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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 spacebone PR-2 processor/contoller 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' sreceve processor

. INTRODUCTION

Advancedradartechnologyis soughtin the upcomingGlobal
PrecipitationMeasuremeniGPM) constellatiorof earthobserv-
ing satellitesin orderto measurehe detailedstructureanddis-
tribution of rainfall. Oneinstrumentcurrentlybeingdeveloped
is theDual-Frequeng PrecipitatiorRadarDPR),a Ku- andKa-

band(14 and36 GHz) sensoifrom the NationalSpaceDevelop-
mentAgeng of Japan.DPR usesa corventionalphased-array
pulsedradartechnologythathasbeeninheritedfrom the Tropi-

cal Rainfall MeasuringMission (TRMM) [1]. While DPRis the
rst satelliteinstrumento offer higherrainfall detectiorsensitv-

ity throughits 36 GHz channelthe key obsenationcapabilities
of the radar—the 5 km horizontalresolutionand 250 km swath
coverage—areessentiallythe sameas for the original TRMM

radar

To truly make the gainsin spatialresolutionand swath width

that will be neededto obsere rain down to the scaleof con-
vective cells, NASA/JPL is leadingthe developmentof some
breakthroughtechnologiedfor a Second-GeneratioRrecipita-
tion Radar(PR-2), as a follow-on to GPM. In this paper we

will cover our group’s recentprogressin developing and test-
ing one particular aspectof the PR-2 design—theelectronic
on-boardprocessor/controllemodule. The designapproachs

to usehigh-density radiation-toleranteld-programmablegate
arrays(FPGAs)to realize greatercompressiorof sciencedata

(throughadaptve scanningof therain target)andhigher delity
imagingof the rain pro les (throughvery high-throughpupro-
cessingf therecevedradarechoes).

Il. ADAPTIVELY SCANNING RADAR

A. Timing Solution

Becaus@ain tendsto be sparselydistributedover large scales
(100 km), there has beenan interestin developing adap-
tive scanningradar systemsthat have the built-in intelligence
to auto-taget areasof rain [2]. Adaptive scanningbecomes
all the more necessaryas the obsenation requirementsor a
Second-GeneratioRrecipitationRadarmove toward high hor
izontalfootprint resolutionsof 2 km andlarge swath widths ex-
tendingup to 500km. Comparedo TRMM or to the precipita-
tion radarobsenationsplannedfor the GPM mission,the PR-2
representsan 8-fold increasein the numberof radarbeamlo-
cationsper swath area(a 4-fold increasedueto resolutiondou-
bling anda 2-fold increasean swath width). Giventhe limited
dwell time of a7 km/slow-earthorbiting satellite thetiming se-
quencefor interlacingthe transmitandreceve beamshecomes
especiallycritical. The radarmust be able to selectvely ag
only thosebeamlocationsthat have scienti cally valuablerain-
fall dataandthengenerateatransmit/receaietiming solutionthat
cancapturegheN 60 or soindependentadarlooks neededo
accuratelyestimatethere ectivity of eachrain bin.

We have developeda uniquetiming solutionfor the electron-
ically scanningPR-2radarthat canauto-tagetrain having any
possiblespatialdistribution. Thescansequenceonsistf: alo-
catorsweepvertheentirecross-traclswathto roughlyestimate
the rainfall distribution; a bubble-sortalgorithmto rank beam
locationsfrom highestto lowestrainfall; anda high-resolution
sweepin which the cross-trackbeampositionswith the greatest
rainfall areobsenedover a muchlongerintegrationperiod. The
timing solutionis unlike the predeterminedeft-to-right scanse-
gquencesisedn conventionalradarssuchasTRMM thatmaynot
make the mostef cient useof the availabledwell time. Theal-
gorithmfor thePR-2beginswith, asaninput, adesiredsequence
of beamlocationsto be obsered for either locator or high-



resolutionsweeps. The timing algorithmthencanbe posedas
acountingproblem:In whatordershouldthe beamsbe counted,
andhow shouldthe pulse-repetitiorinterval (PRI) be varied,to
gatherthe largestpossiblenumberof independentadarlooks
from the rain scene?Simultaneouslyhow canit be guaranteed
thatthereareno collisionsbetweenthe radars transmitandre-
ceive intervals? Our timing solutionis basedon severalrulesto
meettheserequirements:

Thereceve window length(the slantaltituderangefor the
rain scene)s held constanthroughouthe sweep.

Thebeamsequencalwaysmovesfrom nadirto alternating
left and right sidesof the cross-trackscan—thatis, from

the shortestto longestrangedelaysto the target—sothat
theaveragePRIis monotonicallyincreasing.

Thenumberof echoes-in- ight(EIFs)is determinedy the
largestintegernumberof PRIsthatcan t within the short-
est( rst) rangedelayof the scansequencethis EIF value
is held constanthroughouthe scan.

The beamscanningorderis countedin an alternatingpat-
tern(e.g.,beamnumbersl 212 3434 ) sothatthe
satellitehastime to move laterally betweenechoes. This
ensureghat multiple radarlooks of the samerain bin are
statisticallyindependent.

Aswill bediscusseaiext, theaboverulescanberealizedin digi-
tal circuitry to make arobustadaptve scanningcontrollerfor the
PR-2.

B. Contmol and Timing Unit (CTU)

The adaptve scanningsolutionfor the PR-2hasbeenimple-
mentedonto a single Xilinx Virtex seriesFPGA, whosedesign
hasbeendescribedn detailin our previouswork [3]. This Con-
trol and Timing Unit (CTU) FPGA generateshe transmitand
recevetiming for theradarhardwareandcommandshe PR-2's
phased-arragntennafor electronicsteeringof the beam. The
CTU rmw are,written in the Verilog hardwaredescriptionlan-
guage hasbeendesignedwvith a customstatemachinearchitec-
ture, ratherthana microprocessocore,in orderto respondwith
zerolateng to the large numberof timing interrupts(up to 15—
20) associateavith eachecho-in- ight (EIF).

Over thelastyear, the CTU designhasbeenupgradedo sort
rain re ectivities andadaptvely scanover the full 500 km, 250
beamswath. Newly written modulesinclude the logic for cal-
culatingthe optimumnumberof EIFs for an arbitrary scanse-
guencea oating-point accumulatofor averagingocatorsweep
echoesanda driver for storingthe radarechoego a solid-state
datarecorder TheCTU designcurrentlysynthesizeto anequiv-
alentgatecountof 79 000logic gates.

The CTU wastestedover entireadaptie scancyclesto mea-
surethe timing efciency of the radar—that s, the percentage
of the total sweeptime dedicatedo transmittinga pulseor re-
ceving anecho.Verilog simulationswererun with severaltypes
of rain pro les to testvarying levels of dif culty for the auto-
targetingalgorithm: 1) abestcasepro le whereall heavy rainis

rain total scan timing
prole time(ms) | efciency (%)
worstcase 2775 829
random 2600 885
bestcase 2453 937

Tablel: Timing ef ciency resultsfor the adaptie scanalgorithm.

locatednearthe nadirdirection(i.e., very little rangedelayvari-

ation); 2) aworst casepro le in which thereis a smallamount
of rain at nadirandtherestof therain is at the extremeleft and
right edgesof the swath (a large rangedelayvariationbetween
beams);and 3) a randomcasewherethe rainfall is uniformly

distributedoverthe swath. Table1 lists thetiming ef ciency re-

sultsfor the full 250 beamscan. The resultsindicatethat our

timing solutionfor the adaptve scanwill rangefrom 83—94%,
dependingonhow therainis distributed. (Ef ciencies of 90%or

above areconsideredxcellent.)

The CTU testsdescribedaborve were run with about10% of
thebeamg24 outof 250)selectedor the high-resolutiorsweep.
It shouldbe pointedout that this representgust one of mary
possiblesettingsfor the adaptve scan. Numericregisterswere
designednto the FPGA so that the timing solutionparameters
couldeasilybechangedhroughsoftware.Currently atimewin-
dow of 170msout of 260 msis availablefor the high resolution
sweep.Givena PRI of 200 us or morefor rainfall pro ling, this
allowstime to sampleapproximatel\BO0Oechoesn hi-resmode.
Thenumberof independenéchoesvasthereforesetto 32 sothat
the product(24 beams 32looks = 768 echoes)an t within
thetimelimit. For comparisongconsidefacornventionalscanning
radarwith thesametotal availabletime of 260mspercross-track
scan.Thenumberof independenéchoeghatcanbemeasureds
then:total scantime totalnumberof beams PRI  5echoes.
It followsthatin ouradaptive scancon gurationtestedwith 10%
auto-tagetingcoverage the numberof independentadarlooks
improvesby a factorof 32 5 64 comparedto a traditional
radar Becauseof the built-in e xibility of the CTU software
registersit is easyfor the PR-2operatiorto be adjustedo make
tradeofs betweerswath coverageversusnumberof radarlooks,
dependingnthetypeof weathebeingobsenedandonrequire-
mentsfor therain rateretrieval algorithms.

I1l. DATA PROCESSOR

The PR-2operatessa linear FM chirp radarwhich mustcom-
pressthe received echoesnto complex-valuedpulseswith re-
spectto range. Our teamhasdevelopedand implementedhis
pulse-compressiooperationontotwo Virtex-1000DataProces-
sor FPGAsusinga bit-serialarchitecturd3]. Togetherthe two
FPGA partssimultaneouslyprocesdour receive channelgKu-
andKa-band,co- andcross-polarizationsjt a peakthroughput
rate of 40 10° ops/s. The techniquewas proven successful
aboardan airborneprototypeof the PR-2,lastdeployedin Jan-
uary2003for the AMSR-E (AdvancedMicrowave ScanningRa-
diometer)validationexperimentin Japan.In this campaignthe
radarcollectedthe rst comprehensie setof precipitationdata
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Figurel: Multi-parameterdual-frequeng (14 and36 GHz) rainfall datacollectedby theairborneversionof the PR-2FPGA processorsThis 500
km ight line was o wn onthe NASA P-3Orion aircrafton January23, 2003,over the Paci ¢ Ocean eastof the mainislandof Japanaspartof
the AMSR-E validationexperiment.Graphsfrom top to bottomshaw the along-track(nadir) radarobsenrationsfor: co-polarizedrain re ectivity
data,vertical Dopplervelocity measurementsndlinear depolarizatiorratios.

atboth14 and36 GHz bandg(seeFig. 1).

New designfeatureswere addedto the spaceborneversion
of the Data Processoto accommodatadaptve scanning.The
timing inputswererevisedto handlethe averagingof multiple
echoesn memorywith a staggerecdbeamsequence Also, the

x ed-pointlogic for averagingechoeshasbeenreplacedwith a
32-hit oating-point accumulatoto increasehe processos dy-
namicrange.

IV. TEST RESULTS FOR SPACEBORNE HARDWARE

The physicallayoutfor the PR-2processor/controllemoduleis
composedf a pair of multi-layer printedcircuit boardsandan
aluminumchassiqseeFig. 2), both which have beenspecially
designedor a spaceenvironment. Two main aspect®of the de-
sign thatincreasethe reliability and survivability of the FPGA
hardware in spaceare: 1) con guration memory scrubbingto
recover from radiation-inducedogic upsets;and2) thermalde-
sign of the chassidor conductve cooling of the DataProcessor
FPGAs The processos operationhasbeensuccessfullycon-
rmed in aseriesof thermalchambetestsover anambienttem-
peratureangeof 20to 70 C.

Fig. 3 shaws the experimentsetupfor the PR-2 processar
alongwith a PC-basedest xture to control and acquiredata
from the prototypeboards. The PC computerinterfacesto the
boardsvia a 32-channelNational InstrumentsData I/O (DIO)
card. Digital commandsare sentfrom the DIO cardto an on-
boardActel bus controllerFPGA, programmedo corvertthese

Figure 2: Space-gradehassiswith assemblegrinted circuit boards
for the PR-2 processor/controlleMachinedheatsink blocksfor con-
ductive coolingof the FPGAball-grid arraypackageginset].



@) (b)

Figure3: Testsetupfor spaceborn®R-2chassis(a) Benchtoptesting
with boardsinterfacedto a PC computerwith LabView control soft-
ware. (b) Processoboardst+ radarechosignalgeneratoin thethermal
chamber

commandsnto local bustransactiongor the Virtex FPGAs.We
developedagraphicaluserinterface(GUI) in theLabView visual
languageo provide the variouscontrolsand indicatorsneeded
for benchtopperationof the PR-2processarWith thebenchtop
test xture, entireadaptve scancyclescanbe runin realtime
andmemorycontentexaminedto verify theradarprocessoop-
eration.

A. Pulse-Compgsseddutput

The PR-2processoboardsweretestedin the thermalcham-
berin free-runningmodewith all four ADC input channelgon-
nectedto a custom-madesignal generatar This signal gener
ator waveformis programmableghroughread-onlymemoryto
simulatethe chirp radarresponseo a rain target at offsetvideo
frequenciedafter digitization of the receved signal but before
digital I/Q demodulation)Usingthe chirp waveformgenerator
theperformancef the DataProcessos pulsecompressioniter
canbeevaluated.Speci cally, themostcritical gure-of-meritis
therangesidelobeevel respons®f the processarastheseside-
lobesaffecthow well seasurfacecluttercanbe suppressettom
therainimage.

The signal generatomwas programmedo simulatethe chirp
radarreturnfor light rain scatterersat 1, 2, and3 km altitudes
above the oceansurface. The return power from the rain cells
wassetto 60dB belov the ocearreturn,which correspond$o
therain-to-surbicereturnratio for a 14 GHz TRMM-classradar
viewing a 1 mm/h rain rate at nadir [4]. Thesereturn echoes
werecomputedasednachirptransmitpulselengthof 51 2 ys,
a bandwidthof 4 MHz, andwith a Hammingwindow taperto
achieve the optimummatchwith theinternalcoefcients of the
DataProcessos pulse-compressioiter . TheFPGAprocessors
werealsosetto averagethe radarreturnsamplesn rangeby a
factorof 2. At a5 MHz basebandamplingrate for the pro-
cessorsthis rangeaveragingtranslatesnto a vertical sampling
interval of 60 m perpixel.

The resultantpulse-compressegower detectedutput, plot-
tedin Fig. 4, shavs that the rain targetsare detectablalirectly
above the oceanevenfor very light rain ratesof 1 mm/h. Note
from the graphthatthe rangesidelobelevelsfrom the oceanre-

ection (the detectecbower betweerthe rain scatterersgxtend
75 dB belaw the oceanreturn. This rangesidelobeperformance
in the FPGA processoenableghe PR-2to detectlight rainfall
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Figure 4: Pulse-compressedutput recordedfrom the FPGA-based
DataProcessoduring thermalchambettesting. (Light rain targetsare

locatedat 1, 2, and3 km above theocearsurface.)Very low rangeside-

lobesof 75 dB from the seasurfaceclutter indicatea high detection
sensitvity for rain (down to a1l mm/hrainfall rate).

condition chassis | FPGAjunction
netload | temperaturd;
1) OneDataProcessocon gured | 281W 351 C
andrunningatfull throughput
2) No DataProcessorson gured, | 133 W 279 C
CTU con guredandrunning
3) No FPGAscon gured 123W 279 C
(quiescentoad)

Table2: Chassigpower consumptiorand DataProcessoFPGAtem-
peraturedataat25 C ambienttemperature.

with a high level of sensitvity, evenin the presenceof high-
enegy clutterfrom theseasurface.

B. Powerand ThermalCharacteristics

During the free-runtestingof the PR-2 processarmeasure-
mentsof the chassidoad currentsand FPGA device tempera-
tureswere madeundera variety of con guration conditionsto
infer the power consumptiorrating for eachchip. Table2 lists
the power consumptiordataandFPGAtemperatureliode mea-
surementsat an ambienttemperaturela 25 C for the cases
where: 1) oneDataProcessochip andthe CTU arecon gured
andrunningatthefull throughputrateof 20 10° op/s;2) nei-
therDataProcessois con gured, butthe CTU is con guredand
runningfull sweepsequencesand3) noneof the Virtex FPGAs
arecon gured.

FromTable2, the DataProcessopower consumptiorcanbe
calculatedasthe differencein netchassigpowersbetweencon-
ditions(1) and(2) (Pop 14 8 W perFPGAchip). Likewisefor
the CTU chip,the powerconsumptions estimatecat1 0 W, i.e.,
the power differencebetweenconditions(2) and(3). Thejunc-
tion temperaturef the Data ProcessoFPGA is inferred from
voltagemeasurementsf an internal diode that hasa tempera-
ture coefcient of 138mV/ C. At full throughputandan air



DataProcessopower Pop 148 W perchip
consumption/temperaturg Ty 351 C (25 Cambient)
DataProcessojunction-to- qia 068 C/W
air thermalresistance (mountedn chassis)
CTU power consumption Pctu 10W
chassigjuiescenpower Po 123W
chassisietpower budget 2Pop Pctu Po  429W

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

temperatureof 25 C, the Data Processojunction temperature
stabilizedtoT; 351 C.

With knowledge of the FPGA power consumptionand the
temperaturedifferential betweenthe die and ambientair, the
chassiseffectivenessn removing heatfrom the FPGA chip can
be evaluatedusingOhm's Law for heattransfer

T3 Ta QuaPop (1)
whereq;a  dic  Jca is thejunction-to-airthermalresistance,
and gq;c andgca arethe thermalresistance$rom junction-to-
caseandcase-to-airSolvingfor qja in (1) yieldsathermalresis-
tanceof 0 68 C/W. For comparisonthe junction-to-caseher
mal resistanceof the Virtex-1000 package(a 560-pinball grid
array) hasa typical quotedratingof q;c 08 C/W—a value
thatis actuallyslightly higherthanthe empiricalqja. Theim-
plicationis thatthe conductionof heataway from the FPGAis
limited by the device packageitself and not by the aluminum
chassisandthereforehemachineceatsinkmountsin thechas-
sisdesignarehighly ef cient in removing the15W of heataway
from eachDataProcessochip.

In thethermalchambetestsit wasalsoveri ed thatthe Data

Processorcould operateand producevalid pulse-compressed

dataovera 20to 70 C ambienttemperatur@éange.For the
worst-casetestsat Ty 70 C and free-runningoperation,the
DataProcessodie temperaturetabilizedat T; 830 C, which
is still belowv the 85 C designconstraintfor meetingthe worst
casetiming requirementsn a space-grad&PGA. Table3 sum-
marizeshe powerandthermaldataresultsfor the FPGAproces-
sor.

C. Error Detectionand Correction

The designapproachakenfor error detectionandcorrection
(EDAC) of the volatile logic in the Virtex FPGASsis to scrub
the con guration memoryand periodically recon gure all Vir-
tex partsin the system.Suchan approacthasthe advantageof
clearingoutsingle-eentupset{ SEUs)withouttheaddedpoower
consumptiorandmassof atriple-moduleredundang circuit.

In the PR-2design,the Xilinx FPGA con guration dataand
initial memory contentsare loadedinto a protectedmemory
bank. Eachmemoryword contains16 bits of raw dataplus
an appended bit Hammingcode. A one-timeprogrammable,
antifuse-basedctel FPGA,whichis immuneto recon guration
by SEUSs, continuouslyreadsthe memorybankoneword at a
time and correctsary single-biterrorsasthey appear After a
nominalperiodof 5 minutes,the Actel partreadsout the mem-

ory contentsandrecon guresthe Virtex FPGAsandtheir com-
mandtablesso that the PR-2 processocanrecover from these
radiation-inducedbit ips. In thisway, theinstrumenicannotbe
permanentlydisabledby an SEU.

Thereliability of the EDAC featurewastestedin the thermal
chambeby writing to the protectednemorywith oneof thedata
bits stuckin alogic-low state.In the rst period,the Virtex FP-
GAswouldnotcon gure with thecorrupteddata,but onthenext
cyclethememorycontentsverecorrectecandthe FPGAsinitial-
ized successfully This memoryscrubbingtestwas repeatedat
severalambienttemperaturesettingsover range(25, 40, 50, 60,
70,and-20 C). In all casesthe FPGAssuccessfullyecovered
from the software-inducedit errors.

V. TRL DISCUSSION AND SUMMARY

The developmentof the PR-2's on-boardprocessinchardware
represent® breakthroughn realizing the obsenation capabil-
ities for an advancedrain radar mission. Experimentsin the
lab with the prototypeprocessor/controlldsoardshasled to the
following important ndings: 1) the timing solution for auto-
targeting of rain can be implementedin a single FPGA chip,
andwith atiming ef ciency of 83—-94%over the total available
scantime; 2) pulse-compressioaf the chirp radarsignalcanbe
accomplishedvith very low rangesidelobeqdown to -75 dB)
usinga novel FPGA-basedlesignfor the receve processor3)
the power consumptionof eachData ProcessolFPGA is con-
rmed at 15 W at the full throughputrate, and the net power
budgetfor theentireprocessor/controllés 43W; 4) theconduc-
tively cooleddesignof a space-gradehassig/ieldsalow, 10 C
temperaturgradientbetweerthe FPGAsubstratandthe ambi-
entair temperaturethusimproving the long-termreliability of
thedevice; 5) thedigital electronicssuccessfullyecoreredfrom
software-inducedit ips usinga memoryscrubbingtechnique,
which pointstoward a solutionto SEUsencounteredn space.
Theseaesultshelpestablistthebaselinenstrumentrequirements
andbring usonestepcloserntowarda spacebornenissionfor the
PR-2.

Table 4 summarizeghe increasein TechnologyReadiness
Level for the designaspectsof the PR-2 on-boardprocessar
Many of theseaspecthaverisenfrom concepformulation(TRL
2) to componenbr subsystenvalidationin a relevant erviron-
ment(TRL 5-6). On-boarddataprocessings now at the high-
est maturity level. The core componentf this design—the
functionsfor pulse-compressioandaveragingof multiple radar
looks—hare beenprovenin the lab with a target echosimula-
tor aswell asin severalairborneprecipitationexperiments.The
uniguetiming solutionfor thePR-2beganasatheoreticaformu-
lation for guaranteeinghe auto-tagetingof rain with collision-
freetransmitandreceve pulsesequencesndhasnow matured
into working FPGA rmw arefor the radars Control and Tim-
ing Unit. This CTU rmw are alsorepresenta technicalstep
forwardin thatit is the rst high density(100,000gate)FPGA-
basediming controllerdesignedor a spacebornsensor Tests
of the CTU demonstrateéhe ef cacy of using dedicatedstate-
machinelogic insteadof a microprocessofor time-critical con-



Aspectof TRL at Present

design project start TRL
On-boardprocessingand
sciencedatacompression 5 6
Timing solutionfor
auto-tagetingof rain 2 5
FPGA-basedontrolof
spaceborn@strument 2 5
Radiationupset
correctionapproach 2 5

Table4: TRL assessmerior the PR-2satelliteprocessor/controller

trol of theradar Finally, amemoryscrubbingapproacHor cor
rectingradiationupsetsn the FPGAcon guration datawasde-
velopedandprovenasan attractive alternatve to more compli-
catedtriple-moduleredundang techniques.
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