused point targets
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Figure 4.15 The bistatic SAR PFA processing flowchart based on 2D FGG-NuFFT
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Comment [Input parameter is spatial wavenumber k,,k, ]
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) 8
o (Mz) M, , and the Gaussian kemnel o, =, = .
b Scale and shift the spatial wavenumber to [0,27]x[0,27] -
14

Compute E, ,E, .
Compute E, ,E, .

Comment [Input parameter is the phase history data]
do j=0,M,-M, -1
Compute m = [M,xvxj /27[] ,n= I:M,yv_‘j /27[]
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, =S ) B B
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Figure 4.16 Processing schedule of NuFFT and corresponding computation complexity
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Figure 4.17 Point targets focusing results. (a) focused image, (b) image after

geo-correction
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Figure 4.18 Three dimensional profile of focused point at edge
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Figure 4.19 Two dimensional profiles of focused point at edge
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Figure 4.20 Focusing result of the point array using BP algorithm
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Figure 4.21 Two dimensional profiles of focused point at edge
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Figure 4.22 Sub-area of the focused scene. (a) Image processed by modified bistatic PFA,

(b) Image processed by BP, (¢) Geo-located bistatic image
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Figure 4.23 The geo-located SS-BiSAR image processed by the proposed algorithm.
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Figure 4.24 (a) Spaceborne monostatic SAR image. (b) Bistatic ST SAR image processed
by the proposed algorithm. (c) Optical image from Google Earth.
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Figure 4.25 (a) Spaceborne monostatic SAR image. (b) Bistatic ST SAR image processed
by the proposed algorithm. (c) Optical image from Google Earth.
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Figure 5.1 Relationship between spectrum bandwidth and swath
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Figure 5.2 Schematic illustration of the FFBP with 8 apertures and 3 factorization stages.
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Figure 5.3 Subaperture factorization and summation in BiSAR
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Figure 5.4 Processing flowchart of BiBulk-FFBP

5321 HEEHRESH

BRERIBEEN L, BUREMEAEEAN N(Az) x M(Rg)?. EfRLT MR
ERGEREF, BREEAHT K RO, SRS 568 M TILE
BIANER L, i =1,2..., K, MWL ATLRIEA

L=l xlyxlIl3x---Xlg ...(5.16)

NS, BESESE5ER— AR TFARRANERHERR, B =
n,i=12.,K. I\, BRIFLENL=nX H K =log, N. BRI SA
BN Q, BHSS5IANRS FHLAES RN S HEREEAELR. BHAER
FE RO T A 308 s Bl B L = N

FEHE—RTILEERF, BRIRDE N/n NMNLE, SR AEE
NLBERFE R A . N T HETES SR SAAREKEEHERR, XEXH
— NERH S IRBEARE SRV FHAT AR (5.8) WHEEATE. =REFE&EER

2A2 RANFNLA, Rg RN

100



5 3T JE SAR RIEN R AL

MEE R, HPERFLMRNEEEN O (Q), ERNASITESRISTHERN
FEHNEHERN Olog (Q), Fs, X —HHMMENENHELETENEHE
N _

N .

-Exn@+WH%Q) ..(5.17)
B, MR OB SRR (SRR ST, T AT M AR E
BB HEREN

N x n(Mlog M + aM logaM) ..(5.18)
n v

Heft, o RARTERBEMEL . EE RO BEINBREEN n, WBRLKS
BEREKZEEN

-%anMM) ...(5.19)

Hep, YOGFAAREE, n ABN TR AR S, nM OB PRE
KFE R HL

AR (5.19) FJLAEWA nmN . BT E R, E_RoHH=R"2 N/n?
ANFHIBR . FOAEBE R S MEARDR, B E— RS RS IE & R R AR
FEmE, FEERERENREMRIEEEARNT, MEMITNBERITREE
BEEN

% xnx (M) =nMN ...(5.20)

MAR (5200 FIH, BHERFHERFENEHERMAN. Z&Ll TR
AREAMEHEREA

[N(Q+ MlogQ+ MlogM + aMlogaM)+nMN]| xlog, N  ..(521)

5322 FHTHSH

MBS A% H A ERRET W, LAESHAFILAEeRIERTERN. EE,
S 1 (B B Se R R A AT B R E A R, R T AR A RGT
PR, X PR AR SR B AR e N . FER— R AR R, B4
TFHAME BERERMILHATH, BHLRNF, Fit, E£EEAR0 BN
BTRAFATURAT TR S, ERRART BN T AREHE, FEH BP
SO ASERSR TR AR, aRHER S EREGLES (GPGPUIMT,
BE 2 472 CPU HiR.

101



Z B A IR RIS BG5S T EN

5323 HEERM#ARIZE

TERZHEN — A E B, RS ARTIARR T SRR RE, FN
PRAE T BE B & A B FLAR B BT A 1928 FLAR B P RE R A 55 R ORI 1 o DN
s, LB R4 A %R . 7E Block-FFBP Bk, % mFHEETHEERIRS
B BREE TN, MERFES, REETHEMEERRAX (5.8) REN. A4
T VA TR PR B e 4 A ISR BE B DR T SRR, BB BRI
222 R SEANE 0 B R IR RN, IF A B BT 4G B RS T R S O AR AT
XT |

RS, RA “F Y FABAE BiSAR #, FE®EN 8km, TILE
BB A 400m, BURF & MIIEIEE Y S00m, KA ZRFELIRETHEAE. EERM
Hep, HAmBERN 4 2 64 MEMROAENS T £ BHE, BREAFESR
W% T R . YEEE RS R E 3000 . B5.5(a) R (b) £ AIRR TN
E B8 1) 5 L e 0 B8 4% AR T I BE B TR ZRE R A A B AL, WEH B,
HTHERERS R, EAEESTHEIRERD. NN, ERGLEHET, #Oa8E
RIBREIEN . ZRBEAARE S, BT ERERDRENNRES, Bk, H/b
FR) B 85 1 i R R 4

Average range error {m] X

0

(a (b)

B 5.5 ARAHERH AR EREZENE®E () ARKESHERE; (b) AR
[ R R

Figure 5.5 Simulation of slant range error caused by different numbers of pivots and (a)

range swaths and (b) azimuth swath.
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Figure 5.6 Focusing results of the synthesized distributed scene. Processing result with (a)
BP, (b) MoBulk-FFBP, (c) FFBP, (d) Block-FFBP and (¢) BiBulk-FFBP for

azimuth-invariant bistatic SAR geometry.
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Figure 5.7 Monostatic spotlight image processed using MoBulk-FBP. (a) The monostatic
spotlight image; (b) the optical image of the imaging area from Google Earth
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Table 5.2 Spaceborne/stationary bistatic SAR simulation parameters

¥ fE
AN (GHz) 9.6
#:% (MHz) 150
FHRER (MHZ) 180
PRF (Hz) 8000
A RALERTTE (s) 1.27
REFHILET L (km) | (0, 400, 692.8203)
RS ERHLE (m) (0, 0, 533)
[y LA E (m) (0, 0, 533)
VA S EARLE (m) | (—320, —9216, 0)

@ (®)
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Figure 5.8 Focusing result of point targets. The result is processed with (a) BiBulk-FFBP

and (b) SFBP
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Figure 5.9 Extended target contours. The result is processed with (a) BiBulk-FFBP and
(b) SFBP

106



5 2 X SAR P IR G AL IR

1 16"9'.47.87"13 116'11'6.72"E 116'12'25.31"E
1

39°56'49.61"N
1
i
39'56'49.61"N

39'66'16.20"N
I
30'56'16.20"N

30'55'43.88"N
39°55'43.88"N

4] 260520
C————
meters

L]
11612'25.31"E

& 5.10 £33 HiFmALH ST X SShiSAR HER AL R
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used for demonstrating the focusing performance
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Figure 5.11 Time cost of BiBulk-FFBP in different executing environments. Stages 1-4
represent the factorization step, and Stage 5 is the subsequent focusing with BP. (MT:
multi-thread; ST: single-thread).
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Figure 5.12 subaperture summation
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Figure 6.1 Spaceborne bi-and-multi-static SAR systems
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