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ABSTRACT
This papempresenta methodwherebytherangeresolutionof multi-
frequeng-bandSAR systemscanbe enhancedIf multiple signals
arecoherentandcover disjoint frequeng bands,they canbe com-
binedinto asinglesignalwhich canbeprocessedsingslightly mod-
i ed SAR processinglgorithms resultingin animagewith arange
resolutionenhancedy the sumof the constituenbandwidths.

Index Terms— syntheticapertureradar radarsignal process-
ing, radarresolutionjmageenhancement

1. INTRODUCTION

SyntheticApertureRadar(SAR) hasprovenusefulin mary applica-

tions, including reconnaissanceuneillance, mapping,changede-

tection,andervironmentalstudies.The useof multiple frequencies
with highresolutionaugmentsheutility of SAR in eachof theseap-

plications. Advancesin SAR are consistentlyopeningpossibilities
for more capableSAR systemswith ner resolutionand multiple

frequenciesRangeresolutionis a key performanceparametercon-

stantlybeingimproved uponto obtainbetterand moreuseful SAR

images. The resolutionis dependenbn the bandwidthof the radar
chirpaccordingo theequation

R=c=(2 BW) 1)

where R is therangeresolution,c is the speedof light, andB W
is thechirp bandwidth.

Obtainingincreasedbandwidthis dif cult, especiallyat lower
frequenciesdueto a numberof factors:

1. Many band=f thefrequeng spectrumareprotectecandSAR
operationis prohibitedin thosebandq1].

2. Radarhardware, including pover ampli ers and antennas,
is designedo operateat speci ¢ frequenciesandvery high
bandwidthhardwareis expensve.

3. Eachincreasédn bandwidthincreaseshe samplinganddata
storagerequirements.

Multi-band operationoffers a methodto sidestepsomeof theseis-

sueswhile increasinghe bandwidth thusimproving the resolution.
This paperconsidersan approachto coherentlycombinetwo (or

more)differentfrequeng channels$nto asinglesignal,whichcanbe
processedvith slightly modi ed processinglgorithms.Combining
multiple pulsesto improve rangeresolutionis notanew idea. Algo-

rithmsfor stepped-frequepcSAR have beenin usefor mary years.
This paperextendsthe work doneby RichardLord etal. [2, 3, 4].

Mary of the restrictionspreviously placedon combining multiple
chirpsare greatlyrelaxed in the algorithm proposedn this paper
Notably the requirement®f overlappingbands[4], identicalband-
widths, pulsewidths,andchirp rates[3], andthe requiremenbf the
time shift beinganintegernumberof sampleg3] do notapply
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A systenutilizing multi-bandoperatiorto provide alargeband-
width, evenwhentraditionaldesignlimits prohibit suchanarrange-
ment,would prove extremelyuseful. This papersetsforth thetheory
that makes sucha systempossibleand presentsa SAR system the
SlimSAR,thathasbeendesignedo becapableof demonstratinghis
ability.

Section2 presentghe theoryof coherenmulti-bandresolution
enhancementgemonstratingeachstep with simulatedSAR data.
The SlimSARis presentedn Section3, andresultsfrom SAR data
collectedwith a precursoisystemareshavn in Sectiond.

2. THE THEORY OF COHERENT MULTI-B AND
RESOLUTION ENHANCEMENT

Rangecompressiorin SAR is ach&ied throughmatched Itering.
A radarchirp is compressedgiving a target responsewith resolu-
tion measureatthe3 dB point. Theresolutionis determinedy the
bandwidthof the signal,asin Eq. 1. This sectionpresents general
developmentfor how two (or more) separatebut coherentsignals
spanningdisjoint frequeng bands,canbe combinedto give areso-
lution dependentn the sumof the bandwidthsasin Fig. 2.

Rz = c=(2 (BW1+ BW>)) 2
Two separateSAR signalsaretransmittedwith centerfrequen-
ciesf; andf,, andpossiblydifferenttimes, 1 and 2,

s1( ) = wi( 1) cos 2 f1 + Kii( 1)2 ©))
s2( ) = wa( + Kz 2)2 4)

where s fasttime, K is thechirpratefor eachpulse,w, is the
window thatde nesthechirplength,and , is thedelayto thetrans-
mit of eachchirp. Thesesignalsarerepresentedttheleft of Fig. 1.
Thegoalis to shift the two signalsin time andfrequeng, ason the
right of Fig. 1, suchthat when coherentlycombined,rangecom-
pressiorcanbe performedusingcorventionalmethodsyresultingin
improved resolutionof thetamgetin theimage.

Thesesignalsreturnto the radarafter re ecting off atargetat
rangeRo,

2) cos 2 f,

sri( )= A1 wi 1 %
|
cos 2 fi R + K1 1 i) ’ (5)
c c
sr2( )= Az w2 2 %
|
cos 2 f, 2% + Kiz 2 2% 2 (6)

whereA,, is the signalamplitude which mayvary for differentfre-
gueng bands.



The signalsare quadrature-demodulatdxy cos(2 f, ) yield-
ing the phases

2

1( ): w+ Kr1 1 ZRé ) (7)
2

2( ): w+ K2 2 ZRé ) (8)

whereR () is therangeto targetwhich changewith slow time .

We take the rangeFourier transformof eachsignal individu-
ally. Thisis doneusingthe principle of stationaryphasgPOSP)in
performingthe Fourierintegration,computedoy subtracting? f
from Eq. (7) (wheref israngefrequeng),

4 1R 2R() °
o = fl() + Koy L é )" 2% (9
Take thederivative with respecto
d 2R
do':ZKrl 1 é) 2f =0 (10)
andsolwe for
- 1+‘°_+2RC() (12)

Substituteinto Eq. (9) and simplifg/ to getthe signalaftertherange
Fouriertransformof the signal.

w = wwﬁ )t 1+2Ré)+Kfrl
_ 4féR() KL,j“L 4fCR() 2§
_ 4 (f1+cf YR() KL: )t (12)
= 4 (f2+cf YR( ) Kf: 2t (13)

Thetime delaydifferenceis eliminatedusingatime shift, which
in thefrequeng domainis acomplec sinusoidaimultiply

ej2 f ( 1+tp1=2)

ej2f (2 lp2=2)

Hio =
Hi2 =

(14)
(15)

which leavesus with two temporallyregistered standardSAR sig-
nals. In additionto the time delay we shift eachsignalby half the
pulselengthtp, =2 sothatthe zerofrequeng pointswill line up af-
ter the frequeng shift in the next step. If eachsignalis sampledat
Nyquist,asin our example,we canarti cially increasehefast-time
samplerateby zeropaddingin thefrequeng domain.

The signalsare shiftedin frequenyg suchthat the bandwidths
occupy non-overlappingregionsof thefrequeng supportand.This
is donein the time domain, thus an inverseFFT is computedfor
eachsignal. The signalsarethenshiftedin frequeng by a comple
sinusoidalmultiply in the time domain,for our examplethis shift
would be

el BW1 (16)
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The two signalsare summediogetherinto a singlesignal. The
dif culty in processinghedatanow liesin thefactthatthe Doppler
chirp usedfor azimuth compressioris dependenbn the effective
mixdown frequeng of eachindividual frequeng. For our two sig-
nals, the combinedazimuthchirp is the sum of the individual az-
imuth chirps dependenbn the two effective mixdown frequencies
f1 + BW; andf, BW2. Inthe Omea-K algorithm the az-
imuth compressioris donein the two-dimensionalfrequeng do-
mainwherethetwo signalshave no overlapmakingit easyto apply

Hip =
Hi, = el BW2

the appropriatecompressiorio eachband. Alternatively, the time-
domainbackprojectioncalculateshe expectedphasefrom a given
targetin orderto focusthe image. Whentwo signalsare summed,
the expectedphasds calculatedrom the sumof the signals. These
aretwo optionsavailableto usfor focusingtheimage.

Usingsimulateddataof two pointtargets,separatethy 0.75me-
tersin slantrange the methoddevelopedin this sectionis tested.A
comparisorbetweenimagesformedfrom a single 250 MHz band-
width signalwith a centerfrequenyg of 36 GHz, a single500 MHz
bandwidthsignalat 36 GHz,andtwo coherently)combined250MHz
bandwidthsignalsat 36 GHz and46 GHz, is shavn in Fig. 3. While
thetwo targetsarenot distinguishablén the single250 MHz band-
width image,they areeasilyvisible in boththe 500MHz imageand
the coherentlycombinedwo signalimage.

Thismethodeasilylendsitselfto situationsvheretheradarchirp
hasto skip a frequeng bandandwhen hardware constraintamake
large bandwidthsystemsimpractical. Becausesachsignal stream
canbe recordedseparatelyit sidestepsomeof the samplingand
storagaequirementshatgreatlycontributeto thedif cultly andex-
penseof large bandwidthsystems.

3. THE SLIMSAR SYSTEM

The SIimSAR is a new advancementn high-performancesmall,
low-cost, SAR. Using a unique designmethodologythat extends
the work from previous successfubystems,such as the NUSAR-
B systempresentedn [5], the e xible SIImMSAR useslesspower
andis madesmaller lighter, andmorecapableby usingtechniques
and technologydevelopedfor the MicroASAR in [6]. This com-
pactdesignis facilitatedby the useof alinearfrequeng-modulated
continuous-wve (LFM-CW) signal, which allows usto achiee a
high signal-to-noiseaatio while transmittingwith lesspower. A de-
layedmix-down chirpis usedto sidestephe usualswath-widthlim-
itationsthataccompay LFM-CW operation.

The exible control software allows us to changethe radar
parametersn ight. The coreL-bandunit is connectedo an up-
corverterto work at X-band, or ary otherdesiredfrequeng band.
The bandwidthis 660 MHz, giving a resolutionof 23 cm. The
systemis designedwith a built-in high quality GPS/IMU motion
measuremensolution (for motion compensatiorand image geo-
location),a small datalink, anda gimbal for the X-bandantennas.
Including all this, the entire systemweighslessthan 20 Ibs and
consumedessthan 150 Watts, makingis very suitablefor useon a
numberof smallunmannedircraftsystems.

Like its predecessoithe SIIMSAR operatesat multiple band-
widths. Theability to operateatL-bandandtwo separateX-bandssi-
multaneouslymalesit suitablefor testingcoherenmulti-bandreso-
lution enhancemeniThetwo X-bandscoverthefrequencie8.9546-
9.6146GHz and9.934-10.5945Hz. Most targetswill have similar
returnsfrom both X-bands,makingresolutionenhancemergasier
Theadditionof signalreturnsat L-bandallow usto experimentwith
combiningthereturnsfrom widely disparatdrequenciesoverwhich
thetargetsin the scenemay have quite differentcharacteristics.

4. SARIMA GES

With SlimSAR datanot yet available, multiple bandwidthsof dis-
joint frequenciearesynthesizedrom X-bandNuSAR-Bdata.The
500 MHz signalis decomposethto 125MHz chunksandthe outer
two sub-bandgwith a250MHz gap)aretreatedasseparateignals.
Thetwo bandwidthsareshiftedandcombinedasdescribedn Sec-
tion 2, to form a singleimagewith a bandwidthof 250 MHz. The
resultsshaving improved rangeresolutionin the coherentlycom-
binedSAR imageareseenin Figs. 4 and5.
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Fig. 1. Two coherentSAR pulsesat differentcenterfrequenciegshavn
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withoutthe carrier)aretransmittecattimes 1 and , (left). In order
to coherentlycombinethe two signalsto increasehetotal bandwidth the signalsmustbe shiftedin time andfrequeng suchthatthetiming
differences removed, the zerofrequeng pointsof thesignalsline up, andthe signalsspanseparatenixed-davn frequeng bandgright).
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Fig. 2. A simulatedpoint targetis range-compressedslith a single250 MHz bandwidthsignal(left) andtwo coherentlycombined250 MHz
bandwidthsignals(right). The measuredesolutionof the singlebandimageon theleft is 57.15cm while that of the doublebandimageon

therightis 28.53cm.
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Fig. 3. Fully compressedimulatedSAR imagesof two pointtargetsseparatethy 0.75m in slantrange.Theleftmostimageis of single250
MHz bandwidthdatawith a centerfrequeng of 36 GHz. Theresolutionis 60 cm which is not sufcient to clearly separatehe two tamgets.
cm at 36 GHz. Theimageat right is formedfrom two separat50
MHz bandwidthsat 36 GHz and46 GHz, which combineto give an effective bandwidthof 500 MHz. The two tamgetsareclearly visible
in the rightmosttwo images,shaving that coherentmulti-bandresolutionenhancemerperformssimilarly to single banddataof the same
bandwidth.The datais oversampledn theazimuthdirection,visually stretchingthetargets.The azimuthresolutionis measureat 16 cm.

The centerimageis from single bandwidthdatawith a resolutionof 30

5. CONCLUSION

This papershaws that, given certain constraints multi-frequeng-
bandSAR signalscanbecombinedo improve rangeresolution.The
sighalsmustbe coherentthoughthetiming betweersignalscanbe
ary reasonabl&nown valuewherethetamgetis temporallycoherent.
Theresolutionmprovements achievedby combiningthebandwiths
to form alargersinglebandwidth thus,for maximumenhancement,
the frequeny bandsmustbe disjoint. It is also assumedhat the
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targetis coherentover the multiple frequeng bands. This method
canbe usedto increasethe bandwidthgiven hardware constraints,
asan alternatve to commonnotchedchirp approacheso keep-out
bands,andto explore the phenomenologyf combiningreturnsat

disparatdrequencies.




Fig. 4. A 500 MHz bandwidthNuSAR-Bimageof anagriculturalareanearBrighamCity, Utah. This SAR datais separatedhto two data
setsof 125 MHz bandwidtheach,disjoint in frequeng with a 250 MHz gap. Thesetwo bandsare usedto demonstratéhe techniqueset
forth in this paper Figure5 focusesn ontheirrigation wheelline atthe centerof thisimage.
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Fig. 5. A circular eld with arotatingirrigationwheelline is shavn in thetop row of images.Thebottomrow shawvs a cross-rangeut of the
third bright point from the centerof thewheelline. The rst columnshaws theresultsfrom usingthefull 500 MHz signal,where(e) shavs
thatthereareactuallytwo closelyspacedooint tamgets. In (f) and(g) we seethatthe rangeresolutionis degradedsuchthatthe two tamgets
appealasone. Thesignalsfrom (f) and(g) arecombinedusingthe techniquesn this paperto form theimagesin column(h), wherewe see
animprovementin rangeresolutionandwe begin to differentiatebetweerthetwo tamgets.
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