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ABSTRACT

This paper presentsthe designof an FPGA-basedrame
filter-decimatorfor theGeostationarymaging Fourier Trans-
form Spectometer(GIFTS). The decimatorreducessam-
plesfromtwo 128x128sampleimaging arraysfrom1638.4
fpsto 102.4comple fpsfor the LongWavelR (LWIR)band
and from 1638.4fpsto 204.8 comple fps for the Medium
Wave IR (MWIR) band. Thedesignusesa novel parallel
pipelinearchitectuie to handlethe bandpassamplingand
decimationof the 16k array samplesvhich arrive a frame-
at-a-time Thedesignis challengingbecausef significant
speedsize weight,and powerrestrictionsfor satelliteim-
plementation.

1. INTRODUCTION

The GeostationarymagingFourier TransformSpectrome-
ter(GIFTS)instrumenis ahighspectratesolutionsatellite-
basedimaginginterferometersponsoredy NASA to col-
lect soundingdataover a large footprint on the earth. It is
capableof up to 0.6 cm™! resolutionin the 685 cm™! to
1130cm~! longwave IR (LWIR) bandandthe 1650cm™1!
to 2250cm~! mediumwave IR (MWIR) bandusingtwo
128x128samplefocal planearrays(FPAs). GIFTSis in-
tended amongotherpurposesto “spacevalidateadvanced
technologiesvhichwill improvethegenerakapability and
reducethe costof, futureremotesensingsatellites...[Y’

Oneof the challengegresentedy the GIFTS instru-
mentis the needto handlethe high datarate generatedy
theFRAs for boththe LWIR andMWIR bands.Duringa 10
secondscan,the combineddatarate from the FFAs is ap-
proximatelyl34.4Msamples/s.The arraysamplingrateis
requiredto be high to increasehe sensitvity of the instru-
mentwithout saturatinghe FFAs. Sincethis samplingrate
is muchhigherthanrequiredby the bandof interest,it is
desirableto performfiltering anddecimationto reducethe
datarateto amanageablamount.

This papemresents descriptionof thefilter-decimator
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requiredo reducghedataratefromtheinterferometeFPAs
to alower-ratedatastreamthat containsthe informationin
the bandof interest. Section2 describeghe requirements
and generalapproachusedto implementthe decimation-
filter. The top level Implementatiorof the MWIR filter is
presentedn Section3. The designof the two-stagel WIR
filter is discussedn Section4, anda summaryanddiscus-
sionis presentedh thefinal section.

2. GENERAL FILTER DESIGN APPROACH

Dueto thesensitvity of the FFAs usedin theinstrumentijt
is necessaryo oversamplehe signalby a factorof greater
than32for theLWIR andgreatetthan4 in the MWIR. Fur-
thermore,the bandpassatureof the bandsof interestal-
lows for processinghe signalsothatthe bandsarealiased
to basebandor more efficient exploitation of the signals.
Additional efficiengy is achiezedby usingcomplex decima-
tion filters thatexploit featureof thethetransitionbandsn
the bandpasdilter to reducethe numberof coeficientsin
thefilters.
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Figure1: Signalprocessinghainfor the GIFTS interfer
ometerdata.

The two signalspassthroughdifferent, but similar, fil-
ter and decimationstagesin the signal processingchain,
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asshawn if Figurel. The LWIR bandis first decimated
in a simple 4-frameco-adderfrom the original 6553.6fps

to 1638.4fps, wherethe signalis then bandpasdiltered

anddecimatedn atwo-stagemulti-ratecomplex polyphase
structureto therequired102.4complex fps over anominal

10 secondscan. To reducethe compleity of the design,
thefirst stageoperate®n therealinputsignal,andthe sec-
ond stageimplementsa comple filter. The MWIR band
requiresonly a single stagemulti-rate complex polyphase
filter to reducethe original 1638.4fps to 204.8comple fps

for thesamel0 secondscan.

Themajorchallengdn theimplementatiorof thefilter-
decimatois therequirementhatthe 16,384samplesn each
FFA framemustbefilteredwith anominally 72-tapfilter in
the LWIR band(composedf an 8-tapreal FIR filter fol-
lowed by a 64-tapcomplec FIR filter), anda 32-tapcom-
plex FIR filter in the MWIR band,whereeachfilter is ap-
plied to eachof theinput samplesresultingin 16k parallel
filters perband. This requiremenhasledto a FPGA-based
designwhich circulategheinput datathrougha highly par
allel pipeline architectureto meetboth the computational
andmemoryl/O accessate.A significantrestrictiononthe
designcomesfrom the satelliterequirementgor size(lim-
ited to four standardsizedVME boards)weight (lessthan
six poundsincluding heatsinks)power (lessthan20 watts
of total operatingpower), processingspeed(up to 30x10°
sampleger secondandradiationtoleranceg(SEU/SEIlim-
mune,200k rad total dose)which limit the processingand
I/O capabilitiesof the FPGAschoserfor thedesign.

Figure2: Multi-rate comple polyphasdilter structurefor
theMWIR band.Eachof the G; filtersis comple.

The basicprocessin@lgorithmis a multi-ratecomple
polyphasdilter whichis usedto reducethe numberof mul-
tiplies per unit time (MPU) andaddsper unit time (APU)
[2]. An exampleof the multi-rate structurefor the MWIR
bandis givenin Figure2. In this structure gachof theeight
comple polyphasefilters, Gy, G1, G, - - ., G7, are made
upofthefilter coeficientsfromthek, k+1,k+2,...,k+7
coeficientsof the original complex bandpasdilter. Each
time the commutatomakesonesweepthroughthefilters a
single outputsampleis created. Sinceonly one-eighthof
thefilter coeficientsareusedfor eachinputsampletheto-
tal numberof MPU andAPU arereduceddy approximately
one-eighth.

The two-stagelL WIR filter is designedbasedon anin-
terpolatedFIR (IFIR) designto reducecomputationalke-
quirementdy allowing smallerfiltersin eachstagd3]. The
LWIR filter hasmuchgreatemprocessinglemandghanthe
MWIR filter dueto locationof thepassbandndparticularly
becausef thenarraov transitionbandrequiredat the upper
bandedgef thefilter.

The basicconceptbehindthe IFIR methodis givenin
Figure3. Using multi-rate processingheory[2], it canbe
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Figure3: Equivalenceof decimatiorfilters usingthe IFIR
method.

shavn thattheblock diagramatthetop of Figure3is equi-
alentto the the block diagramat the bottomof the figure.
Thefirst filter, I(z), is usedto filter out the extra spectral
imagecreatedvhenabandpaséilter with twicethe desired
bandwidthand transitionbands,and thus requiring fewer
coeficients, is interpolatedwith zerosto createthe filter
G(z?). The outputof the filter canthenbe downsampled
to thedesiredrate.

The first stageof the LWIR filter, the pre-filter, imple-
mentsa filter/decimateby two with the frequeng response
givenin Figure4. Notethatthisis alow-orderlowpasdilter



Normalized LWIR Pre Filter Response, 8 coefficients
20 T T T T

Response (db)

80l

-100

120 L L L L L L I I I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Wavenumber (1/cm)

Figure4: Frequenyg responsef the LWIR pre-filter

with a fairly flat responsen the bandof interest,and >50
dB attenuatiorin theband5250-600@&m—1.

The lowpassfilter is followed by a complex post-filter
which hasthe frequeng responsegivenin Figure5. This
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Figure5: Frequenyg responsef the LWIR post-filter

filter includesthe spectralimagecausedvhenthe interpo-
lationin G(2?) is performed.

The combinedfilter is givenin Figure 6, which meets
the designrequirements. Here we seethat the unwanted
spectraimageof Figure5 in the band5250-600&m ! is
removedby the pre-filterof Figure4.
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Figure6: Combinedrequeng respons®f the LWIR filter.

3. MWIR FILTER HARDWARE DESIGN

The implementatiorof the filters hasbeendesignedo use
several radiation-hardenedctel FPGAs. The implemen-
tationtakesadwantageof the factthatonly oneof the eight
polyphasdilters (in the MWIR filter andthesecondstageof
the LWIR filter) areactive at ary onetime, realizinga fac-
tor of sevenin componenteduction. Taking advantageof
thefilter coeficient symmetryreduceghe numberof mul-
tipliers by an additionalfactorof two. Thetop-level block
diagramfor the MWIR multi-rate polyphasefilter is given
in Figure?7
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Figure7: Implementatiorof the MWIR multi-ratecomplec
polyphasdilter.

As seenin the Figure, memory array addressingro-
vided by the control electronicsselectshe propermemory
blockrangeasafunctionof theselectegolyphasdilter. As



eachsampleis serially readout of the FFA during a frame
scan,the control electronicscall up the memorypipeline
locationsfor the samesamplenumberfrom previous scans
so that the propersampleinformationfrom frame scann,
n + 8,n + 16, andn + 24 arrive atthefilter tapinputatthe
propertime. The sameclock cycle thatloadsdatainto the
multiplier chip shiftsthedatain thememorypipeline,mak-
ing the next sampleinformationavailablefor the next clock
cycle. The multiplier chip outputsthe final result after 9
clockcycles.

The multiplier building block FPGA for eachcomplex
polyphasefilter for the MWIR bandis givenin Figure 8.
Eachof the Actel multiplier FPGAshastwo multiplier sec-
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Figure8: Basiccomplex multiplier FPGADblock diagram.

tions, one for the real componentand one for the imagi-
nary component.As shawvn in the figure, the sumanddif-
ferenceof the input samplesis computedto take adwan-
tageof the conjugatesymmetryof the complex filter. Prior
to a scanof the MWIR FPA, the proper coeficients for
the polyphasdilter (G(0), G(8), g(16), andG(24) for Gy;
G(1),G(9),G(17),andG(25) for G1; G(2), G(10), G(18),
andG(26) for G,, etc.) areloadedontothe corresponding
multiplier units. Sincethe coeficientsarethe samefor each
of the 16k interferogramsthe coeficientsdo notneedto be
changediuringa sampleof the FPA.

The outputof eachmultiplier FPGAis fed into the ac-
cumulatorsectionshavn in Figure 7, wherethe final sum
for the selectedcomplec polyphasdfilter is storeduntil it
is recalledand addedwith the sum of the other complex
polyphasdilter sectionslt takes32 scanof the MWIR ar-
ray beforethe accumulatooutputsthefirst valid scansam-
ple. After that, a valid sampleis outputevery eightarray
scans.

4. LWIR FILTER HARDWARE DESIGN

TheLWIR is bandpas§lteredanddecimatedn atwo-stage
multi-ratepolyphasestructure The LWIR pre-filterstageis

the eight-tapdecimate-by-tw realfilter shovn in Figure9.

Using coeficient symmetryandpolyphaseechniquesthis

eighttapfilter is reducedto just two multiplier stagesand
anaccumulatarSinceit is arealfilter only one32-bitaccu-
mulatoris required.
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Figure9: LWIR pre-filterblock diagram.

Thefirstmultiplier FPGAfor theLWIR pre-filteris shavn
in Figure10. Herethe symmetryof thefilter coeficientsis
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Figure10: LWIR pre-filtermultiplier FPGAblockdiagram.

exploited by taking the differenceof the input samplese-
fore themultiplicationby thefilter coeficient.

Using coeficient symmetryand polyphaseechniques,
the 64 tap decimate-by-eight WIR complex post-filteris
reducedo justfour multiplier stagesasshovnin Figurell.
Sinceit is acomplefilter it usesthe samemultiplier block
usedby the MWIR filter (seeFigure8). In Figurell, the
pipelinedmemoryarchitectures clearlyvisible.
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Figurell: LWIR post-filterblock diagram.

5. SUMMARY AND DISCUSSION

In this paperwe have presentedn efficient, parallel,mem-
ory pipelinedarchitectureo implemenfilter-decimatorgor

thedualFPA GIFTSinterferometerThedesignexploitsthe

computationatate savings available from cascadeadnulti-

ratestructureaindthesymmetryof thedecimatiorfilter co-

efficientsdueto linear phaseconstraints. The designpre-

sentedhereis currentlyin the processof prototypedevel-

opmentand testing. Simulation, preliminary layout, and
chip countsall indicatethatthe strict requirementgor size,
weight, power, processingspeed,and radiationtolerance
necessaryor a satellitedesignwill be met by this archi-
tecture.
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