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Abstract

We proposea fast algorithm for far-field SARimag-
ing basedon a new fast badk-projection algorithm devel-
opedfor tomayraphy We also modify the algorithm for
the nearfield scenario. Thefastbadk-projectionalgorithm
for SARhascomputationacompleity O(N?logN). Com-
paredto traditional FFT-basedmethodspur new algorithm
haspotentialadvantayes: the new algorithmdoesnot need
frequency-domairinterpolation, which becomescomple
for the wide-anglecase; the new appmad is applicable
to the nearfield scenario,taking into accountwavefont
curvature; andthe badk-projectionalgorithm canbe easily
adaptedo parallel computingarchitectues.For somesce-
narios of interest,the computationakostof the new bad-
projectionapproad is similar to or lessthanthat for FFT-
basedalgorithms.

1. Intr oduction

Our approachHor SAR imagingis motivatedby the re-
cently proposedastback-projectioralgorithmsin tomog-
raphy[1][2]. In spotlight-modeSAR, the physicalantenna
is steeredo illuminatethe sameterrainareawhile theradar
platform is moving alongthe flight path. Munsonet. al.
connectedpotlight-modeSAR andcomputeraidedtomog-
raphy(CAT) in 1983[3]. In their paper it wasshown that
in thefarfield scenariospotlight-modeSAR imagingis es-
sentially a narrov-bandversionof CAT. After quadrature
demodulation,the SAR return signalsare approximately
samplesof 1-D Fourier transformsof projectionsof the
scenepatch, which are also are polargrid samplesof the
2-D FT of the scene. Thus, the filtered back-projection
method,which originatedin tomography can be usedto
reconstructa SAR image. The disadwantageof this inver-
sionalgorithmis its computationakxpense Foran N x N
image,back-projectiorhasO(N?) compleity. Traditional
SAR imaging is FFT-based. With that method,the 2-D
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polar grid FFT dataarefirst interpolatedonto a Cartesian
grid andthe scends reconstructedby a simpleinverse2-D
FFT. This methodis not applicablein the nearfield sce-
nario, sincethe plane-vave assumptiorbreaksdown and
wavefront curvaturemustbe taken into account. Another
difficulty of the FFT-basedmethodis thatinterpolationer-
rorsin the frequeng-domaincauseerror propagatiorover
the entire image, which could be a problemwith a wide
data collection angle. It has beenproved that polarto-
Cartesiarninterpolationusinga 2-D periodicsinc-kernelin-
terpolatorwith Jacobianweighting followed by a 2-D in-
verseFFT is equivalentto the filtered back-projectional-
gorithm[4]. A standardmplementatiorof this interpola-
tor would have compleity O(N*) for an N x N image.
The FBP algorithmis a fastway of implementingthe in-
terpolationfollowed by an inverseFFT. A more sophisti-
catedalgorithm;the w — & algorithm[5][6], accountsfor
wavefrontcurvature,but it still requiresfrequeng-domain
interpolation,referredto as“Stolt interpolation”. The fil-
tered back-projectionalgorithm potentially eliminatesall
the above problems: it avoids frequeng-domaininterpo-
lation, it can be modified for the nearfield scenario;fur-
thermore |t is compatiblewith largervariety of auto-focus
algorithmsandit is easilyadaptedo parallelcomputingar-
chitecturesBack-projectiorin SAR would hold promiseif
its computationatomplexity couldbedecreasetb thatof a
2-D FFT. We proposesucha fastback-projectioralgorithm
in this paper

In Section2 we review recently proposedfast back-
projection algorithm in CT and SAR. In Section3 we
presentthe algorithm we have developedfor SAR image
formationin thefar-field scenarioandshav somesimula-
tion results. In Section4 we briefly describethe modified
fastalgorithmfor thenearfield scenario@ndpresensimu-
lations.

2 Review of fast algorithms

Boag and Breslerhave proposeda novel fastreprojec-
tion algorithm[1] in tomography Reprojectionmeansto



obtain a set of parallel beam projectionsat view angles
0; € [0,w),i =1,--- P givena2-Dimage[7]. Directalgo-
rithmsfor reprojectionrequireO(N?) operationgo gener
ate NV projectionsfor an N x N image. The fastreprojec-
tion algorithmproposedn [1] utilizestheangulatbandlimit
propertyof the sinogram[8][9]. Let f(r,0) bethe projec-
tion function (Radontransform)of image g(z, y) in vari-
ablesr andf, and F'(w,., wg) beits 2-D Fouriertransform.
F(w,,ws) is aline spectrumin 6 since f(r, #) is periodic
with respecto 6. Theangularbandlimitpropertystates:

Theorem1 If f(r,0) is supportedin |r|] < R and
F(w,,wy) essentially vanishesfor |w.| > B,, then
F(w,,wy) essentiallwanishedor |wg| > [RB,] + 1.

Thisimpliesthatfor asubimageof half size,asin Fig. 1,
the angularfrequeng supportis halved, and hencethe
Nyquist samplingratein 6 is also halved. Therefore,to
calculate P projectionsof the subimagesit is enoughto
calculatehalf the numberof projectionsandthenangularly
interpolatehemto P angles.Reprojectiorof thewholeim-
ageis simply ashiftedsummatiorof thereprojectionof the
subimage$7][10]. Recursvely usingthedomaindecompo-
sition,thecomputationatequirementfor fastreprojectioris
O(N?%log N).

subimage

original image
Figure 1. Original image and its subima ges.

BasuandBreslerfurtherproposedfastback-projection
algorithm[2][11] basedon the fastreprojectionalgorithm.
Theirideais: sincethe back-projectioroperatoris the ad-
joint operatorof reprojection,the reprojectionprocesscan
be inverted by its adjoint operatorto obtain a fast back-
projectionalgorithm with the sameapproximationerrors.
Thefasthierarchicaback-projectiorof P projectionscon-
sistsof several steps:shift andtruncatethe projectiondata
of the original imageto correspondo the datafor eachof
the subimagesangularlyfilter anddecimatethe projection
datato yield four setsof § projections,and back-project
thereducedhumberof filtered projectionsto obtainsubim-
ages.Thereconstructednageis formedby combiningall
the subimages The algorithmhasO(N?log N) complex-
ity whenappliedrecursvely. Earlier, McCorkle proposeda

fastalgorithm[12] with a similar approachbut resultingin
largererrors.

3 Fastalgorithm in far-field SAR scenario

In aspotlightmodeSAR, theradaris assumedo illumi-
natethe samescenepatchwhile transmittinga sequencef
pulsesalongtheflight path. The following assumptionare
madein the imaging procedure:first, we ignore the radar
heighth by settingh = 0. Secondthe standardstop-and-
go modelof radarmotionis assumedThis is agoodmodel
in practice,sincethe velocity of the airplaneis neglectable
comparedo the velocity of light. Let theradartransmita
linear FM chirp pulseRe{s(¢)}, with

. 2
s(t) = { Ittt il < 5 (1)

0 otherwise

wherewy is theRF carrierfrequeny and2« is the FM rate.
In the farfield SAR scenario after quadraturedemodula-
tion, thereturnsignalscanbe approximatedis1-D FTs of

projectionsof the terrainpatch[3][13]. SeeFig. 2 for the
typical farfield SAR dataregion. Eachsolid line in the
figure representcomplex datacollectedby one transmit-
ting andreceving process.Fromthe projection-slicetheo-
rem, the returndataarealsosamplesof the 2-D polargrid

Fouriertransformof thescenewhichallowsusto firstinter-

polatethepolargrid FT datato a Cartesian-gricandthen2-

D inverseFouriertransformto form theterrainimage. Sim-

ilar algorithms,called Fourier ReconstructiorAlgorithms,

arealsousedin tomography[14]-[16]. The FFT-basedal-

gorithmsare fastto implement,and under somecircum-

stancesthe datacollectionangled in Fig. 2 is quite small

(e.g. 3°) suchthatthe polargrid datais alreadyvery close
to Cartesian.The FFT-basedalgorithm canbe accuraten

this case,evenwith a simpleinterpolator As the viewing

angleincreasesthe performanceof FFT-basedalgorithms
canbedisappointingunlessa very high quality interpolator
isused17]. Back-projectioralgorithmsarerelatively unaf-

fectedby interpolationsinceno interpolationin the Fourier

domainis required.

In this section,we first modify the fastback-projection
algorithmto fit the far-field SAR scenarioandthencom-
pareit with the FFT-basedalgorithmusingsimulateddata.

SAR dataare frequeng-offset Fourier datacenteredat
frequeny 2% [3]. To modify the fastback-projectioral-
gorithmto fit this scenario the interpolationsalong radial
directionsshouldbe adaptedto be bandpassignalinter-
polations,while the projectionsareall assumedo be low-
passsignalsin CT images. Furthermore sinceonly one-
sidedFourierdataareknown, theinterpolatorsaarecomplex-
valued.The modifiedalgorithmcanbe simply describedas
follows:
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Figure 2. Far-field SAR data in 2-D FT domain.

1. Movethefrequeng-offsetFourierdatato be centered
atzero,andapplyinverseFFT to obtainlow-passver-
sionof projections.

2. Shift and truncatethe projectionsto correspondto
smallsubimages.

3. Low-passinterpolatethe projectionsin the radial di-
rectionto obtainnew radialsamplesModulateall the

2wg +

projectiongby e 7 ~¢

4. Interpolateand decimatethe modulateddatato form
half the numberof projections.

5. Back-projectalong straight lines (approximationin
farfield scenario)f in thelaststepof recursion.Oth-
erwise Multiply theprojectionsby e’ 2ot andgo back
to step2.

3.1 Simulation resultsfor far-field scenario

We testedthe fast algorithm with simulateddata and
comparedheresultswith andanFFT-basedalgorithm.The
basicsimulationparameterareasfollows:

e Centerfrequeng: 10'° Hz. Datacollectionangle:3°.
e Samerangeandcross-rangeesolutions.

e Knowndata:2N x 2N (anglex frequeng) with image
sizeN.

o Distancebetweertheflight pathandthe centerof the
imageis 100timestheimagesize.

The datacollection angleswere assumedo be uniformly
distributed. The scenewas simply four point targetswith
the samereflectvity magnitudes. Sincethe targetswere
far from the flight path, the data were treated as sam-
ples of the 2-D Fourier transformof the scene. The in-
terpolationkernelsin the FFT-basedmethodwere separa-
ble with Hamming-sinanterpolatorsin onedirection,and
simplelinearinterpolationin the otherdirection,sincedata

in the angulardirection was nonuniform. We first useda
Hamming-sindnterpolatorof length 8 in the FFT method
and comparedwith our fastback-projectionalgorithm for
differentimagesizes.The CPUtime (in seconds)s shavn
in Tablel. Fromthetable,we seethatfor differentimage
sizes the costof thefastback-projectioralgorithmandthe
costof the FFT methodareof the sameorderwith theratio
of the costsconstant.The fastalgorithmis about10 times
fasterthanthe exact FBP algorithmfor a512 x 512 image
andis morethan 20 timesfasterthanthe exact FBP for a
2048 x 2048 image.

Table 1. Comparison of CPU time of IFFT and
fast back-projection methods

Time\ Size| 128 | 256 512 1024 | 2048
IFFT 134 | 6.16 | 29.63 | 1545 | 866.7
FastFBP 9.18 | 41.9 | 186.8 | 828.1| 3635
ExactFBP | 28.40| 222.9| 1778.9| 14486 | 87033

To do a moremeaningfulcomparisonwe increasedhe
lengthof Hamming-sindnterpolatorin the FFT methodto
malkethetwo algorithmshave thesamecomputationatime.
We shaw thereconstructednagesof size128 in Figs.3and
4. Both methodswork very well in the far-field scenario
with similarimagequality.

4 Near-field SAR imaging

In thenearfield scenariowavefrontcurvaturecannotbe
neglected.We have proventhatthehalf-sizehalf-bandwidth
(of the flight path) property holds asymptoticallyin the
nearfield case,so that the fastalgorithm can be modified
to fit the nearfield situation by doing the filtered back-
projectiononcurves. Thatwill bethetopicof aforthcoming
paper Here,wewill shav somesimulationresultsto verify
thefeasibility of ouralgorithm.

Wefirst ranthesimulationsonthepointtargetsunderthe
sameassumptionsexceptthe distancebetweenthe flight
pathandthe scenewasnow setto be 10 timesthe image
size. We assumedhatthe pulsetransmissiorpointsalong
the flight pathwere uniform, ratherthan using uniformly-
spacedangles.In the FFT method,we used2-D separable
Hamming-sindnterpolationwith the samefilter lengthin
eachdirection. Theinterpolatorlengthwassetto make the
two methodshave the samecomputationatime. As shavn
in Figs.5 and 6, the point targetsreconstructedrom the
FFT methodcausedblurring due to the wavefront curva-
ture, but the fastback-projectionalgorithmresult was not
affected.



Far—field case: d = 100 imgsize, IFFT method, angle = 3.0°
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Figure 3. Far-field SAR image reconstruction
using the FFT method with viewing angle 3°.

Far-field case: d = 100 imgsize, fast algorithm with holdoff 1, angle = 3.0°
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Figure 4. Far-field SAR image reconstruction
using back-projection with viewing angle 3°.

We alsoperformeda simulationfor amore complicated
scenewith four rings, eachhaving the samennerandouter
radiusand centeredat the four pointsappearedn the far
field simulation.The magnitude®f thereflectvities onthe
ring weresetto be constantandthe phaseaveresimulated
asrandom18]. Thedistancebetweertheflight pathandthe
scenevasassumedo bethesameastheimagesize.Thein-
tegrationanglewasfrom —27° to 27°. We show theresults
of usingthe FFT-basednethodandour modifiedfastback-
projectionalgorithm. As illustratedin Figs. 7 and 8, the
imageproducedby the FFT methodhaspoor quality with
smearedndshiftedrings,while thefastback-projectioral-
gorithmformedexcellentimageswith the sameCPU cost.

Near-field case: d = 10 imgsize, IFFT method, angle = 3.0°
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Figure 5. Near-field SAR image reconstruc-
tion using the FFT method with viewing angle
3°.

Near-field case: d = 10 imgsize, fast algorithm with holdoff 1, angle = 3.0°
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Figure 6. Near-field SAR image reconstruc-
tion using back-projection with viewing angle
3.

5 Conclusion

In this paper we proposeda fastback-projectioralgo-
rithm for thefar-field scenariowhichis a modificationof a
newly proposedastback-projectioralgorithmin computer
tomography Our algorithmhasthe sameorderof compu-
tationalcostasthat of FFT-basedalgorithms. The quality
of reconstructedmagefor thenearfield scenariausingfast
back-projectiorcanbe bettercomparedo that of the FFT
methodwhile having the sameCPU cost.



Near—field case: d = 1 imgsize, IFFT method, angle = 54.0°
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Figure 7. Near-field SAR image reconstruc-
tion using the FFT method with viewing angle
54°.

Near-field case: d = 1 imgsize, fast algorithm with holdoff 1, angle = 54.0°
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Figure 8. Near-field SAR image reconstruc-
tion using back-projection with viewing angle
54°.
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