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Abstract—NASA/JPL has developed the on-board pro-
cessingelectronics for the Second-GenerationPrecipitation
Radar (PR-2)—a follow-on to the 14 and 36 GHz precipi-
tation radar aboard the Global Precipitation Measurement
(GPM) mission—to support advanced capabilities such as
adaptive scanningand compressionof rainfall sciencedata.
We describe the design and experimental performance of
the spaceborne PR-2 processor/controller module, which is
basedupon �eld-pr ogrammablegatearray (FPGA) technol-
ogy. Test results demonstrate a high timing ef�ciency of
about 90% for the adaptive scanand very low range side-
lobesof –75dB for the radar' s receiveprocessor.

I. INTRODUCTION

Advancedradartechnologyis soughtin the upcomingGlobal
PrecipitationMeasurement(GPM)constellationof earthobserv-
ing satellitesin orderto measurethedetailedstructureanddis-
tribution of rainfall. Oneinstrumentcurrentlybeingdeveloped
is theDual-Frequency PrecipitationRadar(DPR),aKu- andKa-
band(14and36GHz)sensorfrom theNationalSpaceDevelop-
mentAgency of Japan.DPRusesa conventionalphased-array/
pulsedradartechnologythathasbeeninheritedfrom theTropi-
cal Rainfall MeasuringMission(TRMM) [1]. While DPRis the
�rst satelliteinstrumentto offerhigherrainfall detectionsensitiv-
ity throughits 36 GHz channel,thekey observationcapabilities
of the radar—the5 km horizontalresolutionand250km swath
coverage—areessentiallythe sameas for the original TRMM
radar.

To truly make thegainsin spatialresolutionandswathwidth
that will be neededto observe rain down to the scaleof con-
vective cells, NASA/JPL is leading the developmentof some
breakthroughtechnologiesfor a Second-GenerationPrecipita-
tion Radar(PR-2), as a follow-on to GPM. In this paper, we
will cover our group's recentprogressin developingand test-
ing one particular aspectof the PR-2 design—theelectronic
on-boardprocessor/controllermodule. The designapproachis
to usehigh-density, radiation-tolerant�eld-programmablegate
arrays(FPGAs)to realizegreatercompressionof sciencedata

(throughadaptivescanningof therain target)andhigher�delity
imagingof the rain pro�les (throughvery high-throughputpro-
cessingof thereceivedradarechoes).

II. ADAPTIVELY SCANNING RADAR

A. Timing Solution
Becauserain tendsto besparselydistributedover largescales

( � 100 km), there has been an interest in developing adap-
tive scanningradarsystemsthat have the built-in intelligence
to auto-target areasof rain [2]. Adaptive scanningbecomes
all the more necessaryas the observation requirementsfor a
Second-GenerationPrecipitationRadarmove toward high hor-
izontal footprint resolutionsof 2 km andlargeswathwidthsex-
tendingup to 500km. Comparedto TRMM or to theprecipita-
tion radarobservationsplannedfor theGPM mission,thePR-2
representsan 8-fold increasein the numberof radarbeamlo-
cationsperswatharea(a 4-fold increasedueto resolutiondou-
bling anda 2-fold increasein swath width). Given the limited
dwell timeof a7 km/slow-earthorbitingsatellite,thetiming se-
quencefor interlacingthe transmitandreceive beamsbecomes
especiallycritical. The radarmust be able to selectively �ag
only thosebeamlocationsthathave scienti�cally valuablerain-
fall dataandthengenerateatransmit/receivetiming solutionthat
cancapturetheN � 60 or soindependentradarlooksneededto
accuratelyestimatethere�ectivity of eachrainbin.

We have developeda uniquetiming solutionfor theelectron-
ically scanningPR-2radarthat canauto-target rain having any
possiblespatialdistribution. Thescansequenceconsistsof: a lo-
catorsweepovertheentirecross-trackswathto roughlyestimate
the rainfall distribution; a bubble-sortalgorithmto rank beam
locationsfrom highestto lowestrainfall; anda high-resolution
sweepin which thecross-trackbeampositionswith thegreatest
rainfall areobservedovera muchlongerintegrationperiod.The
timing solutionis unlikethepredetermined,left-to-rightscanse-
quencesusedin conventionalradarssuchasTRMM thatmaynot
make themostef�cient useof theavailabledwell time. Theal-
gorithmfor thePR-2beginswith, asaninput,adesiredsequence
of beamlocations to be observed for either locator or high-



resolutionsweeps.The timing algorithmthencanbe posedas
acountingproblem:In whatordershouldthebeamsbecounted,
andhow shouldthepulse-repetitioninterval (PRI) bevaried,to
gatherthe largestpossiblenumberof independentradarlooks
from therain scene?Simultaneously, how canit be guaranteed
that thereareno collisionsbetweentheradar's transmitandre-
ceive intervals?Our timing solutionis basedon severalrulesto
meettheserequirements:

� Thereceive window length(theslantaltituderangefor the
rainscene)is heldconstantthroughoutthesweep.

� Thebeamsequencealwaysmovesfrom nadirto alternating
left and right sidesof the cross-trackscan—thatis, from
the shortestto longestrangedelaysto the target—sothat
theaveragePRI is monotonicallyincreasing.

� Thenumberof echoes-in-�ight(EIFs)is determinedby the
largestintegernumberof PRIsthatcan�t within theshort-
est(�rst) rangedelayof thescansequence;this EIF value
is heldconstantthroughoutthescan.

� The beamscanningorderis countedin an alternatingpat-
tern (e.g.,beamnumbers1 � 2 � 1 � 2 � 3 � 4 � 3 � 4 ������� ) so that the
satellitehastime to move laterally betweenechoes.This
ensuresthat multiple radarlooks of the samerain bin are
statisticallyindependent.

As will bediscussednext, theaboverulescanberealizedin digi-
tal circuitry to makearobustadaptivescanningcontrollerfor the
PR-2.

B. Control andTimingUnit (CTU)
Theadaptive scanningsolutionfor thePR-2hasbeenimple-

mentedonto a singleXilinx Virtex seriesFPGA,whosedesign
hasbeendescribedin detail in our previouswork [3]. This Con-
trol andTiming Unit (CTU) FPGA generatesthe transmitand
receive timing for theradarhardwareandcommandsthePR-2's
phased-arrayantennafor electronicsteeringof the beam. The
CTU �rmw are,written in theVerilog hardwaredescriptionlan-
guage,hasbeendesignedwith a customstatemachinearchitec-
ture,ratherthana microprocessorcore,in orderto respondwith
zerolatency to the largenumberof timing interrupts(up to 15–
20)associatedwith eachecho-in-�ight (EIF).

Over thelastyear, theCTU designhasbeenupgradedto sort
rain re�ectivities andadaptively scanover the full 500km, 250
beamswath. Newly written modulesincludethe logic for cal-
culatingthe optimumnumberof EIFs for an arbitraryscanse-
quence,a�oating-point accumulatorfor averaginglocatorsweep
echoes,anda driver for storingtheradarechoesto a solid-state
datarecorder. TheCTUdesigncurrentlysynthesizesto anequiv-
alentgatecountof 79� 000logic gates.

TheCTU wastestedover entireadaptive scancyclesto mea-
surethe timing ef�ciency of the radar—that is, the percentage
of the total sweeptime dedicatedto transmittinga pulseor re-
ceiving anecho.Verilogsimulationswererunwith severaltypes
of rain pro�les to testvarying levels of dif�culty for the auto-
targetingalgorithm:1) abestcasepro�le whereall heavy rain is

rain total scan timing
pro�le time (ms) ef�ciency (%)

worstcase 277� 5 82� 9
random 260� 0 88� 5
bestcase 245� 3 93� 7

Table1: Timing ef�ciency resultsfor theadaptive scanalgorithm.

locatednearthenadirdirection(i.e.,very little rangedelayvari-
ation); 2) a worst casepro�le in which thereis a small amount
of rain at nadirandtherestof therain is at theextremeleft and
right edgesof theswath (a largerangedelayvariationbetween
beams);and3) a randomcasewherethe rainfall is uniformly
distributedover theswath. Table1 lists thetiming ef�ciency re-
sults for the full 250 beamscan. The resultsindicatethat our
timing solutionfor the adaptive scanwill rangefrom 83–94%,
dependingonhow therain is distributed.(Ef�cienciesof 90%or
aboveareconsideredexcellent.)

The CTU testsdescribedabove wererun with about10% of
thebeams(24outof 250)selectedfor thehigh-resolutionsweep.
It shouldbe pointedout that this representsjust one of many
possiblesettingsfor the adaptive scan. Numericregisterswere
designedinto the FPGA so that the timing solutionparameters
couldeasilybechangedthroughsoftware.Currently, atimewin-
dow of 170msoutof 260msis availablefor thehigh resolution
sweep.Givena PRI of 200µsor morefor rainfall pro�ling, this
allows timeto sampleapproximately800echoesin hi-resmode.
Thenumberof independentechoeswasthereforesetto 32sothat
theproduct(24 beams� 32 looks = 768echoes)can�t within
thetimelimit. For comparison,consideraconventionalscanning
radarwith thesametotalavailabletimeof 260mspercross-track
scan.Thenumberof independentechoesthatcanbemeasuredis
then:total scantime	�
 totalnumberof beams� PRI��
 5 echoes.
It followsthatin ouradaptivescancon�gurationtestedwith 10%
auto-targetingcoverage,thenumberof independentradarlooks
improvesby a factor of 32	 5 � 6 � 4 comparedto a traditional
radar. Becauseof the built-in �e xibility of the CTU software
registers,it is easyfor thePR-2operationto beadjustedto make
tradeoffs betweenswathcoverageversusnumberof radarlooks,
dependingonthetypeof weatherbeingobservedandonrequire-
mentsfor therain rateretrieval algorithms.

III. DATA PROCESSOR

ThePR-2operatesasa linearFM chirp radarwhich mustcom-
pressthe received echoesinto complex-valuedpulseswith re-
spectto range. Our teamhasdevelopedand implementedthis
pulse-compressionoperationontotwo Virtex-1000DataProces-
sor FPGAsusinga bit-serialarchitecture[3]. Togetherthe two
FPGA partssimultaneouslyprocessfour receive channels(Ku-
andKa-band,co- andcross-polarizations)at a peakthroughput
rate of 40 � 109 ops/s. The techniquewas proven successful
aboardanairborneprototypeof thePR-2,lastdeployedin Jan-
uary2003for theAMSR-E(AdvancedMicrowaveScanningRa-
diometer)validationexperimentin Japan.In this campaign,the
radarcollectedthe �rst comprehensive setof precipitationdata



Figure1: Multi-parameter, dual-frequency (14and36GHz)rainfall datacollectedby theairborneversionof thePR-2FPGAprocessors.This500
km �ight line was�o wn on theNASA P-3Orion aircrafton January23,2003,over thePaci�c Ocean,eastof themain islandof Japan,aspartof
theAMSR-E validationexperiment.Graphsfrom top to bottomshow thealong-track(nadir) radarobservationsfor: co-polarizedrain re�ectivity
data,verticalDopplervelocitymeasurements,andlineardepolarizationratios.

at both14and36GHz bands(seeFig. 1).
New designfeatureswere addedto the spaceborneversion

of the DataProcessorto accommodateadaptive scanning.The
timing inputswererevisedto handlethe averagingof multiple
echoesin memorywith a staggeredbeamsequence.Also, the
�x ed-pointlogic for averagingechoeshasbeenreplacedwith a
32-bit �oating-point accumulatorto increasetheprocessor'sdy-
namicrange.

IV. TEST RESULTS FOR SPACEBORNE HARDWARE

Thephysicallayoutfor thePR-2processor/controllermoduleis
composedof a pair of multi-layerprintedcircuit boardsandan
aluminumchassis(seeFig. 2), both which have beenspecially
designedfor a spaceenvironment.Two mainaspectsof thede-
sign that increasethe reliability andsurvivability of the FPGA
hardware in spaceare: 1) con�guration memoryscrubbingto
recover from radiation-inducedlogic upsets;and2) thermalde-
signof thechassisfor conductivecoolingof theDataProcessor
FPGAs. The processor's operationhasbeensuccessfullycon-
�rmed in aseriesof thermalchambertestsoveranambienttem-
peraturerangeof � 20 to � 70 � C.

Fig. 3 shows the experimentsetupfor the PR-2 processor,
along with a PC-basedtest �xture to control andacquiredata
from the prototypeboards. The PC computerinterfacesto the
boardsvia a 32-channelNational InstrumentsData I/O (DIO)
card. Digital commandsaresentfrom the DIO cardto an on-
boardActel buscontrollerFPGA,programmedto convert these

Figure2: Space-gradechassiswith assembledprintedcircuit boards
for thePR-2processor/controller. Machinedheatsink blocksfor con-
ductive coolingof theFPGAball-gridarraypackages[inset].



(a) (b)

Figure3: Testsetupfor spacebornePR-2chassis.(a)Benchtoptesting
with boardsinterfacedto a PC computerwith LabView control soft-
ware.(b) Processorboards+ radarechosignalgeneratorin thethermal
chamber.

commandsinto localbustransactionsfor theVirtex FPGAs.We
developedagraphicaluserinterface(GUI) in theLabView visual
languageto provide the variouscontrolsandindicatorsneeded
for benchtopoperationof thePR-2processor. With thebenchtop
test �xture, entireadaptive scancyclescanbe run in real time
andmemorycontentsexaminedto verify theradarprocessorop-
eration.

A. Pulse-CompressedOutput
ThePR-2processorboardsweretestedin the thermalcham-

berin free-runningmodewith all four ADC inputchannelscon-
nectedto a custom-madesignal generator. This signal gener-
ator waveform is programmablethroughread-onlymemoryto
simulatethechirp radarresponseto a rain targetat offsetvideo
frequencies(after digitization of the received signalbut before
digital I/Q demodulation).Usingthechirp waveformgenerator,
theperformanceof theDataProcessor'spulsecompression�lter
canbeevaluated.Speci�cally, themostcritical �gure-of-merit is
therangesidelobelevel responseof theprocessor, astheseside-
lobesaffecthow well seasurfacecluttercanbesuppressedfrom
therain image.

The signalgeneratorwasprogrammedto simulatethe chirp
radarreturnfor light rain scatterersat 1, 2, and3 km altitudes
above the oceansurface. The returnpower from the rain cells
wassetto � 60dB below theoceanreturn,whichcorrespondsto
therain-to-surfacereturnratio for a 14 GHz TRMM-classradar
viewing a 1 mm/h rain rate at nadir [4]. Thesereturn echoes
werecomputedbasedonachirptransmitpulselengthof 51� 2 µs,
a bandwidthof 4 MHz, andwith a Hammingwindow taperto
achieve theoptimummatchwith the internalcoef�cients of the
DataProcessor'spulse-compression�lter . TheFPGAprocessors
werealsosetto averagethe radarreturnsamplesin rangeby a
factor of 2. At a 5 MHz basebandsamplingrate for the pro-
cessors,this rangeaveragingtranslatesinto a vertical sampling
interval of 60m perpixel.

Theresultantpulse-compressed,power detectedoutput,plot-
ted in Fig. 4, shows that the rain targetsaredetectabledirectly
above theoceaneven for very light rain ratesof 1 mm/h. Note
from thegraphthattherangesidelobelevelsfrom theoceanre-
�ection (the detectedpower betweenthe rain scatterers)extend
75 dB below theoceanreturn.This rangesidelobeperformance
in theFPGA processorenablesthePR-2to detectlight rainfall
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Figure 4: Pulse-compressedoutput recordedfrom the FPGA-based
DataProcessorduring thermalchambertesting. (Light rain targetsare
locatedat1, 2, and3 km above theoceansurface.)Very low rangeside-
lobesof � 75 dB from theseasurfaceclutter indicatea high detection
sensitivity for rain (down to a 1 mm/hrainfall rate).

condition chassis FPGAjunction
netload temperatureTJ

1) OneDataProcessorcon�gured 28� 1 W 35� 1� C
andrunningat full throughput

2) No DataProcessorscon�gured, 13� 3 W 27� 9� C
CTU con�guredandrunning

3) No FPGAscon�gured 12� 3 W 27� 9� C
(quiescentload)

Table2: Chassispower consumptionandDataProcessorFPGAtem-
peraturedataat25� C ambienttemperature.

with a high level of sensitivity, even in the presenceof high-
energy clutterfrom theseasurface.

B. PowerandThermalCharacteristics
During the free-runtestingof the PR-2 processor, measure-

mentsof the chassisload currentsandFPGA device tempera-
turesweremadeundera variety of con�guration conditionsto
infer thepower consumptionrating for eachchip. Table2 lists
thepowerconsumptiondataandFPGAtemperaturediodemea-
surementsat an ambienttemperatureTA � 25 � C for the cases
where:1) oneDataProcessorchip andtheCTU arecon�gured
andrunningat thefull throughputrateof 20 � 109 op/s;2) nei-
therDataProcessoris con�gured,but theCTU is con�guredand
runningfull sweepsequences;and3) noneof theVirtex FPGAs
arecon�gured.

FromTable2, theDataProcessorpower consumptioncanbe
calculatedasthedifferencein net chassispowersbetweencon-
ditions(1) and(2) (PDP � 14� 8 W perFPGAchip). Likewisefor
theCTU chip,thepowerconsumptionis estimatedat1 � 0 W, i.e.,
thepower differencebetweenconditions(2) and(3). The junc-
tion temperatureof the DataProcessorFPGA is inferred from
voltagemeasurementsof an internaldiodethat hasa tempera-
ture coef�cient of � 1 � 38mV/ � C. At full throughputandanair



DataProcessorpower PDP �

14� 8 W perchip
consumption/temperature TJ �

35� 1 � C (25 � C ambient)
DataProcessorjunction-to- qJA �

0 � 68 � C/W
air thermalresistance (mountedin chassis)

CTU power consumption PCTU �

1 � 0 W
chassisquiescentpower PQ �

12� 3 W
chassisnetpower budget 2PDP �

PCTU �

PQ �

42� 9 W

Table 3: FPGA power and thermal summaryfor the PR-2 proces-
sor/controllerboards.

temperatureof 25� C, the Data Processorjunction temperature
stabilizedto TJ � 35� 1� C.

With knowledgeof the FPGA power consumptionand the
temperaturedifferential betweenthe die and ambientair, the
chassis'effectivenessin removing heatfrom theFPGAchipcan
beevaluatedusingOhm'sLaw for heattransfer,

TJ � TA � qJAPDP � (1)

whereqJA � qJC � qCA is the junction-to-airthermalresistance,
and qJC and qCA are the thermalresistancesfrom junction-to-
caseandcase-to-air. Solvingfor qJA in (1) yieldsathermalresis-
tanceof 0 � 68 � C/W. For comparison,the junction-to-casether-
mal resistanceof the Virtex-1000package(a 560-pinball grid
array)hasa typical quotedrating of qJC � 0 � 8 � C/W—a value
that is actuallyslightly higher thanthe empiricalqJA. The im-
plication is that theconductionof heataway from theFPGA is
limited by the device packageitself and not by the aluminum
chassis,andthereforethemachinedheatsinkmountsin thechas-
sisdesignarehighly ef�cient in removing the15W of heataway
from eachDataProcessorchip.

In thethermalchambertestsit wasalsoveri�ed thattheData
Processorcould operateand producevalid pulse-compressed
dataover a � 20 to � 70 � C ambienttemperaturerange.For the
worst-casetestsat TA � 70� C and free-runningoperation,the
DataProcessordie temperaturestabilizedatTJ � 83� 0� C, which
is still below the 85� C designconstraintfor meetingthe worst
casetiming requirementsin a space-gradeFPGA.Table3 sum-
marizesthepowerandthermaldataresultsfor theFPGAproces-
sor.

C. Error DetectionandCorrection
Thedesignapproachtaken for errordetectionandcorrection

(EDAC) of the volatile logic in the Virtex FPGAsis to scrub
the con�guration memoryandperiodically recon�gure all Vir-
tex partsin thesystem.Suchanapproachhastheadvantageof
clearingoutsingle-eventupsets(SEUs)without theaddedpower
consumptionandmassof a triple-moduleredundancy circuit.

In the PR-2design,the Xilinx FPGA con�guration dataand
initial memory contentsare loaded into a protectedmemory
bank. Each memory word contains16 bits of raw data plus
an appended6 bit Hammingcode. A one-timeprogrammable,
antifuse-basedActel FPGA,which is immuneto recon�guration
by SEUs,continuouslyreadsthe memorybank oneword at a
time andcorrectsany single-biterrorsas they appear. After a
nominalperiodof 5 minutes,theActel part readsout themem-

ory contentsandrecon�gurestheVirtex FPGAsandtheir com-
mandtablesso that the PR-2processorcanrecover from these
radiation-inducedbit �ips. In this way, theinstrumentcannotbe
permanentlydisabledby anSEU.

Thereliability of theEDAC featurewastestedin thethermal
chamberby writing to theprotectedmemorywith oneof thedata
bits stuckin a logic-low state.In the�rst period,theVirtex FP-
GAswouldnotcon�gurewith thecorrupteddata,but onthenext
cyclethememorycontentswerecorrectedandtheFPGAsinitial-
ized successfully. This memoryscrubbingtestwasrepeatedat
severalambienttemperaturesettingsover range(25, 40, 50,60,
70,and-20 � C). In all cases,theFPGAssuccessfullyrecovered
from thesoftware-inducedbit errors.

V. TRL DISCUSSION AND SUMMARY

The developmentof the PR-2's on-boardprocessinghardware
representsa breakthroughin realizing the observation capabil-
ities for an advancedrain radarmission. Experimentsin the
lab with theprototypeprocessor/controllerboardshasled to the
following important �ndings: 1) the timing solution for auto-
targeting of rain can be implementedin a single FPGA chip,
andwith a timing ef�ciency of 83–94%over the total available
scantime; 2) pulse-compressionof thechirp radarsignalcanbe
accomplishedwith very low rangesidelobes(down to -75 dB)
usinga novel FPGA-baseddesignfor the receive processor;3)
the power consumptionof eachData ProcessorFPGA is con-
�rmed at 15 W at the full throughputrate, and the net power
budgetfor theentireprocessor/controlleris 43W; 4) theconduc-
tively cooleddesignof a space-gradechassisyieldsa low, 10� C
temperaturegradientbetweentheFPGAsubstrateandtheambi-
ent air temperature,thusimproving the long-termreliability of
thedevice;5) thedigital electronicssuccessfullyrecoveredfrom
software-inducedbit �ips usinga memoryscrubbingtechnique,
which points toward a solution to SEUsencounteredin space.
Theseresultshelpestablishthebaselineinstrumentrequirements
andbringusonestepclosertowardaspacebornemissionfor the
PR-2.

Table 4 summarizesthe increasein TechnologyReadiness
Level for the designaspectsof the PR-2 on-boardprocessor.
Many of theseaspectshaverisenfromconceptformulation(TRL
2) to componentor subsystemvalidationin a relevantenviron-
ment(TRL 5–6). On-boarddataprocessingis now at thehigh-
est maturity level. The core componentsof this design—the
functionsfor pulse-compressionandaveragingof multiple radar
looks—have beenproven in the lab with a target echosimula-
tor aswell asin severalairborneprecipitationexperiments.The
uniquetimingsolutionfor thePR-2beganasatheoreticalformu-
lation for guaranteeingtheauto-targetingof rain with collision-
freetransmitandreceivepulsesequences,andhasnow matured
into working FPGA �rmw arefor the radar's Control andTim-
ing Unit. This CTU �rmw are also representsa technicalstep
forwardin that it is the �rst high density(100,000gate)FPGA-
basedtiming controllerdesignedfor a spacebornesensor. Tests
of the CTU demonstratethe ef�cacy of using dedicatedstate-
machinelogic insteadof a microprocessorfor time-criticalcon-



Aspectof TRL at Present
design project start TRL

On-boardprocessingand
sciencedatacompression 5 6
Timing solutionfor
auto-targetingof rain 2 5
FPGA-basedcontrolof
spaceborneinstrument 2 5
Radiationupset
correctionapproach 2 5

Table4: TRL assessmentfor thePR-2satelliteprocessor/controller.

trol of theradar. Finally, a memoryscrubbingapproachfor cor-
rectingradiationupsetsin theFPGAcon�gurationdatawasde-
velopedandprovenasan attractive alternative to morecompli-
catedtriple-moduleredundancy techniques.
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