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ABSTRACT

Speckleimagingtechniquesmakeit possibleto dohigh-resolutionimagingthroughtheturbulentatmosphereby collecting
andprocessinga largenumberof short-exposureframes.In severeconditions,whenthediameterof thetelescopeis much
largerthanthecharacteristicscaleof atmospheric�uctuations,thereconstructedimageis dominatedby “turbulencenoise”
causedby redundantbaselinesin the pupil. In earlierwork, it wasshown that this noisecould be dramaticallyreduced
by partitioning the telescopeapertureandcombiningthe bispectraof all the subapertures.We report the resultsof an
experimentusingtheGEMINI sensoron the1.6-metertelescopeat theMaui SpaceSurveillanceSite.

1. INTRODUCTION

An imagecollectedthroughatmosphericturbulenceis subjectedto anunknown blur. Theblur changesrapidly, sothat in
long-exposureimagesthehigherspatialfrequenciesarewipedout. Oneway of dealingwith this problemis to correctthe
wavefront in real-timeusingadaptive optics. A complementaryapproachis to usespeckleimagingtechniques,in which
animageis reconstructedfrom many shortexposures,eachof whichcontainsinformationout to thediffractionlimit. This
paperconcernsthelatterapproach.

In previous work [1], we developedthe ideaof aperturepartitioning,which involvessplitting the pupil into several
regionsandmakingsimultaneousfocal-planemeasurementsfrom thelight in eachone.Thisis similar to aperture-masking
interferometry, which masksout everythingbut a thin annulusat theouteredgeof the pupil, exceptthatno photonsare
sacri�ced to the mask. The point of eitherapproachis to reducethe numberof pairsof atmosphericcells (baselines)
with thesamevectorseparationin eachsubaperture.RedundantbaselinesreducetheSNRof thebispectrumestimatefrom
whichtheobject'sFourierphaseis recovered.Reducingtheredundancy thereforeimprovesthequalityof thereconstructed
image. This wasdemonstratedin our earlierpaperusingsimulationresults. In this paper, we show experimentalresults
usingdatacollectedon the1.6m telescopeat theMaui SpaceSurveillanceSiteonHaleakala.

To �x notationandprovidesomebackground,wereview bispectrumreconstruction.Let h.x/ beanatmosphericpoint-
spreadfunction(PSF)andlet o.x/ betheobjectto berecovered.Themeasureddatad.x/ D h.x/ � o.x/ is theconvolution
of the two. Using uppercaseto denoteFourier transforms,the datacanbe written D.u/ D H.u/ O.u/, whereH.u/ is
theopticaltransferfunction(OTF). Fromthis,onemayrecover jO.u/ j from theratioof theensembleaveragesof j D.u/ j2

andj H .u/ j2. However, thisprovidesonly theobject'sFourieramplitude.

Thephasecanbeobtainedfrom thebispectrum,which is de�ned as

BD.u; v/ D D.u/ D.v / D� .u C v/: (1)

It is easyto seethat BD.u; v/ D BH .u; v/ BO.u; v/ . Thekey resultin speckleimagingis thattheensembleaverageof the
bispectrumof theatmosphericPSFhaszerophase,soarg BO.u; v/ D arg

�

[ BD.u; v/ ].

The rate at which the phaseof the atmosphericbispectrumconvergesto zerodependsstrongly on the ratio of the
telescopediameterD to Fried's parameterr0. Thelattermaybethoughtof asthecharacteristicsizeof atmosphericcells
over which the phaseis roughly constant.The numberof cells in the pupil is thereforeabout. D=r 0/2. As turbulence
strengthrises,r0 dropsandthedensityof cells in thepupil increases.This increasesthedegreeof baselineredundancy,
which reducestheef�ciency of phaseclosurein Eqn.1. Partitioning theaperturecountersthis effect, resultingin better
phaseestimates,especiallywhenD=r0 is large.To combinetheinformationfrom thepartitions,thebispectrumis estimated
from eachoneandthenaveragedtogether, weightedby SNR.
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Figure1. Pupil masks.(a) Aperturemaskplateinstalledin thesensor. (b) Shack-Hartmannimagesof eachsubaperture.
Notethattheseweremadewith aninternalsource,sothesecondaryobscurationis not visible in thesmallestmask.
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Figure2. Datain eachsubaperture.

2. EXPERIMENT AL DESIGN

We testedthis conceptusingtheGEMINI sensoron theMSSS1.6m telescope,which is capableof collectingcritically-
sampledimageryat over 200 Hz. To be operationallyuseful,a phasemaskor mirror arrangementwould be neededto
partition the apertureso that all subaperturescould be measuredsimultaneously. However, asan initial demonstration,
we insteaduseda seriesof pupil masksto measureeachsubaperturein succession.This is a valid demonstration,since
thebispectrumof eachsubapertureis estimatedindependently. However, it cannotbeappliedto LEO satellites,sincethe
objectposechangesnoticeablyin thetimerequiredto switchmasks.

A setof four pupil masksweremadein asteelplate(seeFig. 1a)andmountedonamotorizedlinearstageatapupil in
thesystem.Switchingfrom onemaskto anothercanbedonefrom thesensorconsoleandtakesabouttwo or threeseconds.
Themasksincludethe full pupil andthreeannularsubapertures.The outermostmaskspanstheentire1:57 m pupil, the
middleannulushasanouterdiameterof 1:05 m, andthe innerannulusis 0:53 m across.Within the innerannulusis the
centralobscurationof thetelescope,which is 0:36 m across.Thus,theinnerannulushasa thicknessof about8:5 cm and
themiddleandouterannuliareabout26cmthick. Wavefrontsensorimagesof eachsubapertureareshown in Fig. 1b.

In orderto geta wide rangeof conditions,datawascollectedover two days(oncein mid-morningandoncein mid-
afternoon)andthreenights(all eveningterminator).Starswerecollectedat elevationanglesbetween20 and85 degrees.
A varietyof �lters wereused,typically in the700-900nm range.For eachdataset,seeingwasestimatedfrom theshort-
exposureimageryusingthetechniqueof vonderLühe[2]. Mediandaytimeseeingwas3 cmandmediannighttimeseeing
was8 cm.

Fig. 2 showsdatacollectedin eachmask.

3. RESULTS

To comparetherelativeperformanceof full-apertureandpartitioned-aperturespeckleimaging,quasi-experimentaldatais
synthesizedfrom thecollectedstars.This is accomplishedby convolving eachstarframe(p) with a TASAT renderingof
SEASAT (o), normalizedto

P
oi D 1. Onecanseethatthis doesnot have valid photonstatistics,soGaussiannoisewith

variance.o � o2/ � p wasaddedto eachimage.Thisapproximatelycorrectsthestatistics.

To form a reconstructionfrom thethree-subaperturedata,thebispectrumis estimatedfrom the�rst N framesof each
of thethreemasks.TheobjectFourierphaseis recoveredfrom theweightedaverageof thebispectra.
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Figure3. Reconstructionsfor datasets2 and9 (bothcollectedduringdaytime;seeTable1 for moreinformation).

To form a reconstructionfrom the full-pupil data,threegroupsof N=3 consecutive framesareused.Thegroupsare
spacedseveralsecondsapart.Thepurposeof this is to ensurethat thepartitioned-aperturemethoddoesnot derive some
advantagefrom thefactthattheatmospherehastime to decorrelatewhile thepupil maskin thesensoris beingchanged.

Someexamplereconstructionsareshown in Figs.3 and4. For mostdatasets,aperturepartitioningproducesavisually
preferableresult. In orderto betterquantify this, a secondsetof extendeddatais createdusinga resolutiontargetasthe
pristineobject.Theneachreconstructionis visually assessedto determinetheminimumresolvablefeaturesizein pixels.
Theresultsof this operationfor eachdatasetareshown in Table1 andtheplot in Fig. 5.

Two trendsareapparentin theseresults.First,moresevereseeingconditions(smallerr0) consistentlyfavorsaperture
partitioning. In particular, aperturepartitioningproduceda betterresult for all but oneof thedaylight datasets.This is
consistentwith theview that thereis a tradeoff betweenredundancy noiseandsensornoise.Usinga partitionedaperture
reducesredundancy noise,but by dividing the light amongthreeseparatefocal planes,it experiencesmoresensornoise.
As r0 drops(asin the daytime,for example),redundancy noisebecomesdominant. But in goodseeingconditions,the
lowersensornoisein thefull-aperturedataproducesa betterresult.

Second,asmoreframesareprocessedtogether, thetwo methodstendto approachthesameresolution.This is because
theatmosphereis decorrelating,allowing thefull-aperturecaseto beatdown theredundancy noise.In practice,thenumber
of framesthatcanbeprocessedtogetheris dictatedby therateat which theobject(thesatellite)is changingpose.

Both of theseobservationsareconsistentwith thesimulationresultswe reportedlastyear. They suggestthat thebest
applicationof aperturepartitioningis for verysevereseeing,especiallywith a rapidlyevolving target.
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Figure4. Reconstructionsfor datasets13and21 (bothcollectedduringeveningterminator;seeTable1 for moreinforma-
tion).
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Figure5.Differencein log2 of minimumresolvablefeaturesizevsr0 for (a)20framesand(b) 320frames.Negativevalues
indicatecasesin whichaperturepartitioningproducedthebetterresult.Its advantagetendsto diminishasr 0 increases.



Table1.Summaryof datasets,sortedby localhour. Datasets1–11werecollectedduringdaylight,12–24wereaftersunset.
Shown aretheminimumresolvablefeaturesize(MRFS)in pixelsfor partitionedandfull aperture,andasa functionof the
numberof framesin theprocessingensemble.Casesjudgedto beunresolved(MRFS� 40)aremarkedU.

MRFS(Partitioned) MRFS(Full aperture)
Dataset r0 (cm) PSNR Local time 20 40 80 160 320 20 40 80 160 320

1 3.2 20 09:40 14 5.5 3.1 2.3 2.3 27 15 12 25 7.0
2 1.8 14 09:42 12 10 6.0 3.7 3.4 U U 5.5 5.5 5.5
3 4.7 6 09:54 All unresolved All unresolved
4 3.3 24 10:04 34 32 32 22 30 U 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 4.7 U U U 22 22
7 5.5 26 15:59 10 7.0 7.0 4.7 3.7 10 5.5 8.2 27 14
8 3.2 39 16:02 22 10 4.7 3.7 3.7 U U 22 22 13.2
9 3.5 26 16:19 5.5 4.7 4.7 4.7 4.7 22 22 4.7 4.3 4.7
10 6.6 13 16:48 U U 20 5.5 5.1 U U 22 10 9.7
11 7.3 30 16:51 19 15 5.1 4.7 4.7 8.9 5.5 4.7 5.5 10

12 6.6 52 19:30 5.5 4.3 4.3 2.5 3.1 15 2.7 2.5 2.3 2.3
13 6.8 20 19:33 22 22 6.5 4.7 4.7 11 9.7 4.7 3.1 2.5
14 3.1 18 20:13 36 15 4.0 3.1 3.1 U 30 5.5 4.0 3.7
15 17.2 40 20:15 3.1 2.9 2.1 1.4 1.3 4.3 4.0 2.3 1.4 1.1
16 8.9 24 20:25 8.2 3.7 2.1 2.3 1.8 4.7 3.1 2.3 2.1 1.7
17 11.4 50 20:28 6.5 4.7 4.0 3.1 2.1 4.3 2.3 1.8 1.8 1.7
18 6.7 30 20:34 9.7 4.7 4.3 2.9 2.5 5.5 4.7 4.7 4.7 4.0
19 8.3 55 20:37 3.4 2.3 2.3 1.7 1.7 3.7 2.7 2.5 2.3 1.3
20 9.2 38 20:38 4.3 2.1 1.9 1.9 1.8 10 2.5 2.1 1.7 1.4
21 4.5 31 20:39 4.7 4.0 2.3 2.3 2.3 15 6.5 5.5 3.1 2.9
22 11.1 38 20:42 4.7 4.3 2.5 3.1 2.3 4.7 3.7 2.5 2.1 1.3
23 7.8 33 20:47 5.5 4.0 2.1 1.9 2.1 7.0 4.7 3.4 2.3 1.4
24 11.2 26 20:56 5.1 4.3 3.1 2.9 1.7 5.5 4.3 2.5 2.3 2.3

4. NEXT STEPS

We concludeby sayinga few wordsaboutanotheraperturepartitioningexperimentthat is in preparation,this oneon
the AEOS 3.6 m telescope.This onewill incorporatea phasemaskthatputsdifferentamountsof tilt on differentparts
of the pupil, causingthe annularsubaperturesto form imageson separatepartsof the focal plane. In this way, all the
subaperturescan truly be measuredsimultaneously. Moreover, we will usea beamsplitterto make simultaneousfull-
aperturemeasurementsusinga secondcamerato allow comparisonof thetwo techniqueswith satellitepasses.

This experimentwill have someotherimportantadvantagesover theGEMINI experimentdescribedhere. It will use
EMCCDsto collectspeckleimages,driving theeffectivereadnoiseto well under1 e� perpixel. It will havea wider �eld
of view, sothedatawill notbetruncatedsobadlyat theedgeof thearraywhenseeingconditionsarebad.It will alsohave
a muchbettertracker, whichwill alsohelp.

ACKNOWLEDGMENTS

Invaluableengineeringsupportwasprovidedby ChrisYoung,ChrisShurilla,andEdWalker. Thiswork wasfundedby the
Air ForceOf�ce of Scienti�c ResearchthroughAFRL contractFA9451-05-C-0257.

REFERENCES

[1] Calef,B. andTherkildsen,E., “Improving large-telescopespeckleimagingvia aperturepartitioning,” in [Proceedings
of theAMOSTechnicalConference], (2008).
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