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ABSTRACT

Speckleémagingtechniquesnalkeit possibleto do high-resolutioimagingthroughtheturbulentatmospher®y collecting
andprocessing largenumberof short-exposureframes.In severeconditions whenthe diameterof thetelescopes much
largerthanthecharacteristiccaleof atmosphericuctuations, thereconstructe@mageis dominatedy “turbulencenoise”
causeddy redundanbaselinesn the pupil. In earlierwork, it wasshawn that this noisecould be dramaticallyreduced
by partitioningthe telescopeapertureand combiningthe bispectraof all the subaperturesWe reportthe resultsof an
experimentusingthe GEMINI sensomon the 1.6-metettelescopatthe Maui SpaceSuneillanceSite.

1.INTRODUCTION

An imagecollectedthroughatmospheri¢urbulenceis subjectedo anunknawn blur. The blur changesapidly, sothatin
long-exposureémagesthe higherspatialfrequenciesarewiped out. Oneway of dealingwith this problemis to correctthe
wavefrontin real-timeusingadaptve optics. A complementanapproachs to usespeckleimagingtechniquesin which
animageis reconstructedrom mary shortexposureseachof which containgnformationoutto thediffractionlimit. This
paperconcernghelatterapproach.

In previouswork [1], we developedthe ideaof aperturepartitioning, which involves splitting the pupil into several
regionsandmakingsimultaneougocal-planemeasurementsom thelight in eachone. Thisis similarto aperture-masking
interferometry which masksout everythingbut a thin annulusat the outeredgeof the pupil, exceptthat no photonsare
sacri ced to the mask. The point of eitherapproachis to reducethe numberof pairs of atmosphericcells (baselines)
with thesamevectorseparationn eachsubapertureRedundanbaselineseducethe SNR of the bispectrunmestimatefrom
whichtheobject's Fourierphases recorered.Reducingheredundang thereforamprovesthequality of thereconstructed
image. This wasdemonstrateih our earlier paperusingsimulationresults. In this paper we shav experimentalresults
usingdatacollectedonthe 1.6 m telescopetthe Maui SpaceSurweillanceSite on Haleakala.

To x notationandprovide somebackgroundyve review bispectrunreconstructionLet h. x/ beanatmospherigoint-
spreadunction(PSF)andlet 0. x/ betheobjectto berecovered. Themeasurediatad.x/ D h.x/ 0.x/ isthecornvolution
of thetwo. Using uppercaseto denoteFourier transformsthe datacanbe written D.u/ D H.u/O.u/, whereH.u/ is
the opticaltransferfunction (OTF). Fromthis, onemayrecoverjO. u/j from theratio of theensembleveragef j D.u/j2
andjH .u/j2. However, this providesonly the object's Fourieramplitude.

Thephasecanbeobtainedfrom thebispectrumwhichis de ned as
Bp.u;v/ D D.u/D.v/D .uCv/: Q)

It is easyto seethat Bp.u; v/ D By.u; v/IBo.u; v/. Thekey resultin specklemagingis thattheensembleverageof the
bispectrunof theatmospheri®®SFhaszerophasesoargBo.u; v/ D arg [Bp.u; v/].

The rate at which the phaseof the atmospheridispectrumcorvergesto zero dependsstrongly on the ratio of the
telescopaliameterD to Fried's parameterg. Thelatter maybe thoughtof asthe characteristisizeof atmosphericells
over which the phaseis roughly constant. The numberof cellsin the pupil is thereforeabout. D=ro/2. As turbulence
strengthrises,ro dropsandthe densityof cellsin the pupil increasesThis increaseshe degreeof baselineredundany,
which reduceghe ef ciency of phaseclosurein Eqn. 1. Partitioningthe aperturecountershis effect, resultingin better
phaseestimatesespeciallywhenD=rg is large. To combinetheinformationfrom thepartitions thebispectrunis estimated
from eachoneandthenaveragedogetherweightedby SNR.
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Figure 1. Pupil masks.(a) Aperturemaskplateinstalledin the sensor (b) Shack-Hartmanmmagesof eachsubaperture.
Notethattheseweremadewith aninternalsource sothe secondarypbscurations notvisible in the smallestmask.
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Figure2. Datain eachsubaperture.

2. EXPERIMENT AL DESIGN

We testedthis conceptusingthe GEMINI sensoton the MSSS1.6 m telescopewhich is capableof collectingcritically-
sampledmageryat over 200 Hz. To be operationallyuseful,a phasemaskor mirror arrangementvould be neededo
partition the apertureso that all subaperturesould be measuredgimultaneously However, asan initial demonstration,
we insteaduseda seriesof pupil masksto measureeachsubaperturén successionThis is a valid demonstrationsince
the bispectrumof eachsubaperturés estimatedndependentlyHowever, it cannotbe appliedto LEO satellites sincethe
objectposechangesoticeablyin thetime requiredto switchmasks.

A setof four pupil masksnveremadein a steelplate(seeFig. 1a)andmountedon a motorizedinearstageata pupil in
thesystem.Switchingfrom onemaskto anothercanbe donefrom thesensoconsoleandtakesabouttwo or threeseconds.
The masksincludethe full pupil andthreeannularsubaperturesThe outermosimaskspanshe entire 1:57 m pupil, the
middle annulushasan outerdiameterof 1:05 m, andthe innerannulusis 0:53 m across.Within theinnerannulusis the
centralobscuratiorof the telescopewhichis 0:36 m across.Thus,theinnerannulushasa thicknessof about8:5 cm and
themiddleandouterannuliareabout26 cm thick. Wavefrontsensoimagesof eachsubaperturareshavn in Fig. 1b.

In orderto getawide rangeof conditions,datawas collectedover two days(oncein mid-morningandoncein mid-
afternoon)andthreenights(all eveningterminator). Starswere collectedat elevation anglesbetween20 and85 degrees.
A varietyof lters wereused typically in the 700-900nm range.For eachdataset,seeingwasestimatedrom the short-
exposuremageryusingthetechniqueof von derL iihe[2]. Mediandaytimeseeingwas3 cm andmediannighttimeseeing
was8 cm.

Fig. 2 shavs datacollectedin eachmask.

3. RESULTS

To compareherelative performancef full-apertureandpartitioned-aperturepeckleimaging,quasi-&perimentadatais
synthesizedrom the coIIectgdstars.This is accomplishedy corvolving eachstarframe(p) with a TASAT renderingof
SEASAT (0), normalizedto  0; D 1. Onecanseethatthis doesnot have valid photonstatistics so Gaussiamoisewith
variance.o 0%/ pwasaddedo eachimage.This approximatelycorrectsthe statistics.

To form areconstructiorfrom the three-subaperturgata,the bispectrums estimatedrom the rst N framesof each
of thethreemasks.The objectFourierphases recoveredfrom theweightedaverageof the bispectra.
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Figure3. Reconstructionfor datasets2 and9 (bothcollectedduringdaytime;seeTable 1 for moreinformation).

To form a reconstructiorfrom the full-pupil data,threegroupsof N=3 consecutie framesareused. The groupsare
spacedseveral secondsapart. The purposeof this is to ensurethatthe partitioned-aperturenethoddoesnot derive some
adwantagerom thefactthattheatmospheréastime to decorrelatavhile the pupil maskin the sensoiis beingchanged.

Someexamplereconstructionareshavn in Figs.3 and4. For mostdatasets aperturgoartitioningproducesa visually
preferableresult. In orderto betterquantify this, a secondsetof extendeddatais createdusinga resolutiontargetasthe
pristineobject. Theneachreconstructions visually assessetb determinghe minimumresohablefeaturesizein pixels.
Theresultsof this operatiorfor eachdatasetareshavn in Table1 andtheplotin Fig. 5.

Two trendsareapparentn theseresults.First, moresevereseeingconditions(smallerr o) consistentlyfavorsaperture
partitioning. In particular aperturepartitioning produceda betterresultfor all but oneof the daylight datasets. This is
consistentvith theview thatthereis atradeof betweerredundang noiseandsensomoise. Usinga partitionedaperture
reducesedundang noise,but by dividing the light amongthreeseparatdocal planes,t experiencesnoresensomaoise.
As rg drops(asin the daytime,for example),redundang noisebecomegiominant. But in good seeingconditions,the
lower sensomoisein the full-aperturedataproducesa betterresult.

Secondasmoreframesareprocessetbgetheythetwo methodgendto approachhe sameresolution.Thisis because
theatmospherés decorrelatingallowing thefull-aperturecaseto beatdown theredundang noise.In practice thenumber
of framesthatcanbe processedogetheiis dictatedby the rateat which the object(the satellite)is changingpose.

Both of theseobsenationsare consistentvith the simulationresultswe reportedastyear They suggesthatthe best
applicationof aperturepartitioningis for very severeseeinggspeciallywith arapidly evolving target.
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Figure4. Reconstructionfor datasetsl3and21 (bothcollectedduringeveningterminator;seeTable 1 for moreinforma-
tion).
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Figure5. Differencen log, of minimumresohablefeaturesizevsrg for (a) 20 framesand(b) 320frames.Negative values
indicatecasesn which aperturepartitioningproducedhe betterresult. Its advantagegendsto diminishasr g increases.



Tablel. Summaryof datasets sortedby local hour. Datasetsl—-11werecollectedduringdaylight,12—24wereaftersunset.
Shawn aretheminimumresohablefeaturesize(MRFS)in pixelsfor partitionedandfull apertureandasa functionof the
numberof framesin the processinggnsembleCasegudgedto beunresohed(MRFS 40)aremarkedU.

MRFS (Partitioned) MRFS (Full aperture)
Dataset ro(cm) PSNR Localtime 20 40 80 160 320 20 40 80 160 320
1 3.2 20 09:40 14 55 31 23 23 27 15 12 25 7.0
2 1.8 14 09:42 12 10 6.0 3.7 34 U U 55 55 55
3 4.7 6 09:54 All unresolved All unresolved
4 3.3 24 10:04 34 32 32 22 30 Uu 34 22 30 22
5 2.9 14 10:06 u U U 38 38 u U U 38 38
6 2.7 35 10:09 22 10 10 10 47 u U U 22 22
7 55 26 15:59 10 7.0 70 47 37 10 55 82 27 14
8 3.2 39 16:02 22 10 47 37 3.7 U Uu 22 22 132
9 3.5 26 16:19 55 47 47 47 47 22 22 47 43 47
10 6.6 13 16:48 Uu U 20 55 51 u U 22 10 97
11 7.3 30 16:51 19 15 5.1 47 47 89 55 47 55 10
12 6.6 52 19:30 55 43 43 25 31 15 27 25 23 23
13 6.8 20 19:33 22 22 65 47 47 11 9.7 47 31 25
14 3.1 18 20:13 36 15 40 31 31 U 30 55 40 37
15 17.2 40 20:15 31 29 21 14 13 43 40 23 14 11
16 8.9 24 20:25 82 37 21 23 18 47 31 23 21 17
17 114 50 20:28 6.5 47 40 31 21 43 23 18 18 1.7
18 6.7 30 20:34 9.7 47 43 29 25 55 47 47 47 40
19 8.3 55 20:37 34 23 23 17 17 37 27 25 23 13
20 9.2 38 20:38 43 21 19 19 18 10 25 21 17 14
21 4.5 31 20:39 47 40 23 23 23 15 65 55 31 29
22 111 38 20:42 47 43 25 31 23 47 37 25 21 13
23 7.8 33 20:47 55 40 21 19 21 70 47 34 23 14
24 11.2 26 20:56 51 43 31 29 17 55 43 25 23 23

4. NEXT STEPS

We concludeby sayinga few words aboutanotheraperturepartitioning experimentthat is in preparationthis one on
the AEOS 3.6 m telescope.This onewill incorporatea phasemaskthat putsdifferentamountsof tilt on differentparts
of the pupil, causingthe annularsubapertureso form imageson separateartsof the focal plane. In this way, all the
subaperturesantruly be measuredsimultaneously Moreover, we will usea beamsplitteto make simultaneoudull-

aperturemeasurementssinga seconccamerao allow comparisorof the two techniquesith satellitepasses.

This experimentwill have someotherimportantadvantagesver the GEMINI experimentdescribechere. It will use
EMCCDsto collectspecklemagesdriving the effective readnoiseto well underl e perpixel. It will have awider eld
of view, sothedatawill notbetruncatedsobadlyatthe edgeof thearraywhenseeingconditionsarebad. It will alsohave
amuchbettertracker, which will alsohelp.
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