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ABSTRACT
Thispaperpresentsamethodwherebytherangeresolutionof multi-
frequency-bandSAR systemscanbe enhanced.If multiple signals
arecoherentandcover disjoint frequency bands,they canbe com-
binedinto asinglesignalwhichcanbeprocessedusingslightly mod-
i�ed SAR processingalgorithms,resultingin animagewith a range
resolutionenhancedby thesumof theconstituentbandwidths.

Index Terms— syntheticapertureradar, radarsignalprocess-
ing, radarresolution,imageenhancement

1. INTR ODUCTION

SyntheticApertureRadar(SAR)hasprovenusefulin many applica-
tions, including reconnaissance,surveillance,mapping,changede-
tection,andenvironmentalstudies.Theuseof multiple frequencies
with highresolutionaugmentstheutility of SARin eachof theseap-
plications. Advancesin SAR areconsistentlyopeningpossibilities
for morecapableSAR systems,with �ner resolutionandmultiple
frequencies.Rangeresolutionis a key performanceparametercon-
stantlybeingimproved uponto obtainbetterandmoreusefulSAR
images.The resolutionis dependenton thebandwidthof the radar
chirpaccordingto theequation

� R = c=(2 � B W ) (1)

where� R is therangeresolution,c is thespeedof light, andB W
is thechirpbandwidth.

Obtainingincreasedbandwidthis dif�cult, especiallyat lower
frequencies,dueto a numberof factors:

1. Many bandsof thefrequency spectrumareprotectedandSAR
operationis prohibitedin thosebands[1].

2. Radarhardware, including power ampli�ers and antennas,
is designedto operateat speci�c frequencies,andvery high
bandwidthhardwareis expensive.

3. Eachincreasein bandwidthincreasesthesamplinganddata
storagerequirements.

Multi-bandoperationoffers a methodto sidestepsomeof theseis-
sueswhile increasingthebandwidth,thusimproving theresolution.
This paperconsidersan approachto coherentlycombinetwo (or
more)differentfrequency channelsinto asinglesignal,whichcanbe
processedwith slightly modi�ed processingalgorithms.Combining
multiplepulsesto improve rangeresolutionis notanew idea.Algo-
rithmsfor stepped-frequency SARhave beenin usefor many years.
This paperextendsthe work doneby RichardLord et al. [2, 3, 4].
Many of the restrictionspreviously placedon combiningmultiple
chirpsare greatly relaxed in the algorithmproposedin this paper.
Notably, therequirementsof overlappingbands[4], identicalband-
widths,pulsewidths,andchirp rates[3], andtherequirementof the
timeshift beinganintegernumberof samples[3] donotapply.

A systemutilizing multi-bandoperationto providealargeband-
width, evenwhentraditionaldesignlimits prohibit suchanarrange-
ment,wouldproveextremelyuseful.Thispapersetsforth thetheory
thatmakessucha systempossibleandpresentsa SAR system,the
SlimSAR,thathasbeendesignedto becapableof demonstratingthis
ability.

Section2 presentsthe theoryof coherentmulti-bandresolution
enhancement,demonstratingeachstep with simulatedSAR data.
TheSlimSARis presentedin Section3, andresultsfrom SAR data
collectedwith a precursorsystemareshown in Section4.

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

Rangecompressionin SAR is achevied throughmatched�ltering.
A radarchirp is compressed,giving a target responsewith resolu-
tion measuredat the3 dB point. Theresolutionis determinedby the
bandwidthof thesignal,asin Eq.1. This sectionpresentsa general
developmentfor how two (or more)separate,but coherent,signals
spanningdisjoint frequency bands,canbecombinedto give a reso-
lution dependenton thesumof thebandwidths,asin Fig. 2.

� R2 = c=(2 � (B W1 + B W2)) (2)

Two separateSAR signalsaretransmittedwith centerfrequen-
ciesf 1 andf 2 , andpossiblydifferenttimes,� 1 and� 2 ,

s1(� ) = w1 (� � � 1) � cos
�
2� f 1 � + � K r 1 (� � � 1)2 �

(3)

s2(� ) = w2 (� � � 2) � cos
�
2� f 2 � + � K r 2 (� � � 2)2 �

(4)

where� is fasttime, K r n is thechirp ratefor eachpulse,wn is the
window thatde�nesthechirp length,and� n is thedelayto thetrans-
mit of eachchirp. Thesesignalsarerepresentedat theleft of Fig. 1.
Thegoal is to shift the two signalsin time andfrequency, ason the
right of Fig. 1, suchthat when coherentlycombined,rangecom-
pressioncanbeperformedusingconventionalmethods,resultingin
improvedresolutionof thetargetin theimage.

Thesesignalsreturn to the radarafter re�ecting off a target at
rangeR0 ,
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sr 2(� ) = A 2 � w2
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whereA n is thesignalamplitude,which mayvary for differentfre-
quency bands.



Thesignalsarequadrature-demodulatedby cos(2� f n � ) yield-
ing thephases
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whereR(� ) is therangeto targetwhich changeswith slow time � .
We take the rangeFourier transformof eachsignal individu-

ally. This is doneusingtheprincipleof stationaryphase(POSP)in
performingtheFourierintegration,computedby subtracting2� f � �
from Eq. (7) (wheref � is rangefrequency),
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Take thederivative with respectto �
d� 0r
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Substituteinto Eq. (9) andsimplify to get thesignalafter therange
Fouriertransformof thesignal.
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Thetimedelaydifferenceis eliminatedusingatimeshift,which
in thefrequency domainis a complex sinusoidalmultiply

H t 1 = ej 2� f � ( � 1 + t p 1 =2) (14)

H t 2 = ej 2� f � ( � 2 � t p 2 =2) (15)

which leavesus with two temporallyregistered,standardSAR sig-
nals. In additionto the time delay, we shift eachsignalby half the
pulselengthtpn =2 sothatthezerofrequency pointswill line up af-
ter the frequency shift in thenext step. If eachsignalis sampledat
Nyquist,asin ourexample,we canarti�cially increasethefast-time
samplerateby zeropaddingin thefrequency domain.

The signalsare shifted in frequency suchthat the bandwidths
occupy non-overlappingregionsof thefrequency supportband.This
is donein the time domain, thus an inverseFFT is computedfor
eachsignal.Thesignalsarethenshiftedin frequency by a complex
sinusoidalmultiply in the time domain,for our examplethis shift
wouldbe

H f 1 = e� j � B W 1 � (16)

H f 2 = e+ j � B W 2 � (17)

The two signalsaresummedtogetherinto a singlesignal. The
dif�culty in processingthedatanow lies in thefactthattheDoppler
chirp usedfor azimuthcompressionis dependenton the effective
mixdown frequency of eachindividual frequency. For our two sig-
nals, the combinedazimuthchirp is the sum of the individual az-
imuth chirpsdependenton the two effective mixdown frequencies
f 1 + B W1 and f 2 � B W 2. In the Omega-K algorithm the az-
imuth compressionis done in the two-dimensionalfrequency do-
mainwherethetwo signalshave no overlapmakingit easyto apply

the appropriatecompressionto eachband. Alternatively, the time-
domainbackprojectioncalculatesthe expectedphasefrom a given
target in orderto focusthe image. Whentwo signalsaresummed,
theexpectedphaseis calculatedfrom thesumof thesignals.These
aretwo optionsavailableto usfor focusingtheimage.

Usingsimulateddataof two point targets,separatedby 0.75me-
tersin slantrange,themethoddevelopedin this sectionis tested.A
comparisonbetweenimagesformedfrom a single250 MHz band-
width signalwith a centerfrequency of 36 GHz, a single500MHz
bandwidthsignalat36GHz,andtwo coherentlycombined250MHz
bandwidthsignalsat36GHzand46GHz,is shown in Fig. 3. While
thetwo targetsarenot distinguishablein thesingle250MHz band-
width image,they areeasilyvisible in boththe500MHz imageand
thecoherentlycombinedtwo signalimage.

Thismethodeasilylendsitself to situationswheretheradarchirp
hasto skip a frequency bandandwhenhardwareconstraintsmake
large bandwidthsystemsimpractical. Becauseeachsignal stream
can be recordedseparately, it sidestepssomeof the samplingand
storagerequirementsthatgreatlycontributeto thedif�cultly andex-
penseof largebandwidthsystems.

3. THE SLIMSAR SYSTEM
The SlimSAR is a new advancementin high-performance,small,
low-cost, SAR. Using a uniquedesignmethodologythat extends
the work from previous successfulsystems,suchas the NuSAR-
B systempresentedin [5], the �e xible SlimSAR useslesspower
andis madesmaller, lighter, andmorecapableby usingtechniques
and technologydevelopedfor the MicroASAR in [6]. This com-
pactdesignis facilitatedby theuseof a linear-frequency-modulated
continuous-wave (LFM-CW) signal,which allows us to achieve a
high signal-to-noiseratio while transmittingwith lesspower. A de-
layedmix-down chirp is usedto sidesteptheusualswath-widthlim-
itationsthataccompany LFM-CW operation.

The �e xible control software allows us to changethe radar
parametersin �ight. The coreL-bandunit is connectedto an up-
converter to work at X-band,or any otherdesiredfrequency band.
The bandwidthis 660 MHz, giving a resolutionof 23 cm. The
systemis designedwith a built-in high quality GPS/IMU motion
measurementsolution (for motion compensationand image geo-
location),a small datalink, anda gimbal for the X-bandantennas.
Including all this, the entire systemweighs less than 20 lbs and
consumeslessthan150Watts,makingis very suitablefor useon a
numberof smallunmannedaircraftsystems.

Like its predecessor, the SlimSAR operatesat multiple band-
widths.Theability tooperateatL-bandandtwo separateX-bandssi-
multaneouslymakesit suitablefor testingcoherentmulti-bandreso-
lution enhancement.Thetwo X-bandscoverthefrequencies8.9546-
9.6146GHz and9.934-10.594GHz. Most targetswill have similar
returnsfrom both X-bands,makingresolutionenhancementeasier.
Theadditionof signalreturnsatL-bandallow usto experimentwith
combiningthereturnsfrom widelydisparatefrequencies,overwhich
thetargetsin thescenemayhave quitedifferentcharacteristics.

4. SAR IMA GES
With SlimSAR datanot yet available,multiple bandwidthsof dis-
joint frequenciesaresynthesizedfrom X-bandNuSAR-Bdata.The
500MHz signalis decomposedinto 125MHz chunksandtheouter
two sub-bands(with a 250MHz gap)aretreatedasseparatesignals.
Thetwo bandwidthsareshiftedandcombined,asdescribedin Sec-
tion 2, to form a singleimagewith a bandwidthof 250MHz. The
resultsshowing improved rangeresolutionin the coherentlycom-
binedSAR imageareseenin Figs.4 and5.



Fig. 1. Two coherentSARpulsesat differentcenterfrequencies(shown without thecarrier)aretransmittedat times� 1 and� 2 (left). In order
to coherentlycombinethetwo signalsto increasethetotal bandwidth,thesignalsmustbeshiftedin time andfrequency suchthatthetiming
differenceis removed,thezerofrequency pointsof thesignalsline up,andthesignalsspanseparatemixed-down frequency bands(right).
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Fig. 2. A simulatedpoint targetis range-compressedwith a single250MHz bandwidthsignal(left) andtwo coherentlycombined250MHz
bandwidthsignals(right). Themeasuredresolutionof thesinglebandimageon theleft is 57.15cm while thatof thedoublebandimageon
theright is 28.53cm.

Fig. 3. Fully compressedsimulatedSAR imagesof two point targetsseparatedby 0.75m in slantrange.Theleftmostimageis of single250
MHz bandwidthdatawith a centerfrequency of 36 GHz. Theresolutionis 60 cm which is not suf�cient to clearlyseparatethetwo targets.
Thecenterimageis from singlebandwidthdatawith a resolutionof 30 cm at 36 GHz. Theimageat right is formedfrom two separate250
MHz bandwidths,at 36 GHz and46 GHz, which combineto give an effective bandwidthof 500MHz. The two targetsareclearlyvisible
in the rightmosttwo images,showing that coherentmulti-bandresolutionenhancementperformssimilarly to singlebanddataof the same
bandwidth.Thedatais oversampledin theazimuthdirection,visuallystretchingthetargets.Theazimuthresolutionis measuredat16 cm.

5. CONCLUSION

This papershows that, given certainconstraints,multi-frequency-
bandSARsignalscanbecombinedto improverangeresolution.The
signalsmustbecoherent,thoughthetiming betweensignalscanbe
any reasonableknown valuewherethetargetis temporallycoherent.
Theresolutionimprovementisachievedbycombiningthebandwiths
to form a largersinglebandwidth,thus,for maximumenhancement,
the frequency bandsmust be disjoint. It is also assumedthat the

target is coherentover the multiple frequency bands.This method
canbe usedto increasethe bandwidthgiven hardwareconstraints,
asan alternative to commonnotchedchirp approachesto keep-out
bands,and to explore the phenomenologyof combiningreturnsat
disparatefrequencies.



Fig. 4. A 500MHz bandwidthNuSAR-Bimageof anagriculturalareanearBrighamCity, Utah. This SAR datais separatedinto two data
setsof 125MHz bandwidtheach,disjoint in frequency with a 250MHz gap. Thesetwo bandsareusedto demonstratethe techniquesset
forth in this paper. Figure5 focusesin on theirrigationwheelline at thecenterof this image.
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Fig. 5. A circular�eld with a rotatingirrigationwheelline is shown in thetop row of images.Thebottomrow shows across-rangecutof the
third bright point from thecenterof thewheelline. The�rst columnshows theresultsfrom usingthefull 500MHz signal,where(e) shows
that thereareactuallytwo closelyspacedpoint targets. In (f) and(g) we seethat therangeresolutionis degradedsuchthat the two targets
appearasone.Thesignalsfrom (f) and(g) arecombinedusingthetechniquesin this paperto form theimagesin column(h), wherewe see
animprovementin rangeresolutionandwe begin to differentiatebetweenthetwo targets.
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